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ABSTRACT 

In orthopedic and trauma surgery, the drilling of bone is the process of preparing, making, and enlarging a hole of circular crosswire 
in a solid anisotropic material bone structure. The failure of irreversible osteonecrosis occurs when the temperature rises to 47 °C 
or higher during bone drilling. Osteonecrosis is a disorder that leads to the death of bone tissue cells, resulting in weaker contact 
between implants and bone, and in some cases, the loss of strong and stable attachment to the bone. Previous studies had 
concentrated on drill bit material, design, point angle, force, speed, and feed rate. This study outlines the technique for developing 
a drilling-related finite element model to verify the drilling process’s efficacy using a computer simulation approach. Software LS-
DYNA © 2011-2020 LST was used to conduct a drilling model based on the finite element (FE) technique. The temperature behavior 
of orthopedic chromium type martensitic magnetic stainless steel AISI420B twist drill bit (Ø 4.3 mm) was determined. The findings 
were quantified, and the outcomes of the simulated and actual evaluations were compared. The surgeon’s typical drilling technique 
or pattern was used in this study, with a penetration angle of no more than 30°, and performed using a battery-powered surgical 
hand drill. A forward-looking infrared (FLIR) camera for temperature detection was used to record drill bits thermal data throughout 
the experiment. The utilization of two factorial analyses in the design of experiment (DOE) and analysis of variance (ANOVA) 
revealed that the simulation result had higher mean performance confirmation than the actual experimental result, with a 
difference of 10.9102%. The AISI420B showed good heat conductivity, and minor wear than typical stainless steel drill bits in the 
market for bone drilling. Therefore, the AISI420B stainless steel twist drill bit tested able to perform well for bone drilling. 
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1. Introduction 
 

Drilling is one of the most prevalent and complex mechanical engineering practical development. 
It is used in daily or niche machining operations and is a relatively challenging skill to master. Drilling 
is a manufacturing technique where a hole is created in a workpiece, or an existing hole is widened 
using a spinning cutting tool. It is possible to apply the industrial ideas of productivity and surface 
integrity in material removal procedures to medicinal applications. Scholarly searches on the 
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biomedical engineering literature concerning surgical drill bits’ quality, durability, and performance 
are limited. One of the surgical (medical) setting findings by many scholars [1–3] stated that shorter 
drilling times are linked to faster operation time overall, resulting in a swift recovery period and 
impressive bone integrity outcomes. Optimal drilling is associated with minor bone injury or the 
complete absence of bone damage.  

The increased number of medical procedures requiring bone drilling relates to developing and 
creating various methodologies focused to minimize bone injuries (during medicinal drilling). 
Furthermore, the scarce information on thermal map distribution and heat generation in bone tissue 
during drilling leads to constant research. Many approaches have been developed using various 
grades of stainless steel, e.g., AISI420B [4], to determine bone drilling temperature and cutting depth. 

Several types of research on bone drilling have been conducted in recent years, with most of it 
focusing on assessing the effect of drilling parameters on bone cell tissue integrity [1, 2, 4]. On a 
similar note, the present study was designed to evaluate the thermo-mechanical stress and strain 
generated during bone drilling, as a consequence of various drilling parameters (speed, feed rate, 
diameter, depth, hole roundness, and chips formation), as well as temperature changes during the 
process. Determination of the stated parameters is regarded as a standard approach [5], with drill 
bit heat generation given emphasis at the core of the study.  

Heat is generated during the drilling process due to plastic deformation and friction between the 
cutting tool and the workpiece. The study by [2] and [6] stated that heat generated in the drilling 
zone could cause hyperthermia and bone tissue combustion, which could result in cell death (thermal 
osteonecrosis) depending on the magnitude of the temperature rise and the exposure time of the 
subject to the drilling zone. 

Hence, this study aims to simulate and validate the thermal behavior of AISI420B chromium type 
martensitic magnetic stainless steel [7]. The chemical composition of elements of AISI420B are as 
follows; C = 0.262, Si = 0.362, Mn = 0.8, P = 0.02, S = 0.03, Cr = 12.83, Mo = 0, Ni = 0.807, and V = 
0.021, which has a higher hardness, more excellent heat conductivity, and more minor wear than 
typical stainless steel used in orthopedics [8]. Above all, AISI420B demonstrated adequate 
temperature increase and weight loss during usage with or without irrigation. Moreover, previous 
studies demonstrated that the performance of AISI420B improved the cutting of bone specimens 
than the typical standard drill bits, which are often made from typical stainless steel. 

Although actual experimentation is the most effective way of determining bone drilling settings, 
it is the most costly and time-consuming. The development of the model could often assure the most 
suitable method for drilling development [9]. These factors influenced the decision to use the LS-
DYNA © 2011-2020 LST simulation approach for drilling process modeling to advance the predictive 
analysis method further. LS-DYNA © 2011-2020 LST simulations were performed using a program 
that served as a nonlinear transient dynamic finite element (FE) [10, 11]. The program integrates the 
dynamic properties associated with precise geometrical considerations and the generated 
temperature within the material, as demonstrated by previous studies [12, 13].  

The present study involves the drilling model simulation for the AISI420B orthopedic drill bit into 
a femoral bovine bone specimen that generates anticipated relative temperature data and significant 
performance comparisons between the simulation results and experimentally obtained data sets. 
 
2. Material and Methodology  
 

The methodology flowchart (Figure 1) summarizes the procedure and experimental design. The 
study is divided into six process stages (numbered consecutively) and four main components 
comprising the literature review (green pastel background), data collection (light blue pastel 
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background, validation (yellow pastel background), and lastly, the conclusion (red pastel 
background): 

 

 
 

Fig. 1. Methodology flow chart for temperature performance of stainless steel AISI420B 
orthopedic drill bits (Ø 4.3mm) simulation study 

 

 
Literature review: the process parameter setup stage is outlined to denote the primary research 

direction based on the accumulated data from prior studies. The temperature of the drill bit, drilling 
speed, drilling duration, and weight loss of the drill bit are chosen as the study parameters. 
Consequently, an appropriate experimental design is established, with the research divided into two 
segments: simulation and experimental works. 

Data collection: the study’s validity is contingent upon a dependable outcome or data integrity 
by generating the simulation using the LS-DYNA software. This stage is paramount, with significant 
efforts executed in run simulation, analysis, and result stages. 

Validation: the actual tests were conducted to collect pertinent data to compare the findings to 
the simulation tests for data validation. The experiment was conducted as follows: specimen 
preparation, running the experiment, data collection, and data analysis. 
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Conclusion: to summarize and synthesize the study key points. This stage is realized by comparing 
the analyzed findings of the simulation and experimental works. The results are discussed, and final 
remarks are made, which serves as the conclusion to the research investigation. 

The outcomes of the simulation and experiment were analyzed utilizing the design of 
experiments (DOE) factorial analysis to measure the performance and summarize the primary results. 
Each stage is designed to be as efficient and feasible to allow the research to be executed within four 
months. 

 
2.1 Drilling 
 

Drilling is one of the machining procedures used to create a hole in the surface of a component. 
Three things must be considered when choosing a drill bit: the material of the drill bit, the surface 
treatment of the drill bit, and the type of drill bit. Drilling operation requires fast action and accuracy. 
In addition, the handheld machine or fixed pneumatic drilling machine must be lightweight and 
sturdy to reduce operator fatigue with ergonomic principles put in place. 

The drill bit comprised three components: 1) the drill bit point (controls the cutting action and 
produces temperature), 2) the body (responsible for eliminating bore chips), and 3) the shaft 
(cylindrical or having a one-of-a-kind interface connecting the drill bit to the spindle). The spiral drill 
bit is the most often used device for drilling holes in biological materials (Figure 2a). A double wedge-
shaped cutting edge influences the cutting motion when using several blades [14, 15], as depicted in 
(Figure 2b). 
 

  
a) b) 

 
Fig. 2. (a) Drilling bone cross-section [16] and (b) Drilling machining 

 
 

 
2.2 Model Setup Configuration 
 

Numerical techniques can be used to investigate the cutting process in place of highly expensive 
experiments, and the study level and processes are determined by the available parameters and 
computer equipment capabilities. On the other hand, research employing the finite element 
approach may substitute experimental research at the microscopic level. 
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A 3D FE model was created in this study as a model setup using the explicit dynamic finite element 
algorithm, LS-DYNA © 2011-2020 LST. The model is intended to replicate the drilling process and 
determine the thermomechanical distribution of bone material. The finite element approach was 
used to create the model, then validated using the LS-DYNA © 2011-2020 LST software. 
 

  
a) b) 

Fig. 3. (a) Drill bit FE model [11] and (b) The boundary conditions 
 

The finite element model comprises a twist drill bit (Ø 4.3 mm in diameter, 107° point angle, and 
35° helix angle) and a cortical bone block with suitable boundary conditions. The drill bit geometry 
was created using the CAD software SolidWorks (Dassault Systems S.A., France) and then loaded into 
the numerical simulation tool LS-DYNA © 2011-2020 LST (Figure 3a).  

The drill bit movement is explicitly modeled using a dynamic FE method, allowing it to rotate and 
travel vertically downward into the bone block along its longitudinal axis (Y-axis) at a given drill speed 
(w) and feed rate (V), (Figure 3b). Numerical simulations were conducted at a drill speed range of 
600-1000 r/min and a feed rate of 25 mm/min to examine the impacts of feed rate and drill speed 
on thermal stress generated during the drilling process. The workpiece is circular in shape, with a 6 
mm diameter × 40 mm length. The workpiece was positioned at the bottom of the process flow, 
according to the dynamic characteristics of the processes. 

The stress created in a structure due to thermal load inspires the thermal stress analysis. The 
temperature data of the study was applied to the time-temperature history to the workpiece (bone 
block component) in the experimental test as a defined temperature load, resulting in the block 
exhibiting the heating source effect. The temperature of the bone block component was set at 25 °C.  

SPH (smoothed particle hydrodynamics) modeling models the enormous deformations during 
metal cutting. The circular block simulates the nodes at the bottom at 6° of freedom. The drill model 
contains 20592 nodes (Figure 4a), while the circular bone block contains 2800 nodes (Figure 4b). The 
SPH geometric properties are defined in the keywords *SECTION_SPH, *MAT_PIECWISE_LINEAR-
PLASTICITY_TITLE, and *EOS_LINEAR POLYNOMIAL. 
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a) b) 

Fig. 4. (a) Drill bit model with 20592 nodes and 4(b) Bone model with 2800 nodes 
 

To apply the loads in the complete analysis, it is important to identify nodal groupings, also known 
as components. The whole FE model of bone drilling is depicted in (Figure 4a and 4b), together with 
the component names. Johnson-Cook, Cowper-Symonds, and Zerilli-Armstrong are the most often 
used material models incorporating strain-rate effects. The Cowper-Symonds material model is 
chosen in this study due to its more straightforward procedures than the other two, takes material 
failure into account, and has often been used in bone material models. (Equation 1) defines the yield 
stress in the Cowper-Symonds material model. 

𝜎𝑦 = [1 + (
𝜀

𝐶
)

1

𝑝
] (𝜎0 +  𝛽𝐸𝑝𝜀𝑝

𝑒𝑓𝑓
)       (1) 

where 𝜎0 denotes the reference yield stress in MPa, 𝜀 is the strain rate in s-1, β is the hardening 
parameter (between 0 and 1 for kinematic hardening), C and P denote the Cowper–Symonds strain 

rate parameters, 𝜀𝑝
𝑒𝑓𝑓

is the effective plastic strain,  𝐸𝑝 denotes the plastic hardening modulus that is 

dependent on Young’s modulus E, and the 𝐸𝑡𝑎𝑛 tangent modulus is defined as (Equation 2): 

𝐸𝑝 =
𝐸𝑡𝑎𝑛𝐸

𝐸−𝐸𝑡𝑎𝑛
       (2) 

The mechanical characteristics of the bone block and hole components were determined using 
uniaxial tensile testing and defined in detail in previous research. (Table 1) contains a complete list 
of the material properties used in the numerical analysis. 

 

2.3 Material Workpiece 

 

The experimental work was performed on the bovine cortical femur bone, which is comparable 
to human bone. Cortical femoral specimens show significant interspecies diversity in cortical femoral 
anatomy. The bovine bones are the most similar to the human bone model. This experiment used 
bovine femoral bones (Figure 5) that were cleaned soon after the slaughter and employed within a 
few hours of the killing. If specimens were not utilized within a few hours, they were maintained 
moist in saline solution and stored in sealed plastic bags at −10 °C [18]. This ensures and maintains 
their mechanical and thermophysical qualities. The mid-diaphysis column was obtained with an 
average diameter of 80 mm and a thickness ranging between 5 to 9 mm. The periosteum was scraped 
from the drilling specimen surface to prevent the chips from being clogged.  



Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 26, Issue 1 (2022) 78-96 

84 
 

 

 
Fig. 5. Cross-section of the bovine bone specimen 

 

The mechanical characteristics of the bovine femur bone and the drill bit are depicted in (Table 
1). The temperature difference between the bovine bone and the drill bit is negligible. The bone and 
drill bit temperature change from room temperature (25 °C) to body temperature (37 °C) does not 
affect the bone properties. It does not influence the temperature that reaches its highest during 
drilling. After adjusting the bone and drill temperatures to room temperature (25 °C), the drilling was 
performed. The drilling exercises were repeated 20 times as recommended by previous researchers 
[19, 20].   

 
Table 1 
Material properties used in the numerical simulations [17] 

Properties Symbol Unit Drill Bit Bone Cylinder 
Block 

Density (specific mass) ρ (Kg/m3) 7850 1800 
Young’s Modulus  E (GPa) 200 0.987 
Poisson’s ratio ν unitless 0.3 0.3 
Coefficient of thermal expansion α (l/°C)  2.75e-5 
Initial yield stress  σy (MPa)  22.59 
Modulus Tangent  Et (MPa)  0.91 
Failure Strain ε (N/m²)  0.05 

 

According to the procedure, specimens should be discarded after two days if not immediately 
utilized. All bone specimens were bought from the same vendor, and all animals were males weighing 
between 800 to 1500 kg and aged 2 to 3 years.  

The drilling position and angle were set between 0° and 30°. The cutting lips form the drill point 
angle projected parallel to the drill axis and parallel to the two cutting lips. The angle is reduced, and 
the drill tip is sharpened (peaked). All experiments were conducted at room temperature, and the 
drilling was conducted without any drilling coolant. 

 
3. Experimental Procedure 
 

There are two ways to measure bone temperature during the drilling process: i) intrusive 
thermocouple measurement and ii) non-invasive infrared thermal imager camera measurement. An 
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infrared picture that incorporates precise temperature data gives critical information about the 
status of various machining operations, such as drilling. 

Thermal cameras are a non-contact measuring technique that makes unseen heat concerns 
obvious, allowing researchers to evaluate performance measurement equipment more securely even 
when operating at full experiment capacity. Along with troubleshooting, thermal imagers may assist 
in refining the bone drilling process performance and monitor temperature quality control 
accordingly. The experiment employed the forward-looking infrared FLIR ONE (2021 © Teledyne FLIR 
LLC) thermal imaging camera for temperature measurement and the drilling equipment details; the 
AISI420B twist drill bits dimension (Figure 6a), the battery-operated hand drill (Figure 6b) and (Figure 
6c) close up image of the drill bits. 

 

 
Fig. 6. (a) AISI420B twist drill dimension, (b) The battery-operated orthopedic hand drill 
and (c) Close-up image of the drill bit 

 

The bone drilling experiment was conducted with an original equipment manufacturer (OEM) 
battery-operated surgical drilling machine (Figure 6c). It was carried out with a penetration angle at 
0o-30o degrees to simulate the situations encountered by a surgeon in the operating room. The 
drilling frequency was repeated 20 times.  

The experimental setup for heat monitoring in this bone drilling investigation is shown in (Figure 
7). A thermal imaging camera (FLIR) is used to monitor the temperature carefully to monitor drill bits 
thermal generation. The camera was placed close to the drilling action and used the surroundings 
and available light to the maximum. The approach for measuring temperature performance is similar 
to that used for other field types, i.e., climatic conditions, illumination, and distance. 
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Fig. 7. Layout of the experimental setup 

 
The thermal imager camera was positioned in the experimental configuration at a 15-cm distance, 

as specified by the manufacturing specification. The external influence was minimized in this manner. 
To get an accurate temperature reading using infrared methods, one must first understand 
emissivity, the connection between the quantity of infrared radiation emitted by a surface and the 
amount emitted by a dark substance or black body [21]. This argument provides a straightforward 
method for quantifying the energy released by drill bits. The emissivity was fixed at 0.98 in this 
experimental research.  

 
3.1 Experimental Matrix 
 

The use of Design-Expert (v13.0) software for the DOE in the experiment analysis enables 
considerable improvements in the experiment result and outcome analysis. The screening process 
was achieved using the software to identify important parts and components, identify interactions, 
and achieve optimal process settings. The software allows easy incorporation of powerful multifactor 
testing tools into the experiment design process, besides having the potential to accelerate the 
achievement of the successful study objective. 
 

3.2 Numerical Modelling of Orthopedic Drilling 
 

In this study, the establishment of the experiment involved meticulous procedures and execution. 
Some of the most important components that have been calculated include thermal material 
property, section property, contact interaction, failure criteria, and control cards and databases.  

 
 

3.2.1 Thermal Material Property 
 

It is widely known that the results of FE simulations are susceptible to the properties of the 
materials used. Hence, selecting the most appropriate material models by the type of study is critical. 
Large and high strain rates have a detrimental effect on drilling materials, eventually causing them 
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to fail. Because the bone block could be exposed to high impact deformation and thermal expansion 
due to temperature load, several material models were built by considering various model 
components, resulting in the definition of the bone block. 

The material model for *MAT_THERMAL_ISOTROPIC_TITLE should be used for the bone cylinder 
block keyword setup. This model determines temperature-dependent material coefficients in a 
thermoelastic-plastic system while simultaneously accounting for the thermal coefficient of 
expansion. The coefficient of thermal expansion permits the calculation of thermal strain and stress 
in response to specific temperature data. 
 
3.2.2 Section Property 
 

Keyword used *SECTION_SHELL_TITLE; the shell section properties are assigned to the drill bit 
having the thickness of 0.1 mm. And for the bone model is set with *SECTION_SOLID KEYWORD. 
 
3.2.3 Contact Interaction and Failure Criteria 
 

An automated surface to surface contact attribute is given between the specimens and the drill 
bit. The keyword *CONTACT_AUTOMATIC_NODES_TO_SURFACE-1D is used with a soft constraint 
type of 1, and the VDC is set to 20. This primary use of the keyword is to specify the slave and master 
components. This sort of contact occurs when the surface of one body penetrates the surface of 
another. 

When solid components engaged in the contact definition are prone to erosion (element deletion) 
due to material failure criteria, eroding contact procedures are offered. The contact surface was 
defined as the drill bit’s surface. The block surfaces that will contact a drill bit are considered target 
surfaces. 

 
3.2.4 Control Card and Database 
 

The workpiece material is defined by a different control card and database: 
*CONTROL_SOLUTION, *CONTROL_TERMINATION, *DATABASE_GLSTAT, *DATABASE_RCFORC, 
*DATABASE_BINARY_D3PLOT, *DATABASE _THERMAL_ SOLVER, and 
*CONTROL_THERMAL_TIMESTEP. 

The results of the uniaxial tensile tests were utilized to characterize the mechanical characteristics 
of the bone block and hole components, which were subsequently completely specified in previous 
studies. The remaining attributes of the material were derived from published sources. Not all 
material properties can be measured and estimated; instead, some must be empirically evaluated 
using a unique experimental and optimization procedure.  

However, this method might lower computational costs and resources required for the drilling 
simulation. Table 1 contains a comprehensive summary of all material parameters considered 
throughout the numerical analysis.  

The drill bit (AISI420B) is assumed to have a rigid body because its stiffness is much larger than the 
bone. Additionally, it is considered and set as a slave portion. The master component is defined as 
the workpiece, a deformable body. The following units were applied in the simulation: kilonewton 
(kN), gigapascal (GPa), kilogram (kg), millimeter (mm), and milliseconds (ms). Finally, the input K file 
was generated with all the general common keywords utilized in the full high-velocity analysis to 
demonstrate the outcomes simulation. 
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4. Drilling Modeling Result 
 

(Table 2) summarizes the findings of the drilling model. The findings indicate a high agreement 
between the experimental and simulation testing. The chip removal procedure is similar to a practical 
test since the drilling tool operates in both rotational and translational motion. The application 
performed well while simulating drilling. This confirmed that the model’s outputs adhered to 
fundamental physics laws. The development of this experiment is concentrated on the computation 
of the plastic strain. 

 
Table 2 
The data obtained from the LS-DYNA simulation comprises the heat generated as well as the amount 
of time required to prepare the 1-hole drilling operation 
 

No Time (s) Sequential graphic image from the drilling simulation result 

1 0 

 
2 0.1 
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No Time (s) Sequential graphic image from the drilling simulation result 

3 0.2 

 
4 0.3 

 
5 0.4 

 
 

5. Discussion – Experimental Results and FE Model Validation 
 

An experimental methodology was employed to validate the numerical thermo-mechanical model 
of drilling. Materials in the experiment included a bovine femur bone for the workpiece and an 
AISI420B stainless steel rod for the drill bit, with the following specifications: Ø 4.3 mm diameter, 
25% web thickness, 107.0° point angle, and 35.0° helix angle for the drill bit. This was partly based on 
the information noted from previous studies [22, 23]. 
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The accuracy of the numerical model was validated by comparing results from both models. The 
calculated average temperatures were compared to numerical values and transformed into 
scheduled analytical data, graphs (Figure 8), and other formats. 

 

Fig. 8. Simulation outcome of the AISI420B drill bit the temperature vs time graph results prediction 

 

 

Fig. 9. Comparison of the simulation vs actual experiment recorded temperature data, and red 
dash line indicates 47oC- osteonecrosis threshold limit. 

 
An important part of forecasting bone tissue behavior during drilling and creating predictive 

capacities is to measure the thermo-mechanical value of the bone. Drill bit performance was analyzed 
using the thermo-mechanical value as a primary indication of the drilling operation in this research. 
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The methodologies employed in this study allow substantial contribution to bone drilling 
modeling. The mechanical and thermal-mechanical behavior of the bone may be studied using 
temperature data included in the FE model at different feed rates and drill speeds. 

(Figure 9) compares the temperature data from the simulation to that from the real experiment. 
The blue and orange represent the simulation and the actual results, whilst the blue and orange 
dotted line is the trendline of the results. This graph illustrates the almost similar trend for these two 
techniques of calculation the degree of linear inclination during the course of a drilling operation. 
The simulation generates the line equation y=20x+5, but the real experiment generates the line 
equation y=4x+21. According to the simulation result, the drilling operation must be completed in 
fewer than 5.5 seconds to avoid osteonecrosis. Meanwhile, real testing demonstrated that the 
drilling process might go longer than 5 seconds. 

Limitation of the study: The validation experiment was carried out in vitro, in the circumstances 
different from a clinical environment. There was no blood flow to the bone specimens utilized in this 
experiment; hence, no heat transfer through convection, which allowed the bones to cool and 
hydrate in situ. 

 
5.1 Experiment Analysis using the Design of Experiment (DOE) 
 

The Design Expert (v13.0) software was used to create the experimental matrix and conduct the 
data analysis for this project. In this study, two elements were chosen at random. Temperature and 
drilling time options with two levels each are illustrated in Table 3.  

 
5.1.1 Factorial Analysis 
 

The outcomes of this study were processed using two factorial analysis. In addition to the heat 
created by the drill bit during the drilling process, the time spent during the drilling operation, the 
net weight of the drill bit lost during the drilling process, and the number of rotations per minute 
(rpm) are among the metrics or set parameters that have been defined., The recorded thermal and 
drilling time spent based on the simulation and actual experiments are listed in (Table 3).  

 
Table 3  
Process control for factor, parameter and levels recorded for 2 factorial design experiment 
 
Factor Parameter Unit Low Level  

(−1) 
High Level 
(+1) 

A Temperature 1)Simulation (°C) 25 45 
2) Actual (°C) 25 29 

B Weight Loss (g) 0 0.055 
C Drill Speed (rpm) 600 1000 
D Time (s) 2 5 

 

The process control parameters and their limits were entered into the computer software. 
Following the application of factorial analysis, the planning matrix will include the value that exceeds 
the (−1) or (+1) range, allowing for the calculation of curvature. The highest temperature used in the 
simulation is 45 °C, as determined by reading the graph formed in 5 seconds by synchronizing with 
the real-time obtained in the validation experiment. 
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The lower limits for the low level (−1) are set at the temperature of 25 °C, spindle speed of 600 
rpm, and drilling time of 2 s, which is similar to the upper limit for low (−1). Meanwhile, for the top 
limit for the high level (+1), the recorded temperature is 32 °C, spindle speed 1000 rpm, and the 
increased recorded time of 5 s. In addition, for the study, the drill bit weight before and after use was 
recorded as the contributing experiment parameter of weight loss (g). 

Some advocated the use of factorial experiments as opposed to the one-factor-at-a-time strategy. 
It is feasible to evaluate numerous elements’ impact and probable combinations using this method 
(independent variables). The analysis of experiment design is built based on the analysis of variance, 
a set of models that split the observed variation into components based on which aspect the 
experiment must estimate or test to be successful. 

A total of 16 runs have been determined from the two factorial analyses of four parameters set 
using data from experiments. The response data are shown in (Table 4) and (Table 5): 

 
Table 4 
The actual design of experiment with generated response 1 – drill bit performance for the simulation 

data 

Std Run Factor 1 
A: 
Temperature 
(Deg C) 

Factor 2 
B: Weight 
Loss 
(g) 

Factor 3 
C: Drill 
Speed 
(rpm) 

Factor 4 
D: Time 
 
(s) 

Response 1 
Drill Bit 
Performance 
Percentage (%) 

2 1 45 0 600 2 91.3667 
9 2 25 0 600 5 99.6112 
11 3 25 0.055 600 5 99.5926 
8 4 45 0.055 1000 2 99.1285 
3 5 25 0.055 600 2 106.254 
7 6 25 0.055 1000 2 92.7192 
14 7 45 0 1000 5 103.243 
4 8 45 0.055 600 2 101.798 
5 9 25 0 1000 2 95.8811 
13 10 25 0 1000 5 90.7212 
15 11 25 0.055 1000 5 86.6146 
12 12 45 0.055 600 5 99.3043 
10 13 45 0 600 5 105.811 
6 14 45 0 1000 2 94.3918 
16 15 45 0.055 1000 5 102.021 

 

Table 5 
The actual design of experiment with generated response 1 – drill bit performance for the actual 
experiment data 

Std Run Factor 1 
A: 
Temperature 
(Deg C) 

Factor 2 
B: Weight 
Loss 
(g) 

Factor 3 
C: Drill 
Speed 
(rpm) 

Factor 4 
D: Time 
 
(s) 

Response 1 
Drill Bit 
Performance 
Percentage (%) 

9 1 25 0 600 5 91.9200 
11 2 25 0.055 600 5 92.1800 
2 3 29 0 600 2 84.7400 
14 4 29 0 1000 5 87.7900 
3 5 25 0.055 600 2 94.1900 
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Std Run Factor 1 
A: 
Temperature 
(Deg C) 

Factor 2 
B: Weight 
Loss 
(g) 

Factor 3 
C: Drill 
Speed 
(rpm) 

Factor 4 
D: Time 
 
(s) 

Response 1 
Drill Bit 
Performance 
Percentage (%) 

8 6 29 0.055 1000 2 84.6500 
4 7 29 0.055 600 2 84.5800 
5 8 25 0 1000 2 94.9900 
7 9 25 0.055 1000 2 93.4100 
15 10 25 0.055 1000 5 91.7200 
6 11 29 0 1000 2 86.2400 
12 12 29 0.055 600 5 86.6500 
16 13 29 0.055 1000 5 86.5500 
10 14 29 0 600 5 85.0100 
13 15 25 0 1000 5 93.8500 

 

Measurements are often vulnerable to variance and ambiguity; hence, they are repeated, and 
whole studies are reproduced. This assists in identifying causes of variation, improving estimates of 
the genuine effects of treatments, enhancing the reliability and validity of the experiment, and 
contributing to the subject’s existing body of knowledge. 

5.1.2 Three-Dimensional (3D) Surface Graph Analysis 

The 3D surface graph was created from the data obtained from a two-factor analysis to provide a 
clearer and more precise overall collected data of the study. (Figure 10) depicts the outcomes of the 
simulation test, while (Figure 11) depicts the actual experiment. 

A 3D surface graph was created from the factors (drill bit performance) to display the correlation 
between the actual and simulation results data. It appears that the drill bit performance for the 
simulation test is slightly higher than the actual test, with the former yielding 90.093% to 108.945% 
range as opposed to the latter of an 84.588% to 94.989% range. 
 

 

Fig. 10. 3D graph developed from simulation 
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Fig. 11. 3D graph developed from actual 

5.1.3 Confirmation Performance of the Simulation versus Actual Experiments 

The data generated from the analysis of the DOE summarized in (Table 6) show that the simulation 
confirmation performance is more accurate than the experimental data. This is expected since the 
data were collected in a controlled environment free of disruptions that could cause erroneous data. 

Apart from that, the factors that cause the actual experimental data to be rather low are 
unavoidable errors and constantly changing parameters that could not be controlled as in the 
simulation. 

Nonetheless, the difference in the ability determination between the two data is still within 
acceptable limits, i.e., 10.9102% (the minimal difference limit), which remains within the range of 
universal experimental correctness (Table 6). 

While drilling performance was found to be significantly diminished as the amount of time spent 
for drilling increased in both simulation and actual experiments, it was also discovered that the drill 
bit weight loss increased in proportion to the amount of heat generated in both experiments. 

 
Table 6  
Post-analysis confirmation performance comparison between simulation and actual experiments 

No. 
Drill bit 
performance 

Mean 
(predicted) 

Median 
(predicted) 

Std. 
Dev. 

n 
SE 
(predicted) 

95% PI 
low 

95% PI 
high 

1 Simulation  100.2852 100.2852 6.2410 1 6.4331 86.5733 113.9971 

2 Actual  89.3750 89.3750 0.4769 1 0.4915 88.1721 90.5779 

Difference 10.9102 10.9102 5.7641 0 5.9415 -1.5988 23.4192 

Note: Two-sided, Confidence level = 95%, SE = standard error 
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As per the study findings, the simulation test helps ensure a good and trustworthy result in actual 
drilling. Using a computer simulation to estimate future drilling process outcomes observations prior 
to the actual experiment is a feasible technique to consider. Comparisons between the simulation 
and experimental results revealed that using a computer simulation to forecast the drilling process 
results is a practical way to predict the outcome (results).  
 

6. Conclusion 
 

This study proposes the simulation analysis for the drilling tool performance quantification.  The 
graph plots, which represent the temperature generated, were then cross correlated to the actual 
experiment, as a result validation. It was found that the difference in the minimum values between 
the correlation graphs reflects the actual physical size.  

Study data indicate that the drilling simulation test is an excellent method to ensure a non-biased 
(fair) and predictable outcome. Plus, the LS-DYNA program was used to create drilling models, and 
the method is well-defined. The difference in mean drill bit performance of the simulation study with 
the data obtained from the experiment is 10.9102% (within the range of universal experimental 
correctness). It indicates that the adapted model, test, software, drill bits, and the methodology are 
synced to the design of experiment (DOE), yielding well acceptable experiment analysis results.  

From the modeling standpoint, it is advantageous to understand better the AISI420B drill bit 
thermal heat propagation phenomenon and analyze other different drilling parameters and 
scenarios. The AISI420B showed good heat conductivity, and minor wear than typical stainless steel 
drill bits in the market for bone drilling. Future studies with a lower nodal setting in the keyword 
database will verify that the technique provides great resolution and sensitivity to drill bits and 
workpieces (bovine bone). Precisely, the proposed design model is feasible to investigate the cutting 
tool’s other behaviors during drilling and the associated physical phenomena, such as significant 
elastoplastic deformation, frictional heat generation, and chip formation. 
 

Acknowledgements 
 

The authors would like to thank Universiti Teknologi Malaysia (UTM) for providing the facility for 
this research. 

 
References 
[1] G. Augustin, S. Davila, K. Mihoci, T. Udiljak, D.S. Vedrina, A. Antabak, Thermal osteonecrosis and bone drilling 

parameters revisited, Arch Orthop Trauma Surg 128 (2008) 71–77. doi:10.1007/s00402-007-0427-3.  
[2] G. Augustin, T. Zigman, S. Davila, et al., Cortical bone drilling and thermal osteonecrosis, Clin Biomech 27 (2012) 

313–325. doi:10.1016/j.clinbiomech.2011.10.010 
[3] T. Bruketa, G. Augustin, T. Staroveški, et al., Distribution of coolant during drilling with open type internally cooled 

medical steel drill, Injury 52 (2021) S32–S37. doi:10.1016/j.injury.2020.09.013 
[4] D. Haluzan, S. Davila, A. Antabak, et al., Thermal changes during healing of distal radius fractures – Preliminary 

findings, Injury 46 (2015) S103–S106. doi:10.1016/j.injury.2015.10.046 
[5] S.A. Gehrke, T.L.E. Treichel, J. Aramburú Jr., P.N. de Aza, J.C. Prados-Frutos, Effects of the technique and drill design 

used during the osteotomy on the thermal and histological stimulation, Sci Rep 10 (2020) 20737. 
doi:10.1038/s41598-020-77762-z  

[6] C. Timon, C. Keady, Thermal osteonecrosis caused by bone drilling in orthopedic surgery: A literature review, 
Cureus 11 (2019) e5226. doi:10.7759/cureus.5226 

[7] Y. Liu, M. Tang, Q. Hu, Y. Zhang, L. Zhang, Densification behavior, microstructural evolution, and mechanical 
properties of TiC/AISI420 stainless steel composites fabricated by selective laser melting, Mater Des 187 (2020) 
108381. https://doi.org/10.1016/j.matdes.2019.108381 



Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 26, Issue 1 (2022) 78-96 

96 
 

[8] M. Albertini, M.H. Climent, P.J. Lazaro, J.V. Rios, F.J. Gil, Comparative study on AISI 440 and AISI 420B stainless 
steel for dental drill performance, Mater Lett 79 (2012) 163–165. http://dx.doi.org/10.1016/j.matlet.2012.04.006 

[9] Y. Zhang, L. Xu, C. Wang, et al., Mechanical and thermal damage in cortical bone drilling in vivo, Proc Inst Mech 
Eng H 233 (2019) 621–635. doi:10.1177/0954411919840194 

[10] I.S. Boldyrev, D.I. Topolov, Twist drilling SPH simulation for thrust force and torque prediction, IOP Conf Ser: Mate 
Sci Eng 971 (2020) 022044. 

[11] T.A. Nguyen, T.T. Tran, Drilling modeling using computer simulation, Int J Sci Technol Res 9 (2020) 171–174. 
[12] M.F.A. Akhbar, A.W. Sulong, Surgical drill bit design and thermomechanical damage in bone drilling: A review, Ann 

Biomed Eng 49 (2021) 29–56. doi:10.1007/s10439-020-02600-2 
[13] M. Aghvami, J.B. Brunski, U.S. Tulu, C.H. Chen, J.A. Helms, A thermal and biological analysis of bone drilling, J 

Biomech Eng 140 (2018) 1010101–1010108. doi:10.1115/1.4040312 
[14] N. Bertollo, W.R. Walsh, Drilling of bone: Practicality, limitations and complications associated with surgical drill-

bits, in: V. Klika (Ed.), Biomechanics in Application, IntechOpen, London (2011). DOI: 10.5772/20931  
[15] K. Alam, S.H. Imran, A. Al-Shabibi, M. Ghodsi, V. Silberschmidth, Experimental study on the effect of drill quality 

on bone temperature in drilling, Biomed Eng – Appl Basis Commun 30 (2018) 1850018. 
https://doi.org/10.4015/S1016237218500187 

[16] Y. Torun, O. Pazarci, A. Ozturk, Current approaches to bone-drilling procedures with orthopedic drills, Cyprus J 
Med Sci 5 (2020) 93–98. http://dx.doi.org/10.5152/cjms.2020.1242 

[17] M.G. Fernandes, E.M. Fonseca, R.N. Jorge, Thermo-mechanical stresses distribution on bone drilling: Numerical 
and experimental procedures, Proc Inst Mech Eng L: J Mater Des Appl 233 (2019) 637–646. 
doi:10.1177/1464420716689337 

[18] E.D. Sedlin, C. Hirsch, Factors affecting the determination of the physical properties of femoral cortical bone, Acta 
Orthop Scan 37 (1996) 29–48. doi:10.3109/17453676608989401 

[19] L.S. Matthews, C. Hirsch, Temperatures measured in human cortical bone when drilling. J Bone Jt Surg 54 (1972) 
297–308.  

[20] H. Clement, C. Zopf, M. Brandner, N.P. Tesch, R. Vallant, P. Puchwein,  Performance test of different 3.5 mm drill 
bits and consequences for orthopedic surgery, Arch Orthop Trauma Surg 135 (2015) 1675–1682. 
doi:10.1007/s00402-015-2338-z 

[21] FLIR, F.T.S.I., FLIR One User Guide (2014). 
[22] M.S. Noorazizi, Optimization of drill geometry design for orthopedic surgical application in dry drilling condition 

(Doctoral dissertation), Universiti Teknikal Malaysia, Melaka (2017). 
[23] M.S. Noorazizi, R. Izamshah, M.S. Kasim, Effects of drill geometry and penetration angle on temperature and holes 

surfaces for cortical bovine bone: An in vitro study, Procedia Eng 184 (2017) 70–77. 

 
 


