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Abstract--This experimental study investigates the cortical bone
milling process, focusing on the sensitivity analysis of key
machining parameters such as spindle speed, cutting depth, feed
rate, and tool diameter. Bone milling plays a critical role in
orthopedic and neurosurgical procedures, where controlling
temperature and cutting forces is a significant challenge.
Experiments were conducted on bovine bone samples to evaluate
the effects of these four parameters on cutting temperature and
cutting force. A Sobol sensitivity analysis was employed to assess
the contribution of each parameter to the variations in
temperature and force. The results revealed that cutting depth had
the most significant impact on temperature, contributing 90.7%,
while tool diameter was identified as the dominant factor affecting
cutting force, accounting for 59.7%. Furthermore, multi-objective
optimization using Response Surface Methodology (RSM) was
applied to determine the optimal process conditions. These
findings provide valuable insights for optimizing machining
parameters in surgical and biomedical applications.
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1. INTRODUCTION

Bone-machining techniques, particularly milling, are
essential in orthopedic surgeries for preparing implant sites and
preserving bone stability[1, 2]. As the volume of orthopedic
procedures increases, enhancing the efficiency and safety of
these processes becomes increasingly important. Bone milling,
frequently used in joint and spinal surgeries, requires high
precision and preservation of adequate bone blood supply[3].
However, challenges such as elevated temperatures and high
cutting forces may lead to thermal damage and reduced
treatment quality. This study investigates the effects of
machining parameters, including spindle speed, cutting depth,
feed rate, and tool diameter, on temperature and force during
bone milling. Predictive models and sensitivity analysis are
employed to optimize the process, aiming to minimize tissue
damage and improve surgical tool performance.

2. MODELING AND FORMULATION
This section presents the experimental design model and the

Sobol sensitivity analysis method. Statistical modeling and
experimental design, particularly through response surface
methodology (RSM), are essential for addressing complex
engineering problems, particularly in experimental research and
advanced numerical simulations. RSM facilitates the
management of experimental design complexity by providing
accurate mathematical models, generating interactive plots, and
ensuring alignment between models and experimental data. The
general form of the relevant equation is provided in Equation
(1), systematically representing the variables and interactions
that influence the results.

y=Bo+ Jieq Bixi+ Xy Bi xP+ X z Bij xix; +€ 1)
j

Sensitivity analysis is a robust approach for evaluating the
impact of input uncertainties on model outputs and identifying
key influencing factors. Sobol's statistical sensitivity analysis,
based on variance decomposition, is well-suited for analyzing
nonlinear models and complex interactions without requiring
simplifying assumptions. The variance decomposition
approach enables the calculation of both the independent
contribution of each parameter and higher-order interactions, as
shown in Equation (2).
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The total sensitivity index, defined in Equation (3),
quantifies the overall impact of a parameter on output variance,
encompassing both main effects and interactions.
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3. MATERIALS AND METHODS

In this study, temperature and force were measured as response
variables during cortical bone milling, with spindle speed,
cutting depth, feed rate, and tool diameter as input variables.
Fresh bovine femur bone (3-4 years old) was used, as it has
properties similar to human bones [4-6]. The bone ends were
cut to ensure consistency. Tungsten carbide tools with spherical
tips (4, 6, and 8 mm) were chosen based on their frequent use
in previous research[4]. Milling was conducted on a Siemens
VMC 850 machine, and temperature and force were measured
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using a force gauge and an infrared camera. A total of 27
experiments were conducted, with each experiment repeated
three times for accuracy. The experiments were randomized,
and a 95% confidence level was used; factors with p-values less
than 0.05 were considered significant.

4, Result and discution

a. Temperature

This study investigates the effects of spindle speed, feed rate,
tool diameter, and cutting depth on milling temperature in
cortical bone. Increasing spindle speed from 3000 to 5000 RPM
raises the temperature by 2-3°C, with a weak positive effect on
temperature due to increased tool-tissue contact and friction.
Increasing the feed rate from 20 to 60 mm/min leads to a 2-3°C
temperature rise as more tissue is shaved, thereby enhancing
friction and heat. Increasing the tool diameter from 4 to 8 mm
results in a smaller temperature increase (1-2°C) due to a larger
contact area, although cooling effects reduce the slope of the
temperature change. Cutting depth has the greatest effect, with
a nearly linear increase in temperature from 32°C to 50°C as
depth increases from 0.1 to 0.6 mm, driven by increased shear
force and friction. Higher cutting depths and feed rates generate
more heat, increasing the potential for thermal damage to bone
tissue.
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Figure 1 The effect of independent factors on temperature.
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Figure 2 The percentage of the effect of input factors on milling
temperature

b. Cutting force

This study examines the impact of input factors, spindle
speed, feed rate, tool diameter, and cutting depth on shear force
during cortical bone milling. Increasing spindle speed from
3000 to 5000 RPM reduces shear force by about 40-50% due to
lower friction between the tool and bone. Feed rate increases
result in a mild increase in shear force, with a rise from 0.6-0.7

Newtons to 1.1-1.2 Newtons. Higher cutting depths cause a
significant increase in force, with shear force rising linearly
from 0.4-0.5 Newtons to 1.3-1.5 Newtons. Tool diameter shows
a nonlinear effect: force decreases by 70-80% as the diameter
increases from 4 to 6.5 mm, then increases again beyond 6.5
mm. Moreover, the cutting force is higher when milling
perpendicular to the bone (62.5 Newtons) compared to parallel
(48.5 Newtons). These findings highlight the importance of
controlling these factors to optimize bone milling performance
and reduce the risk of tissue damage and tool wear.
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Figure 3 The effect of independent factors on force.
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Figure 4 The percentage of the effect of input factors on milling Force

c.  Optimization

The optimization of shear force and temperature in the
milling process, using the Dringer desirability function, resulted
in @ minimum shear force of 0.6494 Newtons and a minimum
temperature of 29.5870°C, with a composite desirability index
of 0.9213. This optimization helps simulate real surgical
conditions and can guide the initial settings and control
strategies for surgical systems.
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Figure 5 The optimization of temperature and cutting force



5. Conclosion

This study investigates the effects of spindle speed, feed rate,
cutting depth, and tool diameter on temperature and force in
cortical bone milling. A second-order regression model was
developed using Response Surface Methodology (RSM) to
predict these variables in both parallel and transverse directions
to the osteon structure. Sensitivity analysis revealed that tool
diameter was the most significant factor. The optimal
conditions for minimizing temperature (29.4°C) and force (1.4
N) were cutting depth of 0.1 mm, feed rate of 20 mm/min, tool
diameter of 8 mm, and transverse milling. These findings can
help optimize process conditions and tool selection in
orthopedic surgery.
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Sobol Sensitivity Analysis and Optimization of Cortical Bone Milling
Parameters for Temperature and Cutting Force Control Using Response
Surface Methodology (RSM)

Abstract

This experimental study investigates the cortical bone milling process, focusing on the sensitivity analysis of key machining
parameters such as spindle speed, cutting depth, feed rate, and tool diameter. Bone milling plays a critical role in orthopedic
and neurosurgical procedures, where controlling temperature and cutting forces is a significant challenge. Experiments were
conducted on bovine bone samples to evaluate the effects of these four parameters on cutting temperature and cutting force. A
Sobol sensitivity analysis was employed to assess the contribution of each parameter to the variations in temperature and force.
The results revealed that cutting depth had the most significant impact on temperature, contributing 90.7%, while tool diameter
was identified as the dominant factor affecting cutting force, accounting for 59.7%. Furthermore, multi-objective optimization
using Response Surface Methodology (RSM) was applied to determine the optimal process conditions. These findings provide
valuable insights for optimizing machining parameters in surgical and biomedical applications.
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