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Abstract

The prediction of milled surface morphology in CAM software typically overlooks the interactions between
the workpiece and tool, resulting in an approximate prediction of surface morphology. This study intends
to enhance the prediction accuracy by simulating the actual cutting edge motion in 5-axis ball-end milling
to overcome the limitations for applications requiring accurate surface morphology prediction. The CAM
data generated by commercial software is processed first, and a detailed geometrical model for ball-nose
cutting edges is developed. Then, the trochoidal motion of the cutting edges is simulated. Finally, a
structured grid is used to represent the final machined surface.
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1INTRODUCTION

Surface morphology is one of the essential characteristics
defining critical functional behaviors of manufactured parts.
For instance, some of the main functional properties, such
as microcontact behavior, frictional performance, wear
resistance, and lubrication performance of manufactured
products, are directly influenced by their surface
morphology. In the context of multi-axis machining, CAM
software is used to generate the tool path, providing useful
outputs related to the geometry of the component.
However, it remains challenging to provide a precise
estimation of the generated surface pattern under different
cutting parameters. This problem lies in the fact that most
commercial CAM platforms tend to consider a conceptual
engineering approach and ignore the actual phenomena
occurring in the tool and workpiece interaction. These
systems model the tool as a pure cylinder with a
hemispherical dome at the top, neglecting the actual tool
geometry and the effect of the cutting edges. This
oversimplification can result in significant discrepancies
between the predicted surface and manufactured surface
features. It is especially remarkable in the feed direction,
where the predicted scallop heights and cusp marks do not
match closely with reality [Varga 2022]. As a result,
manufacturers often resort to costly trial-and-error methods
to ascertain the influence of machining parameters to obtain
the desired surface qualities [Kaneko 2023].

There are several categories of models for predicting
surface morphology, including empirical,
analytical/numerical, simulation-based, semi-empirical, and
Al-based. While empirical models can be very accurate
under tested conditions, they have little applicability beyond
the tested machining parameter range. Moreover, while

analytical models are fast and accurate, they become
tedious when dealing with complex manufacturing
variations, such as vibrations. Simulation methods can
effectively model material removal and machining
variations (such as tool runout and deflection), which can
be incorporated relatively easily in these approaches but
demand substantial computing resources due to the
discretization of the cutting tool and workpiece. Semi-
empirical methods blend simulation with looking at
empirical data to bridge between theoretical statistical
insight and simulation models. However, modeling
machining variations as statistical parameters can hamper
the model's accuracy under varying machining conditions.
In addition, artificial intelligence (Al) approaches give us
strong pattern recognition but with very weak physical
interpretability [Denkena 2021; Zhang 2018].

For semi-empirical models, Denkena et al. conducted a
combined kinematic simulation (deterministic) and
stochastic modeling by predicting the idealized surface
topography based on IFW CutS software. To isolate
stochastic elements, they aligned and compared profiles
and then characterized their statistical distribution. This
joint model enhanced the accuracy of the predictions
[Denkena 2015, 2021]. The approach depends on having
existing data from previous milling operations performed
under identical processing parameters (e.g., series
production) [Marin 2024].

In surface topography simulation, both the temporal
resolution and the spatial refinement given to metal cutting
simulation have a big impact on the accuracy of simulated
results [Xiao 2023]. The simulation efficiency decreases
proportionally when these parameters are considered at
finer scales. To overcome these bottlenecks, Xiao et al.
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presented an enhanced Z-MAP method based on the
Sequential Quadratic Programming (SQP) algorithm to
circumvent the high-level discretization of the cutting edges
while maintaining comparable simulation precision with
reduced computation costs. As for analytical models,
Arizmendi et al. developed a model predicting ball-end
milled surface topography that accounts for tool parallel
axis offset [Arizmendi 2008]. The approach uses
Chebyshev expansions to transform trajectory and
envelope equations into solvable polynomial form, with
confirmed accuracy by experimental validation. Dong et al.
developed a novel analytical model for the 3D surface
topography and roughness prediction of 5-axis CNC milling
[Dong 2023]. Surface morphology was simulated by
calculating the scallop endpoints without discretizing the
workpiece, and the approach was validated through
experiments. Although it is efficient, its reliance on scallop
boundary calculations may not be possible when extending
the model cases where the tool is positioned perpendicular
to the surface, and the configuration would affect the
mathematical definition of scallop formation used in this
approach. Wang et al. developed a simulation model for
thin-walled parts by incorporating the effects of cutting
vibrations [Wang 2019]. They found that larger vibration
amplitudes occur at sections with low stiffness, and feed
mark patterns were generated on the machined surface
with texture intervals approximately three times the feed per
tooth. Similarly, in a study conducted by Batista et al.,
material ploughing was identified at the cutter center at very
low cutting speeds, causing higher roughness due to more
difficult tool engagement [Batista 2017].

Layegh et al. [Layegh 2017] developed a simulation model
to predict surface topography in 5-axis ball-end milling by
deriving trochoidal cutting edge motion with feed rate, tool
inclination, and runout. For every plane perpendicular to the
feed direction, they formed the 2-D convex hull of the
intersection points to reconstruct the envelope. The study
additionally demonstrated that the 3D surface roughness
parameters (Sa and Sq) tend to rise when the lead angle,
tilt angle, or their combination increases. In contrast, Xu et
al. [Xu 2018] reported that the surface roughness
decreases steeply with a tilt angle smaller than 6°. The
roughness maintains constant, stable values for angles
greater than this threshold. Furthermore, according to
[Pesice 2023], for different tool diameters, there is a
minimum angle limit threshold where the cutting speed is
not high enough, and mostly ploughing happens instead of
cutting, and after that critical angle, the roughness
stabilizes. The contrast may be explained by the fact that
where the radial runout is negligible, increasing the lead or
tilt angle can generally lower the surface roughness, and
this value becomes stable after a threshold where the
effective cutting speed exceeds the minimum speed for
cutting instead of ploughing. However, where the radial
runout offset is significant, the runout effects become strong
enough to degrade the surface [Marin 2024].

The existing models still overlook a few important factors in
the machining process, including the true effect of cutting
edge behavior, besides the integration of CAM data in real
industrial cases. Consequently, the research explores the
potential of using CAM data to investigate the influence of
machining parameters on the morphology of the machined
surface in 5-axis ball-end milling.

2 MATERIALS AND METHODS

2.1 CAM data and preprocessing data

A Cutter Location Source File (CLSF) was first generated
using Siemens NX 2312 CAM software after the machining
operation was programmed. Then, the cutter locations, tool
orientations, and cutting and non-cutting moves (as a label)
were extracted. An automated data-cleaning process was
also implemented. The final dataset consists of seven
columns: the first three columns, x, y, and z, which
represent the tooltip positions in 3D space; and the next
three columns (i, , k), are the tool orientation vectors, and
then the last column describes the cutting moves from non-
cutting moves to prevent extra calculations in non-cutting
move regions.

Fig. 1 (a) illustrates the cutter and workpiece in the Siemens
CAM environment, Fig. 1 (b) shows Siemens NX 2312
simulation results with no scallops in the feed direction, and
Fig. 1 (c) illustrates the tooltip positions after CLSF data
cleaning.

d . b

. ~ e
( ; ‘r"

C Workpiece surface
——#—— Cutter location

-2 Y (mm)

X (mm) 10
Fig. 1: Three-dimensional CAM simulation: (a) cutter and
workpiece; (b) scallop-free Siemens NX CAM simulation;
(c) tooltip positions and workpiece surface

2.2 Modeling of helical cutting edge geometry

The ball nose was modeled to depict the tool cutting edge
in three dimensions in the Cartesian coordinate system,
using a numerical modeling technique as described in the
literature [Marin 2024] and
https://www.geogebra.org/m/hkdr6rhj. The following
equations (1) to (5) are reproduced to define the
coordinates for every single point along the cutting edge:

x; = R sin(x;) sin(6;),
y; = R sin(k;) cos(8,), Q)
z; = R — R cos(x;),
where k; denotes the immersion angle for each point,
ranging from 0 to /2 (Fig. 2).
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Fig. 2: lllustration of the geometry of the cutting edge

The parameter 6;, which represents the angular position of
these points on the cutting edge, and it is calculated as:

0 = @0 — @; 2

Here, the initial angular position, ¢, is defined as the angle
measured from the positive x-axis and is determined by
dividing a full circle (2m radians) into equal segments
according to the number of cutting edges. The
corresponding angles for a tool with two teeth are 0 and =
radians. The angular increment, ¢;, is defined such that if
the tool removes material in a clockwise direction, ¢;is
assigned a negative value, and vice versa. To define 6;
along the cutting edges, a relationship derived from the
helix geometry is employed as a function of the tool's height

(Fig. 3).
R Agp

tan(a) = e 3

For each point along the cutting edge, the following
expression is obtained:

R; ¢;

tan(a) = — @)

where a (or a; locally) is the helix angle of the tool, R (or R;)
is the radial distance at that point, and 4z is the incremental
change in height.

By considering z; = R;(1 — cos(k;)), the angular increment
@; is expressed as:

@i = (1—cos(k;)) tan(a). (5)
By applying this formulation, the rotation around the tool

axis (RAg) is consistently related to the vertical
displacement 4z through the chosen helix angle a.

Fig. 3: Geometric relationships defining angular increment
(p;) as a function of tool height.

2.3 Toolpath discretization and trochoidal motion of
the cutting edges

After the preprocessing of the CAM data from Siemens NX,
some sequential steps were developed to model the
kinematics of ball-end milling tools in 5-axis machining.
Accordingly, the toolpath positions and orientations are
uniformly interpolated along the cumulative trajectory
distance of each machining path (cutting moves) so that the
resolution of the spacing is small enough to capture the
rotation of points considered on the cutting edges. Between
each new interpolated CL point, the time increment At (s)
is computed based on the linear distance increment
Ad (mm), the feed per tooth f, (mm/tooth), the number of
teeth, and the angular velocity w (rad/s):

Ad X 21
fz X numTeeth X w

At (s) = (6)

Subsequently, the constant rotation of the points on the
cutting edges is simulated by computing the angular
displacement: 6, = w X t;. Although this calculation
captures the rotational aspect, the full trochoidal motion
results from the combination of simultaneous rotation and
linear displacement of feed translation. Thus, a rigid body
transformation is executed at each cutter location in two
steps. The first step is to multiply the local tool coordinates
(points on the cutting edge) by a rotation matrix (obtained
using the Rodrigues rotation formula), which converts the
local tool coordinates of the cutter to the global coordinates.
In the second step, these discretized points on the cutting
edge are translated into the global reference frame at each
cutter location. Consequently, these transformations can
accurately describe the rotational kinematics and the feed
movement, whereby mapping the local coordinates to the
global coordinates while reconstructing the trochoidal
movement of cutting edges. This way, a three-dimensional
swept volume of the cutter is generated (see Fig. 4 (a) and
(b)), which can be further used to predict the resulting
surface morphology. The trochoidal tool path simulation
creates a uniform spacing equal to the feed-per-tooth value.
The outermost part of these rotations creates the final
surface morphology, demonstrating the engagement of
cutting edges during the machining process (Fig. 4 (c)).
Each edge produces a distinct surface texture mark at
intervals, corresponding to f, for a two-flute ball-nose
cutter. This interval increases as the f, increases. The next
step is to find an accurate way to subtract the envelopes of
the cutting edges from the workpiece surface to obtain the
final surface morphology.
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Fig. 4: Trochoidal movement of the cutting edges; (a)
isometric view, (b) side view, and (c) magnified view of the
feed per tooth (f,= 0.3 mm/tooth) interval between
consecutive cutting edges at the outermost part of the
trochoidal movement.

2.4 Evaluating the surface topography

The three-dimensional trajectories of the cutting edge need
to be converted into a height map to predict the machined
surface topography from the trochoidal tool path data. It is
insufficient to use the minimum value only to obtain the final
surface morphology, since it will create an incomplete
surface with missing features between sample points.
Therefore, in addition to updating the grid points with the
points of the cutting edges between two consecutive cutter
locations, an interpolation of the points between these two
is also necessary to update the height map.

The minimum and maximum of the X and Y coordinates of
the trochoidal data were determined first to establish the
machining mesh boundaries. Subsequently, a regular grid
representing the tool swept region was generated at the
required resolution, giving each grid point an initial Z-value
of infinity to create meshes in 3D. These infinity values
serve as reference points that will be replaced by actual
heights wherever the cutting trajectories cross them. For
every cutting tooth and each point along the cutting tooth,
the associated trajectory is taken out and broken down into
linear segments. They connect successive points of the
cutter locations in the trochoidal movement.

To efficiently process these segments, rectangular
bounding boxes have been built surrounding each linear

segment, using a similar approach as described in
reference [Liu 2024] and [Dong 2021]. For this localized
region, the algorithm determines all the grid points that
would potentially be affected by the cutting process by
calculating the closest point distance from each grid node
to the line segment and filtering only those grid points within
a threshold distance (i.e., grid resolution divided by v?2).
They represent the maximum distance for a grid point
marked as "cut" by the tool path. The value of this threshold
is equal to half of the cell diagonal distance between the
grid points, and this ensures that the tool path is covered
even if it crosses the grid points at an angle.

A parameter value t, with a value of 0 at the start of a
segment and a value of 1 at its end, has been applied for
each grid point within a threshold distance, in order to find
its relative position on the segment. The value of this
parameter is calculated by projecting the point onto the line
segment, clamped to the [0,1] range to allow interpolation
between endpoints. With this parameter, the Z-values for
each grid point can be calculated by linearly interpolating
between the Z-values at the endpoints of a segment. If this
interpolated Z-value is lower than the existing value, the
grid point will replace it, thus ensuring that all grids retain
the minimum Z-value and represent the deepest cut at that
position (Fig. 5).

In order to create a point cloud that accurately depicts the
finished machined surface and captures the microscale
features created by the trochoidal tool paths, grid points
with finite Z-values are extracted after processing all
segments for all teeth, while discarding those still at infinity
(representing unmachined areas).

Tteaj(k 4+ 1)

Fig. 5: Time-based discretization of tool trajectory into a
small linear segment with highlighted grid points
undergoing Z-value interpolation.

For visualization only on the workpiece aligned uniform grid,
the tool swept cavity (computed minimum height samples)
is resampled by assigning the minimum of the nominal
workpiece surface height and the minimum cavity sample
height in a small neighborhood around each node; if none
is present, the node retains the nominal workpiece height.
The displayed surface is the pointwise minimum of this
resampled field and the nominal workpiece surface.

It should be noted that the overall simulation accuracy
depends on the cutting edge discretization, workpiece grid
resolution, and interpolation of cutter locations extracted
from CAM software. In this research, each cutting edge
consists of 3000 points. For the interpolation between cutter
locations, linear interpolation with a uniform step size, equal
to one-hundredth of the programmed f,, is applied. This
ensures evenly spaced cutter positions and smoothly
varying tool axis orientations along the entire toolpath.
Lastly, as for the workpiece resolution, on both X and Y
axes, a grid resolution of 1 pm has been used on the
workpiece surface.
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3 RESULTS AND DISCUSSION

The simulations were carried out using the machining
parameters as shown in Tab. 1, and the results for surface
morphology are shown in Fig. 6 (a) and (b), respectively.
Two surface patterns are produced in the scenarios of using
spherical end mills perpendicular to each other, including
scallops, which are determined by the feed per tooth (f;)
and cusps, which are determined by cutting width (a,), as
explained in the literature [Batista 2017]. The simulation
results from Fig. 6 (a) and (b) are in accordance with these
definitions.

Tab. 1: Machining parameters.

Process parameters Value
Feed/tooth f, (mm/tooth) 0.3
Spindle speed w (rpm) 14000
Depth of cut a,, (mm) 0.4
Step over a, (mm) 0.8
Tool diameter (mm) 5
Lead angle (degree®) 30
Tilt angle (degree®) 0
Number of teeth numTeeth 2

Y (mm)

0.3

Z (mm)
o
N

o
N

Depth of cut (mm)

0.0

Fig. 6: Comparison of surface morphology: (a) magnified
view of simulated surface texture, (b) complete machined
surface simulation (lead angle: 30°, step over: 0.8 mm, f:
0.3 mm/tooth, depth of cut: 0.4 mm).

3.1 Validation against the literature

The validation of this research refers to the reported results
by [Shujuan 2019]. A ball nose end mill (diameter 10 mm,
two teeth) was used in the study, with a feed per tooth of
fz = 0.2 mm/tooth, a, = 0.5 mm, a, = 0.5 mm, w = 3000
rpm, and tilt angle of 0°. The initial tooth phase was set to

zero at the start of each pass. The lead angle was varied
from 0° to 35° in 5° increments. The tool edge was
discretized with 4000 points to maintain sufficiently tight
spacing for the larger effective diameter, and a 1 pm
workpiece grid was used. This discretization ensured stable
contact detection and reduced aliasing because finer
sampling captures smaller features. Agreement with the
literature has been observed in two ways. First, the trend of
maximum surface height versus lead angle closely matches
the published curve across 0° — 35°, capturing the relatively
larger maximum surface height at zero lead angle and the
subsequent reduction toward a stable value (Fig. 7 (a)). The
maximum height decreases from 7.5 ym at 0° (Fig. 7 (b)) to
6.8 um at 5°. Beyond 10°, the values are stabilized to 7.2
um at the lead angle of 35° (Fig. 7 (c)). This pattern is
consistent with the contact moving off from the tool tip,
raising local tangential speed and suppressing ploughing;
beyond about 5° — 6°, the texture converges to a similar
pattern.

Second, at a 30° lead angle and with the same
aforementioned machining parameters, overlaying the
section profiles in both feed and cross-feed directions
reproduces the reported peak locations and amplitudes in
(Fig. 8 (a,b)) [Shujuan 2019]. As for Ra, a straight line has
been fitted to each cross-sectional profile with unweighted
least squares. The arithmetic mean roughness is computed
as the mean absolute deviation of the residual profile over
the full span according to equation (7), and the results are
reported in Tab. 2. Cross-feed roughness from the
simulation matches closely with the experimental
measurement. On the contrary, the feed direction
roughness shows a noticeably larger deviation. The small
discrepancy in the cross-feed direction is consistent with
the hypothesis that the kinematic roughness is governed
primarily by a, and tool diameter. However, in the feed
direction an underprediction (=40% low) is expected
because the roughness is governed by much smaller cusp
heights and is therefore more sensitive to unmodeled
effects (e.g., minimum chip thickness, elastic recovery,
structural dynamics, and metrology errors). These
outcomes indicate that the simulation reproduces both the
trend and the magnitude of the published topography under
similar cutting conditions.

N (ri=z —(ax 3)
1 B N
Ra=ﬁ2|ri—r|, where { lz (7)
=1 k N
i=1
Tab. 2: The Ra value in the feed and cross-feed directions
Ra (pm)
. ) Experiment ) )
Direction . Simulation Error
[Shujuan 2019]
Feed direction 0.42 0.25 40.48%
Cross-feed 1.62 158 2.47%
direction
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Fig. 7: (a) Maximum surface height versus lead angle: this
study compared with [Shujuan 2019], (b,c) Simulated
surface topographies at 0° and 35° lead angles,
respectively
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Fig. 8: (a) feed and (b) cross-feed line profiles comparing
this study with [Shujuan 2019]

3.2 Computational cost and discretization

The computational cost of the simulation primarily depends
on both the resolution of the discretization and the size of
the workpiece. It can be approximated as O(Ng -
numTeeth-M + G(h)), where N, is the number of
interpolated cutter locations, numTeeth is the number of
teeth (cutting edges), M is the number of points per cutting
edge, and G(h) is the total number of grid-cell update
attempts. An increase in workpiece size or tooth count will
lead to a rapid increase in computational costs. On our 16-
core CPU (32 GB RAM), at a lead angle varied from 0° to
35° and with M = 4000 and h = 1 ym, the average total
computation time is 432 seconds, including plotting.
Increasing the N, beyond the baseline of f,/100 will
negligibly change the maximum surface height (100 nm),
but dramatically increase computation time due to memory
overhead. Increasing M beyond 4000 for a 10 mm cutter
has little influence. But reducing M will produce missed grid
updates and (visible spikes). A relation relating cutter
diameter to M likely exists (e.g. M « D/h). The value used
in this simulation was selected manually, and the grid
resolution was set to h = 1 ym to ensure stable contact
detection and reduce aliasing. As a practical guideline, a
high resolution is recommended for fine finishing, and a
coarser resolution is recommended for roughing.
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4 CONCLUSIONS

This investigation has applied a simulation approach for
predicting the surface morphology in milling with a ball nose
tool. The following conclusions can be drawn from this
exploratory research:

1. A simulation model has been developed to represent
the topography of the machined surface in milling with
a ball-end tool.

2. The use of CLSF data directly in the model gives
interesting potential for further integration with existing
CAM software to provide more reliable surface quality
prediction without machining experiments.

3. ltis demonstrated that introducing a lead angle smaller
than ~ 5° is sufficient to eliminate the adverse cutting
effects at the tool tip and achieve stable and low
surface heights. Beyond this threshold, further
increases in lead angle do not provide meaningful
improvements in surface quality.

4. The model can predict surface morphology under the
applied conditions and constraints. Cross-feed
roughness agrees well with reported experiments in
literature (2.47% error), whereas feed direction
roughness turns out to be underpredicted (40.48%
low), reflecting sensitivity to parameters missing in the
model.

Future research will further optimize the model to improve
its computational efficiency and take into account more
manufacturing variables such as tool runout, vibration, and
tool deflection.
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