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Abstract
Surface topography, which represents machined surface errors in 3D space, is a comprehensive way to estimate surface quality in
face milling. This paper presents a unified simulation model for the prediction of 3D machined surface topography considering
multiple error sources in face milling with multi-tooth cutter that has large diameter. In this model, the final machined surface
topography is described with a height-encoded and position-maintained colorful surface image that consists of multi-scale errors.
It is derived from a point cloud of residual surface height at each encoding contact location. The model includes the effects of
milling parameters, different kinds of initial setup errors, and process static/dynamic characteristics of machine tool-workpiece-
fixture system. The influences of inserts’ geometric structures on roughness scale are also introduced through beam elements. A
numerical algorithm is proposed to obtain the resultant point cloud based on the simulation model integrating with all the effects
of influence factors. Face milling experiments are conducted to validate and investigate the proposed simulation model.
Comparisons between simulated and experimental results show good agreement. And the proposed model can also be applied
to investigate the topography patterns induced by multiple error sources coupled and respectively. Thus provides a comprehen-
sion methodology to predict machined surface topography and the resultant topography patterns induced by multi-error sources
in face milling for its industry implementation.

Keywords 3D machined surface topography . Surface roughness . Face milling . Integrated error sources . Multi-tooth cutter .
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1 Introduction

Face milling with multi-tooth cutter are widely used in the
manufacturing of components with complex surfaces in the
automobile industry, such as in the manufacturing of engine
cylinder block, engine head, crank casing, and transmission
valve body [1, 2]. With the advancement of machine tool
technique, more powerful machining centers are used in in-
dustry application. It can provide high cutting speed and be
implemented with large cutter, thus can obtain high efficiency

and prospective machining quality simultaneously. The sur-
face quality is not only a vital indicator for the judgment of
machine tool’s performance in machining process but also a
critical factor related to the part function in service [3, 4].
Thus, a prediction model of surface quality is important not
only for designing and controlling of machine tool but also
assisting manufacturing engineer to determine better milling
strategies [5, 6].

Nowadays, many surface measurement techniques such as
high definition metrology (HDM) and areal topography
methods (ATM) have been implemented for 3D surface mea-
surements and have provided a possibility to the estimate sur-
face quality with surface topography of the entire machined
surface [7, 8]. High density data of million points can be
collected over a large surface area to represent the entire sur-
face for post-analysis through HDM. Based on this point
cloud of height, surface topography of the measured surface
can be generated. It can have a comprehensive understanding
of the machined surface, the machining process and the ser-
vice performance with the surface topography [9, 10]. The
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surface topography after milling process with multi-tooth cut-
ter having a large diameter is complex and non-homogeneous
[11] due to intermittent cutting characteristic and irregular
cutting trajectory of face milling [12]. Surface variation at
multiple length scales, from millimeters to decimeters, can
be observed in face milling with multi-tooth cutter having a
large diameter for large scale components, such as engine
head, engine block, and valve body [13]. Such patterns of
surface topography are highly related with cutting process
which involves multi-scale analysis of surface topography
over a large surface area. Therefore, the machined surface
should be characterized in multi-scale areas from macroscale
of global area (surface variation) to microscale of local area
(roughness). Traditional 2D surface quality parameters along
sampling lines are not sufficient to estimate machined surface
quality in these cases. A simulation model of a machined
surface topography estimating the surface quality is thus high-
ly desired.

The surface topography reflects the concave and convex of
the surface height and is determined by the machining error of
the actual machined surface relative to the desired ideal sur-
face. Surface topography is produced by the relative displace-
ment between the cutter’s edge and the workpiece resulting
from non-uniform material removal rate (MRR). Surface to-
pography consists of different scales machined surface error,
such as surface form error, flatness, waviness, and roughness,
and can provide a comprehensive view compared with 2D
surface error of single point or on a sampling line. The ma-
chined surface topography after face milling is strongly influ-
enced by the machine tool’s conditions, setup of machine tool-
workpiece-fixture, parameters of milling operation, and static/
dynamic characteristics of milling process. Each of them can
generate different types of errors and most of researches have
been conducted to study the generation of surface errors.

Geometric prediction models are widely used to simulate
the generation of surface errors in milling process. Gu et al.
[14] proposed a model to predict the surface flatness in face
milling with considering the elastic deflection of machining
system at the application points of cutting forces. State space
model and differential motion vector are useful to describe the
dimensional errors and quasi-static errors at form scale. Yang
et al. [15, 16] proposed an equivalent fixture error model of
datum error, fixture error, and machine tool path error to com-
pensating machining variation base on differential motion
vectors and state space model. The position errors and orien-
tation errors in multi-stage machining processes are integrated
with homogeneous transformation to describe the dimensional
variation propagation. Paris et al. [17] and Peigné et al. [18]
considered the chattering behavior of system’s vibration and
proposed a simulation model of milled surface shape error.
Dynamic characteristics of machining system, online compen-
sation adjustment of feed rate and trajectory location, and
forced vibration in stable and unstable can have effect on the

machined surface qualities [19, 20]. Belonging to these geo-
metric prediction models of shape error generation thorough
theoretical analyses, some researches focused on the effects of
tool deflection on surface shape variation and the effects of
wear of face mill teeth on surface roughness [21, 22]. These
mentioned models are trying to simulate the generation of
surface errors from different dimensional scales based on the
effects of different kinds of influence factors. Through geo-
metric prediction models and theoretical analyses, different
kinds of factors can be integrated together. But most of them
focus on single point error or on a plate of cutter along feed
direction in the peripheral milling. Thus cannot reflect the
non-uniform variation of surface topography in the face
milling.

Some researchers have been conducted on simulation of
3D surface topography in milling with end miller. Lavernhe,
Quinsat, and Lartigue [23, 24] studied the prediction and char-
acterization of 3D surface topography in 5-axis milling with
endmiller based onN-buffer method. Zhang et al. [25] studied
numerical simulation of machined surface topography in ball-
end milling based on the formulation of coordinate system
transformation. Omar et al. [26] introduced a prediction model
of surface roughness and topography in side milling operation
including a set of error sources. However, these are all about
simulation of surface topography of milling with small size
end miller, which cannot be applied on face milling with
multi-tooth cutter which has large diameter due to intermittent
cutting characteristic and irregular cutting trajectory.
Nevertheless, surface topographies of face milling can be se-
quentially studied through experimental design based on the
measurement techniques. But the error sources of machined
surface in face milling cannot be effective based on the corre-
lation analysis between experimentally measured surface to-
pography and process variables. Therefore, a cost-effective
simulation model for machined surface topography of face
milling is desired and helpful for estimating surface quality
and process controlling.

This paper presents a model for the simulation of surface
topography including multi-scale errors after face milling.
This work is focusing on face milling by multi-tooth miller
with large diameter. The model integrates the effects of differ-
ent kinds of error sources and influence factors on machined
surface topography together through spatial transformation
matrix. All the effects are transformed into the same state
space of machine tool-workpiece-fixture system. The incor-
porated factors include the conditions of machine tool such as
the spindle axis title of machine tool and the axially inclined
cutting path; the characteristics of cutter such as cutter runout,
cutter insert geometry, and insert runout; initial setup error of
fixture layout; and the characteristics of process such as the
milling parameters and static/dynamic characteristics of ma-
chine tool-workpiece-fixture system. In this model, the final
machined surface topography is represented with a height-
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encoded and position-maintained colorful surface image in-
cluding multi-scale errors from form error to roughness. The
machined surface topography is represented with the point
cloud of residual surface height at each encoding contact lo-
cation. Moreover, a set of face milling experiments are con-
ducted to validate the proposed predictionmodel. Comparison
of measured and predicted results is taken to test the accuracy
of the proposed model.

2 Mathematical model of surface topography

In this section, three main coordinate systems (CSs) are
established based on right-hand discipline, including the glob-
al coordinate system (GCS) and two local coordinate systems
(LCSs) attached to workpiece and cutter, respectively.
Simulation model of surface topography integrated with mul-
tiple error sources is established based on those established
CSs. Eight kinds of influence factors are considered such as
the static spindle axis tilt, the axially inclined cutter feed path,
cutter runout, cutter insert geometry, insert runout, initial lo-
cation error of fixture, parameters of machining process, and
characteristic of system dynamic. The surface topography is
encoded by the residual surface height between cutter edge
and workpiece at each encoded contact location in whole ma-
chined surface of workpiece, which is finally congregated as
point cloud of residual surface height of {z(x, y)}. For each
insert, the real cutting edge is partitioned as small beam ele-
ments and the governing function of each element is given
considering the geometry of contacted cutting blade.

2.1 Ideal formulation model of surface governing
function

The involved set of CSs is established to obtain the governing
functions of the machined surface topography. In Fig. 1,

suppose OXYZ is the GCS in which the workpiece machined
surface and the tool path are described. OcXcYcZc is a LCS
attached to the cutter. OwXwYwZw is another LCS attached to
workpiece.

In order to describe the machined surface topography rep-
resented with the relative displacement of cutter and work-
piece, governing functions described in the CS of OcXcYcZc
and CS of OwXwYwZw are transformed into the GCS of
OXYZ.

2.1.1 The governing function of cutting edge

The cutting edge’s effective cutting length denoted as hD as
shown in Fig. 1 is changing with the rotation angle. The sur-
face topography model should be established considering the
whole cutting edges but not only the cuter tips. To accommo-
date the tip’s structure, the whole effective length of cutter
edge is divided into beam elements. Each element is defined
by two nodes, (j, j + 1) for j-th beam element. The effective
length of j-th node on j-th beam element of i-th cutter insert to
its cutting tip can be determined by the following formula

r
0
i; jð Þ ¼ j−1

Ne
hD φi; θð Þ; j ¼ 1; 2; :::;Ne þ 1ð Þ ð1Þ

where hD(φi, θ) is the total effective cutting length of i-th
cutter insert with the rotation angle θ = − ωt, where ω is
the rotation angle of spindle around the clock direction. It
is changing with cutter rotation angle and can be theoret-
ically determined with the approach developed by Song
[27]. Ne is the total number of sampling portions of the
total effective cutting length. φi is the i-th insert angle,
φi = 2π(i − 1)/5.

Then the governing function of beam element with an ef-
fective diameter of r′ is given as
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Fig. 2 Definition of spindle axis tilt and its influence onmachined surface
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Po
ci r

0
� �

¼ T oc
o PÞR Zc; θð ÞPc

ci r
0

� ��
ð2Þ

where Po
ci r

0� �
and Pc

ci r
0� �

are the column vectors of
effective beam element (coordinates of i-th cutter insert
with a distance of r′ to its cutting tip), in GCS and
cutter’s LCS, respectively. The column vector of effec-
tive beam element in OcXcYcZc is defined by formula

of Pc
ci rð Þ ¼ R0 r

0� �
cos φið Þ;R0 r

0� �
sin φið Þ; 0; 1� �

i, where the

R(r′) is the diameter of each effective beam element,
R(r′) = R − r′. R is the tool radius. The T oc

o PÞ�
and

R(Zc, θ) are the transformation matrix with a transforma-
tion vector from CS of OcXcYcZc to CS of OXYZ and
rotational matrix with θ angle along Zo axis between CS
of OcXcYcZc and CS of OXYZ, respectively.

2.1.2 The governing function of workpiece

The origin point of workpiece CS is assuming on the OX axis
with a distance of tool radius. Then an arbitrary point on

workpiece with coordinates of Po
w ¼ xow; y

o
w; z

o
w; 1

� �T
can be

expressed as

Po
w ¼ T ow

o PÞPw
w

� ð3Þ

where T ow
o PÞ�

is the transformation matrix of workpiece CS
of OwXwYwZw to the GCS of OXYZ with a displacement
vector ow

o P. owo P is vector from OXYZ origin to OwXwYwZw
origin.

2.1.3 Formulation of surface topography

The surface topography is simulated as point cloud of surface
height that is represented as {z(x, y)}. The surface point cloud
can be used to describe the surface texture by a height-
encoded and position-maintained colorful surface image. It
is the foundation to analyze machined surface quality, such
as form, waviness, and roughness.

Based on the results of previous works [12, 26, 28, 29], the
machined surface error is the result of various factors that
generate the variation of actual material removal during mill-
ing process. For each cutting immersion point, the actual geo-
metric dimension of machined surface after milling is deter-
mined by the Z-axial instantaneous relative displacement of
intersection between i-th effective cutting tooth and
workpiece.

At each time step of t in milling process, the height of
cutting point is determined by the relative distance between
cutter insert and workpiece at the same point (x, y). At every
time step, the position of cutting insert can be determined by

Eq. (2). And the local coordinate of contact point of cutting
insert on workpiece at time step of t can be calculated by
Eq. (3). Then the surface height of j-th node on j-th beam
element of i-th cutter insert can be expressed as

z x; y; tð Þ ji ¼ zow0 xow; y
o
w; t

� � j
i− zow xow; y

o
w; t

� � j
i−z

o
c xoc ; y

o
c ; t

� � j
i

h i
ð4Þ

where xjt ¼ xoc t ¼ xow
�� ��

t and yjt ¼ yoc t ¼ yow
�� ��

t are the coordi-

nates of contact point between cutter (j-th node) and work-
piece at time step of t. zow0 is the nominal machining surface on
workpiece.

For each cutting instant, the location (x, y) of the immersion
point is calculated by the Eq. (2) and Eq. (3) in the space
domains of cutter and workpiece, respectively. It involves
the calculation of the locations in both CSs of cutter and
workpiece, and the unified transformation of these two loca-
tions from these two LCSs into the GCS. Thereafter, the Z-
axial displacements of cutter and workpiece corresponding to
the immersion point are determined. Eventually, the surface
error is calculated in Eq. (4).

Fig. 3 Definition of axially inclined cutter feed path and its influence on
machined surface

Fig. 4 The definition of cutter runout
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2.2 Influences of sources of machining errors

During face milling process, there are several errors from the
machine tool, spindle axis, workpiece, fixture and machining
parameters, and others that can deteriorate or improve the
machined surface quality. In this paper, eight kinds of error
sources are considered to formulate the surface topography
model, and the model presented in Section 2.1 is then com-
bined with these sources of errors.

2.2.1 Static spindle axis tilt

Static spindle axis tilt is induced by the initial setup error and
also the instant tilt caused by the moment of cutting force
along axial and feed direction. The moment-induced cutter-
spindle tilt is proportional to the instant cutting force [13]. As
shown in Fig. 2, spindle axis tilt is described by three param-
eters: the pitch angle around y-axis, roll angle around x-axis,
and a displacement vector.

With spindle axis tilt, the cutter will have a deviation com-
pared with the cutter LCS of OcXcYcZc at ideal condition.
Assuming the LCS of tilted cutter is Oc’X c’Y c’Z c’, the sur-
face model in Eq. (2) can be rewritten as

Po
ci r

0
� �

¼ T oc
o PÞT oc0

c P
0

� �
R X c;αcð ÞR Yc;βcð ÞR Zc0 ; θð ÞPc0

ci r
0

� ��
ð5Þ

where T oc0
c P

0� �
is the transformation matrix from tilted CS of

Oc’Xc’Yc’Zc’ to ideal CS of OcXcYcZc with a displacement

vector oc0
c P

0 ¼ Δxcoc0 ;Δycoc0 ;Δzcoc0 ; 1
� �t

. R(Xc, αc), R(Yc, βc),

and R(Zc', θ) are the rotation matrix around axis OcXc, OcYc,
and Oc’Zc’ with rotation angle of αc, βc, and θ, respectively.

2.2.2 Axially inclined cutter feed path

The axially inclined cutter feed path can be described as a real
cutting plate with a pitch angle βo to the ideal cutting plate as
shown in Fig. 3. The presence of cutter path inclination causes
a varying cutting depth distribution which results in an uneven
cutting force distribution along feed direction. Similarly with
the static spindle axis tilt, the axially inclined tool feed path
could avoid back-cutting.

Then the surface governing formula integrated with axially
inclined cutter feed path can be rewritten as

Po
ci r

0
� �

¼ T o′
o PÞT oc

o′ P
o
0 ÞR Zc; θð ÞPc

ci r
0

� ���
ð6Þ

where T oc
o′ P

o
0 Þ

�
is the transformation matrix of cutter or-

igin along cutting path with a displacement vector
oc
o′ P

o
0 ¼ ft; 0; fttan βoð Þ; 1½ �t.

2.2.3 Cutter runout

The cutter runout is defined by the eccentricity between the
Z-axial cutter’s geometrical center and the Z-axial rotation
center. It will change the real cutting radius that results in the
varying undeformed-chip width. Two parameters are used to
describe the cutter runout as shown in Fig. 4, the runout vector

Fig. 6 Definition of insert runout
and its influence on machined
surface

Fig. 5 Definition of geometry of
cutter insert and its influence on
machined surface
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of cutter center point (ρ, η) containing runout distance of ρ and
runout angle of η.

Then the cutter inserts’ position is transformed from eccen-
tric LCS of cutter with eccentricity to ideal LCS of cutter are
rewritten as

Po
ci r

0
� �

¼ T oc
o PÞR Zc; θð ÞT oc0 0

c0 Pc
0 0 0

	 

Pc0 0
ci rð Þ

	
ð7Þ

where T oc0 0
c0 Pc

0 0 0
	 


is the transformationmatrix from eccentric

CS of Oc”Xc”Yc”Zc” to ideal CS of Oc’Xc’Yc’Zc’ with a dis-

placement vector oc0 0
c0 Pc

0 0 0 ¼ ρcosη; ρsinη; 0; 1½ �t.
As the previous work byYang [28], the cutter runout can be

identified as the difference value of the cutter rotary eccentric-
ities which are measured by laser sensor under low-speed
rotation status and high-speed rotation status without machin-
ing, respectively.

2.2.4 Cutter inserts geometry

Cutting edges are produced by the contact cutting blade with a
width along the cutter radius. The cutter insert geometry es-
pecially the blade geometry will affect the Z-axial residual
height along the cutting edges in radial direction [30]. Tool
wear changes the insert geometry during milling process in
practical application, which will be resulted in the microscale
roughness of machined surface. The geometry of tool wear
can be characterized by the geometrical model proposed by
Pimenov [22]. Several kinds of general geometries of cutter
insert are shown in Fig. 5.

The initial depth of cutter tips on Z-axial direction is chang-
ing along radial position according to the geometry of cutter
insert. The initial depth h(r′) is determined by the geometry

and the radial position, and it will affect the residual cutting
materials along the effective cutting length. With beam ele-
ments, the effects of microscale roughness corresponding to
the changing geometry of cutter blade can be partitioned
modeled. The governing function of beam element on cutter
insert can be renewed as

Po
ci r

0
� �

¼ T oc
o PÞR Zc; θð ÞPc

ci r
0
; h r

0
� �� ��

ð8Þ

w h e r e Pc
ci r

0
; h r

0� �� � ¼
R0 r

0� �
cos φið Þ;R0 r

0� �
sin φið Þ; h r

0� �
; 1

� �t
i and h(r

′) is the height

of cutter blade in LCS of cutter at the point with a distance r′ to
the edge of cutter tip.

2.2.5 Insert runout

The insert runout is defined by the position errors of i-th insert
compared with the ideal insert position, which is mainly
caused by setup error and manufacturing error of insert.
There are two parameters to describe the insert pre-set induced
insert runout, Z-axial runout error of Δzi and radial runout
error of ρi. They can be measured by tool presetting and mea-
suring machine based on CCD imaging in static status.

For each element of insert as shown in Fig. 6, the real initial
height of cutting beam element on cutter blade with initial
insert runout, h(r′), is determined by the combination of tra-
jectories of two neighbor inserts. The height of cutting beam
element is divided into two parts, ahead and behind the cutting
tip or the blade center of o. Then the surface governing for-
mula integrated with insert runout is refreshed as

Po
ci r

0
� �

¼ T oc
o PÞR Zc; θð ÞPc

ci r
0
; ρi;Δzi

� ��
ð9Þ

w h e r e Pc
ci ¼

R0 r
0� �þ ρi

� �
cos φið Þ; R0 r

0� �þ ρi
� �

sin φið Þ;Δzi r
0� �
; 1

� �t
i and

Δzi(r
′) is the Z-axial runout to the nominal machining surface

of element with a distance of r′. It can be determined by the
geometry of insert and initial Z-axial runout error of tip that
Δzi(r

′) =Δzi + h(r′).

2.2.6 Initial location error of fixture

Generally, the workpieces are installed on standard fixture.
Because of manufacturing error or installation errors of fixture
in practical manufacturing, the real location of workpiece will
deviate from the ideal place, and so it is with the nominal
machining surface. The general description of the influence
of fixture error on machined surface is shown in Fig. 7.

Fig. 7 Definition of initial fixture location error and its influence on
machined surface
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The error plane of workpiece described by deviation an-
gles of (αw, βw, γw) forms the ideal plane of fixture datum
and deviation of origin point of (Δxw0,Δyw0,Δzw0)

T. Only
the Z-axial direction errors are concerned to determine the
practical nominal cutting surface. Then the surface
governing formula integrated with location error of fixture
can be rewritten as

Po
w ¼ T ow

o PÞT ow0
w PÞR Xw;αwð ÞR Yw;βwð ÞPw0

w

��
ð10Þ

where T ow0
w PÞ�

is the transformationmatrix of workpiece tilted
CS of Ow’Xw’Yw’Zw’ to the ideal LCS of OwXwYwZw with

vector ow0
w P. ow0

w P is the vector from OwXwYwZw origin to
Ow’Xw’Yw’Zw’ origin.R(Xw,αw) and R(Yw, βw) are the rotation
matrix around axis OwXw and OwYw with rotation angle αw

and βw, respectively.

2.2.7 Parameters of machining process

The parameters of machining process, including the spindle
speed, the feed rate, and the depth of cut, have direct or indi-
rect influence on the machined surface topography. For exam-
ple, the feed rate is directly related with the width of
undeformed-chip and then related with the machined surface
topography grooves.Whereas, the spindle speed, depth of cut,
and feed rate, these parameters will determine the cutting force
combining together, thus to influence the actual material re-
move and the surface topography indirectly.

2.2.8 Characteristic of system dynamic

In this study, only the motions in Z-axial direction of work-
piece and cutter insert caused by cutting force variation are
considered to generate the machined surface errors.
Consequently, the effects of forced vibration on the surface
roughness are taken into account, while the effects of regen-
erative chatter caused by the self-excited vibration are
neglected [12, 28]. The dynamic movement of machining sys-
tem which consists of machine tool and workpiece can be

represented by an equivalent of a single degree of freedom
spring-mass-damper system in the Z-axial direction both for
the machine tool and workpiece, respectively. Based on the
modal differential equations (MDEs) of machining system
[12], the Z-axial relative displacements between the cutter
insert and workpiece can be calculated by MDEs under stable
cutting condition with updating the instantaneous vibration
displacement of milling system caused by cutting force varia-
tion. Then at t moment, the Z-axial relative displacement
zDR(t) between the cutting insert and workpiece can be up-
dated as

zDR tð Þ ¼ δc−δw ð11Þ
where δcand δware respectively the instantaneous vibration
displacement of the cutter insert and of the workpiece along
the Z-axial direction caused by the cutting force.

Based on the previous work by Shi [12], three steps are
needed to obtain the Z-axial relative displacements induced
by the force vibration between the cutting insert and work-
piece: (1) determine the modal parameters of face milling
system in the MDEs based on modal impact experiments
[31], (2) acquire the Z-axial cutting force through force mea-
surement in face milling experiment [32], (3) obtain the in-
stantaneous vibration displacements of cutter and workpiece
by solving the MDEs according to the measured modal pa-
rameters and Z-axial cutting force.

2.3 Unified model integrated with error sources

By a comprehensive description of all the error sources, the
practical governing functions of cutter, workpiece, and the
machined surface topography can be obtained. The model
of cutting edges unified with sources of error of j-th node on
j-th beam element of i-th cutter insert having an effective
cutting length of r′(i, j)can be expressed as the following
formula

Po
ci r

0
� �

¼ Tðo′o PÞ � T

 
oc
o′P

o
0�� T oc0

c P
0

� �
R X c;αcð ÞR Yc;βcð Þ � R Zc0 ; θð Þ � T oc0 0

c0 Pc
0 0 0

	 

� Pc

cr r
0
; ρi; h r

0
� �

;Δzi
� �

¼
Mrcos βcð Þ þ Qrsin βcð Þ þΔxcoc0 þ ft;
Mrsin αcð Þsin βcð Þ þ Nrcos αcð Þ−Qrsin αcð Þcos βcð Þ þΔycoc0 ;
−Mrcos αcð Þsin βcð Þ þ Nrsin αcð Þ þ Qrcos αcð Þcos βcð Þ þΔzcoc0−ap−fttan βoð Þ;
1

2
664

3
775
i

ð12Þ
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where

Mr

Nr

Qr
1

2
664

3
775
i

¼

R
0
r
0

� �
þ ρi

� �
cos φi þ θð Þ þ ρcos ηþ θð Þ

R
0
r
0

� �
þ ρi

� �
sin φi þ θð Þ þ ρsin ηþ θð Þ

h r
0

� �
þΔzi

1

2
666664

3
777775
i

After the determination of location of cutter edges and
workpiece, the formula of surface topography can be finally
obtained as

z x; yð Þ ¼ zow0 xow; y
o
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� �
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o
w

� �
−zoc xoc ; y

o
c
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3 Algorithm of simulation and post-process

This section will summarize the solution procedure for face
milling simulation in Section 2 with the flow chart as shown in
Fig. 8.

The flow chart of principle and complete procedures is
explained briefly in the following. For each cutting step, the
cutting trajectories of cutter tips are evenly discretized as co-
ordinate points both in cutter angular step and feed step. For
each insert in the cutting surface domain, the cutting width is
partitioned as small beam elements, thus it can be used to
reflect the geometry of cutting insert. Each small beam ele-
ment is proportional to the feed rate per tooth. That is to say,
the total number of small beam elements is varying to the real
undeformed-chip thickness. For each small beam element of
cutting edges in cutting area, both the height of cutting edge
and the height of cutting point in workpiece can be calculated
according to the element’s coordinates (x, y) and so it is with
the final residual height of cutting point. Then the same pro-
cedure is repeated to calculate the residual height distribution
for those beam elements in the instantaneous cutting edge
until the j-th beam element is out of the real undeformed-
chip thickness. The next cutting step is carried until the resid-
ual heights of all the nodal points on the total inserts are ob-
tained. The same procedure is repeated for the nest cutting
step until the cutter leaves the cutting area. At last, a point
cloud of surface residual height can be obtained to describe
the machined surface.

A post-procedure for the point cloud of surface residual
height is proposed in order to obtain a height-encoded and
position-maintained colorful surface image [10]. The post-
procedure is carried out based on the software of Matlab
R2014a. Usually, three steps are needed such as leveling op-
eration, grid generation, and colorful converting. The first step
is obtaining a point cloud on the nominal machining surface.
A least square plane is fitted to represent the nominal machin-
ing surface. The second step is to generate a regular grid of
machined surface. A continuous surface can be interpolated
using coordinates of original leveled point cloud by Delaunay
triangulation. Then the column data of point cloud is trans-
formed into a panel data of interpolated surface. Then the last
step is to convert the interpolated panel data into colorful
image. Each element of the panel data is encoded into color
as a pixel of the image. After the post-procedure, the residual

Initialize variables.

Machining parameters, cutter

and workpiece geometry.

Start

Initialize sources of machining error.

Cutter axis tilt, cutter runout, cutting edge’s

geometry, insert runout, workpiece error.

Cutter feed position at t-th time step.

For the initial t=0, set the 1-st cutting
edge at the origin point of workpiece.

i-th insert’s position.

Calculate i-th insert’s angle and its

cutting edge’s position.

Cutting edge in surface

domain?

Calculate beam element’s position (x,y)
with distance of j-th portion of

undeformed-chip width.

Calculate the cutting edge’s height

Zc(x,y) and relative height of

workpiece Zw(x,y).

Cutting in surface domain?

Calculate residual height of beam

element Zc(x,y)-Zw(x,y)

End

i=i+1

j=j+1

t=t+1

If t<tend?
(tend= total cutting time)

If i<Nz?
(Nz= total number of

inserts)

No

Yes

No

No

Yes

No

Final point cloud of topography

{Zc(x,y)-Zw(x,y)}

Yes

Yes

Fig. 8 The simulation algorithm of machined surface topography
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heights are indicated by different colors and then a colorful
map of the surface topography can be derived. Based on it,
different kinds of surface parameters can be calculated.

4 Case study

Face milling experiments were conducted on a five-axis ma-
chining center (DMGHSC-75) to test the proposed numerical
methodology. The experimental setups are shown in Fig. 9.
The workpiece was directly clamped with a vise through the
vertical direction of feed in the milling tests. A case aluminum
fixture was mounted between workpiece and vise. The mate-
rial of workpiece is 5054 aluminum alloy and the dimensions
are 100 mm× 100 mm in size and 60 mm in thickness. The
effective machined area is 100 mm × 80 mm on the top of
workpiece as shown in Fig. 10.

The milling tool is a 100 mm diameter face mill with 10
inserts while only 5 interval inserts were applied during the
experiments. The axial runout and radial runout for each cut-
ting tips were measured. The parameters of face milling cutter
and inserts are given in Table 1.

Two different tests were taken with different feed rates for
investigating the model accuracy: Test I 0.3 mm/tooth and
Test II 0.5 mm/tooth, respectively. And the spindle speed is
1000 r/min. The depth of cut is 0.5 mm. All the machining
operations were performed on dry condition. And for each
test, the face mill milled through the middle of the workpiece
to generate the machined surface with different spindle titled
induced by different cutting forces.

The detail process parameters of face milling operations
and the parameters of error sources of machined surface were
identified during this set of experiments and then used in the
simulations with the same values. The static tilting angle of
spindle axis can be estimated using several tool marks of mea-
sured surface texture based on the method proposed by
Nguyen [13]. The surface texture was measured by surface
optical profiler (KEYENCE KS-1100). Only the static spindle
axis tilt angle around Y-axis was considered in this study, it can
generate the Z-axial errors of machined surface. Whereas the
spindle tilting angle around X-axis and the displacement vec-
tor of cutting center, which mainly generated the runout of
cutting trajectory in cutting plane, were assumed keeping

Cutter

FixtureWorkpiece

X

Z

YY
XZ

Workpiece

Fig. 9 Experimental setups of
face milling

Table 1 Parameters of the face cutter and inserts

Parameters

Radius of face cutter (mm) 100

Number of effective teeth 5

Approach angle (°) 45

Radial rake angle (°) − 5.0
Axial rake angle (°) 20.0

Wiper edge length (mm) 1.5

Cutting edge length (mm) 12.7

Insert thickness (mm) 4.8

A A

B

B

X
Y

Z
Y

Measured area

Fig. 10 The geometry of workpiece and the sampling measured area
(unit: mm)
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small and ignored in face milling. Consequently, the identified
values of spindle axis tilt angles used in two cases were 6.9 ×
10−3(°) of spindle tilted in test I and 9.2 × 10−3(°) of spindle
tilted in test II. The dynamic spindle runouts (defined as cutter
runout in Fig. 4) were recognized as very small during face
milling on machining center and the values in this set of ex-
periments are zeros. The insert runout of five effective teeth
cutter installed in face milling experiment was measured by
tool presetting and measuring machine (ZOLLER Tool
Inspection-Redomatic 600) in static status before experiments.
They were calibrated based on the measured surface texture of
machined surface after face milling. The final measured axial
runout of each insert is recognized as 8.6, − 3.4, − 4.4, − 5.4,
and − 4.6 μm and the radial runout is − 9.6, 3.6, − 23.4, − 0.4,
and 10.6 μm, respectively.

After face milling process, the machined surfaces in the
two tests were measured by CMM-Leitz PMM-Xi to get the
point cloud of the residual surface heights of machined sur-
faces. The measurement areas were set as 4.5 mm× 72 mm
with different scanning steps, step of 0.12 mm for Test I and
step of 0.15 mm for Test II, respectively. The measured point
clouds of machined surfaces were then processed with
MATLAB R2014a to get the topographies. Besides, two sam-
pling lines were extracting from the point cloud to reflect the
variations along center line (A-A) in feed direction and along
the perpendicular line (B-B) in cross sections, respectively.

During face milling process, the cutting forces are chang-
ing with the material removal rate which is differing with
cutting positions and rotation angles. The cutting forces in
the two tests were different because of different feed rates.
The dynamic axial displacement between workpiece and cut-
ter were considered in the case studies. In this study, the rep-
resentative instantaneous dynamic Z-axial displacement of
case I is simulated as shown in following Fig. 11.

The predicted topographies are generated based on the pro-
posed model with the same parameters which are applied in
the machining experiments. And, because several teeth con-
tribute to generate the machined surfaces, the surface topog-
raphies are simulated considering the spindle tilt reduced un-
der the cutting force, the axial runout and radial runout errors
of the face cutter. After that, they are compared with the mea-
sured results. The surface topographies obtained experimen-
tally and numerically are illustrated in Fig. 12 for the two cases
with different milling feed rates.

And also the surface variations along the center line in X-
direction and cross-section in Y-direction are demonstrated in
Fig. 13 and Fig. 14, respectively.

It can be seen from Fig. 12a and b in case I and Fig. 12c and
d in case II that the contours of the simulated and the measured
surface are in agreement. Surface topographies generated in
face milling by cutter with large diameter consists of grooves.
And the width of grooves generated with feed rate of 0.3 mm/
tooth is larger than that of feed rate of 0.5 mm/tooth. The
grooves are narrower and narrower along Y-direction from
center to the edges. The range of surface errors for the ma-
chined surface generated with feed rate of 0.3 mm/tooth is
larger than that of feed rate of 0.5 mm/tooth. For the face
milling by multi-tooth cutter with wiper, the view of topogra-
phy with grooves is mainly affected by the feed rate on the
width of grooves.While the height of surface roughness or the
profiles are affected much more by the axial and radial runout
than the cutting parameters of feed rate.

In Fig. 13, the predicted values are highly consisted with
the measured. In Fig. 13b and Fig. 14b, when compared to
experimental results, the simulated surface profile along per-
pendicular sampling line (B-B) is found to be in good agree-
ment with the measured ones. The difference between the
predicted values and the measured values in Fig. 14b in the
center areas may come from the non-uniform along feed di-
rection that the profiles may produce with different inserts
with different axial runout. Moreover, the difference of pro-
files in Fig. 14a is larger than that of in Fig. 13a, it may come
due to the larger dynamic displacement generating by the
larger cutting forces and larger feed rate. From above results,
it can be concluded that the surface topography model is ca-
pable for the simulation of machined surface topography gen-
erated in face milling with multi-tooth cutter.

Surface parameters of the surface topographies shown in
Fig. 12 are listed in Table 2 for comparison. Among the arith-
metic mean surface roughness Sa and root mean square surface
roughness Sq based on statistical evaluation of height distribu-
tion, energy and entropy in four directions (0°, 45°, 90°, 135°)
based on gray level co-occurrence matrix theory are also stud-
ied. They can reflect the local distribution patterns of different
surfaces [8, 10]. In the case I, the parameters in simulation and
experimental show good agreement with each other. The errors
relative to themeasured values of Sa, Sq, and entropy are 8.28%,
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Fig. 11 Simulated dynamic Z-axial displacement between workpiece and
cutter
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5.11%, and 4.03%, respectively, which are smaller than that
shown in Ref. [28]. The deviation value of energy in case I is
0.0007 which is very small. The comparison results show the
high accuracy of the proposed simulationmethod. Although the
surface topography and surface parameters show a good level
of coherence in case I, there are some deviations between sim-
ulated and measured surface parameters in case II which is
conducted with a larger feed rate. Frankly, the cutting heat
and regenerative effect caused by the self-excited chatter are
neglected in the simulation which could have large influence
on surface parameters in face milling with large feed rate.
Therefore, the difference between the measured and simulated
surface parameters is relatively large in face milling with large
cutter and large feed rate. Besides, further investigations are
needed to investigate the regenerative effect of cutting force
and cutting heat on surface parameters.

5 Conclusions

This paper focused on the prediction of machined surface
topography in face milling with multi-tooth cutter which has
large value of diameter and cutting wipers on the inserts. A
unified geometric methodology for the prediction was pro-
posed and validated with face milling tests.

The prediction model can generate point cloud to simulate
the topography of machined surface resulting from the face
milling process using a multi-tooth cutter. The unified model
was established by considering the geometry of cutter inserts,
the parameters of machining process, machine-tool-workpiece
dynamics, and integrating together with several sources of
errors including the spindle axis tilted error, cutting path in-
clined error, cutter runout both in axial and radial directions,
initial location error of fixture. The verification results showed
that the proposedmodel could be capable for the simulation of
machined surface topography.

Tests can be furtherly taken to study the model’s sensitivity
to several sources of errors based on the unified model. The
different patterns of topographies resulted from the coupling
error sources can be investigated.
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