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Abstract 
 
In multi-axis milling of the aviation complex parts, establishing accurate machining process model is a key technology to realize intel-

ligent processing. In order to obtain accurate machining process model of the aviation complex parts, a method based on morphing tech-
nology to construct intermediate process models of multi-axis roughing is proposed. Firstly, the theoretical basis for morphing technol-
ogy is introduced, and the mathematical model of three hermite transfinite interpolation for morphing technology is established. Then the 
process constraint which impacts the geometry of the intermediate process model is analyzed in morphing technology. According to the 
analysis of the process constraint to design the process parameters, and the process parameters with constraints are introduced to the 
morphing technology to construct the process models. Finally, a validation is conducted on a complex aviation parts. The example shows 
that the method can able to construct the intermediate process models of complex structure parts for multi-axis rough machining under 
the condition of controlling the machining allowance, and also can shorten the total processing time of the complex parts, to a certain 
extent, the processing efficiency is improved.  
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1. Introduction 

Multi-axis CNC milling is a typical method for processing 
difficult to be machined parts such as complex aviation parts. 
At present, the multi-axis CNC machining usually consists of 
three processing stages, namely roughing, semi-finishing and 
finishing, each processing stage corresponds to a process sur-
face on which the tool path is planned, and these process sur-
faces are usually obtained by the process of theoretical surface 
equidistant deviation and transformation, that according to the 
machining tolerance and the requirement of error compensa-
tion. The biggest drawback of this traditional machining 
model is that the machining process cannot be predicted, and 
the current machining allowance cannot be accurately under-
stood. For the complex parts, the most of allowance has to be 
removed in the roughing stage, its traditional process model 
may have the possibility of exist uncertainty allowance distri-
bution or unevenly allowance distribution, which will result in 
empty cutting or cutter collision, thus affecting the processing 
quality and efficiency. Therefore, in the multi-axis CNC ma-
chining of such parts, it is very important to study the estab-
lishment method of the process surface model and to improve 

the processing quality and efficiency of those parts. 
A lot of research work of establishment the process surface 

model in multi-axis milling has been done by the scholars. 
Duncan and Mair [1] proposed a planar sheet discrete machin-
ing model, which first discretizes the surface into a quadrilat-
eral or triangular piece, and then calculate the tool path in NC 
machining. Farouki et al. [2-4] proposed that the offset dis-
tance must be greater than the curvature radius of the principal 
curvature, otherwise, the offset surface may produce self-
intersecting or surface crack. Saito and Takahashi [5] pro-
posed the Z-map model, using a large number of Z-map points 
to form the machining model, but the discrete expression of 
the geometry will lose its geometric accuracy. Choi et al. [6, 
7] proposed an E-Zmap model with an equal step length, but 
the E-Zmap points of the step length cannot actually reflect 
the boundary and the corner information of the surface.  

The above-mentioned process surface models which are 
constructed from the view of tool path calculation, that take 
the allowance as the basis of the part machining, and ignoring 
the size of cutting amount in actual machining, it may lead to 
empty cutting or strong vibration when the cutting amount is 
too large, and even occurrence the phenomenon of tool break-
age, and so on. The new intelligent machining must use the 
new process surface model. Chen et al. [8] proposed a new 
method to build the process surface model based on the Z-
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direction stock-remaining, which is only suitable for three-axis 
machining. The normal-direction stock-remaining method can 
be used for multi-axis machining, but the Normal-direction 
stock-remaining method need to calculate the normal vector of 
each point, but the normal vector is difficult to solve. In addi-
tion, the morphing technology is a special method of con-
structing the intermediate process models. Douglas [9] and 
Lazarus [10] firstly studied the morphing technology. Le-
febvre and Lauwers [11] using the morphing technology to 
construct the multi-axis roughing process surface model of a 
simple cavity parts for the first time, and then planning the 
tool path in 3D machining, compared with the conventional 
2.5D and 2D tool path generation method, the presented 
method makes the workpiece surface no staircase-like residual, 
but the algorithm is limited to a cavity model that its shape 
simply changes along the depth direction of the cavity. Han et 
al. [12, 13] applied the morphing technology to some paramet-
ric surfaces to generate process surfaces in three-axis NC ma-
chining. However, the process surface is only valid in a simple 
model which has the unidirectional free-form surface. On this 
basis, Huang [14] proposed a boundary-consistent implicit 
model entity parameterization method (PISM) to generate the 
process surface in five-axis machining. The advantage of this 
method is that the surface generated by the Laplace-based 
PISM method cannot produce self-intersection and redun-
dancy. The disadvantage is that the Laplace-based PISM 
method has a slow convergence rate, and the solution time 
becomes longer as the grid number increases. 

However, for CNC machining of complex parts, in addition 
to determining the process surfaces of the machining process, 
the planning of the tool path on those process surfaces is 
equally important. There are many ways to plan the tool path 
of complex parts, for example, Lin et al. [15] proposed an 
accurate and efficient method for five-axis CNC machining of 
free-form surfaces. In their algorithm, the best tool is selected, 
the tool path autonomously is planned using curvature match-
ing and integrated inverse kinematics of the machine tool. It 
uses the real cutter contact tool path generated by the inverse 
kinematics. Can et al. [16] proposed a novel iso-scallop tool 
path generation strategy for the efficient five-axis machining 
of free-form surfaces. In this method, the cutter paths were 
scheduled so that the scallop height formed between two adja-
cent machining paths was constant. Meanwhile, a new tool 
path generating methodology for five-axis machining of 3D 
curves that are projected from 2D planes onto free-form part 
surfaces was presented by Can et al. [17], and a Windows® 
based software has been developed according to the presented 
algorithm, cutter contact (CC) data and surface normals for 
CC points were obtained with this software. Lee et al. [18] 
presented an interference-free tool path generating method for 
semi-finish and finish machining of the helical milling cutter. 
The method for machining the helical milling cutter is estab-
lished based on the differential geometry and the enveloping 
theory. Besides, Jeon et al. [19] proposed a touch-probe path 
generation method using similarity analysis between the fea-

ture vectors of 3D shapes for the OMM. A computer-aided 
inspection planning system are developed that can correct 
non-applied measuring points and generate the final touch-
probe path. 

Therefore, based on the above-mentioned literatures, a 
method for generating process surfaces is proposed for com-
plex surfaces, here the process surfaces are some parameter-
ized surfaces. In this paper, the influence of workpiece geome-
try on the machining process is further considered, and the 
process parameters that affect the geometry of the process 
model is designed through process constraint analysis. Finally, 
the process parameters with constraints are introduced to the 
morphing technology to build the process surface of complex 
parts. After obtaining the process surface, the isoparametric 
curve can be regarded as the roughing tool path of parametric 
process surface. So the roughing tool path can be obtained 
easily while determining the process surface. The method 
presented in this paper can control the current machining al-
lowance according to the actual cutting depth of the cutter, 
overcome the shortcomings of the traditional process model, 
convenient the tool path calculation, and can shorten the total 
machining time of the complex parts, finally improve the ma-
chining efficiency.  

 
2. Establishment of morphing technology model  

2.1 Morphing technology 

The morphing technology refers to a continuous, smooth, 
and natural transition from one object to another object. If the 
morphing technology is applied to the establishment of the 
process model in multi-axis roughing, the source object refers 
to the rough surface before milling, and the target object refers 
to the final finished shape. The rough surface and the finished 
shape directly control the shape of intermediate surface model 
during the morphing process. 

The morphing technology can be implemented by the inter-
nal parameterization of the three-dimensional entity. Once an 
arbitrary shape of the three-dimensional entity is parameter-
ized, its internal point can be described by a ternary parameter, 
and the intermediate process surface can be obtained by fixing 
one of the parameter with a constant value in the depth direc-
tion. This method of vectorization needs to be achieved by 
grid generation techniques. However, the transfinite interpola-
tion is a kind of algebraic grid generation method which is 
widely used, through the transfinite interpolation processing, 
the grid which satisfies the specified boundary requirement 
can be obtained, and the grid space can be directly controlled. 

 
2.2 The hermite transfinite interpolation 

Since the hermite interpolation method combines the de-
rivative values of the function, the accuracy of the interpola-
tion is improved. If the basic function of the hermite polyno-
mial interpolation is used as the basis function of the transfi-
nite interpolation algorithm, the transfinite interpolation is 
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called the three hermite transfinite interpolation. As shown in 
Fig. 1, the xyz coordinates in the physical domain correspond 
to the uvw coordinates in the parametric domain. The surfaces 
s1, s2, s3, s4, s5, s6 in the physical domain is corresponded to 
parametric surfaces f1, f2, f3, f4, f5, f6 in the parametric domain.  

In the transfinite interpolation algorithm, if the normal vec-
tor of the points which located on two corresponding surface 
along the z coordinate direction in the physical domain is 
known, the three hermite transfinite interpolation can be used 
in the z coordinate direction. Then, the function of the univari-
ate three hermite interpolation in z-direction is as follows: 

 

( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 1

1 0

10 1
1 1 1

20 1
2 2 2

, ,
, ,

, ,
, ,

, ,
, ,

l
kl

w k l
k l

F u v w
F u v w w

w
F u v w

w F u v w w
w

F u v w
w F u v w w

w

g

g g

g g

= =

¶
=

¶
¶

= +
¶

¶
+ +

¶

åå

   (1) 

 
where ( )0

1 wg 、 ( )1
1 wg 、 ( )0

2 wg 、 ( )1
2 wg refer to the interpo-

lation basic function, F is the function of morphing technology. 
And then, 
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where w1 and w2 represent the parameter values of the two 
corresponding surfaces F(u,v,w1) and F(u,v,w2) in the w direc-
tion, and the surfaces F(u,v,w1) and F(u,v,w2) correspond to 

the surfaces s5 and s6 in Fig. 1. The partial derivative direction 
of F(u,v,w1) and F(u,v,w2) in the w direction can be deter-
mined by the intersection of the corresponding points on the 
surface in the u direction and the v direction. The partial de-
rivative of the w direction will be perpendicular to the surfaces 
F(u,v,w1) and F(u,v,w2). Then the partial derivative on the w 
direction is calculated as: 
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Here ( ) ( )1 2, , ,u v u vy y are two scalar functions, there are the 

scalar values of the partial derivatives of the surface F(u,v,w1), 
F(u,v,w2) in the w direction, respectively. This scalar value can 
be a constant or a function related to the surface information. 
It can be seen that the hermite transfinite interpolation method 
provides an additional control parameters of ( )1 , ,u vy  

( )2 ,u vy  to the intermediate surface. However, the setting of 
these parameters need to attempt, if the value of ( )1 , ,u vy   

( )2 ,u vy is too large, the interpolation equation may be multi-
valued, such as grid cross, but a bottom process surface which 
almost close to the theoretical surface can be obtained by a 
suitable value of ( ) ( )1 2, , ,u v u vy y . Therefore, the appropriate 
parameter value of ( ) ( )1 2, , ,u v u vy y need to be set based on 
the geometry of different workpiece in the actual machining. 

If the hermite transfinite interpolation is used in the z direc-
tion, the values of w parameter corresponding to the two faces 
in the z direction are w1 = 0 and w2 = 1, respectively. The lin-
ear transfinite interpolation is adopted in the other two direc-
tions of x and y, then the univariate interpolation equation in 
the three parameter directions are as follows: 
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According to the recursive formula of the transfinite inter-

polation, the function of morphing technology F is as follows: 
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Fig. 1. The Hermite transfinite interpolation. 
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3. The parameter design of morphing model 

In the actual machining, the appropriate value of the 
morphing model parameter ( )1 ,u vy  and ( )2 ,u vy  need to 
be set according to the geometry of different workpieces, so 
the morphing model parameters of ( )1 ,u vy  and ( )2 ,u vy  
can be established related to the surface information. 
Therefore, the process constraints is analyzed firstly in this 
section, and then the process constraints are introduced to 
design the morphing model parameters ( )1 ,u vy and ( )2 ,u vy . 

 
3.1 The analysis of process constraints 

In the method of the hermite transfinite interpolation multi-
axis roughing proposed by Lefebvre [12], the scalar associated 
with the size of the surface normal vector is set to be a con-
stant value, which makes the intermediate process surface 
adjacent to the target surface not well approach the target sur-
face, even exist a certain distance, and the distribution of each 
intermediate process surface is not uniform, if such an inter-
mediate surface is taken as a process model, there will appear 
uneven cutting phenomenon that is not conducive to the actual 
machining. Therefore, it is necessary to introduce the process 
constraints in the hermite transfinite interpolation to control 
the distribution of the generated intermediate surface in the 
cutting direction, only in this way that can make the generated 
intermediate surface is suitable to be machined in the actual 
machining. 

In Fig. 2, Pi , Qi is two corresponding points on the surface 
of s5 and s6, and 1y , 2y is the size of normal vector at point Pi 

and Qi. In order to obtain the process surface which meet the 
technological requirements of the machining process, the ideal 
distribution state of the intermediate process surfaces is 
usually obtained by changing the value of ( )1 ,u vy ( )2 ,u vy  
at present. That is because the distance between the 
intermediate process surfaces and the target surface will 
change with the values of ( )1 ,u vy  and ( )2 ,u vy . Therefore, 
the ideal distribution state of the intermediate surfaces is 
difficult to obtain and requires a lot of attempts. 

In order to overcome this phenomenon, in this section, the 
actual technological constraints is combined with the hermite 
transfinite interpolation, and the morphing model parameters 

( )1 ,u vy ( )2 ,u vy  which related to the information of to be 
machined surfaces is designed reasonably, then the 
distribution state of the intermediate process surfaces can be 
controlled, which will make the intermediate process surfaces 
are evenly distributed in the cutting depth direction, and the 
intermediate surface adjacent to the theoretical surface is well 
approximated to the theoretical surface. 

3.2 The design of morphing model parameter 

The design of reasonable morphing model parameter is sig-
nificant in the problem of the hermite transfinite interpolation. 

( )1 ,u vy and ( )2 ,u vy are the morphing model parameters 
related to the normal vector information of the initial surface 
and the theoretical surface, respectively. As the initial surface 
corresponds to the rough surface, and the rough surface is 
generally a single plane or a complex shape curved surface. 
When the rough surface is a plane surface, the function value 
of ( )1 ,u vy  can be set to be a constant C, and its normal vec-
tor is easy to calculate. It is only necessary to judge whether 
the direction of the normal vector is pointed to the target sur-
face. 

Assuming that the normal vector direction of a point P on 
the initial surface is P¢ , and the normal vector direction of a 
point Q on the initial surface is Q¢ , If the inequation 
( ) 0P Q P¢- × <  is satisfied, then the normal vector direction 
on the initial surface is pointed to the target surface. Since the 
initial surface is a plane surface, and the direction of normal 
vector on the plane surface is the same as each other, then the 
influence of ( )1 ,u vy to the shape of obtained surface after the 
hermite transfinite interpolation is not large, therefore, the 
design of ( )1 ,u vy  cannot be considered. When the rough 
surface is a complex surface, it is necessary to adopt the same 
method as the theoretical surface in design of the morphing 
model parameter ( )2 ,u vy . 

As the theoretical surface corresponds to the surface of the 
workpiece, and the surface of the workpiece is generally 
complex in shape, the direction of the normal vector at each 
point on the surface is different, and its normal vector size will 
also affect the distribution of the intermediate surfaces in the 
hermite transfinite interpolation. In this section, the morphing 
model parameter ( )2 ,u vy related to the surface geometry 
information is established, which can automatically obtain the 
value of the normal vector at each point according to the 
surface information, that affects the distribution of the 
intermediate surfaces obtained in hermite transfinite 
interpolation. 

Since the intermediate surfaces are distributed along the 
cutting direction, and the cutting direction is the depth 
direction of the initial surface to the theoretical surface, the 
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Fig. 2. The representation of surface normal vector corresponding to 
the morphing model parameter. 
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morphing model parameter can be simplified to a scalar 
function ( )5 62 ,s sdy that related to the distance between the 
initial surface and the theoretical surface.  

As shown in Fig. 3, assuming that the initial surface 6s  is 
a plane surface, the corresponding morphing model parameter 
can be set to a constant value, a series of ordered points on its 
surface is defined as{ }1 2 3, , ,....., ,......,i nP P P P P , and a series of 
ordered points on the theoretical surface 5s is defined as 
{ }1 2 3, , ,....., ,......,i nQ Q Q Q Q , then the distance between the 
corresponding points which located on the initial surface and 
the theoretical surface is defined as { 1 2 3, , , ,d d d d= L  

}, ,i nd dL . 
 

Let 1 2 3, , ,....., ,......, ,i nd d d d dd
d d d d d

* ì ü= í ý
î þ

  

where ( )1 2 3 ... ...i nd d d d d
d

n
+ + + + + +

= , as shown in Fig. 4. 

In this scalar function ( )5 62 ,s sdy , the variable parameter d *  

related to the distance between the theoretical surface and the 
initial surface is introduced as the control parameter. The 
following scalar function is defined as: 

 
( ) ( )( )1 22 , sh 1s sd d a dy *= + -         (6) 

 

where min maxd dd
d d

*£ £ , 0a > , a is the adjustment factor, and 

the value of a can be adjusted according to the process 
requirements. 

4. Analysis of an example 

In order to verify the correctness and effectiveness of the 
proposed method in this paper, a titanium alloy impeller parts 
is taken as an example for specific analysis, as shown in Fig. 5. 
Fig. 5 is the CAD model of the impeller part, the impeller with 
11 blades, and the height is about 50 mm, the inner diameter is 
about 45.88 mm, outside diameter is about 111.5 mm, the 
narrowest width of impeller channel is about 24.185 mm, the 
blade surface is a free-form surface and the highest height of 
which is about 39.35 mm. 

For impeller parts, there has 70 %~90 % allowance need to 
remove in impeller channel rough machining, so the calcula-
tion of the process model for impeller channel machining is 
very important. Due to the impeller channel surface and rough 
surface are rotary surfaces, assuming ( )1 ,u vy and ( )2 ,u vy are 
the corresponding morphing model parameters. Since the 
geometry of theoretical surface is similar to the rough surface, 
the scalar function corresponding to the normal vector on each 
surface is set to be ( ) ( )1 2, = ,u v u vy y . The value of scalar 
function corresponding to the normal vector at each point of 
the channel surface and the rough surface is calculated accord-
ing to Sec. 3. Since the channel surface and the rough surface 
are rotary surfaces, so it is only necessary to calculate the sca-
lar function values on any one of the blade-shaped rotation 
curve. Fig. 6 is a comparison of the scalar function obtained 
by different adjustment factors in case of the corresponding 
points on any of the blade-shaped curve on the channel sur-
face.  

In the case of determining the morphing model parameters 
corresponding to the geometry to be machined, the process 
surface in the machining of impeller channel when w = 0.025 
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Fig. 3. The distance between the initial surface and the theoretical 
surface in the physical domain. 
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Fig. 5. Impeller part: (a) Impeller model; (b) the geometry to be ma-
chined. 
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is calculated by using the hermite transfinite interpolation 
method. When the adjustment factor a is different, the 
distance between the process surface and the theoretical 
surface is smaller than that generated by the linear 
interpolation method, but the distance difference between the 
process surface and the theoretical surface is very small in the 
hermite transfinite interpolation method, as shown in Fig. 7. 

Assuming a = 1, the intermediate process surfaces of impel-
ler channel is calculated, as shown in Fig. 8(a). Fig. 8(b) 
shows the process surface of the impeller channel roughing 
when the adjustment factor a = 1, which is selected according 
to the cutting depth of the cutter in a series of intermediate 
process surfaces produced by the morphing technology. 

In order to further illustrate the validity of the method pro-
posed in this paper, a comparison with the commonly used 
isometric surface offset method is conducted. Fig. 9 shows the 
tool path comparison for the process model determined by the 
two methods in a section of the impeller channel. By the her-
mite interpolation, it can be seen that the process surface is 
composed of iso-parametric curves, so the tool path is deter-
mined at the same time of calculating the process surface, 
which will save the tool path calculation time. It can be seen 
from Fig. 9 that the tool path obtained by this method is from 
the inlet to the outlet of the impeller channel, always along the 
direction of the blade curve.  

Fig. 10 shows the channel machining simulation of two 
methods under the VERICUT software. It can be seen from 
the figure that the use of isometric surface offset method 
leaves more obvious residue on the machined surface in the 
case of cutting the same number of process models, and the 
cutting traces is not consistent with the direction of blade-
shaped line, so the semi-finishing is used to eliminate the cut-
ting traces, which will increase the titanium alloy impeller 
roughing time. 

On this basis, the comparison of simulation processing time 
is conducted between the two methods under the same feed 
speed and cutter parameters. If the feed rate is set to be 
250 mmpm, and using a ball-end cutter with a diameter of 
10 mm, the comparison result can be seen in Tabe 1. The ma-
chining time used by the presented method (1:27:10) is 
slightly slower than the isometric surface offset method 
(1:04:31), but the isometric surface offset method requires an 
additional semi-finishing process to eliminate the larger resi-
due which remained on the blade surface, so the entire rough-
ing time spent by the isometric surface offset method will be 
longer than the presented method in this paper.  

Furthermore, the comparison of the actual machining for an 
impeller channel using the two above method were carried out 
on a WABECOH five axis vertical machine tool with double 
turntable. When the cutting parameter is set the same as the 
cutting parameter of simulation machining, the machining 
results is shown in Fig. 11. 

From the comparative experiment, it can be seen that the to-
tal time (89 minutes, 12 seconds) for roughing one channel 
using the morphing technology method is longer than the total 
machining time of the isometric surface offset method (70 
minutes and 22 seconds), but the surface quality of the morph-
ing technology method is obviously better than that of the iso-
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Fig. 7. A comparison of the distance between process surface gener-
ated by Hermite transfinite interpolation and theoretical surface under 
different adjustment factors when w = 0.025. 

 

  
(a) (b) 

 
Fig. 8. Process surface of the impeller channel roughing: (a) Intermedi-
ate process surfaces; (b) process surfaces. 

 

 
(a) (b) 

 
Fig. 9. Comparison of tool path: (a) Isometric surface offset; (b) her-
mite interpolation. 
 

Table 1. Comparison of simulation time.  
 

Items The morphing technology 
method 

The isometric surface 
offset method 

Tool description Ball-end cutter with 
diameter of 10 mm  

Ball-end cutter with  
diameter of 10 mm 

Feed speed 250 mmpm 250 mmpm 

Machining time 1:27:10 1:04:31 

 

  
(a) (b) 

 
Fig. 10. Comparison of cutting surface in simulation: (a) Isometric 
surface offset; (b) hermite interpolation. 
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metric surface offset method, therefore, in order to obtain the 
same surface quality, the isometric surface offset method may 
require a semi-finishing to improve the surface quality and may 
take more machining time. Besides, the cutting process of the 
morphing technology method is more stable and there is no 
severe vibration, which indicates that the cutting force is con-
tinuously changed during the cutting process without sudden 
change, it is beneficial to improve the tool life. 

 
5. Conclusions 

(1) Compared with the linear interpolation method, the 
process constraints can be introduced into the hermite transfi-
nite interpolation method based on the morphing technology, 
which can control the geometrical shape of the process surface, 
and the obtained process surface is closer to the theoretical 
surface. 

(2) Compared with the traditional isometric surface offset 
method, the hermite transfinite interpolation method proposed 
in this paper makes the workpiece surface after machining 
without obvious ladder-like residue, avoid the semi-finishing 
stage, and shorten the total machining time of the complex 
parts. 

(3) Since each process surface is selected according to the 
cutting depth of the tool, the cutting allowance on the process 
model in machining is continuously changed, and the size of 
cutting allowance is closely related to the cutting depth of the 
tool, so the cutting force during the cutting process does not 
change abruptly, to some extent, tool life can be increased. 
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