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Abstract

Thin-walled parts are widely applied in the automotive and aerospace industry for their superior properties. However, severe
machining error may occur due to their low rigidity under the effects of multiple error sources in the machining process. Solutions
based on mechanism analysis and finite element method have been developed while most of them are not robust under the
complex machining conditions. Aiming to solve this problem, a comprehensive error compensation method that includes three
major error sources, which are geometric error, thermal error, and force-induced error, is proposed. The geometric error and
thermal-induced error of the machining center are firstly modeled and compensated to provide a high precision movement system
for the on-machine measurement inspection. The force-induced error model is then established based on the probing data.
Finally, the comprehensive error model is obtained through the transformation of the coordinate systems. Besides, a real-time
compensation system is developed based on the specific functions of the NC system. To validate the proposed method, two sets
of compensation cases are conducted, the objects of which are a thin web workpiece and a valve body part, respectively. The
experiment results reveal that the machining errors of both experiment sets are decreased by more than 60.7% and the machining
productivity is improved by more than 41.9%.

Keywords Thin-walled parts - Comprehensive error - Error compensation - On-machine measurement

1 Introduction (1) Simulation by finite element method (FEM). Rai et al.

[2] presented a comprehensive model based on FEM for
Thin-walled parts, such as valve body and thin web parts, are thin-walled components milling by considering the influ-
widely applied in automotive and aerospace industries due to ences of fixturing, operation sequence, tool path, and
their superior properties of high strength-to-weight ratio, com- milling parameters; Jia et al. [3] developed a deflection
pact structure, and lightweight [1]. However, the low rigidity error prediction model based on thermo-mechanical
of thin-walled parts causes workpiece deflection under cutting coupled effect and FEM simulation for peripheral thin-
forces or clamping forces, which often leads to low machining walled parts machining; Wang et al. [4] proposed a cut-
accuracy. Besides, geometric error and thermal-induced error ting force-induced error compensation method by FEM
of the machine tool itself also play vital roles in the final simulation and correction of milling tool path; Lazoglu
machining accuracy. The above three error sources constitute et al. [5] proposed a multi-physics based FEM method to
a high proportion of the final error in thin-walled parts ma- predict thin-walled parts deformation in micro-milling of
chining. And much effort has been made in recent years to Ti-6A1-4V; Liu et al. [6] considered the spring-back ef-
predict and subsequently reduce the machining errors. The fect and material removal process and established a ma-
validated methods could be divided mainly into four chining error prediction method based on FEM.
categories: Commercially available FEM software provides a

straightforward process for deformation prediction with
acceptable accuracy. However, FEM is computationally
expensive and consume a large amount of computing
time to produce reasonable results.

1 (2) Analytical solution by mechanism analysis and model-
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method to predict milling force-induced deformation and
compute the maximum surface form errors of the thin-
walled workpiece, respectively; Wu et al. [8] developed
a mathematical method to detect deformations of thin-
walled plates based on finite difference method; Altintas
et al. [9] presented a virtual prediction strategy to predict
and compensate the contouring errors induced by milling
forces on multi-axis machine tools; Wang et al. [10] con-
sidered the coupling effect between the axial cutting
depth and workpiece deformation and proposed an ac-
celerated convergence approach to speed up the calcula-
tion of compensation value. Mechanism models usually
involve analytical solutions, in which assumptions are
often made so that an analytical model is possible. This
may result in difficulties of high precision prediction in
complex machining conditions.

(3) Machining parameters optimization through experi-
ments. Koike et al. [11] proposed a cutting path optimi-
zation method by change the material removal process,
tool orientation, and feed direction to minimize the
workpiece machining error; Li et al. [12] focused on
the effect of residual stress distribution and proposed a
method to optimize the profile and magnitude of it to
reduce the machining error; Yi et al. [13] analyzed the
influence of fixtures on the machining process of thin
plate part and used prebending method to realize error
compensation; Wang et al. [14] proposed a machining
sequence adjustment method to enhance the stiffness of
the workpiece. Optimization of machining parameters
has a wide application in industry as little understanding
in the physics of the cutting process is required of the
machine tool operator. However, a huge number of ex-
periments required to find a set of optimized parameters
can be time-consuming.

(4) On-machine measurement (OMM) approach. In recent
years, OMM is growing popular due to the advantage
of higher efficiency compared to off-line inspection,
OMM also overcomes repositioning errors that occur
with off-line measurement, which affects the effective-
ness of subsequent error compensation using off-line
measurement data [15]. Many machining error predic-
tion systems have been developed based on OMM for
the machining error detection of the thin-walled impeller,
turbine blade, etc. [16—19]. However, most of their com-
pensation methods are based on the G code modification
according to predicted errors, the low flexibility and sta-
bility of which make the high-density compensation dif-
ficult to achieve.

An important issue to be noticed is that for the OMM sys-
tem, it is to treat the machine tool as a high precision coordi-
nate measuring machine. Therefore, the volumetric errors of
the machine tool generated by geometric errors of each axis
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need to be modeled, measured, and compensated in advance,
as well as the thermal errors induced by the deformation of
machine tool components during continuous machining. Most
of the above-mentioned researches ignored those two error
items, which would certainly affect the measurement and ma-
chining precision.

To achieve higher prediction accuracy of thin-walled parts
machining error, a comprehensive error prediction and com-
pensation method is proposed in this paper. The rest of this
paper is organized as follows. The basic process of the pro-
posed approach is presented in Section 2. The modeling of
geometric error and thermal-induced error is described in
Section 3. In Section 4, the establishment process of the
force-induced error model based on OMM is given. The
above three error sources are integrated into a comprehensive
error model in Section 5. Two sets of compensation cases are
conducted to demonstrate the feasibility and consistency of
the proposed approach in Section 6. Section 7 summarizes
the findings and major contributions of this study.

2 Basic procedure of the comprehensive error
prediction and compensation

The basic procedure of the comprehensive error prediction
and compensation process is shown in Fig. 1. As introduced
in Section 1, three major error sources, which are geometric
error, thermal error and force-induced error, dominate the final
machining accuracy of thin-walled parts. These three error
items are firstly separated from the machining process for
the sequential analysis and modeling. The geometric error is
measured and modeled utilizing a laser interferometer with the
laser bidirectional sequential step diagonal measurement
method. Meanwhile, the thermal deformation of the machine
tool spindle is analyzed using temperature sensors and dis-
placement sensors to establish a thermal error prediction mod-
el. The geometric error and thermal error of the machining
center need to be compensated in advance as the OMM in-
spection requires a high precision movement platform. After
the movement accuracy of the machining center can be guar-
anteed, the force-induced error is measured through OMM
probing. The above three error sources are finally combined
to establish the comprehensive error model through the trans-
formation of the coordinate systems, which takes real-time
coordinates of the milling tooltip, real-time temperatures of
specific locations as inputs and outputs the comprehensive
error values, namely the real-time compensation values, for
each axis at the current location and current temperature.
The compensation system is developed based on the
Ethernet communication function of the NC system. It sends
the real-time computed compensation values to the NC sys-
tem, which are subsequently decomposed into a set of offset
values for each moving axis of the machine tool. The
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Fig. 1 Procedure of the comprehensive error prediction and compensation process

compensating offset values are written to the PLC to update
the zero point of the machining coordinate system, hence re-
alizing compensation. The above compensation cycle can be
completed in a PLC scan cycle, which therefore can be con-
sidered real-time.

3 Modeling of geometric and thermal error
of the machine tool

3.1 Geometric error model

As shown in Fig. 2, in ideal status, the machine table
should move from O to O; in the machine tool coordi-
nate system. However, the actual point would be O, due
to the movement error of the machine tool. The geo-
metric error along the Y-axis includes 3 movement er-
rors (0yy, Oy, 0;) and 3 angular error items (g, €&y,
€z). There are a total of 18 error items among three
motion axis and 3 squareness error items between any
two of them (S,,, S,., Sx;). According to Ref. [20], the
geometric error J, of a typical vertical machine center

Fig. 2 Geometric errors of the
machine tool along the Y-axis

with the movement (x, y, z) can be expressed as:

Axg
0g = Ayg
Azg

-_5xx_5xy + 5xZ_y€zx + Zsyx_yazy + ZEyy +nyy_Zsz
- _5yx_5yy + 5yz + XEzx + 26 + sty_ZSyz
__5zx_5zy + 6.+ XEyx + VExx + VExy

(1)

where Ax,, Ay,, and Az, are the geometric error value in x, y,
and z-direction of the machining center. What to be noticed is
that not all the 21 geometric errors influence volumetric errors
since 3 angular errors are causing no position errors. In this
case, £y, €,,, and ¢, cause only orientation errors of milling
tool relative to the workpiece.

The laser interferometer system, double ball bar, and the
cross-grid encoder are the most commonly used devices for
volumetric error measurement. Based on these devices, many
direct or indirect procedures have been proposed. In this
study, the laser bidirectional sequential step diagonal measure-
ment method is adopted. By measuring and decoupling four
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body diagonals, all of the 18 geometric errors that result in
volumetric errors of vertical machining centers can be obtain-
ed as [20]:

ne (ﬁ) i )

where n is the vector of 18 geometric errors; T is the error
coefficient matrix; b is the measurement data from the bidi-
rectional sequential step diagonal measurement method.

3.2 Thermal error model

In addition to geometric errors, the thermal deformation of the
major components should be modeled and compensated in
advance as well to maintain the high movement precision of
the machine tool. Major components including the machine
tool column, bed, and spindle deform under the influence of
heat sources in the machining process. The spindle deforma-
tion in the Z-axis direction contributes to the majority of the
whole thermal deformation of the vertical machining center,
which is focused in this study.

Seven temperature sensors are firstly placed at the machine
tool bed, door of the control box, coolant tank, front end of the
spindle, back end of the spindle, coolant pipe close to the
spindle, and the air to measure the real-time temperatures of
these locations. Meanwhile, a laser displacement sensor is
installed on the machine tool table to obtain the corresponding
real-time deformation data of the spindle. The key temperature
locations are then selected with the following algorithm:

Firstly, a full temperature model is established using the
difference between the temperature data at each location 7;
and the ambient temperature 7, and the deformation data of
the spindle in the linear form as:

6
Az(T) = ap + Zl a; AT; (3)
fa
where Az4(7T) is the spindle deformation in the Z-axis direc-
tion, ay is the constant coefficient, a; is the coefficient and AT;
is the temperature difference from the ambient temperature at
each location.

Secondly, the impact of each AT; on the spindle deforma-
tion Az, is examined, respectively. Each AT} is substituted
into Eq. (3) to calculate the corresponding spindle deforma-
tion Az, and then make comparisons between each Az,; and
Az,. The temperature locations with closer results to Az, are
selected as key location candidates.

Finally, the Pearson correlation coefficient between the se-
lected key location candidates is checked to avoid the cou-
pling effect between them, which will reduce the robustness
and prediction accuracy of the model [21]. By comparing
variable models with each other, the coolant tank, front end
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of the spindle, and coolant pipe are selected as the final key
temperature locations.

The thermal-induced error of the machining center, which
is also the thermal expansion of the spindle in the Z-axis di-
rection Az, can be expressed with the differences between the
temperatures at selected key locations and the ambient tem-
perature as [22]:

3
0(T) = Az =ao + ¥ a;AT; (4)
Jj=1

where a, is the constant coefficient, AY} is the temperature
difference between the temperature of each selected key loca-
tion and the ambient temperature and g; is the coefficient for
each AT;. Therefore, the thermal error can be accurately pre-
dicted with the real-time temperature values at the three opti-
mal locations and the ambient temperature.

4 Modeling of force-induced error

Severe force-induced deformation can be expected due to the
low rigidity of thin-walled parts, which is determined by cut-
ting force or clamping force, stiffness of the workpiece and
milling tool, the material removal rate, etc. and thus would
require very sophisticated modeling to accurately predict the
total deformation error. However, it is very straightforward to
reveal the total deformation error through OMM inspection,
thus the OMM system is adopted to measure the force-
induced error in this study.

Touch trigger probes designed for OMM are usually
installed on the spindle and they perform measurement in a
similar manner as a coordinate measurement machine
(CMM). Its high measurement accuracy and reliability, due
to its affinity to the well understood CMM measurement prin-
ciple, has made the probes fairly popular among industrial
users. Locations in the machined part prone to deformation
error need to be identified in advance to plan the OMM probe
path. This can be achieved either by off-line quality inspection
of the machine parts or with a priori knowledge of the part
geometry. The probe path and the density of probing points
directly affect inspection accuracy and effectiveness. In this
study, a uniform equidistant distribution probe strategy is
adopted due to its effectiveness and simplicity [23]. For a
more accurate representation of form deviation distribution,
the location and density of the sampling points can be opti-
mized according to the part geometry, critical tolerancing
zones, and a priori information of expected deformation
distribution.

A machining set without compensation is firstly required to
provide the machining error data for the establishment of the
force-induced error model. After the inspection data is obtain-
ed, the probed surface is used to calculate the machining
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errors. As is shown in Fig. 3, with respect to the designed
workpiece geometry, the force-induced error can be calculated
as:

A)Cf Xp Xi
Sp= Qv | = |y |~ |» (5)
Azf Zp Zi

where Ax; Ay, and Azpare the force-induced errors, x,, y,,
and z,, are the coordinates of the probed surface, x;, y;, and z;
are the coordinates of the deigned surface. Then a cubic B-
spline interpolation, which has the advantages of powerful
function approximation capacity and high continuity, is ap-
plied to expand the dataset, and reconstruct the machining
error surface through limited discrete probing points. The
modeling accuracy is determined by probing point density as
more reliable interpolation can be achieved with more inspec-
tion data. However, higher probing density would significant-
ly reduce inspection efficiency. Considering both interpola-
tion accuracy and measurement efficiency, the probing point
number is determined when it satisfies:

max< [(Xr—xi)2 + (yr-yi)* + (zr—zi)z} 1/2) <AS$, (6)

where X, y,, and z, are the coordinate sets from interpolation
workpiece surface; X;, y;, and z; are the ideal coordinate sets
from designed geometry; A4, is the given allowable recon-
struct error.

5 The comprehensive error compensation
system

5.1 The comprehensive error model

According to the analysis and modeling of the three error
sources in Section 3 and Section 4, the comprehensive error
model can be expressed with a function of tooltip coordinates

A
Probe

~

Machined profile

Designed profile

Fig. 3 OMM inspection principle

and the temperature values at selected key locations.
However, the geometric error is modeled in the machine co-
ordinate system while the force-induced error is calculated in
the workpiece coordinate system. To realize the comprehen-
sive error compensation, the three error models need to be
unified into the workpiece coordinate system, which can be
obtained by the translation transformation through the ma-
chine coordinate system as:

1 0 0 dx AXg + Axt A)Cf
{01 0 4, Ay, + Ay, Ay,
=10 0 1 d. | | Azg + Az + Azyp @
000 1 1 1

where ¢ is the comprehensive error; d,, d,, and d, are the
translation values between the two coordinates. Substituting
corresponding error variables in Eq. (1), Eq. (4), and Eq. (6) to
Eq. (8) yields

8(x,y,2, AT\, AT,, AT3) = (8)
dx =00y + OxcVEx + 28 Ve + 26y + V82 + Axy
dy=0yx=0yy + Oy + XEpu + 280 + 28028y + Ay
d. =00z + 0z + XEpe + Ve + YEq, +ap + il a;AT; + +Azs

fau

where x, y, and z are the coordinate values from the workpiece

coordinate system.

5.2 Development of the real-time compensation
system

The comprehensive error real-time compensation system is
developed based on the Ethernet communication interface
and the External Machine Zero Point Shift (EMZPS) function
of'the NC system, as shown in Fig. 4, which can be installed in
the electrical cabinet of the machine tool. The developed sys-
tem mainly consists of three parts: the main arithmetic unit,
the communication interface and the EMZPS function of the
NC system. The main arithmetic unit computes the compre-
hensive compensation value based on the established model
and current machining coordinates, and then decomposed it

Fig. 4 The developed real-time comprehensive error compensation
system
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into a set of offset values for each moving axis of the machine
tool. The communication interface establishes connections
and transfers compensation data between the main arithmetic
unit and the NC system according to corresponding commu-
tation protocol, which is TCP/IP in this study. The EMZPS
function offsets the zero point of the machining coordinate
system to the computed values and then the servo motors are
driven to realize compensation. The whole compensation cy-
cle can be controlled within 20 milliseconds, which is fast
enough to satisfy the machining speed in this study. After
the establishment of the comprehensive error model, the sys-
tem automatically compensates without modifying the NC
code or system parameters during the whole machining
process.

6 Case study

To validate the feasibility of the proposed comprehensive
compensation method, two sets of compensation cases were
conducted, the objects of which are a thin web workpiece and
a valve body part, respectively.

The geometric error and the thermal-induced error are first-
ly measured and compensated to provide a high precision
movement system for the OMM. As shown in Fig. 5, an
Optodyne LDDM MCV-5000 laser interferometer system
with a linear resolution of £0.005 um and a system accuracy
of £0.5 ppm was utilized to perform the bidirectional sequen-
tial step diagonal measurement. The ambient temperature dur-
ing the measurement process was 20°C. Substituting the mea-
surement data into Eq. (2), the 18 geometric errors could be
obtained simultaneously.

For the thermal-induced error, four PT100 temperature sen-
sors, the accuracy of which was (0.15+0.002T)°C, were
placed at the coolant tank, front end of the spindle, the coolant

Fig. 5 Measurement of geometric error with the laser interferometer
system
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pipe, and the air to acquire the real-time temperature data. A
Keyence IL-030 laser displacement sensor with the repeatabil-
ity accuracy of 1 um was mounted on the machine table to
measure the corresponding spindle deformation. The thermal
error model was established according to Eq. (4) with the
measured temperature values and spindle axial deformation
data.

All the 18 geometric error items were measured and com-
pensated; however, for the thin-walled parts in this study, the
Z-axis positioning error of the machining center was the dom-
inant error item as it directly affected the probe accuracy; thus,
it was investigated with emphasis. As is shown in Fig. 6, six
sets of measurements for the Z-axis positioning error were
conducted before and after geometric error compensation, re-
spectively. The measurement results revealed that the average
positioning error of the Z-axis was reduced from 21.9 um to
2.4 um with a repeatability of 1.3 um. Meanwhile, the
thermal-induced error of the spindle was measured 3 times
for the whole thermal equilibrium process. As is shown in
Fig. 7, the average thermal-induced error was reduced from
[0, 52.5] um to [3.6, —7.3] um with a repeatability of 3.6 um.

For the OMM system, it is to treat the machine tool as a
high precision coordinate measuring machine, which makes
the pre-control of the machine tool movement accuracy essen-
tial. Before the compensation of the abovementioned geomet-
ric error and thermal error, the long-term repetitive positioning
accuracy of the Z-axis of machining center was ~72 pum and
the short-term repetitive positioning accuracy (within 30
mins) was ~35 um, which was clearly insufficient to perform
the probe task. However, after compensation, the long-term
and short-time repetitive positioning accuracy were decreased
to ~16 um and ~6 pum, respectively, which indicated that the
geometric error and thermal error of the machining center
were both controlled within a low level and the movement
system was precision enough for the OMM inspection of
force-induced error. The calibration of the probe radius and
eccentricity, which need to be performed before the measure-
ment, was conducted utilizing a ring gauge and the calibration
code according to the programming guide from Renishaw.

6.1 Case 1: the thin-web part

Figure 8 shows a pocket thin web with millimeter thickness,
which is the simplified model of a rocket body part. Due to the
low rigidity in the pocket plane area, severe deformation under
cutting forces can be expected, as is indicated in the dashed
red curve in Fig. 8. After the cutting tool is disengaged from
the workpiece surface, the workpiece will recover from any
elastic deformation, which results in undercutting, as shown in
the orange dashed curve in Fig. 8. This error source interacts
with other influence factors such as material removal effect,
plastic deformation, and cutting tool deflection, which would
require very sophisticated modeling to accurately predict the
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Fig. 6 a Z-axis positioning error before compensation. b Z-axis positioning error after compensation

total machining error. However, our proposed method pro-
vides a straightforward way to reveal the total machining error
through OMM inspection.

6.1.1 The experiment setup

The dimension of the thin web workpiece was 250 mm X
250 mm x 4 mm. The milling tool was a four-blade flat end
mill with a diameter of 12 mm and a helix angle of 30°. A
VCM 850E vertical machining center with the FANUC 0i-F
NC system was used to perform the machining task. The spin-
dle speed was 6000 r/min, the radial cutting depth was 4.8
mm, and the feed rate was 0.02 mm/t.

A Renishaw RMP60 wireless touch-trigger probe with the
repeatability of 1 pm was used as the OMM probe. As is
shown in Fig. 9, the thin web pocket on the left side was firstly
milled without compensation to compare with the compensat-
ed side, and meanwhile providing the machining error data for
the establishment of the comprehensive error model. After the
machining of the left pocket was finished, the probing was
then implemented. In this case, the clamping force was not
loaded on the sensitive area of the thin web, thus the clamping

70

60 —&— Before compensation

—6— After compensation
50 | T

40 +
30
20

I Machine tool
shut down

Deformation (um)

0 100 200 300 400 500 600 700
Time (min)

Fig. 7 Average thermal deformation before and after compensation

would hardly affect the profile measurement. The probe path
was designed to be six square paths, in which there were 144
uniformly distributed probe points, as shown in Fig. 8. The
tool path consisted of multiple squares from inside to outside,
which was similar to the probe path in Fig. 8 to make the error
map near symmetrical. To ensure the repeatability of the cut-
ting force-induced error, the inspection process was repeated
three times. Then the real-time compensation was performed
while milling the other thin-walled pocket on the right side for
comparison. The thickness of the two thin web pockets were
both machined from 4 mm to 2 mm.

6.1.2 Results and discussion

Measurement of the 144 probe points was completed within 5
minutes. The resulting machining error map of with and with-
out compensation sets are as shown in Fig. 10. The result of
three repeated inspection shows that the repeatability of the
cutting force-induced error of the thin web was 1.6 pm.
Figure 10a shows that the machining errors changed from
around zero to negative and then back to around zero when
milling from the middle to outside. This result indicates that
both plastic and elastic deformation occur in the machining
process because elastic deformation would only result in a
single direction change of machining error. Most of the pre-
viously reported FEM-based methods [2—6] or analytical so-
lutions [7—10] are difficult to apply to the plastic deformation
prediction because of its complexity. However, our proposed
OMM-based method is more robust as it is applicable for all
stiffness conditions. Figure 11b shows that after the compre-
hensive compensation, the surface form deviation values were
reduced from [—77.9, 4.8] um to [—10.6, 18.9] um, resulting
in a reduction of maximum form error by 75.7%. The peak-to-
valley form error was decreased by 64.3%. Also, the proposed
compensation method changed the original two-layer machin-
ing strategy to one-layer machining, which increased the ma-
chining productivity by about 41.9%.
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Fig. 8 Cutting force-induced
error of the thin web part

6.2 Case 2: the valve body part

Figure 12 shows an automobile gearbox valve body,
which is an important part of automobile transmission
parts. The valve body is designed to have many deep
and complex cavities to realize specific transmission
function, which meanwhile results in its low rigidity.
In the machining process, the clamping force is loaded

Fig. 9 The OMM measurement
process of the thin web part

and the valve body is expected to bend into a curved
shape, as indicated in the dashed yellow curve in Fig.
11. The workpiece will rebound from elastic deforma-
tion when the clamping force is unloaded after machin-
ing and causes severe machining errors. Besides, the
complex cavities make finite element analysis difficult
to perform. Therefore, the proposed method is used to
establish the machining error model.

compensation
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6.2.1 The experiment setup

The effective cutting dimension of the valve body was
285 mm x 150 mm X 38 mm, and the material was
Aluminum ADC12PER. The milling tool was a six-blade disk
milling cutter with a diameter of 100 mm. The machining
center and the touch-trigger probe were the same as in case
1. The spindle speed was 800 r/min, the feed rate was 0.03
mmv/t, and the axial cutting depth was 1.0 mm.

Fig. 11 The clamping force-
induced error of the valve body

Bottom
fixed

The machining process of the valve body was as shown in
Fig. 12. The cutting path consists of three lines along y-direc-
tion under equal distance, as indicated in blue arrows in Fig.
13. The first experiment set was conducted without compen-
sation to compare with the compensated set, and meanwhile
providing the machining error data for the establishment of the
comprehensive error model. After the machining was finished
and the clamping force was unloaded, the OMM inspection
was performed to establish the clamping force-induced error

T
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Fig. 12 Machining process of the
valve body

Bench screw

model. According to our test, the clamping force-induced de-
formation of the valve body part was within elastic deforma-
tion range, which means it could completely rebound after the
clamping force was unloaded. Therefore, the profile measure-
ment of the valve body part would not be affected by the
clamping. Seventy nearly uniformly distributed probe points
were select from the machined surface to perform the probing,
as is indicated in orange points in Fig. 13. To ensure the

Fig. 13 The machining path and
probe strategy of the valve body

@ Springer

repeatability of the cutting force-induced error, the inspection
process was repeated three times. Then the second experiment
set was carried out with the clamping force-induced error
compensated to compare the compensation effect. What to
be noticed is that the large radius of the cutter would result
in serious undercut using the compensation path of tool center
offset, thus an additional overall offset of the compensation
path was applied to minimize the compensation error.
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Fig. 14 a Deformed error map without compensation; b deformed error map with compensation

6.2.2 Results and discussion

The result of three repeated inspection shows that the repeat-
ability of the clamping force-induced error of the valve body
part was 1.2 um. The machining error maps of the with and
without compensation sets are as shown in Fig. 14. Figure 14a
shows that the machining error value varied from negative to
around zero when the Y coordinate changed from the middle
to both edges, which indicated that the middle of the valve
body was less affected by the clamping force than the edges of
the workpiece. The possible reason is that the edges of the
valve body were near from the loaded clamping force and thus
suffered more deformation while the deep cavities of the
workpiece made the clamping force difficult to affect the mid-
dle of the workpiece. After compensation, the surface form
deviation values were reduced from [3, 148] um to [1, 58]
pm, resulting in a reduction of maximum form error by 60.8%
and a reduction of peak-to-valley form error by 60.7%.

Also, the application of the proposed compensation meth-
od changed the milling strategy of the valve body from
milling-CMM measurement-milling (~15 mins) to once mill-
ing (~3 mins). Considering the OMM inspection time (~3
mins), the machining time was decreased by 60.0%.

7 Conclusions

(1) Inthis study, a comprehensive error compensation meth-
od for the thin-walled parts milling is proposed, which
considers three major machining error sources including
the geometric error, thermal error, and force-induced er-
ror for the first time. To perform the comprehensive error
compensation, a real-time compensation system is devel-
oped based on the Ethernet communication interface and
the EMZPS function of the Fanuc NC system.

(2) The geometric error and thermal-induced error of the ma-
chining center are modeled and compensated within a low
level in advance to provide a high precision movement
system for the OMM inspection. The force-induced error

model is then established based on the OMM probing
data. Finally, the comprehensive error model is obtained
through the transformation of the coordinate systems.

(3) Two sets of compensation cases, the objects of which are
a thin web workpiece and a valve body part, respectively,
are conducted to validate the proposed method. The ex-
periment results indicate that the machining errors of
both experiment sets are decreased by more than 60.7%
and the machining productivity is improved by more
than 41.9%. The proposed OMM-based compensation
method is more robust as it performs well under complex
deformation conditions that are difficult to analyze using
FEM or analytical methods.

(4) The proposed comprehensive error compensation meth-
od demonstrates the immense potential for the machining
productivity and accuracy improvement of freeform sur-
face thin-walled parts and can be further developed for
the application in 5-axis machining in our future works.
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