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Abstract A novel micro-flank milling force prediction model
is developed in this study by considering the deflection of tool
and workpiece, tool run-out, and material strengthening ef-
fects during the flank milling of thin-walled parts. The model
of the cutting tool applied in this study is closer to the actual
structure and its deflection model is established based on
Euler Bernoulli cantilever beam theory under mesoscale.
The values of the workpiece deflection are obtained with an
online Keyence LK-H020 laser sensor. The Johnson−Cook
constitutive model is adopted to estimate the flow stress σJC,
which takes in consideration the effects that strain-hardening,

strain-rate, and thermal softening have on the flow stress. The
mechanistic model is validated by a series of micro-thin-wall
experiments with a two-flute KENNA micro-milling cutter as
tool and Ti-6Al-4V titanium alloy as workpiece material.
Experimental results illustrate that the proposed model per-
forms well for the micro-flank milling forces in the x-direc-
tion, with an average error of 4.153%, while the error in the y-
direction is slightly larger at 4.458%.

Keywords Micro-flankmilling forcemodel . Thin-walled
parts . Deflection of tool andworkpiece . Ti-6Al-4V titanium
alloy

1 Introduction

Micro-milling has become a widely utilized process in the tool
and die industry for acquiring high-dimensional accuracy and
good surface finish for the production with 3D micro-features
[1].With the development of a broad spectrum of products [2],
highly accurate miniaturized complex components made of a
variety of difficult-to-machine materials have played a key
role under mesoscale. Because of several reasons, such as
the small size of machined parts and its tiny feed rate, the
machining mechanism of mesoscale milling is different from
that of macro-scale. Such situations, namely size effects, have
a great influence on machining accuracy. The machining pre-
cision can be affected by a lot of error sources during multi-
stage machining. All of these error sources result in difficulties
in accuracy control. The present study focuses on thin walls
because their features present a typical challenge to micro-
milling and require very high tolerance [3]. Micro-milling
forces are among the most fundamental and important param-
eters to be considered during the flank milling of thin-walled
parts, especially considering using Ti-6Al-4V titanium alloy
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as the thin wall material. As in Fig. 1, the purpose of this work
is to analyze the micro-milling forces when flank milling thin
walls abstracted from a micro-impeller.

So far, a lot of studies have used the mechanistic model to
calculate the micro-milling forces during the micro-end mill-
ing process. Bissacco et al. [4] proposed a model to calculate
the micro-milling forces based on the ratio of the uncut chip
thickness to cutting edge radius. Park et al. [5] presented a
mechanistic model of cutting forces by taking into account
shearing and plowing dominant cutting regimes according to
the tool edge radius effect. Malekian et al. [6] made a research
on the mechanistic cutting force model for the plowing and
shearing dominant regimes including tool run-out, dynamics,
and elastic recovery of the material. Rodríguez and Labarga
[7] developed an analytical force model for realistic micro-end
milling by considering the eccentric deviation of the tool path,
tool deflection, size effect, and the variation in the entry and
exit angles of the tool. Tool run-out has significant effects on
cutting force variation, which can lead to higher peak forces
and uneven tool wear of the cutter. Hence, Jing et al. [8]
provided that a run-out model must be included in a cutting
force modeling to simulate accurate cutting force during
micro-milling process. Mamedov et al. [9] developed compre-
hensive cutting force and deflection models from which the
tool deflection in micro-end milling can be determined. In
order to predict the general three-dimensional cutting force
components, the related cutting edge radius size effect, tool
run-out, tool deflection, and the exact trochoidal trajectory of
tool flutes are considered and presented in the proposed ana-
lytical prediction model [10]. In order to avoid the numerical
oscillations from differential model and to eliminate the influ-
ence of the ill-posed problem in calibration, Zhang et al. [11]
proposed a new approach to calibrate the cutter radial run-out
parameters from the continuous cutting force model with con-
stant cutting coefficients. However, the researches on micro-
milling forces above are all conducted on slot milling, without
considering the influence of micro-thin-walled deflection.

The influence of material strengthening on micro-milling
forces is one of the significant characteristics during the
micro-machining process. Many efforts have been dedicated
to the analytical modeling of cutting forces regarding material
strengthening. Joshi et al. [12] presented a modified Johnson–
Cook constitutive model by introducing the material length
scale and effective strain gradient. Liu et al. [13] adopted this
modified Johnson–Cook constitutive model to the finite ele-
ment based micro-orthogonal cutting simulations, and the re-
sults showed that the strain gradient strengthening effect is
prominent especially at small uncut chip thicknesses.
Srinivasa and Shunmugam [14] presented a newmethodology
for predicting the cutting coefficients considering the edge
radius and material strengthening effects. Zhou et al. [15] de-
veloped a novel comprehensive micro-end milling force pre-
diction methodology considering factors including edge

radius, material strengthening, varying sliding friction coeffi-
cients, and run-out. However, these studies do not consider the
effect of the deflection of tool and workpiece onmicro-milling
forces.

In this work, a novel micro-end milling cutting force pre-
diction model is presented by considering tool run-out, the
material strengthening effect, and the effects of both the de-
flection of tool and workpiece during the flank milling thin-
walled parts. The model of cutting tool is closer in resem-
blance to the actual structure and its deflection model is
established based on the Euler Bernoulli cantilever beam the-
ory. The thickness of the thin-wall-structured workpiece is no
larger than 20% of its height or width, which can be consid-
ered as a thin plate model when applied to forces [16]. Since
analytical solution of the deflection for a thin plate model
under dynamic milling forces is incredibly difficult to obtain,
so in this work, the model will utilize the deflection measure-
ments of the thin-walled structure obtained by a Keyence LK-
H020 laser sensor. In addition, the Johnson–Cook constitutive
model is adopted to estimate the flow stress σJC, which in-
cludes the effects of strain hardening, strain rate, and thermal
softening effects on the flow stress. The mechanistic model is
validated by a series of micro-thin-wall experiments with a
two-flute KENNA micro-end mill as tool and Ti-6Al-4V tita-
nium alloy as material of the thin-walled workpiece.
Experimental results illustrate that the proposed model per-
forms well for the micro-milling forces. In the x-direction,
the average error is 4.153%; error in the y-direction is slightly
larger at 4.458%.

Fig. 1 Process of machining micro-thin wall derived from the micro-
impeller
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2 Theoretical model

2.1 Influence of tool run-out

Figure 2 depicts the simulation flow chart for predicting
micro-milling forces. The Zhang and Wang [17] developed
the instantaneous uncut chip thickness under the effect of tool
run-out for micro-end milling as follows:

h0 ¼ f zsinφþ 2ρcos λ−ϕz−
2π i−1ð Þ

Nt

� �
ð1Þ

where φ is the angular position of the cutting tool teeth, fz is
the feed per tooth, ρ is radial run-out length, λ is the run-out
angle, Nt is the total number of cutting teeth of the cutter, i is
the indicator of the current cutting flute, and ϕz is the radial lag
angle which has been discussed by YongqingW. and Haibo L.
[18]

2.2 Influence of tool deflection and workpiece deflection

In macro-normal milling process, the rigidity of milling cutter
and machine tool is high, so the elastic deflection of milling
cutter is usually negligible. However, in the micro-milling
process, the milling cutter whose diameter of 0.1–1 mm,
which is much smaller than the diameter of the cutter bar of
3–5 mm, is much more prone to the negative effects of poor
rigidity on the cutter tooth’s trajectory, the surface shape error,
and the milling surface accuracy. Furthermore, the deflection
of the micro-milling cutter has a direct impact on the thickness
accuracy of the machined thin wall. Therefore, the model of
micro-milling cutter deflection should be established inmicro-
machining process. In this proposed model, the tool deflection
is only considered in the direction normal to the micro-milling
cutter, due to the negligibility of the forces applied on the tool
in the direction parallel of the micro-milling cutter during
flank milling. The Euler Bernoulli beam equation is accus-
tomed to interpret the tool deflection of three-section cantile-
ver beam which characterizes the ball nose micro-end mill
studied in this model. The three sections of the micro-end mill
consist of a shank, a conic section, and a neck which includes
a cutting section. Figure 3 illustrates the approximated geom-
etry of micro-end mill.

Micro-end milling deflection is caused by a force F pro-
duced by the milling action occurring near the tip of the tool.
The equation generated by the relationship between bending
moment and bending deflection is:

EI zð Þδ zð Þ″ ¼ −M ð2Þ

Yes

Input parameters

a. Geometric parameters, run-out and deflection of tool

b. Parameters of Johnson-Cook model 

c. Physical properties of Ti-6Al-4V Titanium Alloy
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e. Measured deflections of micro thin wall
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chip thickness without considering 
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Fig. 2 Simulation flow chart for predicting micro-milling forces
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Fig. 3 The approximate geometry of micro-end mill
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where the bending moment M is calculated from the equilib-
rium conditions obtained as follows:

M ¼ −F L−zð Þ: ð3Þ
E is the modulus of elasticity of tungsten carbide.

An expression for the second moment of area for the cir-
cular cross-section of the milling cutter is as follows:

I zð Þ ¼ πd4 zð Þ
64

: ð4Þ

The diameter of micro-end milling cutter, d is the differ-
ence for each of the three sections of the tool, depending on a
length variable z as follows:

z ¼
d1 z∈ 0; L1½ �

d1−2tan
α
2

� �
z−L1ð Þ z∈ L1;L1 þ L2½ �

d2 z∈ L1 þ L2; L−L3½ �

8><
>: ð5Þ

where L2 ¼ d1−d2
2tanα2

, L = L1 + L2 + L4.

Double integrate Eq. (1) to obtain deflection curves for the
three sections as follows:

δ zð Þ ¼

−
F

6EI1
z3 þ FL

2EI1
z2 þ B1zþ B2 z∈ 0; L1½ �

a −3mzþ mL−2nð Þ
6m3 mzþ nð Þ2 þ B3zþ B4 z∈ L1; L1 þ L2½ �

−
F

6EI3
z3 þ FL

2EI3
z2 þ B5zþ B6 z∈ L1 þ L2; L−L3½ �

8>>>>>><
>>>>>>:

ð6Þ

where a ¼ 64F
Eπ , m ¼ −2tan α

2 , n ¼ d1 þ 2L1tan α
2

� �
:

Constants of integration, B1 to B6, are calculated based on
boundary conditions, where the micro-end milling cutter (a) is
assumed to be rigidly mounted into a tool holder, and the
values of slopes and deflections (b) between sections are con-
tinuous [19].

The tool deformation calculated with the equations above
can alter the instantaneous uncut chip thickness by alternating
the pass the milling cutter takes. Figure 4 illustrated the micro-
flank milling progress. In Fig. 4b, ⊙O represents the cross-
sectional profile the cutter at the rotational angle of φa; ⊙O1
represents the cross-sectional profile when the next flute is
engaged in cutting, without considering tool deformation;
⊙O′1 represents the cross-sectional profile when the next flute
is engaged in cutting, considering tool deformation.

The instantaneous uncut chip thickness h1 which corre-
sponds with the cross-sectional profile of ⊙O′1 can be calcu-
lated using the geometric relation in Fig. 4b and the instanta-
neous uncut chip thickness h0 which corresponds to the cross-
sectional profile of ⊙O. Define radius of ⊙O as R,

R ¼ d2
2

ð7Þ

φa ¼ tan−1
R−ae
R−h0

: ð8Þ

According to the trigonometry law of cosines,

CO
0
1

2
¼ R−h0ð Þ2 þ d2x þ d2y−2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2x þ d2y

q
R−h0ð Þcos π−φa−tan

−1dx
dy

� �
ð9Þ

where dx and dy represent the absolute value of the tool
deformation in the x- and y-directions accordingly. Thus, the
instantaneous uncut chip thickness with tool deformation in
consideration can be expressed with the following equation:

h1 ¼ R−CO0
1: ð10Þ

In the process of machining micro-thin wall, the deforma-
tion of workpiece is difficult to calculate using analytical
methods. Therefore, the deflection of workpiece is incorporat-
ed into our proposed model using experimental measurements
obtained by Keyence LK-H020 laser sensor. The section of
the workpiece subject to milling in the model is fixed to the
bulk of the workpiece on two sides.

Considering micro-milling, the elastoplastic deformation
of the Ti-6Al-4V workpiece is approximately opposite the
chip thickness direction. The workpiece deformation is denot-
ed as dw. The instantaneous uncut chip thickness while con-
sidering both tool deformation and chip deformation can be

taken as denoted by h
!
.

h
!¼ h1

!
− dw
	! ð11Þ
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Fig. 4 Micro-flank milling progress. a Details of helical two-flute end-
mill. b Single tooth and mechanistic predicted model

Table 1 Ti-6Al-4V Johnson–Cook constitutive model parameters for
purposed micro-milling model [23]

A (MPa) B (MPa) C m n
ε̇0 (s

−1)

782.7 498.4 0.028 1 0.28 10−5
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2.3 Prediction of the micro-flank milling forces

As shown in Fig. 4a, the Cartesian coordinate system of a
helical two-flute micro-end mill is established. The origin
point is located at the center of the micro-end mill tip circum-
ference. The x-axis is designated along the feed direction and
the y-axis normal to the machined surface of the workpiece.
The z-axis is perpendicular to both the x- and y-axes. When
modeling the micro-flank milling forces, the micro-end mill is
usually divided into a number of small differential oblique
cutting elements along the z-axis, according to Zhou et al.
[15]. The thickness of each element can be derived by the
angular step of each flute.

dz ¼ dφ⋅d2
2tanλs

ð12Þ

where d2 is the tool diameter at the line of contact with the
workpiece, λs is the helix angle of the tool edge.

A component of the micro-flank milling forces acted on
these elements is the result of the plowing stress caused by
the round edge of the cutter and the other one is the result of
the shearing stress caused by the cutting process. Omitting the
axial force of the cutter, the micro-flank milling forces exerted
on the differential elements comprised of these two compo-
nents can be expressed as follows:

dFt φð Þ ¼ Kte þ Ktch φð Þð Þdz
dFr φð Þ ¼ Kre þ Krch φð Þð Þdz



ð13Þ

Kte and Kre are the plowing force coefficients, Ktcand Krc are
the shearing force coefficients, and h(φ) is the instantaneous
uncut chip thickness. Decompose the differential micro-flank

(a)

Micro-milling toolLK-H020

Ti-6Al-4V titanium alloy

Dynamometer

(b)

Signal acquisition system

Charge amplifierDisplacement display

(c)

Fig. 5 Experimental set-up. a
Actual set-up for micro-end
milling and measurement. b
Micro-milling Ti-6Al-4V
titanium alloy. c Measuring
micro-milling force and
deflection of thin wall

Table 2 Ti-6Al-4V physical
characteristics Parameters Value Parameters Value

Density ( kg/m3) 4500 Yield strength (MPa) 820

Fusing point (°C ) 1649 Elastic modulus (GPa) 113.8

Thermal conductivity (W/(m K)) 7.2 Poisson’s ratio 0.342

Tensile strength limit (MPa) 950 Specific heat capacity (J/(kg°C)) 678

Elongation (%) 14.0
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milling forces on an orthogonal basis, differential forces on x-
and y-axes are as follows:

dFx ¼ d2
2tanλs

Ktecosφþ Kresinφþ Ktccosφþ Krcsinφð Þh½ �dφ

dFy ¼ d2
2tanλs

−Ktecosφþ Kresinφþ −Ktccosφþ Krcsinφð Þh½ �dφ

8><
>: :

ð14Þ

The John–Cook model of oblique cutting developed by
Zhou et al. [15] is adapted in this model. Accordingly, the
shearing force coefficients Ktc and Krc can be calculated by
the following equations:

Ktc ¼ τ
sinϕn

cos βn−αnð Þ þ tanitanηcsinβnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 ϕn þ βn−αnð Þ þ tan2ηcsin

2βn

q
Krc ¼ τ

sinϕncosi
sin βn−αnð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2 ϕn þ βn−αnð Þ þ tan2ηcsin
2βn

q

8>>>>><
>>>>>:

ð15Þ
where τ represents the shear flow stress on the shear plane, i
represents the inclination angle, ηc represents the chip velocity
angle measured on the rake face, βn represents the normal
friction angle, αn represents the normal rake angle, and ϕn

represents the normal shear angle. The inclination angle i is
equal to the helix angle λs, while according to Stabler’s rule it
is also approximately equal to the chip velocity angle ηc.

When the instantaneous uncut chip thickness equal or less
than the edge radius, the effective rake angle affecting the
machining process is more negative than the nominal rake
angle. So, the average effective rake angle model has been
established to analyze the influence of the edge radius on the
micro-milling process. In this model, the effective rake angle
αe is estimated by the average effective rake angle as follows
[15]:

ae ¼

arctan −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2−

ςh
re

� �s
−sinθf

ςh
re

−1þ cosθ f

0
BBBB@

1
CCCCA;

h
re

< 1þ sinα

arctan

ςh
re

−1
� �

tanαn−secαn þ sinθf

ςh
re

−1þ cosθ f

0
BB@

1
CCA;

h
re

≥1þ sinα

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð16Þ
where α represents the normal rake angle, θf stands for the
separation angle which is 37.6° according to Basra and Misra
[20], ς is taken as 1.5 in this model [21], and re is the edge
radius of the micro-milling cutter. The normal rake angle αn

can be replaced by the effective rake angle αe.
Based on momentum equilibrium analysis, the normal fric-

tion angle βn can be expressed as follows:

tanβn ¼
ξ þ 2

4 ξ þ 1ð Þ
sin2 ϕn þ βn−αnð Þ

cos2βn
ξ 1−

ξ þ 2

4μ ξ þ 1ð Þ
sin2 ϕn þ βn−αnð Þ

cos2βn

� �1
ξ

( )
þ 1

( )
ð17Þ

where ξ is the exponential constant of the pressure distribution
and set with 3, and μ represents the sliding friction coefficient.
With a low cutting speed of 28.26 m/min, the sliding friction
coefficient is considerably high at 0.8 on the tool-chip
interface.

Substituting Eq. (16) into Eq. (17), the Newton-Raphson
iterative method can be applied to solve βn in Eq. (17) and
obtain an array of solutions under different cases of t. In

addition, the technique of polynomial fitting can be utilized
to form an explicit function for βn of t.

With αn and βn both functions of h, the normal shear angle
for this cutting model ϕn can also be expressed as a function of
h by adopting the Merchant model as follows:

ϕn ¼ C1−C2 βn−αnð Þ ð18Þ
where C1 is taken as 0.9532 and C2 is taken as 0.5.

Table 3 Ti-6Al-4V chemical compositions

Chemical element C Fe N O AL V H Ti

Content (%) 1 3 0.5 0.2 5.5–6.8 0.35–0.45 0.15 Rest

Fig. 6 Tool trajectory of
delamination micro-milling thin
wall
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In this model, the plowing force coefficientsKte and Kre are
determined by adopting the analytical model developed by
Abdelmoneim and Scruttron [22]:

Kte ¼ reτ
2θ0
cosθ0

þ πsinθ0tanθ0

� �
ð19Þ

Kre ¼ reτ 2
ffiffiffi
3

p
sinθ0

� �
ð20Þ

where θ0 is the stagnation point angle:

θ0 ¼ π
4
−
βn

2
: ð21Þ

2.3.1 Estimation of shear stress and material strengthening
effect

The Johnson–Cook constitutive model which contains the in-
fluence of strain hardening, strain rate, and thermal softening

effects on the flow stress is adopted to estimate the flow stress
σJC. It can be given as follows:

σJC ¼ Aþ Bεnð Þ 1þ Cln
ε̇
ε̇0

� �� �
1−

T−Tr

Tm−Tr

� �m� �
: ð22Þ

The Johnson–Cook constitutive model parameters applied
for the calculation of the flow stress contain: A is the initial
yield strength, B is the strain hardening coefficient, ε̇0 is the
reference plastic strain rate, n and m are the strain hardening
coefficients, separately, and C is the strain rate coefficient.
Their values are taken in accordance with the high tempera-
ture and high strain rate involved at the contact region of the
Ti-6Al-4V material during milling. In addition, the values of
these parameters are given in Table 1.

Other parameters included in the calculation of the flow
stress include: Tm, the material melting temperature is
1604 °C as for Ti-6Al-4V, Tr, the room temperature is given
as 20 °C, ε, the equivalent plastic strain, and ε̇, the equivalent
plastic strain-rate. In orthogonal cutting, when both the plastic
strain and strain rate are on the main shear plane as in this case,
their expressions are expressed as follows:

ε ¼ cosαn

2
ffiffiffi
3

p
sinϕncos ϕn−αnð Þ ð23Þ

Fig. 7 Optical zoom of micro-
end milling cutter
(KENAMETAL)

Table 4 Basic
parameters of micro-
milling tool

Parameters Value

Shrank diameter d1 (mm) 3

Cutting diameter d2 (mm) 0.5

Shrank length L1 (mm) 8

Neck length L4 (mm) 1

Cutting length L3 (mm) 0.1

Conic angle α (°) 30

Average edge radius rβ (μm) 5.132

Elastic modulus (GPa) 707

Maximum run-out ρ (μm) 1.026

Table 5 Mechanical parameters of Kistler dynamometer 9119AA2

Measuring range Threshold Sensitivity Natural frequency

Fx, Fy, Fz Fx, Fz Fy fn(x) fn(y) fn(z)

kN N pC/N pC/N kHz kHz kHz

− 4 … 4 < 0.002 − 26 − 13 4.3 4.6 4.4

Int J Adv Manuf Technol (2018) 95:2767–2782 2773



ε˙ ¼ 2Vcosαnffiffiffi
3

p
hpcos ϕn−αnð Þ ð24Þ

where hp is the primary shear zone thickness which is approx-
imately to be 0.5h [24].

The temperature T on the shear plane is determined by the
equation as follows:

∫TT0

ρmCp

1− T−Tr
Tm−Tr

� �m� � dT
¼ βT Aþ Bεnð Þ 1þ Cln

ε̇
ε̇0

� �� �
: ð25Þ

where ρm, the density of the material Ti-6Al-4V is 4500 kg/
m3; Cp, the specific heat is 678 J/(kg °C); βT, the percentage of
total shear deformation energy contributing to the temperature
increase is assumed to be 0.9 [15].

Arranging Eq. (25), the expression for T can be simplified
as follows:

T ¼ Tm−eR ð26Þ
where R is defined as follows:

R ¼
ρmCpln Tm−Trð Þ−βT Aþ Bεnð Þ 1þ Cln

ε̇
ε̇0

� �� �
ρmCp

: ð27Þ
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Fig. 9 Laser measuring position. a Tool run-out. b Deflection of micro-thin wall
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With the temperature determined, one of the most signifi-
cant characteristics in the micro-machining, material strength-
ening on the flow stress can therefore be accounted for with a
modified J-C constitutive model developed by introducing
effective strain gradient based on the Taylor’s dislocation
model, whose expression is given as follows:

τ ¼ 1

M
σJC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M 2rα2

t G
2bη

σ2
JC

 !u
vuut : ð28Þ

where M, the Taylor factor, is taken as 3.1 under the assump-
tion that the Taylor factor applied in this model can be
reflected by the average values of the Taylor factor of all
grains in the polycrystalline metal alloy Ti-6Al-4V [25]. r,
the Nye factor, is taken as 2 [26]. G, the shear modulus, is

taken as 44 GPa. b, the magnitude of the Burgers vector, is
taken as 0.270 nm [27]. The empirical coefficient αt and the
exponential factor u are both taken as 0.5, while the strain
gradient η [28] is expressed as follows:

η ¼ sinϕn

h
: ð29Þ

2.3.2 Calculation of micro-flank milling forces

Now that the plowing force coefficients, Kte and Kre, and the
shearing force coefficients, Ktc and Krc, are determined
through the calculations introduced above. Integrating the dif-
ferential orthogonal micro-flank milling forces of the feed (x)
direction dFx and transverse (y) direction dFy from the entry
angle αin to the exit angle αex of each cut and adding up the
micro-flank milling forces of each individual flute, the cutting
force expressions can be expressed as:

Fx ¼ d2
2tanλs

∑
K−1

0
∫ Ktecosφþ Kresinφþ Ktccosφþ Krcsinφð Þh½ �dφ

Fy ¼ d2
2tanλs

∑
K−1

0
∫ −Ktecosφþ Kresinφþ −Ktccosφþ Krcsinφð Þh½ �dφ

8>><
>>: : ð30Þ

2.3.3 Entry angle and exit angle determination

Embracing flank up-milling in this current model, the cutting
process is asymmetric for both of the two teeth on the micro-
end mill. According to Rodríguez and Labarga [7], the entry
angle can be deduced by considering the minimum chip thick-
ness, and the expression for the chip thickness in up-milling
developed by Boothroyd and Knight [29], their expression for
the entry angle of the first tooth to participate in cutting, is as
follows:

αin1 ¼ arcsin
λcre
2 f z

: ð31Þ

The entry angle for the second tooth the tip of whose helix
is directly opposite to that of the first tooth is π radian larger,
so the expression is as follows:

αin2 ¼ πþ arcsin
λcre
2 f z

: ð32Þ
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Fig. 10 Post-processing of the deflection of micro-thin wall

Table 6 The first layer deflection
of micro-thin wall Thickness (μm) 70 80 90 100 150 200 250 300 350 400

Deflection (μm) 3.1 2.45 2.04 1.23 1.02 0.91 0.87 0.81 0.74 0.67
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The exit angle of the two teeth of the micro-end mill is co-
determined by the combined deformation of the tool and the
workpiece at the contacting point of the particular tooth in
depth of that tooth. The derived expressions are as follows:

αex1 ¼ arccos
ae−dw1 þ dcosαin1

2
0:5d

0
B@

1
CA ð33Þ

αex2 ¼ πþ arccos
ae−dw2 þ dcosαin2

2
0:5d

0
B@

1
CA: ð34Þ

At the contacting point of the first tooth, the workpiece
deformation is dw1; at the contacting point of the second tooth,
the workpiece deformation is dw2. Since when the teeth of the
micro-end mill exit the flank up-milling process, the ortho-
rhombic milling forces turn zero; a component of those forces,
given as Fy in Eq. (8) and Eq. (9), which actuates that the
combined deformation of the tool and workpiece can be taken
as a minuscule value greater than zero, in this case 0.001 N.

2.4 Experimental set-up

In order to validate the accuracy of the model of the proposed
micro-end milling forces, micro-thin-walled part experiments
were carried out by a DMU 80 mono BLOCK milling center.
It possesses five axes, a maximum spindle speed of 24,000 r/
min, a maximum spindle power of 26 kW, a maximum feed
rate of 30 m/min, an axial positioning accuracy of 0.008 mm,
and a maximum stroke of 980 mm × 630 mm × 630 mm. The
zero-reference surface of workpiece was machined to reduce
the error of micro-thin-walled depth in the radial and axial
directions. Figure 5 illustrates the basic experimental set-up.

The workpiece material tested in this study is Ti-6Al-4V
titanium alloy whose physical properties are shown in Table 2

and whose chemical compositions are provided by the manu-
facturer in Table 3.

The delamination turning is widely used in the trapezoidal
thread machining process. In this research, the delamination
micro-milling was introduced to manufacture the micro-thin
wall under mesoscale. In order to guarantee the thickness pre-
cision of micro-thin wall and reduce the effect of weak stiff-
ness, the tool trajectories (Fig. 6) of finish machining were
separated into five layers using the software Power-mill.

A German made KENAMETAL carbide flat micro-milling
cutter (Fig. 7) with two edges was employed to machine the
micro-thin wall. The basic parameters of micro-milling cutter
are indicated in Table 4.

2.5 Instruments and measuring methods

The micro-milling forces in the x- and y-directions affected by
the deflection of thin wall were measured with the Kistler
dynamometer 9119AA2 during the micro-milling experiment.
The mechanical parameters of the dynamometer are summa-
rized in Table 5. The workpiece was installed on the Kistler
dynamometer, and NI data acquiring system was used to col-
lect and record the milling forces through a Kistler 8 channel
charge amplifier with a data sampling rate of 10,000 Hz.
Figure 8 shows the post-processing of micro-milling forces.
The force signals were filtered at a frequency lower than the
system natural frequency to avoid self-excited vibrations.

The measurements of tool run-out and deflection of thin
wall were performed by Keyence LK-H020 laser sensor. As
shown in Fig. 9a, the extreme displacement of the tool shank
(position 1), the maximum and minimum (Rmax and Rmin), is
obtained by using the laser displacement sensor when rotating
the spindle one revolution, and the offset distance ρ can be
calculated by [11]:

ρ ¼ Rmax−Rmin

2
: ð35Þ
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Fig. 11 Machined and 3D designed diagram of micro-thin walls

Table 7 Micro-milling
parameters and levels assigned for
trial

Process
parameters

Milling speed vc
(m/min)

Feed per tooth fz
(μm/tooth)

Depth of cut per pass
ap (μm)

Depth of cut in radial
ae (μm)

Finishing 25.12 5 200 40
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The offset direction angle λ is obtained by:

peak 1ð Þ−peak 2ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ ρ2−2Rρcos −λð Þ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ ρ2−2Rρcos

2π
Nt

−λ
� �s

:
ð36Þ

The displacement of tool tip in the position 2, that is peak
(1) and peak (2) can be measured using the laser sensor. Then
offset direction angle λ can be calculated.

Illustrated in Fig. 9b, the laser measuring point is at the top
and middle of each micro-thin wall. Figure 10 shows the post-
processing of the measured deflection of micro-thin wall, and
the results are in Table 6, from which the elastic and plastic
deformation were inflicted on micro-thin wall during micro-
milling process.

2.6 Micro-milling condition

Spindle speed (n), feed per tooth (fz), depth of cut per pass
(ap), and radial depth of cut (ae) were considered as micro-
milling parameters. Up-milling and air-cooling are used on the
micro-thin walls. Moreover, the depth of cut in radial is very
little (40 μm) and the effective diameter of the micro-milling
cutter decrease (0.875 μm) is very small, so the tool wear can
be ignored. The tool manufacturing company recommended

the values of these parameters. The variable factors in this
research are summarized in Table 7. In this experiment, ten
micro-thin walls had been machined. Figure 11 shows the
serial number and location of the micro-thin walls. In addition,
Table 8 illustrates the shape and size characteristics micro-
thin-wall design.

3 Results and discussions

3.1 Milling forces of micro-thin wall with different
thickness

The purpose on studying micro-flank milling forces is to un-
derstand its mechanisms and to find its factors of influence
during the flank milling of micro-impellers. Focusing on the
deflection and size precision of micro-thin wall, the average
amplitude of maximum micro-flank milling forces in five cy-
cles is taken as the evaluation criterion. The predicted micro-
flank milling forces considering the tool run-out and material
strengthening and both the deflection of the tool and thin wall
are compared with the experimental measurements to validate
the effectiveness of the proposed model. The experimental
and predicted results of micro-flank milling forces at the top
section of the middle of the thin wall are listed in Table 9.
From Table 9, the proposed model performs well for the
micro-flank milling forces in the x-direction, with the average
error of 4.153%; in the y-direction, the average error is slightly
smaller at 4.458%. Also, the maximum error does not exceed
7.109% in the x-direction and 7.112% in the y-direction.
Additionally, the minimum error reaches 3.028 and 3.092%
in the x- and y-directions, accordingly. The predicted micro-
flank milling forces and experimental measurements are

Table 9 Comparison of micro-
flank milling forces of micro-thin
walls in x- and y-directions

Designed thickness of
thin wall (μm)

Average amplitude of maximum micro-flank milling forces (N)

Fx Fy

Experimental
value (N)

Predicted
value (N)

Error
(%)

Experimental
value (N)

Predicted
value (N)

Error
(%)

70 − 2.293 − 2.13 7.109 1.631 1.515 7.112

80 − 2.457 − 2.301 6.349 1.738 1.624 6.559

90 − 2.546 − 2.41 5.342 1.849 1.751 5.300

100 − 2.675 − 2.594 3.028 2.167 2.1 3.092

150 − 2.736 − 2.651 3.107 2.296 2.216 3.484

200 − 2.751 − 2.665 3.126 2.393 2.301 3.845

250 − 2.792 − 2.7 3.295 2.482 2.385 3.908

300 − 2.821 − 2.72 3.580 2.555 2.46 3.718

350 − 2.844 − 2.752 3.235 2.642 2.538 3.936

400 − 2.887 − 2.79 3.360 2.678 2.581 3.622

Average 4.153 4.458

Table 8 Micro-thin-walled shape and size characteristics

Micro-thin wall 1 2 3 4 5 6 7 8 9 10

Thickness hw (μm) 70 80 90 100 150 200 250 300 350 400

Height h (mm) 1 1 1 1 1 1 1 1 1 1
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shown in Fig. 12a. Fx is the milling force in the feeding direc-
tion and Fig. 12b. Fy is the milling force in vertical to the thin
wall before its deformation. Figure 13 illustrates the predicted
error of micro-flank milling forces in the x- and y-directions.
In terms of micro-milling forces by finishing machining, the
predicted micro-flank milling forces by the proposed model
have good agreements with the experimental measurements of
all cases. However, the predicted micro-flank milling forces
are a little less than those measured by experiments because
the effects of elastic recovery are not considered in the analyt-
ical model of micro-flank milling forces. Besides, there is an
obvious phenomenon that the micro-flank milling forces in
the x- and y-directions decreased drastically as the thickness
of micro-thin wall becoming smaller gradually when the
micro-thin wall is thinner than 100 μm. Nevertheless, when
the micro-thin wall is thicker than 100 μm, the micro-flank

milling forces in x- and y-directions increase slowly as the
thickness of micro-thin wall gradually increases. This can be
explained by the fact that the deflection of micro-cutting tools
and thin wall gradually increases as the thickness of micro-
thin wall decreases. This phenomenon can lay a feasible foun-
dation for improving the machining precision of micro-thin
wall through methods of adjusting micro-flank milling forces.

3.2 Effect of whole deflection of tool and thin wall
on micro-flank milling forces

It is generally known that the deflection of tool has a remark-
able effect on micro-flank milling forces in micro-end milling
process. However, the deflection of workpiece also has a sig-
nificant influence on micro-flank milling forces when the

Fig. 12 Comparison of experimental and predicted micro-flankmilling forces of finishing machining thin wall. a Fx, b Fy (vc = 25.12 m/min, fz = 5 μm/
tooth, ap = 200 μm, ae = 40 μm)

Fig. 14 Predicted micro-flank milling forces with and without the whole
deflection of tool and thin wall considering the tool run-out and material
s t r e n g t h e n i n g ( v c = 2 5 . 1 2 m /m i n , f z = 5 μm/ t o o t h ,
ap = 200 μm, ae = 40 μm, hw = 100 μm)Fig. 13 Predicted error of micro-flank milling forces
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width of micro-thin wall decreased to a sufficiently thin ex-
tent. In Fig. 14, Fx′ and Fy′ represent the micro-flank milling
forces considering the deflection of tool and thin wall in x- and
y-directions, separately, while Fx″ and Fy″ are the micro-flank
milling forces without considering both the deflection of the
tool and the thin wall in the x- and y-directions, and Fx and Fy

are the micro-flank milling forces obtained from experiments.
The thickness of the thin wall is 100 μm. Besides, Fig. 15 also
shows that the single-edge cutting phenomenon occurs when
the depth of cut in radial direction is less than 0.5d2 during the
flank milling micro-thin-walled parts. The reason is the im-
merse angle between cutting tool and workpiece is less than
90° and it is less than the intersection angle between the two
teeth of micro-milling cutter. The simulated results show that

the whole deflection of tool and thin wall leads to a slightly
decrease in the magnitude of the micro-flank milling forces in
both the x- and y-directions. Without considering the deflec-
tion of both the tool and the workpiece, the magnitude of the
simulated forces is larger than the experimental milling forces.
When considering the deformation of both the tool and the
workpiece, the average difference between the simulated re-
sults and experimental micro-flank milling forces is about
8.303 and 9.607% in x- and y-directions, respectively, while
for simulations without considering deflection, the average
difference is around 13.925 and 14.967% in x- and y-direc-
tions, respectively. For both flutes, the micro-flank milling
forces considering the whole deflection of tool and thin wall
have better agreement with the experimental results compared
to those without considering the whole deflection of tool and
thin wall.

3.3 Effect of tool run-out on micro-flank milling forces

Besides deformation, another critical issue affecting the ma-
chining precision problem during the micro-milling process is
the tool run-out. Tool run-out often occurs in the micro-
milling of thin walled parts. Figure 15 depicts the influence
of tool run-out. In Fig. 15, the predicted micro-flank milling
forces differ for two flutes with and without considered run-
out (1 μm). Fx′ and Fy′ represent the micro-flank milling
forces when a tool run-out offset of 1 μm in the x- and y-
directions is separately taken into consideration, while Fx″
and Fy″ correspond to no run-out in both the x- and y-direc-
tions. Fx and Fy are the micro-flank milling forces obtained
from experiments. Comparing with the experimental value of
micro-forces, when considering tool run-out, the average dif-
ference for both flutes is 8.313% in x-direction and 9.607% in
y-direction; when not considering tool run-out, the average
difference for both flutes is 16.843% in x-direction and
50.15% in y-direction. So, the predicted micro-flank milling

Fig. 16 Micro-flank milling forces in different locations of thin wall with different thicknesses

Fig. 15 Predicted micro-flank milling forces with and without
considered tool run-out (1.026 μm) considering the whole deflection of
tool and thin wall and material strengthening (vc = 25.12 m/min,
fz = 5 μm/tooth, ap = 200 μm, ae = 40 μm, hw = 100 μm)
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forces which takes tool run-out into consideration is closer the
actual experimental values. Compared to the influence of both
the deflection of tool and thin wall in Fig. 14, the micro-flank
milling forces slightly decrease and the average difference
becomes larger because of tool run-out, which means that
the effects of both the deflection of tool and thin wall on
predicted micro-flank milling forces are pronounced.

3.4 Effect of stiffness on micro-flank milling forces

The stiffness at different locations on the thin wall is another
factor that affects the micro-flank milling forces of the thin
wall. Figure 16a and b presents the micro-flank milling forces
Fx and Fy on different locations of thin wall with different
thicknesses. As the width of thin wall increases from 100 to
400 μm, the micro-flank milling forces of thin wall gradually
became larger in the x- and y-directions, while when the thick-
ness of thin wall increases from 70 to 90 μm, the micro-flank
milling forces increases drastically. Though the micro-flank
milling forces are hard to control, future research is required
to investigate better methods for micro-force milling adjust-
ment to improve the precision of micro-milled thin walls.

Figure17a and b represents the 3D and 2D topography of
machined thin wall. Figure 17c depicts the micro-flank mill-
ing forces under different axial depths of cut. The micro-flank
milling forces in the x- and y-directions slowly became larger

as the depth of cut in the axial direction increased. As shown
in Fig. 17b, the cross section of thin wall is trapezoidal like.
Thus, the discussion above suggests that during delamination
micro-milling, the material of a front layer can be removed
partially by the milling of the next layer. This verified the
pattern of the instantaneous micro-flank milling forces, as
shown in Fig. 17c.

4 Conclusions

During the milling process, due to the fact that the laser spot
cannot move along with the milling cutter for measurement
and the deformation of cutting tool and thin wall during the
first layer of cutting can be accurately measured with the
Keyence LK-H020 laser sensor, this article focuses on the
micro-milling force at the middle position of thin wall during
the first layer of mesoscale machining. The influence of tool
wear is ignored because a new milling cutter with sharp cut-
ting edges was used and the wear measured after the experi-
ments was found to be negligible. In this work, a novel micro-
flank milling force prediction model has been presented. The
advantage of the developed model is that it takes the tool and
workpiece deflection, tool run-out, and material strengthening
effects into account during the flank milling of thin-walled
parts. Besides, model of the cutting tool is a more accurate

(b)

(c)(a)

Fig. 17 Topography of machined thin wall and micro-flank milling forces of different depth of cut in axial
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resemblance of the actual structure and the deflection of the
model is established on the Euler Bernoulli cantilever beam
theory under mesoscale. The mechanistic model is validated
by a series of micro-thin-wall experiments with a two-flute
KENNA micro-end mill as tool and Ti-6Al-4V titanium alloy
as workpiece material. The conclusions can be drawn as
follows:

(a) In terms of micro-flank milling forces by finishing ma-
chining under mesoscale. For all cases, the predicted
micro-flank milling forces of the proposed model have
good agreements with the experimental values. The am-
plitude of micro-flank milling forces in x-direction is a
little larger than that in the y-direction. Experimental re-
sults illustrate that the proposed model performs well for
calculating the micro-flank milling forces in the x-direc-
tion with an average error of 4.153%, while slightly larg-
er in the y-direction with an average error of 4.458%.

(b) The single-edge cutting phenomenon occurs when the
depth of cut in radial direction is less than 0.5d2 during
the flank milling of micro-thin-walled parts. The simu-
lated results show the total deflection of the tool and thin
wall leads to a slight decrease in the magnitude of the
micro-flank milling forces both in the x- and y-directions.
For both flutes, when considering the total deflection of
tool and thin wall, the micro-flank milling forces predict-
ed by the theoretical model have a better agreement with
the experimental results, compared to the calculations
made without considering the total deflection of tool
and thin wall.

(c) When considering the tool run-out, the predicted micro-
flank milling forces correspond closely with the actual
experimental values.

(d) The micro-flank milling forces in the x- and y-directions
gradually became larger as the depth of cut in axial in-
creased. During delamination micro-milling, the material
of a front layer can be removed partially by milling the
next layer.
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