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ABSTRAK 

 

 

Penggerudian minimal tulang mempunyai permintaan yang besar dalam proses 

pembedahan ortopedik kerana ia membantu dalam penetapan yang lebih baik dan 

cepat penyembuhan tulang rosak. Tujuan kajian ini adalah untuk mengetahui susunan 

optimal daripada tulang penggerudian parameter yang memotong laju dan makanan 

kadar untuk tenaga dan suhu minimum semasa penggerudian tulang menggunakan 

simulasi berubah bentuk 3D. Eksperimen penggerudian tulang telah dijalankan 

menggunakan teknik faktorial lengkap dan berdasarkan keputusan yang diperolehi 

model 3D permukaan sambutan dibangunkan. Model ini telah digunakan sebagai 

fungsi objektif dalam mengubah bentuk 3D perisian. Sebelum model pelbagai 

pemotongan kelajuan dan kadar suapan, model pengesahan telah dibuat melalui 

eksperimen dengan tulang lembu kortikal dan 420B keluli tahan karat sebagai alat. 

Nilai tenaga dan suhu yang diperolehi daripada simulasi dalam pemodelan telah 

disahkan dengan data uji kaji. Satu eksperimen dalam penggerudian tulang telah 

dijalankan menggunakan mesin gerudi CNC dengan dinamometer untuk mengukur 

daya dan Inframerah Termografi untuk mengukur suhu. Keputusan eksperimen 

menunjukkan pengesahan bahawa berubah bentuk 3D Berjaya berkesan boleh 

meramalkan suasana optimum memotong kelajuan dan makanan kadar daya dan 

suhu yang dicapai dalam proses penggerudian tulang. Parameter memotong 

mencadangkan 600 rpm dan 25 mm / min kelajuan pemotongan dan makanan pada 

kadar yang terbaik untuk pakar bedah ortopedik untuk mengurangkan penggerudian 

disebabkan kecederaan tisu tulang. 
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ABSTRACT 

 

Minimally invasive drilling of the bone has a great demand in the orthopaedic 

surgical process as it helps in better fixation and quick healing of the damaged bones. 

The aim of the present study is to find out the optimal setting of the bone drilling 

parameter which are cutting speed and feed rate for minimum force and temperature 

during the bone drilling using simulated Deform 3D. The bone drilling experiments 

were carried out using the Full Factorial technique and based on the result obtained a 

response surface 3D model was developed. This model was used as an objective 

function in Deform 3D software approache. Before modelling the various of cutting 

speed and feed rate, modelling validation was  made through experiments with 

cortical bovine bone and 420 B stainless steel as a tool. The values of force and 

temperature obtained from the simulation in modelling were validated with an 

experimental data. An experiments in bone drilling was conducted  using  CNC 

drilling machine with dynamometer to measure the force and Infrared Thermography  

to measure the temperature. The result of confirmation experiments showed that the 

Deform 3D sucessfully can effectively predicted the optimum setting of cutting 

speed and feed rate to achieved force and temperature during bone drilling process. 

The suggested cutting parameter of  600 rpm and 25 mm/min is the best cutting 

speed and feed rate for orthopaedic surgeons to minimize the drilling induced bone 

tissue injury. 

 

 

 

  

 

 

 

 

 

 



iii 
 

DEDICATION 

 

 

To my beloved parents, who always encourage and give all support that I really need 

during accomplish this thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENT 

 

 

 

Alhamdulillah, all praises to Allah for the strengths and blessing in completing this 

final year project. I would like to thank my family, especially my beloved parents for 

their never ending support and courage in terms of financial and emotional as well as 

their prayers in order to provide me with better education for a better and brighter 

future. Not forget, millions of thanks. I wish to my supervisor Dr raja Izamshah Bin 

Raja Abdullah for his steady guidance and tireless dedication. His invaluable input 

has helped to significantly elevate the quality of this work. Not to forget Dr Mohd 

Shahir Bin Kassim whose contribution in giving suggestion and encouragement 

helped in coordinate Bachelor Degree Project. 

 

I also would like to thank each and everyone in Faculty of Manufacturing 

Engineering which are the lecturers, staffs and technicians for their cooperation in 

sharing their experiences and knowledge as well as their time and energy. 

 

I would also like to express my deepest appreciation to all my friends for their efforts 

and willingness in sharing every knowledge and information without any difficulties. 

Last but not least, I am also thankful to all those people whose have directly or 

indirectly helped me throughout this project. 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENT 

 

Abstrak i 

Abstract ii 

Dedication iii 

Acknowledgement iv 

Table of content v 

List of Tables  ix 

List of Figures   x 

List of Abbreviation, Symbol and Nomenclatures  xiii 

CHAPTER 1:INTRODUCTION  1 

1.1      Research Background  4 

1.2      Problem Statement  5 

1.3      Objectives  5 

1.4      Scope of the Project  5 

    

CHAPTER 2: LITERATURE REVIEW 6  

2.1      Introduction  6 

2.2      Bone Drilling  7 

           2.2.1      Heat generation  7 

           2.2.2      Factors affecting the heat generated during the implant site 

                         drilling  8 

           2.2.3      Sources of heat while drilling  8 

                          2.2.3.1      Heat generation in bone due to plastic    

                                            deformation                          8 

                          2.2.3.2      Heat generation due to friction  9 

2.3      Mechanical properties of Bone  10 

           2.3.1      Fracture Properties  10 

           2.3.2      Density  10 

           2.3.3       Bone Strength and Hardness  12 

                          2.3.3.1      Elastic and Plastic response  12 

                          2.3.3.2      Hardness and strength  13 



vi 
 

2.4      Bone drilling parameters  15 

           2.4.1      Effect on Drill Low speed   15 

           2.4.2      Effect on Drill High speed  16 

           2.4.3      Effect of Feed rate  17 

           2.4.4      Drill design  17 

                          2.4.4.1      Flutes  18 

                          2.4.4.2      Drill Point Angle  19 

                          2.4.4.3      Drill Point Design  19 

            2.4.5      Drill Diameter  19 

            2.4.6      Cortical Bone Thickness  20 

            2.4.7      Drilling depth  21 

            2.4.8      Drill Material and Wear  22 

2.5      Temperature Measurement  23 

2.6      Thermal osteonecrosis during drilling  23 

2.7      Heat generation  24 

2.8      Finite Element Analysis  25 

           2.8.1    Modelling, Stimulation and Prediction  26 

           2.8.2    Modelling in Deform-3D 27 

  CHAPTER 3:METHODOLOGY 28 

3.0      Introduction  28 

3.1      Discussion of the Project title   32 

3.2      Introduction about the project   32 

3.3      Collect the literature review   33 

3.4      Select the suitable of the specification during the bone drilling  33 

            3.4.1    Design of Experiment         33 

            3.4.2    Planning Design by Full Factorial  36 

           3.4.3     Full Factorial (ANOVA analysis )  37 

3.5      Select the machine, drill bit and type of bone is used   38 

           3.5.1     Drilling Machine   37 

           3.5.2     Drill bit   38 

           3.5.3     The sample preparation used in the experiment   39 



vii 
 

           3.5.4     The bone drilling procedure  41 

3.6      Collect and Analyse Data  42 

           3.6.1     Dynamometer  42 

           3.6.2     Infrared Thermography  42 

3.7     Stimulation Experiment By using Deform -3D  45 

           3.7.1     Finite Element Analysis (FEA) 46 

3.7.2   Mesh Types 46 

3.7.3   Mesh size 47 

3.7.4   Boundary conditions 48 

           3.7.5      Contact Conditions 50 

           3.7.6      Simulation Parameter 50 

  CHAPTER 4 : RESULT & DISCUSSION 
 4.1      Introduction 51 

4.2      Grinding Error 52 
4.3      Negative Jocabian Error 52 
          4.3.1        Predicted result of force for run 1 and 2                                                           54 
          4.3.2        Predicted result of force for run 3 and 4                                                          54 
          4.3.3        Predicted result of force for run 5 and 6                                                         55 
          4.3.4        Predicted result of force for run 7 and 8                                                           56 
          4.3.5        Predicted result of temperature for run 1 and 2 57 
          4.3.6        Predicted result of temperature for run 3 and 4 57 
          4.3.7        Predicted result of temperature for run 5  and 6 58 
          4.3.8        Predicted result of temperature for run 7 and 8 58 
          4.3.9        Comparison simulation result of graph Time versus Load       61 
                         4.3.9.1 Comparison  of simulation force results among 8  
                                      runs 62 
                        4.3.9.2 Comparison simulation result of graph time (s)  
                                     versus Temperature (C) 63 
                       4.3.9.3 Comparison of simulation temperature result  
                                     among 8 runs 64 
4.4     Simulation Validation 65 
          4.4.1  The comparison between stimulation (Predicted) and Exp 66 

 4.5     Statistical Analysis of Experiment Data 68 



viii 
 

               4.5.1       Statistical Design Matrix 69  

               4.5.2       Statistical Output Analysis  71 

               4.5.3       ANOVA Output for Force Analysis 72 

               4.5.4       ANOVA Output for Temperature Analysis 73 

               4.5.5       Residual Analysis  74 

               4.5.6       Residual Analysis (Temperature) 75 

4.6           Model graph of cutting speed and feed rate versus force  76 

4.7           Model graph of Temperature             77 

4 .8          Optimization and Validation          78 

 

  

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

 5.1      Conclusion        79 

5.2      Recommendation 82 

  REFERENCES          84 

  APPENDICES 

 A   Gantt Chart PSM II     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

LIST OF TABLES 

 

 

2.1 Factors that affect heat generation during implant site drilling  9              

   

3.1 Gantt chart for PSM 1 31 

3.2 Specification of parameter 33 

3.3 Factors of Full Factorial study 34 

3.4 Design of layout using Full Factorial Method 35 

3.5 Specification of CNC drilling machine during the operation 38 

3.6 Properties of Drill bit 39 

3.7 Mechanical properties of Cortical Bovine  Bone 40 

3.8 The cutting parameter used in bone drilling process 50 

   

4.1 Simulation results 53 

4.2  Validation of the force and temperature values 65 

4.3 Statistical Design Matrix 68 

4.4 ANOVA output 69 

4.5 Error Actual versus Predicted of force 65 

4.6 Anova output for temperature 71 

4.7 Actual Versus Output of temperature 72 

4.8 Constraints of the factors and responses 78 

4.9 Optimization and Validation results 78 

4.10 Optimization and suggestion effects of cutting speed and feed rate in 

bone drilling process 

79 

 
   
      
 
   
 

 

 

 

 

 

 

 

 



x 
 

LIST OF FIGURES 

 

 
 
 

1.1 Formation of chips develops in FE model 3 

2.1 The surface contact between two bodies 10 

2.2 Spongy, Trabeculae and Compact bone 12 

2.3  (a) A force of bone can be productive when applied in the   

      longitudinal direction 

13 

2.3  (b) Applied force transversely crossing its surface to the bone 13 

2.4 The deformation versus the load graph. 14 

2.5 The stress-distension the load-deformation curve 14 

2.6  (a) Effect of the rotational speed of the temperature rise 16 

2.6  (b) Effect  of the rotational speed on the drilling time 16 

2.7 The angles in the drill geometry 17 

2.8 Spiral Drill Design 18 

2.9 Variations of drawing in a worm spiral bit and helix angle 19 

2.10 Trabecular and Cortical bone 20 

2.11 The image of the three drills, side view and tip 22 

2.12 Direction heat zones in orthogonal direction of cutting force, shear 

and velocities 

24 

2.13 Formula how to calculate cutting speed 24 

2.14 Modelling in bone drilling by using Deform 3-D 27 

3.1 Project Flowchart 29 

3.2 Summary analysis by using Full Factorial 36 

3.3 HAAS VF-1 CNC Vertical Machine 38 

3.4 Two flutes surgical drill bit 36 

3.5 Cortical Bovine  bone 38 

3.6 Dynamometer 41 

3.7 Infrared thermography 43 



xi 
 

3.8 Deform 3D software in the part of the Deform Pre - processor 44 

3.9 Steps how to use Deform 3D 45 

3.10 Tetrahedral mesh element is constructed for a drill bit 47 

3.11 Tetrahedral mesh element constructed for the workpiece shows a 

high resolution area at the drilling process 

48 

3.12 Boundary and initial start conditions 49 

3.13 Master and slave object definition for contact conditions in 

machining simulation 

50 

   

4.1-4.8 Close up view of the force and temperature distribution in the 

drilling zone 

53 

4.9 (a )-(g) Force graph for run 1-8            59 

4.10 Effect cutting speed and feed rate on  force 61 

4.11 (a)-(g) Temperature graph for run 1-8   62 

4.12 Effect cutting speed and feed rate on temperature 63 

4.13 Validation result of force value in bovine bone 65 

4.14 Validation result of temperature value in bovine bone 66 

4.15 Comparison of force error 70 

4.16 Comparison of temperature error 72 

4.17 Normal Plot of residual graph 73 

4.18 Residual versus Predicted 73 

4.19 Predicted versus actual 74 

4.20 Normal Plot of Residuals graph 74 

4.21 Residual versus predicted 75 

4.22 Predicted versus Actual 75 

4.23 Interaction graph of cutting speed and feed rate 75 

4.24 Cutting speed versus temperature 77 



xii 
 

4.25 Feed rate versus temperature 79 

4.26 Perturbation plot of optimization 80 

4.27 3D surface graph of optimization 80 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



xiii 
 

 LIST OF ABBREVIATIONS, SYMBOLS AND 

NOMENCLATURE  

 

 
ANOVA -          Analysis of Variance 

AMG               -          Automatic Mesh Generation 

AISI                -          American Iron and Steel Institute 

BV   -          Body Volume 

BMD             -          Bone Mass Density 

C                     -          Celcius 

CNC                -          Computer Numerical Control   

D                     -          Diameter  

DOE  - Design of Experiment 

DEFORM       -           Design For Forming 

DF                   -          D egree of Freedom 

FEA  - Finite Element Analysis 

F  -  F Test (ANOVA) 

FE  - Finite Element  

FEM  - Finite Element Modelling 

GPA                -           Gigapascal 

MPA               -            Megapascal 

MM/MIN        -           Millimetre per Minutes 

N                     -           Newton 

ON  - Osteonecrosis 

SEM  - Scanning Electron Microscopy 

RSM  - Respond Surface Methodology 

RPM  - Revolution per Minutes 

TV      - Tissue Volume 

  - Density 

Gcs  - Toughness 

KIC  - Fracture Toughness 

 



xiv 
 

σys                -        Compressive strength 

σyt                 -       Tensile yield strength  

                    -       Mean average friction coefficient  

3D                 -        3 Dimensional 

 

 

 

 

 

 



1 

 

 

 
1.1 Research Background 

In orthopaedic surgery, bone drilling is a mainly element of an internal fixation  in 

the cause of fracture in human bone and in this field, it is an important process to 

conduct the testing before insertion of screws into the bone. Besides that, with the 

evolution of modern surgery, bone drilling becomes a common step of an every 

procedure in orthopaedics. During the operation, it may produce the frictional force 

and heat generated around the drill hole bits. Then, the heat generated will cause 

thermal necrosis. When rising up the force needed for penetration to the bone, it will 

produce a poor control of the drill. 

In respect to current fracture fixation principles or reconstructive surgery, every 

loosening of implants in bone is an adverse side effect. The implant failure rate for 

lower leg osteosynthesis is 2–7% (Augustin et al., 2007) and is higher compared to 

upper extremity due to physiological stress during locomotion that causes the 

damage of bone structure and  many parameters influence loosening of bone implant 

interface. One of them is thermal osteonecrosis  and it also effects of frictional heat 

generation during orthopedic operation that can reduced the vitality of the bone. 
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According to Erikson et al,. (1986) various parameters  have been studied to reduce 

heat generation during bone drilling, including variations in drill design, drilling 

parameters and coolant delivery. Many factors contribute to heat generation during 

drilling but many researched  focused only on a single or only several parameters of 

this rather complicated issue. The ideal method for determining the bone temperature 

during drilling is difficult to define because bone is a complex anisotropic biological 

tissue, with organic and inorganic components. Besides that bone temperature must 

be below the temperature of 47 °C during drilling to avoid thermal osteonecrosis.. 

According Bertollo et al,. (2010)  with the development of mechanical engineering 

technologies in the study of the drilling parameters and the dependence of the axial 

drilling force in bone drilling, shows that temperature is an important factor to 

contribute the damaged to the composition  inner bone. In addition, many 

geometrical and operational variables influence both  the performance and  maximal 

temperature elevation in bone as result of the use of drill bits. Performance and 

maximal heat generation associated with a particular drill-bit are inevitably 

interrelated. As has been outlined above, prominent geometric variables include 

point angle,  rake angle, diameter,  chisel edge length and flute number. The maximal 

temperature attained during drilling and the performance of a drill-bit is highly 

dependent on the specific drill design. Then, it is significant to realize the of bone 

drilling conditions and material behaviour on the bone drilling. Several  researchers 

in the biomechanics find solutions to optimize the bone drilling performance based 

on the parameters such as feed rate and cutting speed. Optimization of cutting 

parameters is important to evaluate the thermally induced damage to the bone which 

will enhance screw interracial strength or bone-implant. Besides that, to want the 

operation successfully a finite element modelling  (FEM)  of bone cutting could be 

an important extension too, and  possible substitute for experimental work as it 

eliminates equipment costs  and as well as increasing  potential health without 

burden the patients with real situations. By using the modelling bone drilling using 

FEA can give benefit for validation and the best optimum value of cutting 

parameters. Then, it also can be believed of a reliable tool for the development of 

new surgical technique for the future. 



3 

 

However, the type of material or compositions  in the bone is the primary problem 

when the drilling processes occur because the structure of bone  is complex. So, 

when the existence of the Finite Element Analysis (FEA) in modelling in the 

orthopaedic  field,  it can overcome  the problem  among the patients because can 

predicted the values of force and  temperature during the  drilling process. The 

process can be modelled by using the Finite Element Analysis (Deform 3d)  and 

from this simulation results  many surgeons can known the optimization  any value 

of  cutting parameters that want to know .  Analysis model that can be applies to the 

tools during stress analysis in bone drilling. The finite element software use is 

Deform 3D is the best software for forming process which is can give a good 

simulation and  prediction of drilling temperature ,  force and others. This simulation 

can give a significant appearance on process behaviour during a simulation occur. 

The drill bits made up of  420 B stainless steel act as a  tool which gives penetration  

through the bone  surface. The bone drilling process and formation of chips  can see 

in the figure 1.1. 

 

Figure1.1: Formation of chips develops in FE model 
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In this project, how to learn the common  effective parameters include cutting speed 

and feed rate that are influenced to reducing the force and temperature in the bone 

drilling operation. Besides that,  by utilizing off the base parameters may well cause 

bone tissue damages during bone implantation and increasing thermal injury in 

respect to compare with heat generation. In this research project, all the outcomes of 

the previous studies were identified from a comprehensive by collecting  literature 

review and a series of experiments and  numerical simulations were  conducted to 

analyse the structural and thermal processes involved  in modelling the effects of 

feed rate and speed using Finite element analysis (FEA).  

 

This FEA considered as a promising and  reliable technique for the development of 

new surgical procedures in the near future.  FEA  method  has been used  to study the 

several variable that influenced many outcomes likes force and temperature of the  

bone levels under various different conditions, but it is not yet an  adequately applied 

to model bone cutting. In fact, finite element analysis studies describing thermo-

mechanics of bone cutting. So, in this project, the FEA software used to simulate the 

behaviour when the drilling process occurs is called  Deform -3D software. 

 

1.2 Problem Statement 

 

Many problems rise up when bone drilling in orthopaedic surgery operation, which 

are the high speed surgical drills means that  involved the high cutting speed and feed 

rate that give effect to the force & temperature in the bone (Allan et al., 2005), blunts 

drill, which means using the old drill bit. 

Besides that,  by not controlling the cutting  parameter may cause the problem of 

hole accuracy  of  the bone,  which means that the penetration of drill bit to the bone 

is not accurate. In addition, when the screw insert into the fracture bones, thermal 

injury occur in the bone because the friction between the drill bit and the bone during 

the process . It will generate more heat and will be effect the hole in the bone which 

are may produced the burr during the drilling operation. Then,  the problem is how  

to control the temperature, which  to reduce heat generation in the bone and other 

unpredictable problem will be occur during the bone drilling operation (Izamshah et 
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al,. 2014). Besides that, the desired outcome of bone drilling is always to produce an 

accurate hole on bone to prevent the tissue damage, no thermal injury and 

mechanical distortion on the bone tissue. Besides that, the ‗old drill bit‘ which 

functions to remove from a small fragment set chosen at random operating and this 

blunts bit produce more thermal damage that will get the thermal necrosis. Thermal 

injury occurs in the bone because  the friction between the drill bit and the bone 

during the drilling process  that will generate more  heat (Augustin et al., 2007). 

In addition, by not controlling the parameter such as forces during the process it also 

give effect to the bone structure. An increase forces during the penetration of drill bit 

to the bone surfaces which can cause drill wear. Drill wear can causes a rises of 

temperature and  causes bone tissues damaged. Besides that, it will effect the hole in 

the bone, which are producing more burr at the structure of the bone. It also can 

reduce the stability and strength of the fixation. The increased force may also result 

in broken drill bits and possible injury to the surgeon from the sharp ends of heat 

generation which the thermal insult to living tissue causes damage and eventual cell 

death. It has been shown that heating above 50°C causes irreversible changes to the 

physical properties of bone and probably changes in the collagen of the matrix. Heat 

generation is always concerned with the design of the drill in order to prevent 

thermal osteonecrosis whereas the bone temperature must always below the 

temperature of 50°C during the bone drilling process. Besides that, the drill bit must 

should be always in maintenance to prevent side effect to the patient. Hence,  the 

desired outcome of bone drilling is always to produce low temperature and force 

effects on the bone tissue. In this project, by using a finite element Analysis (FEA) 

which can give a good simulation and prediction values of temperature and force 

during the cutting process before the real situation occur.  
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1.3 Objectives 

 

 The objectives of this project are: 

 

1. Model the effects of drilling parameter (cutting speed and feed rate) on bone 

drilling performances (temperature and force). 

2. Optimize the drilling parameter (cutting speed and feed rate) for the 

effectively in the bone drilling process in order to get minimum force and 

temperature. 

3. Validate the effectiveness of the proposed optimize value 

 

 

1.4 Scope of the Project 

 

This project focuses on the Finite Element Analysis (FEA) modelling of machining 

simulation is the main shoulder to gain an important significance in the 

biomechanical research of the bone drilling process. A common tool in numerical 

simulation is the finite element Analysis (FEA), which can be applied in various 

ways, such as  in structural mechanics and thermodynamics. A drill bit that made up 

from 420 B stainless steel material and elastic plastic material of bone will design 

and modelling by using Deform-3D stimulation. The stimulation is actually based on 

real situation or model and the result must be validated by experiments. After that, 

the effect of force and temperature is predicted by Finite Element Analysis (FEA). 

This project only focuses on how feed rate and cutting speed can give outcomes to 

the reduces the force and temperature by seeing the expected result during the 

stimulation. The result in FEA will be validated with many trials. Next, a set of 

database from the stimulation will be generated from the presence file in the Deform-

3D and to maintain better resolution in the values of force and temperature which  a 

different mesh generation scheme is used. 

 

 

 




