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Abstract

Multi-axis milling (especially five-axis) is in the ascendant for high precision manufacturing of a product with a sculptured
surface such as ship propeller, owing to its multi-axis linkage and resulting outstanding superiorities. Needs of a faster-improving
manufacturing level of sculptured surface milling are derived by higher performance requirement of complicated equipment,
which makes the planning of tool orientations more significant and challenging. This paper builds a tool orientation optimization
model with inclusion of the influence of deflection error caused by cutting force to achieve better machining precision controlling
in five-axis sculptured surface milling. The basic idea of the optimization method is described firstly, followed by the prediction
of cutter deflection error. Then determining processes of the related subset to restrain the tool orientations are developed. Lastly,
comparative experiments are designed and performed through milling a propeller rotor possessing numerous blades in a five-axis
machining center. By comparison with several other tool orientation methods, the average values and volatility of deflection error
are both suppressed better utilizing the optimization modeling. The experiment results reflect that it is insufficient to consider
single geometric constraint or kinematic constraint, and greater attention should be paid to the role of cutter deflection caused by

cutting force in planning the tool orientations.
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1 Introduction

Multi-axis synchronous milling, bringing two or more rotation
axes for traditional milling, is in the ascendant owing to its
multiple advantages, especially in the milling of a sculptured
surface. Through controlling two rotational degrees of free-
dom, the NC system can allow the tool orientation to be in any
direction. Then avoiding interference becomes easier in the
machining of parts with complex structural features or con-
fined space. The machining efficiency can also be improved
by optimizing engagement curve between the workpiece and
the cutter. Meanwhile, there are some challenges going along
with multi-axis milling. Taking the example of the shipbuild-
ing industry, the core parts, such as the screw propeller, are
designed with many difficult-to-machine features such as nar-
row reachable workspace of tool orientations and weak stiff-
ness of the cutting tool and workpiece (Fig. 1), as the needs of
machine performance become increasingly higher.

The flexibility of the manufacturing process system is am-
plified by more driving and moving components on account
of more freedom of movement. Furthermore, multitudinous
difficult-to-machine features of the sculptured surface part
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Fig. 1 A type of propeller with
many difficult-to-machine
features. a Overlap region of the
blade is higher than 16%. b
Length-width ratio of the passage
is higher than 13:1. ¢
Overhanging length-thick ratio of
the blade is higher than 15:1

(a) Overlap region of the blade
is higher than 16%

make the slenderness ratio of the cutter get very large, which
weakens the stiffness of the cutter. Complicated features of the
part also can bring about greater material removal ratio usual-
ly, which enlarges the thickness and width of the chip. As a
result, the cutting forces get higher. Under the conditions of
greater cutting force and lower rigidity of the processing sys-
tem and the cutting tool, the influence of cutter deflection
caused by cutting force on the machining precision becomes
non-ignorable. Therefore, this work studies the control of cut-
ter deflection error through optimizing the tool orientations for
five-axis milling of a sculptured surface part.

Many efforts are taken for the tool orientation generation in
the multi-axis machining. Fan et al. [1] proposed the cutter
posture optimization method which could enlarge the effective
cutting width in the flat-bottomed machining. Kim et al. [2]
proposed the method to obtain an optimal tool path which
could avoid various interferences effectively for multi-axis
milling. Li et al. [3] designed a cutter posture planning method
which was based on the cutting tool partition and could re-
move typical over cutting phenomena for multi-axis milling.
Those signs of progress are from a geometric perspective,
aiming to avoid collision between the tool and parts of the
machine tool, machined part, or the fixtures.

There are also many advances in the research of contact rela-
tionship of the two effective cutting curves from the cutter swept
surface and the designed part. Zhu et al. [4] studied the cutter
posture determination for the five-axis milling, whose aim was to
maximize the mean width of the cutting line. Chen et al. [5]
presented the approach of planning tool orientation that was
based on the MPECM method in which the optimizing goal
was replaced with multipoint tool orientation. Wu et al. [6] pre-
sented the method to adjust the cutting line width for five-axis
machining and avoid needless overlay of adjoining paths. Gan
etal. [7] presented the approach based on mechanical equilibrium
for obtaining the optimized tool orientation which could enlarge
the cutting line width. Those achievements contribute to the im-
provement of machining efficiency. Lots of achievements have
also been obtained in the aspect of smoothness [8—11]. In those
researches, kinematic methods are proposed and realized.
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Further, many scholars explore the influence relations of
the tool orientations on the cutting load, surface finish, etc.
Geng et al. [12] studied by simulation to determine the cutter
postures which took the cutting load into account, but the
tool-workpiece engagement was confined to ball-end compo-
nent. Sung et al. [13] built the theoretical model to obtain the
surface roughness using parameters such as feed speed and the
tool geometric parameters in the lathe. Campatelli et al. [14]
presented a method for bringing down the influence of outside
interference through optimizing the location and posture of the
workpiece in the NC miller. There are also many studies hav-
ing been performed from the point of the experiment for tool
orientation planning [15-17].

From the above analysis, the methods to plan the tool ori-
entations methods have been extensively studied, but in-
formed studies are mainly limited to the geometric field of
processing systems such as the fixture, the milled workpiece,
and the cutting tool; kinematical level of the processing equip-
ment such as the machine tool and the industrial robot; and so
forth. Lesser explorative research including some non-
geometric and non-kinematical objects is conducted, such as
joining the role of the cutting force or stiffness. However, little
research is known about taking the influence of tool orienta-
tion on deflection error caused by cutting force into consider-
ation for multi-axis machining of a sculptured surface part.

With fast advances of transportation industry such as ship-
building, key components with a sculptured surface are meet-
ing a broader range of applications. Needs of higher perfor-
mance parameters of the engineering equipment put needs of
higher milling precision of multi-axis machining forward. In
practice, different tool orientations could result in different
cutter deflection error caused by cutting force in multi-axis
machining, which is also confirmed via our tests. To meet
these needs and challenges, we aim at optimizing the tool
orientations at a certain location and contact trajectory in
multi-axis milling of sculptured surface part, for realizing bet-
ter deflection controlling under the premises of avoiding mul-
tiple interferences and collisions and overlarge vectoring de-
flection angle.



Int J Adv Manuf Technol (2019) 103:1925-1934

1927

Based on preliminary researches on the error controlling,
estimation of cutting force, and cutter deflection [18-22], the
influence of cutter deflection on the control of milling error is
investigated and used in the tool orientation optimization. The
rest of this work is structured as follows. In Section 2, an
optimization model considering deflection error is built and
implemented. Experiments of machining representative part
are designed and conducted to compare the error values be-
tween the proposed method and existing common methods in
Section 3. We make several conclusions in Section 3.2.

2 Optimization modeling
and implementation

2.1 Basic idea of the optimization method

Tool orientation, the axis of the cutter in the local coordinate
system, could be described by the vector (v) or the attitude
angles of the axis. The two descriptions could be deduced by
each other as

v = xsinacos/3 + ysinasin + zcosa (1)

where, (x, y, z) denote the coordinate axes of local coordinate
system; («, ) are two attitude angles of the axis, which have
two definitions as shown in Fig. 2. Researchers usually adopt
the definitions of Fig. 2a, in which « is the angle between z
and v and [ is the angle between OcA and O¢B. The defini-
tions according to Fig. 2b could be seen in much CAM soft-
ware in which « is the angle between z and v' and [ is the
angle between z and v". The first definitions are used in this
paper, which could be easily converted to the second defini-
tions by derivation of equation if needed.

The set of every tool orientation in idea state is spherical
surface which could be mapped to a disc, as shown in Fig. 3.

As shown in Fig. 4, the leftmost circle S; denotes set of all
the tool orientations. V; and V; are both subset of S, which
denotes set of tool orientations from a different perspective. Vg
contains all the tool orientations meeting in the requirement of

(b) P

Fig. 2 a-b Two definitions of the lead angle and the tilt angle

avoiding multiform interferences. V, is a subset of tool orienta-
tions that could maintain the cutter deflection under a specific
value. Tool orientations that could satisfy simultaneously the
above two requirements form a subset V. In V,, calculation
and search could be carried out to look for the tool orientation
Vemin leading to minimal deflection error. Then, to increase the
smoothness of the motion axes, the neighborhood of the v, i, s
generated as feasible space V, gnmoom. Then the smoothing pro-
cess is conducted within V, 00 for the optimal tool orientation
Ve, opt» Which synthetically considers avoiding the interference,
kinematic smoothing, and the deflection error.

2.2 Prediction of cutter deflection error

The tool-workpiece geometric transform relationship is the
basis for the prediction of cutter deflection error. As shown
in Fig. 5, (%1, y1 z1) and (x, y, z) are respectively the coordi-
nate axes in coordinate system of tool (vr) and coordinate axes
in local coordinate system whose original points are respec-
tively Py and Py.

The tool-workpiece geometric transform relationship
could be developed as

PT = PW + r'(Z_ZT)_<R_V)'XT,
R (Privi—Pri) x v vw x (Prisi—Pr;) vy )
T = — .

vw x (Prisi—Prs) x vl v x (P =Pr)ll vl

(2)

where R and r are respectively the radius of the cutter and the
cutter arc; v, is the tool orientation in the coordinate system of
the workpiece.

Then the radial immersion angle ;. at the contact-moment
when the elemental chip P, overlaps with the cutter contact
point P, could be obtained as

cx

Pje = Lp,,
arctan I =
Py

Lp,y
arctan (LP‘}> + (j~1)p,—2ztan (arcta.n (tanﬁp r27(r*z)2/r>)/D7 z<r,

) + (j=1)p,~2ztan3,/D, 7>,
(3)

where “P,, and LPcy are x-coordinate and y-coordinate of cut-
ter contact point under a coordinate system of cutter location
point; ¢, and [, are respectively pitch angle and nominal
spiral angle of a cutting tool.

From Eq. (3) and theoretical models of cutting force and
synthetic flexibility at the end of machining system proposed
in [21], the three-dimensional cutter deflection at the contact-
moment d,. could be deduced as

dtc = SC fjm (4)

where f;. is instantaneous cutting force when the cutter rota-
tion angle is ¢;.; Sc is synthetic flexibility at the end of ma-
chining system.
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Fig. 3 Tool orientations mapping
as a disc

Mapping

trajectory of cutter contact points

Equation (4) reveals the influence relation of orientation
on deflection caused by cutting force. To further reflect the
connection between orientation and the machining preci-
sion, the surface error e, is mapped from the deflection
and built as

eCZ(Oé, ﬂ)

= d,¢,c0s0c08—d . Sinx + dyecosasing. (5)

2.3 Determining of the related subset
(1) Determining of Vs

As mentioned above, V; contains the tool orientations
meeting in the requirement of avoiding multiform interfer-
ences. The intersection of those interferences generates the
result of V; which is shown in the following equation.

Vo = VNV NVNV)y,. (6)

where V7, generates result avoiding the interference be-
tween the shank surface and the machined part; Vj is
used to avoid interference because the curvature of the
effective cutting curve is less than the maximum curva-
ture at the cutter contact point; V7, needs to avoid in-
terference between the cutting edge swept surface and

Fig. 4 Tool orientation planning
method
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74

D

@ Springer

design surface of the workpiece; the function of V,, is
to avoid interference between the tool swept surface and
the machine tool parts and fixtures. They could be de-
termined by

xTv((P i,j )) {{v‘|’|dm(1nP(STv§ l>j’ ) *S('W) )> 5Tv}
Vl;b( 3 )_ {V|‘;mml(jS:T (Pz,;’n)dxswl) > O} @
Var (819 = (Vi (7 (P ¥) S} > b}

(2) Determining of V,

To protect the cutter from damage, the cutter deflection
needs to be maintained under a specific value. V, is designed
to play the role, which is determined by

d(a, B) < &d. (8)

where d denotes the synthetic deflection of three coordi-
nate axis directions, whose calculation referenced the
method from [21]; &d denotes the threshold value that
is related to a number of factors such as the grade of
precision; size and material of the cutting tool; and size
and material of the workpiece.

ve,opl

@ *Q

Vea Ve,min
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Fig. 5 The tool-workpiece geometric transform relationship

(3) Smoothness operation

Firstly, the movements of the machine tool are limited to
the permissible scope, which is realized by

M, ;€ [ M jmin, M max - 9)

where the component of M is each machine tool axis.
On the basis, the tool orientation variation follows

Nr N.
YAy = \/Z > ((aI‘CCOS(V,-“,-,V,-+1‘j))2 + (arCCOS(V,"/'7V,"j+1))2) < by,

Jj=li=1

(10)

where i is the sequence of cutter location points at the
same tool path, j is the sequence of tool paths, N; is the
sequence number of the cutter location points at the
same tool path, and Np is the sequence number of the
tool paths.

(4) Determining of the feasible tool orientation set

The determination flow of set of feasible tool orienta-
tion is shown in Fig. 6. The initial conditions (the dis-
crete points P;; from the design surface Sp of the work-
piece, the geometric parameters of the cutter and the
processing equipment, the kinematic parameters of the
processing equipment, etc.) are set and input for follow-
ing calculations. The set of interference-free tool orien-
tations are then calculated by Eq. (6). Three constraint
conditions shown in Fig. 6 constrain the tool orientations
in a feasible space.

2.4 Determining the optimal tool orientation

The mapped result of the cutter deflection could directly re-
flect the milling precision. So, the deflection error is adopted
as the optimizing goal and shown as

min (d,czcosacosﬁ—dmsina + dmycosasinﬁ) (11)

Based on the above steps, the lead angles and tilt angles are
searched for minimal deflection error e, min. Quick search
algorithm, namely the genetic algorithm, is applied to speed
the searching process for v, i, that leading to minimal deflec-
tion error. The optimal tool orientation v, oy, is obtained in the
neighborhood space of v, min, after the smoothing operation.

3 Experimental setup and verification
3.1 Experimental setup

In the experiment setup, a rough machined proportionally re-
duced ten-blade propeller rotor is chosen to verify the developed
approach. The workpiece material is ZCuAl8Mn13Fe3Ni2, the
high manganic aluminum bronze as shown in Fig. 7, which
shows excellent performances (dense alloy microstructure,
strong corrosion resistance, and high corrosion fatigue strength)
in the seawater, and is used in the fields of navigation for
manufacturing marine blade rotor. So this material is chosen as
the workpiece material in the experiment. Two location holes are
set at the fixture to determine the rotation angle of the propeller
rotor. The machining process is arranged as semi-finishing ma-
chining at partial regions of the propeller blades whose surface
features and allowances are nearly the same.

Figure 8 shows the milling experiment site including the
processing equipment, the cutting tool, the processing work-
piece, etc. The types or values of the main parameters used in
the milling experiments are listed in Table 1.

The experimental platform is arranged on the five-axis ma-
chining center (Mikron UCP 800 Duro). The machining pa-
rameters and experimental conditions of the processing sys-
tem and the data acquisition instrument are shown in Table 1.

The six groups of experiments are designed and listed in
Table 2. Machining process corresponding to each group is
carried out on a predetermined blade respectively. The trajec-
tory of the cutter contact points in each group is the same with
varying tool orientations. The first method is known as verti-
cal milling, in which all the tool axis vectors are (0, 0, 1). That
milling method is widely used in three-axis machining and
five-axis machining of simple surface parts. The method used
in the second group makes the tool axis perpendicular to the
tangential plane at each cutter contact point. That method is a
commonly chosen option in the business CAM software. The
tool attitude angles in the third method remain as (10°, 0). That
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Fig. 6 Determination of feasible Input initial condition:
tool orientation set P, Sp, Cutter, Machine tool, etc

v

Calculate set of interference
- free tool orientation:
VTs, Vra VTb, VM, Vv

Iterative loop of lead angle:

A

a=0 — a,,

v

Iterative loop of tilt angle:

A

B=0 = fn

v

Calculate tool orientation v

Y N

\ 4
Calculate M;; 4’\

yvEV?

p=prap

a=a+Aa

v

Fig. 7 Experiment setup of the workpiece
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is obtained through a survey in a propeller processing enter-
prise. In the fourth method, the tool axes are based on normal
vectors at each point and then smoothed to avoid oversize
rotation angles of the adjacent tool axes, to show the effect
of only considering smoothness. Group 5 uses the tool orien-
tations generated by our optimization method. Optimized tool
attitude angles are applied in the last group to demonstrate the
proposed method.

Machining parameters and conditions set in the milling
experiments are shown in Table 3. In the table, L, denotes
the overhanging length of the cutter. n denotes the rotating
speed of the spindle. F* denoted the feed speed. a,, denotes
the machining allowance.

As marked on the workpiece surfaces shown in Fig. 7, all
the feed directions are set along the parametric curves of the
workpiece design surfaces, from the blade tip to the blade root.
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Fig. 8 Experiment setup of the
machining process

The cross feed direction is all set along the helix direction of
the workpiece design surfaces. Though isoparametric tool-
path planning, 80 semi-finish machining tool paths are gener-
ated at machining region of each blade. Ten tool paths are
grouped as one measurement period.

After the machining process, the workpiece remains in situ
and the cutter is changed to a position measuring probe.
Coordinates of 16 positions from the machining region, as
shown in Fig. 9a, are designed as the measured points. The
measuring probe orientations at all the positions remain along
the normal vector at the points of the semi-finish machined
surface. Radius compensation of the probe is conducted by the
measuring system to generate the coordinate data. Then the
machining error values could be calculated from the ideal
coordinates and measured coordinates.

3.2 Result and discussion

The measured five groups of machining errors of the blades are
exhibited in Fig. 10, each of which contains 4 x 4 values from
corresponding measured points. From Fig. 10, there is no neg-
ative value, which means that no undercutting occurs during the
milling process. The major reason for the undercutting

Table 1 Parameters in the milling experiments

Main parameters Types or values

Processing equipment Mikron UCP 800 Duro
Workpiece material ZCuAl8Mn13Fe3Ni2
Cutting force measuring instrument  Kistler 9123

Cutting force collection instrument ~ NI PXIe - 1082

Tool type Conical ball-end mill with 4-flute
Length of the cutter (mm) 100

Length of the flute (mm) 40

Diameter of the cutter shank (mm) 10

Renishaw OMP40
Diameter of the ruby probe (mm) 6

Position measuring probe

appearance is the cutter relieving, which are caused by cutting
forces and result in small amounts of allowances. The cutter
relieving would not make the machined parts be waste products
but probably generate unaccepted products needing additional
post-processing when the resulted errors become excessive.

As shown in Fig. 10, regular peaks and valleys appear from
the error curves, which are directly related to the locations of
chosen measuring points. As to all the measured surfaces, the
measuring processes are the same, such as the chosen regions
measured from the surfaces (reflecting surface features), the
measuring paths (along helix curves of the propeller surface),
and the coordinates of measured points under respective co-
ordinate system of propeller blade. Then they have similar
normal vectors, stiffness characteristics, and cutter—
workpiece engagements, which cause similar cutting forces
and cutter deflections. Therefore, measured points with the
same sequence number on respective propeller blade have
similar features of error values.

From Fig. 10, the third method performs the worst in the
error controling, especially at Point No. 2 and Point No. 11
being close to 0.05 mm, and highest volatility. When the o is a
certain unchanged angle and the 3 remains as 0, the cutter will
only change depending on the normal vector, and do not care
any cutter—workpiece engagement, configuration of the ma-
chine tool transmission axes, or relationship among coordinate
systems of the processing system (being not concerned with
V.4 0r Ve min in Fig. 4). Then large cutting force occurs, so does
cutter deflection and machining error.

Table 2 Design of tool orientations in each group

Groups Design of tool orientations

1 Vertical directions

2 Normal directions

3 Lead angles: 10°, tilt angles: 0

4 Smoothed tool orientations based on normal directions
5 Proposed method of this paper
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Table 3 Parameters and

conditions of the milling Machining conditions ~ Values
experiments
L, (mm) 75
n (rev/min) 4000
F (mm/min) 1000
a, (mm) 04

Cooling condition No cutting fluid

There are rather close variation trends between blade 2 and
blade 3, and amplitudes of error values of blade 2 are all
smaller than corresponding points of blade 3. Nearly 1/3
points of blade 3 have large errors more than 0.025 mm which
is the largest except blade 3 and blade 4. The amplitude of
value of blade 3 usually reaches about 0.02 mm which is only
second to those of blade 3, from Figs. 10 and 11. The reason is
without considering contact geometry between the cutter and
the workpiece, stiffness characteristic of the kinematic chain,
and the error mapping relationship, similar to that of blade 3.
The amplitude reductions may reflect that tool orientations
along the normal vectors have better effects than simply set-
ting a stationary tilt angle. Tool posture angle setting without
constraints will probably deteriorate the cutting conditions,
especially for a sculptured surface workpiece such as propeller
rotor blade.

The volatility of results applying the fourth method is the
lowest, in which the largest amplitude is 0.012 mm (Figs. 10
and 11). That has a correlation with the role played by the
smoothness operation which makes tool orientations of adja-
cent points take the kinematic changes into account and con-
trol them through setting constraint condition. However, the
average values reach up to 0.03 mm which is the largest. That
reflects the contradiction between superior smoothness and
better error controlling because the smoothing process could
deteriorate overall contact situations for reducing kinematic
changes.

The average value applying the first method is roughly
comparable to that applying the fifth method. The two
methods also both show better error controlling than other

Fig. 9 a Measurement scheme }

and b experiment setup of the in (a)
situ measuring process /
probe
orientation *

Y

0.05 T — r T
—%— Blade 1
0.045 —— Blade 2
——Blade 3
0.04 - —©O©—Blade 4
' ~—E— Blade 5
~ 0.035 |
€
E
o 0.03f
=]
®
Z 0.025 -
[
o002t
0.015 [
0.01
0.005

1.2 3 4 5 6 7 8 9 10 1
Sample ponit

12 13 14 15 16

Fig. 10 Comparison of cutter deflection errors

methods. In the first method, the tool axis remains vertical,
and the workbench remains horizontal. The machine tool
works with only three degrees of freedom, so it can provide
better stiffness characteristic without the need to work under
abnormal configuration or postures. However, the method
known as vertical milling could only provide incapacious
reachable workspace of tool orientations and could not use
as machining of surfaces possessing complex features such
as overlapping region of the workpiece in this experiment.
In other words, the area of Vi (in Fig. 4) of this method is
quite small and most likely inexistent under some machining
conditions.

From the perspective of volatility, the values applying the
first method undulate more largely than applying the fifth
method from Fig. 10. The max difference of the first method
is also larger than that of the fifth method, which also reveals
the function of smoothness operation. Overall, tool orienta-
tions in blade 5 are reachable certainly because they are inside
the subset Vi (in Fig. 4). They could also better protect the
cutter though restricting the value of cutter deflection inside
the subset V, (in Fig. 4). From the model of cutter deflection,
its restraint is actually equivalent to optimize the cutting con-
tact relation to constrain the cutting load and the structure

Machmmg // 3D model of

region edge
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0.005 |- b

0 . . . . .
1 2 3 4 5
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Fig. 11 Comparison of max difference and average value of errors

configuration of the machining system to regulate the stiff-
ness. The optimization of deflection error involves mapping
relation from the cutter deflection to surface error, to produce
Ve.min (I Fig. 4), which could control the mean error at a lower
value. Then the smoothness operation determining the v, op
(in Fig. 4) restrains the volatility and makes the optimized
values embody the action of smoothness and error control
and balance between them.

4 Conclusions

This study explored the tool orientation optimization to im-
prove the milling precision with the inclusion of the influence
of cutter deflection error, and it is validated with propeller
rotor milling experiments. In this approach, the deflection er-
ror is modeled based on mapping of cutter deflection caused
by cutting force along the direction of the surface normal
vector. In addition, accessibility and smoothness of the tool
axis vector are also included to meet the basic demands. The
optimized tool orientation planning model is more balancing
for different types of pursuits and could reflect the influence of
cutter deflection and resulting error.

In the milling experiments, the workpiece surface has fea-
tures of the large overlap region, nonlinear lateral slope, and
longitudinal slope. Comparison of cutter deflection errors
from five varying tool orientation planning methods is de-
rived. From values of 16 points of each blade, deflection error
of 81.3% points is below 0.02 mm using the optimized meth-
od, which is the highest ratio among all methods. The average
value of error applying the optimized method is 0.017 mm,
which is only more than the vertical milling method slightly.
But the vertical milling method is limited to simple surface
machining. The experimental results verify the effectiveness
of the optimized method for higher machining precision.

Moreover, in the actual planning process, it is found that
massive calculations result in time-consuming planning pro-
cesses, which brings out the need for further research on mod-
el simplification. In future research, stiffness of the workpiece
will also be studied to build a closed loop transmission chain
containing the machine tool, the cutter, and the workpiece.
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