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Abstract
The characteristic of uneven machining allowance of blades and the flexible contact properties of the belt grinding makes 
the traditional toolpath of the grinding tool difficult to precisely control the machining profile. In this paper, a novel toolpath 
planning method based on force-position matching is proposed to perform an efficient grinding process for aero-engine 
blades. A material removal rate (MRR) model is established through the orthogonal grinding experiments of titanium alloy 
sample, and the point-by-point adjustment of the 7th axis is controlled based on this model and the machining allowance 
distribution. Subsequently, the step length is calculated based on the Taylor expansion method, and the post-processing 
generation of the self-developed 7th axis NC machining tool is carried out based on the double vector control method. On 
this basis, the comparative experimental results revealed that the average surface profile accuracy of blades of the proposed 
method was 0.019 mm, which was improved by 54.76% than that of the traditional method. Moreover, the average surface 
roughness and the variation range of surface roughness were achieved to 0.34 µm and 0.14 µm, which were improved by 
27.7% and 33.3% than that of the former method. It is concluded that this research is beneficial to comprehensively improve 
the machined quality of blades with uneven machining allowance distribution in NC belt grinding.
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1  Introduction

As the core part of aero-engines, the machining accuracy of 
blades directly determines the service performance and work-
ing life of the aero-engine [1]. The blade after finish milling 
has obvious cutting lines and uneven machining allowance dis-
tribution, which requires further grinding and polishing [2, 3]. 
The traditional toolpath planning method of NC belt grinding 
machine tool only considers the geometric interpolation of the 
machined surface, while the MRR and the uneven machining 
allowance distribution are ignored. Therefore, it has to divide 
the desired machining region into multiple patches and pre-
form multiple grinding in each patch to ensure the machining 
accuracy. This process is time-consuming and laborious, which 
relies heavily on manual experience. It is well known that the 
MRR model, toolpath planning method, and the grinding tool 
axis vector control are the key basis to keep the machining 
accuracy in the NC abrasive belt grinding process.

Many researchers have done a lot of research on MRR 
model. Wu et al. [4] proposed a shape-dependent model to 
estimate the material removal of grinding geometrically 
complex workpieces, which introduced local coefficients to 
represent the material removal ability of the system under 
some contact conditions. Wei et al. [5] proposed a new abra-
sive flow machining material removal prediction model, 
which could accurately predict the change of profile height 
of materials ΔH and quality change trend ΔM. The predic-
tion error of the validation experiment was 6.4% and 6.9%, 
respectively. Qi et al. [6] proposed a prediction model of the 
material removal depth, which fully took into account the 
impact of the abrasive grains characteristics on the depth 
of removal. Ren et al. [7] established a MRR model based 
on Preston equation, which studied the influence of polish-
ing parameters on the deviation characteristics of mate-
rial removal profile by single factor analysis and Taguchi 
method. Yang et al. [8] established a new MRR model based 
on the motion trajectory of a single spherical abrasive par-
ticle, which could significantly reduce the root mean square 
error, as well as mean absolute percentage error values, from 
18.426 to 14.942%, respectively. Wang et al. [9] established 
a MRR model to predict the material removal depth on 

 *	 Chong Lv 
	 lvzongchong@163.com

1	 State Key Laboratory of Mechanical Transmissions, 
Chongqing University, Chongqing 400044, China

/ Published online: 28 September 2022

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-022-10138-x&domain=pdf


The International Journal of Advanced Manufacturing Technology (2022) 123:259–270

1 3

the workpiece surface, which considered the influence of 
abrasive particle size on material removal depth. Li et al. 
[10] proposed a theoretical model of local and overall mate-
rial removal according to the sliding trajectory of abrasive 
particles and chemical mechanical synergy, and analyzed 
the distribution of material removal on wafer surface. Fan 
et al. [11] proposed a new method to model and optimize 
material removal during polishing, which focused on the 
effect of the sliding velocity on the material removal profile. 
Fan et al. [12] established a numerical model of material 
removal quantity from a microscopic point of view, taking 
into account the characteristics of abrasive particles and 
their interactions. Satyarthi and Pandey [13] established the 
MRR model in electric discharge grinding. The percentage 
difference between the experimental results and the theoreti-
cal prediction was less than 3%. Kumar and Dvivedi [14] 
developed a predictive model of MRR for a novel ultrasonic 
turning process, which adopted Taguchi grey relational 
analysis to optimize process parameters. Zarepour and Yeo 
[15] presented a model to predict ductile and brittle mate-
rial removal modes when a brittle material is impacted by a 
single sharp abrasive particle in micro ultrasonic machining 
process. Bhavsar et al. [16] conducted the focused ion beam 
micro-milling experiment on cemented carbide according 
to the L16 orthogonal array of Taguchi technique, and used 
the Pareto optimal solution generated by genetic algorithm 
to represent the optimal value of MRR in multi-objective 
optimization. The above MRR model analyzed the impact 
of different process parameters on the material removal rate, 
and combined with the interaction of particles at the micro 
level. However, only considering the material removal model 
cannot solve the machining problem of the aero-engine blade 
with large curvature changes.

In addition, Fan et al. [17] proposed an interpolation 
scheme using cubic Bezier curve to solve the problem that 
the tool path generated by G01 in CAM system was not 
smooth. Sarkar and Dey [18] proposed a new iso-parametric 
toolpath planning for machining trimmed freeform surfaces. 
In this method, the partial differential equation method and 
the newly developed boundary interpolation method were 
used to re-parameterize the trimmed surface. Hu et al. [19] 
proposed a planar tool path generation algorithm for multi 
axis machining of free-form surface, which fully consid-
ered the width of cutting belt and the movement ability of 
machine. Huang et al. [20] proposed a trajectory planning 
method based on machining accuracy control, and to avoid 
local interference, the radius of the contact wheel should be 
less than the minimum radius of curvature of the grinding 
point. Ma et al. [21] further refined the key contact points, 
and generated the target points of surface curvature muta-
tion or surface intersection in the sensitive area of the work-
piece, basing on the curvature change rate and curve length 
criteria. Wen et al. [22] proposed that the interval spacing 

between neighboring path segments was determined by 
the contact area, which was position-dependent and varied 
along the surface in accordance with its principal curva-
tures. Li et al. [23] used dual-cubic NURBS curves to deter-
mine the path points and axis vectors on a detection path, 
and finally obtained a smooth and interference free detec-
tion path. Wang et al. [24] used tangent point method and 
coordinate transformation theory to generate tool feed path 
when the surface morphology of tool and workpiece could 
be described by mathematical method. Zhao et al. [25] pro-
posed a dual quaternion B-spline approximation method of 
dominant points to generate smooth tool paths for five-axis 
CNC machine tools. Sun and Altintas [26] presented a geo-
metric smoothing algorithm by enforcing the continuity of 
first, second, and third geometric derivatives of the splined 
path segments at their meeting points for the five-axis 
machining of curved surfaces. Yang et al. [27] proposed a 
tool path generation algorithm, in which the tool tip position 
was represented by a third-order B-spline curve and the tool 
direction was represented by a third-order polynomial spline 
curve to obtain a continuous tool path. Chaves-Jacobs et al. 
[28] used quintic polynomial interpolation to generate opti-
mized tool paths for five axis machine tools and industrial 
robots, thereby improving tool wear and surface coverage 
during polishing. Hatem et al. [29] developed an algorithm 
for calculating the finish machining tool path based on the 
two-dimensional curve offset and polygon chain intersec-
tion algorithm, which solved the time-consuming calcula-
tion involved in calculating the cutter location surface of 
the measured data. Tajima and Sencer [30] proposed a new 
real-time interpolation algorithm for NC systems to generate 
continuous rapid feed motion along short segmented linear 
tool-paths by smoothing local and adjacent corners that were 
within close vicinity. Most of the above toolpath generated 
method considered the change of curvature when generating 
the toolpath, but due to the complexity of MRR model and 
the uneven distribution of machining allowance, the tool-
path generated by these method is hard to machine the blade 
within the tolerance range in the NC grinding.

The main difficulties in NC belt grinding are the accu-
rate MRR model and reliable toolpath planning method. 
However, these factors are only considered separately in the 
above methods, which is difficult to ensure the machining 
accuracy of blades due to the lack of control of the grinding 
process parameters. Therefore, we independently developed 
the 7th axis NC abrasive belt grinding machine tool, in order 
to more conveniently control the processing parameters. This 
equipment features high path precision and favorable adapta-
tion. Besides, the elastic grinding wheel features good elas-
ticity as well as rapid cooling under high-speed revolution, 
so the equipment is applicable to grind the complex curved 
part. Consequently, a novel toolpath planning method is 
proposed for aero-engine blades with the uneven machining 
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allowance distribution to realize the point-by-point adjust-
ment. The orthogonal tests were used to obtain the relation-
ship between the pressing amount of the 7th axis (U axis) 
and the material removal depth. Finally, the variable press-
ing amount grinding experiments were carried out to verify 
the feasibility of the proposed method.

2 � MRR model

2.1 � Force‑position matching

The force-position matching unit of the 7-axis NC machine 
tool (X / Y / Z / A / B / C / U) shown in Fig. 1a is mainly com-
posed of servo motor, synchronous belt, nut pulley, screw rod, 
spring damper, guide rod and contact wheel. The U axis in the 
floating grinding mechanism is fixed on the C axis as the 7th 
axis and moves along the Z axis to realize micro flexible grind-
ing. The working principle of the force-position matching unit 
is shown in Fig. 1b, the servo motor drives the synchronous 
belt to rotate, and then drives the screw rod to move up and 
down, so as to make the spring damper at the end of the screw 
rod, the guide rod and the contact wheel move slightly. The 
grinding tool keeps a floating contact with the workpiece due 
to the spring damper. When the contact wheel contacts the 
workpiece, the gravity of the guide rod and the contact wheel is 
balanced with the spring force to maintain the required grind-
ing normal pressure. And when the normal pressure needs to 
be increased, the servo motor drives the guide rod and the 
contact wheel to move downward to reduce the spring force. 
Similarly, the normal grinding pressure can be reduced by 
reversing the servo motor. Point-by-point adjustment of force-
position matching can be achieved by adjusting the pressing 
amount of the U-axis at each machining point.

The material removal depth ap of the workpiece during 
the abrasive belt grinding process is mainly related to the 
processing parameters such as the workpiece feedrate vw, 
belt linear speed vs, normal contact pressure F and so on. 
That is

In the floating grinding mechanism, the pressing amount 
U of U-axis is not the actual material removal depth due to 
the existence of spring damper. Besides, the normal contact 
pressure between the contact wheel and the blade causes the 
elastic deformation of the rubber contact wheel. Therefore, 
the relationship between the normal contact pressure and the 
pressing amount is nonlinear. The functional relationship of 
the set pressing amount U and the normal contact force F is 
expressed as below.

In the actual grinding process, it is difficult to directly 
control the normal contact force F at each machining point 
to a desired value because of the system response time and 
system construction cost. However, the normal contact pres-
sure can be adjusted by indirectly controlling the pressing 
amount U point-by-point to realize the accurate material 
removal. Therefore, the material removal depth is estab-
lished by the following formula.

2.2 � Nonlinear regression prediction model

In order to quantitatively determine the nonlinear rela-
tionship between the pressing amount U and the material 
removal depth ap, the material removal model is established 
through the orthogonal grinding experiment of titanium 
alloy samples. Based on the previous research of our group 
[1], the main process parameters of the orthogonal grinding 
experiment with 3 factors and 4 levels are shown in Table 1. 
Figure 2a shows the NC abrasive belt grinding process of 
the titanium alloy sample. Due to the rubber material of the 
contact wheel, elastic deformation occurs when the contact 
wheel contacts the workpiece, which is photographed by 
high-speed camera Revealer 5KF20. And it can be found 
that the deformation degree of the grinding tool is not only 
related to the rubber material, but also has a great relation-
ship with the grinding speed of the grinding tool during the 
experiment.

The retec MFT-5000 white light interferometer is used 
to measure the material removal depth, and the results 
are shown in Table 2. It can be seen that the relationship 
between the pressing amount U and the material removal 

(1)ap = f (vs, vw,F)

(2)F = g(U)

(3)ap = f (vs, vw,U)

Fig. 1   Seven-axis linkage NC belt grinder. a Force-position matching 
unit. b Working principle diagram of force-position matching unit
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depth ap is nonlinear. Besides, the pressing amount U and 
the material removal depth ap are not on the same order of 
magnitude. With the linear change of U, the rubber wheel 
deforms to varying degrees, and the material removal depth 
ap can not change linearly. Figure 2b shows the grinding 
profile under the No.12 experimental parameters, which 
indicates the contact pressure is the largest in the contact 
center and decreases along the diameter direction.

According to the results shown in Table 2, the relation-
ship between the material removal depth ap and grinding 
process parameters (abrasive belt linear speed vs, workpiece 
feedrate vw, pressing amount U) is obtained by the multiple 
linear regression method. By minimizing the residual of the 
regression model, the parameters in the formula are calcu-
lated by the least square method.

The result of multiple linear regression shows that the 
goodness of fit R2 and correction measurement coefficient 
R2 adj of the regression equation are 85 and 81%, respec-
tively, which are greater than 80%, indicating that the regres-
sion equation has a good fitting effect and can reflect the 
actual measured data. The critical value at the significance 
level Fα is 3.07 × 10−5, which is less than 0.02%. Thus, the 
confidence of the regression equation can reach more than 
99.98%, which indicates that the above equation can accu-
rately reflect the relationship between the material removal 
depth and the grinding process parameters.

3 � Toolpath planning

3.1 � Step length calculation

The step length is the distance between two adjacent cutter-
contact (CC) points, which directly affects the machining 
accuracy. Taking the u-direction grinding as an example, 
the current toolpath P(u) shown in Fig. 3 can be expressed 
as in the parameter domain

where, x(u), y(u), z(u) represent the coordinates of CC point 
in the spatial coordinate system.

The variable u can be regarded as a function of time 
t, then perform a Taylor expansion of the parameter u at 
t = ti,

(4)ap = 0.933v1.039
s

v−0.269
w

U0.119

(5)P(u) = (x(u), y(u), z(u))

Table 1   Main processing parameters of orthogonal grinding tests

Main parameters Values

Grinding speed vs (m/s) 6.28,7.85,9.42,11.00
Feed rate vw (mm/s) 14,17,20,24
Pressing amount U (mm) 3,5,7,9
Contact wheel radius R (mm) 15
Contact wheel width Wa (mm) 5
Lubrication condition Dry grinding

Fig. 2   Photograph of orthogonal grinding experiments. a Elastic 
deformation of rubber wheel. b Profile of grinding area

Table 2   Results of the orthogonal experiment

No vs (m/s) vw (mm/s) U (mm) ap (μm)

1 6.28 14 3 3.63
2 6.28 17 5 3.53
3 6.28 20 7 3.22
4 6.28 24 9 3.78
5 7.85 14 5 4.70
6 7.85 17 3 4.32
7 7.85 20 9 4.44
8 7.85 24 7 4.23
9 9.42 14 7 5.14
10 9.42 17 9 5.64
11 9.42 20 3 5.24
12 9.42 24 5 5.53
13 11.00 14 9 9.28
14 11.00 17 7 5.85
15 11.00 20 5 5.65
16 11.00 24 3 5.18
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Let ui = u(ti), then there is

where, T is the interpolation cycle, and HOT is the high-
order infinitesimals.

The interpolation cycle T of the machine tool is gener-
ally very short, and the high-order term is almost equal to 
zero, which can be ignored.

Let the interpolation speed of the toolpath be v(ui), then

Taking the derivative on both sides of the first deriva-
tive equation of the above formula, and get the second 
derivative shown in the following equation.

The toolpath interpolation formula of the second-order 
Taylor expansion can be obtained by

(6)
u(t) = u(ti) +

du

dt

|||t=ti
1!

(t − ti) +

d2u

dt2

|||t=ti
2!

(t − ti)
2

+⋯ +

dnu

dtn

|||t=ti
n!

(t − ti)
n

(7)ui+1 = ui + T
du

dt

||||t=ti
+

T2

2

d2u

dt2

||||t=ti
+ HOT
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Where, (xi', yi', zi') and (xi'', yi'', zi'') are the first and second 
derivative of the current CC point respectively, s is the step 
length. The traditional step length determination methods 
include iso-parametric method and constant chord error 
method [31], which can generate dense CC points at the 
positions with large curvature changes and sparse CC points 
at the positions of small curvature changes. However, due 
to the surface contact state and the small size of the edge, 
over-grinding is easy to occur in the places with dense CC 
points, resulting in the scrap of the machining blades. There-
fore, this paper proposes the equal arc length discretization 
to discretize the machining path equably, keeping the dis-
tance consistent between the adjacent CC points in cartesian 
space. Then, the next CC point P(ui+1) of the current tool-
path can be calculated according to the current point P(ui) 
and the set step length s.

3.2 � Toolpath interval

The iso-scallop method is used to generate the next tool-
path, which fully consideres the curvature changes of the 
complex surface, the tool radius and the machining accu-
racy. The toolpath interval Li,j shown in Fig. 4 between 
the CC point Pi,j and the CC point Pi,j+1 can be calculated 
through the local geometric contact information. Taking 
the u-direction grinding as an example, the minimum value 
of v (vmin) parameter is taken as the the parameter of the 
next toolpath, so as to avoid the severe processing vibra-
tion caused by the uneven distribution of CC points or self-
intersection. A detailed description of the toolpath interval 
calculation can be found in the literature [32]. Figure 5 
schematically shows two toolpath generation methods for 
the NC grinding of complex blade. The proposed method 
controls the pressing amount of U-axis point-by-point 
according to the machining allowance of each CC point 
and MRR model, realizing the application of MRR model 
in toolpath planning through the NC machining program 
generated by our self-developed CAM software.

Fig. 3   Schematic diagram of step-length calculation

Fig. 4   Schematic diagram of row spacing calculation
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4 � Post‑processing algorithm of CC points

Unlike the 5-axis milling, which controls only one direc-
tion of the cutting tool, NC abrasive belt grinding needs to 
control the two directions of the grinding tool (the support 
axis direction and the axis direction). In order to keep a 
best contact state between the grinding tool and the blade, 
this paper ensures that the support axis of the grinding 
tool is in the same direction with the normal vector of CC 
points through the rotation of axis A and B, and the axis 
direction is in the same direction with the tangent direction 
of CC points through the rotation of axis C. This control 
method of tool directions can not only control the normal 
contact pressure conveniently, but also avoid the severe 
vibration caused by the excessive swing of the grinding 
tool.

Taking the workpiece as the object, the workpiece coor-
dinate system OpXpYpZp is established, which maintains 
the same attitude as the machine tool coordinate system 

OwXwYwZw, as shown in Fig. 6. In order to make the sup-
port axis direction of the contact wheel follow the normal 
direction of the CC point, firstly rotate the normal vector 
n0 = [nx0, ny0, nz0]T of the CC point around the X axis to the 
XOZ plane, and ensure the rotation angle is [− 180°, 180°], 
which is recorded as angle A.

In order to solve the angle B, it is necessary to know the 
attitude of the normal vector after rotating angle A around, 
which is expressed as n1 = [nx1, ny1, nz1]T. Then the value of 
angle B shown in Fig. 7 is expressed by

Set the initial axis direction of the grinding tool in OwX-
wYwZw to [1, 0, 0]T, the initial tangent direction [τx, τy, τz]T of 
each CC point can be solved based on the relevant knowledge 
of differential geometry. In order to keep the axis direction in 
the same direction as the tangent direction at each CC point, 
the tangent direction must be rotated by a C angle around the 

(12)A =

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

arctan(
ny0

nz0

) (nz0 > 0)

𝜋 + arctan(
ny0

nz0

)(nz0 < 0)

𝜋

2
(ny0 > 0, nz0 = 0)

−
𝜋

2
(ny0 < 0, nz0 = 0)

(13)B = - arctan

�
nx1

nz1

�
= - arctan

⎛⎜⎜⎜⎝

nx0��
ny0

�2
+
�
nz0

�2

⎞⎟⎟⎟⎠

Fig. 5   Flowchart of two toolpath generation methods

Fig. 6   Establishment of machine tool coordinate system
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Z axis of the rotation center of the C axis after the coordinate 
transformation. At this time, the new tangent direction [τx′, 
τy′, τz′]T becomes

Thus

Due to the movement of axis A and axis B, the position of 
each point [x0, y0, z0]T in the workpiece coordinate system 
will also change accordingly. Firstly, the coordinate value 
of each point is solved. Then, the coordinate relationship 

(14)
⎡⎢⎢⎣

�
�
x

�
�
y

�
�
z

⎤⎥⎥⎦
= Rot(y,B) × Rot(x,A) ×

⎡⎢⎢⎣

�x

�y

�z

⎤⎥⎥⎦

(15)C = arctan (
�
�
y

��
z

)

[xh, yh, zh]T between the workpiece coordinate system and 
the machine tool coordinate system is established. After the 
coordinate transformation, the coordinate value of the CC 
point in the machine tool coordinate system is solved, which 
is expressed as [x, y, z]T, therefore

Then

5 � Comparative grinding experiments

5.1 � Experimental setup

Figure 8b shows the self-developed 7-axis NC abrasive 
belt grinding machine tool specially used for grinding vari-
ous blades. The blade is clamped on the turntable (A axis) 
through the fixture, and the turntable is located on the work-
bench composed of the X axis and Y axis. The force-position 
matchining unit can move up and down along the Z axis and 
rotate around the Y axis (B axis). In addition, the 7th axis can 
rotate slightly around the grinding axis direction (C axis) and 
move up and down slightly along the support axis direction 

(16)

⎡
⎢⎢⎢⎣

x

y

z

⎤
⎥⎥⎥⎦
= Trans(xh, yh, zh) × Rot(y,B) × Rot(x,A) ×

⎡
⎢⎢⎢⎣

x0

y0

z0

⎤
⎥⎥⎥⎦

(17)

⎧
⎪⎨⎪⎩

x = x0 cosB+y0 sinA sinB+z0 cosA sinB+xh

y = y0 cosA − z0 sinA+yh

z = −x0 sinB+y0 sinA cosB+z0 cosA cosB+zh

Fig. 7   Calculation of angle A and B

Fig. 8   Experimental setup. a Force-position matching unit. b NC grinding platform. c Grinding process. d GOM Blue-ray scanning device
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of the grinding tool. Figure 8a shows the Ti-6Al-4 V alloy 
blade with the dimension of 140 mm × 60 mm × 25 mm fixed 
at the end of the fixture. Figure 8c shows the actual grinding 
process of the blade, in which the contact wheel is mainly 
composed of aluminum as the core material and elastic rub-
ber (15–20 HRC) as the outer layer. The GOM ATOS 5 
Airfoil Blu-ray scanning device is used to quickly obtain 
the actual model of the blade, and the machining allowance 
deviation is shown in Fig. 8d.

According to the structural characteristics of the blade 
shown in Fig. 9a, the processing region of the blade is 
divided into four areas: CC, CV, LE and TE. In addition, 
the CC/CV part is divided into I and II parts due to the 
damper platform. The damper platform of the blade is not 
considered to be machined with these methods to reduce 
the time of grinding experiments. Referring to the previous 
relevant research work [1], the pyramid A6 abrasive belt 
(P2000) is used to grind the LE and TE as the advantages of 
continuous self-sharpening and grinding consistency, and 
the red nylon belt is used for polishing the CC and CV to 
improve surface roughness. The specific grinding scheme is 
shown in Table 3. Figure 9b shows the machining toolpath 
generated in the independently developed CAM software, 
in which the red line represents the support axis direction 
of the grinding tool, the black line represents the axis direc-
tion of the grinding tool, and the green curve represents the 
machining toolpath.

5.2 � Discussion

5.2.1 � Surface roughness

The machined surface roughness of the blade was measured 
along the direction perpendicular to the grinding speed by the 
Taylor Hobson FTS intra type roughness meter, as shown in 
Fig. 10a. Each region of the blade was sampled five times, 
and the average surface roughness was calculated to reduce 
the measurement error. It can be seen from Fig. 10b that the 
average surface roughness of the blade machined by the tra-
ditional toolpath method was 0.47 μm, and the surface rough-
ness of the proposed toolpath method was 0.34 μm, which 
was improved by 27.7%. And the variation range of surface 
roughness in different areas of the proposed toolpath plan-
ning method is greatly improved compared with the tradi-
tional one. Besides, the variation range of surface roughness 
of the blade machined by the traditional toolpath method was 
0.21 μm, and the variation range of surface roughness of the 
proposed toolpath method was 0.14 μm, which was improved 
by 33.3% than the traditional method. This is because the 
proposed MRR model can achieve a precise.

material removal at each CC point, making the machined 
surface smoother and closer to the theoretical surface, which 
can improve the consistency of surface roughness. However, the 
material removal rate of all CC points in the traditional method 
are all consistent. That is, the machined surface profile is similar 
to the blade blank, and the maching allowance is still uneven.

5.2.2 � Machine efficiency

Figure 11 shows the machining efficiency comparison at 
each machining region by using two toolpath methods. It 
can be seen that the machining efficiency of the two meth-
ods is basically the same. This is because the processing 
point information on these two kinds of toolpath is consist-
ent. Although the second processing method introduces 
the 7th axis, its control response time is consistent with 
the other six axes due to the high response of NC machine 
tool. It should be noted that the proposed method needs to 
calculate the MRR model and pressing amount of each CC 
point, the toolpath calculation time is slightly higher than 
that of the traditional one, but within an acceptable range.

Fig. 9   Toolpath generation. a Region division. b Toolpath of CV II

Table 3   Main processing 
parameters of comparative 
experiments

Main parameters Traditional toolpath Proposed toolpath

Processing area CC,CV LE,TE CC,CV LE,TE

Belt type Red nylon belt 3 M pyramid belt A6 Red nylon belt 3 M pyramid belt A6
vs (m/s) 7.85
vw (mm/min) 1000
u(mm) 20 The proposed method
Contact wheel Ф30 × 5
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5.2.3 � Profile accuracy

The profile accuracy of blades was measured using the Hex-
agon global series three coordinate-measuring machines. 
The measuring results of six sections of each blade were 

measured with the tolerance zones set as ± 0.05  mm. 
The measuring results of the section (Z4 = 54.34  mm, 
Z6 = 87.34 mm) are shown in Fig. 12.

Figure 12a and b show that the blade grinded with the 
traditional method can not well meet the required machin-
ing accuracy, especially at the LE and TE. The mean error 
values at Z4 = 54.34 mm and Z6 = 87.34 mm were 0.036 mm 
and 0.023 mm, respectively. The blade edge profiles are rec-
tangular or trapezoidal before grinding due to the previous 
milling process. The machining accuracy of LE and TE of 
the traditional method is hard to be controlled as this method 
lacks the adjustment of the processing parameters according 
to the machining allowance distribution and MRR model. 
Therefore, the profiles after grinding remain the same as 
the profiles before grinding, because this method keeps the 
machining parameters consistent throughout the machin-
ing process. Besides, the setting of processing parameters 
is heavily dependent on the operator’s operating experi-
ence, and over-grinding or under-grinding are prone to 
occur. Figure 12c and d shows that the blade grinded with 
the proposed method can be grinded into the tolerance 
zone well. Figure 13 shows the mean error values of the 
six sections(Z1 = 22.34 mm, Z2 = 32.34 mm, Z3 = 43.34 mm, 
Z4 = 54.34 mm, Z5 = 65.34 mm, Z6 = 87.34 mm). The mean 
error values of the six sections in the proposed toolpath 
planning method were 0.029 mm, 0.012 mm, 0.022 mm, 
0.013 mm, 0.026 mm, and 0.012 mm, which were improved 
by 63.29%, 66.67%, 67.65%, 43.48%, 29.73%, and − 8.33% 
than the traditional method, and the average surface profile 
accuracy of blades of the proposed methods was 0.019 mm, 
which was improved by 54.76% than the traditional method. 
This is because the developed 7th axis can not only be linked 
with the other 6 axes, but also can precisely control the 
displacement in the direction of the normal contact force. 
Combined with the MRR model based on the orthogonal 
experiment and the proposed toolpath based on the Taylor 
expansion method, the force-position matching are used to 
adjust the pressing amount point-by-point on each CC point. 
Especially at the LE and TE, the allowance distribution is 
uneven and the difference is large. The point-by-point con-
trol of the 7th axis can ensure the accurate material removal, 
so the profile can be processed closer to the theoretical 3D 
profile.

Compared with the traditional toolpath method, the pro-
posed method considers the point-by-point adjustment of 
the 7th axis for the uneven machining allowance distribu-
tion of aero-engine blades. The average surface roughness 
of the proposed method was 0.34 μm, which was improved 
by 27.7% than the traditional method. The average pro-
file accuracy error of blades of the proposed methods was 
0.019 mm, which was improved by 54.76% than that of 
the former method. Thus, it fully demonstrates that the 
improved toolpath method in this paper is better applied to 

Fig. 10   Surface roughness measurement. a Measurement process. b 
Measurement results

Fig. 11   Machining time of each region

267



The International Journal of Advanced Manufacturing Technology (2022) 123:259–270

1 3

268



The International Journal of Advanced Manufacturing Technology (2022) 123:259–270

1 3

the uneven machining allowance distribution of complex 
curved surfaces and can meet the requirement of higher 
profile accuracy.

6 � Conclusions

In this paper, a novel toolpath planning method for 7-NC 
grinding of blades is proposed with force-position match-
ing, which comprehensively considers the MRR model, 
and the point-by-point adjustment of the 7th axis. The 
proposed method is then verified through comparative 
experiments on the self-developed machine tool, and the 
following conclusions are achieved:

1.	 An MRR model based on force-position matching is 
established through the orthogonal grinding experiment, 
and the relationship between the pressing amount and 
the material removal depth can be effectively predicted. 
The goodness of fit and correction measurement coef-
ficient are greater than 80%, and the confidence of the 
regression equation can reach more than 99.98%.

2.	 The step length of the proposed toolpath method is 
determined by the equal arc length discretization method 
and the Taylor formula expansion, avoiding the over-
grinding phenomenon caused by the dense CC points 
at large curvature (especially at the LE and TE). And 
the post-processing algorithm of CC points is generated 
based on the double control for the self-developed 7th 
axis NC machining tool.

3.	 The average surface roughness and the variation range 
of surface roughness of the proposed method can reach 
0.34 μm and 0.14 μm, which were improved by 27.7% and 
33.3% than the traditional method. And the average surface 
profile accuracy of the entire blade can reach 0.019 mm, 
which was improved by 54.76% than that of the former 
method and falls within the tolerance range of ± 0.05 mm.
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