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ABSTRACT 

Bone drilling is a major part of modern orthopaedic surgery associated with the principles of 

internal fixation of fractured bones. At present, information related to drilling forces, rate of 

drill bit penetration and drill bit rotational speed is not available to orthopaedic surgeons, 

clinicians and researchers as bone drilling is performed manually. This research demonstrates 

that orthopaedic surgery involving the drilling of bone can greatly benefit from the technology 

of automationlmechatronics, which allows the collection and storage of the drilling data for 

analysis as well as for the improvement of the drilling procedure. The research also represents a 

significant contribution to the development of a drilling system for the enhancement of safety 

and/or as a diagnostic tool for the evaluation of bone strength. A novel automated experimental 

rig, which enables drilling tests to be carried out in a controlled environment, has been 

developed. 

The investigation for the enhancement of safety involves the detection of drill bit break-through 

on a femoral shaft in the presence of system compliance and inherent fluctuation of drilling 

forces. Since these two factors affect the detection of drill bit break-through, a robust and 

reliable method based on a modified Kalman filter has been developed. When applied to the 

force difference between successive samples and the rotational speed, the modified Kalman filter 

has been found to be very effective in establishing trends and ironing out major fluctuations 

caused by the system compliance and inherent drilling force fluctuation. 

The evaluation of bone strength related to the cancellous bone at the proximal femur has 

resulted in the establishment of a positive relationship between the average drilling force and 

bone mineral density (BMD), obtained from bone densitometry, which is used to estimate bone 

strength in clinical practice. The correlation has been found to depend on the direction of 

drilling. This is indicated by a linear relationship obtained in the anterior-posterior direction 

(perpendicular to the cervical axis), which is not interchangeable with the relationship in the 

direction of the cervical axis. Findings of this research have indicated that analysis of bone 

drilling forces has the potential to provide additional information about the strength of bone. 
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CHAPTER 1 

INTRODUCTION 

The importance of bone drilling is reflected in two main areas of interest: (i) orthopaedic 

surgery and (ii) biomechanical engineering, shown in figure l.1. In orthopaedic surgery, the 

drilling of bone is extensively carried out for the fixation of fractured bones related to the 

principles of internal fixation using implants and screws. These techniques of fixation, which 

are less traumatic, have been shown to achieve excellent fracture stabilisation and allow for 

early recovery of the patient's mobility. It is, therefore, very crucial to produce holes of the 

correct size at prescribed positions with the minimum of effort during surgery. The amount of 

mechanical and thermal damage to the surrounding bone during drilling should also be kept to a 

Illirumum. 

Bone Drilling 

I 
I I 

ORTHOPAEDIC BIOMECHANICAL 
SURGERY ENGINEERING 

I I 
I I I 

Internal Fixation using Performance Bone Process 
Implant and Screws Strength Automation 

I I 
I I I I 

Fracture Partial Load Safety Accuracy 
Stabilisation Support Enhancement Enhancement 

I 
I I 

Fracture Healing Force and Temperature 
Torque Effects Effects 

Fig. 1.1 Applications of bone drilling 

The need to study and to improve the process of bone drilling associated with orthopaedic 

surgery has been the driving force behind the research into the area of biomechanical 
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engmeenng. This area can further be classified into: (i) the drilling performance, (ii) the 

mechanical strength of bone, and more recently, (iii) the automation of the drilling process. The 

effectiveness of producing the 'correct' hole for internal fixation is primarily governed by the 

drilling performance of drill bits, which is directly linked to the design of the drill bit shape and 

the operating conditions. Therefore, optimisation of the drilling performance based on 

measurable parameters, such as thrust force, torque, rotational speed and temperature, is 

essential for the improvement of the process of bone drilling. The evaluation of bone strength 

using bone drilling data and the automation of the drilling process are the objectives of this 

research, and are presented in the following section. 

At present, information on bone drilling which is related to drilling forces, rate of drill bit 

penetration and rotational speed, is not available to orthopaedic surgeons, clinicians and 

researchers, as drilling is performed manually. Furthermore, there is no means of acquiring 

these data with the current available drilling equipment. The potential benefits from these 

drilling data can be: (i) safety enhancement of the surgical drilling procedure, (ii) providing an 

indication of bone strength and (iii) building a knowledge base for clinical studies. In order to 

gain these potential benefits, the technology of automation or mechatronics has to be 

incorporated into the present bone drilling process. The automation technology enables the 

drilling data to be collected and stored for either immediate or future analysis as well as for 

clinical studies. 

This research emphasises the contribution of automation to the process of bone drilling 

associated with robotic/mechatronic assisted orthopaedic surgery. A major aspect of the work 

is to investigate the characteristics of bone drilling for the enhancement of safety of the 

mechatronic assisted orthopaedic drilling process. This thesis describes the development of a 

robust technique for the detection of drill bit break-through on a femoral shaft in the presence of 

system compliance. The work also involves the consideration of inherent drilling force 

fluctuation resulting from the variation of the bone structural density. The second major aspect 

of the research is to investigate the relationship between bone strength of the proximal femur 

derived from drilling mechanics and bone mineral density (BMD) measured by bone 

densitometry. The resulting relationship is considered to be a contribution to the strength 

evaluation of the proximal femur because the bone structure at this skeletal site is critically 

related to the bone mineral density or mass. 
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Chapter 2 ofthis thesis relates to the background for the research project into bone drilling and 

it describes the sequence of events leading to the start of the research. This includes the 

problems related to orthopaedic surgery and the application of robotics in medicine such as a 

robotic system for assisted orthopaedic surgery developed in the Department of Mechanical 

Engineering of Loughborough University. 

Chapter 3 presents the scope of research which includes the problem statement and the 

identification of the research aims and objectives. The scope also covers a detailed description 

of the work to be carried out in order to achieve the research objectives. 

The literature review of bone drilling in Chapter 4 consists of three main sections in accordance 

with the application of bone drilling on biomechanical engineering, as shown in figure 1.1. A 

detailed discussion on the current developments related to bone drilling is provided. Established 

methods of evaluating bone strength related to strength of materials and bone densitometry are 

also discussed. 

Chapter 5 provides a critical review of the present methods of drill bit break-through detection 

for the enhancement of safety. It also presents details of the research methodology in order to 

achieve the aim of safety enhancement. Chapter 6 presents the method of correlation between 

drilling mechanics and bone densitometry used to achieve the second research aim of evaluation 

of bone strength. 

In order to verity the proposed methods of safety enhancement and evaluation of bone strength, 

an experimental rig has been designed and appropriately set-up in order to gather relevant 

measurement data for analysis. This is presented in Chapter 7. Results and discussions of the 

experimental tests in relation to Chapter 5 and Chapter 6 are presented in Chapter 8 and 

Chapter 9 respectively with accompanying graphical presentation of the results. 

The conclusions from the research are drawn in Chapter 10, and Chapter 11 presents the 

recommendations for further work. 
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CHAPTER 2 

PROJECT BACKGROUND 

This chapter provides an overview of robotic applications in medicine, particularly in the field of 

assisted orthopaedic surgery where the Department of Mechanical Engineering of 

Loughborough University has been actively involved. The difficulties related to orthopaedic 

surgery are highlighted in order to justifY the development of a proposed robotic system for 

surgery assistance in planning of the drilling trajectory. General discussions on the overall 

developments of the project and issues associated with stringent safety and sterility 

requirements for the robotic system are also included in this chapter. Since the robotic system 

partly involves drilling, the investigation associated with bone drilling is also briefly discussed. 

2.1 Orthopaedic Surgery 

Orthopaedic surgery encompasses the correction of deformities and the treatment of diseases 

and injuries of the musculoskeletal system that includes bones, joints, muscles, tendons and 

nerves. In the eighteenth and nineteenth century, orthopaedic practitioners were known as bone 

setters (Dandy, 1989). Modern orthopaedic surgery, however, is more sophisticated and 

requires knowledge of other disciplines such as rheumatology, neurology and community 

services, as well as the application of biomechanical principles. Furthermore, having a wide 

range of skills and techniques in orthopaedic surgery is essential since there are a wide variety of 

instruments available for various techniques of fixation. 

In modern orthopaedic practice, the traditional prolonged traction and plaster-casting of 

fractured bones have mostly been replaced by principles of internal fixation. This is also known 

as osteosynthesis, which involves reducing the fracture to restore bone fragments to their 

anatomical locations before using nails or plates, and screws to achieve fracture stabilisation. 

These techniques of internal fixation have been shown to achieve excellent results in fracture 
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stabilisation and healing, restoring full functional capability of the fractured bone, and allow for 

early mobilisation (Muller et al., 1991). 

The advantages of internal fixation have been shown to be evident in the repair of hip fractures 

associated with elderly people. Excellent fracture stabilisation and early mobilisation offered by 

internal fixation are essential to achieve maximum functional independence and to prevent 

secondary complications (Perez, 1994). 

2.1.1 Difficulties Related to Orthopaedic Surgery 

Difficulties associated with orthopaedic surgery relate, in general, to the difficulty in visualising 

the drilling trajectory on a partly exposed bone (Bouazza-Marouf et al., 1995). This is due to 

the minimal invasive nature of the techniques of internal fixation, which requires orthopaedic 

surgeons to use x-ray images taken from a mobile x-ray unit (C-arm) as guidance. In order to 

highlight the difficulties encountered by orthopaedic surgeons, surgical procedures related to the 

fracture fixation of the hip (neck and trochanter) and the femoral shaft, as described in 

Appendix I, are chosen. 

The difficulty in visualising the drilling trajectory is a consequence of the use of only two near 

orthogonal x-ray images, taken from a C-arm, to represent a three-dimensional object. In 

addition, only a small part of the fracture site is adequately exposed during surgery in order to 

reduce intra-operative blood loss, risk of wound infections and other complications. Without 

direct visualisation of the fracture site, surgeons have to estimate the location and the 

orientation of the fractured bone based on x-ray images. Also, surgeons have to rely heavily on 

intra-operative fluoroscopic guidance provided by the x-ray unit to monitor the progress of the 

drilling procedure. As a result, surgeons and patients are exposed to the hazards of x-ray 

radiation, and the level of exposure depends on the number of x-rays taken to give a satisfactory 

guidance, especially in placing distallocking screws for fixation of shaft fracture. The amount 

of radiation exposure has been found to be more pronounced among surgically inexperienced 

surgeons due to the necessary long learning curve (Coetzee & Van Der Merwe, 1992). At 

present, there are no conclusive findings on the extent of radiation effects in orthopaedic 

surgery. Although quantitative studies have indicated that levels of x-ray exposure are well 
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within the maximum yearly limit (Riley, 1989; Sanders et at., 1993), radiation exposure is a 

cumulative process and it has no safe threshold (Kwong et at., 1990). 

Orthopaedic surgeons are also faced with difficulties in estimating the desired drilling depth due 

to unknown position of the drill bit and bone thickness. If the drilling procedure is not stopped 

in time, excessive drill bit over-travel can occur, which could result in serious damage to the 

surrounding tissue. For instance, the treatment of femoral neck fractures has been shown to 

suffer excessive protrusion of guide wires into the pelvis (Feeney et al., 1997) and that over

travel of as much as 20 mm may not be detected (Noordeen et al., 1993). Fluoroscopic images 

provide guidance only and therefore, measurement of the drilling depth and bone thickness 

would require suitable calibrated references. 

Manual drilling is also limited by the level of accuracy to which a surgeon can achieve. For 

instance, insertions of distal locking screws for shaft fracture fixation and pedicle screws for 

spinal stabilisation are demanding tasks and require a high level of accuracy, good technical skill 

and great effort. To effectively achieve these tasks would place heavy reliance on the usage of 

fluoroscopic guidance. 

The size of the drilled hole is critical when it comes to the holding power of screws as failure of 

either bone or screw could occur because of incorrect hole sizes. On the one hand, too large a 

diameter leaves insufficient material for holding, but on the other hand, too small a diameter 

creates undue stress to both the bone and the screw. The holding power of screws also depends 

on bone strength as well as on bone thickness, and at present, such information is not obtainable 

in manual drilling. Knowledge of strength and thickness of the bone can provide some measure 

of the fixation's success rate. This is especially crucial for internal fixation of femoral neck 

fractures since the success of such fixation depends largely on the mechanical behaviour and 

architecture of cancellous bone (Martens et aI., 1983). 

Most of these problems can be addressed by robotic/mechatronic systems for orthopaedic 

surgery assistance. However, the possible implementation of such a system in the future 

depends very much on its safety which is of paramount importance, and on the confidence 

shown by the medical/surgical profession and the patient. 
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2.2 Robotics Systems for Surgery Assistance 

This section presents a general application of robotics in medicine and briefly describes the 

robotic system developed in the Department of Mechanical Engineering of Loughborough 

University for orthopaedic surgery assistance. 

2.2.1 Application of Robotics in Medicine 

Robots have been applied primarily in the manufacturing industries for the enhancement of 

productivity because they offer the advantages of performing complex movements with 

accuracy and repeatability, and suffering from no effects of tiredness, hunger and temperament. 

Moreover, the emergence of more powerful computers and the advances in sensor technology 

have enabled dynamic interaction between robots and their environment, and expanded the 

range of robot applications such as in medicine. 

The progression of robotics in manufacturing to robotics in medicine has been rather cautious 

due to the transition of robot culture from being isolated for safety to close human interaction. 

As a result of this enormous transition, the current safety issues on robots have to be completely 

restructured to ensure absolute human safety when interacting with robots (preising et aI., 

1991). The success of developing medical robots will, therefore, require not just the knowledge 

and the synthesis of engineering, medicine and robotics, but also adequate safety features due to 

the close vicinity of the robot with the patient and medical personnel. 

The applications of robotics in medicine can generally be classified into five areas: (i) laboratory, 

(ii) rehabilitation, (iii) hospital (transportation and patient transfer), (iv) assistance to surgery, 

and (v) micro-robotics or bio-robotics (preising et al., 1991; Kassler, 1993; Dario et aI., 1994). 

Development of robotics for surgery assistance is a relatively new field, and as a consequence of 

the potential benefits outlined above, the Department of Mechanical Engineering of 

Loughborough University has taken the initiative to develop an image guided robotic system for 

orthopaedic surgery assistance in drilling trajectory planning. 
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2.2.2 Robotic System for Orthopaedic Surgery Assistance 

The project, known as MEDROSA (MEchatronic Design of a Robot for Orthopaedic Surgery 

Assistance), was funded by the Wishbone Trust of British Orthopaedic Association. The main 

objectives of this project, shown in figure 2.1, were to alleviate the difficulties encountered by 

surgeons in current orthopaedic surgical procedures involving the usage of fluoroscopic 

guidance in planning the drilling trajectory and to improve the success rate of the operation. 

Assistance in trajectory planning reduces the number of drilling attempts to one and thus results 

in the reduction of x-ray exposure, and has the potential of reducing the duration of the 

operation. Also, robotic assistance ensures optimum implant placement. The overall benefits 

are improved post-operative recovery and improved success rate. 

Proposed Robotic System for 
Orthopaedic Surgery Assistance 

I 
I I 

Trajectory Robotic 
Planning Guidance 

L I 
I 

I I 
Reduce X-Ray Reduce Drilling Optimum Implant 

Exposure Attempts Placement 

I 
Reduce Operation 

Duration 

I 
L 

I I 
Improve Improve Post 

Success Rate Operative Recovery 

Fig. 2.1 Objective tree of a proposed robotic system for orthopaedic surgery assistance 

A novel robotic system with image guidance has been developed for orthopaedic surgery 

assistance. In order to demonstrate the potential of this system, two orthopaedic surgical 

procedures involving internal fixation of fractures of the hip and the femoral shaft, shown in 

figure 2.2, have been selected as exemplar. A brief description of these surgical procedures is 

found in Appendix 1. Repairs of the hip and the femoral shaft fractures, are common 

orthopaedic procedures and hence generate a considerable need for robotic assistance. 
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Trochanteric Fracture 

Guide Wire 

\/,7 ,y 
,p" 

Plate 

(a) 

Intramedullary Nail 

f.-Ul'-'j-L- Proximal Locking 
Screw 

l--j--- Shaft Fracture 

mt.-----.- Distal Locking 
Screws 

Fig. 2.2 Fracture fixation of the femur: (a) hip fracture, (b) shaft fracture 

There are two methods for providing orthopaedic surgery assistance, the first is by moditying an 

industrial robot and the second is by designing a robotic device that is compatible with the 

environment of the operating theatre. Both methods need to satisty the stringent criterion of 

safety and hygiene. The cost of moditying an industrial robot to meet the safety and hygiene 

standards may be high although there is a variety of robot configurations (degrees of freedom) 

available. Designing a new robotic device, however, requires the safety and hygiene constraints 
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to be considered throughout the design process; this also permits the construction of an 

optimum robot configuration for the operating theatre environment. 

The proposed MEDROSA project is to be carried out in three phases. The first phase is the 

feasibility study to gauge the potential of a robotic system as an orthopaedic surgical assistant 

based on existing setting/environment of the operating theatre. Findings from the feasibility 

study have established that it is more favourable to develop a new robotic device, which 

includes the design and manufacture of a prototype manipulator, the development of a vision 

system and user interface, and the development of a control protocol for safety. In addition, the 

robotic system has to be developed to comply with current orthopaedic practice and the use of 

existing medical equipment with minimum modification. Based upon these specifications, a 

prototype robotic system for orthopaedic surgery assistance, shown in figure 2.3, has been 

developed. The integration of the complete system and laboratory tests have also been carried 

out. This phase of development concentrates on two types of orthopaedic procedures related to 

the repair of proximal femur (hip) fractures and femoral shaft fractures as benchmarks for 

further potential applications and for the realisation of a generic system (Bouazza-Marouf et aI., 

1995). 

The second phase is the design and manufacture of a robotic system for hospital trials based on 

the fmdings from the feasibility study. Finally, in the third phase, the new system will be used in 

clinical trials. 

As mentioned earlier, the proposed robotic system, shown in figure 2.3, consists of three main 

developmental areas: a robot manipulator and controller, a vision system and user interface, and 

a safety control protocol. A mobile x-ray (C-arm) unit is also part of the system's set-up for full 

system integration. The purpose of the manipulator is to position the drill bit according to 

motion commands generated using the vision system, which is responsible for processing the x

ray images taken from the x-ray unit to give the desired drilling trajectory. 

In the specification for manipulator design, several factors, such as the safety of both the patient 

and surgeon, accuracy and precision, physical size, sterility and cost, have been taken into 

consideration. The manipulator, shown in figure 2.4, is designed to have four degrees of 

freedom (DOF) for the positioning of a drill bit (or a drill bit guide) along any line in three-
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dimensional space, plus an additional DOF for advancing the drill bit. The four DOF consist of 

two cartesian (linear) and two rotational joints. The linear motions are horizontal Goint I) and 

vertical Goint 2), while the rotational motions are pan Goint 3, rotation about the vertical axis) 

and tilt Goint 4, rotation about the horizontal axis). The additional DOF Goint 5) is a linear 

joint. A further description of the manipulator as well as the vision system is presented in 

Appendix 2. This appendix also includes the operating procedure for the robotic assisted 

orthopaedic surgery. 

Mobile X-Ray Unit 
(C-Ann) 

hnage Intensifier_~ 
(Receiver) 

X-Ray Source Sterilised Drape 

Two X-Ray Views 
of Fracture Site 

Fracture Table 

Drill Holder 

Fig. 2.3 Robotic system for orthopaedic surgery assistance 

In open surgery, the reduction of the risk of wound infection places a major emphasis on proper 

sterilisation of the surgical equipment and implants, clothing of the surgical team and the 

construction of the operating theatre. The aim of sterilisation is to remove or destroy all micro

organisms from a contaminated item. It has been found that infection rates related to internal 

fixation can be as high as 40% depending on the type of wound and the extent of tissue damage 

(Matthews et al., 1994). The sources of contamination can be categorised into airborne and 
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incomplete sterilisation of the surgical tools and implants. In order to reduce the infection rate, 

a positive pressure air flow which moves radially outwards away, known as 'exponential' flow 

air pattern, from the wound and the surgical team must be used in operating theatres (Howorth, 

1980). In addition, total body exhaust systems can be worn by members of the surgical team. 

Since it is not often practical to sterilise the manipulator, the best option is to isolate the 

manipulator from the patient and the surgical team. This can be achieved by covering the 

manipulator with a sterilised drape currently used in operating theatres, as shown in figure 2.3. 

Only the drill holder, which is mounted on the drill feed unit Goint 5), is in direct contact with 

the surgeon and the patient. Therefore, the drill holder is specially designed to withstand 

sterilisation by steam (autoclavingl) using suitable materials for both standard and manufactured 

components. Further description of the drill holder is given in Section 7.1.1 paragraph 2 and in 

Appendix 2.1. 

Fig. 2.4 Prototype robot manipulator 

1 Autoclaving, which is easily available and relatively inexpensive, is an effective method of killing all types of 
micro-organisms (Gardner & Peel, 1979). 
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2.3 Drilling of Bone 

The current development of a robotic system for orthopaedic surgery assistance is associated 

with planning of the drilling trajectory in order to reduce the heavy dependence of intra

operative fluoroscopic guidance. In addition, a robotic system will not be complete without the 

knowledge of the effects of drilling into bones, which is very crucial to the development of a 

safety protocol and the analysis of the bone's characteristic. Since modern orthopaedic surgery 

involves multiple drilling operations, the analysis of drilling data such as drill bit displacement, 

thrust force, rate of penetration and drill bit rotational speed can also provide valuable 

information in the form of bone strength and bone thickness to surgeons. Although the 

investigations into drilling of bone have been well established in the literature, these have been 

primarily aimed at developing a suitable drill bit in order to optimise the drilling thrust force and 

torque, as well as to prevent or reduce thermal damage to the bone. Chapter 4 provides a 

comprehensive review ofthe bone drilling literature. 

This research into the drilling of bone concentrates on the analysis of continuous drilling profiles 

of force, penetration rate and rotational speed with the aims of enhancing the safety of the 

drilling procedure, and estimating the bone strength in association with bone densitometry. 

However, it should be noted that this is not an investigation into the effects of drill bit geometry 

on force, penetration rate and rotational speed when drilling into bones. In order to achieve the 

objectives of this research, the drilling process is automated to enable data to be collected 

automatically and stored for subsequent analysis. The next chapter introduces the statement of 

the problem and the basis for the investigation of bone drilling. 
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CHAPTER 3 

SCOPE OF THE RESEARCH 

A major part of the development of a surgical assistance robotic system requires research into 

the effects of drilling into bones in terms of drilling thrust force, rate of penetration and drill bit 

rotational speed. This chapter highlights the major research issues and identifies the research 

problem. A detailed description of the research aims and objectives is subsequently given. 

Finally, the scope of research is presented to identify the major areas of work to be carried out. 

3.1 Statement of the Problem 

In general, the research reported in this thesis can be broadly divided into (i) the enhancement of 

safety and (ii) the evaluation of bone strength. The problems associated with these two aspects 

will now be discussed in detail to identify the impetus for carrying this major piece of research. 

3.1.1 The Enhancement of Safety 

In clinical situations, the presence of system compliance is a result of the extreme difficulty in 

securing the specific part of the anatomy in a rigid manner. This presents a major challenge for 

the detection of drill bit break-through in the drilling of bone. When drilling procedures are 

performed manually, the effects of system compliance could be brought under control by the 

feel of movement. At the start of drilling, an initial force has to be applied on the bone before 

the drill bit penetrates into the bone surface. A high initial force is normally associated with a 

high system stiffuess. At the commencement of drill bit break-through (which in this case, is the 

exit of the drill bit from the material/bone), the reduction in the drill bit rotational speed is 

detectable, and appropriate action is normally taken by the surgeon to prevent or minimise 

excessive over-travel of the drill bit. In order to further improve the safety of the procedure, 
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these features, which are clearly evident in drill bit break-through, should be extracted in the 

form of drilling force and rotational speed profiles using an automated/mechatronic drilling tool. 

There are two important factors, namely system compliance (mentioned earlier) and inherent 

drilling force fluctuation, to be considered in the detection of driU bit break-through. The 

fluctuation in the drilling force, which is normally caused by the variation in the bone structural 

density, can give a premature indication of drill bit break-through. 

There are potential benefits of automated bone drilling in the enhancement of safety. However, 

before these potential benefits can be realised, there is a need to devise an automatic technique 

for the identification of imminent drill bit break-through when drilling into the shaft of long 

bones. The results from this investigation will be very beneficial when implemented in the 

design and development of a drilling tool for mechatronic/robotic assisted orthopaedic surgery. 

3.1.2 The Evaluation of Bone Strength 

Surgical drilling is a major part of orthopaedic surgery. However, as stated in Chapter 1, the 

information of drilling forces or rate of advancement is, at present, not attainable in manual 

drilling. Results from this research could prove to be valuable for evaluating bone strength 

especiaUy when the process of internal fixation using plates and screws involves bone affected 

by low bone density/mass or disease such as osteoporosis. 

In order to study the bone strength based on drilling mechanics, a preliminary correlation with 

established methods of bone strength determination has to be substantiated. One method of 

determining bone strength is related to basic engineering principles of evaluating mechanical 

properties, distribution of material and applied loads. However, this method involves a large 

amount of sample preparation which is difficult to carry out. The accuracy of the results is also 

limited by the size of the bone specimen. Bone densitometry, which is non-invasive and 

measures the bone mineral density in vivo, is the second method of evaluating bone strength and 

it is widely used in clinical practice for the evaluation of osteoporosis. The limitation of bone 

densitometry is related to the size of the area or region being scarmed and the thickness of the 
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bone. It is in the author's opinion that an estimation of bone strength could also be obtained by 

analysing drilling data. 

Studies have been carried out to correlate mechanical properties with densitometric 

measurements. Therefore, a method of determining a correlation between drilling data and 

densitometric measurement is required. The proximal femur is chosen for bone strength 

investigation since it can be singled out as an important skeletal site where the bone structure 

and density are most critically related. Results of this investigation will contribute towards the 

development of a potentially powerful alternative and/or complementary method of evaluating 

and identifying diseased bones, assessment of success rate associated with treatment using 

internal fixation and suggestion of appropriate post-operative management. 

3.2 Research Aims 

There are two principal aims to be achieved in this research of bone drilling. The first aim is 

provide a reliable technique for the identification of imminent drill bit break-through when 

drilling into the shaft of long bones for the enhancement of safety. This is related to 

mechatronic/robotic assisted orthopaedic surgery. The second aim is to make a significant 

contribution towards the evaluation of bone strength by investigating the correlation between 

drilling data and bone densitometric measurement. 

3.3 Research Objectives 

From the aims, a number of objectives for the research have been established. These are given 

as: 

(i) To critically review the current progress of bone drilling and identify contributions of 

automation/robotics technology to orthopaedic surgery related to bone drilling. 

(ii) To develop a drilling experimental rig which can cater for both the enhancement of safety 

and the evaluation of bone strength. This development also involves interfacing of the rig 
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with a personal computer, and software programming for the activation of the drilling 

procedure and data acquisition. 

(iii) To devise a robust and reliable technique for the detection of drill bit break-through when 

drilling into the shaft oflong bones (femoral shaft), taking into consideration the effects of 

system compliance and inherent drilling force fluctuation for safety enhancement purposes. 

(iv) To study the correlation of bone strength of the proximal femur, derived from drilling 

mechanics, with bone densitometric measurements. 

(v) To critically analyse the results obtained from the experimental tests in order to verity the 

technique for safety enhancement and the correlation of drilling data with densitometric 

measurements. 

3.4 Scope of the Research 

The identification of the objectives for the research has led to the scope of the research to be 

drawn out. The scope of research is highlighted in the following sections. 

3.4.1 Literature Review 

In order to support the research, the literature review has to cover three areas of bone drilling 

related to the performance of drilling, the strength of bone and the automation of the bone 

drilling process. The drilling performance, which highlights the shape of the drill bit, reviews 

the effects of thrust force and torque and the effects of temperature. In the area of bone 

strength, the literature review includes the determination of mechanical properties, strength 

evaluation based on bone densitometry and the correlation between the two methods. The use 

of bone drilling for bone strength evaluation is also to be discussed. Automation of the bone 

drilling process is relatively new and its potential, especially in the detection of drill bit break

through, is discussed in this review. 
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3.4.2 The Detection of Drill Bit Break-through 

Surgery assistance in orthopaedic procedure using mechatronic or robotic technology has to 

meet stringent safety criteria in order to ensure safety of the patient and the surgeon. The 

present techniques of safety enhancement associated with the detection of drill bit break

through in the literature of bone drilling are to be evaluated critically. The present detection 

methods have been greatly influenced by the effects of system compliance and inherent drilling 

force fluctuation. As a result, a more robust and reliable method of break-through detection in 

the presence of these two effects must be developed. This technique, which is to be developed, 

should also be capable of estimating the imminence of drill bit break-through. 

3.4.3 The Evaluation of Bone Strength 

The evaluation of bone strength associated with correlation between different methods of 

strength measurements is a contentious issue. A novel approach of correlating drilling data with 

bone densitometric measurement must be developed as an intermediate method in order to 

establish a strength relationship. This method of bone strength evaluation will be well 

supported since both the drilling process and densitometric measurement are widely used in 

clinical practice in the areas of orthopaedic surgery and evaluation of osteoporosis respectively. 

The methodology for the study of this relationship requires dimensional and statistical analyses. 

This study, therefore, is to highlight the importance of the drilling process in evaluating bone 

strength. 

3.4.4 Experimental Rig Design and Tests 

The aim of experimental rig design and instrumentation is to provide a controlled environment 

for drilling experiments in order to achieve the research aims which are the enhancement of 

safety and the evaluation of bone strength. This developmental work involves mechanical 

design of the rig together with appropriate sensors, interfacing of the rig with a personal 

computer and software programming for controlling the drilling procedure and data acquisition. 
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Since there are two types of drilling experiments (one for the safety enhancement and the other 

for the bone strength evaluation), the experimental set-up must be developed to cater for both 

experiments. In addition, the experimental set-up for the evaluation of bone strength must take 

into consideration the standard set-up for measuring bone mineral density. 

3.4.5 Experimental Results 

The main focus of this work is for the realisation of the methods associated with the detection 

of drill bit break-through and the correlation of bone strength. Analyses of the results obtained 

from the drilling experiments are to be performed using the proposed methods outlined in 

Sections 5.5 and 6.2.2. In addition, a number of graphical presentations of the profiles of 

drilling data with accompanying analysis has to be generated and discussed in detail. This 

includes statistical analysis for the correlation of drilling data with densitometric measurements. 
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CHAPTER 4 

REVIEW OF THE LITERATURE 

The previous chapter has discussed problems associated with bone drilling in orthopaedic 

surgery and the potential benefits of automating the drilling process in terms of safety 

enhancement and bone strength evaluation. The main objective of this chapter is to 

comprehensively review the literature and to discuss current developments related to the drilling 

of bone. Established methods of evaluating bone strength are also discussed due to their 

relevance to this investigation. 

4.1 The Drilling of Bone 

Bone drilling in biomechanical engineering is categorised into three main areas of investigation, 

the drilling performance, mechanical strength of bone and the automation of the drilling process, 

as shown in figure 1.1. Firstly, various studies have been carried out to describe the bone 

drilling performance based on measurable parameters such as force, torque, rotational speed, 

temperature and hole accuracy. The aim is to optimise factors affecting the drilling 

performance, which are the drill bit shape and drilling conditions, in order to provide 

recommendations for the design of suitable drill bits and drilling instruments for clinical 

applications. The second area of bone drilling investigations is related to the determination of 

mechanical bone strength by means of correlating drilling data to mechanical properties. 

Finally, the most recent development emphasises the automation of the surgical drilling process 

as part of a device or a system for surgery assistance in order to improve the accuracy and the 

safety of the procedure. 
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4.2 Bone Drilling Performance 

In the engineering industry, the extensive use of drilling has led to a substantial effort into 

research for the purpose of improving the efficiency and hence the performance. There are five 

main technical factors that influence the drilling performance, namely the drill bit, the 

workpiece, the machine, the drilling conditions and the cutting fluid (Galloway, 1957). 

However, most of the technical factors, such as machine type and cutting fluid are not 

applicable to bone drilling since the operation is performed manually by surgeons and does not 

involve high production volume. The criteria involved in evaluating drilling performance 

include the rate of penetration, drill life, efficiency of material removal, hole accuracy and hole 

surface finish. 

The effect of drill bit on drilling performance depends upon its shape and material. Since all 

surgical bits are made from high grade stainless steel, the main concern is on the drill bit shape 

which covers the diameter and the geometry. The most common bit shape used is the 

conventional twist drill bit shown in figure 4.1 (Oxford Jr., 1955). However, the chisel edge of 

a conventional twist bit has a significant effect on its locating ability and the drilling thrust force. 

The absence of self-centering action of the chisel edge causes the drill bit to walk to one side of 

the hole and lose its locating ability. Furthermore, the chisel edge causes severe deformation of 

the work material. As a result, the chisel edge accounts for more than 50% of the total thrust 

force and the increase in the temperature generated, regardless of the work material. 

Modification on the drill bit tip has, therefore, been made to improve the locating ability and 

reduce thrust force. Typical modified point shapes of twist drill bits found in the literature are 

the spiral point (Ernst & Haggerty, 1958) and the split point (Oxford Jr., 1955) or four-facet 

point, as shown in figure 4.2. 

The other applicable factor to bone drilling performance is the workpiece, consisting of the hole 

depth, either through or blind hole, and the workpiece material and its rigidity. In most clinical 

cases, the drilling of bone is blind in nature and the hole depth is unknown. Although 

fluoroscopic images are the only means to provide guidance for surgeons, the depth of hole 

cannot be measured without appropriate calibrated references. In addition, increased frequency 

in fluoroscopic imaging for monitoring may not be acceptable. The workpiece material in the 

case of bone drilling can either be cortical, or a combination of cortical and cancellous bones. 
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The composition of bone is given in Appendix 3. However, the mechanical properties of 

cortical and cancellous bones vary considerably (Evans, 1973). Added to the difficulty of blind 

drilling are the slippery nature of the uneven bone surface and the irregular angle of approach 

which cause the drill bit to deflect from the desired trajectory. Rigidity can be considered to be 

the most important element since it is extremely difficult to fix the specific part of the anatomy 

rigidly in clinical situations. Therefore, this presents another problem, the influence of system 

compliance on drilling performance. 

Point Angle 

Flute Face Cutting EdgelLip 

Web Thickness 

Chisel Edge 

Fig. 4.1 A conventional twist drill bit 

Conventional Point Split or Four-Facet Point Spiral Point 

(c) (a) (b) 

Margin 

/1' 
Diameter 

Heel J 

Point Thinned 

(d) 

Fig. 4.2 Typical point/tip shapes of twist drill bits 
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As for the drilling conditions, the parameters involved are rotational speed and constant feed 

rate or applied force. In actual surgical procedure, constant applied force is assumed to be a 

more accurate representation as compared to constant feed rate (Wiggins & Malkin, 1976). 

In order to describe the factors affecting bone drilling performance, it is common to measure 

drilling force and torque. There are many established literature on the drilling of metals where 

force and torque are used to analyse the drilling performance and to model the drilling process 

(Galloway, 1957; Shaw & Oxford Jr., 1957; Williams, 1974). Alternative measurements of 

temperature, hole accuracy and rate of penetration in bone drilling have been reported 

(Matthews & Hirsch, 1972; Farnworth & Burton, 1974; Wiggins & Malkin, 1976). Several 

studies have also been attempted to relate these measurements to the mechanics of drilling. 

These investigations have been aimed at developing a suitable drill bit that optimises drilling 

force and torque, as well as prevents or reduces thermal damage to the bone. The effects of 

thrust force and drill bit torque, as well as the effects of temperature on bone drilling 

performance are discussed below. 

4.2.1 Effects of Thrust Force and Torque 

The effects of the chisel edge has led to many early investigations into the modification of drill 

bit geometry in order to reduce both the drilling force and torque. One of the common 

modifications on twist drill bits is the spiral point geometry shown in figure 4.2c. This 

minimises the chisel edge effect and introduces a self-centering action. The effectiveness of the 

spiral point was first demonstrated by Ernst and Haggerty (1958) on a hip pinning operation of 

a fractured femoral head without the problem of drill bit slipping or 'walking'. Furthermore, the 

spiral point was reported to reduce the thrust force by 15% to 34% when drilling into steel 

workpieces with greater improvement at lower feed rates. 

Sneath (1964) and Farnworth and Burton (1974) also recommended the spiral point geometry 

based on findings associated with drilling force, torque, penetration rate and temperature 

generated. Sneath (1964) made the recommendation after investigating the drilling performance 

of three different bit shapes, namely four-facet point, spiral point and point-thinned shown in 
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figure 4.2. Each of the three bit shapes comprised bits with and without cutting lands. 

However, no results were presented on the investigation which was carried out on bovine 

bones. 

Farnworth and Burton (1974) conducted a more comprehensive investigation on the effects of 

drill bit geometry using porcine femoral shafts. Drilling performances on two groups of 6.35 

mm diameter general twist drill bits with various geometries were evaluated in terms of thrust 

force and torque under constant feed rate, and in terms of penetration rate under constant 

applied thrust force. Both groups included three types of helix angle: fast, normal and slow. 

The first group was represented by three point shapes of radial relief, four-facet and spiral point, 

with web thickness 17.5% of bit diameter and point angles between SO° to 150°. The second 

group had radial relief shape with point angle of 11S0 and web thickness varying from 0.74 mm 

to 1.60 mm. In addition, observations were made on the locating ability and the snatching effect 

of the drill bit point during break-through. The findings of this investigation showed that the 

most desirable drilling performance came from the spiral point drill bits with point angles of 

between 120° and 140°, in conjunction with normal helix angle of approximately 27°, web 

thickness up to IS% of the drill bit diameter and clearance angle of 15°. Although fast helix 

drill bits appeared to have the best performance, the tendency to catch upon break-through has 

been observed when compared to normal and slow helix drill bits. In addition, drill bits with 

small point angles between SO° and 90° were found to have tendency to jam during break

through. 

In a study by Jacobs et al. (1976), seven drill bits of different point shapes and geometries in 

twelve combinations were used to determine the effects of drilling speed on thrust force and 

torque under a specified constant feed rate. The experiments were carried out on mature bovine 

tibiae which were kept wet and lubricated constantly. The drilling conditions applied were 

constant feed rates of25.4, 50.S and 127.0 mmlmin, and nine different drill bit rotational speeds 

varying from 100 to 2360 rev/min. However, only results from a feed rate of 50.S mmlmin 

using four drill bit shapes, with different point and helix angles, labelled as 'M', 'Y', 'Q' and '0' 

were presented. In general, both the drilling force and torque decrease, to a minimum level, as 

the speed increases. The 'Q' type bit, which had a point angle of 110° and a helix angle of 24° 

was shown to be the best drill bit configuration, and produced the lowest thrust force and 

torque of approximately 14.1 Nand 0.S9 Ncm respectively. Whereas, the '0' type bit, which 
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had a point angle of 90° and a helix angle of 23°, and had been blunted to give an effective 

negative rake angle between 1° to 3°, produced a high thrust force and the highest torque of 

approximately 23.4 N and 5.21 Ncm respectively. The 'Y' type bit of point angle of 86° and 

helix angle of 17.2° produced the highest thrust force of 26.2 N. In addition, the 'Q' type bit 

was observed to have little thermal effects, while the '0' type bit suffered severe heating effects 

indicated by steam ejected from the hole. Based on these findings, recommendations were 

presented for the design and use of orthopaedic drill bits. 

In contrast, Wiggins and Malkin (1976) measured parameters of penetration rate, torque and 

specific cutting energy (total energy per unit volume) over a range of fixed thrust loads for 

evaluating the drilling performance. The experiments were carried out on a human cadaveric 

male femur. Three different drill bits were used for the investigation: (i) a surgical twist drill bit 

of diameter 2.77 mm with 60° point angle, 20° helix angle and constant zero rake angle, (ii) 

general purpose twist bits of various diameters with 118° point angle, 28° helix angle, and a 

rake angle of _30° near the chisel edge increasing to 30° at the bit periphery, and (iii) a special 

spade drill bit of diameter 3.66 mm with 90° point angle and zero rake angle. The general 

purpose twist drill bits were operated at rotational speeds of 40 rev/min and 1150 rev/min, 

whereas the surgical bit and the spade drill bit were operated at 40 rev/min. For each type of 

drill bit, the drilling performance was categorised by power function (law) relationships using 

log-log coordinates. It was also found that the specific cutting energy was less when drilling at 

higher feed rates which could be explained by the larger applied thrust force. Wben compared 

to the general purpose twist drill bits, the surgical bit had better penetrating ability, but required 

higher torque and hence higher specific cutting energy. In the investigation associated with drill 

bit rotational speed, the drilling performance of the general twist bits under constant force was 

found to be independent of the rotational speed, implying that the performance depended 

primarily on the drill bit geometry. In addition, the tendency of clogging was attributed to the 

increasing depth of hole, which incidentally caused an increase in both the torque and the 

specific cutting energy. 

Further investigation by Saha et al. (1982) to improve the drilling performance involved the use 

ofthe split point geometry, shown in figure 4.2b, which was similar to that reported by Oxford 

Jr. (1955). This bit geometry minimises the chisel edge through the provision of two additional 

cutting edges with positive rake angle. The split point bit shape used in this investigation had 
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118° point angle, 34°_36° helix angle and a parabolic flute design. Consequently, a reduction of 

approximately 40% of the total thrust force was achieved when drilling into bovine bones at a 

constant feed rate of 120.32 mmlmin and a drill bit rotational speed of 940 rev/min. This was 

comparable to the reduction in thrust force achieved by a standard metal cutting drill bit of the 

same point angle and 15° helix angle when drilling into bovine bones with a pilot hole of the 

chisel edge length. Further drilling experiments were carried out on bone cement to compare 

the drilling performance between the split point geometry and surgical drill bits with 90° point 

angle and 24°_27° helix angle under a constant applied force of 45 N and a drilling speed of 940 

rev/min. There was no significant difference found in terms of drilling force and torque between 

the standard metal cutting and split point geometry bits. The penetration rate was, however, 

significantly lower using surgical bits. It was also reported that the split point geometry 

produced cleaner and better quality holes, and eliminated bit 'walking' as well as minimised the 

problem of clogging. Furthermore, it was stated that the split point bit showed promising 

results in a clinical trial based on drilling thrust force and temperature developed, but no results 

were presented. 

The issue of drill bit shape was not included in a study carried out by Abouzgia and James 

(1995). Instead, the effects of applied force on the drilling rotational speed and energy 

consumption were looked into using a medical drill bit of diameter 2.5 mm. The drill bit was 

driven into fresh bovine femoral shafts at a rotational speed range of 10000 to 100000 rev/min 

under a constant applied load of between 1.5 and 9.0 N. The applied force was found to affect 

the rotational speed only at speeds above 50000 rev/min by reducing the speed when a load was 

applied. However, the drilling time and energy consumed were significantly less with increased 

load and speed. 

Drilling of bone also involves other types of drill bits which are very different from conventional 

and surgical twist drill bits. These different drill bits, known as guide wires and Kirchner wires 

(K-wires), shown in figure 4.3, are used for drilling pilot holes and as a guide for cannulated 

drill bits. The tips of these guide wires are in the shape of either two or three bevelled surfaces 

and come with either plain or threaded ends. There are no flutes to carry the bone chips from 

the hole and therefore, drilling force and torque involved will be relatively higher than expected. 

Three types of guide wires with diameter 2.5 mm, namely plain, threaded and a prototype point 

shape were used to conduct drilling experiments to determine the thrust forces generated 
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(Shuaib & Hillery, 1995). The guide wires were driven at feed rates of 40, 60 and 80 mmlmin 

with seven different rotational speeds ranging from 400 to 1600 rev/min in steps of 200 rev/min. 

Human femoral heads were used for the drilling experiments. The results have indicated that 

the threaded guide wire generated the highest drilling forces while the plain guide wire had the 

lowest forces for all three feed rates at rotational speed of 400 rev/min. In general, higher 

drilling forces were associated with increases in feed rate, except those forces generated by the 

threaded guide whereby feed rate had little impression. Furthermore, the rotational speed had 

little effect on the forces generated. However, the forces were far higher by several orders of 

magnitude when drilling into cortical bone than cancellous bone. The significant difference 

came from the threaded guide wire which was shown to produce less thrust force with 

increasing feed rate as opposed to increase of force shown by the plain and prototype guide 

wires. Drilling forces in cortical bone were found to have a downward trend with increasing 

rotational speed and this trend was more extreme for threaded guide wire. 

1-------------------------~~---------------------~ 
Fig. 4.3 Typical guide wire or Kirchner wire (K-wire) shapes (Shuaib & HilIery, 1995) 

The studies discussed so far indicate mainly the drilling performance of various drill bits in 

different operating conditions by experimental analyses. In order to characterise the drilling 

performance, analytical relationships and knowledge of drilling mechanics are required. The 

basis of drilling mechanics is described by an orthogonal (two-dimensional) cutting process 

which involves a single edge cutting tool that is perpendicular to the direction of the relative 

motion between the tool and the work material, as shown in figure 4.4. A conventional twist 

drill bit can be considered to have two single cutting edges on a common axis. However, the 
-

variation of rake angle along the cutting edge and the chisel edge results in a complex three-
• 

dimensional ( oblique) cutting action. Since the cutting action also differs significantly between 
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the main cutting edge and the chisel edge, separate analyses on both the edges are carried out in 

order to derive general equations for estimating drilling force and torque. 

Fig. 4.4 Orthogonal Cutting 

Drilling mechanics 

Several studies have been carried out to analyse bone drilling mechanics, but the operating 

conditions and the drill bit shape were different in each study. Jacobs et al. (1976) developed 

an approximate theoretical model for drilling by using Cook's equations for single edge cutting 

tools based on shear failure criteria. Using specific energy together with geometric 

considerations of the bit point, the force and the torque models compared favourably to the 

experimental results. 

On the other hand, Wiggins and Malkin (1976) found that the drilling performance of three 

different drill bits (defined earlier in this section: a surgical drill bit, a general purpose drill bit 

and a special spade drill bit) could be characterised by different power functions. Linear 

relationships with high correlation coefficient were obtained using log-log coordinates of feed 

rate against thrust pressure, torque and specific cutting energy. 

Davis et al. (1980) attempted to predict the feed rate at constant applied force on human 

cortical bones using empirical coefficients based on experimental results obtained from bovine 

bones. These empirical coefficients were derived from orthogonal cutting tests in the 

longitudinal and transverse directions of the shafts of bovine long bones. From the results of 

drilling into human bones, it was shown that the feed rate followed a downward trend with 

increasing drill bit point angle. This trend was similar to the predicted trend using empirical 

constants but differed in terms of magnitude. However, a statistical analysis was not carried out 
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to verify the magnitudinal correlation between the predicted and the experimental results. 

Among the reasons for not carrying out the statistical analysis were: anisotropy of the bone , 
material, different species of bones were used, empirical constants obtained from drilling bovine 

bones were based on one drill bit point angle, and effects of storage on mechanical properties of 

the human bone were not taken into consideration. 

In summary, the investigations carried out using drill bits with different geometries and sizes 

were aimed at developing an optimum drill bit for bone drilling. However, findings from the 

experimental analyses of various bone drilling investigations differed significantly from the 

recommendations given by Bechtol et al. (1959), which were followed by most of the surgical 

bit manufacturers. In these recommendations, Bechtol et al. (1959) stated that the drill bit 

should not 'walk' on the bone surface, and the drill bit geometry should include 90° point angle 

and zero rake angle. This geometry was actually meant to reduce the chipping of the bone and 

to prevent the drill bit from snatching the bone during break-through, based on observations 

made when drilling into plastic material. Unfortunately, these recommendations did not take 

cutting forces into consideration, and experimental analyses by other researchers found that this 

bit geometry required higher cutting forces and energy, as well as generated a higher 

temperature. A comprehensive summary of the literature on bone drilling mainly related to the 

effects offorce and torque on the drilling performance is given Table 4.1. 

4.2.2 Effects of Temperature 

In addition to evaluating drilling force and torque, the drilling performance can also be assessed 

through the measurement of temperature. Heat is generated by the friction between the drill bit 

and the bone, and the fragmentation of bone particles at the cutting edge of the drill bit. The 

main concern of temperature effects is the heat generated at temperatures above 50°C during 

the drilling operation. This temperature (50°C) is considered to be the threshold for thermal 

damage or bone death (osteonecrosis), especially when combined with long duration of 

exposure. The higher the temperature, the shorter is the duration required to cause thermal 

damage to the bone. Bonfield and Li (1968) have shown that bone structure suffers irreversible 

change after being subjected to deformation at temperatures above 50°C. 
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Bone undergoes two processes during healing: bone resorption (removal) and bone formation. 

Details of these two processes are given in Appendix 3.3. Bone healing is, therefore, affected 

by the rate of the two processes. An increase in bone resorption or a slower rate of bone 

formation as a result of thermal damage would have a negative effect on bone healing. 

According to Matthews and Hirsch (1972), increased bone resorption might be the cause of 

occasional failure of stable fixation using screws. Similar argument was made by Van Egmond 

et al. (1994) that osteonecrosis might be the contributing factor towards the loosening of K

wires and infections. However, A1bright et al. (1978) argued that the evidence of screw 

loosening due to increased resorption of bone was not proven. Apart from thermal damage, 

excessive heat generated also chars bone tissue and tbis may prevent the removal of debris when 

the drill bit flute is blocked by the charred tissue (Sneath, 1964). 

There are generally three factors, namely applied force, rotational speed and drill bit geometry 

that affect bone drilling temperatures. An investigation into the effects of constant applied force 

and drill bit rotational speed on temperature generated was carried out by Matthews and Hirsch 

(1972) using a standard ASIF (Association for the Study ofInternal Fixation) surgical drill bit 

of diameter 3.2 mm on human cadaveric femoral shafts. Measurements of temperature and 

duration of temperatures above 50°C at distances of 0.5, 1.0,2.0 and 3.0 mm from the hole wall 

were made at constant applied forces of2, 6 and 12 kgf, and rotational speeds of345, 885 and 

2900 rev/min in all combinations. It was found that rotational speed had little influence on the 

heat generated (maximum temperature), but the duration of temperature above 50°C was 

significantly shorter at bigher speeds. Whereas the applied force was found to have a significant 

effect on both the temperature elevation and the duration. Higher applied forces were found to 

be associated with lower temperatures and shorter duration of temperatures above 50°C. 

Incidentally, the highest average maximum temperature was 93.1 QC obtained from a force of 2 

kgf and a speed of 2900 rev/min. An increase in the applied force resulted in a bigher 

penetration rate which allowed drilling to be completed with fewer rotations, and thus less 

cutting by the drill bit. High penetration rate coupled with the possible redistribution of heat to 

the cbips might be the reason bebind the significant reduction in the magnitude and the duration 

of temperature elevation (Matthews & Hirsch, 1972). Similar findings related to specific 

cutting energy in drilling were reported where a higher penetration rate produced by a bigher 

thrust force resulted in a lower cutting energy wbich was related to reduced temperature 

elevation (Jacobs et al., 1976; Wiggins & Malkin, 1976). 
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Drill bit geometry was shown, by Saha et al. (1982), to have a significant effect on heat 

generated. Using twist drill bits with modified split point geometry (as defined in Section 4.2.1, 

Paragraph 6 and shown in figure 4.2b), a reduction of 41% was achieved when compared to 

surgical drill bits of the same diameter of 3.2 mm under a constant force of 93.4 N and a 

rotational speed of 940 rev/min. This finding emphasised the importance of reducing the chisel 

edge length of surgical drill bits to minimise heat generated. 

Apart from factors related to drill bit and drilling conditions, bone thickness also has an effect 

on heat generated. This was reported by Eriksson et al. (1984) when measuring drilling 

temperatures in vivo on. both live animals and human patients undergoing internal fixation 

procedures using twist drill bits of 3.0 mm diameter running at 20000 rev/min. It was found 

that higher drilling temperatures were related to greater bone thicknesses. A temperature of 

96°C, which greatly exceeds the bone threshold for thermal damage, was recorded on a human 

subject with the thickest cortical bone. The increase heat generation with the increase in depth 

of drilling might be linked to drill bit clogging and the difficulty of coolant reaching the drilling 

point. 

There are several surgical techniques to minimise or prevent excessive temperature elevation in 

bone drilling (Albright et al., 1978). Irrigation has been found to be one of the most effective 

methods to help dissipate heat, but it has to be applied directly at the point of penetration 

(Matthews & Hirsch, 1972). The condition of the drill bit also has a considerable effect on 

temperature elevation, therefore, only sharp drill bits should be used. Another method to limit 

temperature elevation can be achieved by eliminating the chisel edge effect through pre-drilling 

of a smaller diameter hole prior to the drilling of a hole of the desired diameter, or modifying the 

drill bit geometry to, for instance, the split point geometry. 

Apart from surgical and standard metal twist drill bits, bone drilling also involves the use of pins 

such as K-wires and Steinmann pins. These pins have different point geometry to surgical twist 

drill bits, but are driven at similar rotational speeds. There are two commonly used point 

shapes: a diamond point which has two bevelled surfaces, and a trocar point with three surfaces. 

Pins with a trocar point are more suitable for drilling cortical bone. Furthermore, pins do not 
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have the flutes of twist drill bits and therefore, more heat is generated as debris produced during 

drilling cannot be cleared (Albright et al., 1978; Van Egmond et aI., 1994). 

A study carried out by Van Egmond et al. (1994) measured drilling forces and temperatures at 

tips ofK-wire when drilling into human cadaveric bones of the thumb and fingers (phalanges). 

A trocar point K-wire of diameter 1.1 mm with a built-in thermocouple (at the tip of the K

wire) was used and it was driven at a drilling speed of 600 rev/min. The temperature elevation 

was found to be influenced by bone orientation, where higher temperatures were measured 

when drilling in the transverse axis of the phalanx than in the longitudinal axis. The maximum 

average temperature was 133°C at the middle phalanx in the transverse axis, which incidentally 

had the longest drilling time. In addition, the production of heat was found to decrease with the 

reduction in speed, but resulted in longer drilling time. However, temperatures measured by 

Van Egmond et al. (1994) were far higher than those measured by Zegunis et al. (1993) at 0.5 

mm from the hole on cortical bones of ox, pig and sheep. The contrasting temperatures 

recorded may be explained by the measurements taken from two different mediums. Van 

Egmond et al. (1994) measured temperatures at the tip of a K-wire with a built-in thermocouple 

and Zegunis et al. (1993) obtained temperature measurements from the bone. Furthermore, the 

thermal conductivity is far higher in the K-wire than in the bone. 

The investigation carried out by Zegunis et al. (1993) also looked into an alternative insertion of 

K-wires by hammering instead of conventional drilling. It was found that hanunering K-wires 

into bones generated less heat than drilling. An average maximum temperature of 34°C was 

recorded for all bones when hammering was used to insert a 1.6 mm trocar point K-wire, while 

a temperature of 54°C was recorded when drilling was performed using the same K -wire at a 

rotational speed of 850 rev/min. 

Similar to twist drill bits, the pin-point geometry was shown to affect the heat generation in a 

study by Matthews et al. (1984) on large pin insertion. The temperature effects of drilling 

rotational speed and pre-drilling were also included in this study. Five point configurations, one 

of which was a trocar point, of diameter 3.9 mm were used. Temperatures for all the pins were 

measured on fresh human cadaveric tibiae based on rotational speeds of 300 rev/min and 700 

. rev/min, and also on hand-drilling. In general, drilling at 700 rev/min produced the highest 

maximum temperature, while 300 rev/min produced the lowest temperature. However, the 
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duration of temperatures above 55°e was lowest at 700 rev/min and highest using hand-drilling. 

The trocar point was found to have the highest average maximum temperature of ll5°e and the 

second longest average duration above 55°e. Pre-drilling was shown to reduce the maximum 

temperature by more than 50%. 

The temperature generated during drilling has been shown to the very severe around the 

interface between the drill bit and the bone. Temperatures in excess of !Oooe have been 

reported adjacent to the hole in in vitro studies by Matthews and Hirsch (1972), and an average 

temperature of 89°e has been recorded in an in vivo clinical study conducted by Eriksson et al. 

(1984). In general, heat generated in bone drilling depends on the bit geometry, the applied 

force and the rotational speed. The point geometry of both twist drill bits and pins has a 

significant effect on the heat produced. Surgical twist bits with geometry recommended by 

Bechtol et al. (1959) have been shown to generate more heat (Saha et al., 1982). As for the 

force applied, higher forces are related to reduced temperature generation and reduced duration 

of temperatures above 500 e (Matthews & Hirsch, 1972). Although rotational speed has little 

influence on temperature generated when applied to twist drill bits (Matthews & Hirsch, 1972), 

pins such as K-wires generate less heat at lower rotational speeds (Matthews et al., 1984; Van 

Egmond et al., 1994). However, longer durations of temperatures above 500 e are associated 

with lower rotational speeds regardless to whether twist drill bits or pins are used (Matthews & 

Hirsch, 1972; Matthews et aI., 1984; Van Egmond et al., 1994). A comprehensive summary of 

the literature on bone drilling related to the effects of temperature on the drilling performance is 

given Table 4.2. 

4.3 Strength of Bone 

A huge interest has been generated in finding the most appropriate technique or method to 

estimate bone strength. It may be seen from the literature that there are two general methods of 

evaluating bone strength. As shown in figure 4.5, the first is based upon basic engineering 

principles which relate the material strength to mechanical properties (density and elasticity), 

structural properties (architecture and quality) and to loading conditions (direction, magnitude 

and rate). Structural properties are intimately related to the mechanical properties. The second 

method of strength measurement is bone densitometry. This method is non-invasive and 

34 



determines the amount and the density of bone present (Faulkner et al., 1991). Both of these 

methods have a primary aim of studying the strength of bone, especially cancellous 

(trabecular/spongy) bone, for the evaluation of fracture risk. In addition to these two methods, 

drilling of bone has also been used for the evaluation of bone strength. However, the present 

literature on bone drilling for the evaluation of bone strength is limited, and little is known about 

the relationship of drilling mechanics with mechanical strength and/or bone densitometry. 

ASIF 
Swgical 

C. (<jJ32mm) 

24° 
90" 12°_15° 

Bovine Constant 
1982 Diaphysis 940 93.4N 

1180 Lip Relief 
15°_18° 

1984 Swgical 118° 30° 20000 
<<jJ3mm) Saline 

Cooling 

5 Fixation 
of$3.97mm: 

1984 Human TIDial & Trocar, Spade, 6010 
Femoral Hoffinan, Half 120N 
Diaphysis Drill, Modified 

Half Drill 
OxCol1ical $1.6 mm 

Trocar Point 
.etal 1993 and $2.0 mm 850 

Diamond Point 
Kirschner 

1994 $l.l 600 
PointK-"",, 

Table 4.2 Effects of Temperature in Bone DriIIing - Summary of Experimental Data 

Bone Strength 
Evaluation / Analysis 

I 
I I 

Mechanical Bone 
Properties Densitometry 

_---- _____ 1 
: Bo ne 

ling , Dril 
,-----------

Fig. 4.5 Evaluation of Bone Strength 

35 

55°C at 1.0 nun 

32°C at 1.0 mm 

4O"C at 0.5 mm 

58°Cat0.5 mm 

51°Cat1.Omm 
51°CatO.5mm 
45°Catl.Omm 

133°C 

65°C 



4.3.1 Mechanical Properties of Bone 

Methods used in determining mechanical properties of bone are similar to those of engineering 

materials, as shown in figure 4.6. For example, tensile, compressive and bending tests are 

carried out to determine respective strength or stress, and to determine modulus of elasticity 

based on the stress and strain relationship. However, certain formulae for characterising 

homogeneous and isotropic materials may not be appropriate since bone is a composite and 

anisotropic material (Evans, 1973; Jacobs et al., 1976). Bone anisotropy, which has a major 

effect on the determination of mechanical properties, is characterised by the organisation and 

the orientation of bone architecture in the direction of loading. As a result, the distribution of 

strength and density in the bone varies according to the anatomic location, for example in 

cancellous bone of the proximal femur. Because the significance of these factors is more 

pronounced in cancellous bone, coupled with the storage method and testing conditions, 

immense variation in the determination of mechanical properties has been reported (Martens et 

al., 1983; Goldstein, 1987). Other contributions to this large variation include the non

physiologic boundary conditions of the bone specimen and the effect of bone specimen 

geometry in mechanical testing (Linde et al., 1992; Keaveny et al., 1993). In addition, the 

accuracy of mechanical testing is limited by the size of the bone specimen. 

Mechanical 
Properties 

I 
I I 

Tensile Compressive 

Bending Shear Torsion 

I I 
I I 

Modulus of Shear Modulus Hardness Elasticity of Elasticity 

Fig. 4.6 Mechanical properties of bone (Evans, 1973) 

The literature on the mechanical properties of both cortical and cancellous bones is well 

established and reflects a better understanding of the functional adaptation of bones. Most of 
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the early investigations have been concentrated on the mechanical properties of cortical bone 

(Yamada, 1970; Evans, 1973). The importance of mechanical behaviour of cancellous bone is 

reflected in the understanding of the effects of metabolic and degenerative diseases, such as 

osteoporosis and osteoarthritis, on bone strength. Osteoporosis, for instance, is commonly 

associated with the elderly population. It is characterised by the reduction in both the quality 

and the quantity (mass) of cortical and cancellous bones, consequently there is an increased risk 

of bone fracture due to reduced load capacity. Since cancellous bone has a higher metabolic 

rate due to its greater surface area of porous structure, it becomes more responsive to changes 

in mineral storage (Cooper, 1990). Therefore, bone loss caused by diseases such as 

osteoporosis affects cancellous bone more quickly than cortical bone. 

The hip and the vertebrae, which consist mainly of cancellous bone, are two common areas 

where osteoporotic fractures occur. These type of fractures are generally treated with internal 

fixation. Therefore, the success of internal fixation depends, to a certain extent, on the 

knowledge of the mechanical properties and bone architecture. This knowledge is also 

beneficial to treatment associated with total hip and knee replacement since a section of 

cancellous bone is replaced by a prosthesis or an implant. 

Studies have shown that the proximal femur (upper femoral region) is where the bone structure 

and density are most critically related and, therefore, it is an important skeletal site for 

determining the mechanical characteristics. Although the cancellous bone in the proximal femur 

is highly anisotropic, linear correlation has been found between compressive strength and elastic 

modulus (Brown & Ferguson, 1980; and Goldstein, 1987). Other studies obtain power function 

relationships which are quite close to a linear relationship (Martens et al., 1983; Hodgskinson & 

Currey, 1993 and Keller, 1994). This kind of relationship enables the strength of cancellous 

bone to be predicted based on its modulus of elasticity. However, there is little validity in 

predicting strength and elastic modulus of cortical bone by means of extrapolation from 

cancellous bone (Rice et al., 1988; Keller, 1994). This can be explained simply by the 

microstructural orientation and properties of the bone tissue. Cortical bone has concentric 

lamellae of bone tissue oriented parallel to the shaft of long bones, while cancellous bone 

consists offragmented superimposed lamellae, as described in Appendix 3.5. Therefore cortical 

bone carmot be assumed to be a dense cancellous bone. 
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Positive relationship of strength and modulus to apparent density of cancellous bone has also 

been reported (Goldstein, 1987; Brear et al., 1988; Rice et aI., 1988). Apparent density is the 

dry weight of bone per unit volume. The correlation between mechanical properties and 

apparent density favours the use of a power function instead of a linear function. Moreover, 

compressive strength has been shown to have better correlation with the apparent density than 

the modulus of elasticity (Brear et al., 1988; Keller, 1994). 

The unique trabecular architecture of the proximal femur, as shown in figure 4.7, has been 

subjected to several studies which relate to spatial and directional effects on values obtained for 

mechanical properties. The spatial variation in strength and elastic modulus within the specimen 

have been found to be extremely large (Brown & Ferguson, 1980; Martens et al., 1983). Even 

within the femoral head alone, a wide spatial distribution of strength along axes parallel to the 

cervical axis has been reported (Schoenfeld et aI., 1974). In general, the femoral head region 

has the highest strength and stiffness as compared to neck and inter -trochanteric regions. 
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Trochanter 

Femoral 
Neck 

Greater 
Trochanter 

Ward's 
Triangle 

~f-- Primary Tension 
Trabeculae 

~4---- Secondary Tension 
Trabeculae 

Fig. 4.7 Trabecular orientation of the proximal femur (Wahner & Fogelman, 1995) 

The directional effects also account for the variation in the values of mechanical properties. 

Mechanical testing by compression of the proximal femur has been carried out in three 

orthogonal axes with respect to two reference axes of either the medial-lateral (horizontal) axis 

(Brown & Ferguson, 1980) or the cervical axis (Martens et al., 1983), as shown in figure 4.8. 

Loading in the anterior-posterior (AP) direction has been found to produce the weakest overall 

strength and modulus of elasticity, as compared to those loaded in the direction of the cervical 

38 



axis and in the direction perpendicular to the cervical axis (Y-Axis shown in figure 4.8) 

(Martens et al., 1983). Based on reference to the medial-lateral axis, the overall strength and 

modulus of elasticity have been found to be the highest when loaded in the superior-inferior 

direction (Brown & Ferguson, 1980). In addition, the loading direction also has an influence on 

the mechanical properties at specific regions of the proximal femur. For instance, the neck 

region has been found to have a higher overall strength and stiffuess than the inter-trochanteric 

region when loaded along the cervical axis but the opposite is true when loaded in the direction 

of Y-Axis (Martens et al., 1983). 

Superior-Inferior 
Cervical 

'/ Axis \><, 

Anterior-Posterior 

Fig. 4.8 Axes of the proximal femur 

Apart from material properties related to mechanical behaviour and architecture, it is also 

important to consider the microstructural characteristics of cancellous bone in the evaluation of 

bone strength. One of the microstructural parameters relates to the measure of local or 

structural anisotropy known as fabric. It has been found that fabric has a significant correlation 

with both ultimate compressive strength and elastic modulus (Goulet et al., 1994). Since 

cancellous bone has an irregular structure of inter-connecting plates and colunms of trabeculae, 

the thickness, the spacing and the connectivity of trabeculae also affect the bone strength. 

These correlations from apparent density and microstructural characteristics can be useful in 

predicting the mechanical properties of bone. 

Although, the determination of the mechanical properties plays an important role in the 

evaluation of cancellous bone strength, it depends on many factors related to the specimen, 

testing condition and storage method. Mechanical testing requires a large amount of bone 

samples, and also meticulous specimen preparation due to the intricate cancellous bone 
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structure. Since the specimen is removed from the bone, testing is carried out under non

physiologic boundary conditions. To a certain extent, the size of the specimen represents a limit 

in terms of accuracy that can be achieved by mechanical testing. These factors, therefore, limit 

the clinical value of using mechanical methods in the evaluation of bone strength. However, the 

positive relationships of apparent density with the mechanical strength and modulus of elasticity 

link to the use of another method of bone strength evaluation called bone densitometry. This 

method measures bone mineral density as an indication of strength. 

4.3.2 Bone Densitometry 

The clinical importance of bone densitometry is in the area of osteoporosis where it assists in 

the prediction of fracture risk, the selection of patients for hormone replacement therapy (HRT), 

monitoring and optimising therapy and improving compliance of therapy (Sartoris, 1994). It 

has been established that low bone density measured by densitometry is associated with 

increased risk of fracture (Marshall et al., 1996). In general, bone density has been found to 

decline linearly after the age of 55 years (De Laet et aI., 1997). Since osteoporosis is a major 

cause of hip and vertebral fractures and has certain resistance to treatment once established, 

early detection of bone loss is important in the prevention of this disease and its complications 

(Heidrich, 1993). Hip fractures, in particular, are responsible for considerable disability, 

morbidity and mortality of the elderly people, and create an enormous burden to both public 

health and health-care finance (Adams, 1992; Compston et al., 1995). 

In densitometry, bone strength is determined through bone mineral content (BMC), bone 

mineral density (BMD), true bone mineral density, broadband ultrasonic attenuation (BUA), 

speed of sound (SOS) or magnetic resonance. There are several techniques of measuring BMC 

and BMD in either g/cm or g/cm2
: (i) single-photon absorptiometry (SPA), (ii) dual-photon 

absorptiometry (DP A), (iii) dual energy x-ray absorptiometry (DXA or DEXA), and (iv) 

quantitative computed tomography (QCT) (Hagiwara et al., 1994; Wahner & Fogelman, 1995). 

QCT also provides true bone mineral density in g/cm3 The techniques of bone densitometry are 

summarised in figure 4.9. 

40 



I Bone I 
Densitometry 

I I I 
Single Photon Dual Energy X·Ray Quantitative Magnetic Resonance 

Absorptiometry Absorptiometry Computed Tomography Imaging 
(SPA) (DXA or DEXA) (QCT) (MRI) 

Dual Photon Quantitative 
Absorptiometry Ultrasound 

(DPA) (QUS) 
I 

I 
r I 

Bone Mineral Bone Mineral I True Bone r I 
Content Density Mineral Density 
(BMC) (BMD) 

r I 
Broadband Ultrasonic Transmission 

Ultrasonic Atteuuation Velocity (UTV) or 
(BUA) Speed of Sound (SOS) 

Fig. 4.9 Bone densitometry (Wahner & Fogelman, 1995 and Hagiwara et al., 1994) 

One of the earliest methods of quantitative bone mineral analysis is radiographic absorptiometry 

(RA or radiogrammetry). However, this technique suffers from poor accuracy and precision 

and thus, its usage is now limited to appendicular bones (phalanges and metacarpal). 

Subsequently, SPA, which measures BMD, was developed in place of RA. SPA uses only one 

photon of energy and as a result, it can only measure BMD accurately at peripheral skeletal 

sites, such as distal radius (forearm), humerus, calcaneus (heel) and distal femur, where soft 

tissue thickness is relatively constant. The effects of soft tissue thickness can be corrected using 

the DPA technique with two photon energy levels but at the expense of accuracy and precision. 

Bone density measurement by DP A is derived from the relative attenuation of the two photon 

energy levels, higher and lower, between the bone and the soft tissue. 

The most widely used technique for BMD measurement is the dual energy x-ray absorptiometry 

(DXA or DEXA) which has a similar operating principle to DPA except for the replacement of 

the photon source with an x-ray source. Due to higher photon flux produced by the x-ray 

source, DXA offers improved accuracy and precision as well as reduced scanning times as 

compared to DP A. Besides measuring areal density (g/cm2
), QCT is the only established 

method capable of providing BMD as a true mineral density in g/cm3 Measurement of BMD 

has been reported to account for 70% of the bone strength (Chesnut Ill, 1993). At present, 

BMD is the most widely used parameter for the evaluation of bone strength and risk of fracture. 
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Alternative techniques such as quantitative ultrasound (QUS), which measures BUA and SOS, 

and magnetic resonance imaging (MRI) are currently being developed for bone strength 

measurement. Both techniques are free from ionising radiation, and QUS equipment has further 

advantages of being relatively inexpensive and more portable. 

The diagnosis of osteoporosis or bone loss is generally based upon bone density measurements 

of cancellous bone at a specific location such as the calcaneus (heel), forearm, hip, spine and 

tibia. However, densitometry measurement of one location does not reflect the measurement of 

another, and the degree of osteoporosis may vary at different locations within the patient 

(Wahner & FogeIman, 1995). The measurement ofBMD is also affected by the thickness of 

soft tissue and fat around the measured site, as well as the bone distance from the table and its 

positioning. Moreover, an optimal site for the assessment of bone density has not been 

established for the prediction of fracture risk (Compston et ai., 1995). In the prediction of hip 

fractures, densitometric measurements of the hip have been reported to be the best predictor as 

compared to spine measurements (Cummings et al., 1993; Marshall et al., 1996). Therefore, 

fracture prediction using densitometry is very site specific. Densitometric measurements have 

also been shown to have a large overlap between patients with and without fractures in case 

control studies of hip fractures (Marshall et aI., 1996). 

Comparison ofBMD measurements between DXA (glcm2
) and QCT (glcm3

) has not produced 

any conclusive findings on the method with the most effective predictor of fracture risk related 

to low bone mass (Duboeuf et al., 1995; Cody et ai., 1996). Standardisation of bone density 

measurements through cross-calibration using phantoms has been attempted in order to 

facilitate longitudinal studies and multi-centre trials associated with osteoporosis (Adams, 

1992). This is because densitometric measurements between equipment of different 

manufacturers using the same technique are not interchangeable for studying individual patients 

(TothiII et aI., 1995). 

Investigations into the use of QUS for evaluating bone strength has produced promising results 

which indicate that QUS parameters of BUA and SOS could provide information on the bone 

structural aspect and quality besides bone density (Gliier et al., 1993; Moris et al., 1995). 

Although assessment of bone strength using QUS is confined to sites with minimum amount of 

soft tissue around bones such as the calcaneus and the tibia, BUA and SOS have been found to 
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have conflicting correlations with BMD of the calcaneus, femoral neck, spine and tibia. In one 

of the studies, calcaneus QUS was found to correlate significantly with lumbar spine BMD by 

DXA (Moris et ai., 1995). Whereas other studies have found weaker correlations between 

calcaneus QUS and densitometric measurements at femoral neck and lumbar spine (Turner et 

al., 1995; Cunningham et al., 1996). The common conclusion from these studies indicates that 

QUS is capable of evaluating bone strength and fracture risk. There is, however, no superiority 

in terms of performance for the prediction of low bone density and fracture risk between DXA 

and QUS. Unlike DXA, the use of QUS as a clinical tool for evaluating bone strength has yet 

to be established. 

In addition to bone densitometry, the trabecular pattern of the proximal femur, which is 

characterised by the Singh Index based on a radiograph, has been found to relate to the degree 

of bone loss as a result of osteoporosis (Singh et al., 1970). However, the dependency of this 

method on the quality of the radiograph and the consistency of the observation has resulted in 

mixed findings with regards to the reliability and the reproducibility of the Singh Index in the 

assessment of bone strength (Smith et al., 1992; Smyth et ai., 1997). 

4.3.3 Correlation of Mechanical Properties and Bone Densitometry 

Many investigations have been targeted either at the correlation between mechanical properties 

related to apparent density, compressive strength and modulus of elasticity or between bone 

densitometric measurements of DXA, QCT and QUS. It has been well established that the 

relationships between apparent density, compressive strength and elastic modulus are strong 

with consistently high correlation coefficients (Goldstein, 1987). In comparison, establishing 

relationships between densitometric measurements has been subjected to more recent 

investigations due to wider availability of clinical densitometry equipment. Since bone 

densitometry is, at present, the only in vivo method of evaluating bone strength for the 

prediction of fracture risk associated with low bone mass, it has started to generate an ever 

increasing interest in bone strength especially in the correlation between densitometric 

measurements and mechanical properties. 
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Studies have shown that correlations between densitometric measurements and mechanical 

properties of canceIJous bone had contrasting results. The most basic comparison between 

apparent density and BMD has produced positive correlations ranging from moderate to high 

(Leichter et al., 1988; Lotz et al., 1990; Rho et al., 1994). An investigation carried out by 

Cody et al. (1996) has found that in vitro densitometric measurements from DXA and QCT of 

the human proximal femur had poor correlation with the mechanical properties related to elastic 

modulus, but moderate correlation with ultimate stress. In addition, there was no advantage of 

using QCT over DXA in the correlation between densitometric and mechanical measurements. 

Conflicting findings were presented by Lotz et al. (1990) where both apparent density and 

BMD by QCT of the proximal femur had strong power relationships with compressive strength 

and elastic modulus of the bone. Moderate correlations were also obtained by Leichter et al. 

(1988) between BMD by SPA and mechanical properties related to compressive strength and 

modulus of elasticity at the greater trochanter of the proximal femur. 

Studies were also conducted to determine relationships between breaking strength, or average 

shear stress at failure, of the femoral neck and density measurements. A moderate correlation 

was found between femoral neck BMD by DPA and measured breaking strength (Beck et aI., 

1990). The BMD by QCT was also found to have a moderate correlation with the fracture load 

of the femoral neck (Smith et al., 1992). However, specimen apparent density and BMD by 

SPA of the greater trochanter correlated rather poorly with the average shear stress at failure of 

the femoral neck (Leichter et al., 1988). A significant correlation did exist between the average 

shear stress at failure and the overall mass density of the intact greater trochanter. 

These results reinforce the findings on the effects of trabecular orientation, as shown in figure 

4.7, and bone density on the determination of the mechanical properties. However, 

densitometric measurements (BMD) by DXA and QCT give only an average mineral density 

over a region (ROI) or a volume (VOI) of interest regardless of the trabecular orientation and 

the density variation within. Although BMD, which accounts for approximately 70% of the 

bone strength, is a major determinant of fracture risk, bone quality and bone architecture are 

also responsible for the loss of bone strength. These two latter determinants are not considered 

to be measurable by BMD. 
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Apart from the proximal femur, cancellous bones from the vertebrae were also used for in vitro 

correlation purposes between mechanical properties and densitometric measurements. In an 

investigation by Edmondston et at. (1994), vertebral compressive strength was found to 

correlate moderately with BMD by DXA, but no significant relationship was found with true 

mineral density by QCT. On the contrary, results from Rho et al. (1994) have shown that 

compressive strength and its elastic modulus correlated moderately with densitometric 

measurements by QCT but rather poorly with BMD by DPA. Furthermore, the correlations of 

apparent density with BMD and true mineral density by QCT were moderate at best, while the 

relationship between BMD and true mineral density was very poor. 

The mechanical behaviour of cancellous bone depends on bone density, as well as on bone 

architecture and bone quality, which can be described by the elastic modulus, and 

microstructural properties such as the fabric, trabecular thickness and trabecular spacing. QUS 

has been reported to be able to characterise both bone architecture and bone quality besides 

bone density. QUS parameters of BUA and SOS have been found to relate significantly to 

elastic modulus (bone quality) and bone density respectively (Grimm & Williams, 1997). 

Further discussion on the evaluation of bone strength is given in Section 6. I. 

4.3.4 Bone Drilling 

Bone drilling measurements using small diameter drill bits have been proposed as an alternative 

method for evaluating bone strength (Karalis & Galanos, 1982; Chagneau & Levasseur, 1992). 

The level of resistance produced by bone drilling can indicate not just the density, but also bone 

orientation and quality. Furthermore, force profiles produced during drilling are only limited by 

the drill bit diameter and, therefore, provide better spatial resolution or accuracy than 

densitometric or mechanical measurements. 

An investigation was carried out by Karalis and Galanos (1982) to show the interrelationship 

between the penetration rate of a drill bit, drilling strength (defined as the ratio of energy input 

to volume of bone broken), tri-axial strength and hardness of bone based on mathematical 

analyses associated with rock mechanics. Tri-axial strength is obtained from a mechanical test, 

in which two principal stresses are equal, usually al > a2 = a3 > 0 (Jaeger & Cook, 1979). A 
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principal stress is a normal stress acting on a principal plane in a defined principal direction. 

The investigation by Karalis and Galanos (1982), however, was not aimed at studying the 

mechanical properties of bone related to quality, location, age and sex. The drilling experiments 

were carried out on human cadaveric cancellous bone of the femoral head and cortical bone of 

the tibial shaft. The drill bits used were the 'Q' type recommended by Jacobs et al. (1976), with 

drilling speeds in the range of 1200-1380 rev/min at constant applied force. A linear correlation 

was found between the tri-axial compressive strength and the drilling strength of both the 

femoral head cancellous bone and the cortical bone. A linear relationship was also found 

between the rotational speed and the penetration rate. The cortical bone exhibited a slower 

penetration rate that cancellous bone for a given rotational speed. Since bone is an anisotropic 

material, hardness was shown to have no linear relationship with the drilling strength for both 

cortical and cancellous bones. It was further mentioned that drilling would be widely utilised if 

correlations could be made to distinguish normal bone from diseased bone caused by, for 

instance, osteoporosis. 

Drilling force and torque measurements are normally quantified in terms of an average value. 

However, this type of measurement is not applicable to cancellous bone, especially in the 

proximal femur, due to its large variation in both structure and density within the bone. A 

continuous measurement of drilling force or torque would therefore be more useful to represent 

changes in density, and hence the strength along a specific drilling trajectory. Based on this 

technique, Chagneau and Levasseur (1992) introduced a method of mechanical testing called 

dynamostratigraphy. It is a measurement of penetration strength (thrust force) and torque 

developed with respect to drill bit penetration displacement during drilling using a pre-set drill 

bit rotational speed and feed rate. This technique enables the thickness and the mechanical 

resistance of the material, especially fragile, fibrous or laminated materials, to be measured to a 

high degree of precision. Drilling data can also be acquired through dynamostratigraphy in 

quick and simple form without any risk of error. 

Chagneau and Levasseur (1992) proposed that dynamostratigraphy could be used to study the 

morphology of bone structure and to define its mechanical resistance. They applied 

dynamostratigraphy on human cadaveric femoral heads using a 4.0 mm diameter three-lipped 

drill bit. The drill bit rotational speed and the feed rate were fixed at 350 rev/min and 10 

mmlmin respectively, while the thrust force and the displacement were recorded automatically. 
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For the purpose of comparison, punching tests were also conducted using a cylindrical steel rod 

of diameter 4.0 mm. The results from dynamostratigraphy showed clear changes in the 

resistance of the cancellous bone across the femoral head at different drilling trajectories. A 

two-dimensional force mapping was also presented to show the force characteristics of the 

femoral head. When compared to results from drilling test, higher forces were obtained by 

punching; this could be attributed to the deformation forces associated with compliance of the 

porous cancellous bone structure before failure by shear. Correlation between drilling and 

punching forces was not presented. 

In addition to bone drilling, another method proposed by Hvid et at. (1984) utilised a needle 

under a constant feed rate to penetrate cancellous bones for strength measurements of human 

cadaveric knees. The penetration forces with respect to the needle displacement were obtained 

from an instrument known as osteopenetrometer. Continuous changes in the penetration forces 

with respect to the depth were observed, hence indicating the strength variation of cancellous 

bone at the knee. It was found that, using a power function, average penetration strength 

(penetration force/projected area of the needle) had a good linear correlation with ultimate 

compressive stress. Furthermore, Bentzen et al. (1987) and Petersen et al. (1996) have found 

that penetration strength using osteopenetrometer had significant linear relationships with 

densitometric measurement and mechanical properties. 

All the investigations discussed above share a common goal of in vivo evaluation of bone 

strength and assessing the effects of metabolic diseases such as osteoporosis and osteomalacia 

on bone strength. However, these bone drilling investigations have not been able to provide an 

applicable method for the evaluation of bone strength. As a result, the relationship of drilling 

data with mechanical properties and densitometric measurements has not been statistically 

established. Furthermore, drilling experiments on cancellous bone have been carried out only 

on the head of the femur (Karalis & Galanos, 1982; Chagneau & Levasseur, 1992). Although 

osteopenetration strength has been found to relate to the strength of bone, the use of a 

penetration needle is not a common procedure in orthopaedic surgery. The osteopenetration 

forces involved is also higher than drilling forces for a given feed rate. Further discussion on 

bone drilling for the evaluation of bone strength is presented in Section 6.2. 
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The additional knowledge of bone strength through drilling offers a possible guide to surgeons 

in selecting appropriate treatment of fracture fixation, in indicating the use of bone cement or in 

suggesting the need for more protective post-operative management (Smith et al., 1992). Since 

bone drilling is a common procedure offracture fixation in orthopaedic surgery, it is practical to 

automate bone drilling suitable for collection of drilling data for bone strength analysis. To the 

author's present knowledge, investigations into the feasibility of using bone drilling for bone 

strength evaluation have not been carried out. 

4.4 Automation of the Bone Drilling Process 

The automation of the surgical drilling process is the most recent development. This is to take 

advantage of the flexibility, the accuracy and the precision offered by automated devices for the 

purpose of enhancing the drilling accuracy and safety, and thus the success rate of the 

procedure. Data such as drilling forces, drill bit displacement and rotational speed, which are 

not available to surgeons at present, can be automatically collected during drilling operations for 

immediate analysis as well as stored for follow-up or future analysis. Analysis of such can help 

in implementing a control algorithm to predict and to affect or control the outcome of a drilling 

procedure for safety enhancement. The usage of drill bits with regards to bit shape for bone 

drilling also becomes more flexible as automation provides measurement and control to help 

minimise drilling force, torque and temperature generated. In addition, the usage of drill bit 

with regards to bit shape for bone drilling also becomes more flexible as automation provides 

measurement and control to help minimise drilling force, torque and temperature generated. 

One particular application of automation is the detection of drill bit break-through when drilling 

into the shaft of long bones for the fixation of shaft fractures, such as in the insertion of 

interlocking screws for intramedullary nailing. At present, this type of bone drilling procedure 

requires good manual skills and relies heavily on radiographic guidance. Break-through 

detection is aimed at minimising the over -travel of the drill bit through the bone and thus 

reducing tissue damage. Moreover, any anomaly in the conventional drilling data, such as an 

unexpected increase in drilling force, can be detected instantly, hence allowing the drilling 

procedure to be duly stopped and the trajectory checked. 
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One such system for drill bit break-through detection is being developed by Allotta et al. (1995) 

for drilling into long bones as part of a mechatronic tool design for drilling in orthopaedics. The 

proposed break-through detection method would allow the hole to be completed with minimal 

protrusion and hence minimal tissue damage. The experiments were carried out on porcine 

femoral shafts using a dc-motor powered drill prototype mounted on a testing machine and a 

standard metal drill bit of diameter 3.5 mm. Both the force and torque were measured under 

feed rates of 50, 75 and 100 mm/min, and drill bit rotational speeds of 1500, 1800 and 2000 

rev/min. The results of drilling force and torque indicate two prominent peaks at the two 

cortical walls as a result of sharp changes on entry and exit of the walls. Using a force 

derivative algorithm, these sharp changes are detected with appropriate lower and upper 

thresholds to identifY the onset of bit break-through. The force derivative algorithm is given as: 

dF(t) = -K j2nsin(fJ)tan(fJ) 
dt s 2 2 

where: F(t) is the drilling force (N) which varies with time t (s), Ks is the specific cutting energy 

(Mpa or N/mm2
), n is the rotational speed (rev/s),jis the feed rate (mm/rev), and fJ is the drill 

bit point angle. 

However, as fixed thresholds cannot be used since the forces and their derivatives are functions 

of drill bit diameter, feed rate and cutting speed, the lower and upper threshold values have been 

determined by using the drilling force data of the first cortical wall to set the thresholds for the 

second cortical wall. Theoretical models of the drilling thrust force and the torque at drill bit 

break-through have also been presented. The break-through model of thrust force has been 

shown to compare well with the experimental data. The expressions used for the drilling force 

break-through model are: 

F(t) = 2KsCSA(t)Sin(~) and 

CSA(t) = 

1 
O<t<-

2n 

_1 < t < ~cot(fJ) + _1 
2n 2fn 2 2n 

where: CSA(t) is the chip area (mm2
) which varies with time t (s), D is the drill bit diameter 

(mm), and the other terms are defined as above. 
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The use of a derivative function is limited to drilling forces with minimum amount of inherent 

fluctuation for the detection of drill bit break-through. Furthermore, the determination of the 

lower and higher thresholds requires the estimation of the specific cutting energy from the force 

derivative. Detection methods of drill bit break-through are further discussed in Section 5.4. 

A different method of break-through detection has been proposed by Brett et al. (1995) for 

drilling through a stapes footplate using a burr drill bit in accordance with the stapedotomy 

procedure of the middle ear. The stapes is a tiny compliant bone in the middle ear, and 

stapedotomy, which is a part of the stapedectomy procedure, is carried out to recover the loss 

of hearing, due to immobilisation of the footplate of the stapes, by producing a hole for the 

attachment of a piston prosthesis. In the experiments both the thrust force and the torque along' 

with the displacement of the drill bit were measured using a feed rate in the range of 0.2 to 1.0 

mmlmin and a drill speed of 120 rev/min. At the start of drilling, both the force and the torque 

increase steadily as a result of the advance rate being greater than the penetration rate; this 

causes the stapes footplate to deflect. On the verge of break-through, there is first a gradual fall 

in force, which is followed by a rapid fall in force and a rapid increase in torque. The 

characteristics of the force and torque associated with the break-through process are shown to 

be always present when drilling into stapes footplate. Only the magnitudes of maximum force 

and torque vary with the stiffness of the stapes, drill feed velocity and drill bit sharpness. These 

bit force and torque characteristics are then applied to the automatic detection of break-through 

by identifying the persistent increase in the torque over six samples period while the force 

decreases. When this condition, which occurs before bit break-through, is true, the drill rotation 

is stopped and the drill bit is retracted until zero feed force is obtained. At this point, the stapes 

footplate returns to the original position. The information obtained from the force reduction, 

corresponding to the deflection of the stapes when retracting the drill bit, is then used to 

estimate the stifthess of the stapes footplate. Subsequently, a second advance of the drill bit is 

initiated to achieve a fully formed hole with minimum bit protrusion. The peak force in the 

second drilling phase is lower than the first, while the peak torque is higher due to the decreased 

deflection of the stapes footplate. 

Automation gives bone drilling the capability to measure and store drilling data such as forces 

and drill bit displacement in real time, and to implement appropriate control strategies for 

predicting and affecting the outcome of drilling such as the detection of drill bit break-through. 
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The two detection methods of drill bit break-through reviewed above are affected by inherent 

fluctuation of drilling force. Therefore, there is a need to devise a more reliable break-through 

detection method for the enhancement of safety. Further discussion of the present detection 

methods are presented in Sections 5.3 and 5.4. 

4.5 Conclusion 

This review has drawn together the literature of bone drilling and discussed methods of 

evaluating bone strength. Two novel areas of investigation have been identified, and these are 

the drilling process automation related to safety enhancement and bone strength evaluation 

based on bone densitometry. The improvement of safety of the drilling operation can be 

achieved by devising a robust and reliable method of drill bit break-through detection in the 

presence of system compliance and inherent fluctuation of drilling force, and by the evaluation 

of drilling profile characteristics. The present detection methods of break-through lack the 

reliability because the effects of system compliance and inherent drilling force fluctuation are not 

taken into consideration. Results of this investigation could be implemented in the design and 

development of a drilling tool for mechatronic/robotic assisted surgery. 

The current studies of bone drilling have not established a suitable method for the evaluation of 

bone. strength associated with correlations between bone drilling and mechanical properties 

and/or between bone drilling and bone densitometry. Since both bone drilling and bone 

densitometry are extensively used in orthopaedics surgery and clinical evaluation of bone 

strength respectively, the drilling data from the proximal femur can be correlated with the 

densitometric measurements. This is to investigate the effects of bone mineral density (BMD) 

on the drilling data and to study the feasibility of the correlation method. The following two 

chapters will provide a critical discussion on the present work and outline the research 

methodology for bone drilling to achieve the objectives of safety enhancement and the 

evaluation of bone strength. 
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CHAPTER 5 

THE DETECTION OF DRILL BIT BREAK-THROUGH 

Two areas of investigation have been identified as a result of the literature review. These are 

the detection of drill bit break-through and the analysis of drilling data for the evaluation of 

bone strength. The purpose of this chapter is to provide a critical discussion of the present 

methods of drill bit break-through detection, as well as a detailed description of a novel robust 

detection method. This involves discussions on the effects of system compliance and inherent 

fluctuation of drilling force on the break-through detection. 

5.1 The Drilling of Bone 

Early investigations related to bone drilling were primarily aimed at developing a suitable drill 

bit in order to optimise the thrust force and torque, as well as prevent or reduce thermal damage 

to the bone. Therefore, heavy emphasis was placed on the drilling conditions and on the design 

of drill bit shape. Comparative studies have been difficult due to the lack of standardisation in 

the testing methods employed. Differences in the results are, therefore, expected due to 

variation in the drilling conditions, and also force and torque measurements are functions of drill 

bit type and diameter. Moreover, most of the recommendations made by different researchers 

with regard to surgical drill bit design have not been fully implemented at the c1inicallevel. 

Two areas associated with bone drilling, namely process automation and bone strength 

evaluation, have been identified as the areas of research and contributions to the literature. The 

automation of bone drilling in this investigation focuses on the safety enhancement of surgical 

drilling procedures and also plays an important role in determining bone strength. As stated in 

Section 3.1.1, the system compliance, especially from the bone, and the inherent drilling force 

fluctuation can affect the method of drill bit break-through detection when drilling into long 

bones such as the femoral shaft. 
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5.2 Configuration of the Drilling Unit 

The effects of system compliance would depend on the amount of drill bit advancement relative 

to the bone being drilled. When the drilling unit and the bone are two independent objects, the 

advancement of the drill bit, as shown in figure 5.1 a, will be affected by the system compliance. 

An example of this configuration is a floor or an operating table mounted robotic device. The 

critical factor of the system compliance is the tendency to cause excessive protrusion of the drill 

bit at break-through due to the spring-back effect. On the other hand, system compliance 

would have negligible effect when the drilling unit is in constant contact with the bone via an 

external applied force when advancing the drill bit, as shown in figure 5.1b. An example of this 

configuration is a hand-held mechatronic drill which is pressed against the bone by the surgeon. 

In order to achieve negligible effect of system compliance, a constant external force is required. 

Furthermore, this constant force which is applied to the drilling unit must be greater than the 

drilling force of the bone. 

Drill Feed> 

Drilling Unit 

/ (a) 
/ 

/ 

Drill Feed> 

External 

Force Drilling Unit 

(b) 

Fig. 5.1 Configuration of the drilling unit relative to the bone: (a) the drilling unit and the 
bone are independent objects, (b) the drilling unit is constantly pressed against the 
bone 
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5.3 The Enhancement of Safety 

Investigation into devising a robust and reliable technique of drill bit break-through detection 

that is immune to system compliance and, to a certain extent, to the inherent drilling force 

fluctuation would be very important for the enhancement of safety associated with 

robotic/mechatronic assisted surgery in drilling of long bones. System compliance plays an 

important role in the break-through detection in robotic assisted orthopaedic surgery. Apart 

from direct contact measurement using a pointer or a probe, movement or displacement of the 

bone with reference to the drilling unit is difficult to measure. 

System compliance in bone drilling is affected by the magnitude of initial bone penetration force. 

The initial penetration force is the force required to overcome the system stiffuess and the bone 

deformation before the start of actual cutting or drilling. This initial force is difficult to estimate 

without drilling. In contrast, the stiffuess coefficient can be estimated by advancing a non

rotating drill bit or a probe onto the bone surface and measuring the force corresponding to the 

displacement. This would, however, mean an additional procedure which could be time 

consuming in the drilling process. The presence of soft tissue and the slippery bone surface may 

affect the estimation of system stiffness. Furthermore, system compliance estimated without 

drilling may not necessarily apply to the actual drilling process when bone material is being 

removed. 

Automation of bone drilling can also allow for progressive analysis of drilling profiles based 

upon typical stored profiles in order to estimate the direction and location of the drill bit. This 

type of analysis could prove to be valuable in minimising misplacement of fixation implants and 

preventing excessive drill bit over-travel so as not to penetrate other organs. For instance, the 

penetration of the pelvic organ by guide wires (guiding drill bits) through the femoral head is 

not infrequent during tixation of hip fractures even with routine use of fIuoroscopic guidance 

during the operation (F eeney et aI., 1997). 

5.4 Present Detection Methods of Drill Bit Break-through 

Two particular studies by A1lotta et al. (1995) and Brett et al. (1995), discussed in Section 4.4, 

are dedicated to the detection of drill bit break-through. However, both studies differed in 

terms of break-through control strategy and types of bone being drilled. In addition, theoretical 
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models of the drilling thrust force and torque have been presented by both studies for the 

purpose of predicting the drill bit break-through. Brett et al. (1995) modelled the profiles of 

force and torque for the simulation of drill bit entry and break-through of the stapes footplate, 

while Allotta et al. (1995) presented only the break-through profile models of drilling force and 

torque with reference to femoral cortical bone. Both modelling methods have been based upon 

chip formation or tool contact area. The drawback of this kind of modelling is the difficulty of 

obtaining a general model because the model will depend very much on a specific feed rate, drill 

bit diameter, drill bit geometry, rotational speed and system compliance, as well as the bone 

strength. Furthermore, the drilling force model of break-through presented by Allotta et al. 

(1995) does not accurately represent the stages of chip area formation. During break-through, 

the cross-sectional chip area varies according to three stages, not to two as presented by Allotta 

et al. (1995). A more accurate chip area representation of the break-through model, the 

derivation of which is detailed in Appendix 5, is given by: 

CSA(t) = 

Dj _ j2 n2t 2tane 
4 2 

Dj j2 P 
- - -nttane - -tane 
4 2 8 

±tan{~2 - j 2nt + (fnt)2) 

I 
O<t,,;-

2n 

I I D 
- < t- -,,; -cote 
2n 2n 2fn 

D D D I 
-cote < t - -cote,,; -cote + -
2fn 2fn 2fn 2n 

where: CSA(t) is the chip area (mm2
) which varies with time t (s), D is the drill bit diameter 

(mm), n is the drill bit rotational speed (rev/s),jis the feed rate (mmlrev), and e is the half drill 

bit point angle. 

The drill bit break-through detection method proposed by Allotta et al. (1995) when drilling 

into long bones uses appropriate thresholds on a force derivative function to detect sharp 

changes on entry and exit of the cortical walls. The system compliance is not involved since the 

drilling tool is in constant contact with the bone. This configuration is shown in figure 5.1b. 

However, the detection method can only be activated after the occurrence of drill bit break

through regardless of any theoretical models. Furthermore, the inherent drilling force 

fluctuation due to changes in the bone structural density has not been taken into account. 

Changes in the bone structural density is expected since bone is a porous non-homogeneous 

material and these changes can cause inherent fluctuation in both the profiles of drilling force 

and torque. This fluctuation is represented by multiple peaks and troughs on the drilling force 
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profiles, and as a result, premature indication of drill bit break-through may be given by a 

derivative function with a fixed threshold. Variation in bone structural density of long bones 

can also be interpreted as a sign of increased bone porosity or decreased bone strength that 

could ultimately affect the holding power of bone to implants and screws. 

System compliance, which has an element of uncertainty, adds to the difficulty in devising a 

robust detection method in order to reduce or prevent excessive drill bit break-through. A 

contributing factor for a successful break-through detection is the estimation of the system 

compliance. Brett et al. (1995) estimated the stiffuess of the stapes footplate by measuring the 

reduction of force with the corresponding deflection of the stapes during the retraction of the 

drill bit. System compliance can be also obtained before the commencement of drilling, but this 

may not be an accurate representation during the drilling process. 

The break-through detection methods proposed by A1lotta et al. (1995) and Brett et al. (1995) 

can be greatly affected by both system compliance and the inherent fluctuation of drilling force. 

Furthermore, the drilling depth is unknown which makes it difficult to model the drilling process 

at drill bit break-through. It is, therefore, more appropriate to devise a method of break

through detection that is unaffected by the system compliance and to a certain extent, the 

inherent drilling force fluctuation, and without the need for measuring the drilling depth. 

5.4.1 The Effects of System Compliance 

Figure 5.2 shows the effects of system compliance on drilling force profiles across a porcine 

femoral shaft. The force profiles of low system stiffness (high system compliance) and high 

system stiffness have been obtained from experiments using spring stiffness coefficients of 2.80 

N/mm and 18.44 N/mm respectively. Experimental set-up for these tests is given in Section 

7.1.3. The values in bracket represent actual clOss-s~ctional measurement of the femoral shaft, 

while the values not in bracket represent actual drill bit displacement. Drilling under the 

influence of low system stiffness is shown to require a larger drill bit displacement to complete 

the hole. Moreover, the characteristics of the two force profiles differ significantly from each 

other in both the first and second cortical walls. At low system stiffness, the magnitude of initial 

bone penetration force is indicated by the initial rapid rise of drilling force. The subsequent 

change in the force profile represents the amount of displacement due to the system compliance. 
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Fig. 5.2 Profiles of drilling force at Iow (stiffness coefficient of 2.80 N/mm) and high 
(stiffness coefficient of 18.44 N/mm) system stiffnesses using an industrial drill bit of 
diameter 2.5 mm (Feed Rate = 90 mmlmin; Rated Speed = 1000 rev/min) 

Figure 5.3 shows the difference in the force profiles between the actual/true penetration 

displacement relative to the bone and to the feed displacement of the drill bit. At high system 

compliance, as much as 10 mm or even more of the drill bit may protrude from the second 

cortical wall during break-through. This is caused by the spring-back effect. 
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Fig. 5.3 Profiles of drilling force with respect to actual penetration and drill feed 
displacements of a porcine femoral shaft using an industrial drill bit of diameter 2.5 
mm (Feed Rate = 90 mm/min; Rated Speed = 1000 rev/min) 
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5.4.2 The Effects ofInherent Drilling Force Fluctuation 

The inherent drilling force fluctuation, which is generally caused by variation in the bone 

structural density, are shown in figure 5.4. The figure also includes the profiles of force 

difference between successive samples (FDS S), which is similar to force derivative based on a 

backward difference digital filter, and drill bit rotational speed. The FDSS and the rotational 

speed profiles shown have been filtered using a five-term averager. The profiles in this figure 

relate to the second cortical wall for a system without compliance (stiff system). Both the force 

and FDSS profiles of the second cortical wall show multiple peaks and troughs. Using FDSS 

with fixed thresholds, the variation in the bone density results in a false or premature detection 

of drill bit break-through. In this case, the effect of premature detection is not safety critical 

since drill bit break-through has not occurred. In addition, the thresholding technique related to 

the derivative function or FDSS can be implemented only after drill bit break-through has 

occurred. With the extra effects of compliance, especially when compliance is high, excessive 

break-through can occur as a result of spring-back effect by the time drill bit break-through is 

detected by the FDSS algorithm. 
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Fig. 5.4 Profiles of drilling force, force difference between successive samples (FDSS) and 
rotational speed of a porcine femoral shaft for a stiff system using an industrial drill 
bit of diameter 2.5 mm (Feed Rate = 132 mmlmin; Rated Speed = 3300 rev/min) 
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5.5 Proposed Detection Method of Drill Bit Break-through 

The major factors to consider in detection methods of drill bit break-through associated with 

robotic assisted orthopaedic surgery are system compliance and inherent fluctuation of drilling 

force or speed. By devising a reliable detection method, the advancement of the drill bit can be 

controlled so as not to cause excessive protrusion upon break-through. The proposed drill bit 

break-through detection method is based on a Kalman filter (Bozic, 1979). This type of filter is 

a digital linear time varying estimator designed to remove random fluctuations and to establish 

long term trends by smoothing any sudden or abrupt changes in the input. In order to derive the 

Kalman filter, a first-order recursive algorithm is used and is given by: 

yen) = a(n)y(n-I) + b(n)x(n) (5-1) 

where: Yen) represents the best estimate of yen) which is the actual output, x(n) is the input 

data to be processed, and a(n) and b(n) are two time-varying parameters. 

The algorithm shows that the current estimated output is the sum of two weighted terms. The 

first term is taken as the weighted previous best estimated output; the second is the weighted 

current input. In order to determine the best estimate for y(n), the relationship between the two 

time-varying parameters, a(n) and ben), has to be established. This is achieved through the 

minimisation of the mean-squared error. The mean-squared error, p(n), is given as: 

(5-2) 

where: E represents the operation to evaluate the mean or expected value of a data set. 

Through this minimisation of mean-squared error process, as detailed in Appendix 6, the 

relationship between a(n) and b(n) becomes: 

a(n) = a[l- cb(n)] (5-3) 
where: a is the system parameter, and c is the measurement parameter. Both parameters are 

related to the model of random signal generation and measurement, as presented in Appendix 6. 

Therefore, the optimum recursive algorithm of the Kalman filter, as shown in figure 5.5, is: 
yen) = aj/(n-l) + b(n)[x(n)-ao/(n-I)] (5-4) 

The algorithm shows that the present estimated output is the sum of two weighted terms. The 

first term is taken as the previous best estimated output; the second is taken as a correction term 

which depends on the current measurement/input, x(n), which can be affected by noise, and the 

previous estimate. Although the gain parameter, ben), is time-varying, it can be assumed that it 
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converges to a constant value as the Kalman filter reaches a steady-state operation when the 

mean-squared error, p(n), is time-invariant or known. 
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Fig. 5.5 Recursive Kalman filter in system block diagram (Bozic, 1979) 

The Kalman filter may be expressed as an elementary first-order low pass recursive filter. 

Therefore, the Kalman filter can be modified to a simpler version (Hutchings, 1995): 

y(n) ~ 0.99y(n-l) + 0.009x(n) (5-5) 

To ensure that the modified Kalman filter remains stable, the sum of the coefficients for y(n-l) 

and x(n) must be less than unity. As a consequence of the small weighting placed on the input, 

there is sufficient time to smooth out the abrupt changes, thus allowing the input trends to be 

established. This simpler modified form of the Kalman filter is applied to two types of drilling 

data, namely the FDSS (similar to the force derivative obtained by a backward difference digital 

filter (A!lotta et al., 1995» and the drill bit rotational speed to establish trends, because these 

data display fluctuation. Through the analysis with a modified Kalman filter, the imminence of 

drill bit break-through can be predicted (Ong & Bouazza-Marouf, 1998 - in Appendix 7). 

The modified Kalman filter (equation 5-5) used in the detection of drill bit break-through 

algorithm is similar to a first-order low pass recursive filter. It reduces to a difference equation 

approximation of a first-order filter using the backward rectangular approximation, as shown 

below. Consider the transfer function of a first-order filter: 

G(s) = Y(s) = _1_ 
X(s) 1+1S 

(5-6) 

where: X(s) and Y(s) are the input and output in Laplace transform respectively, and T is the 

system time constant. Rearranging equation 5-6 gives: 
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- --------------------------------------------------------------, 

Yes) + r.sY(s) = X(s) 

or (in the time domain): 

yet) + ,dy(t) = x(t) 
dt 

The backward rectangular approximation of dy(t) is: 
dt 

dy(t) I == y(n)-y(n-l) 
dt t=nT T 

where: T is the sample time/interval in seconds. 

(5-7) 

(5-8) 

(5-9) 

Therefore, the difference equation approximation of the differential equation 5-8 is: 

yen) + ,y(n)-y(n-l) = x(n) (5-10) 
T 

or 
, T 

yen) = -y(n-l) + -x(n) 
T+, T+, 

Comparing equation 5-11 with equation 5-5 gives: 

-'-= 0.99 

and 

T+, 

~=0.009 
TH 

Both equations 5-12 and 5-13 give approximately the same value of,: 

,= 99Tfrom equation 5-12, and ,= 1l0Tfrom equation 5-13 

(5-11) 

(5-12) 

(5-13) 

The sample time, T, was measured as 0.025 s. Therefore, using equation 5-12, the time 

constant can be approximated to: 

,Ri 2.5 s 

This shows that the modified Kalman filter used here is a difference equation approximation of a 

first-order low pass filter with a long time constant. 

This proposed technique of automatic drill bit break-through detection is, at present, limited to 

drilling into the shaft section oflong bones. In addition to enhancing safety in automatic drilling 

processes, the robustness of the modified Kalman filter allows this adopted technique to be 

applied to different types of drill bits, such as standard metal cutting and surgical drill bits. This 

is presented in Section 8.2. 
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CHAPTER 6 

THE EVALUATION OF BONE STRENGTH 

This chapter relates to the second research aim, which is to investigate the contribution of bone 

drilling to the evaluation of bone strength. It provides a critical discussion of the present 

methods of bone strength correlation and demonstrates the potential analysis of drilling forces in 

characterising the mechanical resistance of the bone. A detailed description of a method for 

determining the correlation between drilling forces and densitometric measurements to achieve 

the aim of evaluating bone strength is also presented. 

6.1 The Strength of Bone 

A linear relationship of a high correlation coefficient has been found between strength and 

elastic modulus of bone, even though cancellous bone is a highly anisotropic material and large 

variations in the mechanical properties have been reported (Goldstein, 1987). Furthermore, 

apparent density has been found to have a significant relationship with mechanical properties 

(Rice et al., 1998). When correlating densitometric measurements such as BMD with 

mechanical properties, the significance in the relationship has, generally, not been strong. At 

times, there has been no conclusive significance in the correlation (eody et al. 1996). QUS 

parameters of BUA and SOS, which have been found to correlate with both mechanical 

properties and bone density, may offer an alternative method of evaluating bone strength 

(Grimm & Williams, 1997). 

Mechanical properties of cancellous bone and densitometric measurements can be said to 

represent two extreme methods for the evaluation of bone strength. Not only does mechanical 

testing require a large amount of bone samples, it also involves specimen preparation where 

tests must be carried out under non-physiologic boundary conditions. In contrast, bone 

densitometry is a non-invasive method and BMD is measured in vivo. Although QUS offers the 
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advantages of portability and is free from radiation, measurement is restricted to sites with a 

minimum amount of soft tissue. Therefore QUS measurements cannot be made at the hip and at 

the vertebrae, where densitometric measurements are directly related to bone strength. 

It has been found, from Section 4.3 ofthe literature review, that research into bone strength has 

concentrated either towards bone densitometry or strength of materials. Little research has 

been involved in using the combination of these two methods to improve the prediction power 

of bone strength and fracture risk. It has been reported that both the mechanical properties and 

densitometric measurements have been found to have a large overlap between healthy and 

diseased bones (Hodgskinson & Currey, 1993; Marshall et al., 1996). Therefore, a novel 

approach of employing bone drilling as an intermediate method to bridge the gap between 

mechanical testing and bone densitometry has been proposed in this thesis. The use of bone 

drilling is highly significant in this research since bone drilling is a major part of orthopaedic 

surgery. Furthermore, drilling can provide better spatial resolution or accuracy than 

densitometric and mechanical methods as it is only limited by the drill bit diameter. With the 

automation of the drilling process, drilling information can be easily collected, stored and 

analysed to establish important relationships between drilling mechanics and bone densitometry 

or between drilling mechanics and mechanical properties. 

6.2 Bone Drilling Analysis in the Evaluation of Boue Strength 

Correlation between drilling data and mechanical properties of cancellous bone is not well 

established, although it can be expected to have certain similarities to the correlation between 

penetration strength and ultimate compressive stress reported by Hvid et al. (1984). Karalis 

and Galanos (1982) have found that the drilling strength has a linear correlation to the tri-axial 

strength, but not to the hardness. The drilling strength, CTD, was derived from a dimensional 

analysis which is given as: 

VL = 15 F 
( )

2 

roD . D2"D 
(6-1) 

where: VL is the feed/penetration rate (mls), D is the drill bit diameter (m), F is the thrust force 

(N), ro is the drill bit rotational speed (rad/s), and CTD is the drilling strength of the bone (N/m2
). 

The left hand side of the equation is known as the advance ratio (Karalis & Galanos, 1982). 
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Dimensional analysis is a method of obtaining the correct form of relationship based on non

dimensional (dimensionless) groupings of chosen physical quantities (Massey, 1986). The 

equation presented by Karalis and Galanos (1982) shares certain similarity to the dimensional 

analysis of thrust force carried out by Shaw and Oxford Jr. (1957) on the drilling of metals. 

This is given as: 

F (1 c s) 
d 2H = Ij/ d' d ' d 

B 

(6-2) 

where: F is the thrust force (N),jis the feed per rev. (m/rev), d is the drill bit diameter (m), c is 

the chisel edge length (m), HB is the Brinell hardness of material (N/m2), s is the mean spacing 

between imperfections (m), and Ij/ represents a function of the terms in the bracket and the 

evaluation ofthis function requires either additional analysis or experimental data. 

It can be seen from the two equations, 6-1 and 6-2, of dimensional analysis that the hardness of 

the metal, HB, is equivalent to the drilling strength, (YD, of the bone. The dimensional analysis 

conducted by Shaw and Oxford Jr. (1957) was aimed at deriving a general equation for the 

drilling thrust force of material with a known value of hardness. It was found that the general 

equation for thrust force represents a good model for the experimental data. 

Karalis and Galanos (1982) utilised dimensional analysis to determine the drilling strength of 

both cortical and cancellous bones. There was little significance in the coefficient of correlation 

although a linear relationship between the advance ratio and the drilling thrust force was 

presented. Furthermore, no statistical significance was given for the relationship between the 

drilling strength and the tri-axial strength, which was shown to be linear. 

Chagneau and Levasseur (1992) presented the changes of drilling forces and punching forces 

(hardness) in the femoral head. However, no correlation was reported between the drilling 

force and the punching force. Furthermore, the punching test was found to be unsuitable for 

estimating bone strength as a result of excessive displacement of the punch caused by the 

porous structure of cancellous bone. The analogy of this excessive displacement found in the 

compression test was also used to account for the non-physiologic conditions of the cancellous 

bone specimens during compressive tests. 
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The proximal femur is an important site for bone strength evaluation due to its unique and 

critical relationship between bone architecture and density. Osteoporotic fractures are often 

associated with hip fractures, normally at the femoral neck. The drilling investigations carried 

out by Karalis and Galanos (1982) and Chagneau and Levasseur (1992) presented results on the 

femoral head only, and excluded critical areas in the proximal femur, namely the femoral neck, 

the trochanter and the Ward's triangle. It should also be noted that clinical evaluation ofBMD 

does not apply to the femoral head because it is partially covered by the pelvis. 

The limited literature on bone drilling for bone strength evaluation related to cancellous bone 

indicates a need to investigate the possible correlation of drilling data, such as force and 

penetration rate, to densitometric measurement or strength of materials. The significance of this 

kind of relationship is further supported by the findings by Petersen et al. (1996), which show a 

good linear relationship between penetration strength by osteopenetrometer and BMD by DXA. 

Bone drilling has been shown to define the bone strength along the drilling trajectory (Chagneau 

& Levasseur, 1992), but this has been limited to the femoral head. Furthermore, little is known 

about the contribution of the effects of bone architecture and density to the drilling mechanics 

for the evaluation of strength. In order to determine the contribution of density to the drilling 

data, established densitometric measurement of BMD can be utilised for correlation purposes. 

The contribution of bone architecture can be subsequently deduced from the correlation 

between drilling data and densitometric measurement. As a consequence, an alternative and/or 

complementary method for the evaluation of bone strength can be developed. This will lead to 

a possible development of a diagnostic tool for bone strength. 

The knowledge of bone strength is regarded to be important to orthopaedic surgeons. This 

knowledge may be used as a guide to orthopaedic surgeons, when selecting an appropriate 

treatment of internal fixation, by indicating the need to use bone cement or suggesting the need 

for more protective post-operative management (Smith et al., 1992). In addition, bone strength 

estimated by bone drilling can be applied to two types of clinical studies associated with the 

assessment of success rate of internal fixations. Firstly, the strength derived from bone drilling 

can provide some explanation about occasional failures of internal fixations, either due to the 

bone strength or the fixation device, or to both. Secondly, the strength derived from bone 

drilling can be used for comparative studies between fixation devices from different 

manufacturers in order to determine the most suitable to be applied to a particular fracture. 
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6.2.1 Drilling Force Profiles ofthe Proximal Femur 

In order to indicate the effects of density and bone architecture of the proximal femur, force 

profiles of three drilling trajectories, shown in figure 6.1, are presented in figure 6.2. These 

three drilling trajectories were taken parallel to the cervical axis. The experimental tests were 

carried out on a porcine proximal femur using an industrial twist drill bit of diameter 2.5 mm 

driven at a feed rate of 132 mm/min and a rated rotational speed of3300 rev/min. 

All three force profiles of figure 6.2 show a peak at the start and at the end of drilling due to the 

presence of an outer layer of cortical bone. The spacing between the parallel drilling trajectories 

was 6.0 mm. A significant difference in the force profile can be observed at trajectory 3 where 

there is a large section oflow force magnitude in the region of the neck and the Ward's triangle. 

This region of low force magnitude may indicate the presence of a porous trabecular region 

filled with red marrow and/or may be caused by the trabecular orientation being parallel to the 

cervical axis. At the same section, several peaks are seen at trajectories 2 and 3 which may be 

explained by the trabecular orientation not being parallel to the direction of drilling. Towards 

the end of drilling, the peaks and troughs on all three trajectories are related to the intersection 

of primary tension and compression trabeculae shown in figure 4.7, as well as to the epiphyseal 

line shown in figure 6.1. 
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Fig. 6.1 Drilling trajectories ofthe porcine proximal femur 
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Fig. 6.2 Profiles of drilling force of a porcine proximal femur using an industrial twist drill bit 
of diamater 2.5 mm on a stiff system (Feed Rate = 132 mmlmin; Rated Speed = 

3300 rev/min) 
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The results show that drilling forces are sensitive to both the changes in the bone density and in 

trabecular orientation. The variation of drilling force due to the orientation of trabeculae could 

be synonymous to the variation in orthogonal cutting forces with respect to the direction of the 

predominant osteon (parallel to the shaft axis) in cortical bone (Jacobs et al., 1974), as shown in 

figure 6.3. This is because the twist drill bit can be considered to be a tool with two single 

orthogonal cutting edges. It has been found that cutting forces parallel to the shaft axis (i.e. in 

the same direction of the predominant osteon orientation) are the lowest, and the highest forces 

are in the perpendicular or transverse direction to the shaft axis (Jacobs et al., 1974). 

Transverse Across Parallel 

Fig. 6.3 Cutting directions in relation to predominant osteon direction (Jacobs et al., 1974) 

6.2.2 Proposed Method for Correlation of Bone Strength 

As mentioned earlier, there are several methods that can be used for determining the correlation 

of bone strength related to the drilling of bone. The use of dimensional analysis is not feasible in 

this present research since it is not meant for deriving general equations for bone strength. 

Also, the use of penetration rate in equation 6-1 (when a constant force is applied) may not be 

suitable because it has been found that the results are inconsistent and the rate of change can be 

extremely high, as shown in figure 6.4. These results, which show the profiles of drill bit 

displacement and penetration rate, have been obtained along drilling trajectories parallel to the 

cervical axis shown in figure 6.1. An industrial drill bit of diameter 2.5 mm has been used and 

drilling has been performed under a constant applied load of 4 kgf and at a rated drill bit 

rotational speed of 1000 rev/min. It should be noted that the spacing between the drilling 

trajectories was 4.5 mm. 
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Fig. 6.4 Profiles of penetration rate and drill bit displacement at a constant applied load of 4 
kgf on a porcine proximal femur using an industrial twist drill bit of diameter 2.5 mm 
(Rated Speed = 1000 rev/min) 
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Much effort has been put into determining the effects of Bl\1D on the overall bone strength. 

The main reason is that Bl\1D measurement of the bone can be readily obtained with little 

preparation when compared to bone drilling and mechanical testing. As a result, measurement 

of Bl\1D can be considered a suitable medium for establishing relationships of bone strength 

with drilling mechanics and strength of materials. The following paragraphs describe a method 

for determining the correlation between drilling forces and Bl\1D measurements. 

The Bl\1D measurement of bone for this research is taken by a dual energy x-ray absorptiometry 

(DXA) instrument. Standard evaluation of bone strength using Bl\1D concentrates on three 

particular ROIs (region of interest), namely the femoral neck, the Ward's triangle and the 

trochanter (Wahner & Fogelman, 1995). The most reproducible ROI of the proximal femur is 

the femoral neck because it is the least affected by size (thickness) and position. For research 

purposes, the ROls are to be applied throughout the proximal femur which includes the femoral 

head and the greater trochanter, as shown in figure 6.5. This flexibility increases the number of 

samples for analysis and enables each ROI to be analysed separately. It should be noted that the 

femur is to be scanned without being attached to the pelvic bone. 

/ 
/ 

"'V',,=::-- CERVICAL 
AXIS 

I.E--++-SHAFT AXIS 

Fig. 6.5 ROIs of Bl\1D along the cervical axis, on the femoral head and on the greater 
trochanter of the proximal femur for research purposes 
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In order to match the ROIs obtained from bone densitometry for correlation, the profiles of 

drilling force have to be divided or discretised into sections or sectors which correspond to the 

ROIs of BMD. The drilling forces within these sectors have to be taken as an average value 

before correlating to the BMDs. It is, therefore, important to match the drilling trajectory to the 

ROIs of BMD so as to minimise the error in the correlation. 

There are two types of relationship to be determined in this investigation. Firstly, analysis is to 

be carried out to establish a correlation between the average drilling forces and the BMDs in the 

direction of the DXA scan (anterior-posterior direction), which involve sites at the femoral head 

and the greater trochanter. Although drilling in the AP direction is not performed in 

orthopaedic surgery, this analysis has been carried out to investigate the relationship between 

the drilling force and the BMD in order to provide a justification for the use of drilling force 

measurements in the direction of the cervical axis in the evaluation of bone strength. This is the 

second type of relationship to be determined. The number of ROIs or sectors has to be selected 

to give a reasonable accurate representation of the bone strength across the proximal femur in 

the direction of the cervical axis. A detailed description of the experimental method is given in 

Section 7.2. 

The correlation between the average drilling forces and BMDs is to be obtained based on 

statistical analysis. Results are plotted, either from the measured quantities or by taking 

logarithms of the measured quantities, to derive linear expressions by best fit using the least

squares method. The statistical significance of the relationships is given by the coefficient of 

correlation or determination (Weiss, 1993). 

The following chapters focus on a new approach towards the enhancement of safety and the 

evaluation of bone strength. 
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CHAPTER 7 

EXPERIMENTAL RIG DESIGN AND DRILLING TESTS 

This chapter relates to the plan of investigation in accordance with the research methodology 

towards achieving the two aims of safety enhancement and evaluation of bone strength, as 

outlined in Chapter 3. A detailed description of the drilling experimental rig and discussion of 

the experimental tests for both methods of research are carried out. 

7.1 Experimental Method for Detection of Drill Bit Break-through 

The objective of this bone drilling experimental set-up is to obtain the relevant data in order to 

validate the drill bit break-through detection method based on a modified Kalman filter, as 

outlined in Section 5.5. The effects of both system compliance and inherent drilling force 

fluctuation are taken into consideration in this experimental set-up. This section consists of 

three sub-sections which describe the implementation of the experimental method. The first 

part describes the mechanical design of the drilling apparatus with relevant actuators and 

sensors for performing drilling experiments. In order to facilitate the analysis of the drilling 

data, the experimental rig is interfaced to a personal computer, as outlined in the second part, 

for activating the drilling unit, and for collecting and displaying data. The description of the 

experimental set-up for drilling experiments is given in the last part. 

7.1.1 Experimental Rig and Instrumentation 

The complete experimental rig, which includes a control panel and a personal computer (PC), is 

shown in figure 7.1. The experimental drilling rig, shown in figure 7.2, consists of a constant 

drill feed unit, a bi-directional force sensor, a quick mount drill holder, a rotational speed sensor 

and a compliant bone holder. The full mechanical assembly drawings of the drill holder and the 
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experimental rig are given in Appendices 8.2 and 8.4. The schematic of the experimental rig is 

shown in figure 7.3. 

Fig. 7.1 Complete Experimental Drilling Rig 
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Fig. 7.2 Experimental rig for bone drilling experiments (on femoral shaft) 
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Fig. 7.3 Schematics of the experimental rig 
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The drill feed unit provides a constant feed rate through an anti-backlash ballscrew driven by a 

stepper motor. At a constant feed rate, the level of resistance is characterised by changes in the 

drilling force. Measurement of the drill feed displacement is by means of a linear potentiometer. 

In addition, limit switches are fitted at both ends of the drill feed to prevent mechanical 

overdrive. A bi-directional force sensor is fixed onto the carriage of this unit to measure drilling 

thrust force which is obtained from the change in resistance of four strain gauges arranged in 

Wheatstone bridge on a cantilever plate, as shown in figure 7.4. The measurement from the 

strain gauges is amplified 1000 times by a standard strain gauge amplifier board which is 

attached to the drill feed carriage. Calibration of the force sensor is carried out using known 

weights before and after the drilling experiments. A typical force calibration curve is shown in 

figure 7.5. When the force sensor was loaded at fixed increment of 0.5 kgf, output voItages 

(measured using a 12-bit analogue-to-digital converter (ADC») were shown to have a linear 

relationship of very high correlation coefficient, r, with the applied loads. It may be seen from 

the curve that there is a certain amount of hysterisis in the sensor when unloading the weights 

from the maximum value. 

The drill holder provides a mounting for the air drill, and has a movable guide to prevent long 

drill bits from deflecting from the desired trajectory caused by slippery and uneven bone surface. 

It is designed to be easily located and clamped onto the drill feed unit without the loss of 

positional accuracy, even with a sterilised drape over the drill feed unit. In order to comply with 

current practice in orthopaedic surgery, industrial air drills, ARO Series 20, are used. The drill 

holder is also designed to withstand sterilisation by steam (autoclaving) which is readily 

available in hospitals and is relatively inexpensive. 
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Fig. 7.5 A typical force calibration curve 

8 

The relationship between drilling force and torque is well established in the literature (Jacobs et 

al., 1976; Wiggins & Malkin, 1976). However, torque measurements have been either derived 

from electrical motor current or obtained from a dynamometer mounted on a lathe or a drilling 

machine. In this experimental setting, measurement of drilling torque has not been 
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implemented. Instead, changes in torsional resistance of the bone are taken to be represented by 

changes in the rotational speed of the drill bit. The drill bit rotational speed sensor consists of a 

digital reader which is mounted onto the drill holder and a rotary encoder disc which is fixed 

near the drill chuck along the drill bit shank. 

The bone holder clamps the bone to be drilled at the top. Depending on the type of 

experiments, it can be held stiff, or made compliant in the direction of drilling in a controlled 

manner using compression springs of various stiffuess coefficients fitted to the sliding carriage. 

As explained in Section 5.2, the bone holder can be represented by a spring mass damper model 

due to inherent damping from friction in bearings and between drill bit and bone during drilling. 

The linear displacement caused by the system compliance is converted into angular displacement 

by a timing belt and pulleys before being measured by a digital reader through a rotary encoder 

disc, as shown in Fig. 7.2. This conversion has an accuracy of 0.06 mm. In addition, the bone 

holder provides the flexibility of drilling at different linear positions along the horizontal and the 

vertical planes perpendicular to the drilling direction as well as angular positions. A perspex 

cover is also included to enclose the bone and to contain the bone debris during drilling. 

7.1.2 Data Acquisition, Input and Output Interface 

The experimental drilling rig is interfaced to a personal computer (PC) for the purpose of data 

acquisition and storage as well as controlling the drilling process. The interface, which is shown 

in figure 7.6, consists of a controller box, two commercial plug-in boards and a custom-built 

board with micro-controllers. It involves analogue signals from the linear potentiometer and 

force sensor amplifier, digital inputs from two limit switches on the drill feed, digital outputs to 

the stepper motor driver and air drill solenoid valve, and digital inputs from the compliance 

displacement and rotational speed encoders. 

The controller box performs several functions: (i) providing connections for analogue input, 

digital input and digital output signals, (ii) analogue signal conditioning or filtering, (iii) signal 

decoupling, and (iv) AutomaticlManual operation modes. In the manual mode, the drilling 

process is controlled by several switches on the front panel of the box. Signal conditioning is 

performed on the analogue signals, from the linear potentiometer and the force sensor amplifier, 

using fourth-order analogue Butterworth filters in order to reduce/eliminate noise and avoid 
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aliasing. Digital inputs from the limit switches, and outputs to the stepper motor driver and 

solenoid valve are decoupled from the PC using opto-isolators. 

Filter Board PC30AT 
I Feed linear potentiometer " Filter + Gain "- 0 ADC 

/ / 

r Force strain gauge amplifier I " r Filter + Gain "- o Channels 
/' /' 

""" -" -- -------- - -- - - --- - - --

Decoupling Board 

tIJ Digital Input r Back Feed Limit Switch I " r Opto-Isolator I "-
/' --' 

r Front Feed Limit Switch I " Opto-Isolator I "-
t2J Port H309 

/ --' 

PCL720 

!-
Digital Output 

r Uni-polar stepper motor driver r /' Opto-Isolator / 
0 Clock } Port ---

"" ~ 1 Direction H201 

= 4 Feed 
---

/' rOpto-Isolator' / 
5 Power Port 

'- ~ 
---

] EX_ORf- H202 6 
---
7 

I-- -

r Relay for air drill solenoid valve ' / r Opto-Isolator / o PortH203 ". ~ 

PlC Board 

System compliance displacement 
Hi Port H320 
---
Lo PortH321 

Hi Port H324 

Lo PortH325 
Drill bit rotational speed 

Fig. 7.6 Interface diagram 

Interfacing of filtered analogue measurements with the PC is achieved through a commercial 

plug-in PC30AT board from Amplicon, which has a multiplexed 16-charme1 of 12-bit analogue 

to digital (AID) conversion inputs. Only charmels 3 and 6 (figure 7.6) are used for the 

measurement of feed displacement and drilling force respectively. The number of AID steps 

corresponding to 1 mm oflinear displacement and 1 N of drilling force are 26.35 and 29.3 steps 

respectively. The limit switches of the drill feed from the controller box are assigned to two 

digital inputs, bits 6 and 7, of port address H309 on the PC30AT board. Digital inputs from the 
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drill bit rotational speed and the system compliance displacement sensors are interfaced with the 

PC through PlC 17C42 micro-controllers on a custom-built board. A comparator is used to 

determine the rotational speed from recorded encoder counts and on-board oscillator frequency, 

while the compliance displacement is directly obtained from the counter. 

There are two output devices, the stepper motor for feed drive and the air drill solenoid valve, 

to control the drilling procedure for the experiments from the PC through the controller box. A 

digital VO plug-in PCL no card is used to interface these devices with the Pc. The operation 

of the stepper motor is controlled via two ports, H201 and H202 (Enables), of the PCLnO. 

Bits 5 and 6 in port H202 have to be set high (I) while bits 4 and 7 are set Iow (0) in order to 

energise the feed stepper motor. Bits 0, I, 2 and 3 are not used for drilling and are set high. 

The stepper motor is activated by setting the Clock of bit 0 in port H201 to high, and the 

direction is controlled by bit 1 where the feed is advanced forward when bit 1 is Iow and 

retracted when bit I is high. The other bits in port H201 are set Iow. Only bit 3 in port H203 

controls the solenoid valve and the air drill is activated by setting bit 3 to high with the rest 

being set Iow. 

BorIand C++ V4.02 programming language is used for the PC interfacing in data acquisition 

and for activating the drilling sequence under Automatic mode. The measured data is sampled 

at a fixed rate based on interrupt controlled sampling provided by a 8253 timer/counter on the 

PC30AT board according to the feed rate. In addition, the data is displayed on screen during 

drilling, and stored in specified files for analysis. 

7.1.3 Experimental Set-up 

Drilling experiments were performed on cortical bone along the middle section of fresh porcine 

femoral shafts (diaphysis), where the drilling direction was perpendicular to the longitudinal axis 

of the femoral shaft, as shown in figure 7.7. According to the bone suppliers, the ages of the 

slaughtered animals were between six to eight months. As in all long bones, the medullary 

cavity, which is filled with soft yellow marrow, is surrounded by cortical bone. The thickness of 

the first and second cortical walls are indicated by tl and t2 respectively, while the cross

sectional thickness of the femoral shaft is indicated by ts. 
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Cortical Bone Medullary Cavity filled 
with Yellow Marrow 

Drilling Range -<I~ +-"~ 
of Femoral Shaft 

Cross Section 
of Femoral Shaft 

Fig. 7.7 Drilling range and cross-section of a porcine femoral shaft 

The whole femur, which was fresh and stripped of all soft tissue, was clamped rigidly onto the 

bone holder to ensure that the system compliance was only caused by the springs used in the 

'compliant bone holder' (figure 7.2). It must be noted that there is a negligible compliance 

displacement caused by the deflection ofthe force sensor's cantilever plate. Four springs with 

stiffuess coefficients of 2.80, 5.68, 10.90 and 18.44 N/mm were used to vary the system 

compliance of the bone holder. All the springs were preloaded by approximately 3 mm from the 

free length to provide a positive contact force. Drilling experiments were also carried out using 

a stiff system in addition to those with system compliance. 

Different drilling positions were set by adjusting the bone holder horizontally along the shaft 

axis, while the vertical position was fixed approximately at the middle cross-section of the shaft 

(figure 7.7). Two types of drill bits with diameter 2.5 mm were used to carry out the drilling 

experiments. The first type was a standard metal cutting (industrial) twist drill bit (figure 4.1) 

with a point angle of approximately 118°, and the second type was a Synthes surgical drill bit, 

shown in figure 7.8, from STRATEC Medical with a point angle of approximately 75° and a 

specially ground tip shape. The industrial bit has a length of approximately 160 mm with a flute 
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length of 100 mm, while the lengths of the surgical drill bit and its flute are approximately 180 

mm and 30 mm respectively. Both types of drill bits were driven at three drilling conditions: a 

feed rate of 90 mmlmin and a rated free rotational speed of 1000 rev/min, 90 mmlmin and 1900 

rev/min, and 132 mmlmin and 3300 rev/min. The use of drill bit rotational speed rated at 1000 

rev/min is within the range of speeds generated by most surgical air drills. In addition to the 

four system stiffnesses mentioned earlier, drilling experiments using a surgical drill bit have also 

included system stiffness coefficients of 4.24 and 8.29 N/mm. The purpose of using different 

types of drill bits and drilling conditions was to verify the effectiveness and robustness of a 

modified Kalman filter in identifying the imminence of drill bit break-through. Furthermore, the 

control of drilling offered by process automation could allow for more flexibility in selecting 

drill bits for bone drilling. 

~~::j j2.5 

I _~~ f 
< Length approx. 180 nnn 

Fig. 7.8 A Synthes surgical drill bit 

The simple drilling procedure with data acquisition for the experiments was controlled by the 

PC through the keyboard under Automatic mode. The flow chart of the drilling procedure is 

given in figure 7.9. At any time, the drilling process, whether advancing or retracting the drill 

bit, can be stopped by keyboard intervention. Thereafter, the system has to be switched to 

Manual mode in order to activate both the air drill and the drill feed for retraction of the drill bit 

using toggle switches on the controller. 
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No 

Selection of measurement type 
for data acquisition 

Selection of drilling site: 
Proximal or Shaft of femur 

Selection of measurement type 
for data acquisition 

Selection of fixed feed rate 
for setting sampling rate 

Display of selection made 

Input filename for data storage 
and Pause 

Activate air drill via 
solenoid valve and Pause 

Initialise graphics for on·line 
display and Activate drill feed 

Interrupt controlled data 
acquisition and Force Display 

Press any key to stop drill feed 
when Finish drilling and Pause 

Re-display data on screen as 
drill retracts to initial position 

Air drill is stopped and 
Store data to file and Pause 

Yes 

Fig. 7.9 Flow chart of the drilling procedure for experiments 
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7.2 Experimental Method for Evaluation of Bone Strength 

The objective of this bone drilling experimental set-up is to obtain the relevant data in order to 

correlate drilling forces with the densitometric measurements, as outlined in Section 6.2.2. This 

section consists of four sub-sections which describe the implementation of the experimental 

method. The first sub-section briefly describes the experimental rig, while the second and third 

parts provide details of the set-up for bone densitometry and drilling experiments respectively. 

The method of correlation between drilling data and densitometric measurements is presented in 

the final sub-section. 

7.2. I Experimental Rig and Interface 

The same drilling rig (figure 7.2) has been used for experiments related to bone strength 

evaluation except for the setting of the bone holder. Since the correlation of bone strength 

requires actual drilling forces, system compliance is not applied to these experiments. 

Therefore, the bone holder is rigidly secured and the sensor used for measuring displacement 

caused by system compliance is disconnected. An additional plate with angular adjustment is 

used on the bone holder to position the proximal femur appropriately for drilling. The 

interfacing of the drilling rig to the PC is described in Section 7.1.2 and shown in figure 7.6. 

7.2.2 Bone Densitometry Measurement 

Bone mineral density (BMD) in g/cm2 of porcine femurs was measured using a Lunar DPX

alpha dual x-ray absorptiometry (DXA or DEXA) instrument at BUPA Hospital Leicester. 

Some details of the Lunar DPX-alpha instrument can be found in 'The evaluation of 

osteoporosis: Dual X-ray absorptiometry in clinical practice' by Walmer & Fogelman (1995). 

The scanning resolution of the Lunar DPX-alpha is given as 167 lines per 7.87" (200 mm) by 

150 sample points per 7.09" (180 mm) which works out to be regions (pixel sizes) measuring 

1.2 mm by 1.2 mm. 
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The bone was placed in a supine position, which is similar to patients being scanned, under 

approximately 15 cm of water to simulate body tissue around the hip. The bone was scanned 

from posterior to anterior. It should be noted that the anterior-posterior direction of a porcine 

femur is the opposite of a human one. The DXA scan of the proximal femur was performed 

before drilling experiments were carried out. After the drilling experiments, an x-ray image was 

taken to identifY the different drilling trajectories or positions, and was subsequently used to 

identifY the areas or regions of interest (ROI) where BMD measurements were ascertained. 

The drilling trajectories and ROIs are shown in figure 7.10. Figure 7.l0a shows the ROIs of 

BMD according to the drilling trajectories parallel to the cervical axis of the proximal end. This 

means that the ROI boxes are aligned in the direction of the cervical axis. Figure 7.10b shows 

the ROIs ofBMD at the greater trochanter, the femoral head and the femoral shaft. The size of 

each ROI box was set at 6 mm x 6 mm to give an area of 36 mm2 (0.36 cm2
). The true BMD in 

g/cm3 can be obtained by dividing the areal BMD by the thickness of the particular section. 

Superior 

""'-----++- SHAFT AXIS 

I 

(a) 

Areas of --::::r-r~~/ BMD ~ 

I Anterior 
-...-.~ 

I Posterior 
Section A-A 

/ 

/ 
-I 

/ 

1 

~ 
I 

(b) 

/ 

Fig.7.10 AreaslROIs of BMD and drilling trajectories of a proximal femur: (a) along the 
cervical axis of the proximal femur with ROI numbering, Cb) at the greater 
trochanter, the femoral head and the femoral shaft 
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7.2.3 Experimental Set-up 

Drilling experiments were performed on both the cancellous bone at the proximal end and the 

cortical bone along the shaft of porcine femurs. The drilling trajectories for the experiments 

were taken at two directions depending on the site of drilling. These directions, which are 

shown in figure 7.10, are: (i) in the direction of the cervical axis and (ii) in the direction of 

anterior-posterior (AP). The drilling trajectory in the direction of the cervical axis was 

approximately 1350 from the shaft axis. 

Experiments on the two directions were carried out on proximal femurs, while drilling in the 

direction of the cervical axis was not employed at the femoral shaft. At the proximal femur, the 

drilling trajectories have included positions parallel to the cervical axis in both the horizontal 

(lateral) and vertical (anterior-posterior) planes, as shown in figure 7.10a. The drilling 

trajectory for the femoral shaft was in the middle of the shaft cross-section and perpendicular to 

the shaft axis, as shown in figure 7.1 Ob. 

The whole femur was secured rigidly onto the non-compliant bone holder in accordance with 

the section to be drilled. Figure 7.11 shows the experimental set-up for (a) drilling the proximal 

femur in the direction of the cervical axis and (b) drilling in the direction of AP for the greater 

trochanter and the femoral head. The cervical axis of the bone was placed as parallel as possible 

to the drilling direction or the axis of the drill bit. Care had to be taken to prevent both 

movement of the bone during drilling and excessive clamping force which could influence the 

drilling force. The drill bit used for the experiments was an industrial twist drill bit (figure 4.1) 

of diameter 2.5 mm. Synthes surgical drill bits, as shown in figure 7.8, were not used because 

these drill bits have short drill flutes of approximately 30 mm as compared to lOO mm of the 

industrial bit. The problem with drill bit clogging and friction between the drill bit and the bone 

is, therefore, expected to be more severe. Furthermore, the surgical drill bit is designed for use 

on the cortical bone. 

The most commonly used drill bits in the proximal femur are the guide wire or the K-wire, as 

shown in figure 4.3. These drill bits have a similar point shape except that the guide wire has a 

threaded portion at the tip. However, these types were also not used in the experiments due to 

the high drilling forces caused by the friction between the body of the drill bit and the bone. In 
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addition, the bone chips were being force into the surrounding bone in the absence of drill 

flutes. The severity of this condition has often been indicated by the presence of charred bone 

after drilling. The guide wire even has the tendency to pull the drill bit as a result of the screw 

effect of the threaded portion and this can result in relatively high negative drilling forces at low 

feed rates. 

(a) 

Posterior 

(b) 

Fig. 7.11 Experimental set-up for drilling the porcine proximal femur: (a) in the direction of 
the cervical axis, (b) in the direction of the AP 

The chosen constant feed rate for the twist drill bit was 90 mmlmin and the drill bit was driven 

by an industrial air drill unit at a rated free rotational speed of 1000 rev/min. The simple drilling 

procedure was controlled by a PC through the keyboard in Automatic mode. The automatic 

drilling procedure for the experiments is shown in figure 7.9. At any time, the drilling process 

85 



can be stopped by keyboard intervention. Subsequently, the drill bit can be retracted using the 

Manual mode. 

7.2.4 Correlation between Average DrilJing Force and BMD 

In order to correlate with BMD measurement of a specific area or ROI, an average of the 

drilJing forces within the specific ROI was calculated. The locations of the specific ROIs for 

both the force and the BMD were matched as close as possible based on x-ray and BMD images 

to minimise matching errors of the drilling force. These errors can be assumed to be small since 

a relatively large number of drilling force values has been taken for averaging. 

As mentioned in Section 6.2.2, there are two types of correlation between the average drilling 

force and the BMD. These relate to the anterior-posterior (AP) direction and the direction of 

the cervical axis. When correlating in the AP direction at the greater trochanter and the femoral 

head, the average drilling forces were calculated from the first peak at the start of drilling to the 

last peak just before the break-through of the drill bit. 

The correlation in the direction of the cervical axis required the average drilling force to be 

calculated within the ROI at the trajectories above (superior to), on and below (inferior to) the 

cervical axis, as indicated in figure 7.1 Oa. In addition, the proximal femur was cut with respect 

to the three sections to allow photographs to be taken to facilitate the measurement of the bone 

thickness within the ROI. These sections were further classified into regions of the trochanter, 

the femoral neck and the femoral head in order to establish a possible closer relationship 

between the average force and the BMD. 
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CHAPTER 8 

RESULTS AND DISCUSSIONS: 

THE DETECTION OF DRILL BIT BREAK-THROUGH 

The results obtained from the drilling experiments and their discussions are presented in this 

chapter with respect to the aim of achieving an enhancement of safety. These results show the 

effects of system compliance on drilling force profiles and the application of a modified Kalman 

filter in detecting drill bit break-through. Based on the modified Kalman filter, a control 

strategy is also presented for the detection of imminent drill bit break-through. 

8.1 Effects of System Compliance 

As mentioned in Section 5.1.1, the system compliance has a notable effect on the penetration 

rate which is the actual drill bit rate of insertion in the bone. Drill bit displacement consist of 

two components, one is due to the system compliance and the other is the actual drill bit 

penetration into the bone. The actual penetration displacement of the drill bit is obtained by 

deducting the displacement caused by the system compliance (compliant bone holder) from the 

drill feed displacement. In this study, the springs were preloaded by approximately 3 mm from 

the free length, as stated in Section 7.1.3, to give a positive contact force. The results obtained 

from the experiments using an industrial twist drill bit and a surgical drill bit (both of diameter 

2.5 mm) are presented in this section in terms of drilling force, actual drill bit penetration 

displacement, drill feed displacement, force difference between successive samples (FDSS) and 

drill bit rotational speed. A five-term averager has been used to filter the FDSS and the 

rotational speed data. A discussion of these results is also provided. 

8.1.1 Experimental Tests Using an Industrial Twist Drill Bit 

Figure 8.1 shows typical force profiles with respect to actual drill bit penetration displacement 

(solid lines) and drill feed displacement (dotted lines) of the drill bit while drilling into the 
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femoral shaft for three different system compliances. The values in brackets represent actual 

cortical wall thickness, whereas the values not in brackets are the drill bit displacement. At a 

high system stiffness, i.e. a stiffness coefficient of 18.44 N/mm as indicated in figure 5.2, the 

drilling force profile is considered to represent a stiff system since there is no displacement due 

to system compliance. A common characteristic found on all the force profiles is the rapid 

change in the force on entry into, and exit of the drill bit from the bone. 

The results in figure 8.1 show that the force profiles have been significantly affected by the 

compliance of the bone holder in four ways. Firstly, the penetration rate is shown to vary 

depending on the level of system compliance, where a higher system compliance results in a 

lower penetration rate. Unlike a stiff system, there is a large difference between the drill feed 

displacement and the bone cross-sectional measurements. Instead of overcoming the drilling 

resistance of the bone, part of the feed displacement is taken up by the spring compression, and 

as a result, the force profile of figure 8.IA may be interpreted as indicating thick cortical walls 

and a small medullary cavity. For example, feed displacements of 13.8 mm and 12.0 mm are 

measured in the first and the second cortical walls of thicknesses 5.6 mm and 2.7 mm 

respectively, while a feed displacement of 8.0 mm instead of 16.5 mm is exhibited in the 

medullary cavity. 

The second feature observed on the drilling force profiles is the characteristic of the rising force 

towards the maximum point. At the lowest system stiffness of 2.80 N/mm, shown in figure 

8.1A, the initial rapid increase in the force at the start of drill bit penetration is low in 

magnitude. This is immediately followed by a long gradual and consistent rise to reach the 

maximum point across the thickness of the cortical wall. However, the initial rapid rise 

becomes higher in magnitude and the slope of the rising force becomes steeper, as a result of 

lower displacement of the bone, when the system stiffness increases, as shown in figures 8.1B 

and 8.le. 

The two other effects are the magnitude of maximum force and the change in the force profile at 

break-through. In general, a lower system stiffness is associated with a lower magnitude of 

maximum force, because the compression of the spring has the effect of reducing the 

penetration rate and the force. 
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Fig. 8.1 Profiles of drilling force against actual drill bit penetration displacement (solid lines) 
and drill feed displacement (dotted lines) at three system stiffhesses (Feed Rate = 90 
mmlmin; Rated Speed = 1000 rev/min) 
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Upon drill bit break-through at both cortical walls, the drilling force drops sharply to zero 

irrespective of system stiffness. It is at the point of break-through of the second cortical wall 

where the system compliance can have a major effect, especially at low system stiffuess, because 

the 'spring-back' action can cause excessive protrusion of the drill bit. Therefore, system 

compliance has to be taken into consideration in drill bit break-through detection. 

Similar results have been obtained using a feed rate of 90 mm/min at 1900 rev/min, as shown in 

figure 8.2. However, the dependence of drilling thrust force on the feed rate and on the 

rotational speed produces differences in the magnitudes of maximum force and the amount of 

feed displacement due to system compliance. The use of higher rotational speed has been 

shown to be associated with lower magnitude of maximum force, as experienced by Jacobs et 

al. (1976) and hence reduces feed displacement due to system compliance. 

System compliance has also been shown to have a significant effect on both the FOSS and the 

drill bit rotational speed. Figure 8.3 shows typical experimental results of drilling force (dotted 

lines), FOSS and drill bit rotational speed, with respect to drill bit displacement, for different 

system compliances. The profiles of the drilling force have different characteristics in 

accordance with the system compliances, as mentioned earlier in this section. The rapid rise and 

fall of the force profile at the cortical wall interfaces have been clearly indicated by the FOSS for 

all system stiffnesses. 

As a result of displacement due to system compliance, the difference in the FOSS is shown in 

the intervals between the high peaks and troughs at the cortical wall interfaces. However, the 

rate of force increase at the start of drill bit penetration into the cortical wall is not reflected in 

the magnitude of maximum FOSS at different system stiffnesses. As the system stiffuess 

increases, the rate offorce increase becomes higher which is not always the case for FOSS. The 

rotational speed, in general, starts to decrease as the drill bit enters the cortical bone and 

continues to do so across the thickness of the cortical wall regardless of whether system 

compliance is present or not. This is clearly shown in figures 8.4 and 8.5 for drill bit rotational 

speeds of 1900 and 3300 rev/min respectively. At the onset of drill bit break-through, the speed 

reduces to a minimum before recovering after break-through. However, at low rotational 

speeds in certain cases, as seen in figure 8.3B, the change in the speed is virtually undetectable. 
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rotational speed of a porcine femoral shaft at three system stiffuesses (Feed Rate = 

90 mmlmin; Rated Speed = 1000 rev/min) 
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Fig. 8.5 
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8.1.2 Experimental Tests Using a Surgical Drill Bit 

Results from experiments using a surgical drill bit have also shown similar patterns of drilling 

force, penetration rate, FDSS and rotational speed to those using an industrial drill bit. 

However, the magnitudes of maximum force and the amount of displacement due to system 

compliance have been found to be generally lower. This characteristic is a result of using the 

surgical drill bit which is specifically designed for use on cortical bones. Figures 8.6 and 8.7 

show the effects of three system compliances on the penetrations rates for drilling experiments 

carried out at a feed rate of 90 mmlmin with rated rotational speeds of 1000 and 1900 rev/min. 

The unexpected drop in the rotational speed, while the drill bit is travelling across the medullary 

cavity as seen in figure 8.9B, is a result of a drop in the supply of air pressure. This drop in 

speed has little effect on the drilling force, but it has a significant effect on the drill bit break

through detection when the rotational speed is used. 

Similar patterns ofFDSS and rotational speed, as shown in figures 8.8,8.9 and 8.l0, have been 

obtained from results of experiments using a surgical drill bit at the three drilling conditions. 

These drilling conditions consist of a feed rate of 90 mm/min with rated drill bit rotational 

speeds of 1000 and 1900 rev/min, and at a feed rate of 132 mm/min with arated speed of 3300 

rev/min. The magnitude of maximum FDSS provides no indication of system stiffuess even 

though the rate of change in force is clearly visible. One distinct feature from the results 

obtained at a high system stiffness is the gentle drill bit break -through which makes detection 

difficult using threshold triggered FDSS. There is also the problem faced with detecting the 

change in rotational speed when operating at low speeds, as shown in figure 8.8B. 

The unexpected drop in the rotational speed, while the drill bit is travelling across the medullary 

cavity as seen in figure 8.9B, is a result of a drop in the supply of air pressure. This drop in 

speed has little effect on the drilling force, but it has a significant effect on the drill bit break

through detection when the rotational speed is used. Figures 8.8C and 8.9A show speed 

profiles which have also been affected (but not as severe as in figure 8.9B) by the drop in the 

supply of air pressure. The expected profile should be similar to the rotational speed profiles 

shown in figures 8.8A and 8.10, which show a rise in speed after drill bit break-through of the 

first cortical wall, followed by a constant speed in the medullary cavity. These results have been 

included because such effect (caused by a fluctuation in air pressure) could occur in practice. 
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8.1.3 Discussion on the Effects of System Compliance 

The penetration rate has been found to depend on the system compliance, drilling condition and 

the type of drill bit. At low system stiffuess, the drilling force profiles have shown certain 

similar characteristics to the profiles presented by Brett et al. (I 995), although the bone 

involved and the drill bit used have been different. The main focus is on drilling of bone at low 

system stiffness where greater risk of excessive drill bit break -through is present. The results 

from the FDSS have been found to be similar to the results from a derivative function presented 

by Allotta et al. (1995). However, using FDSS or a derivative function would result in 

difficulty in setting the appropriate threshold to detect break-through particularly when the fall 

in the drilling force is gradual, as shown in figure 8.8C. 

The measurement of rotational speed, to represent torsional resistance (i.e. torque), is 

significantly affected by fluctuation, especially at low rotational speeds, as shown in figures 8.3 

and 8.8. The fluctuation of speed is similar to the torque fluctuation presented by Allotta et al. 

(1995). Also, similar to experimental results presented by Abouzgia and James (1995), the 

rotational speed reduction is relatively greater at higher rotational speeds. This is clearly shown 

by the greater speed reduction when drilling at a rated speed of3300 rev/min, shown in figures 

8.5 and 8.10, as compared to the speed reduction when drilling at a rated speed of 1900 

rev/min, shown in figures 8.4 and 8.9. However, the reduction in speed has been shown to be 

virtually undetectable at low rotational speeds, as shown in figures 8.3B and 8.8B. 

The drilling forces obtained from porcine femoral shafts may not represent the human cortical 

bone because the strength of pig bone has been found to be significantly lower (Yamada, 1970). 

Therefore, higher forces are to be expected when drilling into human femoral shafts and as a , 
result, the effects of system stiffuess would be more evident. 

., 

8.2 Application of a Modified Kalman Filter 

The analyses of the results from Section 8.1 using the modified Kalman filter on the FDSS and 

on the rotational speed are presented below according to the types of drill bit. 
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8.2.1 Kalman Filtered Results of an Industrial Twist Drill Bit 

The implementation of a Kalman filter algorithm on both the FDSS and the rotational speed has 

resulted in different trends with respect to the system compliance, as shown in figure 8.11. Two 

distinctive features can be observed from the Kalman filtered FDSS (K.-FDSS). These features 

are the maximum magnitude of the K-FDSS, which reflects a measure of the rapid initial rise in 

force, and the slope of the profile after the maximum magnitude. The higher is the system 

compliance, the lower is the magnitude of maximum K-FDSS. As far as the slope ofK-FDSS is 

concerned, it becomes steeper as the stiffness increases. However, the slope is difficult to 

determine especially at high system stiffness due to inconsistency in the force profile. 

K-FDSS profiles also share a common characteristic, with FDSS profiles, of rapid rise at drill 

bit penetration and rapid fall during break-through at the cortical wall interfaces. Furthermore, 

a K-FDSS value of 0.00 N has been shown to indicate imminent drill bit break-through in both 

the first and second cortical walls. A break-through detection can, therefore, be established by 

monitoring the zero value of K-FDSS. This method is easier to implement than a threshold 

based derivative function as proposed by Allotta et al. (1995) or FDSS since the derivative 

threshold has to be set according to the type of drill bit and the drilling conditions. An earlier 

break-through detection is also possible by setting a higher threshold value for K-FDSS. For 

instance, a higher K-FDSS value of 0.03 N, as shown by the horizontal dashed lines in figure 

8.11, provides an early indication of the commencement of drill bit break-through for all three 

system stiffness conditions. 

The Kalman filtered speed (K.-Speed) has similar trends for the three stiffhess conditions at a 

feed rate of 90 mmlmin and a rated speed of 1000 rev/min, as shown in figure 8.11. In general, 

the K-Speed increases steadily to a maximum value around the entry of the second cortical wall 

before dropping steadily. The magnitudes of maximum K-Speed are shown to vary at different 

system stiffness due to the difference in the levels of the measured rotational speed. Soon after 

the drill bit breaks through the second cortical wall, the K-Speed begins to increase. The K

Speed of the first cortical wall in this case is of little significance. When there is a difficulty in 

detecting the change in the measured speed, as shown in figures 8.3B and 8.8B, the K-Speed 

characteristic at the exit from the second cortical wall may not be present, as shown in figure 

8.llB. As expected, the fluctuations of the measured speed, as seen in previous figures, have 

little influence on the K-Speed. This type of characteristic makes it possible to implement drill 

102 



-- -_.------------------------------------------------------------------------, 

bit rotational speed for the detection of break-through. Nevertheless, the K-FDSS must be used 

as the primary detection algorithm for drill bit break-through. The possible use of K-Speed in 

the break-through detection is by setting a threshold based upon a ratio or percentage of the 

maximum K-Speed value. For example, a threshold value of99.3% of the maximum K-Speed, 

shown by the horizontal dash-dot-dot lines in figure 8.11, is used to identifY imminent drill bit 

break-through. However, this threshold setting for K-Speed is not reliable at low rotational 

speeds, as shown in figures 8.l1B and 8.l1C. 

The application of the K-FDSS as the primary algorithm is a robust method for the detection of 

drill bit break-through. The use of K-Speed complements the K-FDSS and offers an 

improvement in the reliability of the proposed detection method. To demonstrate the versatility 

of this detection method, similar results were obtained from experimental tests at a different 

feed rate and drill bit rotational speed. Figure 8.12 and figure 8.13 show the profiles of drilling 

force, K-FDSS and K-Speed for a feed rate of 90 mmfmin at a rated speed of 1900 rev/min and 

for a feed rate of 132 mm/min at a rated speed of3300 rev/min respectively. The characteristics 

of the maximum K-FDSS values for each system compliance remain rather identical. Only 

profiles from a feed rate of 132 mm/min at a rated speed of 3300 rev/min (figure 8.13) show 

higher number of ripples in both the drilling force and K-FDSS. In addition, the K-Speed 

profiles are easily recognisable as there is little difficulty in detecting the change in the measured 

rotational speed. With the same threshold settings as earlier for both the K-FDSS and K-Speed, 

this method gives an indication of imminent drill bit break-through. 

As mentioned in Section 5.4.2, the inherent force fluctuation, generally caused by changes in 

bone structural density, has a significant effect on both the drilling force and the FDSS profiles 

indicated by the sharp changes in fIgure 5.4. Figure 8.14 shows the effects of force fluctuation 

on the K-FDSS and K-Speed. The drill bit break-through detection method based on a force 

derivative function proposed by AJlotta et al. (1995) or FDSS with fixed threshold is especially 

prone to these changes, resulting in a premature detection of break-through. Using Kalman 

filter, however, a trend has been shown to be present for both the K-FDSS and K-Speed. The 

fluctuations of the FDSS, to a large extent, have been ironed out and this has allowed the 

threshold value ofK-FDSS to be implemented, while the K-Speed profile has displayed a similar 

characteristic to a typical K-Speed profile shown earlier. Using the same previous thresholds of 

0.03 N for the K-FDSS and 99.3% of the maximum value of the K-Speed, imminent drill bit 

break-through has been detected. 
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Fig. S.11 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
(Feed Rate = 90 mmlmin; Rated Speed = 1000 rev/min) 
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Fig.8.12 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
(Feed Rate = 90 mmlmin; Rated Speed = 1900 rev/min) 
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Fig.8.13 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
(Feed Rate = 132 mm/min; Rated Speed = 3300 rev/min) 

106 



Force "'(N)r'-_______________ ..,K-FDSS (N) K-Speed (rev/min) 
60 0.35 - 2520 

56 

52 

48 

44 

40 

36 

32 

28 

24 

20 

16 

12 

8 

4 

K-FDSS Point of Break-through 0.30 
2500 

-- ~25_ {2478.8 rev/min) 
0.20 - 2480 

--0.15- {2461.5~v/min) 2460 

0.10 

_0.05_ (O.03N) 
2440 

-0.00 2420 

-0.05 
2400 

-0.10 

-0.15 2380 

-0.20 2360 
-0.25 

-0.30 
2340 

o ~.r""rr~+TrFTTTTr,""""TTT+_ -0.35 2320 
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 

Drill Bit Displacement (mm) 

Fig. 8.14 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) in the presence of inherent drilling force fluctuation for a 
stiff system (Feed Rate = 132 mmlmin; Rated Speed = 3300 rev/min) 

8.2.2 Kalman Filtered Results of a Surgical Drill Bit 

Further verification of the proposed Kalman filter technique of drill bit break-through detection 

has been conducted using a surgical drill bit driven at three drilling conditions identical to the 

industrial drill bit. Figure 8.15 shows that the Kalman algorithm when applied to the surgical 

drill bit, at a feed rate of 90 mmlmin and a rated speed of 1000 rev/min, produces similar 

patterns in the profiles of K-FDSS and K-Speed. A drop of K-FDSS to zero has also been 

shown to represent break-through for both the cortical walls. However, the magnitudes of 

maximum K-FDSS are generally lower as compared to those of an industrial drill bit. With 

same threshold setting of 0.03 N, the K-FDSS algorithm has successfully identified the 

imminent drill bit break-through. The performance of K-Speed, as expected, has not been as 

favourable especially at low rotational speeds (figure 8.15B). In certain cases, a higher value of 

threshold than 99.3% of the maximum K-Speed may be required (figure 8.15A). Nevertheless, 

the Kalman algorithm has been shown to be suitable for use on the surgical drill bit in predicting 

the imminent drill bit break-through. 

Figures 8.16 and 8.17 show the consistent patterns ofK-FDSS and K-Speed profiles for a feed 

rate of 90 mmlmin at a rated speed of 1900 rev/min and for a feed rate of 132 mmlmin at a 
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rated speed of 3300 rev/min respectively. The same K-FDSS threshold of 0.03 N has been 

found to apply for both drilling conditions in detecting imminent drill bit break-through. 

Although the K-Speed has shown a downward trend before break-through, the threshold setting 

of99.3% of the maximum value has not had the same reliability in predicting break-through in 

advance as compared to the results obtained from an industrial drill bit. Setting to a higher 

threshold value than 99.3% would be appropriate for certain cases, otherwise it would 

prematurely detect the onset of drill bit break-through. 

8.2.3 Discussion on the Application of a Modified Kalman Filter 

The detection of drill bit break-through plays an important role in the enhancement of safety for 

systems associated with robotic/mechatronic assisted surgery in bone drilling. Without this 

feature, there is a risk of the drill bit protruding excessively from the exit of the bone which will 

cause damage to the surrounding tissue. The detection method using a modified Kalman filter 

can be applied to both types of drilling unit configuration, as mentioned in Section 5.2. The 

strategy proposed by Allotta et al. (I995) using a derivative function on the drilling force does 

detect the break-through to a certain extent when drilling into long bones. However, the 

appropriate threshold setting is unknown, and to set the threshold for the second wall based on 

the first cortical wall may not be reliable because the bone itself may vary in strength (structural 

density) and thickness. In addition, inherent force fluctuation further limits the capability of a 

derivative function in break-through detection as a result of premature break-through indication. 

It can be observed that the force derivative profiles by Allotta et at. (I 995) are relatively similar 

to the five-term averaged FDSS of this investigation. The second-order linear filter used by 

Allotta et al. (I995) for smoothing the force derivative has a larger bandwidth and allows a 

higher frequency range to pass through. When compared to the modified Kalman filter, the 

long time constant (as mentioned in Section 5.5) smoothes a large frequency range of the FDSS 

profiles and produces a more consistent profile. Therefore, the values of K-FDSS are lower 

than the five-term averaged FDSS values. Applying a shorter bandwidth to the second-order 

linear filter, in a similar way to a long time constant of the modified Kalman filter, would further 

smooth the force derivative. However, this would increase the phase lag of the filter and 

imminent drill bit break-through would not be indicated in time. 
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Fig.8.15 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
using a surgical drill bit (Feed Rate = 90 mm/min; Rated Speed = 1000 rev/min) 
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Fig.8.16 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
using a surgical drill bit (Feed Rate = 90 mmlmin; Rated Speed = 1900 rev/min) 
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Fig.8.17 Profiles of drilling force, Kalman processed FDSS (K-FDSS) and Kalman processed 
rotational speed (K-Speed) of a porcine femoral shaft at three system stiffnesses 
using a surgical drill bit (Feed Rate = 132 mmlmin; Rated Speed = 3300 rev/min) 
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When compared to the drilling force, measurement of rotational speed has been shown to have 

more fluctuations in a similar way to the measurement of torque presented by Allotta et al. 

(1995). Brett et al. (1995) monitored both the force and the torque, and used a method of 

identifYing persistent reduction in force and increase in torque over six sample periods in order 

to predict the onset of drill bit break-through of the stapes footplate. It is often not reliable to 

depend on a number of samples to register the desired characteristic because the general trend 

may be affected by rogue data, for example, when data is affected by noise. As a result, the 

sample window may not be able to provide a representative trend and the consequence of 

ignoring this fact could be critical. In addition, the sample window is also affected by 

fluctuations of the force and torque profiles caused by changes in bone structural density 

particularly when these fluctuations remain over the number of samples chosen. 

In bone, or other similar materials, the drilling force depends on the penetration rate, as well as 

other factors such as drill bit geometry, drill bit sharpness and rotational speed. The penetration 

rate is directly dependent on the drill bit feed rate and the stiffness of the system. In general, 

system compliance has the effect of reducing the penetration rate and thus results in low drilling 

force magnitudes. At low system stiffness, however, there is a spring-back effect as soon as 

break-through occurs. This may result in excessive drill bit protrusion at break-through and 

cause tissue damage. An early and robust detection of break-through is therefore necessary. 

The use of a Kalman filter on both the FOSS and the rotational speed has been very effective in 

overcoming the difficulties presented by the derivative function and the sample window. It has 

produced a simple, robust and repeatable technique for the detection of drill bit break-through 

which can be applied for both the industrial and surgical drill bits. Although the FOS S and the 

drill bit rotational speed profiles are greatly influenced by both the system compliance and 

inherent fluctuation of the drilling force, it is possible to generate easily recognisable and more 

consistent profiles with a Kalman filter. Unlike K-FOSS, the use ofK-Speed for break-through 

detection is only applicable at higher rotational speeds than 1000 rev/min. Furthermore, the 

Kalman filter is potentially applicable to the torque measurement which shares similarity to the 

rotational speed in order to establish torque trends. 

The Kalman filter irons out major fluctuations, especially force fluctuation caused by changes in 

the bone structural density, and creates a trend which can be implemented easily and safely in 
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real-time in break-through detection algorithms. The threshold setting for the Kalman filter is 

also easy to implement and it is applicable to different types of drill bits and over a wide range 

of drilling conditions. Early detection of break-through can be achieved by setting an 

appropriate threshold for K-FDSS above the value of 0.00 N, and for K-Speed, a threshold 

based on a ratio or percentage of the maximum value of K-Speed. In order to enhance the 

reliability of detecting imminent drill bit break-through, different levels of threshold setting have 

been applied to K-FDSS profile in a control strategy presented in the following section. One of 

the threshold levels is based on the magnitude of maximum K-FDSS. 

8.3 Control Strategy for the Detection of Drill Bit Break-through 

The control strategy for the detection of imminent drill bit break-through is based on the 

profiles of K-FDSS generated by the drilling forces. As stated earlier, a K-FDSS threshold 

value of 0.00 N can, in general, be used for the detection of drill bit break-through. The setting 

of a higher K -FDSS threshold to 0.03 N allows an early indication of imminent drill bit break

through. In normal cases, there wiJI be four occasions when the K-FDSS goes through the 

threshold, upon entry and imminent exit of both cortical walls of the bone. However, a more 

robust control strategy is required when the profiles ofK-FDSS are affected by the fluctuation 

of the drilling forces at the first cortical wall, as shown in figures 8.12A, 8.12C and 8.l6B. In 

these cases, the K-FDSS profiles have been found to breach the threshold value of 0.03 N more 

than four times. 

In order to implement an effective control strategy, it has been found that three levels of 

threshold for the K-FDSS are needed. The three levels are 0.00 N, 0.03 N and a maximum 

threshold (Max-TH) which is a proportion of the maximum KcFDSS value of the first cortical 

wall. For example, a factor of 0.6 of the maximum K-FDSS value from the first cortical wall 

can safely be used as the Max-TH, since the fluctuation of K-FDSS at the first cortical wall, 

after going through the K-FDSS threshold of 0.00 N, has been found to be less than half the 

maximum K-FDSS value. The values of K-FDSS are continuously monitored to obtain the 

maximum K-FDSS value for the first cortical wall. This maximum value is subsequently used to 

set the Max-TH for the detection of entry to the second cortical wall. The flow diagram of the 

control strategy for the detection ofimminent drill bit break-through is presented in figure 8.18. 
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Fig.8.18 Flow chart of the control strategy for detection of imminent drill bit break-through 

114 



In the control strategy, the first cortical wall is identified by the first two flags, as shown in 

figure 8.19, through the K-FDSS thresholds of 0.03 Nand 0.00 N respectively. This figure is 

with reference to figure 8.12C. The indication of drill bit entering the second cortical wall 

depends on the Max-TH based on the maximum K-FDSS value in the first cortical wall. In this 

case, the Max-TH is set to 0.137 N (i.e. 0.229 x 0.6). Since the Max-TH is higher than the 

maximum K-FDSS fluctuation of 0.065 N at the first cortical wall, the third flag will not be 

triggered until the drill bit enters the second cortical wall. Finally, the imminent break-through 

is safely detected when the K-FDSS profile falls below 0.03 N. 
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Fig.8.19 Setting of flags according to three levels of threshold for K-FDSS and the detection 
of imminent drill bit break-through (with reference to figure 8.12C) 

The control strategy requires only the drilling force information to carry out the detection of 

drill bit break-through. Unlike Brett et at. (1995) and A110tta et al. (1995), this method does 

not depend on the specific cutting energy required to drill the cortical bone. Furthermore, the 

K-FDSS, to a certain extent, smoothes out major fluctuations in the drilling forces. 
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CHAPTER 9 

RESULTS AND DISCUSSION: 

THE EVALUATION OF BONE STRENGTH 

This chapter presents the results obtained from bone drilling experiments and densitometric 

measurements of BMD and provides a discussion of the results with regards to the evaluation of 

bone strength. Densitometric measurements are taken in the anterior-posterior (AP) direction, 

and therefore, bone drilling is carried out in this direction, in the first instance, in order to 

correlate drilling force and BMD. However, as bone drilling of the proximal femur is usually 

performed along the cervical axis, drilling forces along this direction are also correlated with 

BMD. The results are presented in two sections based on the direction of drilling, namely the 

AP and the cervical axis directions. The actual bone drilling forces, based on a feed rate of 90 

rnmImin and a rated drill bit rotational speed of 1000 rev/min, were obtained using the 

experimental set-up of a stiff system. An industrial twist drill bit of diameter 2.5 mm was used 

in the experiments. In order to show the relationship between average drilling forces and BMDs, 

linear regression with coefficient of correlation is used. 

9.1 Correlation in the Direction of Anterior-Posterior 

In the experiments, the correlation in the anterior-posterior (AP) direction between BMD and 

average drilling force involves the proximal femur, which includes the greater trochanter and the 

femoral head, and the femoral shaft. 

9.1,1 Correlation at the Proximal F emUf 

Significant linear relationships, shown in figure 9.1, have been found between the average 

drilling forces and the BMDs in the AP direction at both the femoral head and the greater 

trochanter sites, the trajectories of which are shown in figure 7.10b, The BMD measurements 
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at these sites, of a porcine proximal femur, can be found in Appendix 7.1. It should be noted 

that the anterior-posterior direction of a porcine femur is the reverse of a human one. However, 

this has no effect on the present experimental investigation. The average drilling forces are 

calculated from the first peak at the start of drilling to the last peak just before drill bit break

through. Three porcine bones were used in this investigation. 

Average Force (N) 
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Fig. 9.1 Linear regression between average drilling forces and BMDs in the anterior
posterior direction of porcine proximal femurs 

The results show that the trochanteric site produces better linear correlation with high 

correlation coefficient (r = 0.85) as compared to the femoral head (r2 = 0.51). There is also a 

difference between the slope of the relationships which may be due to the regional difference in 

the orientation or the structure of the trabeculae. The combination of the two sets of data 

shows a linear correlation with a good correlation coefficient (r = 0.72). The use of bone 

thickness to obtain BMD in g/cm3 has not been found to improve the overall correlation. 

Although there has been a limited number of measurements, the correlations clearly show the 

existence of a trend related to the evaluation of bone strength. However, the difficulty in 

matching the centre of a hole and the ROI may have introduced errors to the correlation. 
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Although the drilling forces along the drilling trajectories show a large variation, in the 

majority of cases, maximum forces occur at the medial-posterior (near the end of drilling) 

region of the trajectory. This is shown by measurements of drilling forces, which are taken at 

boxed locations 1 to 6 shown by the x-ray image in figure 9.2, at the femoral head and the 

greater trochanter. The three drilling trajectories along the cervical axis shown in figure 9.2 are 

used as references for matching ROIs, and therefore, should be ignored. The drilling force 

profiles at these locations are presented in figures 9.3 and 9.4 respectively. 

It must be noted that a component of the measured drilling force is a frictional force. The 

amount of friction between the drill bit and the bone was found to be relatively small, at an 

average of approximately 0.3 N at the maximum depth of drilling. The frictional forces were 

obtained by advancing the drill bit into the drilled hole. Since the bone is an elastic material, 

some of the deformation around the drilled hole will recover sufficiently and cause friction. 

When drilling was performed in the reverse, i.e. P A (posterior-anterior) direction, the 

maximum forces for a number of cases were found to be located around the region of the 

medial-anterior (near the end of drilling). This characteristic is opposite to the results obtained 

when drilling in the AP direction. There are several factors that may help to explain this 

peculiar characteristic of the force profile. 

Fig. 9.2 Locations of the AP drilling trajectory at the greater trochanter and the femoral head 

118 



Force (N) 
72 
68 
64 
60 
56 
52 
48 
44 
40 

36 
32 
28 
24 
20 
16 
12 
8 
4 

0~~~~-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-1 
60 

Force (N) 
72 
68 
64 
60 
56 
52 
48 
44 
40 

36 
32 
28 
24 
20 

16 
12 
8 

84 88 72 76 80 84 
Displacement (mm) 

TRAJECTORY 1 

88 92 100 

~~~~~~~-r-r-'-'-'-'-'-'-'-'-r-r-r~~ 
60 

Force (N) 
72 
68 

64 
60 
56 
52 
48 
44 
40 

36 
32 
28 
24 
20 

16 
12 

8 

64 68 72 76 80 84 
Displaceu.ent (mm) 

TRAJECTORY 2 

88 92 96 100 

4 

O~~~-'-'-'-'-'-'-'-'-'-'-'-.-'-r-'~~~ 

Fig. 9.3 

60 64 68 72 76 80 84 
Displacement (mm) 

TRAJECTORY 3 

88 92 96 100 

Profiles of drilling forces at the femoral head in the AP direction 

119 



Force (N) 
72 
68 
64 
60 
56 
52 
48 
44 
40 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0 

52 56 60 64 68 72 76 80 84 88 92 96 
Displacement (nun) 

TRAJECTORY 4 
Force (N) 

72 
68 
64 
60 
56 
52 
48 
44 
40 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0 

52 56 60 64 68 72 76 80 84 88 92 96 
Displacement (mm) 

TRAJECTORY 5 
Force (N) 
72 
68 
64 
60 
56 
52 
48 
44 
40 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0 

52 56 60 64 68 72 76 80 84 88 92 96 
Displacement (mm) 

TRAJECTORY 6 

Fig. 9.4 Profiles of drilling forces at the greater trochanter in the AP direction 
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One of the contributing factors may be the tendency of clogging of the drill bit as a result of the 

large ratio between the drilling depth and the drill bit diameter. Wiggins and Malkin (1976) 

reported that, when drilling into the cortical bone using an industrial drill bit, an increase in both 

the torque and the specific cutting energy is associated with increasing depth of drilling. In 

general, the effect of clogging may have been indicated by a small reduction in the drill bit 

rotational speed. Another possible explanation relates to the influence of blood pressure during 

drilling which is not taken into consideration. In rock mechanics, fluid pressure in the pores 

affects the rate of drilling and the compressive strength of rocks (Karalis & Galanos, 1982). 

During the drilling experiments in this study, blood was seen flowing out from minute pores to 

the bone surface. This is a possible consequence of either the blood boiling due to the heat 

generated, or the increase in blood pressure due to drilling or both. The method of clamping, 

which was in the direction of drilling, may also have introduced additional compressive stresses 

and altered the trabecular structure. 

The overall correlation between the average drilling force and the BMD has been found to be 

comparable or better than to those reported between osteopenetration strength and 

densitometric measurements using computed tomography (QCT) (Bentzen et al., 1987). The 

osteopenetration tests and QCT measurements were obtained from the cancellous bone of 

human proximal tibiae. Although the proximal tibia consists mainly of cancellous bone, the 

structural organisation is not as complex as in the proximal femur. Another investigation 

carried out by Petersen et al. (1996) has found that both the BMD measurements by DPA and 

DXA had linear relationships of a high correlation coefficient with the osteopenetration 

strength. Although the latter correlation is better than the overall correlation of this study, 

osteopenetration is not a common procedure in orthopaedic surgery as compared to bone 

drilling. These findings reinforce the preferred usage of DXA over QCT in the evaluation of 

bone strength (Petersen et al., 1996). 

9.1.2 Correlation at the Femoral Shaft 

The linear relationship between the average drilling force and the BMD at the femoral shaft has 

been found to be moderate, as shown in figure 9.5. The variation of the force and the BMD is 

relatively small in the cortical bone. In addition, the BMD measurements, which are presented 
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in Appendix 7.2, may have been underestimated due to the presence of yellow marrow (fat) in 

the medullary cavity. The average drilling forces are calculated from the drilling forces at both 

cortical walls only since the forces at the medullary cavity are considered to be zero. The 

average force at the femoral shaft has been found to be higher by a level of approximately 25 N 

for a given BMD when compared to the proximal femur. This finding indicates that the drilling 

forces of the cortical bone are not applicable to the cancellous bone and vice-versa. 

The moderate correlation obtained at the femoral shaft may be due to a smaller number of 

samples used as compared to the number of samples at the proximal femur. This is further 

compounded by the limited range of spread of both drilling forces and BMD measurements, 

since cortical bone from porcine femurs of the same age has a more consistent strength and 

BMD compared to cancellous bone. In order to improve the correlation between BMDs and 

drilling forces, different age bones of the same species or bones of different species have to be 

used. 
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Fig. 9.5 Linear regression between average drilling forces and BMDs in the drilling direction 
of anterior-posterior at the femoral shaft with reference to the proximal femur 
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9.2' Correlation in the Direction of the Cervical Axis 

This section presents profiles of the BMD and of the average drilling force with respect to the 

regions of interest (ROIs) as well as the correlation between these two types of measurements. 

The relevance of the bone thickness with respect to the ROI of BMD is also discussed in this 

correlation. 

9.2.1 Profiles of the BMD 

The levels of BMD of a porcine proximal femur at the ROIs located superior to (above), 

inferior to (below) and on the cervical axis, as indicated in figure 7.1 Oa, have been found to be 

different. Typical profiles of the BMD are shown in figure 9.6, which includes an indication of 

regions of the proximal femur corresponding to the ROIs. The BMD measurements along the 

cervical axis of a porcine proximal femur can be found in Appendix 7.3. At the superior section 

to the cervical axis, the BMDs around the inter-trochanteric region have been found to be high, 

or the highest, in certain cases. Among the lowest of all BMDs were obtained from ROIs 

around the regions of the femoral neck. 

The BMDs in the inter-trochanteric region of the cervical axis (medial) have been found to be 

high, which is similar to those at superior section of the same region. The BMDs are at the 

lowest in the region of the femoral neck. After this region, the BMD increases to the highest at 

ROIs around the centre of the femoral head before it decreases near the edge of the femoral 

head. 

The BMDs at the inter-trochanteric region up to the subcapital femoral neck region of the 

inferior section have been found to be the lowest when compared to the two previous sections. 

In the centre of the femoral head region, the BMDs are at their highest and the profile of BMD 

is similar to the BMD profile at the cervical axis section. 
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Fig. 9.6 Typical profiles ofBMDs with respect to ROIs as indicated in figure 7.1 Oa 

The inclusion of the bone thickness, shown in figure 9.7, to obtain BMD in g/cm3 at the same 

ROIs as those in figure 9.6 has produced different BMD profiles. Figure 9.8 shows the new 

BMD profiles. The inclusion of bone thickness allows for the variation of the cross-sectional 

geometry of the proximal femur to be considered. A notable change can be seen in the regions 

of the inter-trochanter and the femoral neck from the superior section to the cervical axis. The 

significance of including the bone thickness lies in the correlation between the BMD and the 

average drilling force in the direction of the cervical axis, as discussed in Section 9.2.3. 

The results show that the differences in the BMD represent a variation in the bone strength of 

the proximal femur. The section between the cervical axis and the inferior is shown to be the 

most reliable section in producing a consistent BMD profile. In the extreme superior and 

inferior sections to the cervical axis, the BMDs may have been largely affected by the outer 

layer of cortical bone. 
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(a) 

(b) 

(c) 

Fig. 9.7 Illustrations of the changes in the bone thickness according to sections: Ca) Superior, 
Cb) Cervical Axis (Medial), (c) Inferior 
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Fig. 9.8 Profiles ofBMDs in g/cm3 with respect to ROIs as indicated in figure 7.1 Oa 

9.2.2 Profiles of the Average Drilling Force 

The drilling trajectories in the cervical axis direction are classified into superior, cervical axis 

and inferior sections, shown in figure 9.9a. These sections are further divided into anterior, 

lateral-medial and posterior zones, shown in figure 9.9b. Typical average drilling forces profiles 

corresponding to the BMD profiles (figure 9.6) are presented in figure 9.10. The actual drilling 

force profiles are given in Appendix 7.4. 

When drilling in the superior section, the force profiles for the anterior and the lateral-medial 

zones, shown in Fig. 9.1 Oa, have been found to be different in terms of force magnitude and 

distribution of strength. The average drilling profile for the posterior zone was not included 

because the drilling trajectory was diverted as the drill bit broke through the femoral head. In 

addition, the variation of average forces in the anterior and the lateral-medial zones has been 

shown to have little significance in the correlation between average drilling forces and BMDs. 
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The average force profiles for the cervical axis and inferior sections, as shown in figures 9.1 Ob 

and 9.1 Oc, share many similarities in the anterior and lateral-medial zones. However, the 

drilling forces are generally lower in the inferior section. In addition, a slight increase in the 

force magnitude from the anterior zone towards the posterior zone can be observed between the 

regions of the femoral neck and the femoral head. The forces from the inter-trochanteric region 

to the subcapital neck region have been found to be relatively low and are generally between 

the values of 0 N and ION. While the highest drilling forces have been obtained from the 

region of the femoral head. 
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Fig. 9.9 Drilling trajectories in the direction of the cervical axis of a porcine proximal femur 
shown by the x-ray images: (a) AP view, (b) Lateral view 
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Consistency in the force profiles has been found only between the cervical axis and the inferior 

sections. This includes the anterior and lateral-medial zones for the corresponding sections. 

The higher forces in the inter-trochanteric region of the superior section may be caused by the 

epiphyseal line. The presence of red marrow in the cervical axis and inferior sections may 

account for the low drilling forces in the inter-trochanteric region. In addition, the effects of 

trabeculae orientation in the direction of the cervical axis coupled with low bone density may 

partly explain the low forces in the femoral neck region. 

As mentioned in Section 9.1.1, the measured drilling force includes a component of frictional 

force. The frictional forces between the drill bit and the bone at different regions, shown in 

figure 9.11, increase with the depth of drilling. The maximum average frictional force has been 

found to be less than 0.8 N at the maximum depth of drilling. This value of friction, which is of 

low magnitude, has little effect on the drilling force at the femoral head region. However, the 

effect of friction is considerable in the regions of the inter -trochanter and the femoral neck (ROI 

number 1, 2, 3 and 4) because the drilling forces obtained in these regions are relatively low. 

Apart from friction, the other contributing factors which may have introduced errors to the 

measurements of drilling forces are drill bit clogging and the flow of blood from the bone, as 

explained in Section 9.1.1. 

9.2.3 Correlation between Average Drilling Force and BMD 

The correlation between the average drilling force and BMD (in g/cm2
) in the direction of the 

cervical axis has been found to be significantly different from the correlation in the AP direction. 

Furthermore, the relationships along the cervical axis have been found to be very site specific. 

In order to minimise the correlation error, the average force and the BMD of the first and the 

last ROIs, which are located near the edges of the inter -trochanteric and the femoral head 

regions respectively, have been omitted. Comparison using figures 9.6 and 9.10 of the BMD 

and the average drilling force profiles respectively provides some indication of why mixed 

relationships have been obtained. In the superior section to the cervical axis, no significant 

relationship has been found and the slopes for average forces at the anterior, lateral-medial and 

posterior zones with respect to the BMD vary from positive to negative. Therefore, the 

following discussion regarding the correlation between average drilling forces and BMDs will 
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refer only to the cervical axis and the inferior sections. The ROls in these two sections are 

mainly located in the regions of the femoral neck and the femoral head. 
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Fig. 9.11 Profiles of average frictional forces at different sections with respect to ROI 

A positive relationship begins to develop as the ROIs shift towards the inferior direction of the 

cervical axis. However, the average forces have been found to have a large overlap with the 

BMDs. The relationships obtained from the cervical axis and the inferior sections, shown in 

figure 9. 12, have been found to be positive although there are some variations in the slope 

between the anterior, lateral-medial and posterior zones. The use of bone cross-sectional 

thickness to obtain BMD in g/cm3
, shown in figure 9.7, has been found to produce an 

improvement in the correlation coefficient of the relationships. This can be seen in figure 9.13. 

It has been shown in figure 9.12 that a certain correlation exists only from the regions of the 

femoral neck to the femoral head in the lower half of the proximal femur. However, the ratio 

between the highest and the lowest values ofBMD (figure 9.6)is much lower than that of the 
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highest and lowest average drilling forces (figure 9.10). This may be the main factor behind 

such a large overlap between the BMD and the average force in the correlation. 
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Fig.9.12 Correlation between average drilling forces and BMDs in g/cm2 at the cervical axis 
and the inferior sections in the regions of the femoral neck and the femoral head 

The extremely low average drilling forces between regions of the inter-trochanter and the 

subcapital femoral neck have been shown to correspond to a minimum level of BMDs of the 

bone. This would possibly mean that the cortical shell at these regions accounts for the majority 

of the BMD measurements. Meanwhile, the maximum average forces around the region of the 

femoral head correspond to the maximum BMDs. In the inter-trochanteric region, the thickness 

of the bone has a significant effect on the BMD, and as a result, the BMD does not indicate the 

actual strength of the cancellous bone within. 

Although the drilling forces and the BMDs have been shown to be relatively low (approaching 

zero) in the femoral neck region, the importance of the cancellous bone with the bone marrow 

cannot be overlooked. Martens et al. (1983) conducted an experiment to evaluate the 

contribution of cancellous bone to the overall strength of the proximal femur. By removing 
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cancellous bone at the centre of the inter-trochanteric, femoral neck and femoral head regions, it 

was found that the strength of the proximal femur reduced to approximately half the original 

strength. 
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Fig. 9.13 Correlation between average drilling forces and BMDs in g!cm3 at the cervical axis 
and the inferior sections in the regions of the femoral neck and the femoral head 

The effects of trabecular orientation in the femoral neck region have been briefly examined by a 

separate drilling experiment in the direction perpendicular to the cervical axis, as shown in 

figure 9.14. Figure 9.15 shows the average drilling forces in the lateral-medial zone within the 

ROIs, also indicated by numbers in figure 9.14, corresponding to figure 7.10a. Based on the 

results presented, there has been little evidence ofthe effects of the trabecular orientation on the 

average drilling force. The notable difference is in the average forces at the inferior section, 

which have been found to be relatively low. 
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Fig.9.14 Drilling trajectories in the direction perpendicular to the cervical axis of a porcine 
proximal femur 
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9.3 Discussion 

There have been very few investigations related to drilling of the proximal femur. The changes 

in the drilling forces, indicated by the present investigation and by Chagneau and Levasseur 

(1992), have been shown to provide a form of quantification of the bone strength. Drilling 

forces presented by Shuaib and Hillery (1995) have shown a vast difference between the cortical 

and cancellous bone. This is not the case in this present investigation and the results presented 

by Karalis and Galanos (1982). The main reason for the vast difference could be explained by 

the different drill bits used and the specimens of femoral head obtained from patients 

undergoing hip arthroplasty (Shuaib & Hillery, 1995), which could have an adverse effect on the 

cancellous bone strength. 

The investigation reported in this thesis has found that the strength of the cortical bone (femoral 

shaft) indicated by the drilling force cannot be applied to the strength estimation of the 

cancellous bone (proximal femur) and vice-versa for a corresponding BMD, as shown in figure 

9.5. This is due to the extremely large difference in the level of correlation between the average 

force and the BMD between the two types of bone. Therefore, cortical bone cannot be 

considered as dense cancellous bone; this was also stated by Rice et al. (1988). The results 

reinforce the findings of Rice et al. (1988) and Keller (1994) related to the prediction of 

mechanical properties (compressive strength and modulus of elasticity) between cancellous and 

cortical bones for a corresponding apparent density. 

The relationship in the direction of AP between the BMD and the average drilling force of the 

proximal femur has been found to be positive with a good coefficient of correlation. This is 

comparable to the osteopenetration results presented by Bentzen et al. (1987) and Petersen et 

al. (1996) on human proximal tibiae. However, bone drilling has several advantages over the 

use of osteopenetrometer introduced by Hvid et al. (1984). Bone drilling is extensively used in 

orthopaedic surgery, while osteopenetration is not part of standard surgical procedures. 

Through automation, the evaluation of bone strength can be carried out with bone drilling. The 

forces involved in bone drilling are far lower than the penetration forces for the same feed rate. 

As a result, the drilling equipment will be easier to set-up and handle. The start of drilling will 

be easier than direct penetration of a needle which would involve extremely high forces in order 
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to overcome the outer layer of cortical bone. Furthermore, the friction involved in drilling has 

been shown to be minimal. 

The evaluation of bone strength is not confined only to the femoral neck, the Ward's triangle 

(figure 4.7) and the femoral head. The results from this investigation show that it is possible to 

predict the strength of the proximal femur from the strength of the greater trochanter. This is 

indicated in figure 9.1, where the correlation between average drilling forces and BMDs at the 

greater trochanter is similar to the correlation at the femoral head. A similar relationship 

(linear) was found by Leichter et al. (1988) between the BMD measurement of the greater 

trochanter and the average shear stress at failure (obtained from mechanical testing) of the 

femoral neck. Therefore, a possible relationship may be present between bone drilling and 

mechanical testing for the estimation of bone strength. Also, BMD, as shown in figure 9.1, has 

been found to account for approximately 70-80 % of the average drilling force, which is within 

the range of bone strength reported in many studies (Wahner & Fogelman, 1995; Petersen et 

al., 1996). 

A good correlation in the direction of the cervical axis, as shown in figure 9.12, has been found 

only in the regions of the femoral neck and the femoral head. Improved correlation has been 

shown when bone thickness, which is related to the changes in the cross-sectional geometry 

(figure 9.7), is included. Therefore, some of the poor relationships between mechanical 

properties and BMDs, presented by Cody et al. (1996), may be partially due to the omission of 

bone thickness, and also due to the inclusion of some locations of ROls near the edges of the 

femoral head region. At the edges ofthe femoral head, the BMDs obtained are relatively low in 

magnitude, as shown in figure 9.6. 

In addition, the correlation may have been further affected by the direction of drilling in the 

present study or the direction ofloading in the case of mechanical properties (Cody et al. 1996). 

Bone densitometry can only provide BMD measurement of the proximal femur in the AP 

direction. Therefore, the direction of drilling or loading orthogonal to this AP direction affects 

the correlation as there is a significant variation in the strength across the proximal femur in the 

AP direction (figure 9.3). A comparison between the correlation in the direction of the AP 

(figure 9.1) and the cervical axis (figure 9.12) show a large difference in the slope of 
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correlation. The slope of correlation in the cervical axis direction is steeper than the AP slope, 

which indicates that a different correlation is obtained. 

This investigation indicates that bone drilling can be used for the evaluation of the strength of 

bone. Unlike mechanical compression tests, the physiologic boundary conditions of the 

proximal femur are maintained to a certain extent during drilling experiments. The profiles of 

drilling forces obtained also show that bone drilling provides better spatial resolution than both 

the densitometric measurements and the mechanical tests. However, a number of limitations of 

this investigation have been identified. 

(i) The number of samples used in the correlation is relatively small. 

(ii) The specimes are limited to porcine bones of the same age. Using porcine bones of the 

same age, however, may help to eliminate the age variable in the correlation. 

(iii) Matching the ROIs of the average drilling force and of the BMD is difficult, and the 

correlation could have been adversely affected as a result of matching errors. 

(iv) The effects of drill bit clogging and blood flow may have influenced the drilling forces. 

(v) The method of clamping in this investigation may have also affected the drilling forces. 

In spite of the limitations of this study, a positive trend for the evaluation of bone strength has 

been found between the BMD and the average drilling force. 

In summary, it has been shown that force data from bone drilling can be used to indicate the 

strength of bone. In this preliminary investigation, a linear relationship has been found to exist 

between the drilling forces and the BMD measurements. However, in order to develop bone 

drilling as a diagnostic method for bone strength evaluation, further investigations involving 

direct mechanical tests on bone materials are required to establish strength relationships 

between bone drilling forces and bone strength. Bone drilling forces are also functions of drill 

bit shape, diameter, feed rate and drill bit rotational speed. Therefore, generalised relationships 

for bone drilling may be needed to cover the different drill bit shapes, diameters and drilling 

conditions. 
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CHAPTER 10 

CONCLUSIONS 

The conclusions, which have been drawn from the work, the analysis of the results and the 

discussions are presented in this chapter. 

10.1 Contributiou of the Research 

This research has demonstrated the significant contribution of automationlmechatronics 

technology to orthopaedic surgery, in two key areas, associated with the drilling of bone. The 

two key areas of contribution have been identified as the enhancement of safety and the 

evaluation of bone strength based on the characteristics of bone drilling of the femoral shaft and 

the proximal femur respectively. The enhancement of safety refers to the imminent detection, 

and thus avoidance, of drill bit break-through. The use of a modified Kalman filter to produce a 

reliable and repeatable trend has significantly reduced the problems associated with drill bit 

break -through, especially, in the presence of system compliance and inherent fluctuation of 

drilling force. The presence of a trend enables this method to be implemented easily, safely and 

in real time into automated drilling systems. 

In the evaluation of bone strength related to cancellous bone, the average drilling force has been 

found to have a positive relationship with the bone mineral density (BMD). This relationship is 

found to depend on the drilling direction. The correlation of BMD to the average drilling force 

in the anterior-posterior (AP) direction, which has a high coefficient of correlation, is not 

interchangeable with the direction of the cervical axis. The contribution of this research is aided 

by the development of a novel drilling experimental rig which enables bone drilling tests to be 

carried out in a controlled enviromnent at both the femoral shaft and the proximal femur sites. 
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10.2 Conclusions from the Research 

Based on the experimental results and the discussions, the following conclusions are drawn: 

(i) The system compliance, which results in a reduced rate of penetration, has a significant 

effect on the profiles of drilling force. This is indicated by the false perception of the 

thickness of the cortical walls and the medullary cavity of the femoral shaft. At break

through, the spring-back action due to the system compliance can cause excessive 

protrusion of the drill bit. 

(ii) The force difference between successive samples (FDSS), which detects sharp changes in 

the force profile, is greatly affected by the inherent drilling force fluctuation caused 

generally by the variation of the bone structural density. This results, therefore, in false 

break-through indication. The change of drill bit rotational speed is also generally 

detectable during break-through, but the fluctuation in the measurements of rotational 

speed is higher than the drilling force measurements. 

(iii) Using a modified Kalman filter on the FDSS and the rotational speed, a robust and a more 

consistent trend is established by ironing out the fluctuations of the FDSS and the drill bit 

rotational speed. The trends created by the modified Kalman filter are safe and simple to 

apply to the detection of drill bit break-through. Early detection of break-through can 

also be achieved with the modified Kalman filter. However, the use of the modified 

Kalman filter on the rotational speed (K-Speed) is not reliable at low speeds. The use of 

only Kalman filtered FDSS (K-FDSS) has been shown to be adequate for a reliable 

detection of imminent break-through. 

(iv) In the direction of the AP, the relationship ofthe cancellous bone at the greater trochanter 

and the femoral head between the BMD and the average drilling force is linear with a high 

coefficient of correlation. The strength of the cancellous bone derived from drilling forces 

cannot be applied to the strength estimation of the cortical bone or vice-versa for a given 

BMD due to the huge difference in the level of correlation. 
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(v) The profiles of the BMD and the average drilling force in the direction of the cervical axis 

(orthogonal to the AP direction) is evidently different, especially in the superior section to 

the cervical axis and the inter-trochanteric region. Positive linear relationship between the 

BMD and the average drilling force along the cervical axis is found only in the region of 

the femoral neck and the femoral head. The use of bone thickness on the BMD 

corresponding to the region of interest (ROI) improves the linear correlation with the 

average force. 

(vi) The correlation of the BMD and the average drilling force depends on the direction of 

drilling. The slope of correlation differ significantly between the direction of the AP and 

the cervical axis. 

(vii) The implementation of automationlmechatronics technology into the drilling of bone 

enables information regarding the drilling characteristics to be made available for the 

enhancement of safety and the evaluation of bone strength. 
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CHAPTER 11 

RECOMMENDATIONS FOR FUTURE WORK 

The recommendations for future work in relation to the application of automated/mechatronic 

bone drilling for the enhancement of safety and the evaluation of bone strength are presented in 

this chapter. 

11.1 The Enhancement of Safety 

The magnitude of maximum Kalman filtered force difference between successive samples (K

FDSS) can be used to indicate levels of system compliance (Le. compliant, medium or stiff). 

High value ofK-FDSS indicates a stiff system, while a low value represents a compliant system. 

With this information, the detection method of drill bit break-through can be improved by 

developing an algorithm to provide a controlled penetration especially in highly compliant 

system. 

The use of the modified Kalman filter for improving the detection of drill bit break-through 

requires further experiments at different system compliances. Further analysis of the K-FDSS 

data in conjunction with force data may result in possible estimation of the system compliance. 

This would enable an even earlier detection ofimminent drill bit break-through. 

Laboratory trials using the Kalman filter technique in an operating environment would need to 

be conducted. This will help to evaluate the effectiveness of the technique and provide some 

relevant specifications for the development of a new drilling unit. 

Finally, a new mechatronic drilling system for orthopaedic surgery can be developed in 

conjunction with a control algorithm with the ability to detect imminent drill bit break-through 

and to provide a controlled penetration. 
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11.2 The Evaluation of Bone Strength 

The number of samples used in this investigation is relatively small, and as a result, rogue data 

can have a significant effect on the correlation. In order to verify the relationship between 

BMD and average drilling force, a lot more experimental measurements are needed. 

The present investigation has used porcine femurs to show the correlation between BMD and 

average drilling force. However, the characteristics of BMD and drilling force may be different 

in the human femurs. Therefore, sufficient number of experiments need to be conducted on 

human femurs in order to establish the relevant relationships. In addition, the experimental rig 

may have to be modified to cater for human femurs. 

The correlation between BMD and average drilling force of cortical bone from the femoral shaft 

can be improved by conducting experiments on porcine bones of different age and/or on bones 

of different species. 

The size of the ROI, which depends on the pixel size of the BMD scanner type, may be further 

reduced possibly to give a more accurate representation of the BMD profile. This may result in 

increased matching errors and the solution to this may be to use a template based on the AP x

ray image taken after the drilling experiments for each bone. 

The effects of trabecular orientation on the drilling forces need to be further investigated since 

bone strength at the proximal femur depends, partly, on the structural integrity of the cancellous 

bone. This can help to establish a link between the AP direction and the cervical axis direction 

since the correlation ofBMD with average drilling force depends on the direction of drilling. 

Consideration has to be given to the problem of drill bit clogging due to the large drilling depth. 

This is to ensure that possible correlations are not adversely affected by the drill bit clogging. In 

addition, the flow of blood in the proximal femur during drilling may have an effect on the 

drilling forces. 
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With the introduction of bone drilling, a triangular relationship consisting of the drilling 

strength, the BMD and the mechanical strength can be established for the improvement of the 

evaluation of bone strength. The determination of the mechanical strength can either be in the 

form of a compression test on the cancellous bone of the proximal femur or in the form of a 

non-failure bending test on the proximal femur. The compression test provides the strength in 

terms of ultimate strength and modulus of elasticity, while the non-failure bending test, which 

emulates the anatomical loading of the pelvis, indicates strength by the amount of deformation 

or displacement for a given load. 

The possible outcome from the triangular relationship is the derivation of a bone strength index 

or number based on the analysis of drilling data. This index could represent the strength in 

terms of density and the trabecular orientation specific to the location within the bone. The 

development of such a method could be applicable to cancellous bone at other sites of the body 

beside the proximal femur. 

Finally, a new mechatronic drilling system can be developed as an in vivo diagnostic tool for the 

evaluation of bone strength and the identification of diseased bones based on the strength index. 

The aim is to assist orthopaedic surgeons in the decision making related to the treatment of a 

fracture and the management of post-operative treatment, as well as to evaluate the success rate 

of the surgical procedure or treatment. It must be noted that the mechatronic device for the 

evaluation of bone strength can be designed such that it may also be utilised for imminent. 

detection and avoidance of drill bit break-through. 
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Appendix I 

Exemplar of Orthopaedic Surgical Procedures for Femoral Fracture Fixation 

The aim of this appendix is to provide a general description of fractures and fracture treatment 

related to the femur. An outline of two particular femoral fracture treatment procedures and the 

difficulties involved are also presented. 

ALl Fractures of the Femur 

Fractures of the femur or any long bones are classified into three sections: (i) the proximal 

which is the upper end of the femur, (ii) the shaft ( diaphysis), and (iii) the distal which is the 

lower end of the femur. Typical features of these sites are shown in figure A3.1 of Appendix 3. 

These fractures are further categorised into three types, A, B and C shown in figure AI.l, 

according to the location of the fracture at a particular bone section or segment (MUller et ai., 

1991). The types offracture, (i) at the proximal femur are (A) trochanteric, (B) neck and (C) 

head, (ii) at the shaft are (A) simple, (B) wedge and (C) complex, and (iii) at the distal femur are 

(A) extra-articular, (B) partial articular and (C) complete articular. 

Each type of fracture is then divided into tbree groups, which gives a total of 9 groups shown in 

figure ALl, to represent the fracture characteristics (Muller et al., 1991). For example, type A 

is classified as AI, A2 and A3 groups; type B is classified as B I, B2 and B3 groups; and type C 

is classified as Cl, C2 and C3 groups. Finally these groups are put into three sub-groups, 

indicated by .1, .2 and .3, according to the three characteristic variations within the group. 

Thus, there are 27 sub-groups for each bone segment. The scale of severity of the fracture is 

arranged in an ascending order according to morphologic complexities of the fracture, and 

difficulties inherent in the prognosis and treatment. For example, Al indicates the simplest 

fracture with the best prognosis and C3 indicates the most difficult fracture with the worst 

prognosis. A comprehensive classification of fractures of long bones can be found in the 

'Manual ofIntemal Fixation' by Muller et al. (1991). 

150 



SUB-GROUP 

GROUP SCALE OF SEVERITY 

Al .2 ~
.l 

,.;?7 -...,.. 3 
TYPE/ _. ....-"":1 

A >~.2 
~~.3 

~
.l 

A3 .2 
-""".3 

~
.l 

BI .2 
A -"""3 

Bone / _ ~:l 
segment----->~B~ ~:i 

~
.l 

B3 .2 
-""".3 

~
.l 

Cl .2 
-...,.. 3 

/!~:l 
C > C2 .2 
~ -""".3 

~
.l 

C3 .2 
-""".3 

Fig. AI.I Classification offractures oflong bones (Muller et al., 1991) 

Fractures of the proximal and the shaft of the femur, as shown in figure AI.2, have been 

selected to demonstrate the potential of a robotic system in orthopaedic surgery assistance 

(Bouazza-Marouf et al., 1995). The proximal femur or hip fractures are often referred to as 

fractures of the neck and the trochanter (figure AI.2a). These fractures, which lead directly to 

mobility impairment, are commonly associated with the elderly suffering from osteoporosis 

(Wallace, 1983; Schultz, 1992; Compston et al., 1995). Osteoporosis is a metabolic disease 

characterised by a reduction in bone strength in terms of bone density and bone quality. The 

reduced bone strength, therefore, increases the risk of fracture in the event of a fall. Fractures 

of the femoral shaft are normally associated with accidents and sports related injuries as a result 

of a high impact force to the bone. 
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Fig. A1.2 Fracture fixation of the femur (Bouazza-Marouf et aI., 1995) 

Al.2 Internal Fixation of Proximal Femur Fractures 

The fracture of the proximal femur is normally treated with internal fixation using the 

compression screw and plate arrangement shown in figure A1.2a. This fixation procedure 

begins with the patient being placed in a supine position on the fracture table. Then, an 

anatomic reduction of the fracture, using fluoroscopic images from a mobile x-ray (C-arm) unit, 
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is performed by applying traction, abduction and rotation through the fracture table. Before 

making an incision on the affected site, appropriate draping is carried out to ensure sterility of 

the operative area. The incision has to give adequate exposure of the bone to permit the 

placement of the plate. A guide wire is then partially inserted into the bone manually using an 

angle guide. Two x-ray images, posterior-anterior (P A) and lateral views, are taken to ascertain 

the position and the orientation of the guide wire. If the optimum placement of the guide wire 

is not achieved, the process of inserting the guide wire is repeated. When the optimum 

placement is obtained, the guide wire is driven to a depth just before breaking through the 

femoral head. The guide wire is left in position to act as a guide for the subsequent enlarging 

and reaming of the hole, and insertion of the screw. The hole is enlarged and reamed using a 

triple reamer (drill bit) and the cannulated compression screw is inserted to the correct depth as 

indicated by the guide wire. Both the reamer and the screw have a hollow internal (central) 

canal to allow them to be slid along the guide wire. The position of the screw is 

fluoroscopically checked before the barrelled plate is placed over the screw. The plate is then 

secured to the cortical bone by means of screws along the femoral shaft. Finally, the guide wire 

is removed and the traction is released. 

The main difficulty related to this internal fixation procedure is obtaining the optimal orientation 

of the guide wire placement. Incorrect placement of the guide wire leads to less than optimum 

position of the compression screw and as a result, failure of the fixation in the form of screw 

cut-out of the femoral head may occur when load is applied. Therefore, multiple attempts in the 

guide wire insertion may be required to obtain the optimum placement. Because this guide wire 

insertion is blind in nature, surgeons have to rely heavily on fluoroscopic guidance and visualise 

a three-dimensional object using two orthogonal x-ray images (PA and lateral). The advantages 

of fluoroscopic guidance are gained at the expense of increased radiation exposure especially on 

the surgeon's hand. The hazard of radiation exposure is more pronounced among surgically 

inexperienced surgeons due to the long learning curve (Coetzee, 1992). Although the radiation 

from the C-arm is relatively low, radiation exposure is a cumulative process, and as a 

consequence, there is no safe dose. 

The proposed method of measuring and analysing the drilling force is intended to assist the 

surgeon by providing additional information regarding the strength of the bone along the drilling 

trajectory. This information can be used to select appropriate treatment of internal fixation and 
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to suggest the need for more protective post-operative treatment (Smith et al., 1992), as well as 

to assess the success rate associated with internal fixation. 

A1.3 Internal Fixation of Femoral Shaft Fractures 

The treatment of femoral shaft fractures is often associated with closed intramedullary nailing, 

as shown in figure A1.2b. Intramedullary nails are long hollow metal tubes which are inserted 

from the proximal end of a long bone into the medullary cavity. This method of internal fixation 

provides the best fracture stabilisation and does not require a secondary procedure as compared 

to plaster-casting and external fixation (Bucholz & Browner, 1990). Furthermore, a decreased 

length of hospitalisation has also been noted in the intramedullary nailing when compared to 

traction and plaster-casting methods. Because of the complexity in the types of shaft fractures, 

pre-operative planning and intra-operative planning play an important role towards the success 

of intramedullary nailing. 

The patient is placed either in supine or lateral position on the fracture table and a closed 

reduction is performed with the help of a C-arm. After draping the affected site, an incision is 

made for adequate exposure of the proximal femur's greater trochanter. A hole is made in line 

with the longitudinal shaft axis and a centering pin is inserted into the medullary canal. The 

centering pin acts a guide for the cannulated cutter to open the medullary canal. The centering 

pin and the cutter are then removed. Assuming that the alignment of bone fragments is 

maintained, a reaming rod with an offset or a curved ball tip is inserted, as far as possible, to the 

distal end of the femur under fluoroscopic guidance on both P A and lateral planes. If minor 

residual displacement of the fracture is present, the offset ball tip reaming rod can facilitate 

realignment. Otherwise, a smaller intramedullary nail is inserted to act as a lever for the 

realignment of major fracture fragments in order to facilitate the insertion of the reaming rod. 

Further reaming is carried out using a flexible cannulated reamer through the reaming rod, 

which acts as a guide, until a desired diameter is obtained. The reaming rod is replaced by a 

guide rod when the reaming process is completed. A nail of the appropriate diameter and length 

is then selected and inserted, as far as possible, into the medullary canal. Using a ram or a 

mallet, the nail is driven into the medullary canal to a correct depth in controlled strikes. 
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After the laborious process of inserting the nail, the next stage is to insert interlocking screws to 

prevent rotation of the femur's proximal and distal fragments. Inserting the proximal 

interlocking screw is relatively easy and this is achieved by using a mechanical targeting device. 

However, the insertion of distal interlocking screws is much more complicated due to the 

bending and torsional deformation ofthe nail during insertion. Thus, it is practically impossible 

for mechanical targeting devices to locate the distal holes which are hidden behind the cortical 

wall of the femoral shaft. The difficulty in locating these distal holes can be overcome by using 

hand-held aiming devices or the free-hand aiming method in conjunction with fluoroscopic 

guidance. This procedure ofiocating the distal holes is very skill demanding and exposure to x

ray radiation on the surgeon's hand is inevitable. Therefore, the hazard of radiation exposure is 

more pronounced among surgically inexperienced surgeons due to the long learning curve 

(Coetzee, 1992). 

The proposed method of safety enhancement is aimed at assisting the surgeon in preventing or 

minimising excessive protrusion or over-travel of drill bit during break-through so as to 

minimise tissue damage. The measurement and analysis of drilling forces can also give an 

indication of the material, in which the drill bit is penetrating. In the case of inserting distal 

interlocking screws, the material can either be cortical bone or metal (intramedullary nail). This 

can, therefore, further enhance the safety of the drilling procedure associated with robotic 

assisted orthopaedic surgery in addition to the drilling trajectory planned by the vision interface 

system. The robotic system with a vision interface system is described in Appendix 2. 
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Appendix 2 

Description of the Robotic System for Orthopaedic Surgery Assistance 

The general description of the prototype robotic system for orthopaedic surgery assistance, 

which is outlined in Section 2.2.2, is presented in this appendix. 

A2.! Prototype Robot Manipulator and Controller 

The design of the prototype manipulator, shown in figure A2.1, is to meet both the safety and 

the sterility requirements, as well as the physical size limitation imposed by the operating 

procedure. The manipulator has of four degrees of freedom (DOF) for the positioning of a drill 

feed unit (Bouazza-Marouf et al., 1995). There are two cartesian (linear) joints and two 

rotational joints for the four DOFs. The linear motions are horizontal (joint 1) and vertical 

(joint 2), while the rotational motions are pan (joint 3, rotation about the vertical axis) and tilt 

(joint 4, rotation about the horizontal axis). The drill feed unit (joint 5) is a linear joint. All the 

joints are driven by stepper motors through two different mechanisms. The drill feed, 

horizontal, tilt and vertical motions are driven through backlash-free balls crews, while the pan 

motion is driven through a backlash-free Harmonic Drive gearbox. Interfacing of the motor 

drivers to a personal computer (PC) is achieved through a digital I/O board, which enables the 

manipulator to be controlled by the PC. At present, the software program for controlling the 

robot manipulator is written in Borland C++ V4.0 programming language. 

Apart from the drill feed joint, all other joints are locked in position through the application of 

brakes. The systems used on the horizontal, tilt and vertical joints are commercially available 

fail-safe electromagnetic brakes which operate to stop the ballscrews from rotating, when the 

electrical power is switched off. The size of these brakes depends on the lead or pitch of the 

ballscrew. Almost all commercial electromagnetic and mechanical brakes or clutches have 

inherent backlash due to the clearances between/at the rotating and sliding components. 

However, backlash in the electromagnetic brakes is reduced to a minimum using shims of 
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appropriate thickness. Backlash in the brake could have a detrimental effect on the accuracy 

and precision of the whole system. 

Fig. A2.! Prototype robot manipulator 

Although, backlash-free brakes and clutches are commercially available at a very high cost, they 

are not suitable for the particular construction of the pan joint. A problem exists in the pan joint 

as a result of the long extension of the drill feed unit from the pan rotating axis and the expected 

high drilling forces. The brake for the pan joint has, therefore, been specially designed to meet 

the braking requirements of high torque and to be free of backlash. The assembly drawing of 

the pan and brake unit can be found in Appendix 8.1. In addition to the backlash-free feature, 

the pan brake utilises a toggle mechanism activated by a pneumatic cylinder to obtain a high 

braking torque. This toggle mechanism also provides a safety feature which ensures that the 

brake, once activated, remains in force even when the power (electrical or pneumatic) is cut-off. 
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The positional feedback for all the joints is obtained from angular and linear potentiometers. 

These analogue measurements are filtered using fourth-order analogue Butterworth filters in 

order to reduce/eliminate noise and avoid a1iasing before being interfaced to a PC through a 

commercial analogue to digital converter (ADC). Two levels of safety limits are implemented in 

the robotic system for protection against mechanical overdrive. The initial level, enforced by 

software limits as a front line protection, enables the motion of the system to be halted prior to 

the hardware level of limit switches being activated, which would then require the resetting of 

the system. 

Finally, an end effector, which is mounted on the carriage of the feed motion, is required to 

enable the robotic system to perform drilling. The assembly drawing of the end effector, which 

consists of a drill holder, a drill feed unit and a force sensor, can be found in Appendix 8.2. 

Measurement of drilling thrust force by the force sensor is obtained from strain gauges attached 

to a cantilever plate. The drill holder provides a mounting for an air drill. This has a drill bit 

guide to prevent deflection caused by slippery and uneven bone surfaces, hence maintaining the 

desired drilling trajectory. Further description of the end effector is given in Section 7.1. L Due 

to sterility issues, the drill holder was specially designed to withstand sterilisation by steam 

(autoclavingl) using suitable materials for both standard and manufactured components. It was 

also designed to be easily located and clamped onto the drill feed unit without the loss of 

positional accuracy, even with a sterilised drape over the drill feed unit. Although the use of air 

drills complies with current practice in orthopaedic surgery, industrial air drills, ARO Series 20, 

were used for experimental purposes instead of the autoclavable surgical air drills. 

Although the robot manipulator can move to any line in space within the working envelope, the 

drilling trajectory would not be known without the information of the fractured bone location. 

This information can only be obtained from an integrated vision system. 

I Autoclaving, which is easily available and relatively inexpensive, is an effective method of killing all types of 
micro-organisms (Gardner & Peel, 1979). 
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A2.2 Vision Interface System 

In order to obtain the position of an object, such as a bone, or a line in three-dimensional space 

with respect to the manipulator, a vision interface system is integrated with a mobile x-ray unit 

and a calibration frame (Bouazza-Marouf et al., 1995). This vision interface is a digital image 

processing system (DIPS) that consists of a frame grabber, a display monitor and supporting 

image processing software. The vision system performs four main tasks, namely to digitise and 

store the video signal transmitted from the x-ray unit image intensifier/television system, to 

correct for image distortion, to perform drilling trajectory planning and to provide a surgeon 

interface. In addition, the position feedback from the drill feed enables the progress/position of 

the drill bit to be continuously monitored and displayed without further use of fluoroscopy. 

The digitised image suffers a form of spatial distortion known as 'pincushion distortion', which 

is caused by mapping a projected x-ray image from a curved surface on to a flat output. 

Therefore, measurements can only be made after correction of the distorted images has been 

performed. Image correction is achieved through a calibration frame which has plates of 

perspex with radio-opaque reference markers, such as ball bearings, in rectilinear grid pattern. 

The mechanical design of a particular type of calibration frame is given in Appendix 8.3. Since 

the spacing between markers are known, the image distortion can be corrected by image 

processing software to produce actual coordinate measurements. With the calibration frame, 

which is easily detachable, being connected to the manipulator, the coordinate measurements 

from the vision system can be transformed into coordinate measurements with respect to the 

base of the manipulator. Subsequently, the location of the bone or the drilling trajectory is 

downloaded to the controller and converted into joint commands for the robot manipulator. 

A2.3 Procedure of Robotic Assisted Orthopaedic Surgery 

The accuracy and repeatability of the robot manipulator combined with the visual information 

extracted from x-ray images by the vision system reflect the great potential robotic systems have 

in the field of surgery assistance. However, the benefits of a robotic system could mean certain 

changes in the conventional surgical procedures to accommodate new equipment and to adopt 

new operating procedures. 
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A general procedure of using the robotic system for one particular type of orthopaedic surgical 

procedure, the repair of hip fractures, is as follows: 

(i) After positioning the patient on the orthopaedic traction table, the surgeon proceeds to 

fracture reduction by applying traction. 

(ii) The manipulator is positioned as close to the fracture site as possible so that the fractured 

bone is in full view within the calibration frame. 

(iii) After the x-ray unit is in position, two near orthogonal fluoroscopic images are acquired 

and stored by the frame grabber. 

(iv) Calibrations are carried out to correct image distortion and ascertain the coordinate 

measurements of the bone in three dimension. 

(v) An incision is made on the patient, after the calibration frame has been removed, and the 

fracture site is adequately exposed using a retractor. It should be ensured that the 

manipulator is not being displaced. 

(vi) Subsequently, the surgeon indicates the desired path of the guide wire on two images, the 

P A and lateral, that are displayed one at a time. 

(vii) The indicated path of the guide wire is displayed for the surgeon to check and confirm. 

(viii) The desired trajectory computed by the vision system is converted into joint commands 

for the manipulator which is then driven to the required drilling position and locked in 

position, leaving the drill feed free to traverse forward. 

(ix) The surgeon initiates the drilling procedure. 

(x) Before proceeding further with the drilling, the surgeon checks and confirms the drilling 

trajectory by taking another pair of fluoroscopic images. 
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Appendix 3 

Bone 

The objective of this appendix is to provide background to the science of bone structure, 

properties and function in support of this research. A general description of the functions and 

chemical composition of the bone is given. The active mechanism of bone regeneration, which 

is governed by three types of bone cell, is discussed. The bone structure is also described in 

terms of macro and micro levels in this appendix. As orthopaedic surgery is normally associated 

with fracture of bone, a brief description of the fracture stabilisation and healing of bone is 

provided. Finally, the physical properties of bone are discussed with respect to bone disorders 

and, in particular, its mechanical properties. 

A3.1 The Functions of Bone 

Bone is a highly vascular, dynamic and living composite material of organic and inorganic 

(mineral) components with minute liquid filled pores. Because bones are the main structural 

elements of the body, hard inorganic and resilient organic components are intimately blended in 

the bone tissue to provide almost equal resistance to both tension and compression. At gross 

level, the ability of bones to resist mechanical forces is a function of the mechanical properties 

and architecture of bones. As a result, bone offers remarkable hardness, resilience and strength. 

The functions of the bone can be categorised into mechanical and physiological. Mechanically, 

bones form a supporting framework to transmit forces for physical activity and for the 

protection of internal organs. As a supporting framework, bones require adequate anatomic 

shape and stiffness according to the anatomic location and loading conditions as bones are 

subjected to forces exerted not just by the physical activity but also by the muscle and the body. 

In addition, bones, acting as lever systems, provide attachments for ligaments and tendons. 

The physiological functions of bone involve the formation of blood cells (hematopoiesis) and 

storage of salts or calcium (mineral homeostasis) to provide a mineral reservoir for the body. 
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The process of hematopoiesis takes place in the red marrow which is largely found in the pores 

of cancellous bone. 

A3.2 The Chemical Composition of Bone 

Bone consists of organic and inorganic components. The composition, properties and 

distribution of these two components have a significant effect on the mechanical properties of 

bone. In mature bone, the organic component makes up 30-40% and the mineral component 

forms 60-70% of the dry weight of the bone, and water constitutes 20% of the total weight 

(Williams & Warwick, 1980). The organic component contains approximately 95% collagen (a 

protein material) fibres which provides some resilience (flexibility) and toughness to bone. 

While the remaining organic component consists of various bone proteins. 

The inorganic component, which is deposited on the organic (collagen) matrix, consists of 

calcium and phosphate salts in the form of hydroxyapatite to give the bone its strength, hardness 

and some rigidity. It also provides a mineral reservoir for the body where approximately 95% 

of the body mineral is stored. Mineral salts in the serum (blood plasma) are essential for a 

number of body functions and therefore, regulating mineral balance in serum always comes first 

before the mineral requirement of bone. This is carried out by withdrawing the mineral 

component from the bones. 

A3.3 Bone Cells 

Bone has a remarkable capacity for regeneration due to the continuous process of bone removal 

(resorption), formation and maintenance in a phenomenon known as bone remodelling (Mundy, 

1995; Nigg & Herzog, 1995). This dynamic process of bone remodelling is governed by three 

types of major bone cells: osteoc1asts, osteoblasts and osteocytes. Osteoc1asts are cells that are 

responsible for the resorption of bone by releasing mineral (calcium) from the bone matrix into 

the serum. Meanwhile, osteoblasts, the bone forming cells, are responsible for the synthesis of 

collagen matrix and later the mineralisation of the newly formed bone matrix. The mature 

162 



mineralised bone matrix, known as osteocytes, is assumed to be responsible for maintaining 

bone tissue by controlling local mineralisation and mineral exchange between bone and serum. 

The process of bone remodelling either allows the bone to maintain its existing mass or results 

in a reduction of bone mass. The remodelling sequence is initiated by the activation of 

osteoclasts on a previously inactive bone surface. For a period of approximately two weeks, the 

continuous bone resorption activity produces a resorption cavity. It is then followed by a 

process of bone formation through osteoblasts to fill or repair the resorption cavity over a 

period of approximately three months. The relationship between processes of bone resorption 

and bone formation is, therefore, extremely critical in maintaining bone mass during bone 

remodelling. An increase in the bone resorption with respect to the bone formation would imply 

a loss in bone mass. 

A3.4 The Structural Composition of Bone 

The bones in the body can be classified according to shape, namely long, short, fiat, irregular 

and sesamoid (Williams & Warwick, 1980; Nigg & Herzog, 1994). The bone drilling 

investigation in this thesis concentrates on a long bone, for instance the femur (figure A3.I). In 

general, the bone consists of two basic structural components: the cortical (compact) bone and 

the cancellous (spongy and trabecular) bone. The human skeleton is represented by 

approximately 80% cortical bone and 20% cancellous bone (Hagiwara et al., 1994). Cortical 

bone is a solid and dense material, and is resistant to bending. This type of bone forms the wall 

of the shaft (diaphysis) and external surfaces of bones. Depending on the mechanical 

requirements, the thickness of the cortical bone varies between and within bones (Nigg & 

Herzog, 1995). For example, the shaft construction oflong bones is thinner but still maintains 

the same compressive stress throughout the length of the shaft (Piekarski, 1978). In addition, 

this type of construction increases the bending ability of the shaft. 

Cancellous bone, however, has an irregular structure of interconnecting plates and columns like 

a porous structure called trabeculae, as shown in figure A3 .2. This type of construction is quite 

suitable for absorbing energy and transmitting compressive stresses, as well as for reducing the 

weight of the bone. The spaces between the interconnecting trabeculae are filled with red 

163 



(hemopoietic) marrow. Cancellous bone is mainly found in the vertebrae, in the epiphysis 

(bulbous end) of long bones (for example, the proximal and distal ends of a femur shown in 

figure A3.1), and between two layers of cortical bone in the flat and short bones. In terms of 

mechanical properties, such as elasticity modulus and compressive strength, cancellous bone is 

inferior to cortical bone. Therefore, the construction of cancellous bone has to be thicker to 

absorb energy and to transmit compressive stresses, especially at the ends of long bones which 

support bearing surfaces of joints (piekarski, 1978). Cancellous bone also has a higher 

metabolic (turnover) rate due to its greater surface area as compared to cortical bone, rendering 

cancellous bone more responsive to changes in the mineral storage (Cooper, 1990). 
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Fig. A3.1 Bone structural distribution of a femur (long bone) 
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Fig. A3.2 Structure of cancellous bone (WiIliams & Warwick, 1980) 

A3.S The Microstructure of Bone 

The microstructure of bone can be classified into three types: woven bone, primary bone and 

secondary bone (Nigg & Herzog, 1995; WilIiams & Warwick, 1980). Woven bone is a non

lamellar bone, and the orientation of the collagen fibres in woven bone is irregular and hence 

has less bone density. The term 'lamellar' describes a pattern oflamination and often refers to 

the regular microstructure of mature or adult bone. Woven bone is related to the formation of 

bone during embryonic life and found in isolated patches in adults. However, woven bone is 

most commonly found during the healing process of a fractured bone, whereby it acts as a 

temporary source of mechanical strength and support for the development of mature (lamellar) 

bone. 

Both lamellar and non-lamellar bones are found in primary bone. Unlike woven bone, primary 

bone requires an existing hard tissue or cartilage model for bone formation. There are three 

main types of primary bone which are morphologically, mechanically and physiologically 

different. The first type is known as primary or circumferential lamellar bone, and it is found 

encircling the inner and outer surfaces of the bone. Since primary lamellar bone has a large 

surface area in close proximity to marrow and blood, functional requirement of blood cell 
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formation and mineral balance in serum takes precedence over mechanical requirement. 

Plexiform bone is the second type, but it is commonly found in bones of fast growing large 

animals, such as the cow, which demand rapid growth for mechanical strength. The plexiform 

bone also has a highly oriented microstructure. The third type called primary osteons, which are 

first formed, are non-lamellar parallel-fibred bone. Osteons are sets of thin plates of bony 

tissue, called lamellae, arranged in concentric rings around a vascular canal. Primary osteons 

are developed through sequential filling with mineralised collagen matrix and narrowing of 

vascular spaces of woven bone. At the same time, the collagen matrix becomes a more parallel

oriented structure and forms into concentric rings oflamellae with a central vascular canal. 

Secondary bone, which is lamellar bone, is a product of bone remodelling to replace existing 

bone tissue, which includes woven bone (when it exists) and primary bone, with new bone. This 

new bone tissue is known as secondary osteons or Haversian systems and is typically found in 

cortical bone. The main difference between primary and secondary osteons is the presence of 

cement (reversal) lines on secondary osteons due to bone remodelling. Cement lines, which 

demarcate the outer limits of each Harvesian system, indicate the limit of bone resorption and 

the start of bone formation during bone remodelling. Other differences include smaller vascular 

canals and fewer lamellae in primary osteons than secondary osteons. The microstructure of 

Haversian systems is shown in figure A3.3. Haversian systems are irregular cylindrical units 

that consist of concentric lamellae of bone tissue which surround a central Haversian canal 

containing minute blood vessels and a nerve. Small spaces called lacunae, which contain 

osteocytes, are distributed between these lamellae. Since osteocytes have a function of 

maintaining bone tissue, fine radiating channels called canaliculi connect lacunae with each other 

and with the Haversian canal to transport nutrients. The Haversian canals are linked with the 

periosteum, endosteum and each other via oblique and perpendicular perforating channels 

known as Volkmann's canals. Between the Haversian systems, there are angular intervals 

occupied by interstitial bone that comprises remnants of woven bone, primary osteons and older 

remodelled secondary osteons. All Haversian and most interstitial systems have a boundary of 

cement line to indicate the limit of bone resorption. 

Cortical bone consists of Haversian systems that are oriented parallel to the shaft oflong bones, 

while the trabeculae of cancellous bone are made up of fragmented superimposed lamellae with 

numerous intervening cement lines. Only certain large trabeculae contain small Haversian 
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systems. Nutrients for the trabeculae are provided by blood vessels in the red marrow filled 

cancellous bone and these blood vessels do not penetrate the trabeculae. 
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Volkmann's Canals 

Harversian Canal 

Concentric Lamellae 

Cancellous Bone 

Harversian Canal 

Fig. A3.3 Microstructure of bone 

A3.6 Fracture Stabilisation and Healing of Bone 

Canaliculi 

When a bone fractures, its functionality is lost. Means of reducing bone fragments to their 

anatomic position and stabilising the fracture have to be carried out in order to effect the 

process of bone healing. The aim of reducing the fracture is to provide for optimal recovery of 

function and to minimise malalignment, while fracture stabilisation maintains the position of 

the reduced bone fragments and offers a temporary support while the bone heals. Stabilisation 

can be achieved through traditional traction and plaster-casting, and either internal or external 

fixation of the fractured bone. 

Soon after a fracture, the surrounding periosteum is normally tom and the repair process begins 

with the coagulation of blood which flows from ruptured blood vessels into the fracture area to 

form hematoma. It is followed by rapid formation of callus or woven bone to bridge the 

fracture gap as well as to provide temporary strength and support. Gradually, the callus 
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undergoes the process of bone remodelling to produce lamellar bone. The outcome of this 

fracture healing process depends partly on the quality of the fracture reduction and stabilisation, 

and partly on the orientation ofloads applied. 

A3.7 The Physical Properties of Bone 

In the previous sections, bone is described in terms of anatomy and physiology. The physical 

importance of bone lies in the study of bone strength, and the effects of metabolic (nutritional) 

and hormonal (endocrine) disorders on the physical properties of bone. The determination of 

mechanical properties of bone can provide an indication on the extent of reduction in bone 

strength due to bone disorders. 

Effects of Metabolic and Hormonal Disorders on Bone 

Hormonal disorders greatly affect the development of bone where hypersecretion and 

hyposecretion of growth hormone can lead to gigantism and dwarfism respectively. Metabolic 

effects, however, have a significant impact on the mechanical properties of bone, and often lead 

to gross deformation of bone and increased risk of fracture as a result of reduction in bone 

strength. 

The most prominent metabolic disorder is osteoporosis which is characterised by a continuous 

loss or increased porosity of bone tissue, without affecting the organic and mineral content in 

the remaining bone, due to increased osteoclasts activity than normal during bone remodelling. 

An abnormally large resorption cavity is created by osteoclasts, but the filling of this cavity 

carried out by osteoblasts is incomplete. Although bone loss is age-related, osteoporosis 

accelerates the rate of bone loss which undermines the normal material and structural integrity 

of the bone. Therefore, osteoporosis is the main cause of increased bone fragility and risk of 

fracture among the elderly population. 

Another type of metabolic disorder related to the elderly population is called Paget's disease 

whereby the process of bone remodelling becomes excessive and abnormal (Mundy, 1995). 
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This increased activity of both osteoblasts and osteoclasts is irregular and results in different 

areas of bone formation and resorption. There is also another bone disorder called osteomalacia 

or softening of bone which is described by the failure of mineralisation during bone formation 

(Mundy, 1995). This is caused by the deficiency of Vitamin D which influences the intestinal 

absorption of calcium and phosphate. Prolong osteomalacia coupled with weight-bearing can 

lead to gross deformity of bone. 

Mechanical Properties of Bone 

The mechanical properties of bone are determined by methods applied to engineering materials 

which are homogeneous and isotropic. Since bone is a composite and anisotropic material, only 

some formulae are applicable (Evans, 1973; Jacobs et al., 1976). The literature on the 

mechanical properties of both cortical and cancellous bone has been well established. 

Mechanical properties of bone can be represented by modulus of elasticity, compressive 

strength, tensile strength and density. The elastic modulus of cortical bone is approximately 

10% of steel although this value varies according to the direction of loading due to anisotropy. 

The strength of cancellous bone is at least one order of magnitude smaller than cortical bone. In 

addition, bone storage, condition of the bone (either wet or dry), anatomical site, temperature 

and to some extent microscopic structure have a significant effect on the determination of 

mechanical properties. Therefore, large variation in the values of mechanical properties has 

been shown in the literature for both cortical and cancellous bones. Further discussion on the 

mechanical properties of cancellous bone is found in Chapter 4 Section 4.3 .1. 

In this investigation, the experimental tests were carried out on porcine femurs as pig bones 

share certain similarities in mechanical properties to human bones. The mechanical properties of 

human and porcine femoral cortical bones are shown in Table A3.l (Yamada, 1970). Other 

values of mechanical properties of human femoral cortical bone have been shown to vary 

between: 80-150 MN/m2 for tensile strength, 131-224 MN/m2 for compressive strength, and 5-

28 GN/m2 for tensile modulus of elasticity (Nigg & Herzog, 1995). 
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Unlike cortical bone, cancellous bone has an intricate architectural organisation to achieve 

physiologic optimisation for maintaining mechanical integrity with minimum mass. This 

architectural organisation of cancellous bone, coupled with variations in specimen geometry and 

testing conditions, causes a large variation in the mechanical properties determined by various 

researchers. The compressive elastic modulus for cancellous bone of the proximal femur varies 

from 20.68 MN/m2 to 2248 MN/m2, while compressive strength varies from 0.21 MN/m2 to 

16.2 MN/m2 (Martens et al., 1983; Goldstein, 1987). Such large variation in the mechanical 

properties creates difficulty in defining the strength of cancellous bone. Furthermore, the 

mechanical properties of cortical and cancellous bone are not interchangeable, and the 

extrapolation of strength and elastic modulus from the cancellous bone to predict those of the 

cortical bone or vice-versa have been consistently unsuccessful (Rice et al., 1988; Keller, 1994). 

Ultimate Torsional 48.95±1.l8 

Table A3.1 Mechanical properties of human and pig cortical bones (femur) 
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Appendix 4 

Modelling of DriIling Unit Bone Support System 

(with reference to Section 5.2) 

The drilling unit bone support system, shown in figure 5.1, can be represented by a spring mass 

model, as shown in figure A4.1, when damping is ignored. The equation of motion of the 

spring mass model is: 

m d
2 

yet) = F(t) _ ky(t) 
dt 2 

which upon Laplace transformation, with zero initial conditions, gives: 

ms2y(s) = F(s) - kY(s) 

Yes) 1 
F(s) = ms2+k 

k 
F_~ m F 

/ 

(a) (b) 

Fig. A4.1 (a) A spring mass model, (b) Free body diagram of the mass 

ky 

The spring mass model would, therefore, vibrate for infinite time (a continuous sinusoid of 

frequency = ,j(klm» in response to a disturbance. However, the friction in the bearings and the 

friction between the drill bit and bone during drilling provide a damping force to the model. 

Assuming viscous damping (and ignoring coulombic friction), the system can be modelled as 

shown in figure A4.2. The equation of motion of the spring mass damper model is: 

m d
2 
yet) = F(t) _ cdy(t) _ ky(t) 

dt 2 dt 

which upon Laplace transformation, with zero initial conditions, gives: 

ms2y(s) = F(s) - CsY(s) - kY(s) 

Yes) = 1 
F(s) ms2 +Cs+k 
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Fig. A4-2 (a) A spring mass damper model, (b) Free body diagram of the mass 

As a result of the inherent damping in the model, the response to a disturbance becomes similar 

to a decaying sine. The decaying sine of the system is shown in figure A4.3 in response to a 

unit step input. This response is based on the system mass, m, of 7 kg, a damping coefficient, 

C, of2 Ns/m and a spring stiffness coefficient, k, of2800 N/m (2.80N/mm). 
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Fig. A4.3 The response of the spring mass damper system to a unit step input 
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Appendix 5 

Modelling of Cross-Sectional Chip Area at Drill Bit Break-Through 

This appendix presents the derivation of a model to represent drill bit break-through. The 

model is based on the changes in the cross-sectional area of the chip, cut by the drill bit, as a 

function of time which is related to the feed rate. 

The chip is assumed to be produced along the cutting edge during drilling, as shown in figure 

AS.1. The aim of modelling the cross-sectional chip area is to show the variation in the chip 

area at imminent drill bit break-through. 

Fig. A5.1 Cross-sectional area of the chip (Arshinov & Alekseev, 1976.) 

From figure AS.I, the drill feed per lip,/z, is: 

fz = f mm/rev 
2 

where:fis the feed rate (mmlrev). 

(AS-I) 

The thickness, a, of the undeformed chip per lip measured from the perpendicular direction to 

the drill lip disregarding the chisel edge is given by: 

a = fz sine = f sine mm 
2 

where: B = is the half drill bit point angle. 
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The width, b, of the undeformed chip measured along the lip is: 

D 
b=-- mm 

2sinB 

where: D is the drill bit diameter (mm). 

The total cross-sectional area, TCSA, of the undeformed chip per lip over one revolution is: 

TCSA = a.b = Df mm2 

4 
(A5-2) 

The drill bit break-through process involves three stages of chip formation, as shown in figure 

AS.2. In the first stage, the chip area begins to reduce at a feed rate off, as the drill bit begins 

to break-through. At time t (s) after the start of break-through, the cross-sectional area is 

reduced by an area A it) at Stage 1, which is given by: 

Al (t) = .l(fot)(fottanB) = (fot) 2 tanB mm 2 

2 2 

where: n is the rotational speed (rev/s) of the drill bit. 

1 2 3 

ftn 

ftn 

ftn 

Fig. AS.2 Three stages of chip area formation during drill bit break-through 
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The cross-sectional area of the chip becomes: 

CSA (t) = DJ _ (fnt)2 tanB mm2 

142 

At the start of Stage 2, the cross-sectional area of the chip is: 

DJ J' TCSA2 = - - -tanB mm 2 

4 8 

and the area is reducing by: 

A,(t) =fn{; tanB) mm' 

Therefore, the cross-sectional area of the chip decreases to give: 

DJ J' CSA, (t) = - - -tanB - A, (t) 
4 8 

DJ J' J'nt = - - -tanB- --tanB mm2 

482 

At the start of Stage 3, the cross-sectional area of the chip is: 

J' TCSA3 = -tanB mm2 

8 

The cross-sectional area of the undeformed chip varies in a triangular form. 

CSA3(t) = ~tan~; - fnt)' 

= ~tanB(~' - J'nt + (fnt)'J mm' 

(AS-3) 

(AS-4) 

(AS-S) 

(AS-6) 

(AS-7) 

The time taken to complete Stage I is obtained by equating equations AS-3 and AS-4, i.e.: 

This gives: 

CSA1 (t) = TCSA, 

1 
n't' =-

1 4 

. _ 1 
.. t l --2n 

(AS-8) 
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The time taken to complete Stage 2 from Stage 1 is obtained by equating equations AS-S and 

AS-6, i.e.: 

CSA2 (t) = TCSA3 

This gives: 

D 1 
:.t =-cot8--

2 2fn 2n 
(AS-9) 

The time taken to complete Stage 3 from Stage 2 is obtained by equating equation AS-7 to 

zero, i.e.: 

This gives: 

CSA3 (t) = 0 

. _ 1 
.. t3 --

2n 
(AS-IO) 

Therefore, the time-varying cross-sectional area ofthe chip at the three stages obtained from the 

equations above are given by: 

Dj _ (fnt)2 tan8 
4 2 

CSA(t) = 
Dj j2 j'nt 
- - -tan8- --tan8 

4 8 2 

ttan{~2 - j'nt+ (fnt)') 
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Appendix 6 

A Recursive Kalman Filter 

This appendix presents the process of minimising the mean-squared error in order to establish 

the relationship between two time-varying parameters, a(n) and ben), of the recursive Kalman 

filter. 

To show the derivation of an optimum Kalman filter (Bozic, 1979), a first-order recursive 

algorithm is used and is given by: 

yen) = a(n)y(n-l) + b(n)x(n) (A6-1) 

where: yen) represents the best estimate of the actual or pure signal yen), x(n) is the current 

input which can be affected by noise, and a(n) and ben) are two time-varying parameters. 

Therefore, the error e(n) of this estimation is: 

e(n) = yen) - yen) 

e(n) = a(n)y(n-l) + b(n)x(n) - yen) 

(A6-2) 

(A6-3) 

The relationship between the two time-varying parameters, a(n) and ben), is determined through 

the minimisation of the mean-squared error. The mean-squared error p(n) is given as: 

pen) = E[(y(n) - y(n»)2] = E[e(n)2] 

= E[(a(n)y(n-l) + b(n)x(n) - y(n»)2] 
(A6-4) 

where: E represents the operation to evaluate the mean or expected value of a data set. 

For minimisation, the mean-squared error is differentiated with respect to a(n) and ben) and is 

then equated to zero: 

open) = 2E[a(n)y(n-l) + b(n)x(n) - y(n)]y(n-l) = 0 
men) 

open) = 2E[a(n)y(n-l) + b(n)x(n) - y(n)]x(n) = 0 
Cb(n) 
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Equations A6-5 and A6-6 can be alternatively written, using equation A6-3, as: 

E[e(n)y(n-l)] = 0 

E[e(n)x(n)] = 0 

(A6-7) 

(A6-8) 

Equation A6-5 is used to establish the relationship between a(n) and b(n) and is written as: 

E{[a(n)y(n-l) + b(n)x(n) - y(n)]y<n-1)} = 0 (A6-9) 

Add and subtract a(n)y(n-l) for the above equation A6-9 to give: 

E{[a(n)[y(n-l) - y(n-l)] + a(n)y(n-l)]y(n-l)} = E{[y(n) - b(n)x(n)jY(n-l)} (A6-10) 

In order to derive the optimum Kalman filter, the signal to be estimated, yen), and the present 

noisy input signal, x(n), can be represented by an assumed model of signal generation and its 

measurement, as shown in figure A6.1. The signal generation model consists of a first-order 

recursive digital filter driven by a zero-mean white noise source to give similar noise spectral 

properties to those of the actual signal. Random noise in the signal during measurement or 

observation is represented by the additive zero-mean white noise in the measurement model. 

The pure random signaly(n) is generated according to the dynamical equation: 

y(n) = try(n-l) + w(n-l) (A6-11) 

where: the parameter a acts as a time-constant for the signal generation. 

I 
RANDOM SIGNAL GENERATION MODEL I MEASUREMENT MODEL 

I 
w(n-l) + y(n) I x(n) 

' .... I: I .... c 
+ .... I: .... 

~ I 
,. ,. ,. 

White Pure Present 
Noise +' \ Signal I Measurement +1 1\ Noisy Signal 

I Parameter 
y(n-l) I 

- a "" T - I 
c 

..... v(n) 
System Unit Time I 

Additive I Parameter Delay 
I 

White Noise 

Fig. A6.! Model of random signal generation and measurement/observation (Bozic, 1979) 
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Subsequently, the noisy signal x(n) is produced by modifYing the pure signal through a 

measurement parameter c and additive white noise, as shown in figure A6.1. Therefore, a linear 

measurement model equation is given as: 

x(n) = cy(n) + v(n) (A6-12) 

Substitute equations A6-11 and A6-12 to equation A6-1 to give: 

y(n) = a(n)y(n-l) + acb(n)y(n-l) + cb(n)w(n-l) + b(n)v(n) (A6-13) 

At time (n-l), the above equation A6-13 is expressed as: 

jl(n-I) = a(n-l)y(n-2) + acb(n-l)y(n-Z) + cb(n-l)w(n-2) + b(n-I)v(n-l) (A6-14) 

Substitute equation A6-2 for (n-l) and equation A6-12 to equation A6-10 on the left-hand-side 

and right-hand-side respectively to give: 

a(n)E[e(n-l)jI(n-l) + y(n-I)y(n-l)] = E{[y(n)[I - cb(n)]- b(n)v(n)jy(n-I)} (A6-15) 

With reference to equation A6-15, the term E[e(n-l)jI(n-l)] = 0 is obtained using equation 

A6-7 for previous time of (n-I). The second term E[v(n)jI(n-I)] = 0 is due the estimate at 

time (n-I) is not correlated with the measurement noise at time (n), which is shown in equation 

A6-14. As a result, the above equation A6-15 reduces to: 

a(n)E[y(n-l)y(n-I)] = [1- cb(n)]E[y(n)y(n-I)] 

Using the signal generation model A6-ll, the above equation A6-16 is given as: 

a(n)E[y(n-l)jI(n-l)] = [I - cb(n)]E{[ay(n-l) + w(n-I)]y(n-l)} 

(A6-16) 

(A6-17) 

The term w(n-l) in equation A6-17 is not related to jl(n-l), which is shown in figure A6-14, 

and thus, E[w(n-l)jI(n-l) ]=0. As a result the above equation A6-17 becomes: 

a(n)E[y(n-l)jI(n-I)] = a[l-cb(n)]E[y(n-l)jI(n-I)] 

Therefore: 

a(n) = a[l-cb(n)] (A6-18) 
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Substitute equation A6-18 to equation A6-1 to give the equation of a Kalman filter: 

y(n) = c!p(n-I) + b(n)[x(n)-agi(n-l)] (A6-19) 

Equation A6-19 in system block diagram is shown in figure A6.2. The present output y(n) of a 

Kalman filter is the sum of two weighted terms. The first term is taken as the previous best 

estimated output; the second is taken as a correction term which depends on the current 

measurement/input, x(n), which can be affected by noise and the previous estimate .Y(n-l). 

Although the gain parameter b(n) is time-varying, it can be assumed that it converges to a 

steady value as the Kalman filter reaches steady-state operation. This steady-state value for 

b(n) can be evaluated using equations A6-1, A6-4, A6-7, A6-8 and A6-12 (Bozic, 1979). 

Therefore, the Kalman filter may be taken as an elementary first-order Iow-pass recursive filter. 
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Fig. A6.2 Recursive Kalman filter in system block diagram (Bozic, 1979) 

180 



Appendix 7 

Jonrnal Paper to be pnblished in the 

Proc. Instn Mech. Engrs, Part H, Journal of Engineering in Medicine, Vol. 212, 1998. 
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F. R. Ong and K. Bouazza-Marouf 

181 



AppendixS 

Experimental Results related to Chapter 9 

This appendix presents results related to Chapter 9. The first three sections consist of 

measurements of bone mineral density from a Lunar DPX-alpha instrument. The last section 

presents the profiles of drilling force along the cervical axis, as outlined in Section 7.2.3. 

AS.I BMD Measurements at the Greater Trochanter and the Femoral Head 

The measurements of BMD at the greater trochanter of three porcine proximal femurs are 

shown in figures AS. 1.1, AS. 1.2 and AS.1.3. 
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Fig. AS.I.I BMD measurements at the greater trochanter of porcine femur (1) 
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Fig. AS.1.2 BMD measurements at the greater trochanter of porcine femur (2) 
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Fig. AS.I.3 BMD measurements at the greater trochanter of porcine femur (3) 
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The measurements of BMD at the femoral head of two porcine proximal femurs are presented 

in figures A8 .104 and A8.1.5. 
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Fig. AS.1.4 BMD measurements at the femoral head of porcine femur (2) 
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Fig. A8.1.5 BMD measurements at the femoral head of porcine femur (3) 
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AS.2 BMD Measurements at the Femoral Shaft 

The measurements ofBMD at the femoral shaft of three porcine proximal femurs are shown in 

figures AS.2.1, AS.2.2 and AS.2.3. 
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Fig. AS.2.1 BMD measurements at the femoral shaft of porcine femurs (I) 
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Fig. AS.2.2 BMD measurements at the femoral shaft of porcine femur (3) 
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Fig. AS.2.3 BMD measurements at the femoral shaft of porcine femur (2) 
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A8.3 BMD Measurements at Sections aligned with the Cervical Axis 

The measurements of BMD along the cervical axis of a porcine proximal femur, according to 

the ROIs shown in figure 7.10a, are shown in figures A8.3.I, A8.3.2 and A8.3.3. 
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Fig. A8.3.l BMD measurements along the cervical axis of a porcine femur (ROIs I & 2) 
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Fig. AS.3.2 BMD measurements along the cervical axis of a porcine femur (ROIs 3, 4 & 5) 
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Fig. A8.3.3 BMD measurements along the cervical axis of a porcine femur(ROIs 6, 7 & 8) 
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AS.4 Actual Profiles of Drilling Force in the Direction of the Cervical Axis 

The profiles of drilling force at a porcine proximal femur along the cervical axis are presented in 

accordance with the sections of the superior, the cervical axis and the inferior, shown in figures 

AS.4.1, AS.4.2 and AS.4.3. Each section is further classified into zones of the anterior, the 

laterial-medial and the posterior, as shown in figures 7.10a and 9.9. The drilling forces were 

obtained using an industrial twist drill bit of diameter 2.5 mm, which is driven at a feed rate of 

90 mm/min and a rated drill bit rotational speed of 1000 rev/min. 
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Fig. AS.4.1 Profiles of drilling forces at the superior section to the cervical axis of a porcine 
proximal femur (Feed Rate = 90 mmlmin; Rated Speed = 1000 rev/min) 
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Fig. AS.4.2 Profiles of drilling forces along the cervical axis of a porcine proximal femur (Feed 
Rate = 90 mmlmin; Rated Speed = 1000 rev/min) 
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Fig. AS.4.3 Profiles of drilling forces at the inferior section to the cervical axis of a porcine 
proximal femur (Feed Rate ~ 90 mm/min; Rated Speed ~ 1000 rev/min) 
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Appendix 9 

Mechanical Design - Drawings 

A9.1 The Pan Joint with Brake Unit 
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A9.3 A Calibration Frame 
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A9.4 The Drilling Experimental Rig 
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