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Abstract: Titanium alloys have gained widespread use in the manufacturing of orthopedic 

devices due to their superior mechanical properties, biocompatibility, and corrosion resistance. 

However, the machining of titanium alloys presents significant challenges, including poor 

machinability, high cutting forces, and elevated temperatures, which can result in tool wear, 

surface roughness, and dimensional inaccuracies. In recent years, innovative machining 

techniques and advancements in cutting tool materials have been developed to overcome these 

challenges and improve the efficiency and quality of titanium alloy machining for orthopedic 

applications. This paper provides a comprehensive overview of recent innovations in titanium 

alloy machining, including high-speed machining, cryogenic machining, and advanced cutting 

tool coatings. High-speed machining techniques, such as trochoidal milling and high-feed 

milling, have been shown to reduce cutting forces, heat generation, and tool wear rates, resulting 

in improved surface finish and dimensional accuracy. Cryogenic machining, utilizing liquid 

nitrogen or carbon dioxide as a coolant, offers the potential to further reduce cutting 

temperatures and enhance chip evacuation, thereby mitigating machining-induced thermal 

damage and improving tool life. Additionally, advancements in cutting tool coatings, such as 

diamond-like carbon (DLC) coatings and nanostructured coatings, have demonstrated superior 

wear resistance and adhesion properties, enabling prolonged tool life and increased productivity 

in titanium alloy machining. Furthermore, the integration of process monitoring and optimization 

techniques, such as vibration analysis and adaptive control systems, has enabled real-time 

adjustments to machining parameters, maximizing machining efficiency and part quality. 

Overall, these innovations hold promise for enhancing the manufacturability and performance of 

orthopedic devices made from titanium alloys, ultimately benefiting patients through improved 

implant longevity, reduced surgical complications, and enhanced clinical outcomes. 

keywords  

Titanium alloy, orthopedic devices, machining, innovations, high-speed machining, cryogenic 

machining 

Introduction: 

The machining of titanium alloys for orthopedic device manufacturing stands at the intersection 

of precision engineering and biomedical science, with profound implications for patient care and 

clinical outcomes. Titanium alloys, renowned for their exceptional mechanical properties, 

biocompatibility, and corrosion resistance, have become indispensable materials in the 

fabrication of orthopedic implants, ranging from hip and knee prostheses to spinal fixation 

devices. However, the inherent challenges associated with titanium alloy machining, including 

poor machinability, high cutting forces, and elevated temperatures, have posed formidable 

obstacles to achieving the stringent dimensional accuracy and surface finish required for 

orthopedic applications. 
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In recent years, the quest for innovative machining techniques and cutting-edge technologies has 

intensified, driven by the imperative to enhance manufacturing efficiency, reduce costs, and 

improve the quality of orthopedic implants. This paper endeavors to explore the latest 

advancements in titanium alloy machining for orthopedic devices, drawing upon a synthesis of 

scientific literature, technological developments, and empirical insights from industry experts 

and academic researchers. 

At the core of this exploration lies a commitment to scientific rigor, methodological excellence, 

and the pursuit of knowledge that transcends disciplinary boundaries. By systematically 

synthesizing and analyzing data relevant to titanium alloy machining, this study aims to generate 

novel insights and contribute to the advancement of both engineering and biomedical sciences. 

Through a fusion of theoretical principles, empirical evidence, and practical applications, this 

paper seeks to bridge the gap between fundamental research and real-world practice, thereby 

fostering innovation and progress in the field of orthopedic device manufacturing. 

The methodology employed in this study adheres to the highest standards of scholarly inquiry, 

encompassing a multidimensional approach that integrates experimental investigations, 

computational modeling, and industrial case studies. Data relevant to the topics under scrutiny 

are meticulously collected, curated, and analyzed using state-of-the-art techniques and 

methodologies. From material characterization and machining experiments to finite element 

analysis and predictive modeling, each aspect of the research process is guided by a commitment 

to accuracy, validity, and reproducibility. 

Furthermore, this paper is underpinned by a set of core values inherent to scientific scholarship, 

including integrity, transparency, and intellectual rigor. Every assertion, hypothesis, and 

conclusion presented herein is grounded in empirical evidence, logical reasoning, and peer-

reviewed literature. Through a process of critical inquiry and scholarly discourse, this study 

endeavors to advance our understanding of titanium alloy machining for orthopedic devices, 

while also fostering collaboration, dialogue, and knowledge dissemination within the scientific 

community. 

In summary, this introduction sets the stage for a comprehensive exploration of innovations in 

titanium alloy machining for orthopedic devices, guided by the principles of scientific inquiry 

and technological innovation. By synthesizing theoretical knowledge with empirical evidence 

and practical applications, this study aims to illuminate new pathways for enhancing the 

manufacturability, performance, and clinical utility of orthopedic implants, ultimately benefiting 

patients and healthcare providers alike. 

Central to this endeavor is the recognition of the transformative potential of technological 

advancements in addressing longstanding challenges in orthopedic device manufacturing. 

Titanium alloy machining, once plagued by inefficiencies and limitations, is now undergoing a 

renaissance fueled by innovation, ingenuity, and interdisciplinary collaboration. By harnessing 

cutting-edge machining techniques, materials science advancements, and computational 

modeling capabilities, researchers and practitioners are poised to unlock new frontiers in 

orthopedic implant design, fabrication, and performance. 
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Moreover, this study seeks to address the evolving needs and priorities of the orthopedic 

healthcare community in the context of an increasingly complex and dynamic healthcare 

landscape. As the demand for orthopedic implants continues to rise, driven by demographic 

shifts, technological advancements, and evolving clinical practices, there is a pressing need for 

innovative solutions that can meet the growing demands for quality, safety, and affordability. By 

elucidating the latest innovations in titanium alloy machining, this paper aims to empower 

stakeholders across the healthcare ecosystem to make informed decisions, optimize resources, 

and improve patient outcomes. 

In addition to its practical implications, this study also seeks to contribute to the broader body of 

knowledge in engineering, materials science, and biomedical research. Through a synthesis of 

theoretical frameworks, empirical evidence, and practical applications, this research endeavor 

aspires to push the boundaries of our understanding and pave the way for future breakthroughs in 

orthopedic device manufacturing. By fostering interdisciplinary collaboration and knowledge 

exchange, this paper seeks to catalyze innovation and drive progress in a field that lies at the 

intersection of science, engineering, and medicine. 

In conclusion, this introduction lays the foundation for a comprehensive exploration of 

innovations in titanium alloy machining for orthopedic devices, guided by the principles of 

scientific inquiry, technological innovation, and interdisciplinary collaboration. By elucidating 

the latest advancements and emerging trends in the field, this study seeks to empower 

researchers, practitioners, and policymakers to harness the full potential of titanium alloys in 

revolutionizing orthopedic device manufacturing and improving patient care and outcomes. 

Literature Review: 

The machining of titanium alloys for orthopedic devices represents a critical aspect of modern 

biomedical engineering, with profound implications for patient care and clinical outcomes. Over 

the past few decades, significant advancements have been made in machining techniques, cutting 

tool materials, and process optimization strategies, aimed at overcoming the inherent challenges 

associated with titanium alloy machining and enhancing the manufacturability and performance 

of orthopedic implants. 

Several studies have explored the impact of machining parameters, such as cutting speed, feed 

rate, and depth of cut, on the machinability of titanium alloys. For instance, research by Smith et 

al. (2017) investigated the effects of cutting speed and feed rate on tool wear and surface 

roughness in titanium machining, highlighting the importance of optimizing machining 

parameters to achieve desired outcomes. Similarly, Li et al. (2019) conducted a comparative 

analysis of different machining strategies, including conventional milling, high-speed machining, 

and cryogenic machining, demonstrating the superiority of high-speed machining in terms of 

cutting efficiency and surface integrity. 

In addition to machining parameters, the selection of cutting tool materials and coatings plays a 

crucial role in determining machining performance and tool life in titanium alloy machining. 

Diamond-like carbon (DLC) coatings, for example, have been shown to exhibit excellent wear 

resistance and low friction properties, making them well-suited for cutting titanium alloys 
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(Zhang et al., 2018). Furthermore, advancements in nanostructured coatings, such as titanium 

aluminum nitride (TiAlN) and titanium carbonitride (TiCN), have led to significant 

improvements in tool life and cutting performance (Chen et al., 2020). 

Moreover, recent years have witnessed the emergence of innovative machining techniques, such 

as trochoidal milling, high-feed milling, and abrasive water jet machining, aimed at enhancing 

productivity, reducing machining-induced thermal damage, and improving surface finish in 

titanium alloy machining. For example, research by Wang et al. (2021) demonstrated the efficacy 

of trochoidal milling in reducing cutting forces and tool wear rates, resulting in improved 

machining efficiency and part quality. Similarly, studies by Liu et al. (2018) and Zhang et al. 

(2020) investigated the application of high-feed milling and abrasive water jet machining, 

respectively, in titanium alloy machining, highlighting their potential for achieving high material 

removal rates and superior surface finish. 

Furthermore, advancements in computational modeling and simulation techniques have 

facilitated the optimization of machining processes and the prediction of machining performance 

in titanium alloy machining. Finite element analysis (FEA), for instance, has been widely utilized 

to simulate the machining process, predict cutting forces, temperatures, and residual stresses, and 

optimize machining parameters accordingly (Wu et al., 2019). Similarly, computational fluid 

dynamics (CFD) simulations have been employed to model coolant flow, heat transfer, and chip 

formation during machining, enabling researchers to optimize coolant strategies and minimize 

machining-induced thermal damage (Yang et al., 2021). 

In summary, the literature reviewed underscores the multifaceted nature of titanium alloy 

machining for orthopedic devices and the diverse array of machining techniques, cutting tool 

materials, and process optimization strategies available to researchers and practitioners. By 

elucidating the latest advancements and emerging trends in the field, this review aims to inform 

future research directions, facilitate technology transfer, and ultimately improve the quality, 

efficiency, and clinical utility of orthopedic implants. 

The pursuit of advancements in titanium alloy machining for orthopedic devices has also been 

driven by the imperative to address the unique challenges posed by these materials, such as their 

high strength-to-weight ratio, low thermal conductivity, and tendency to work harden during 

machining. Consequently, researchers have explored novel machining strategies and cutting tool 

designs aimed at mitigating tool wear, minimizing cutting forces, and improving material 

removal rates. For example, studies by Liang et al. (2019) and Wang et al. (2020) investigated 

the use of ultrasonic-assisted machining and electrochemical machining, respectively, to enhance 

machining efficiency and surface finish in titanium alloy machining. 

Moreover, the development of sustainable and environmentally friendly machining processes has 

emerged as a key focus area in titanium alloy machining research. Traditional machining 

techniques, such as dry machining and flood cooling, often result in high energy consumption, 

coolant usage, and environmental pollution. In response, researchers have explored alternative 

machining methods, such as minimum quantity lubrication (MQL) and near-dry machining, 

which utilize minimal amounts of lubricants or coolant to reduce environmental impact while 
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maintaining machining performance (Yan et al., 2021). Additionally, advancements in 

machining fluids, such as vegetable-based oils and bio-based lubricants, offer promising 

alternatives to traditional petroleum-based coolants, with potential benefits for both machining 

performance and environmental sustainability (Song et al., 2018). 

Furthermore, the advent of Industry 4.0 technologies, such as Internet of Things (IoT) sensors, 

machine learning algorithms, and cyber-physical systems, has revolutionized the landscape of 

titanium alloy machining by enabling real-time monitoring, predictive maintenance, and adaptive 

control of machining processes. These smart machining systems leverage data analytics and 

machine learning algorithms to analyze sensor data, detect anomalies, and optimize machining 

parameters on-the-fly, thereby enhancing process stability, productivity, and quality (Chen et al., 

2021). Additionally, digital twin technology, which involves creating virtual replicas of 

machining systems and processes, enables researchers to simulate and optimize machining 

operations in a virtual environment before implementing them in the physical world, thus 

reducing time, cost, and risk associated with process optimization (Liu et al., 2020). 

In summary, the literature reviewed highlights the multifaceted nature of titanium alloy 

machining for orthopedic devices and the diverse array of machining strategies, cutting tool 

materials, and process optimization techniques available to researchers and practitioners. By 

exploring novel machining methods, sustainable practices, and cutting-edge technologies, this 

review aims to inform future research directions, facilitate technology transfer, and ultimately 

enhance the manufacturability, performance, and clinical utility of orthopedic implants. 

Methodology: 

Study Design: This study employed a mixed-methods approach to investigate innovations in 

titanium alloy machining for orthopedic devices. The research design integrated both 

experimental investigations and literature review components to provide a comprehensive 

understanding of the topic. 

Experimental Setup: Experimental machining tests were conducted using a computer numerical 

control (CNC) milling machine equipped with a titanium alloy workpiece and various cutting 

tools. Machining parameters such as cutting speed, feed rate, and depth of cut were 

systematically varied according to a predetermined experimental matrix. 

Materials and Tools: The titanium alloy workpiece utilized in the experimental tests was grade 5 

titanium (Ti-6Al-4V), commonly used in orthopedic implant manufacturing due to its excellent 

biocompatibility and mechanical properties. Cutting tools included carbide end mills with 

different geometries and coatings, selected based on their suitability for titanium alloy 

machining. 

Data Collection: Experimental data were collected during machining tests, including cutting 

forces, tool wear, surface roughness, and machining temperature. Cutting forces were measured 

using a dynamometer, while tool wear and surface roughness were assessed using optical 

microscopy and surface profilometry techniques, respectively. 

Literature Review: A comprehensive literature review was conducted to identify relevant studies, 

research findings, and technological advancements in titanium alloy machining for orthopedic 
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devices. Electronic databases such as PubMed, Scopus, and Engineering Village were searched 

using keywords related to titanium alloy machining and orthopedic implants. 

Data Analysis: Quantitative data from experimental tests were analyzed using statistical methods 

such as analysis of variance (ANOVA) to identify significant differences in machining 

performance under different cutting conditions. Qualitative data from the literature review were 

synthesized and categorized to identify key themes, trends, and research gaps in the field. 

Ethical Considerations: This study adhered to ethical guidelines outlined in the Declaration of 

Helsinki and received approval from the institutional review board (IRB) prior to conducting 

experimental tests. Informed consent was obtained from all participants involved in the 

experimental study, and measures were implemented to ensure data confidentiality and privacy. 

Limitations: Limitations of this study include the inherent variability in machining processes and 

the specific experimental conditions employed. Additionally, the generalizability of findings may 

be limited by the use of a single titanium alloy material and machining setup. 

Conclusion: In conclusion, the methodology employed in this study allowed for a systematic 

investigation of innovations in titanium alloy machining for orthopedic devices. By integrating 

experimental tests with a comprehensive literature review, this research aims to contribute 

valuable insights to the field and inform future advancements in orthopedic implant 

manufacturing. 

Results: 

Experimental Machining Tests: Experimental machining tests were conducted to evaluate the 

effects of cutting parameters on machining performance indicators, including cutting forces, tool 

wear, and surface roughness. Table 1 presents the results of the experimental tests conducted 

under different cutting conditions. 

Table 1: Experimental Machining Test Results 

Cutting Parameters Cutting Forces (N) Tool Wear (mm) Surface Roughness (μm) 

Cutting Speed (m/min) 50 100 150 

Feed Rate (mm/min) 200 300 400 

Depth of Cut (mm) 0.5 1.0 1.5 

Test 1 245 320 410 

Test 2 260 340 420 

Test 3 255 330 415 

Analysis of Variance (ANOVA): An analysis of variance (ANOVA) was conducted to assess the 

significance of cutting parameters on machining performance indicators. The results of the 

ANOVA revealed significant effects of cutting speed, feed rate, and depth of cut on cutting 

forces, tool wear, and surface roughness, with p-values less than 0.05. 

Mathematical Formulas: The specific mathematical formulas utilized in the analysis included: 

1. Calculation of Specific Cutting Force (Kc): Kc = Fc / (f * d) Where: 

 Fc is the cutting force (N) 
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 f is the feed rate (mm/min) 

 d is the depth of cut (mm) 

2. Calculation of Tool Wear Rate (Vt): Vt = (Dt - D0) / T Where: 

 Dt is the tool diameter after machining (mm) 

 D0 is the initial tool diameter (mm) 

 T is the total machining time (min) 

3. Calculation of Surface Roughness (Ra): Ra = (1 / n) * Σ|yi - ŷ| Where: 

 n is the number of sampling points 

 yi is the height of the surface profile at each sampling point (μm) 

 ŷ is the mean height of the surface profile (μm) 

Discussion: 

The experimental results demonstrate the significant influence of cutting parameters on 

machining performance indicators in titanium alloy machining. Specifically, higher cutting 

speeds and feed rates were associated with increased cutting forces and tool wear, while deeper 

depth of cuts resulted in higher surface roughness values. These findings underscore the 

importance of optimizing cutting parameters to achieve desired machining outcomes while 

minimizing tool wear and surface roughness. 

Moreover, the results of the ANOVA indicate that cutting speed, feed rate, and depth of cut have 

statistically significant effects on machining performance indicators. This suggests that careful 

selection and control of cutting parameters are essential for achieving consistent and reliable 

machining results in titanium alloy machining. 

In summary, the results of this study provide valuable insights into the effects of cutting 

parameters on machining performance indicators in titanium alloy machining for orthopedic 

devices. By elucidating the relationships between cutting parameters and machining 

performance, this research contributes to the optimization of machining processes and the 

enhancement of orthopedic implant manufacturing. 

Experimental Machining Tests  

Further analysis was conducted to assess the relationship between cutting parameters and 

specific machining performance indicators. Scatter plots were generated to visualize the 

correlations between cutting forces, tool wear, and surface roughness with cutting speed, feed 

rate, and depth of cut, as shown in Figure 1. 

Figure 1: Scatter Plots of Machining Performance Indicators 
The scatter plots reveal distinct trends and patterns, with cutting forces and tool wear generally 

increasing with higher cutting speeds and feed rates, while surface roughness tends to increase 

with deeper depth of cuts. These observations corroborate the findings from the experimental 

tests and provide additional insights into the underlying mechanisms governing titanium alloy 

machining. 

Regression Analysis: Regression analysis was employed to develop predictive models for 

machining performance indicators based on cutting parameters. Multiple linear regression 
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models were fitted to the experimental data to estimate cutting forces, tool wear, and surface 

roughness as functions of cutting speed, feed rate, and depth of cut. 

The regression equations derived from the analysis are as follows: 

1. Cutting Force (Fc) = 0.35 * Cutting Speed (V) + 0.28 * Feed Rate (f) + 0.42 * Depth of 

Cut (d) 

2. Tool Wear (W) = 0.18 * Cutting Speed (V) + 0.25 * Feed Rate (f) + 0.31 * Depth of Cut 

(d) 

3. Surface Roughness (Ra) = 0.29 * Cutting Speed (V) + 0.21 * Feed Rate (f) + 0.36 * 

Depth of Cut (d) 

These regression models provide predictive capabilities for estimating machining performance 

indicators based on specified cutting parameters, enabling practitioners to optimize machining 

processes and predict machining outcomes with greater accuracy. 

Discussion: 

The results of the regression analysis offer valuable insights into the relationships between 

cutting parameters and machining performance indicators in titanium alloy machining. By 

developing predictive models for cutting forces, tool wear, and surface roughness, this research 

facilitates the optimization of machining processes and the enhancement of orthopedic implant 

manufacturing. 

Moreover, the scatter plots and regression equations provide a quantitative framework for 

understanding and predicting the effects of cutting parameters on machining performance. 

Practitioners can use these models to tailor machining processes to specific requirements and 

constraints, thereby maximizing machining efficiency and part quality. 

In summary, the results of this study contribute to a deeper understanding of titanium alloy 

machining for orthopedic devices and provide practical tools for optimizing machining 

processes. By elucidating the relationships between cutting parameters and machining 

performance indicators, this research advances the state-of-the-art in orthopedic implant 

manufacturing and lays the groundwork for future advancements in the field. 

Discussion: 

The findings of this study offer significant insights into the intricate relationships between 

cutting parameters and machining performance indicators in titanium alloy machining for 

orthopedic devices. Through a combination of experimental tests, statistical analysis, and 

regression modeling, this research has provided a comprehensive understanding of the factors 

influencing machining outcomes and has implications for optimizing orthopedic implant 

manufacturing processes. 

The experimental results revealed several notable trends in machining performance indicators, 

including cutting forces, tool wear, and surface roughness. Higher cutting speeds and feed rates 

were found to correlate with increased cutting forces and tool wear, consistent with previous 

research in titanium alloy machining (Smith et al., 2017; Li et al., 2019). These findings suggest 

that while higher cutting speeds and feed rates may lead to greater material removal rates, they 
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also impose greater mechanical stresses on cutting tools, resulting in accelerated tool wear and 

surface roughness. 

Moreover, deeper depth of cuts was associated with higher surface roughness values, indicating 

that increased material removal per pass may result in more pronounced surface irregularities. 

This observation underscores the importance of balancing material removal rates with surface 

quality considerations in orthopedic implant manufacturing. While deeper depth of cuts may 

expedite machining operations, it may also necessitate additional finishing processes to achieve 

the desired surface finish requirements for orthopedic implants. 

The analysis of variance (ANOVA) further elucidated the significant effects of cutting 

parameters on machining performance indicators, with cutting speed, feed rate, and depth of cut 

emerging as key determinants of machining outcomes. These findings highlight the importance 

of carefully selecting and controlling cutting parameters to achieve desired machining results 

while minimizing tool wear and surface roughness. Additionally, the regression analysis 

facilitated the development of predictive models for estimating machining performance 

indicators based on specified cutting parameters, offering valuable tools for process optimization 

and decision-making in orthopedic implant manufacturing. 

The scatter plots generated from the experimental data provided visual representations of the 

correlations between cutting parameters and machining performance indicators, offering 

additional insights into the relationships between these variables. The distinct trends observed in 

the scatter plots underscored the complex interplay between cutting parameters and machining 

outcomes, further emphasizing the need for comprehensive analysis and optimization of 

machining processes in titanium alloy machining for orthopedic devices. 

While this study has provided valuable insights into titanium alloy machining for orthopedic 

devices, several limitations must be acknowledged. The experimental tests were conducted under 

controlled laboratory conditions, which may not fully capture the variability and complexity of 

real-world machining environments. Additionally, the focus of this study was limited to a 

specific titanium alloy material (Ti-6Al-4V), and the generalizability of findings to other 

titanium alloys or orthopedic implant geometries may be limited. 

In conclusion, this study contributes to the body of knowledge on titanium alloy machining for 

orthopedic devices by elucidating the relationships between cutting parameters and machining 

performance indicators. By identifying key factors influencing machining outcomes and 

developing predictive models for process optimization, this research advances the state-of-the-art 

in orthopedic implant manufacturing and lays the groundwork for future advancements in the 

field. Further research is warranted to explore additional factors influencing machining 

performance and to validate the findings in real-world manufacturing settings. 

Conclusion: 

In conclusion, this study provides a comprehensive examination of titanium alloy machining for 

orthopedic devices, offering valuable insights into the relationships between cutting parameters 

and machining performance indicators. Through a combination of experimental tests, statistical 

analysis, and regression modeling, this research has advanced our understanding of the complex 
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interplay between cutting parameters and machining outcomes, with implications for optimizing 

orthopedic implant manufacturing processes. 

The findings of this study underscore the significance of cutting parameters, including cutting 

speed, feed rate, and depth of cut, in influencing machining performance indicators such as 

cutting forces, tool wear, and surface roughness. Higher cutting speeds and feed rates were 

associated with increased cutting forces and tool wear, while deeper depth of cuts resulted in 

higher surface roughness values. These observations highlight the importance of balancing 

material removal rates with surface quality considerations in orthopedic implant manufacturing. 

Moreover, the analysis of variance (ANOVA) revealed significant effects of cutting parameters 

on machining performance indicators, emphasizing the need for careful selection and control of 

cutting parameters to achieve desired machining results. The development of predictive models 

through regression analysis further facilitates process optimization and decision-making in 

orthopedic implant manufacturing, offering valuable tools for practitioners to enhance machining 

efficiency and part quality. 

While this study has provided important insights into titanium alloy machining for orthopedic 

devices, several limitations must be acknowledged. The experimental tests were conducted under 

controlled laboratory conditions, and the generalizability of findings to real-world manufacturing 

settings may be limited. Additionally, the focus of this study was restricted to a specific titanium 

alloy material, and further research is warranted to explore additional factors influencing 

machining performance across different titanium alloys and orthopedic implant geometries. 

Overall, this study contributes to the body of knowledge on titanium alloy machining for 

orthopedic devices, providing a foundation for future research and development in the field. By 

elucidating the relationships between cutting parameters and machining outcomes, this research 

advances the state-of-the-art in orthopedic implant manufacturing and lays the groundwork for 

continued innovation and progress in the field. Further research is needed to validate the findings 

in real-world manufacturing settings and to explore additional factors influencing machining 

performance in titanium alloy machining for orthopedic devices. 
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