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a b s t r a c t

A comprehensive dynamic model is introduced try to further reduce dimensional errors of

micromilled micro straight thin walls based on an in-process cutting parameter compen-

sation device. First, a mathematical model is established to predict the dynamic elastic

deformation of the thin walls in the micromilling process. Next, the radial deformation and

the runout of the cutter are modeled. Then, the comprehensive in-process parametric

compensation model and strategy are established. Finally, a real-time in-process cutting

force measurement and cutting parameter compensation device is applied to the micro-

milling system and thin wall fabrication experiments have been conducted. It shows that

the comprehensive dimensional error model and iterative compensation method are

effective, and the dimension and shape precision of the micro straight thin wall has been

obviously improved after the compensation of the radial cutting depth. The average rela-

tive errors have been reduced from 6.86% to 1.10%~1.70%. The in-process compensation

method introduced in this study is efficient and convenient as long as compensation

strategies are integrated in the controlling unit for a specific micromilling process.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Micro thin wall parts are widely used in precision in-

struments, automotive, aeronautical and aerospace in-

dustries [1]. In the micromilling process of thin walls, the

low rigidity of the parts may cause elastic deformation due

to the existence of radial cutting forces. At the same time,
Cheng).

d by Elsevier B.V. This
the cutter will also undergo radial deformation and runout,

which result in the deviation of cutter-part engagement

boundaries from the nominal positions and lead to un-

avoidable surface form errors [2]. Therefore, the prediction

and compensation of the elastic deformation of the work-

piece and the cutter radial deformation and runout in the

milling of micro thin wall parts is of significant

importance.
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The research of thin wall deformation mainly focuses on

three aspects, namely deformation prediction, deformation

control and deformation compensation. The off-line Finite

Element simulation method is widely adopted for thin wall

parts manufacturing. For this method, the force-induced

deformation is predicted before machining and then

compensated by modifying the original cutter path. Rai et al.

built a finite element simulation model of the cutting process

by comprehensively considering the factors such as tool, tool

path, machining sequence, and cutting parameters, which

can realize the prediction of elasticeplastic deformation of

integral structural parts [3]. Budak et al. adopted the iterative

calculation method to predict cutting force and force-induced

deformation during the peripheral milling of thin wall parts in

order to solve the coupling problem [4,5]. Based on the pre-

diction of force-induced error, Ratchev et al. proposed an error

compensation method for milling low-rigidity thin wall

workpieces [6e8]. Wan et al. realized the control of workpiece

dimensional error in peripheral milling of thin wall parts

based on the proposed mechanical force model and improved

FE model [9e11]. Li et al. proposed a structural stiffness

modification method for workpiece in-process modeling and

finally well predicted the dimensional error of workpiece

surface in 5-axis flankmilling of thinwall workpieces [12]. Cho

et al. checked the machined workpiece using a touch-trigger

probe installed on the machine spindle and then made error

correction for the same workpiece [13]. Bi et al. proposed an

adaptive approach to compensate the deformation error,

which obtained by coordinate data obtained with the OMM

(on-machinemeasurement) system [14]. Bi et al. developed an

isometric mapping method to compensate the normal defor-

mation by establishing the mapping relationship between the

measured real surface and nominal surface [15]. Chen et al.

proposed a unified analytical cutting force model for variable

helical end milling cutters based on predictive machining
Fig. 1 e Influence factors o
theory, which took into account the influence of cutter runout

on milling forces [16]. Yue et al. predicted the milling force

model based on the chip thickness after the deformation of

the workpiece and the contact relationship between the

single-edged cutter and the workpiece. The milling force was

predicted and an error prediction model was established

based on the obtained deformation matrix and force deflec-

tion [17]. On this basis, deformation errorwas compensated by

cutter path adjustment [18]. The full compensation process

was widely adopted in the existing real-time compensation

methods, which effectively compensate the cutting force

induced deformation in small cutting depth machining, low-

speed machining and small thin wall parts machining [19,20].

Furthermore, even the small error will have a great impact

on the experimental results in the process ofmicromachining,

so the accuracy and stability of experimental equipment and

measurement equipment should have very high re-

quirements. At the same time, in the process of mathematical

modeling more factors than traditional milling need to be

considered. Nieslony et al. proposed the problem of precise

turning of the mould parts with variable compliance and

demonstrated a topographic inspection of the machined sur-

face quality. The stiffness measurement of the machining

system and the investigation of cutting force components

were studied. The characteristic chatter marks were observed

when the turning processes were unstable, and process dy-

namics had greater contribution in formation of surface finish

than turning kinematics and elastic plastic deformation of

workpiece [21]. Ranjan proposed an effective method to

monitor and detect tool wear and tool breakage by dealing

with the vibration signals and cutting force signals that pro-

duced by various sensors. Furthermore, this work also devel-

oped an adaptive neuro fuzzy inference system (ANFIS) model

using different time domains and wavelet packet features of

these sensor signals for the prediction of the hole quality. The
f dimensional errors.
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Fig. 2 e Comprehensive dimensional error modelling.
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best prediction of hole quality was obtained by a combination

of different sensor features in wavelet domain of vibration

signal [22]. Wojciechowski proposed a method to predict the

cutting force in the micro end milling process with consid-

ering the chip thickness accumulation phenomenon. The

proposed force model considered the micro end milling ki-

nematics, geometric errors of the machine tooletool holder-

mill system, elastic and plastic deformations of workpiece

correlated with the minimum uncut chip thickness, and

flexibility of the slender micro end mill. The results showed

that the instantaneous and average micromilling forces

determined using the proposed model have considerably

better conformity with the experimental forces than those

predicted by the commonly used rigid micro end milling

model [23].

In summary, a series of studies have been carried out on

the deformation of micro thin wall parts in milling, and a

variety of cutting parameter compensation methods for the

deformation of thin wall parts have been put forward to

continuously improve the processing quality. However, there

are limited studies on micro straight thin wall machining

considering the influence of cutter radial deformation error

and cutter radial runout error. In this study, in order to further

reduce the machining error of micro thin wall produced by

thin wall elastic deformation, cutter radial runout and defor-

mation, the comprehensive real-time deformation model is

established for both thin walls and cutters, which is used for

the in-process compensation of micro thin walls based on a

cutting force measurement and parametric compensation

device. Micromilling experiments are performed to demon-

strate the feasibility of themodels, and themicro straight thin

walls with good dimensional precision and shape precision

are fabricated.
Fig. 3 e Diagram of a thin wall simplified as a cantilever

beam.
2. Deformation analysis and modeling

2.1. Deformation analysis for micro straight thins walls

There are many factors affecting the thin wall fabrication er-

rors, such as workpiece material properties, residual stress,

cutting force and cutting heat, process parameters, and

clamping condition, etc., as shown in Fig. 1. This studymainly
focuses on the thin wall elastic deformations, the cutter

deformation and radial runout, as shown in Fig. 2, since these

three factors have significant influences on the dimensional

accuracy of micro thin walls.

2.2. Thin wall elastic deformation model

It is easy to cause elastic deformation of thin walls due to the

radial cutting force, resulting in that the actual radial cutting

depth is less than the nominal one. Consequently, the finished

thin wall will form a large dimensional error. Therefore, it is

necessary to accurately measure or predict the thin wall

deformation value, and then reduce the dimensional error by

compensations.

In this study, the cantilever beam deformation theory is

used to analyze and solve the deformation of thin walls.

Namely, the elastic deformation process of thin walls sub-

jected to radial cutting force is regarded as the deformation

process of cantilever beam. In the actual cutting process, the

lower part of the thin wall is fixed by the fixture and the upper

part is suspended. Therefore, the thin wall could be simplified

into a cantilever beam structure as shown in Fig. 3. The peak

cutting force produced in the process is applied to the canti-

lever beam as a concentrated load of F.

The coordinate system is established as shown in Fig. 3,

and the bending moment on any cross section of the canti-

lever beam can be expressed by Eq. (1).

https://doi.org/10.1016/j.jmrt.2022.03.138
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Fig. 4 e Diagram of thin wall shape change in micromilling process.
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M ¼ � F ðL � zWÞ (1)

where, zW is a point 2 on the cantilever beam, F is the radial

cutting force perpendicular to the direction of the thin wall

generated in the process of thin wall machining, L is the

length of the cantilever beam, and M is the bending moment

at zW point on the cantilever beam.

The approximately differential equation of cantilever

beam deformation is shown in Eq. (2).

d2wW

dzW2
¼ M

EWIW
(2)

where, wW is the deformation of the cantilever beam at a

certain point, EW is the elastic modulus of the workpiece

material, and IW is the moment of inertia of the workpiece.

Eq. (3) can be obtained by simplifying Eqs. (1) and (2).

EWIWwW
00 ¼ M ¼ � F ðL � zWÞ (3)

Eq. (4) can be obtained by integrating Eq. (3) once and twice.8>><>>:
EWIWwW

0 ¼ 1
2
FzW2 � FLzW þ C

EWIWwW ¼ 1

6
FzW3 � 1

2
FLzW2 þ CzW þ D

(4)

where, wW' is the deflection angle, and C and D are the inte-

gration constants.
Since the point A of the cantilever beam is fixed, the values

of deflection angle wW'(A) and deformation wW (A) at point A

are both 0, that is, when zW ¼ 0, Eq. (5) can be obtained.�
wW

0ðAÞ ¼ qðAÞ ¼ 0
wWðAÞ ¼ 0

(5)

Substitute the boundary condition Eq. (5) into Eq (4), and

Eq. (6) can be obtained.�
C ¼ EWIWqðAÞ ¼ 0
D ¼ EWIWwWðAÞ ¼ 0

(6)

Then the integration constants C andD are substituted into

Eq. (4), and the equation of deflection angle and deformation

equations are obtained as Eq. (7).8>><>>:
EWIWwW

0 ¼ 1
2
FzW

2 � FLzW

EWIWwW ¼ 1
6
FzW

3 � 1
2
FLzW

2

(7)

Eq. (8) can be obtained by simplifying Eq. (7).8>>><>>>:
wW

0 ¼
�
1
2
zW � L

�
FzW

�
EWIW

wW ¼
�
1
6
zW � 1

2
L

�
FzW

2

�
EWIW

(8)

For thin wall parts with the same size and material, the
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Fig. 5 e Diagram of the radial deformation of the cutter.
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length L of the workpiece, the elastic modulus EW and the

moment of inertia IW of the workpiece are all fixed. According

to Eq. (8), it can be concluded that the deformation wW of a

certain position of the thin wall workpiece is only related to

the cantilever beam force application position zW and the

cutting force value F for the position.

Since the thinwall material is continuously removed in the

actual cutting process as shown in Fig. 4, the moment of

inertia is changing dynamically and cannot be regarded as a

constant value. A function of the moment of inertia changing

with the process of machining needs to be established. Eq. (9)

shows the definition of standard rectangular section moment

of inertia in material mechanics.

IW ¼
ðh=2

�h=2

by2dy ¼ bh3=12 (9)

Based on the definition of moment of inertia, a coordinate

system as shown in Fig. 4 is established. The thin wall can be

divided into two parts along the Z-axis direction according to

the position of the axial cutting depth. The two parts of

moment of inertia can be expressed respectively, and the

mean value of the two parts'moment of inertia is taken as the

actual one in thin wall cutting process.
Themoment of inertia of the two parts along the Z-axis can

be expressed in Eq. (10) according to the definition of the

moment of inertia in Eq. (9).8>>>>>><>>>>>>:
IWð1Þ ¼

ðh=2
�h=2þae

by2dy þ
ð�h=2þae

�h=2

ðxc þ b=2Þ y2dy

IWð2Þ ¼
ðh=2

�h=2

by2dy

(10)

Eq. (10) is integrated along the Z-axis, and then the average

value is taken as the average moment of inertia of the whole

thin wall, as shown in Eq. (11).

IW ¼ ð ðl
zc�ap=2

IWð1ÞdzW þ
ðzc�ap=2

0

IWð2ÞdzWÞ,L (11)

Therefore, the actual thin wall deformation equation can

be expressed by Eq. (12).

wW ¼
�
1
6
zW � 1

2
L

�
FzW

2 =EWIW (12)
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Fig. 6 e Finite element simulation results of tool radial

deformation.

Table 1 e Simulation and calculation results of cutter
radial deformation.

zF F Simulation
result

Calculation
result

Relative
error

0 0.4 2.70 2.9 6.9%

0.6 4.06 4.4 7.7%

0.8 5.41 5.9 8.3%

0.2 0.4 2.56 2.7 5.2%

0.6 3.83 4.1 6.6%

0.8 5.11 5.5 7.1%

0.4 0.4 2.36 2.5 5.6%

0.6 3.53 3.8 7.1%

0.8 4.72 5.1 7.5%
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2.3. Cutter radial deformation model

Even though the stiffness of the cutter is much greater than

that of the thin wall workpiece, the radial cutting force

generated in the process of thin wall machining will also

cause the radial deformation of the cutter. Any dimensional

error in micro machining will directly affect the machining

quality of the workpiece. Therefore, it is also necessary to

accurately measure or predict the cutter deformation, and

then compensate the cutter deformation value.

The milling cutter is simplified into a cylindrical cantilever

beam model as shown in Fig. 5. The radial deformation of the

cutter can be expressed by Eq. (13) [24].

wT ¼ F
6ETIT

h
< zF � zT > 3 � ðl � zTÞ3 þ 3ðl � zTÞ2ðl � zFÞ

i
(13)

where, the < > is the window function, < zF � zT > ¼�
zF � zT; zF � zT
0; zF ＜zT

. F is the radial cutting force perpendic-

ular to the cutter feed direction generated in the thin wall

cutting process,wT is the deformation of the cutter at a certain

point, IT is the moment inertia of the cutter section, ET is the

elastic modulus of the cutter material, l is the cutter length, zF
is the position of the force applied, and zT is the position of the

cutter deformation.

As shown in Fig. 5, the cutter actually consists of two parts,

the cutter shank part and the cutting flute part. Therefore, Eq.

(13) should be modified according to the geometrical changes

of the cutter along the Z-axis. At the same time, because there

are chip grooves on the cutter flute part, themoment of inertia

of its section cannot be directly expressed by the cutter

diameter. It is necessary to approximate the effective diam-

eter of the cutter to simplify the calculation of the moment of

inertia, and the diameter of the cutter flute part with the chip

groove is usually expressed as 0.8 times the cutter diameter.

Therefore, the final cutter deformation can be expressed as

Eq. (14).

wT ¼ ws þ wf1 þ wf2

¼ F
6ETIs

h
� �

l � lf
�3 þ 3

�
l � lf

�2ðl � zFÞ
i

þ F
6ETIf

h
< zF � zT > 3 � �

lf � zT
�3 þ 3

�
lf � zT

�2�
lf � zF

�
�
i
þ �

lf � zF
�
sinqs

(14)

qs ¼ F
2ETIs

h
� �

l � lf
�2 þ 2

�
l � lf

�ðl � zFÞ
i

where: ws is the deformation of the cutter shank part, wf is

the deformation of the cutter flute part, qs is the deflection

angle of the cutter shank part, lf is the length of the cutter flute

part, If is the moment of inertia of the cutter flute part, Is is the

moment of inertia of the cutter shank part.

In order to verify the accuracy of the cutter deformation

model, the static simulation experiment of the cutter defor-

mation is carried out as shown in Fig. 6.

A total of nine groups of cutter deformation data can be

obtained by applying three different loads to three different

positions of the cutter. The nine groups of data are compared

with the calculation results of themodel to verify the accuracy

of the model as shown in Table 1.

According to the results shown in Table 1, it is found that

the relative errors between simulation results and calculation

results are between 5.2% and 8.3%. The errors are relatively

stable and within an acceptable range, indicating that the

established mathematical model is reliable and can be used

for the prediction of cutter deformations.

https://doi.org/10.1016/j.jmrt.2022.03.138
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Fig. 7 e Micro cutter measurement system.
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2.4. Cutter radial runout model

A radial total runout of cutter tip relative toworkpiece is created

considering thecouplingeffectof cutter installationerror, cutter

holder manufacturing error and spindle runout, etc. The radial

total runoutof cutter tip is in thesameorder ofmagnitudeas the

feed per tooth in themicro-cutting process comparing with the

traditional cutting process. Therefore, its influence on the

micro-cuttingprocess cannotbe ignored.Thisstudywill directly

conduct quantitative analysis of the radial total runout of cutter

tip by relative experiments considering that spindle speed and

cutter overhang are the two factors that have the greatest in-

fluence on the radial total runout of cutter tip.

Eq. (15) is used to describe the relationship between radial

total runout of cutter tip and spindle speed and cutter over-

hang in the actual cutting process.

R ¼ k nb1 l b2 (15)

where, R is the radial total runout of cutter tip, k is the

correction coefficient, n is the spindle sped, l is the cutter

overhang, b1 is the influence index of spindle speed on the

radial total runout of cutter tip, b2 is the influence index of

cutter overhang on the radial total runout of cutter tip.

Based on Eq. (15), the total runout of cutter tip in radial

direction can be calculated at any spindle speed and cutter

overhang within the experimental parameter range. In this

study, the micro-cutter measurement system is used to

measure the radial runout of the cutter tip, as shown in Fig. 7.

The coefficient of Eq. (15) is identified by linear regression least

squares estimation method, and the prediction model of the

total radial runout of the cutter tip is finally expressed.

2.4.1. Experimental measurement of cutter radial runout
The experimental factors are cutter overhang and spindle

speed, and the experimental index is the radial total runout of
Table 2 e Experimental parameter selection and
measurement results of total runout of cutter tip.

R/mm 12 14 16 18 20

10,000 1.7 1.8 2.1 2.2 2.6

15,000 2.0 2.2 2.3 2.7 2.9

20,000 2.4 2.5 2.7 3.0 3.1

25,000 2.9 3.3 3.4 3.7 3.9

30,000 3.4 3.6 3.8 3.9 4.3
cutter tip. Totally five values are selected for each factor, as

shown in Table 2.

A four-edge end milling cutter with nominal diameter (D)

of 1 mm is selected to conduct the radial total runout of cutter

tip experiment. The diameter (Dh) of the cutter tip in high-

speed rotation is measured, and the radial total runout of

cutter tip could be obtained by Eq. (16).

R ¼ ðDh � DÞ=2 (16)

2.4.2. Experimental results and parameter solving
The experimental results in Table 2 are analyzed to obtain

the influence trend of experimental factors on experi-

mental index as shown in Figs. 8 and 9. At the same time,

the linear regression least square estimation method is

used to identify the parameters in Eq. (15) of the prediction

model for radial total runout of the cutter tip, so as to

obtain the prediction model for radial total runout of the

cutter tip.

Since Eq. (15) is a nonlinear equation, the logarithms

commonly used on both sides of Eq. (15) are taken respectively

to transform it into a linear Eq. (17).

lgR ¼ lgk þ b1lgn þ b2lgl (17)
Fig. 8 e The influence of spindle speed on radial total

runout of cutter tip.

https://doi.org/10.1016/j.jmrt.2022.03.138
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Fig. 9 e The influence of cutter overhang on radial total

runout of cutter tip.

Fig. 10 e The complete compensation strategy of mi

Fig. 11 e Diagram of the dimension
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Then,make b0 ¼ lgk, x1 ¼ lgn, x2 ¼ lgl, and its corresponding

linear regression equation is Eq. (18).

y ¼ b0 þ b1x1 þ b2x2 (18)

The linear equation has a linear relationship between the

independent variables x1, x2 and the factor y. There are two

independent variables x1 and x2, and the experimental results

are represented by y. A total of 25 groups of experiments have

been conducted. The independent variables of the experiment

in group i are marked as xi1, xi2, and the experimental results

are marked as yi.

A multiple linear regression Eq. (19) can be established

based on the above data due to the existence of experimental

error ε.8>>>><>>>>:
y1 ¼ b0 þ b1x11 þ b2x12 þ ε1

y2 ¼ b0 þ b1x21 þ b2x22 þ ε2

$$$$$$$$$$$$$$$$$$$$$$$$$$$$
y24 ¼ b0 þ b1x241 þ b2x242 þ ε24

y25 ¼ b0 þ b1x251 þ b2x252 þ ε25

(19)
cro thin wall comprehensive dimensional error.

al error compensation process.
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Fig. 12 e Experiment setup.

Fig. 13 e The schematic view of the experimental system.
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Eq. (19) can be expressed inmatrix form of Y¼Xbþ ε, so Eq.

(20) can be obtained.

Y ¼

0BBBB@
y1

y2

«
y24

y25

1CCCCA X ¼

0BBBBBB@
1
1
«
1
1

x11

x21

«
x241

x251

x12

x22

«
x242

x252

1CCCCCCA ε ¼

0BBBB@
ε1

ε2

«
ε24

ε25

1CCCCA b ¼
0@b0

b1

b2

1A (20)

In order to estimate the parameter, the least square method

is adopted. Variables b0, b1 and b2 are the least square estimates

of theparameters b0, b1 andb2, respectively. Then the regression

Eq. (21) can be obtained.
Table 3 e The specifications of the micromilling cutter.

Diameter Spiral Angle Cutting Edges

1 mm 35� 4
by ¼ b0 þ b1x1 þ b2x2 (21)
where, b0, b1 and b2 are regression coefficients.

The value of b can be solved by Eq. (22).

b ¼ ðX0XÞ�1X0Y (22)

where, X0 is transpose matric of X, and (X'X)�1 is the inverse

matric of (X'X).
The logarithms of the constants in Table 2 are taken

respectively to obtain the matrixes X and Yx, and Eq. (23)

can be obtained by substituting matrixes X and Yx into

Eq. (22).
Cutting Edge Radius Matrix Coating

5 mm Carbide TiAlN

https://doi.org/10.1016/j.jmrt.2022.03.138
https://doi.org/10.1016/j.jmrt.2022.03.138


Table 5 e The micromilling parameter selection for thin walls.

No. Thin wall width (mm) Thin wall height (mm) ae (mm) ap (mm) fz (mm/z) spindle (r/min)

1 80 800 50 200 1.6 20,000

2 100

3 120

Table 4 e The specifications of the workpiece material.

Material Elastic Modulus
(N/mm2)

Shear Elastic
Modulus (N/mm2)

Poisson Ratio Thermal Conductivity
(W/(m$K))

Specific
Heat (J/(kg$K))

Density (kg/m3)

H59 Brass 100,000 37,593 0.33 110 390 8500
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b ¼
8<:�2:7114

0:5673
0:6157

(23)

Therefore, the prediction model Eq. (24) of the radial total

rundout of cutter tip is obtained.

R ¼ 0:0019 n0:5673 l 0:6157 (24)

Based on Eq. (24), the radial total runout of cutter tip can be

quantified under certain process conditions, which is condu-

cive to further analysis of thin wall dimensional error.

2.5. Comprehensive modelling of micro straight thin
walls

Based on the above established models, the three main factors

causing dimensional error of thin wall machining are compre-

hensively analyzed. The thin wall comprehensive dimensional

error model is accurately established, as shown in Eq. (25).

wTotal ¼ wT þ wW þ RT (25)

where, wTotal is the comprehensive dimensional error of the

micro thin wall, wW is the elastic deformation of the micro

thin wall, as shown in Eq. (12), wT is the cutter radial defor-

mation, as shown in Eq. (14), RT is the cutter radial runout, as

shown in Eq. (24).

3. In-process iterative compensation of
micro thin wall

In the processing of thin wall parts, the radial cutting depth ae
in the processing program can be expressed as Eq. (26).
Fig. 14 e The results of without comprehensive
ae ¼ Tinitial � T (26)

where, T is the target wall thickness of thin wall parts, and

Tinitial is the initial wall thickness.

The radial cutting depth ae in machining program is usu-

ally expressed by parameter a. However, the thin wall work-

piece will produce elastic deformation of wW(a) and the cutter

will produce radial deformation of wT(a) due to the existence

of cutting force generated in micromachining. At the same

time, the cutter radial runout RT also exists in the machining

process, resulting in the micro thin wall comprehensive

dimensional error d(a), as shown in Eq. (27).

dðaÞ ¼ wWðaÞ þ wTðaÞ � RT (27)

According to Eq. (27), the existence of dimensional error

makes the actual radial cutting depth change to aed(a), which

deviates from the nominal radial cutting depth, resulting in

machiningerrors. Inorder tocompensate thedimensionalerror,

it is necessary to adjust the radial cutting depth in the program

until the actual radial cutting depth is equal to the required

radial cutting depth, that is, Eq. (28) should be satisfied.

a ¼ ae þ dðaÞ (28)

In Eq. (28), since the dimensional error d(a) is a nonlinear

function of a, it is difficult to obtain the solution directly

through general calculation. Numerical iteration is usually

used to solve Eq. (28), and the simplest iterationmethod is the

complete compensation method as shown in Fig. 10.

As shown in Fig. 10, theoretically, the distance LT from the

cutter geometric center to the side of the thin wall feature

should be the sum of cutter radius r plus and target thickness

T of the thin wall, as shown in Eq. (29).
dimensional error compensation (Group 1).
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Fig. 15 e The results of with comprehensive dimensional error compensation (Group 2).
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LT ¼ r þ T (29)
However, this distance is changed due to the elastic

deformation of the thin wall, the cutter radial deformation,

and the cutter radial runout. The actual distance LR could be

expressed as Eq. (30).

LR ¼ r þ T þ wWðaÞ þ wTðaÞ � RT (30)

Substituting Eq. (27) into Eq. (30), then Eq. (31) can be

obtained.

LR ¼ r þ T þ dðaÞ (31)

Due to the influence of the cutter radial deformation and

runout, the geometric center of the cutter changes with the

machining process. Therefore, the difference between the

actual distance LR and the theoretical distance LT can be

expressed as Eq. (32).

DL ¼ LR � LT ¼ dðaÞ (32)

As shown in Eq. (32), the value of cutter radius R and thin

wall target thickness T are constants. The difference between

the actual distance from the cutter geometric center to the

side of thin wall feature away from the cutter and the theo-

retical distance is the comprehensive dimensional error d(a).

According to the definition of complete compensation

method, the compensation value is equal to the comprehen-

sive dimensional error value.

Therefore, in Step-1, the comprehensive size error d1 can be

calculated by Eq. (27) firstly. In Step-2, the deformation dis-

tance of the thin wall relative to the cutter geometric center is

equal to d1, and a new comprehensive dimensional error value

d2 is generated in Step-2. In Step-3, the deformation distance
Fig. 16 e The results of with comprehensive dimen
of the thin wall relative to the cutter geometric center is equal

to d2ed1, and a new comprehensive dimensional error value d3

is generated in Step-3. The iterative compensation process

continues until machining tolerances are satisfied. In accor-

dance with the principle of complete compensation, the iter-

ative compensation process of radial cutting depth aiþ1 in the

program is shown in Eq. (33).

aiþ1 ¼ ae þ dðaiÞ (33)

The initial value a1 of aiþ1 is equal to the radial cutting

depth ae. As shown in Fig. 11, d(ai) is calculated by the equation

of thin wall comprehensive dimensional error in real time

during the micromilling processing compensation.

The basic principle of iterative compensation for radial

cutting depth ae is to find the root of Eq. (28). Based on Eq. (33),

the value of radial cutting depth in the program of the (iþ1)

iteration of the actual radial cutting depth aiþ1 is the nominal

radial depth ae with the comprehensive error d(ai) of thin wall

machining. Therefore, the iterative function F(ai) is used to

represent the compensation process, as shown in Eq. (34).

FðaiÞ ¼ aiþ1 (34)

According to the convergence criterion, F(ai) needs to be

updated iteratively until it's equal to a*.

Eq. (35) can be obtained by constructing the first-order

Taylor series approximation of F(ai) at a ¼ a*.

FðaiÞ ¼ Fða * Þ þ F0ða * Þðai � a * Þ (35)

According to Eq. (35) and the conclusion of literature [25],

the machining error is converges, but the convergence rate is

only in one order. Therefore, the process of iterative

compensation for radial cutting depth with the traditional
sional error iterative compensation (Group 3).
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complete compensation method has a slow convergence

speed. The compensation problem of radial cutting depth is

actually a problem of finding the root of equation. In order to

obtain faster convergence speed, a secant algorithm is pro-

posed and introduced into the real-time compensation pro-

cess. Therefore, the root of Eq. (28) is equivalent to the solution

of Eq. (36).

FðaÞ ¼ a � ae � dðaÞ ¼ 0 (36)

The secant algorithm is used to solve the root of Eq. (36)

iteratively, and it is found that the value aiþ1 of the actual

radial cutting depth ae needed to be adjusted iteratively ac-

cording to Eq. (37) [25].

aiþ1 ¼ ai � ai � ai�1

FðaiÞ � Fðai�1Þ FðaiÞ (37)

where, aiþ1 is the value of the next actual radial cutting depth

ae in the iterative compensation process.

Eq. (38) can be obtained by substituting Eq. (36) into Eq. (37).

aiþ1 ¼ ai � ai � ai�1

ai � ai�1 � dðaiÞ þ dðai�1Þ ðai � ae � dðaiÞÞ (38)

In the actual machining process, the actual radial cutting

depth ae is adjusted by changing the offset between the thin

wall and the cutter tip. The offset value Di of the current

compensation process can be determined as Eq. (39).

Di ¼ aiþ1 � ai ¼ ai � ai�1

ai � ai�1 � dðaiÞ þ dðai�1Þ ðae � ai þ dðaiÞÞ

(39)

According to the convergence analysis of secant algorithm,

the convergence speed of the above compensation process is

at least 1.618, while the convergence speed of the conven-

tional complete compensation process is only 1 [25]. There-

fore, the compensation process can reduce the calculation

time and improve the efficiency of the whole compensation

process.

4. Micro thin wall fabrication experiment

In order to verify the introduced model and the iterative al-

gorithm, the compensation experiments are conducted

respectively. Meanwhile, the conventional micro thin wall

milling experimentwithout comprehensive dimensional error

compensation is also conducted as a contrast.

4.1. Experiment setup

The CNC milling machine cutter CarverPMS23_A8 is used to

conduct the experiments, as shown in Fig. 12. The program-

ming resolution for each linear axis is 0.1 mm. The maximum

rotation speed of spindle is 36, 000 min-1.

In order to measure the cutting force produced in thin wall

milling process and compensate the radial cutting parameter, a

device for cutting force measurement and cutting parameter

compensation is developed. Fig. 13 shows the three-dimensional

structure and the control systemdiagramof the designed cutting

force measurement and cutting parameter compensation

device. It is mainly composed of two components, the cutting

force measurement component and the cutting parameter
compensation component. The cutting force measurement

component is composed of a piezoelectric sensor, two guide rails

andslides.Theresolutionof thepiezoelectricsensor is0.001Nand

the comprehensive accuracy is 0.005 N. The cutting parameter

compensation component is composed of a linear motor, two

guide rails and slides, and a grating ruler. The resolution of the

motion system is 0.1 mm and the positioning accuracy is within

0.5 mm. The force signal is amplified and transmitted to the

computer after A/D conversion from the USB port and processed

by the upper computer to get the final measured cutting force

value. The upper computer sends the motion instruction to the

PMAC controller through the Ethernet port. The linear motor is

used to realize the desired compensationmovement.

The working principle of the proposed device is shown in

Fig. 11. The spindle is fed in the X-direction, and the cutting

force measurement system is used to measure the radial

cutting force perpendicular to the micro straight thin wall.

After reading and processing the cutting force, the upper

computer outputs the command to PMAC controller. The de-

vice can realize the linear motion perpendicular to the thin

wall direction, so as to realize the compensation of the radial

cutting parameter. The cutting force measurement and cut-

ting parameter compensation device is fixed on the worktable

of themachine. The workpiece is fixed on the proposed device

through the clamp.

The specifications of cutter and workpiece used in the

experiment are shown in Table 3 and Table 4, respectively.

The micromilling parameter selection for thin walls is shown

in Table 5 [26,27].

4.2. Experiment results

The actual thicknesses of thin walls are measured by scanning

electronmicroscope (Model: Quanta 250) aftermicromilling. All

measurements are averaged bymeasuring at least six positions.

Fig. 14 shows the thin wall thickness measurement results

without comprehensive dimensional error compensation.

Fig. 15 shows the thinwall thicknessmeasurement resultswith

comprehensive dimensional error compensation. Fig. 16 shows

the thin wall thickness measurement results with comprehen-

sive dimensional error iterative compensation.

4.3. Comparative analysis of the experimental results

It can be seen from Fig. 14 that the thickness of the thin wall is

nonuniform, and has a large dimensional error. Thin wall part

produces elastic deformations in the micromilling process

due to the large milling force, resulting in the actual radial

cutting parameter is less than the nominal radial cutting

parameter. Consequently, the thin wall thickness after

machining is greater than the nominal thickness.

Fig. 15 and Fig. 16 show that the thickness of the thin wall

after in-process compensation is relatively uniform compared

that without compensations. The experimental results show

that the dimensional errors of the thin walls have been

significantly reduced. The average relative errors have been

reduced from 6.86% to 1.70% and 1.10% as shown in Table 6.

The machining quality has a relatively obvious improvement

in dimensional accuracy after the comprehensive dimen-

sional error compensation.
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Table 6 e Relative dimensional errors of thin wall.

Group Nominal thin
wall thickness

(mm)

Thin wall
thickness

without error
compensation

(mm)

Relative
error

Thin wall
thickness with

error
compensation

(mm)

Relative
error

Thin wall
thickness with
error iterative
compensation

(mm)

Relative
error

1 80 85.9 7.38% 81.6 2.00% 81.1 1.38%

2 100 106.7 6.70% 101.6 1.60% 101.0 1.00%

3 120 127.8 6.50% 121.8 1.50% 121.1 0.92%

Average 100 107.2 6.86% 101.7 1.70% 101.1 1.10%

Table 7 e Shape accuracy of thin wall.

Group Thin wall thickness (mm)

80 100 120

1 Not good Not good Not good

2 Average Good Good

3 Average Good Good
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Meanwhile, the thin wall shape accuracy is evaluated. The

evaluation criteria for shape accuracy are that the thin wall

has not bending deformation and the thin wall thickness is

uniform. The evaluation results are shown in Table 7.

The experimental results show that the comprehensive

dynamic modeling and in-process parametric compensation

method are effective and can be used to compensate the

dimensional error of thin wall machining. In theory, the

relative errors of thin wall can be reduced to 0.5%. Due to the

limitations of the precision of the machine tool, the response

frequency of the compensation device, as well as the mea-

surement error of the cutting force and other influences, the

relative errors of the thin wall can be reduced to 1.10%.

The proposed method is more convenient than modifying

machining procedures for cutting parameter compensations.

Thin wall parts with higher precision can be machined on

machine tools with relatively lower precision by using the

introduced real-time in-process cutting force measurement

and cutting parameter compensation device.
5. Conclusions

Considering the dynamic elastic deformation of thinwalls, the

radial deformation and run out of the micro end mill, the

comprehensive in-process parametric compensation model

and strategy are established for micro straight thin wall

micromilling processes. Comparative experiments show that

the dimensional errors of the thin wall are significantly

reduced after the in-process radial cutting depth compensa-

tions. The average relative errors have been reduced from

6.86% to 1.10%~1.70%. The dimension accuracy of the thinwall

has been greatly improved and the shape accuracy of the thin

wall has been guaranteed compared with that without com-

pensations. Experimental results show that the established

models are reliable, which can be used to compensate the

radial cutting depth in micro straight thin wall fabrications in

process. The study has some enlightenment in potential ap-

plications other than one-dimensional straight thin wall
compensations, where two or three dimensional compensa-

tion strategies and devices are needed.
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