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KEYWORDS ABSTRACT

Drilling, Drilling is one of the most common surgical methods performed on human bones to stabilize
Tool nanocoating, fractured bones and hold them together. Due to the complexity of the machined material and the
Sensitivity analysis, sensitivity of the process, it is considered one of the most significant mechanical techniques in
E-Fast. biomedical engineering. Polymethyl methacrylate (PMMA), due to its mechanical properties

similar to bone tissue, is regarded as a suitable alternative for bone in medical implants. However,
increased drilling forces can damage bone tissue or implants, leading to severe and irreparable
issues. Therefore, studying the factors influencing drilling forces in such materials is of utmost
importance. In this study, the sensitivity analysis and optimization of axial force in the orthopedic
drilling process using tools coated with a nanostructured titanium nitride (TiN) coating applied
via physical vapor deposition (PVD) have been investigated. The primary objective of this
research is to enhance the performance and efficiency of the process by optimizing parameters
such as tool rotational speed, feed rate, tool diameter, and the use of the titanium nitride coating.
Sensitivity analysis was also conducted by analyzing experimental data. The results indicate that
using coated tools can significantly reduce drilling forces.

Extended Abstract

1. Introduction

n recent years, the development of coating technologies has garnered significant attention across various

industries [1]. These technologies enable the creation of extremely thin coatings with unique properties and

precise control capabilities [2]. Among the industries benefiting from this technology is machining,
particularly drilling [3]. Drilling processes find applications in diverse fields, including medical procedures such
as drilling bone and implants [4]. Given the critical need for precision in medical applications, optimizing the
drilling process and enhancing the quality and accuracy of the produced holes is paramount [5]. A novel approach
to improving drilling performance involves the utilization of nanostructured coatings on drilling tools [6]. Coating
drilling tools with titanium nitride nanocoatings, via physical vapor deposition, is considered an advanced and
reliable method for improving efficiency and reducing axial force in orthopedic drilling procedures [7].

As mentioned, the orthopedic industry demands high precision and quality in drilling processes for the creation
of joints and the use of orthopedic components. To achieve better and more optimized results, nanometer-scale
coating technologies can be employed [8]. Improving and optimizing the axial force in orthopedic drilling
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processes using tools coated with nanocoatings can significantly enhance the performance and efficiency of this
process, addressing the requirements of the orthopedic industry [9]. Research conducted by Marin and colleagues
has shown that titanium alloys are among the most biocompatible and widely used alloys in metallic biomaterials
[10]. Considering the significance of drilling processes in the orthopedic industry and the demand for high
precision and quality, improving the efficiency of this process is of paramount importance. The use of titanium
nitride coating as a significant factor in drilling and optimizing other parameters can significantly improve axial
force and hole quality [11]. In the research of Nikouimanesh and colleagues [12], it is observed that titanium nitride
coating, due to its unique properties such as high resistance to heat, oxidation, and wear, is used in many
components to enhance corrosion, oxidation, and wear resistance.

Overall, numerous studies have been conducted in the field of orthopedic drilling with nanocoated tools,
focusing on experimental analysis and optimization of axial force in orthopedic drilling processes. These studies
provide information and results regarding the impact of various process parameters, such as tool rotational speed,
depth of cut, titanium nitride coating, and other parameters, on axial force in orthopedic drilling with nanocoatings.
This information can significantly improve the performance and efficiency of this process. Additionally, these
studies can be used to optimize parameters and reduce unwanted side effects. Studies and research in the field of
orthopedic drilling with nanocoated tools have also employed experimental design using response surface
methodology, modeling, and second-order linear regression equations, as well as optimizing input parameters to
achieve axial force, providing valuable information about orthopedic drilling using nanocoated tools. Some of the
areas that have been investigated include the work of Wu and colleagues [13], who examined the impact of the
type and properties of the nanocoating. In fact, they investigated the effect of a type of titanium nitride nanocoating
on a titanium tool in orthopedic drilling and its impact on axial force. Similarly, Tahmasebi and colleagues [14]
discussed the impact of input parameters. In this section, the impact of tool rotational speed, feed rate, and tool
diameter on axial force in the orthopedic drilling process using tools coated with titanium nitride nanocoating was
investigated. They focused on modeling and optimization, using these methods to determine the axial force
behavior model and optimize input parameters with the aim of achieving optimal axial force and reducing side
effects.

2. Materials

Due to its excellent properties and similarity to the mechanical properties of bone, polymethyl methacrylate
(PMMA) was used as the material for this study. The similarity of this material to bone properties is shown in
Table 1.

Table 1 Comparison of Mechanical Properties of Bone and Polymethyl Methacrylate [16]

Mechanical Properties Bone PMMA
Thermal conductivity (W/mK) 0.1-0.35 0.15-0.4
Specific heat (J/kg K) 1300 1400
Thermal diffusivity (m#s) 3x10°7 1.1x10"7
Density (kg/m3) 1800 1400
Tensile strength (MPa) 115 1400
Shear modulus (GPa) 3.5 3

3. Experimental Procedure

Design of Experiments (DOE) was employed to reduce the number of experiments required to obtain a suitable response
to a query. Response Surface Methodology (RSM) is a valuable tool due to its accuracy in modeling and experimental
validation. In this study, RSM was used for experimental design. Instead of conducting random experiments, a set of
experiments were conducted adhering to the drilling requirements to enable the analysis of the process for different response
parameters individually or in combination. To study the force behavior during the drilling process of this material, the
parameters of rotational speed, feed rate, and drill diameter were selected as input variables. In the experiments, a 10 mm thick
polymethyl methacrylate (PMMA) polymer sheet was used. The drills used in the process were standard high-speed steel drills,
and new drills were used to eliminate the effect of tool wear.

4. Data analysis

Based on the force analysis results and the experimental data obtained by Tahmasebi et al. [14], regression
equations were derived for both cases with and without nanocoating (1 and 2).

@ F(N)=-16.48+0.52f(mm/min)-0.01493N(rpm)+14.9D(mm)+0.000007N(rpm)*N(rpm)-0.00011f(mm/min)*N(rpm)-
0.004337N(rpm)*D(mm)

) F(N)=-42.56+0.5275f(mm/min)-0.00548N(rpm)+14.9D(mm)+0.000007N(rpm)*N(rpm)-0.0001 1f(mm/min)*N(rpm)-
0.004337N(rpm)*D(mm)
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5. Sensitivity analysis of input parameters on drilling force

In this section, based on the performed modeling and its conformity with the experimental data, and
considering the effective factors in the model, an attempt has been made to explain the role of rotational speed,
feed rate, and tool diameter in the axial force behavior.

6. Effect of feed rate

According to the presented regression equations and the performed sensitivity analysis, specifically for the
feed rate parameter, the obtained diagrams, respectively in the cases with nanocoating (Figure 1-a) and without
nanocoating (Figure 1-b), show the trend of changes in the axial force. According to the observed results, with
increasing feed rate, due to the increase in the thickness of the deformed chip, the applied force to the polycarbonate
increases. The lower the feed rate and the penetration speed of the tool into the material, the easier it is for the chip
to be removed from the drilling site. Also, with increasing feed rate, due to the increase in friction between the
tool and the workpiece, the machining force will increase.
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Figure 1 Study of the effect of the advance rate, a) with nanocoating b) without nanocoating

7. Effect of rotational speed

Rotational speed, as the second input of the regression equation, has been investigated in the sensitivity
analysis of this research, the results of which are presented graphically in the cases with nanocoating (Figure 1-a)
and without nanocoating (Figure 2-b). It is evident that the change in the tool rotation speed has a direct effect on
the axial force. Increasing the tool rotation speed can lead to a decrease in the axial force. The reason for this is
that with increasing rotational speed, the cutting speed will also increase accordingly. This increase in cutting
speed leads to a decrease in the likelihood of built-up edge formation and also facilitates chip removal and reduces
friction; therefore, in the drilling process of this material, adjusting the tool rotation speed can be used to control
and optimize the axial force.
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Figure 2 Investigating the effect of rotational speed, a) with nano coating b) without nano coating
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8. Effect of tool diameter

Another input parameter of this equation is the tool diameter used. To investigate the effect of this parameter
on the axial force, the results of the sensitivity analysis with nanocoating (Figure 3-a) and without nanocoating
(Figure 3-b) are presented. With increasing tool diameter, the contact surface between the tool and the polymethyl
methacrylate increases and therefore the axial force also increases [24].

Force (N)
Force (N)

D (mm)

Figure 3 Investigating the effect of tool diameter, a) with nanocoating b) without nanocoating

9. Summary of sensitivity analysis of input parameters affecting drilling force using the E-Fast method

The importance of this comparison is that by accurately understanding the effect of each parameter on the
axial force, it is possible to optimize the orthopedic drilling process and obtain the required axial force with
minimal side effects and high accuracy. More importantly, the effect of nanocoatings is evident in this comparison.
According to the diagrams presented below, the effect of each input is shown together, which has made it easy to
compare them. Figure 4-a shows the effect of these parameters without nanocoating. In Figure 4-b, the same
parameters show their effect along with the nanocoating. Based on the test results, the final effect of the presence
and absence of nanocoating can be analyzed. Based on the mentioned percentages, the following results are
obtained: Tool diameter: In the case without nanocoating, the tool diameter has a greater effect on the axial force
(32% effect) compared to the case where the nanocoating is used (16% effect). This result shows that the
nanocoating is able to reduce the effect of tool diameter on the axial force. Rotational speed: In the case without
nanocoating, the rotational speed has a lesser effect (45% effect) on the axial force, while in the case with
nanocoating, it shows a greater effect (74% effect). This result shows that the nanocoating can increase the effect
of rotational speed on the axial force and help improve the performance of the drilling process. Feed rate: In the
case without nanocoating, the feed rate has a lesser effect (22% effect) on the axial force, while in the case with
nanocoating, it shows a lesser effect (10% effect).

tool
diameter
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tool
diameter
32% rotational
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10%

speed
45%
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Figure 4 Diagram of the percentage effect of process parameters, a) without nanocoating b) with nanocoating
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10. Conclusion

This paper presents an experimental analysis of the axial force in drilling polymethyl methacrylate using tools
coated with titanium nitride nanocoating through physical vapor deposition. Regression equations were used to
model the axial force, and sensitivity analysis was employed to investigate the impact of input parameters on the
axial force.

Results
Experimental analysis revealed that the use of tools coated with titanium nitride nanocoating in the drilling

process significantly improves the performance and efficiency of this process.

Tool Diameter: In the case without nanocoating, the tool diameter has a greater impact on the axial force (32%
effect) compared to the case with nanocoating (16% effect). This result indicates that the nanocoating can reduce
the effect of tool diameter on the axial force.

Rotational Speed: In the case without nanocoating, rotational speed has a lesser impact (45% effect) on the
axial force, while in the case with nanocoating, it shows a greater impact (74% effect). This result indicates that
the nanocoating can increase the effect of rotational speed on the axial force and improve the drilling process
performance.

Feed Rate: In the case without nanocoating, the feed rate has a lesser impact (22% effect) on the axial force,
while in the case with nanocoating, it shows a lesser impact (10% effect).
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