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Bone grinding, This experimental study investigated the effect of machining parameters on the surface roughness
Surface Roughness, of bone during the grinding process. Bone grinding is commonly used in neurosurgery, spinal
Optimization, operations, and heel spur removal. Despite using CNC machines and robotic systems in this field,
Sensitivity analysis, selecting optimal process parameters to achieve desirable surface quality remains a significant
Cortical bone. challenge. In this research, bovine femur bone samples were subjected to experimental trials. Four

parameters were examined, including spindle speed, feed rate, depth of cut, and tool diameter. The
Sobol sensitivity analysis method was implemented using Python programming to assess surface
roughness's sensitivity to these parameters. Subsequently, response surface methodology (RSM) in
Minitab software was employed for results analysis and process optimization. The findings revealed
that tool diameter, depth of cut, and osteon orientation had the most substantial influence on surface
roughness. The optimum roughness value of 1.47 um was obtained under specific conditions:
spindle speed of 3000 rpm, feed rate of 60 mm/min, depth of cut of 0.1 mm, tool diameter of 8 mm,
and across osteon orientation. The sensitivity analysis confirmed the dominant role of tool diameter
in both longitudinal and across osteon orientations.

Extended Abstract
1. Introduction

one is a vital structural and functional component in vertebrates, providing mechanical stability,

physiological regulation, and a remarkable capacity for self-healing. Composed of both mineral and

organic matrices, bone possesses high mechanical strength while maintaining the ability to regenerate. This
dual characteristic makes bone machining a critical yet delicate procedure, especially in orthopedic and
neurosurgical operations. Precision in bone machining significantly affects healing outcomes, prosthesis
integration, and tissue regeneration. Low surface roughness enhances cellular adhesion and osteogenesis. It
reduces healing time by facilitating angiogenesis and releasing growth factors such as TGF-§ and VEGF while
minimizing postoperative inflammation [1].

Various studies have sought to identify the most influential machining parameters that govern surface quality
in bone operations. Tahmasbi et al. investigated cortical bone machining using single-edge tools, employing
Response Surface Methodology (RSM) and Sobol sensitivity analysis. Their results showed that rake angle
significantly affected surface roughness (52%) , providing insight into optimal tool design [2]. Similarly, Ghassami
et al. studied the milling of PMMA—a bone-mimicking polymer—and found that reducing spindle speed and feed
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rate improved surface finish [3]. As used by Fadaei et al., robotic-assisted high-speed milling achieved surface
roughness below 0.2 um, demonstrating the potential of automation for precision machining [4]. Vanhem et al.
highlighted that controlled speed and force during arthroplasty improved surface flatness and accuracy [5].

In drilling operations, parameter control continues to be critical. Tahmasbi et al. reported that low spindle speed
and feed rate yielded minimal roughness (0.45 um) in bone drilling [6]. Igar et al. found that using a negative rake
angle in orthogonal cutting produced smoother surfaces, especially when machining along osteonal orientations
[7]. Noraldin et al. applied RSM to optimize cutting speed and depth, showing their significant roles in surface
quality [8]. Further advancements have come from ultrasonic-assisted drilling; both Suarez et al. and Singh et al.
demonstrated their superiority over traditional drilling by reducing surface roughness and surgical duration [9, 10].

In dental applications, Toksvig-Larsen and Reed documented surface roughness values ranging from 1.05 to
2.39 mm and flatness between 0.15 and 0.40 mm during bone sawing, reflecting the challenges in surface quality
control [10]. Alam et al. observed a 6% improvement in surface quality using vibratory over conventional drilling
methods [11]. Meanwhile, Shuangseri et al. introduced ZrO- ceramic tools, outperforming SS316 steel tools in
achieving lower surface roughness and better cutting uniformity at high speeds [12].

Recent efforts have focused on optimizing force and thermal effects during machining. Sosn Abadi et al. used
e-fast sensitivity analysis to study force generation in bone drilling. Spindle speed was the dominant factor (57%),
followed by feed rate (23%) and cutting depth (20%) , and a second-order regression model was developed for
prediction [13]. Ghassami et al. analyzed orthogonal bone cutting and found optimal conditions for minimal
temperature (17.9°C) and surface roughness (1.07 pm), using Sobol analysis for parameter prioritization [14].

To minimize thermal damage and avoid necrosis (> 47°C), Sotoudeh et al. used the Taguchi method to optimize
drilling parameters with minimal experiments, showing an effective reduction in cutting temperature and axial
force [15]. In subsequent research, Sosn Abadi et al. confirmed that PVD-coated nanostructured TiN tools
significantly reduced drilling force, validating the impact of tool coatings [16]. Similarly, Taheri et al. showed that
tool rotation speed had the most influence on axial force, especially when using TiN-coated tools—accounting for
73% of the variance compared to 45% in uncoated tools. These findings support the role of coatings in enhancing
process sensitivity and control [17].

Despite these advances, quantitative studies specifically addressing the impact of machining parameters on
surface roughness during bone grinding remain limited. The present study addresses this gap by examining four
key parameters—spindle speed, cutting depth, feed rate, and tool diameter—in grinding cortical bone along two
directions (parallel and across osteons). This research identifies the relative importance of each parameter using
RSM and second-order regression modeling combined with Sobol global sensitivity analysis. It provides a basis
for optimizing surgical bone machining to minimize tissue damage and enhance clinical outcomes.

2. Modeling and Formulation

In analyzing complex engineering problems—especially those involving experimental design and advanced
simulations- the response surface methodology is a powerful statistical tool for accurate modeling and
optimization. RSM effectively manages input-output relationships, visualizes variable interactions, and optimizes
conditions to enhance experimental outcomes. It offers advantages such as precise calibration, second-order
regression modeling, and detailed interpretation of influential parameters. By formulating mathematical models
(e.g., Equation 1), RSM ensures experimental results are accurately represented and aligned with real system
behavior. It is a critical technique in studies requiring high precision and systematic analysis [18].
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3. Sensitivity Analysis Method

Sensitivity analysis evaluates how uncertainty in model outputs can be attributed to uncertainties in input
parameters. Unlike uncertainty analysis—which quantifies overall output uncertainty—sensitivity analysis
identifies the most influential factors. It is particularly valuable in biological and biomedical models, where
inherent randomness and experimental error are common. Due to numerous free parameters, ensuring model
identifiability is critical. Sobol's method, a variance-based and model-independent approach, is well-suited for
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nonlinear and non-monotonic systems. It decomposes output variance to quantify each input's contribution,
offering insights into model behavior and parameter influence, as defined in Equation (2) [19].

n n
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4. Materials and Methods

In this study, surface roughness behavior during the bone grinding process of cortical bone was considered the
output variable. At the same time, spindle speed, cutting depth, feed rate, and tool diameter were taken as the input
variables. The maximum surface roughness generated in bone tissue during grinding was also analyzed as the
process response. Fresh bovine bone, approximately 3 to 4 years old, was used in these experiments.

a. Modeling and Experimental Method

The experimental design was implemented using the Central Composite Design method. The results were
analyzed and interpreted, including the regression equation coefficients governing the experiments, using Minitab
software version 2022. Table 1 presents the values and levels of the input parameters for the experiments.

Table 1 Input machining parameters at three levels

level
Parameter -1 0 +1 Units
Rotational Speed 3000 4000 5000 rpm
Feed Rate 20 40 60 mm/min
Cutting Depth 0.1 0.35 0.6 mm
Tool Diameter 4 6 8 mm

Table 2 Sequence Order and Grinding Data Results

Test Rotational Feed Rate Cutting Tool Diameter Surface Roughness Surface Roughness
Number Speed (rpm) (mm/min) Depth (mm) (mm) (Parallel) (um) (Across) (um)

1 3000 20 0.1 4 4.3 12

2 5000 20 0.1 4 7.02 13.4
3 3000 60 0.1 4 3.9 12.6
4 5000 60 0.1 4 2.64 11.2
5 3000 20 0.6 4 7 214
6 5000 20 0.6 4 6.18 18.9
7 3000 60 0.6 4 3.76 16.1
8 5000 60 0.6 4 5.94 8.8
9 3000 20 0.1 8 1.44 2.28
10 5000 20 0.1 8 1 2.28
11 3000 60 0.1 8 2.3 1.74
12 5000 60 0.1 8 3.38 3.48
13 3000 20 0.6 8 2.12 6.54
14 5000 20 0.6 8 6.32 2.48
15 3000 60 0.6 8 3.18 2.18
16 5000 60 0.6 8 4.04 4.94
17 3000 40 0.35 6 1.2 1.6
18 5000 40 0.35 6 3.14 2.4
19 4000 20 0.35 6 1.85 14
20 4000 60 0.35 6 1.86 2.8
21 4000 40 0.1 6 1.74 1.2
22 4000 40 0.6 6 3.48 7

23 4000 40 0.35 4 2.88 10.2
24 4000 40 0.35 8 2.4 3.04
25 4000 40 0.35 6 1.98 1.7
26 4000 40 0.35 6 1.98 1.7
27 4000 40 0.35 6 1.98 1.7

5. Simulation

The Sobol sensitivity analysis of input parameters on surface roughness in bone grinding identified the key
factors affecting the process. Tool diameter was found to have the most significant impact, contributing 78% in
the across direction and 54% in the parallel direction of the osteon. Rotational speed contributed 22% (parallel)
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and 12% (across), while cutting depth contributed 22% (parallel) and 8% (across). The feed rate contributed 2%
in both directions. These factors were determined to be the most influential in bone grinding (Figure 7).

m Rotational Speed (rpm)
® Feed Rate (mm/min)
m Depth Of Cut(mm)

® Tool Diameter(mm)

(b)

m Rotational Speed (rpm)
m Feed Rate (mm/min)
m Depth Of Cut(mm)

W Tool Diameter(mm)

()

Figure 7. The impact of grinding parameters on surface roughness percentage. (a) in the across direction and (b) in the Parallel
direction

6. Optimization

The bone grinding process is optimized for minimal surface roughness, as shown in Figure 8. Setting the feed
rate to 60 mm/min, cutting depth to 0.1 mm, tool diameter to 8 mm, and grinding direction across osteon achieves
an optimal surface roughness of 1.475 microns, as determined from experimental data and desired outcomes.

New Fr{mm/mi ap(mm) d(mm) Osteon
; High 60.0 0.60 8.0 T
BRI T (60.0] [0.10] [8.0] T
Low 20.0 0.10 4.0 L

R{um)
Minimum
y= 14754

d = 0.97669

Figure 8. Optimization of parameters to achieve the minimum surface roughness value.
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7. Conclusion

This paper examines the influence of rotational speed, feed rate, cutting depth, and tool diameter on bone
grinding. A second-order regression model predicts surface roughness in parallel and across osteon directions.
Sensitivity analysis reveals tool diameter as the most significant factor, with a 78% impact in the across-cutting
direction. Specific parameters achieve the optimal surface roughness of 1.48 microns, providing insights for
optimizing grinding tools in orthopedic surgeries.
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