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Towards understanding and controlling of the surface texture pattern in 
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A B S T R A C T   

Surface texture is critical for the functionality of industrial parts. This work aims to effectively control the surface 
texture by applying the phase difference angle between adjacent cutting passes using 5-axis ball-end milling. 
Because the texture pattern is complicated and is formed by combining feed-interval and step-interval scallops, 
we propose a level-contour-based fast simulation method to effectively generate the surface texture by inputting 
the phase difference angle with tilt and lead angles of the cutter. After clarifying the influence of these three 
parameters on the texture pattern, the desired texture was controlled by modifying the tool path according to the 
simulated phase difference angle. As a result, the milled surface texture corresponded well with the simulation. 
The details of the cutting features were efficiently and comprehensively simulated. The mechanism underlying 
the sudden change in the texture ridge direction was clarified as the major-minor ridge transition when the phase 
difference angle increased to a certain level, wherein the surface roughness could be decreased because the 
rearrangement of the cutting region reduced the scallop height. The proposed fast simulation method was also 
applied to the optimization process with a case study to demonstrate the benefits it can bring to the surface 
texture design and control.   

1. Introduction 

5-axis ball-end milling is generally used for the finishing process of 
complex freeform parts. Efforts are required to generate the tool path by 
considering the cutting condition, interference check, and to perform 
test cutting to ensure the interference-free and efficiency. Because sur-
face texture is critical to the quality and is affected by the tool posture 
and path, proper determination of the tilt angle, lead angle, and tool 
path according to the preferred surface texture is significantly appreci-
ated before the actual cutting and thereby, can increase the productivity 
of industrial practices. Different finishing surface textures are formed by 
a serial pattern, which in turn is formed by the collective motions of tool 
rotation, feed and stepover. For a certain cutting strategy, simulation of 
the micro-level surface texture is of great interest to ensure the func-
tionality of the final surface based on the texture pattern, and therefore 
can benefit the decision making and optimization of the cutting strategy. 

Simulation methods on a 5-axis milled surface texture have been 
reported in the state-of-the-art. Could-point-based method appears to be 
the most widely used method to simulate the surface texture [1–4], 
owing to its ease of implementation. Accompanied downside, however, 

lies on the requirements of the huge memory storage and calculation 
capacity, which make the texture generation a time-consuming process. 
A proper mesh grid size of the workpiece must be selected to generate 
the machined surface based on the point density. For this, several 
techniques have been developed. Xu et al. [4] updated the workpiece 
surface by discretizing the cutting points using the z-map method. The 
mesh grid was calculated using the square root of the minimum distance 
between adjacent points. Although this method is effective, it requires 
high cloud data density and regularity to ensure the smoothness of the 
workpiece surface with small geometrical features or a steeper wall. 
Ehsan and Lazoglu [5] provided a new perspective by calculating the 
intersection points between the cross-feed planar and cutter trajectories. 
The intersection points are stored in the cloud point file for the 
post-process of the workpiece surface update, which reduces the amount 
of calculation data compared to the swept surface discretization. How-
ever, approximately 5 h is required for the simulation of 35 planes. 
Denkena et al. [6] calculated the surface texture using a multi-dexel 
model, which is a CAD-engine-based model, that provides a powerful 
alternative and is very convenient for the FEM-simulation. For cutting 
scenarios with different shapes, direct modeling or parametrized 
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secondary development in a CAD environment is necessary for gener-
ating the cutting-edge profile, rake and flank faces. Hirogaki et al. [7] 
conducted the cutting experiment with a shifted distance between 
adjacent passes to control the surface texture. CAD-based simulation was 
conducted to generate the surface texture, but cutting edges and kine-
matics were not involved in the formation of detailed features. On the 
other hand, Iwabe et al. [8] applied an envelope curve-based scanning 
method to obtain the two-dimensional roughness, and achieved a good 
accuracy compared to the experimental result, indicating that the 
envelop surface-based method for generating the surface texture is an 
intrinsic solution to solve the simulation time issue. This was because 
although the cutting-edge wrap inside the envelope surface of swept 
surface families accounts for a large portion of the memory/calculation 
capacity, it marginally contributes to the surface texture generation. 
Therefore, extracting the envelope surface can significantly reduce the 
simulation time. 

For high-precision ball-end milling, the stepover length is considered 
either approximately equal to the feed rate or smaller to reduce the step- 
interval scallop height between the passes. Therefore, the effect of the 
feed-interval scallop on the surface roughness cannot be overlooked 
during the surface quality evaluation [9]. In particular, the feed-interval 
scallop can prevail and dominate the texture ridge [10] when the 
stepover length is significantly smaller than the feed rate. On the other 
hand, tilt and lead angles determine the shape of the pattern, and the 
phase difference angle (PDA, see Fig. 2(c)) affects the arrangement of the 
pattern by changing the relative cutting location in the subsequent pass, 
which has not yet been widely discussed in the state-of-the-art because 
the underlying mechanism is complex owing to the variation of the 
feed-interval and step-interval scallops. Saito et al. [11] emphasized the 
importance of the shifted distance between adjacent passes on the sur-
face texture formation and controlled the texture by tool path planning. 
A good conformation with simulation results was obtained although 
acceleration and deceleration were neglected. Peng et al. [1] attempted 

to control the major texture ridge angle by introducing the PDA while 
considering on the spindle vibration. However, the simulation quality is 
insufficient to reveal detailed texture information owing to the 
time-consuming cloud-point-based simulation process [4]. Moreover, 
the reason for the sudden variation in the major texture ridge angle has 
not been clarified yet. Therefore, it is necessary to reveal the mechanism 
underlying the major texture ridge angle variation with PDA, because 
the relation between the major texture ridge angle and PDA is a critical 
factor for achieving the texture control. 

In this work, we have proposed a fast simulation method on surface 
texture by extracting the envelope surface from the cutting-edge swept 
surface families. The trochoidal motion of the cutting edge associated 
with different tilt angles, lead angles and PDA were integrated into the 
kinematics. Several patterns produced by different parameters were 
studied to advance the fundamental understanding of pattern formation. 
The underlying mechanism for the surface texture ridge variation with 
PDA was comprehensively revealed, followed by a case study on pattern 
simulation, selection, and final control by adjusting the PDA in 5-axis 
ball-end milling experiment. 

Remainder of this work is organized as follows:  

- Section 2 provides a theoretical description of the modeling used to 
extract the envelope surface for updating the workpiece surface.  

- Section 3 presents the implementation of a case study.  
- Section 4 presents detail simulation and control results on surface 

textures. 
- Section 5 presents the concluding remarks for addressing the trans-

ferrable knowledge. 

2. Theoretical of texture simulation 

This section presents a level contour-based method for updating the 
machined surface by the envelope surface of the cutting edge. Illustra-

Fig. 1. Schematic for interpreting updates on machined surface.  

Fig. 2. Experimental set-up. (a) Machine tool configuration. (b) Lead and tilt angle. (c) PDA interpretation.  
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tions of the critical terms are presented in Fig. 1 for a better under-
standing of the following equations. Firstly, the surface of workpiece φw 
is indicated by an implicit surface consisted by a serial of contours as: 

φw =
{
(x, y, z) ∈ ℝ3⃒⃒φw(x, y, z) = 0

}
(1) 

Let D be the subset of the parametric space such that D =

{(γ, u,w,…) ∈ ℝN
}. The swept surface of ball-end milling, S = {(x, y,

z) ∈ ℝ3
} during one revolution can be obtained by the function map-

ping, Ms : (γ, u,w,…)→(x, y, z) which can be expressed as follows: 

Ms : D→S (2) 

The key problem for generating the surface texture is to calculate the 
envelope surface Se of S, which can be used to update the workpiece 
surface by each revolution. Here, we have decomposed the S from the 
three-dimension to the level contour Cs by adding a level planar by 
assuming the Y-level planar: 

Cs(y) = {(x, y, z) ∈ S|S(y = yi) } (3)  

then the envelope curve Ps of level contour Cs can be calculated as: 

Ps(y) =
{
(x, y = yi, z) ∈ ℝ3⃒⃒Cs(x, z, u’) = 0; ∂Cs

/
∂u’ = 0

}
(4) 

where u’ is the parameter of Cs. By replacing Cs → Ps the envelope 
surface Se: S → Se can be obtained accordingly. The workpiece update 
principle is based on the selection of the lower potential energy defined 
on the Se and the surface of workpiece φw. The scalar-valued operator E 
(∙) was defined to calculate the potential energy integral, and therefore, 
the update principle for generating the new surface of workpiece φwn 
can be written as: 

φwn = {(x, y = yi, z) ∈ Ps ∪ Cw|E(Ps) < E(Cw) } (5)  

where Cw is the level contour of the workpiece. It should be noted that 
the validation of the method does not depend on the type of level planar. 
Furthermore, once the cutting parameters and cutter posture are 
determined, the surface texture exhibits a periodic shape within one 
pass. The pattern, including the combination of the shapes in adjacent 
passes, can therefore be controlled by varying the PDA of the cutter at 
the first cut-in engagement in each pass. To achieve this, the PDA was 
controlled by adding an extra distance Ls into the approach (see Fig. 15). 
The Ls is calculated as: 

Ls =ΔNfcstan(Δδ) (6)  

where ΔN is the number difference between the current pass to the first 
controlled pass; fcs denotes the stepover length; Δδ refers to the phase 
difference angle PDA. The absolute value of the initial cutter phase of the 
first pass is irrelevant to the pattern formation because it is periodic, and 
the phase difference determines the pattern arrangement. 

3. Case study 

To implement of Eq. (2), the parameter space is limited to the order 
of four (N = 4), so the function mapping can be written as: 

Ms = [T(α, β, t, n)P(u) ]T + G(w(f , t, n) ) (7)  

where T is the rotation matrix for adding tilt (α) and lead (β) angles to 
the cutter posture along the curvature and tangential directions of the 
tool path curve, respectively; t, n and f are the time, rotation speed, and 
feed rate pre-revolution; P is the parametrized cutting edge; G is the tool 
path in one pass; u and w are the parametrized parameters of the cutting 
edge and tool path in one pass, respectively, which are written as (u,
w) ∈ Iu × Iw = [0, 1] × [0, 1]. 

The 5-axis ball-end milling experiment (DMG-MORI NVX5080) was 
conducted to obtain the surface texture for verifying the method and 
texture control as shown in Fig. 2. Lead and tilt angles were applied 
around the tool center point to obtain different tool postures using 
rotation tables. Because the cutter runout affects the surface texture, and 
the runout displacement increases with the spindle speed [12], 
pre-experiments were conducted to select the property cutting param-
eters that can create stable cutting and surface textures. The experi-
mental and simulation parameters are listed in Tables 1 and 2. The 
workpiece was a standard aluminum alloy 7075 block (hardness: 190 
HV). A tungsten carbide ball-end mill with a helix angle of 30◦ and TiAlN 
coating was applied in the cutting experiment and simulation. Evalua-
tion of the surface texture applied the arithmetical mean height Sa 
following the ISO 25178 standard as: 

Sa =
1
A

∫∫

|z(x, y)|dxdy (8) 

The procedure for controlling the surface texture is divided into three 
steps:  

1) Conducting fast simulation process to select a desired surface texture 
based on the functional requirements.  

2) Calculating the PDA according to the major texture direction.  
3) Generating tool path with extra approach distance. 

To ensure the integrity of the data from the simulation results to the 
manufacturing process, the surface texture simulation, tool path plan-
ning, tool center location generation, and post-process were all per-
formed using numerical calculation software (Matlab2019a), without 
using the CAD/CAM system. 

4. Results and discussion 

4.1. Experiment and simulation results 

Typical surface texture results without tilt and lead angles are shown 
in Fig. 3, whose features have been intensively recognized and discussed 
by the state-of-art [2] that the tool tip of ball-end milling creates a 

Table 1 
Cutting condition.  

Parameters Symbol Value Unit 

Radius of ball-end cutter r 0.5 (mm) 
Feed rate f 0.2, 0.12 (mm/rev) 
Stepover fcs 0.2, 0.04 (mm/pass) 
Flute number N 2 (− ) 
Spindle speed n 7500 (RPM) 
Lead angle α 0–20 (◦) 
Tilt angle β 0–30 (◦)  

Table 2 
Simulation condition.   

Value Unit 
Simulation area 0.8×0.8-2×2 (mm2) 
Workpiece resolution 5 × 10− 3 (mm) 
Depth-of-cut 0.1 (mm) 
System resolution 1 × 10− 15 (mm)  
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Fig. 5. Surface texture produced by different tilt angles (Lead angle: 0◦). Feed rate: 0.2 mm/rev. Stepover: 0.2 mm.  

Fig. 6. Surface texture produced by different lead angles (Tilt angle: 0◦). Feed rate: 0.2 mm/rev. Stepover: 0.2 mm.  

Fig. 3. Interpretation of surface texture by 5-axis ball-end milling.  

Fig. 4. Surface textures with feed-interval scallop, step-interval scallop and phase difference angle.  
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stagnation zone that completely removes the material by either effective 
cutting or plastic plugging. The pattern of scallop is not symmetric to the 
tool path, owing to the collective motions of feed and rotation. Because 
simulation is based on the boundary intersection and comparison be-
tween the potential energy, the computation time for each 0.4 × 0.4 
mm2 area was approximately 23 s, which was significantly reduced 
compared to the [5]. For reference, we have listed several 2 × 2 mm2 

cases (100 patterns) with complicated texture features are listed in 
Appendix. A (see Fig. 18) with calculation time and hardware 
information. 

From Fig. 4, surface texture pattern is defined by a ridge consisting of 
local scallop peaks. Thus, the “feed-ridge”, “step-ridge” and “phase- 
ridge” are denoted as the ridges caused by introducing the feed-interval, 
step-interval, and PDA, to help with the texture clarification. In partic-
ular, with a reduction in the stepover length, the residual material 

between passes becomes less, and therefore the feed-ridge prevails, 
especially when the tilt angle is added [1]. In such a case, the major 
ridge angle δt (see Fig. 4(c)) can be defined by the angle between the 
primary ridge direction and the stepover direction. It should be noted 
that PDA does not create any interval gap to generate the scallop but 
only changes the arrangement of the pattern; thus, phase-ridge is 
composed of the collection of the feed-interval and step-interval scal-
lops. For example, as depicted in Fig. 4(d), the phase-ridge is primarily 
composed of the feed-interval scallop because the step-interval scallop is 
extremely small (refer to Fig. 4(c)) due to the small stepover length. The 
following results are also given by 0.4 × 0.4 mm2 area to focus on the 
pattern feature because they are periodic. 

Variations in the surface texture pattern with tilt and lead angles are 
reflected by the shape of the dimple, feed-interval, and step-interval 
scallop heights. The detailed surface texture features present a 

Fig. 8. Surface texture produced by different tilt and lead angle combinations. (a)-(c): Tilt angle: 5◦. (d)-(f) Tilt angle: 10◦. (g)-(i) Tilt angle: 15◦. Feed rate: 0.2 mm/ 
rev. Stepover: 0.2 mm. 

Fig. 7. Comparisons between simulation and experimental results. (a) Feed rate: 0.08 mm/rev. (b) Feed rate: 0.16 mm/rev. Lead angle: 0◦; Tilt angle: 20◦; step over: 
0.04 mm. 
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significant change in the shape of the dimple with tilt angle (see Fig. 5 
(a)–(c)). When the tool tip is rotated out of the cutting region, the 
intersection of the locus of the first and second cutting edges has less 
influence on the dimple feature. The step-interval scallop height 
decreased along with an increase in the tilt angle, whereas the feed- 
interval was reduced largely. Fig. 6 shows the results with lead angle 
variation, further indicating that the shape of the dimple was affected by 
the spiral motion of the cutting edge. It is obvious that the positive lead 
angle also significantly increased the material removal rate along the 
feed direction, resulting in a more sphere-like dimple (refer to Fig. 6(c)) 
among other cases. 

Comparisons between the experimental and simulation results for 
the surface texture that dominated the feed-interval scallop are pre-
sented in Fig. 7. The simulation results were in good conformance with 
the experimental feed interval distance, which in turn proved the 
effectiveness of the proposed method. It is seen that when the stepover 
was significantly smaller than the feed rate, the primary scallop was 

perpendicular to the feed direction. From the experimental images, it 
could be seen that the residual material between the adjacent passes was 
significantly small and almost merged into the scallop surface. This 
regularly occurs in high-precision or ultra-precision milling that uses a 
very small stepover length to reduce the step-interval scallop height, 
which makes the feed-interval the primary factor affecting the surface 
quality. 

4.2. Influences of tilt, lead, and PDA angles on the pattern 

This subsection discusses the shape and arrangement of the pattern 
with respect to tilt, lead, and PDA angles, because they affect the texture 
in different ways. Fig. 8 shows the micro-patterns produced by different 
lead and tilt angles. Cusp or micro-cusp [2] denotes a lead angle of 5◦

(see Fig. 8(a), (d)) and finally transforms into texture with two intervals 
(see Fig. 8(g)). The lead angles indicate a larger influence on the pattern 
variation than the tilt angle; and the effects of the tilt angle are marginal 
when the lead angle is large (Fig. 8(c), (f), and (i)). The Arithmetical 
mean heights are summarized for each case in Fig. 9. 

The surface roughness reaches the local minimum for the combina-
tion of large tilt and small lead angles (α = 15◦ and β = 5◦). This is 
because an increase in the tilt angle can reduce the scallop height, and a 
slight lead angle can avoid the tool tip mark on the scallop surface [13]. 
Both results benefit the reduction in the surface roughness. Geometri-
cally, a small lead angle needs to be discussed with the plastic defor-
mation. Having a small positive lead angle benefits on the roughness 
reduction because the tool tip part has the advantage of flattening the 
surface but also results in a severe plastic plugging effect, which possibly 
deteriorates the surface and accelerates tool wear. Trade-off discussion 
is necessary if both roughness and cutting ability are considered. 

The limitations of tilt and lead angles depend on the complexity of 
the parts. The interference-free space left for tilt or lead variation is 
generally limited for those with complex and narrow geometric features. 
Thus, we increased the lead and tilt up to 20◦ and 30◦, respectively, to 
discuss their influence in such extreme conditions for generality. 

Fig. 10 shows that the variation of the tilt angle does not significantly 
change the texture under the condition of a large lead angle. The tool tip 
feed marks can be identified as the simulation accuracy is sufficiently 
high. This indicates that the large lead angle has rotated the tool tip 
almost out of the cutting region. Thus, the texture remaind approxi-
mately identical even when the tilt angle changed significantly (see 

Fig. 10. Surface texture pattern at extreme tilt and lead angles. (a) Lead angle: 20◦. (b) Tilt angle: 30◦. Feed rate: 0.2 mm/rev. Stepover: 0.2 mm.  

Fig. 9. Arithmetical mean height Sa of surface roughness.  
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Fig. 10(a)). On the other hand, as depicted in Fig. 10(b), an increase in 
the lead angle continuously influences the feed-interval scallop because 
of the spiral motion of the cutting edge with a lead-tilt angle collectively 
caused interval gap. 

From the comparison between Fig. 4(c) and (d), it is known that the 
PDA between the adjacent passes can change the arrangement of micro 
patterns. Consequently, the maximum scallop height and dimple shape 
were altered, along with this pattern arrangement. Thus, a discussion 
was conducted with a stepover length of 1/3 of the feed rate to 
demonstrate the influence of the PDA more effectively. 

Major and minor ridge directions are defined based on the scallop 
height, as shown in Fig. 11, with the definition of the sign of the major 
ridge direction. Because the stepover length is small, the step-ridge can 
be neglected. Feed-ridge, which is the major ridge, with δt = 10◦ can be 
detected, as shown in Fig. 11(a), with the phase-ridge being perpen-
dicular to the feed-ridge. 

The surface roughness is found can be reduced by approximately 
25% for a large PDA because the scallop height is reduced overall the 
surface on an average. The peak value is distributed more evenly on the 
surface, further resulting in the reduction of Sa. The minus PDA changes 
the major texture direction as shown in Fig. 12. Because the positive lead 
angle is applied, thus, the minus PDA highlights the uncut material 
caused by the tool tip (see Fig. 12(a)). Moreover, it is of interest to clarify 

the relation between the setting PDA setting and major texture angle to 
help with the determination of the PDA value for texture control. From 
Fig. 12(a–c), the increase in the feed-interval scallop height inside the 
scallop surface occurred because the PDA emphasized the residual ma-
terial in the diagonal direction (see Figs. 11(b) and 12(b)). Thus, the 
feed-interval scallop height contributing to the phase-ridge increased 
with an increase in the PDA. When the phase-ridge height increases to 
the level that of the feed-ridge, a honeycomb-like shape is formed (see 
Figs. 11(c) and 12(c)). 

The scallops of the major and minor ridges formed by PDA from − 90◦

to 90◦ are summarized in Fig. 13. A sudden major ridge angle change 
could be seen in Fig. 13(a) at approximately 55◦ and − 55◦. The scallop 
heights of the feed- and phase-ridges are extracted in Fig.13(b) and (c). It 
is seen that with the increase in absolute PDA, the phase-ridges prevail 
and therefore, become the major ridge to dominate the surface texture, 
further indicating the occurrence of major-minor texture transitions at 
where the major texture is dominated by feed-ridges and phase-ridges 
alternatively. This is the underlying mechanism for the sudden change 
in the major ridge angle when the absolute value of PDA continuously 
increases to approximately 55◦. 

Both of phase direction signs encounter the transition of the major 
ridge direction when the absolute PDA is large sufficiently large to 
reduce the feed-interval scallop height, which benefits the surface 

Fig. 12. Ridge directions and influence of minus initial phase (Δδ). (a) Δδ=-10◦. (b) Δδ=-40◦. (c) Δδ=-55◦.. Stepover: 0.04 mm. Feed rate: 0.12 mm/rev. δt: major 
ridge angle. Colorbar represents the scallop height. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 11. Ridge directions and influence of cut-in initial phase (Δδ). (a) Δδ=10◦. (b) Δδ=40◦. (c) Δδ=55◦. Stepover: 0.04 mm. Feed rate: 0.12 mm/rev. δt: major ridge 
angle. Colorbar represents the scallop height. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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roughness reduction. However, because of the nature of the lead angle, 
the preferred sign of the texture direction should be selected accord-
ingly, which in this case, a positive PDA was preferred to avoid the tool 
tip feed marks as shown in Fig. 12(a). 

4.3. Pattern decision and control 

As shown in Fig. 14, with the design variable space setting and 
constraints, several candidates of texture as state variables can be 
generated by fast simulation. Selection process is then done by the 
scalar-valued objective function J = J(φwn) and criteria, which are 
determined according to the specific functionality requirement, i.e. J 
(φwn) = Sa(φwn) < 8 μm. 

Surface texture control for selected cases was realized by varying the 
PDA between adjacent passes. Because the PDA determines the pattern 
arrangement, this fact fundamentally supports the feasibility of con-
trolling surface texture patterns by adjusting the tool path, because it 
reduces the requirements for the acceleration and deceleration on ma-
chine tool axes as long as their dynamic processes are repeatable in 
adjacent passes, enabling the realization of PDA by properly planning 
the tool path. This comment is also supported by the experimental re-
sults conducted by Saito et al. [11], which indicates that the repeat-
ability between two adjacent passes is a critical factor for the surface 
texture control. 

Tool path planning of the tool tip point trajectory is shown in Fig. 15 
attached with the interpretation. In general, C1 continuous is promised 
at the turning point before and after cutting. The rapid and retraction 
parts are maintained almost identical, expect for the extra approach 
distance before the cutting, to ensure the repeatability as much as 
possible. 

The simulation used for generating the tool path is shown with the 
experimental result for validation in Fig. 16 using a phase difference 
angle of − 50◦. The surface texture pattern of the experimental result is 
consistent with the simulation result, which indicates that simulation- 
based tool path planning has successfully obtained the major ridge 
angle by setting the PDA. 

Other PDAs, i.e. − 18◦, − 45◦, 50◦ and random, were also applied in 
the cutting experiment to validate the robustness of the method with 
other parameters in Fig. 17. Good conformance was obtained between 
the experimental and simulation results. By clarifying the relation be-
tween the PDA and the major ridge angle, it is possible to proactively 
control the surface texture pattern in both the texture direction and 
dimple shape by carefully modifying the tool path and cutting param-
eters. In particular, the random PDA is also applied by setting a random 
Ls and the result is shown in Fig. 17(d). It should be noted that the 
simulation result of random only shows the tendency of the surface 
texture variation but does not indicate the controlling results as it dose 
in other cases because proactive control on a random surface is practi-
cally impossible. 

One important reason for the successful experimental results is 
attributed to the small tool runout error, which imposes significant ef-
fects on the surface pattern and surface roughness [5,6,9,12], because 
the detailed shape of the dimple will be altered differently depending on 
the force or rigid induced runout error. According to Hirogaki et al. [9], 
the applied tilt angle in this study is under the criterion for obtaining a 
small surface roughness (<Rz: 0.5 μm) with a small tool runout error, 
which is an important constraint in the surface texture control. On the 
other hand, the texture direction is not influenced because the PDA is 
considered as the critical factor that controls the arrangement. The 
overall look of the surface texture, on the other hand, is changed in the 
width of the major texture but the texture direction should remain 
constant. In fact, the scallop height could become smaller compared to 
the non-runout error case because the runout error removes the scallop, 
especially when the tilt angle is applied, although the absolute accuracy 
of the workpiece surface could be compromised. In addition, as depicted 
in Fig. 17(b) the uneven shape of the scallop was well captured on the 

Fig. 13. Major-minor ridge transition between the phase-ridge and feed-ridge 
along with the phase different angle. (a) Direction of major ridge angle 
versus PDA. (b) and (c) Scallop height of feed- and phase-ridges variations 
with PDA. 
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scallop surface adjacent to the major ridge. This is caused by the tool tip 
at the margin of the cutting region, which shares the same mechanism as 
the tool tip feed marks shown in Fig. 10(a). It also indicates that when 
the tool tip is rotated out of the cutting region, the surface roughness 
variation with the tilt angle then becomes marginal [8]. 

5. Concluding remarks 

To control the surface texture in 5-axis ball-end milling, we have 
proposed a level-contour-based fast method to generate the texture 
detail by inputting the cutting parameters and strategy. By clarifying the 
underlying mechanism of the sudden change in the major ridge direction 
with PDA, the surface texture was successfully controlled by modifying 
the tool path, further proving the effectiveness of the proposed simula-
tion method and texture control method. Furthermore, it is clarified that 
the major-minor ridge transition is the underlying mechanism for the 
sudden change in the texture direction with respect to PDA. In addition, 
the application of PDA can effectively reduce the surface roughness by 
25% in most because of the redistribution of the scallop height. This fast 
simulation method enhances 5-axis machining strategy planning and 
serves as the benchmark for future surface texture research that deals 
with different cutter shapes, cutting strategies, and process 

Fig. 14. Example for decision making on surface texture based on fast simulation.  

Fig. 15. Tool path planning of tool tip point for adding PDA between the passes.  

Fig. 16. Surface texture produced with PDA. Δδ = − 50◦; stepover: 0.04 mm; 
feed rate: 0.12 mm/rev; tilt angle: 5◦; lead angle: 20◦. 
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optimizations. 
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Fig. 17. Surface texture control by varying initial cut-in phase of cutter. Stepover: 0.04 mm; feed rate: 0.12 mm/rev; tilt angle: 5◦; lead angle: 20◦.  
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Appendix. A

Fig. 18. Simulation time for different conditions. 
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To quantify the computation cost of the proposed method for generating a 5-axis ball-end milled surface texture. Three textures with detailed 
features were provided to demonstrate the computation time with hardware information. 
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