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ABSTRACT

This study aims to perform experimental analysis for the compliant
polishing process of free-form surfaces made from SUS 304, an important
material widely used in medical, construction, and various industrial fields
due to its superior properties. The model integrates macro-scale analysis with
micro-scale mechanisms to accurately describe the material removal
mechanism, based on Hertzian contact theory. The breakthrough of this
research lies in the application of an equivalent material substitution method
to precisely determine the mechanical parameters of the polishing tool, a key
factor previously overlooked in traditional models. The practical applicationin
polishing SUS 304 material demonstrated superior effectiveness by achieving
a surface roughness of 17nm. Additionally, this research not only provides a
solution for polishing free-form SUS 304 surfaces but also establishes an
important theoretical foundation for the development of advanced machining
technologies in the future.
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1. INTRODUCTION

SUS 304 stainless steel is extensively employed in
advanced manufacturing sectors, including biomedical
devices, precision molds, and functional components
requiring high surface integrity, owing to its excellent
corrosion  resistance, mechanical strength, and
biocompatibility [1-3] Nevertheless, conventional
machining processes such as milling and grinding
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typically introduce pronounced surface defects,
including deep tool marks and subsurface damage,
which necessitate subsequent polishing to meet
stringent surface quality requirements [4-6]. Among the
available polishing techniques, compliant polishing
using a flexible polishing bonnet has emerged as a highly
efficient and adaptable approach for finishing complex
free-form surfaces [7, 8]. Compared with non-contact or
semi-contact techniques such asion beam polishing and
magnetic polishing, bonnet-based compliant polishing
offers notable advantages in terms of material removal
efficiency, process flexibility, and applicability to large-
area and complex geometries [9, 10]. Despite its effective
application, the basic comprehension and simulation of
how material is abraded during bonnet-based processes
remain underdeveloped, particularly for complex
metallic geometries such as those made from SUS 304.

Existing theoretical models for polishing processes
have predominantly relied on the classical Preston
equation or simplified Gaussian pressure distribution
assumptions, which primarily describe macro-scale
phenomena based on contact pressure and relative
velocity[11, 12]. While these models provide useful first-
order approximations, they fail to account for critical
micro-scale mechanisms, including abrasive particle
surface interactions, scratch formation behavior, and the
influence of polishing pad morphology. As a result, their
applicability to compliant polishing of free-form metallic
surfaces is inherently limited [13, 14]. To overcome these
shortcomings, recent efforts have moved toward multi-
scale modeling frameworks that couple macro-scale
contact mechanics and flow behavior with micro-scale
material removal mechanisms [15]. These approaches,
validated through experimental observations, have
significantly advanced the theoretical foundation for
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understanding polishing dynamics [16-20]. Nevertheless,
systematic experimental investigations that explicitly link
multi-scale mechanisms with process parameter
optimization, particularly through robust statistical
design methods, remain scarce [21-25].

In this context, the present study introduces a
comprehensive experimental investigation of compliant
polishing for free-form SUS 304 surfaces. The material
removal function is examined as a coupled outcome of
workpiece geometry and key process parameters,
including applied pressure, tool and machine speed,
abrasive particle size, slurry concentration, and polishing
pad morphology. Building upon Hertzian contact theory
and abrasive scratch theory, an experimental framework
is established to elucidate the interaction mechanisms
governing material removal. Furthermore, the Taguchi
method is employed to efficiently evaluate the relative
significance of process parameters and to identify
optimal polishing conditions. The novelty of this work lies
in the integration of multi-scale physical modeling with a
statistically rigorous experimental design, providing both
mechanistic insight and practical guidelines for precision
finishing of complex free-form metallic surfaces.

2. COMPLIANT POLISHING METHOD

Macroscopic Contact Area Microscopic Contact Area

Abrasive Particles Elastic Deformation

Holder

Debris

Shurry

Workpiece “\_Actual Contact Area

Figure 1. The millimeter-scale contact mechanics and the nano-scale
abrasive interactions

The rate at which material is removed is controlled by
a combination of factors, namely: the geometry of the
workpiece, the normal force applied, the properties of the
polishing pad, and the size of the abrasive particles (D). By
contrast, the conventional Preston model accounts only
for contact pressure and relative velocity at the macro
scale, thereby neglecting critical micro-scale factors such
as abrasive-induced scratch formation mechanisms and
the physicochemical composition of the polishing fluid.
As illustrated in Figure 1, while macro-scale contact
behavior is characterized by millimeter-scale Interface
Surfaces, the actual material removal process is
dominated by micro- and nano-scale abrasive
interactions, where individual particles engage the
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surface through micro-cutting and plowing mechanisms.
To address these limitations, recent studies have
developed multi-scale modeling frameworks that
integrate macro-, micro-, and nano-scale models to
achieve a more comprehensive understanding of the
underlying interaction mechanisms governing material
removal.

Workpiece

Figure 2. Schematic illustration of the polishing mechanism using a
compliant polishing tool

According to kinematic theory, the relative velocity
between the polishing pad and the target surface in the
polishing zone can be expressed as:

ns \/(ycoup—(Rb—d»Z.(sincp)z

V(x,y,S, @R, d)=—.
(x.y,5,9.R,,d) 20

+x*(cos )’

where, x*+y?<[R,)’—(R,—d)*, S is the angular
speed in rpm, ¢ is the tilt angle, d is the polishing depth
in mm, Ry is the radius of the polishing bonnet in mm.
Because the plasticity index of the compliant polishing
pad is approximately one order of magnitude lower than
that of the metallic workpiece, the pad-workpiece
interaction is predominantly elastic, except in cases
involving extremely rough surfaces. In addition, the
material removal capability of an abrasive particle is
strongly governed by its geometric morphology. Angular
particles generate higher material removal rates than
spherical ones due to their enhanced cutting and
plowing actions; consequently, abrasives with conical or
angular shapes are commonly employed in polishing
processes. As schematically illustrated in Figure 2, the
compliant polishing mechanism involves elastic
deformation of the pad that enables abrasive particles to
engage the workpiece surface in a controlled manner. For
the sake of theoretical tractability, the contact among the
pad, workpiece, and abrasive particles is modeled as a
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solid-solid interaction, while the influence of fluid flow is
neglected and the particle size is assumed to remain
constant. For processes utilizing flexible polishing layers
and sparse grit distribution , the density of participating
abrasive media is generally a function of the effective tool
footprint as well as the volumetric fraction of the slurry,
which aligns with established observations.

2.1.An Analysis of Interface Pressure Across Compliant
Polishing Tools and Workpieces at the Macro Scale

Mathematical Model for Determining Interface
Surface

The spatial configuration of the mass abrasion zone is
established through the contact footprint where the
compliant head engages with the component. The
flexible polishing head assembly features a three-layer
construction: an inner metal backing, an intermediate
silicone buffer, and an outer compliant pad. The pad
thickness is significant, being comparable to the bonnet's
radius (within one order of magnitude), and therefore
must be incorporated into the analysis. As a result, the
functional radius of the finishing apparatus is determined
by adding the core radius of the spherical component
Rbonnet to the depth of the outer compliant layer tyaq.

R = Rbonnet + tpad (2)

Interaction between the tool and the machined
surface induces a polishing force F and a defined contact
area S. This interface establishes the contact patch
geometry, playing a crucial role in the distribution of
material removal. The applied pressure is primarily
derived from the strain energy stored within the
compliant strata of the tool. According to Hertzian
contact theory, for a given tool displacement d, this force
can be expressed as:

F%@J? 3)

In this formulation, E represents the elastic modulus of
the polishing tool and d is the prescribed vertical
displacement (tool deviation). Determining the Interface
Surface for complex curvatures requires the concurrent
consideration of both the tool and workpiece geometries.
As established by elasticity theory, the contact interface
between a spherical bonnet tool and a curved workpiece
forms an elliptical region, commonly designated as the
tool’s functional processing footprint (Figure 1). The
composite curvature radius R* which encapsulates the
combined influence of both contacting surfaces, is the
key parameter defining these contact characteristics.
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Rgauss represents the local radius of curvature of the
target surface. Considering the major radius a and semi-
minor axis b of the resulting elliptical contact region, their
dimensions are derived from Equations (5) and (6).
Subsequently, the total Interface Surface S is computed
using Equation (7):

a=\; (ﬂj (5)
4E
b=)\23[3FR*j (6)
4E
3FR" Y
S=mab= TI')\J\2 3 (—*j (7)
4E

In Formula (7), A and A, represent variables derived
from the geometric curvature relationship characterizing
the tool-substrate interface, as defined in the literature.
For the specific curvature conditions in this study, these
coefficients take the values, \s = 1.1 and A, = 0.9. Equation
(7) demonstrates that the Interface Surface at any specific
point is governed exclusively by the local curvature of the
substrate, meaning it remains invariant with respect to
the global reference system. Furthermore, E* denotes the
composite modulus of elasticity describing the
interaction of the contacting pair, which is derived from
their material characteristics as defined by Equation (8):

_y? g2
1* :1 v, +1 vy )
E E E,

w

Here, E,, represent the Young's modulus (168GPa) and
Poisson coefficient (0.3) of the single-crystal silicon layer,
respectively, while v, denotes the Poisson parameter of
the flexible finishing head. The effective modulus of
elasticity E* calculated from these material properties,
serves as the fundamental parameter governing the
Interface Surface.

2.2. The Removal Mechanism of an
Abrasive Particle within the Contact Zone

Individual

The process of stock removal is primarily dictated by
the microscopic engagement of polishing grains with the
target substrate located inside the working interface.
Consequently, investigating the dynamics of an individual
cutting grain is essential. The contact pressure transmitted
through the compliant tool loads these particles, enabling
them to indent and remove material via micro-cutting and
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plowing (Figure 1). The approximate Interface Surface
connecting the compliant layer and a discrete abrasive
sphere is 1/4nD? Thus, the normal force Fy acting on one
particle can be estimated as:

T
K =ZHD Py, 9

In Equation (9), D represents the mean abrasive
particle diameter. Material removal during polishing is
governed by two principal mechanisms: plastic
deformation or brittle fracture. Because of the minute grit
dimensions and dense spatial arrangement, the force
sustained by individual grains usually remains below the
threshold needed to initiate fractures. As a result, in
standard finishing scenarios, rigid grits mainly induce
ductile deformation on the target substrate, establishing
plastic flow as the principal mechanism of mass
subtraction within the bonnet finishing process. Based on
Hertzian contact mechanics, the contact radius oa at the
junction of a loaded abrasive grain and the machined
face is defined by the equation:

3RD
0,=3 -

8E,,
In equation (10), E" is determined from the elastic

properties of both materials using the relation:

2
1—vg

(10)

1T 1=V}
= +
E E E

*
w w g

(1

E; and vy denote the the elastic stiffness and
transverse strain ratio of the abrasive media. In this
research, Al,O; particles are selected, exhibiting a
modulus of elasticity of 87GPa and a Poisson constant of
approximately 0.17. The indentation depth h, produced
by a particle relates to its mechanical contact radius ca
through the following kinematic relationship:

2 2
o’ =(Ej —(E—hwj =h,(D-h,)~Dh,
2 2

(12)

Subsequently, by substituting Equation (10) into
Equation (12), the abrasive penetration depth hy is
derived as:

2

h :l3 3FNP

" D\ 8E,
Bonnet polishing relies on plastic flow as the
dominant removal mechanism. Thus, the abrasive

penetration depth(h,) must satisfy hw > heiasic, Where
heastic is the minimum depth required to achieve plastic

(13)
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deformation rather than elastic rebound. This critical
depth is given by:

11.98m*(1-v,_ )" H?
_ n ( Vw) w D

elastic — 32C2E§V (14)

Here c denotes the contact coefficient, which is
typically assigned a value of 3. The onset of plastic flow
deformation is conventionally assumed to occur when

the contact pressure surpasses a threshold of
approximately 0.4Hw. Where Hw represents the
workpiece  hardness parameter. The minimum

penetration to induce ductile yielding is consistently
smaller than the critical value needed to propagate brittle
fracture hpjasic as defined below:

9cF;(1-v? )?

Sl AL (15)
32mk o’E

plastic

In this expression, k" denotes a coefficient for pressure
calibration, strictly bounded by the interval (0, 1). From
Equations (13), (14), and (15), the effective cutting depth
is constrained to the following interval:

Roasic <h,, <h (16)

elastic plastic

The onset of material removal is marked by the
progression from reversible elasticity to permanent
deformation, which occurs when the cutting depth goes
beyond the material's yield point. Regarding an
individual abrasive grain, the instantaneous removal rate
is derived from the cross-sectional area of its generated
groove, AS (calculated from the contact diameter and
indentation depth), multiplied by the particle's
instantaneous velocity.

AS=20.h,
AV=20h, v,

(17)
(18)

X,Y,2)

3. EXPERIMENTAL SETUP AND DISCUSSION
3.1. Experimental Setup/Configuration

All empirical investigations were executed via a
polishing machine system integrated with a robotic arm
(Figure 3). The system uses a 3-layer polishing bonnet
(metal, silicon, soft pad), with the advantage that the
silicon layer absorbs vibration and provides flexibility
when working on complex surfaces, while remaining
stable under long-term or high-speed working
conditions. The Interface Surface is flexibly adjusted
through tool pressure and tool deviation. The 6-axis
Doosan robot, with integrated force/torque sensors,
enables precise force control, ensuring uniform polishing
surface quality.
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Figure 3. Polishing experimental setup

The target face (anterior) is designed with an off-axis
parabolic topology, whereas the supporting rear face
forms a cylindrical geometry with a 200mm radius. The
primary objective is to finish the anterior side, which
possesses a curvature radius of 3.491013mm and a
decentration (offset) of 200mm. The mathematical
representation of this profile is expressed in Formula (19):

7> +x* =6.982026y

5694 <y <5764
—45<x<45

(19)

3.2. ANOVA Analysis Results for the Compliant
polishing Process

Table 1. Experimental parameters for polishing

Abrasive Slurry Mix Ratio (%)
Level | Viadine Vool ALO, Coolant | Deionized
0il Water
1 225 15 10 5 85
2 300 140 10 10 80
3 350 150 15 10 75

The Taguchi experimental design method is widely
employed to systematically investigate the influence of
multiple input parameters and their respective levels on
process output responses. Owing to its efficiency, this
approach has been successfully applied across diverse
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engineering fields to reduce experimental time and cost
while identifying optimal parameter combinations. In the
present study, the polishing parameters and their
corresponding levels selected for the Taguchi design are
summarized in Table 1, which provides a structured
overview of the experimental factors considered in the
polishing process.

The Taguchi method selected the optimal solution
based on Analysis of Variance (ANOVA) and the Signal-to-
Noise ratio (S/N ratio). The degree of influence of factors
on output parameters is evaluated through the S/N ratio.
This index is defined by the formula:

—2
(S/N), =10|og[y+‘2] (20)
Si
— 1k
where y, =N2yi’” is the signal,
u=1

N; _ 2
s? =ﬁ2(ym _y,.) is the noise, i is the experiment
- u=1

number, u is the sequence number, and Ni is the number
of measurements. The S/N ratio value is large (large
signal, small noise) when this output parameter is close
to the optimal value. In a minimization problem (smaller
is better), formula (20) is expressed as:

Ny 2
(S/N),=-1 OIog[ZN—’l
u=1

i

(21)
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In a maximization problem (larger is better), Formula
(20) is written as:

N

(S/N), :-10|og{NlZlJ

i u=1

(22)

Table 2. Roughness measurement results under different technological
conditions

Level Viachine | Viool Abrasive Slurry | Ra(pm)
1 1 1 1 0.072
2 1 2 2 0.094
3 1 3 3 0.042
4 2 1 2 0.068
5 2 2 3 0.089
6 2 3 1 0.051
7 3 1 3 0.029
8 3 1 0.020
9 3 3 2 0.017

Average S/N ratio
Factor v
e V tool Slurry
13,44 14,80 16,01
13,31 14,15 16,01
21,38 16,75 16,11
16,04 15,23 16,04
12} 21 14,15 16,01

221 (V machine level 2; V tool
level 2; slurry level 1)

Optimization

==V midy =@=Vtool =d—Dungdich

22,00

15,00

16,00 — : -
13,00

10,00

S/N RATIO

LEVELS

Figure 4. ANOVA analysis results

The ANOVA results obtained from the polishing
experiments are presented in Figure 4. The analysis
indicates that the machine speed (V_machine) exhibits

Vol. 62 - No. 5 (May 2026)

the lowest signal-to-noise (S/N) ratio of 13.31 at level 2,
identifying it as the most influential factor affecting
surface roughness. This is followed by the tool speed
(V_tool), which shows an S/N ratio of 14.15 at level 2. In
contrast, the slurry concentration demonstrates a
comparatively higher minimum S/N ratio of 16.01 at level
1, suggesting a less pronounced influence on surface
roughness. Consistent with the roughness measurement
results summarized in Table 2, the abrasive slurry mixing
ratio is observed to have a negligible effect on surface
roughness within the investigated parameter range.
Based on the ANOVA results, the optimal polishing
condition corresponds to case 221, defined by
V_machine =300, V_tool = 140, and a slurry composition
of 10%, 5%, and 85%, respectively.

3.3. Interface Surface Estimation

The Interface Surface directly establishes the
boundaries of the tool-engagement area on the
machined surface. To validate the calculation model
presented in Section 2.1.1 (Equation 7), a series of
measurements were performed on the experimental
setup (Figure 5). The model predicts that the Interface
Surface is a function of the local geometric curvature
specific to the contact interface's center. Experiments
were conducted by incrementally increasing the tool
displacement d in steps of 0.1 mm at a constant speed,
with five repetitions per step to ensure statistical
reliability. The results confirm that the tool's effective
elastic modulus varies with applied load, and a
proportional relationship between the theoretical
Interface Surface and tool displacement was observed,
consistent with the model's predictions.

3.2(2)

® O

o 08
08 -04 U 04 08 08 -04 0 {)4 08
X (mm)

3. l(b) 3'2(b)

Figure 5. Interface Surface corresponding to the three stages of deviation
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3.4. Spot Polishing Experimental Investigation

To validate the accuracy of the material removal
model, a series of fixed-point polishing experiments were
conducted, followed by simulation. This section presents
the actual morphology and cross-sectional profile of the
polished spots obtained experimentally. The peak
attainable depth of material erosion for every
experimental configuration was analyzed, providing
critical data for determining the depth of cut required to
eliminate the subsurface damaged layer in subsequent
polishing operations. Figure 6 shows the measured
material morphology obtained from these experiments.

Col... Profile name Length Height
2 Paints 1463.441um  1.092um

Parameters  Result
Ra 0.077um
Rz 0.293um

Figure 6. Material morphology measured by machine

3.5. Practical Polishing Experiment

Figure 7 presents the quantitative and qualitative
surface morphology measurements obtained using the
VHX-7000 digital microscope (KEYENCE, VHX series),
providing a detailed comparison of the workpiece surface
conditions before and after polishing. The measurement
results reveal pronounced differences in surface
topography, highlighting the effectiveness of the
proposed polishing process. Prior to polishing, the
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surface exhibits a highly irregular morphology
characterized by deep, randomly distributed scratches
and prominent asperities, which are indicative of severe
mechanical damage introduced during the preceding
machining stages. As illustrated in Figure 8, which
compares the spherical workpiece surface before and
after polishing, the initially rough surface is progressively
transformed into a significantly smoother topography.
Following polishing, the original deep grooves are largely
eliminated and replaced by much finer and shallower
scratches with a more uniform distribution. This
transition reflects a shift in the dominant material
removal mechanism from aggressive micro-cutting to
controlled micro-scale abrasion and smoothing.

Toul

Figure 7. Measurement results

Figure 8. Spherical workpiece surface before and after polishing

Moreover, the post-polishing surface exhibits a
marked reduction in surface roughness, with the
formation of a surface texture approaching the
nanometer scale. The Figure 7 confirm that the height
variation across the polished surface is substantially
diminished, resulting in a more homogeneous and
continuous surface morphology. Such improvements are
particularly critical for spherical components, where
surface integrity directly influences functional
performance, including contact behavior and wear
resistance. Overall, the comparative observations from
Figures 7 and 8 demonstrate that the proposed polishing
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strategy effectively suppresses deep surface defects
while promoting the generation of a high-quality
nanometer-scale surface. These results validate the
capability of the polishing process to achieve superior
surface finishing on complex spherical workpieces,
thereby confirming its potential applicability in high-
precision engineering and SUS 304 surface
manufacturing.

4. CONCLUSION

This study successfully establishes a multi-factor,
optimized ratio modeling framework for simulating and
analyzing the polishing behavior of free-form surfaces
fabricated from SUS 304 stainless steel. By systematically
integrating macro-scale contact mechanics including
contact dynamics, pressure distribution, and relative
velocity fields with micro-scale material removal
mechanisms such as abrasive particle surface interactions
and scratch formation governed by Hertzian contact
theory, the proposed model effectively addresses the
inherent limitations of the conventional Preston
approach, which considers only pressure and velocity at
the macro level. Beyond theoretical advancement, the
model demonstrates strong practical relevance by
enabling an intelligent overlapping path polishing
strategy that ensures uniform material removal across
complex free-form geometries. Experimental validation
confirms that the optimized parameter combinations
derived from the model lead to a significant
enhancement in surface quality, achieving a final surface
roughness as low as 17nm. This level of surface finish
highlights the model’s robustness and reliability in
capturing the coupled multi-scale interactions that
govern polishing performance. Overall, the proposed
framework provides a comprehensive and scalable
approach for precision surface finishing, offering valuable
insights into process optimization for complex
geometries. The findings not only extend the theoretical
understanding of compliant polishing mechanisms but
also present a practical pathway for improving surface
integrity in high-precision manufacturing applications,
thereby underscoring the potential of the proposed
model for broader industrial implementation.
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