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Abstract
Due to the geometric complexity, tool orientations usually change dynamically during freeform surface machining with 5-axis
machine tool. As the kinematic performance of the rotary axes is usually weaker than that of the linear axes, the real cutting speed
is difficult or even impossible to reach the desired level, which further leads to low machining efficiency. This paper presents a
region-based 3 + 2-axis machining toolpath generation method with 5-axis machine tool. The surface is first divided into several
preliminary sub-surfaces using K-means clustering algorithm. A post processing procedure is then carried out to optimise the
preliminary sub-surfaces to ensure the machinability. For each sub-surface, gouging-/collision-free tool orientations are first
calculated and then the optimal combination of the fixed tool orientation and the feed direction is determined by maximising the
average machining strip width for toolpath generation. The proposed method is tested by a case surface and the comparisons to
some other traditional methods are also provided.
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1 Introduction

Nowadays, 5-axis machine tools are widely applied tomachine
freeform surface parts in industries like automotive, aerospace
and energy. Compared to 3-axis machines, the two additional
rotary axes of 5-axis machines greatly increase the accessibility
and flexibility of machining [1, 2]. As a result, a closer match
of the cutter’s shape to the surface could be achieved which
means larger machining strip width (MSW) and shorter
toolpath length. Ball end mills now are not the only choice
for cutting freeform surfaces which will significantly improve
the surface quality as well as the machining efficiency.

However, due to the geometric complexity, tool orientations
usually change dynamically during freeform surface machin-
ing with 5-axis machine tool. As the kinematic performance
(velocity, acceleration and jerk) of the rotary axes is usually
weaker than that of the linear axes, the real cutting speed is

difficult or even impossible to reach the desired level, which
further results in bad machining efficiency. Great efforts have
been made to reduce the 5-axis machining time of freeform
surfaces by tool orientation smoothing and MSWoptimisation
[3, 4]. Another effective idea is 3 + 2-axis machining which is
in between 3-axis and 5-axis machining. It is to use the 5-axis
capability to orient the cutter and fix this tool orientation during
the machining to obtain an optimal real cutting speed. Recent
progresses on these three research aspects are as follows.

1.1 Tool orientation smoothing

Tool orientation smoothing is to find the optimal smoothly
varying gouge-free orientations at cutter contact points
(CCP) to enlarge the real cutting speed. Tool orientations with-
out local gouging, rear gouging and global collision are usu-
ally represented in various ways which further result in differ-
ent smoothing procedures. Jun et al. [5] eliminated the dramat-
ic changes of tool orientations by identifying the shortest dis-
tance in a 2D configuration space (C-space). Later in the re-
search of Lu et al. [6], the height of the cutter lifted along the
normal of the surface was defined as the third variable to
establish a 3D C-space. Tool orientations were smoothed by
searching the available C-space set with the minimum motion
time distance to the ideal C-space set for each CCP. Wang and
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Tang [7] generated the feasible tool orientations of each CCP
by constructing the visibility map VMap. Then partial and full
backward retractions were applied by considering the angular
velocity limit to avoid quick changes in tool orientations be-
tween neighbouring CCPs. The concept of the domain of ad-
missible orientation (DAO) was proposed by Castagnetti et al.
[8] to restrict the possible orientations of the tool axis for each
CCP. Both the angular difference between two successive
points and the curvature of the evolution were minimised
based on the DAO constructed in the machine coordinate sys-
tem. To ensure a constant speed of the tool cutting edge against
the surface, Farouki and Li [9] defined the possible tool orien-
tations at each CCP as a cone of angle ψ about its surface
normal. Smoothing method based on parallel transport of the
tangent component of the tool orientation was then proposed
for rotation-minimising tool orientations.

1.2 MSW optimisation

To improve the machining efficiency, another effective way is
to reduce the total toolpath length by maximising the MSWat
each CCP. Effective cutting shape (ECS) is usually defined as
the approximation of the cutter surface [10]. MSW can be
enlarged by increasing the proximity of the surface normal
curvature and the ECS curvature. The traditional idea is gen-
erating the optimal toolpaths by considering the whole surface
as one machining region. Fard and Feng [11] indicated that if
the cutter moves along the minimum curvature direction, the
MSW could be increased, especially for freeform surfaces
with low-curvature relative to the cutter size. In Gong et al.’s
research [12], MSWwas optimised by minimising the relative
normal curvature between the cutter envelope surface and the
designed surface. However, for complex surface machining,
toolpaths with maximal MSW usually present vary among
different regions. Thus, to get global optimal machining re-
sults, region-based toolpaths may be required [13]. Chiou and
Lee [14] established the concept of machining potential field
for selecting the toolpath with the maximum average MSW
among the potential paths across the surface as the start
toolpath. During the generation of adjacent toolpaths, if the
cutting efficiency of a newly generated adjacent toolpath falls
below a predefined value, the procedure will stop and a new
initial toolpath will be selected to continue the toolpath com-
putation in the blank area of the surface. Anotaipaiboon and
Makhanov [15] first constructed two isoparametric toolpaths
along two parametric directions and then generated space-
filling curves adaptively by following the directions with larg-
er MSW. Thus, in different sub-surfaces, toolpaths follow dif-
ferent parametric directions. Liu et al. [16] developed a rank
two tensor for evaluating the MSW. MSW tensor field was
established to divide the surface into sub-surfaces by
extracting the trisector degenerate points. In each sub-surface,
feed directions for maximal MSW follow the same or similar

pattern. As a result, toolpaths in each sub-surface can be gen-
erated separately for global optimal machining.

1.3 3 + 2-axis machining

3 + 2-axis machining uses the 5-axis capability to orient the
cutter and fix this orientation during the machining.
Apparently, this strategy can improve the real cutting speed
especially for complex surface machining. However, it is usu-
ally difficult or even impossible to determine such a fixed tool
orientation optimally. Gray et al. [17] proposed a tool posi-
tioning strategy named the arc-intersect method to optimise
the tool orientation for given 3 + 2-axis machining toolpaths.
Chen et al. [18] used fuzzy pattern clustering techniques and
Voronoi diagram to divide the surface into several patches.
Both toolpath and the set-up for each surface patch were
planned for 3 + 2-axis machining. Roman et al. [19] classified
the surface geometric properties into three categories, i.e.
proximity parameters, orientation parameters and curvature
parameters. Surface subdivision for 3 + 2-axis machining
was then carried out by applying fuzzy C-means method with
these parameters. Flores [20] provided the comparisons
among different clustering algorithms for 3 + 2-axis machin-
ing for surface subdivision and introduced a detailed patch-by-
patch machining method. Bi et al. [21] defined the accessibil-
ity cone of a mill cutter and used the GPU-based method to
optimise the tool orientation and the safe cutter length for 3 +
2-axis machining. Zhu et al. [22] established a tool orientation
planningmethod tomaximise the averageMSW for 3 + 2-axis
machining by finding the quasi-feasible sector domain.

This paper introduces an improved region-based 3 + 2-axis
machining toolpath generation method for freeform surfaces
using 5-axis machine tool. Section 2 will show a detailed
surface subdivision method. K-means clustering algorithm is
applied to classify all surface points into several categories for
preliminary surface subdivision. Different from existing
methods, a post processing procedure is also put forward to
optimise this subdivision result for ensuring the machinability.
In Section 3, for each sub-surface, gouging-/collision-free tool
orientations are first calculated and then the optimal combina-
tion of the fixed tool orientation and the feed direction is
determined by maximising the average MSW of all CCPs to
generate toolpaths. In Section 4, a case is provided to test the
proposed method. Comparisons to some other traditional
methods are also given. At last, Section 5 will conclude the
whole paper and discuss the future work.

2 Surface subdivision for 3 + 2-axis machining

The proposed surface subdivisionmethod has two procedures.
Firstly, surface points will be classified into different catego-
ries by applying K-means clustering algorithm. Preliminary
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sub-surfaces could be obtained by constructing the boundaries
between adjacent point categories. Then, this surface subdivi-
sion result will be optimised by partitioning and merging the
areas with bad machinability.

2.1 Surface subdivision based on K-means clustering

The surface is first meshed to extract discrete surface points.
Then, the K-means clustering algorithm which is a classical
algorithm in cluster analysis and usually requires shorter com-
puting time to get similar result compared to other clustering
methods is used to put the surface points into different clus-
ters. The main procedure is shown in Fig. 1.

For each surface point Pi, a multi-dimensional vector Vi is
constructed by combining its position and normal vectors as

Vi ¼ Pi N i½ � ¼ pix piy piz nix niy niz
h i

ð1Þ

Normalise Vi by

Fi ¼ Vi−Min V ið Þ
Max Vi−Min Við Þð Þ ð2Þ

where Min() and Max() are the functions to search the minimal
andmaximal parameters.Fi is called the feature vector forPi. For
all the surface points, a feature vector space could be obtained as

S ¼ FijFi; i ¼ 1; 2;…; nf g ð3Þ

where n is the number of the surface points.
In K-means clustering, “K” refers the desired number of clus-

ters and is normally selected from 1;
ffiffiffi
n

p½ �. Once K is deter-
mined, a feature vector is randomly chosen from S as the initial
centroidCj for each cluster. For any of the rest feature vectorsFi,
the square-error distances to all centroids are calculated by

dij ¼ Fi−C j

�� ��2; j ¼ 1; 2;…K ð4Þ

AssociateFi to the centroid that makes the minimal dij. Based
on this way, all the feature vectors could be put into a cluster.
Then, relocate every centroid by using the mean of the feature
vectors belonging to the cluster. As a result, the square-error
distances are updated and the feature vectors need to be associ-
ated to new centroids. This iterative process will continue until
the centroids do not move. At this time, we should evaluate
whether the number of clusters is advisable. Define normal

Fig. 1 Procedures of K-means
clustering for surface point
classification
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Fig. 2 Examples of surface point classification using K-means clustering
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aggregation index (NAI) to represent themaximal angle between
the normal vectors and the mean normal vector in each point
cluster. If NAI > NAI0, where NAI0 is a predefined angle for
measuring the similarity of the points inside a cluster, K should
be plus 1 and the clustering procedures should be rerun with the
newK.With the abovemethod, surface points could be classified
into different categories. Three examples are shown in Fig. 2.

After getting the point clusters, boundaries could be construct-
ed within the surface for acquiring sub-surfaces. Apparently, the
sawtooth-shaped boundaries by connecting the boundary points
cannot be directly used not only for the bad surface machining
quality but also for the inconsideration to the areas between
adjacent point clusters. To generate inside boundaries, we should
first extract all boundary grids (BG) that contain points from at
least two clusters. BGs could be classified into four classes:

a. Cross boundary grids (CBG): the BGs whose points are
shared by more than two clusters as shown in Fig. 3a.
CBGs contain the intersections of inside boundaries.

b. Outside boundary grids (OBG), the BGs include points on
the outside boundaries of the surface, as shown in Fig. 3b.

c. Corner boundary grids (CoBG): the BGs are made up of
one point from a cluster and three from the other, as shown
in Fig. 3c.

d. Normal boundary grids (NBG): the BGs except the upper
three classes.

Both CBG and OBG are defined as extreme grid (EG).
Furthermore, the centres of CBGs and the grid boundaries of
OBGs shared by the surface are named as extreme points (EP).
The BGs now could be divided into BG groups and each of

Fig. 3 Boundary construction
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them is made up of two EGs and the BGs between them. For
each BG group, the EPs as well as the centres of CoBGs are
used as control points for constructing B-spline curve as the
inside boundary. If the spline curve exceeds the space restrict-
ed by the BG group, add the centres of the NBGs between the
CoBGs nearby to the control point list as shown in Fig. 3d.

2.2 Sub-surfaces post processing

After the above procedures, the surface may be divided into
several sub-surfaces. However, due to the geometric complex-
ity, there are usually some areas with poor machinability so-
called non-machining regions as shown in Fig. 4. When

machining these narrow areas, the cutter may have to approach
and retract frequently which will lead to low machining effi-
ciency. Furthermore, serious cutting marks will be left on the
surface to reduce the surface quality. In this paper, this kind of
areas will be extracted and merged into other adjacent sub-
surfaces.

To find non-machining regions, configuration-space (C-
space) method is applied. For each sub-surface, project its
boundary curves onto the perpendicular plane of the mean
normal vector as bottom boundaries (BB). Offset BBs inwards
by r where r is the cutter radius. The regions defined by the
offset boundaries (OB) in which theminimal distance between
OBs and BBs is no less than D/2 are calledmachining C-space

Fig. 5 Non-machining region
generation

Fig. 4 Areas with poor
machinability
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as shown in Fig. 5. The rest space in the region defined byBBs
is called non-machining C-space. For each vertex of the ma-
chining C-spaces, construct a circle with diameter D. When
the circle intersects the BBs at two points, calculate their dis-
tance. If it is larger than L0 which is a predefined threshold,
construct a straight line parallel to the vector passing the two
intersections across the vertex. The region defined by this line
and BBs in the non-machining C-space is the non-machining
region as the shaded area shown in Fig. 5. The non-machining
regions need to be merged into proper adjacent sub-surfaces.
For each non-machining region, calculate the angles between
its mean normal vector and the mean normal vectors of other
adjacent sub-surfaces. The non-machining region should be
merged into the adjacent sub-surface which refers to the min-
imal angle, as the case shown in Fig. 6.

3 Toolpath generation for sub-surfaces

In the proposed method, 3 + 2-axis machining toolpaths are
separately generated in each sub-surface. The first step is to
find all feasible fixed tool orientations in each sub-surface.
Then, to further improve the machining efficiency, the final
tool orientation will be determined together with the feed di-
rection for larger average MSW.

3.1 Feasible tool orientation generation

During 3 + 2-axis machining, the two rotary axes of the
machine tool will be fixed until the machining of the cur-
rent sub-surface is finished. To get this fixed tool orienta-
tion, all the feasible tool orientations (FTO) which are
gouging and collision free should be extracted firstly. The
available tool orientation (ATO) space of a machine tool is
usually restricted by the motion limits of two rotary axes
and is usually represented as part of a Gaussian sphere
constructed in the workpiece coordinate system (WCS),
as shown in Fig. 7. By meshing this partial Gaussian
sphere with proper angle step, ATOs of each sub-surface
can be represented as a vector group T. With the proce-
dures shown in Fig. 8, once an ATO causes either local
gouging, rear gouging or global collisions will be deleted
from T forever to reduce the evaluation space gradually for
computing efficiency improving. The detailed evaluations
to the ATOs are as follows:

3.1.1 Local gouging evaluation

Local gouging occurs due to the mismatch in local curvatures
between the cutter surface and the part surface as shown in
Fig. 8b. The selected cutter is first rotated to Tj and then

Fig. 7 ATO space of a machine
tool defined on Gaussian sphere

Fig. 6 Non-machining region
merging
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Fig. 8 Procedures to achieve FTOs. a Procedures to get FTOs for sub-surface. b Local gouging. c Rear gouging. d Global collision

Fig. 9 Cutter with orientation Tj at Pi. a Cutter posture in 5-axis machining. b Cutter posture in WCS. c LCS. d Effective cutting profile in ZLYL plane
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assigned to Pi. The cutter centreOC shown in Fig. 9a could be
calculated by

OC ¼ Pi þ
T j � N i � T j

� �
T j � N i � T j

� ��� �� ∙r ð5Þ

where Ni is the surface normal vector at Pi and r is the cutter
radius. For each Pi, a local coordinate system (LCS) could be

established as shown in Fig. 9c. XL is the instantaneous cutter
feed direction. ZL is the surface normal vector. YL is XL × ZL.
The surface curvature at Pi in YLZL plane is

κPS
YLZL

¼ κmincos
2α þ κmaxsin

2α ð6Þ

where κmin and κmax are the principle curvatures at Pi, α is the
angle between XL and the maximal principle direction vmax at
Pi. Tj defined in WCS could always be represented by a tilt
angle λL and yaw angle ωL in LCS, as shown in Fig. 9c. The
projection of the cutter bottom on YLZL plane is called effec-
tive cutting profile (ECP) as shown in Fig. 9d. The cutter
surface curvature is the curvature of ECP at Pi and could be
calculated by [23].

κCS
YLZL

¼ sinλL

rcos2ωL
ð7Þ

At Pi, the cutter could move along every tangent vector.
Therefore, every α refers to a LCS. Since for given Pi and Tj,
ωL is defined by the LCS, κCS

YLZL
also changes with α. Then, α

leads to local gouging with Tj at Pi could be calculated by

αj sinλL

rcos2ωL αð Þ < κmincos
2α þ κmaxsin

2α;α∈ 0; 2π½ �
� �

ð8Þ

In this paper, we choose a critical principle for local goug-
ing avoidance that once the above set is not NULL, Tj will be
deleted from T. To increase the computing efficiency, points
where both κmin and κmax are negative are skipped since no

Fig. 11 FTOs for a sub-surface

Fig. 10 Cutter coordinate system at Pi
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local gouging will happen at convex positions. For the rest
points, they should be evaluated in order, from the largest
κmax to the smallest κmax; thus, the infeasible ATO could be
found at an early date.

3.1.2 Rear gouging and global collision evaluation

Rear gouging refers to the interference occurring between the
cutter bottom and the part surface while global collision is the
interference of the cylindrical part of the cutter or cutter holder
and the part surface, as shown in Fig. 8c, d. When the cutter
with orientation Tj was assigned to Pi, a cutter coordinate sys-
tem (OCS) could be established as shown in Fig. 10. The cutter
centre OC is the origin. XC and ZC are parallel to OCPi and Tj
respectively. YC is XC × ZC. For rear gouging and global colli-
sion evaluation, surface points could be represented in OCS as

PC
i ¼ C

WR∙Pi þ OC ð9Þ

where C
WR is the rotation matrix

C
WR ¼ Rot YW;βð ÞRot ZW; γð Þ ð10Þ

β and γ are angles between Tj and ZW, XW as shown in
Fig. 10. In this paper, the cutter holder is simplified as a

cylinder with radius R and length lH. PC
i is a rear gouging or

global collision point if the following equations are satisfied

x2PC
i
þy2PC

i
≤r2;when zPC

i
∈ 0; lC½ �

x2PC
i
þy2PC

i
≤R2;when zPC

i
∈ lC; lH½ �

(
ð11Þ

Similar to local gouging evaluation, once a surface point is
found on or inside the cutter and cutter holder, Tj will be
regarded as infeasible and deleted from T.

Surface in Fig. 3 is tested using the above FTO generation
method. The machine tool is Mikron UCP710. The rotation
limits of axis A and C are [− 30° 120°] and [− 360° 360°]
respectively. The cutter radius is 5 mm, the cutter length (out-
side the cutter holder) is 40 mm, the cutter holder radius is
20 mm and the cutter holder length is 30 mm. The FTOs of
region 2 is shown in Fig. 11.

3.2 Toolpath generation

Toolpaths for machining a sub-surface using 3 + 2-axis strat-
egy in this paper are parallel lines when projected to theXWYW
plane for easy computation. Therefore, the first task for sub-
surface toolpaths generation is to decide a cutter feed direction
and tool orientation. Firstly, possible cutter feed directions F

Fig. 12 XL: the intersection of
FkZW plane and the tangent plane
at Pi

Fig. 13 Main procedures to generate toolpaths for a sub-surface. a Initial toolpath curve discretisation. bMinimal step distance calculation. c Adjacent
toolpath curve generation. d Toolpaths for a sub-surface
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are obtained by discretizing XWYW across OW, as shown in
Fig. 12. A list of two-tuples could be constructed as

Fk;T j

� �jFk∈F; k∈ 1 F:sizeðÞ½ �;T j∈T ; j∈ 1 T :sizeðÞ½ �	 
 ð12Þ

where T only keeps the FTOs of the sub-surface. The (Fk, Tj)
leading to the maximal average MSW of the sub-surface will
be selected for generating toolpaths.

At each surface point Pi, the XL of the LCS is parallel to
Ni × (Fk ×Ni). Then, λL and ωL for describing Tj in LCS could
be obtained. Points in ECP in Fig. 9d could be represented as

ECP θð Þ ¼
0

rcosλLsinωLcosθ−rcosλLcosθþ rcosωLsinθ
−rsinλLcosθþ rsinλL

8<
:

9=
; ð13Þ

s′ is the offset of sub-surface and the offset value equals to the
maximal allowed cusp height δ. ECP intersect with s′ at two
positions: IL and IR. The distances between these two inter-
sections and Pi in YL are wL and wR respectively. The MSW is
wL+wR. IL and IR could be found by solving the following
equation for θ:

D1sin2θþ D2sinθþ D3sinθcosθ−D3cosθþ D4 ¼ 0 ð14Þ

where

D1 ¼ r2cos2λLsin2ωLκ
2

D2 ¼ rsinλLcosωLsinωLκ

D3 ¼ r2cosλLcosωLsinωLκ

Fig. 14 3 + 2-axis machining toolpaths for the surface in Fig. 3

Fig. 15 Toolpaths generated by the proposed method. a A panel die surface. b Surface subdivision result. c Toolpaths for 3 + 2-axis machining
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D4 ¼ δ−rsinλL þ r2cos2λLsin2ωLκ
2

where κ ¼ κPS
YLZL

. By finding θL and θR, IL and IR could be
calculated; thus, MSW could be obtained. The average MSW
of all sub-surface points with (Fk, Tj) is

MSWa ¼
∑n

i¼1MSWi Fk;T j

� �
n

ð15Þ

where MSWi(Fk, Tj) is the MSW at Pi with (Fk, Tj). (Fk, Tj)
that makes the maximal MSWa will be selected.

For each sub-surface, create several planes that parallel to
FkZW and intersect them with the sub-surface for potential
initial toolpath curves. Discretise those curves into points
and use the above method to calculate their MSWs. The curve
with the maximal average MSW will be kept as the initial
toolpath curve. To generate the adjacent toolpath is first to
calculate the minimal step distance by applying the method
proposed by Lee [24]. Then, move the plane corresponding to
the current toolpath with this step distance to intersect the sub-
surface for the next toolpath curve, as shown in Fig. 13.

With the above region-based 3 + 2-axis machining method,
the toolpaths for surface mentioned in Fig. 3 could be calcu-
lated as shown in Fig. 14.

4 Case study

The proposed method for generating region-based 3 + 2-axis
machining toolpath is realised in the advanced machining
module of CATIA V5 R19 by applying C++/MATLAB and
CAA (Component Application Architecture) techniques. The
surface shown in Fig. 15 is the scaling-down result of a panel
die surface and is selected for testing the proposed method.
The diameter of the flat end mill selected for finishing is
5 mm. The maximal allowed cusp height for finishing is
0.05 mm. DMU 80P duoBLOCK which is a B-C table-tilt
type 5-axis machine is chosen. The rotation limits of axis B
and C are [0° 180°] and [0° 360°] respectively. According to
the proposed surface subdivision method, six sub-surfaces are
acquired as shown in Fig. 15b. For each sub-surface, the feed
direction and the cutter orientation in WCS which leads to the
maximal average MSW of points within the sub-surface is
calculated for generating toolpaths as shown in Fig. 15c and
the simulation result could be found in Fig. 16. For this test
surface, finishing toolpaths are also generated using two
existing traditional methods for comparison. Real machining
tests are also carried out to compare the finishing time as

Fig. 16 Machining simulation
with toolpaths generated by the
proposed method

Fig. 17 3 + 2-axis machining toolpaths for the whole surface

Table 1 Comparison results

Methods Total toolpath length (mm) Machining time

Proposed method 12,453.55 21 min 34 sec

3 + 2-axis machining 28,339.86 65 min 49 sec

5-axis machining 12,612.14 33 min 26 sec
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shown in Fig. 19 and the feed speeds are all assigned to
1000 mm/min. From Table 1, it could be found that using
the proposed method to machine the test surface could get a
better result both in total toolpath length and machining time.

In traditional 3 + 2-axis machining, the whole surface is
usually machined with one fixed tool orientation as shown in
Fig. 17. However, since the geometry of surfaces become
much more complicated, there are few FTOs which are goug-
ing and collision free to all surface points. As a result, it is
difficult or even impossible to determine the fixed cutter ori-
entation. Even though an admissible tool orientation could be
found, there is a great probability to result in small MSWs
which will further lead to dense toolpaths. The consequence
is both the total toolpath length and the machining time is
longer than the proposed method.

Figure 18a shows the 5-axis machining toolpaths gener-
ated by the multi-axis sweeping function of CATIA. The
yaw angle is fixed to 0° while the tilt angle varies during
machining. It is known that when machining complex sur-
faces, 5-axis machining toolpaths usually result in great
changes to the tool orientations, as shown in Fig. 18b–d.
For most 5-axis machine tools, like the selected DMU 80P
duoBLOCK, the kinematic capabilities of rotary axes B and
C are much weaker than that of its linear axes X, Y and Z.
As a result, though the total toolpath length is much shorter
than the traditional 3 + 2-axis machining, the machining
time reduction is not as good as shown in Table 1. The
machined surface in Fig. 19 is measured and the result
shows that no overcut happened and the maximal allowed
cusp height of 0.05 mm is also satisfied.

Fig. 18 5-axis machining
toolpaths. a 5-axis machining
toolpaths. b Cutter orientation at
P1. c Cutter orientation at P2. d
Cutter orientation at P3

Fig. 19 Test surface machining
using the proposed method. a The
machine tool used to machine the
test surface. b The machined
result using the proposed method
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5 Conclusions

During the 5-axis machining of some complex surfaces,
tool orientations usually change greatly for gouging and
collision avoidance. Since for most 5-axis machine
tools, the kinematic capabilities of rotary axes are much
weaker than that of the linear axes; how to improve the
machining efficiency becomes an urgent issue in tradi-
tional 5-axis machining. This paper focuses on a special
tool orientation strategy named 3 + 2-axis which uses
the 5-axis capability to orient the tool and fixes this tool
orientation during the machining. This strategy is able
to increase the real feed speed since the rotary axes
keep static during machining. The difficulty is the de-
termination of this fixed tool orientation. Local gouging,
rear gouging and global collision should be avoided; the
feasible tool orientations are limited or even non-exis-
tent. This paper proposed a region-based 3 + 2-axis
machining toolpath generation method. The surface is
divided into several preliminary sub-surfaces by apply-
ing K-means clustering algorithm at the first stage. To
ensure the surface quality, a post processing procedure
is put forward by partitioning and merging the areas
with bad machinability to optimise the subdivision re-
sult. For each sub-surface, gouging-/collision-free tool
orientations are first calculated and then the optimal
combination of the fixed tool orientation and the feed
direction is determined by maximising the average
MSW of all surface points to generate toolpaths. With
this method, each sub-surface could be machined using
the fixed tool orientation determined by only consider-
ing its local geometry which means closer match of the
cutter’s shape to the surface. Thus, the toolpath length
as well as the machining time could be much shorter
than that of the traditional 3 + 2-axis and 5-axis ma-
chining method. A surface is chosen to test the pro-
posed method and the comparisons to traditional 3 +
2-axis and 5-axis machining methods are also provided.
The result shows the proposed method is better in both
total toolpath length and machining time. In the future
work, efforts will be made for improving the computa-
tion efficiency and the machining quality around the
inside boundaries.
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