
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/281204545

Tool	Wear	Monitoring	of	Wiper	Inserts	in
Multi-Insert	Face	Milling	Using	Three-
Dimensional	Surface	Form	Indicators

Data	·	August	2015

CITATIONS

4

READS

55

4	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Jidian	BEV	View	project

Meng	Wang

Shanghai	Jiao	Tong	University

7	PUBLICATIONS			25	CITATIONS			

SEE	PROFILE

Shichang	Du

Shanghai	Jiao	Tong	University

49	PUBLICATIONS			297	CITATIONS			

SEE	PROFILE

Lifeng	Xi

Shanghai	Jiao	Tong	University

180	PUBLICATIONS			1,687	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Shichang	Du	on	24	August	2015.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document
and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/281204545_Tool_Wear_Monitoring_of_Wiper_Inserts_in_Multi-Insert_Face_Milling_Using_Three-Dimensional_Surface_Form_Indicators?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/281204545_Tool_Wear_Monitoring_of_Wiper_Inserts_in_Multi-Insert_Face_Milling_Using_Three-Dimensional_Surface_Form_Indicators?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Jidian-BEV?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meng_Wang35?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meng_Wang35?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Shanghai_Jiao_Tong_University?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meng_Wang35?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shichang_Du?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shichang_Du?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Shanghai_Jiao_Tong_University?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shichang_Du?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lifeng_Xi?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lifeng_Xi?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Shanghai_Jiao_Tong_University?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lifeng_Xi?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shichang_Du?enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Meng Wang1

State Key Laboratory of Mechanical System

and Vibration,

Department of Industrial Engineering

and Logistics Management,

School of Mechanical Engineering,

Shanghai Jiao Tong University,

800 Dongchuan Road,

Shanghai 200240, China

e-mail: mwang@sjtu.edu.cn

Te Ken
State Key Laboratory of Mechanical System

and Vibration,

Department of Industrial Engineering

and Logistics Management,

School of Mechanical Engineering,

Shanghai Jiao Tong University,

800 Dongchuan Road,

Shanghai 200240, China

e-mail: kente@sjtu.edu.cn

Shichang Du
State Key Laboratory of Mechanical System

and Vibration,

Department of Industrial Engineering

and Logistics Management,

School of Mechanical Engineering,

Shanghai Jiao Tong University,

800 Dongchuan Road,

Shanghai 200240, China

e-mail: lovbin@sjtu.edu.cn

Lifeng Xi
State Key Laboratory of Mechanical System

and Vibration,

Department of Industrial Engineering

and Logistics Management,

School of Mechanical Engineering,

Shanghai Jiao Tong University,

800 Dongchuan Road,

Shanghai 200240, China

e-mail: lfxi@sjtu.edu.cn

Tool Wear Monitoring of Wiper
Inserts in Multi-Insert Face
Milling Using Three-Dimensional
Surface Form Indicators
The wear of wiper inserts directly affects the finishing surface quality in multi-insert face
milling. This research aims at monitoring the wear of wiper inserts, using 3D surface
form as tool wear indicators. 3D surface height map of the face-milled surface is meas-
ured by a high definition metrology (HDM) instrument and converted into height-
encoded and toolmark-straightened gray images. 3D surface form indicators, including
entropy and contrast, are extracted from the converted images with a modified gray level
co-occurrence matrix (GLCM) method. Meanwhile, the wear of wiper inserts is measured
using a tool presetter and measuring machine without dismounting wiper inserts from the
cutter. Experimental results indicate that entropy shows a strong correlation with aver-
age axial wear of the wiper edges and contrast reflects the evolution of axial offset
between wiper inserts. [DOI: 10.1115/1.4028924]

Keywords: tool wear, wiper insert, high definition metrology, gray level co-occurrence
matrix

1 Introduction

Cutting tool wear has a direct impact on product quality, pro-
duction efficiency, and tool change cost. Therefore, monitoring
tool wear is essential to ensure cutting tools in satisfactory condi-
tion and reduce downtime and tool costs [1].

Methods for tool wear monitoring have been extensively stud-
ied. These methods consist of two categories: direct methods and
indirect methods. Direct methods measure actual geometric
changes of cutting edge using machine vision [2–6] or scanning
electron microscope (SEM) [7] directly. However, direct methods
are influenced by illumination condition, reflectance of tool edge,
coolant mist, and efficiency. Indirect methods take advantage of
related signals as tool wear indicators, such as cutting force [8,9],
torque [10], vibration [11,12], drive parameters [13,14], and
acoustic emission [15,16]. Among indirect methods, using surface

texture as tool wear indicators has long been a matter of interest.
Because tool wear affects the surface texture of the final parts
[17]. In other words, the texture of the machined surface is a rep-
lica of the changing of the cutting tool shape [18]. Furthermore,
the primary factor that results in degradation of surface finish and
form accuracy is the change of cutting tool shape under stable
machining condition [19]. Therefore, surface texture can provide
reliable and detectable information for tool wear monitoring.

Surface texture used for tool wear monitoring mainly comes
from three kinds of measuring techniques: (a) contacting stylus
techniques, (b) machine vision techniques, and (c) noncontacting
optical techniques. Contacting stylus techniques can directly mea-
sure surface texture, such as roughness and waviness, for tool con-
dition monitoring [20]. However, despite of the high measuring
accuracy, contacting stylus techniques are highly localized and
are difficult for online application. Machine vision techniques
extract surface texture parameters from the obtained images. With
rapid image capturing speed, machine vision systems are qualified
for online tool wear monitoring. A thorough review of image tex-
ture analysis methods for tool condition monitoring can be found
in Ref. [21]. However, extracting surface texture using machine
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version is not straightforward as surface texture is predicted by
captured surface images indirectly. The image quality is influ-
enced by nonuniform illumination, depth of focus, and noises
(dirt, cut chips, etc.) in the industrial environment. Noncontacting
optical techniques, such as phase-shifting interferometry, coher-
ence scanning interferometry, and atomic force microscopy, can
achieve accurate 3D surface measurement directly [22]. Some of
these techniques have huge potentials for online tool condition
monitoring due to fast measurement speed. However, these tech-
niques usually have a small field of view so that they cannot
reveal the subtle textural changes of the entire surface.

Due to a lack of metrology that is able to measure large surfaces
with high resolution, tool wear monitoring using 3D surface infor-
mation of the entire surface has seldom been studied. A recent
advancement of noncontact optical technique, HDM, gains the
ability to measure 3D surface height map of the entire surface at
sub-lm level within 40 s [23]. For example, as shown in Fig. 1,
the engine block surface measured by HDM including about
0.8� 106 data points covers an area of 320 mm � 160 mm with
0.15 mm resolution in x–y direction and 1 lm accuracy in depth
direction. Therefore, the 3D surface topography of the entire sur-
face examined by HDM presents a novel platform for online tool
condition monitoring. Liao et al. [24] used 2D Gaussian filter to
extract 3D surface waviness of machined to access flank wear of a
single cutting insert. In order to avoid boundary distortion, a mini-
mum evaluation area is required when using 2D fillers. However,
discontinuous surfaces like engine block surfaces with cylinder
holes, bolt holes, and cooling holes, do not always have the con-
tinuous large enough area for 2D filtering operations. 3D surface
form features introduced in Ref. [25] can describe the 3D height
and spatial information of the entire discontinuous surface meas-
ured by HDM, which serve as a promising tool to monitor the
wear of wiper inserts. Nevertheless, for multi-insert face milling
with cutting inserts and wiper inserts in the same cutter, surface
finish quality depends more on wiper inserts than cutting inserts.
Therefore, this research aims to monitor the wear of wiper inserts
in multi-insert face milling using 3D surface form indicators.

The remainder of this paper is organized as follows: Sec. 2
describes the experimental setup of multi-insert face milling and
the wear measurement of wiper inserts. Section 3 presents a
method on extraction of wear indicators from 3D surface height
map measured by HDM. Experimental results and discussions are
given in Sec. 4. Finally, Sec. 5 draws conclusions and discusses
future research.

2 Measurement of Wiper-Insert Wear

An experiment on engine blocks was performed to study the
wear of wiper inserts in a multi-insert face milling. Engine block
surfaces were machined by a KNOLL KF400 machining center.
The engine block material is FC250 cast iron with the following
chemical composition: 3.0–3.4% C, 1.9–2.4% Si, 0.66–0.9% Mn,

0.2–0.5% Cr, 0.3–0.8% Cu, 0.15%S, 0.10%P. Quaker 370 KLG
cutting fluid was used. Cutting parameters were set the same as
those parameters for the production line: the depth of cut was
0.5 mm, the cutting speed was 1300 rpm, and feed rate was
3360 mm/min.

The face milling cutter has a diameter of 200 mm with 15 cut-
ting inserts intercalated by three wiper inserts. As shown in Fig. 2,
inserts 1–5, 7–11, and 13–17 are the cutting inserts and inserts 6,
12, and 18 are the wiper inserts. The cutting tool material for the
wiper insert is PCBN. The cutting inserts and wiper inserts were
mounted based on the following criterion. The maximum admissi-
ble axial deviation between the three wiper inserts was 0.003 mm.
The cutting inserts were installed between 0.02 mm to 0.06 mm
below the lowest wiper insert. Table 1 shows the cutting angles of
the cutting inserts and wiper inserts.

We measured worn wiper inserts using a Hitachi SEM S-
3400 N to identify the predominant wear modes. Figure 3 shows
the flank face and the rake face of the worn wiper insert. The dom-
inant wear patterns within the normal life period were observed to
be microcracks and axial lowering of the wiper edge. The micro-
cracks, which combine the wear on the flank face and rake face,
are adjacent to the wiper edge. This is because the cutting force is
concentrated adjacent to the wiper edge as the insert-chip contact
length for wiper inserts is short. Adhesion and abrasion are also
considered to be the wear mechanism for PCBN wiper inserts
[26]. The lowering of the wiper edge in the direction parallel to
the axis of the cutter could be caused by plastic deformation or
plastic lowering due to high temperature creep and could be the
predominant cause of premature tool failure [27].

However, the inserts had to be dismounted from the cutter to
measure the subtle wear of wiper inserts using SEM or tool mak-
er’s microscope. The disengagement and engagement of the
inserts and the cuter will result in mounting error, which will alter
the normal wear process of the wiper inserts in subsequent opera-
tions. To tackle this problem, we use ZOLLER Venturion 600, a

Fig. 1 3D surface height map measured by HDM

Fig. 2 The face milling cutter with 15 cutting inserts and 3
wiper inserts

Table 1 Geometry of cutting inserts and wiper inserts

Tool geometry Cutting inserts Wiper inserts

Radial rake angle 0 deg �16 deg
Axial rake angle 9 deg 0.2 deg
Cutting edge angle 90 deg 90 deg
Minor cutting edge angle 0 deg 4 deg
Inclination angle 9 deg 0.2 deg
Tip radius 0.8 mm 1 mm
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tool presetter and measuring machine, to measure the axial posi-
tions of all inserts without dismounting the inserts from the cutter.
Then the lowering of the wiper edge is calculated as the changes
of axial positions of wiper edges.

As we mainly focus on monitoring the tool wear in normal pro-
duction, the number of machined engine blocks is set at 350,
which is the preset tool life span. Axial positions of all inserts

were measured every 50 engine blocks. Figure 4(a) shows the
measured axial positions of the three wiper insert 6, 12, and 18.
However, we found that the present axial positions could be
higher than previously measured axial positions. For example, the
axial positions of the wiper inserts after machining 50 engine
blocks are higher than the initial axial positions. This phenomenon
is not consistent with common scene that the inserts would be
shorter due to the wear of cutting edges. This strange phenomenon
happens because ZOLLER Venturion 600 introduced reference
error for each measurement. This reference error has no effects on
tool presetting because it does not affect the relative axial posi-
tions of the three wiper inserts and the 15 cutting inserts. How-
ever, absolute axial positions of wipers edges cannot be obtained
due to the reference error. Therefore, a compensation process is
needed to acquire the actual axial positions from the measured
results.

Assume that the axial positions of all inserts are lower or equal
to the previous positions in the machining process. Therefore,
there is a least reference error to make sure that the axial position
of each insert is lower or equal to the axial position of the same
insert in previous measurement. The least reference error can be
used to compensate for the absolute axial positions of the wiper
inserts. The least reference error is calculated as follows:

Ei ¼
0; i ¼ 1

max zj
i � zj

i�1

� �
; i ¼ 2; :::; 8; j ¼ 1; :::; 18

(
(1)

where zj
i is the ith measured axial position of the jth insert. Ei is

the least reference error between the ith measurement and (i�1)th
measurement. E1¼ 0 because the there is no reference error for
the first measurement. The range of subscript i is from 1 to 8
because the experiments machined a total of 350 workpiece and
measured every 50 workpiece. In addition, the range of super-
script j is from 1 to 18 representing the 15 cutting inserts and 3
wiper inserts. The compensated axial positions of the inserts are
calculated as follows:

Zj
i ¼ zj

i � Ei; i ¼ 1; :::; 8; j ¼ 1; :::; 18 (2)

where Zj
i is the compensated axial position of the jth insert for the

ith measurement. The compensated axial positions for wiper insert
6, 12, and 18 are shown in Fig. 4(b).

The axial lowering of each wiper edge is obtained by calculat-
ing the difference between the initial axial positions and the com-
pensated axial positions

dj
i ¼ Zj

iþ1 � Zj
1; j ¼ 6; 12; 18 (3)

The lowering of the wiper edge in this experiment is calculated
as the average lowering of the three wiper inserts, and the results
are shown in Fig. 5. The lowering of the wiper edge increased

Fig. 3 Wear of wiper inserts

Fig. 4 Axial height of wiper edges versus number of blocks
machined: (a) measured axial height and (b) compensated axial
height
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with the number of machined engine blocks. The magnitude of
the lowering of the wiper edge was at the scale of micrometer.
The lowering value reached 10.85 lm after machining 350 blocks.

3 Extraction of Wear Indicators

This section describes how to extract wiper-wear related indica-
tors from HDM data. The wiper inserts with a wiping flat (also
called parallel land) are used to produce featureless surface finish.
However, in practical machining situations, wear and axial offsets
of wiper inserts make rather complicated surface texture. Wear
indicators of wiper inserts can be extracted from 3D surface
height map measured by HDM data. The extraction process
contains three steps. First, we converted HDM data into a height-
encoded gray image that contains all the height and spatial infor-
mation of the entire surface. Second, the curvilinear toolmarks of
the converted image are straightened to ensure equivalent distance
between two adjacent toolmarks along the same direction. Finally,
we adopted a modified GLCM method to describe the second
order statistical information of the machined surface, which
avoids boundary distortion. 3D surface form features, including
entropy and contrast, are calculated from the modified GLCM
along the direction perpendicular to the straightened toolmarks as
wear indicators. The correlation of these indicators with wear of
wiper inserts was studied in experiments conducted in real
industrial environment.

3.1 Gray Image Converting. Raw HMD data contains a
large number of data points with noises in both horizontal direc-
tion and vertical direction. The HDM data should be preprocessed
to a suitable data type for further analysis. Therefore, the HDM
data preprocessing method proposed in Ref. [25] was introduced
to convert HDM coordinates ½Xi Yi Zi� into a height-encoded gray
pixel Iðm; nÞ with all the height and spatial information of the raw
HDM data. The pixel index ðm; nÞ and pixel gray intensity I are
calculated as follows:

m ¼ Xi � Xmin

l
; n ¼ Yi � Ymin

l
(4)

Iðm; nÞ ¼ Zi � SL

SU � SL

� 255

� �
(5)

where l is the resampling interval, SL and SU are the lower and
upper limits of Z coordinates. Considering lateral resolution of
HDM equal to 0.15 mm and flatness specification of engine block
surface equal to 0.05 mm, l is set as 0.2 mm and SL and SU are set

as �0.03 mm and 0.03 mm. Under the same image converting cri-
terion, i.e., the same l, SL, and SU, pixel index ðm; nÞ and pixel
gray intensity I have the same quantitative relation with the coor-
dinates ½Xi Yi � and ½Z i�. In other words, gray images measured
from different workpiece can be compared and evaluated at the
same level. Figure 7(a) shows an example of the converted gray
image of an engine block surface and its partial enlarged detail.

This quantitative relation between measured points and image
pixels is an advantage of HDM-converted images compared with
images obtained by machine version in [18,19,28,29]. For HDM-
converted image, surface texture can be calculated directly using
pixel intensities, whereas for machine-version-acquired image,
surface texture is predicted indirectly by correlating pixel
intensities with point heights.

3.2 Toolmark Straightening. Surface features related to the
wear of wiper inserts are most significant perpendicular to the
direction of toolmarks. For face milled surfaces, the directions of
toolmarks are changing in one revolution of one insert because the
cutting process consists of a translation and a rotation at the same
time. Therefore, the distance between two adjacent toolmarks
along the same direction is varying at different positions. For
example, as shown in Fig. 7(a), toolmark distance at the edge and
center of the surface is different along the same direction. As a
result, surface information of profiles along the same direction at
two different positions cannot guarantee the consistent results. To
tackle this problem, the curvilinear toolmarks are straightened to
straight lines. Thus, wear indicators can be extracted along the
perpendicular direction of the straightened toolmarks.

The toolmark straightening procedure described in Ref. [30] is
adopted for face milled surfaces with no back cutting. Figure 6
shows one curvilinear toolmark produced by the cutting path of
one wiper insert on one revolution. The milling cutter is moving
along the cutter path (X axis) at the feed rate f (mm/s) and the
rotational speed x (rad/s). Assume the cutter center is at point O
and the wiper insert starts cutting at point A (t ¼ 0). After a quar-
ter revolution, the cutting insert intersects with the X axis at point
C (t ¼ tC). Then the curvilinear arc AC is the toolmark of one
wiper insert.

The curvilinear toolmark can be projected onto a straight line
passing through point C and perpendicular to the X axis. For an ar-
bitrary point B on arc AC, the corresponding point on the pro-
jected line is written as B0. The coordinates of point B are as
follows:

xB ¼ xO þ R sin xtB þ ftB

yB ¼ R cos xtB
(6)

Therefore, tB ¼ arccosðyB=RÞ=x; 0 < tB < p=2x and xO ¼ xB

�ftB � R sin xtB, where R is the cutter radius. The length of B0C
should be the same as that of BC. Therefore, the coordinates of
point B0 are as follows:

xB0 ¼ xC ¼ xO þ Rþ f
p

2x

yB0 ¼ lengthðBCÞ ¼
ðp=2x

tB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dxB

dt

� �2

þ dyB

dt

� �2
s

dt

(7)

The toolmark straightening process is repeated for all the points
on the surface until all the toolmarks are straightened to straight
lines. Figure 7(b) shows the toolmark-straightened engine block
surface. Toolmark distance at the edge and center of the surface is
equal along the same direction. Therefore, analyzing surface fea-
tures from profiles along the same direction at different positions
will give consistent results.

3.3 Surface Feature Extracting. A modified GLCM tech-
nique is used to analyze the 3D surface form error using the

Fig. 5 Average axial lowering of the three wiper inserts
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toolmark-straightened image. GLCM describes the co-occurrence
of two pixels for a specified distance and direction [31]. Given the
converted gray image Iðx; yÞ, the normalized co-occurrence
frequencies pði; jÞ between gray level i and j are defined as [25]

pði; jÞ ¼ Pði; jÞ
	XNg

i¼1

XNg

j¼1

Pði; jÞ (8)

Pði; jÞ ¼ # Iðx1; y1Þ ¼ i; Iðx2; y2Þ ¼ j; x2 ¼ x1 þ D cos h;f
y2 ¼ y1 þ D sin hg; i 6¼ 0; j 6¼ 0 (9)

where Ng is the number of gray levels, i and j are the correspond-
ing gray levels of pixels Iðx1; y1Þ and Iðx2; y2Þ with the pixel dis-
tance D and the pixel angle h, # denotes the number of pixel pairs
satisfying the conditions, and i 6¼ 0; j 6¼ 0 eliminate the pixel pairs
of the nonmeasured area.

The pixel angle and pixel distance should be carefully decided
to reflect the subtle changes of the machined surface due to the

wear of wiper inserts. As shown in Fig. 6(b), surface feature is
prominent on horizontal direction of the straightened image.
Therefore, pixel angle is taken as 0 deg. The pixel distance is
calculated as follows: Considering the cutting speed (1300 rpm),
the feed rate (3360 mm/min), and the number of wiper inserts (3),
the feed per wiper insert per revolution is 3360/(1300� 3)
¼ 0.862 mm. Given the distance between two adjacent pixels
(0.2 mm), the pixel distance between two adjacent toolmark
produced by different wiper inserts is at least equal to 0.862/
0.2¼ 4.31. Therefore, we choose the pixel distance D ¼ 5 to
describe the surface feature produced by two adjacent wiper
inserts.

From the modified GLCM, two uncorrelated features, entropy
and contrast, are derived as wear indicators

entropy ¼ �
X

i

X
j

pði; jÞ logðpði; jÞÞ (10)

contrast ¼
XNg�1

n¼0

n2
XNg

i¼1

XNg

j¼1

pði; jÞ

i�jj j¼n

8>><
>>:

9>>=
>>; (11)

Entropy evaluates the randomness of the surface height distri-
bution. Entropy is small for regularly distributed surface height
and it is large for randomly distributed surface height. Contrast
measures the degree of surface local variation, such as grooves
and ridges, which is the amount of local surface height difference
between a pixel and its neighbor over the image. The correlation
of these indicators with the wear of wiper inserts is discussed in
Sec. 4.

4 Results and Discussion

Along with the measurement of the wear of wiper inserts, three
successive engine blocks were measured every 50 workpiece by
HDM. The modified GLCM is calculated with pixel angle equal
to 0 deg and pixel distance equal to 5. Entropy and contrast are
the average of the three engine blocks. The averaged entropy and

Fig. 6 Face milling toolmark straightening

Fig. 7 Height-encoded gray image converted from HDM data: (a) original toolmark and (b)
straightened toolmark

Journal of Manufacturing Science and Engineering JUNE 2015, Vol. 137 / 031006-5

Downloaded From: http://manufacturingscience.asmedigitalcollection.asme.org/ on 08/20/2015 Terms of Use: http://www.asme.org/about-asme/terms-of-use

https://www.researchgate.net/publication/259097208_3D_surface_form_error_evaluation_using_high_definition_metrology?el=1_x_8&enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg==
https://www.researchgate.net/publication/247732001_Texture_Features_for_Image_Classification?el=1_x_8&enrichId=rgreq-22b9c45bcb4850d36456d49d3f3ead0a-XXX&enrichSource=Y292ZXJQYWdlOzI4MTIwNDU0NTtBUzoyNjU5NDU3ODAzMjIzMDRAMTQ0MDQxNzgyMzE4Mg==


contrast versus number of blocks machined are shown in
Figs. 8(a) and 8(b), respectively.

One of the most consistent observations was that entropy
increased with the number of blocks machined and the lowering
of the wiper edge. The correlation coefficient between entropy
and the lowering of the wiper edge is 0.947, which illustrates that
entropy is a good indicator of the lowering of the wiper edge. The
high correlation coefficient between entropy and the lowering of
the wiper edge is reasonable. On a geometric view, wiper edges
became duller along with the lowering of the wiper edge. Thus,
the surface randomness and nonuniformity increased and entropy
went in the same direction. The strong correlation between
entropy and lowering of the wiper edge can be used for the predic-
tion of tool life and control of machining accuracy, allowing the
optimum tool change before tool failure.

Knowledge about the lowering rate of wiper inserts versus the
machined workpieces can be also used for online tool position
compensation. The milling process uses axial position of the
wiper edge as tool position reference. Along with the machining
progress, the wiper edge becomes lower. The lowing of wiper
edge shortens the milling tool and gradually shortens the depth of
cut in the axial direction. The shortening of the depth of cut could
lead to the surface dimension out of tolerance. If the tool position
can be compensated based on the knowledge of lowering rate of

the wiper edge, surface dimension would be improved and cutting
tools can reach its maximum capability.

A not entirely unexpected finding is that contrast first decreased
with machined parts before machining 150 engine blocks and then
increased after machining 150 engine blocks. This phenomenon
can be explained as follows. As described in Sec. 3, contrast
describes the degree of surface local variation. Because the sur-
face local variation is caused by alteration of the depth of cut of
the three wiper inserts due to various axial offsets, contrast is
likely to be associated with the evolution of axial offset of the
three wiper inserts in the milling process. The axial offset of wiper
inserts is determined by the initial axial position and individual
wear rate for each wiper insert. As can be seen in Fig. 4(b), at the
beginning of machining, wiper inserts 6 and 12 were higher than
insert 18. As wiper insert 6 and 12 wore more quickly than wiper
insert 18, the three wiper inserts tended to have the equal axial
positions, i.e., small axial offset. Therefore, the local variation
caused by axial offset of the three wiper inserts became smaller
and contrast became lower. After machining 150 parts, the wear
rate of wiper insert 6 and 12 was still higher than that of wiper
insert 18. Therefore, axial offset of the three wiper inserts became
larger again, so contrast increased.

In addition to monitoring the cutting tool wear, the experimen-
tal results can also help increase the cutting tool life. As shown in
Fig. 4(b), the wear rates of all the three wiper inserts were differ-
ent, which could cause the early changing of cutting tool due to

Fig. 8 (a) entropy versus number of blocks machined and
(b) contrast versus number of blocks machined

Fig. 9 (a) Flatness versus number of blocks machined and (b)
roughness and waviness versus number of blocks machined
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the failure of one particular wiper insert. Therefore, tool life can
be increased by balancing the different wear rate of wiper inserts.
In general, the wear rate of wiper inserts would result from the
different cutting load or cutting allowance. Therefore, balancing
the cutting allowance of wiper inserts by presetting the relative
axial and radial positions between the wiper insert and its five
precedence cutting inserts can help increase the tool life.

Flatness, roughness, and waviness were also measured to test
their ability for monitoring the wear of wiper inserts in multi-
insert face milling. Flatness was averaged from the HDM data of
the three sampled engine blocks for each measurement. As can be
seen in Fig. 9(a), flatness showed a tendency to increase with the
number of blocks machined except at the initial cutting period.
Therefore, flatness did not always provide consistent values that
can be related to the wear of wiper inserts. Roughness (Rz) and
waviness (Wt) were measured at eight different positions for the
three sampled engine blocks using a Hommel T8000 instrument.
The results shown in Fig. 9(b) were an average of the measured
values. As can be seen, roughness (Rz) and waviness (Wt) were
not always reliable tool wear indicators. This is because roughness
and waviness are affected by multiple factors including radial and
axial offsets between inserts, wear, runout, mechanical impact,
transient thermal stresses, and back cutting. Even for the same
workpiece, the measurement of roughness and waviness can vary
substantially for different measuring positions and directions.

Besides face milling process, other surface machining processes
such as end milling and grinding can be monitored using the pro-
posed method. For certain machined surfaces with no clear tool-
marks, surface features could be extracted from the HDM
converted image using the modified GLCM technique without
toolmark straightening. At the same time, it would be possible to
define a direction locally for extracting GLCM features, given
that the tangent to the surface height gradient is readily found.
Extensive experiments are required to establish the correlation
between the extracted surface features and the tool wear
condition.

5 Conclusions

This work presented a wear monitoring method for wiper
inserts in multi-insert face milling using 3D surface form as tool
wear indicators. The 3D surface form indicators including entropy
and contrast were extracted from height-encoded and toolmark-
straightened gray images that contain the entire 3D surface topog-
raphy information. The wear of wiper inserts was represented
using the axial lowering of the wiper edge, which was measured
using a tool presetter and measuring machine without dismounting
wiper inserts from the cutter. Experimental results indicated that
entropy showed a strong correlation with the axial lowering of the
wiper edge and contrast was related to the evolution of axial offset
between multiple wiper inserts. These findings can be used to con-
trol multi-insert milling accuracy by compensating tool positions
and increase tool life through proper inserts setting. In future
work, we plan to focus on the repeatability study of various feed
rate, cutting speed, and insert mounting patterns and on monitor-
ing marked wear of wiper inserts.
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Nomenclature

D ¼ pixel distance

dj
i ¼ axial lowering of the wiper edge

Ei ¼ least reference error between two measurements
f ¼ feed rate

Iðm; nÞ ¼ height-encoded gray pixel
l ¼ resampling interval

Ng ¼ number of gray levels

pði; jÞ ¼ normalized co-occurrence frequencies
R ¼ cutter radius

SL; SU ¼ lower and upper limit of Z coordinates

Zj
i ¼ compensated axial position of one insert

zj
i ¼ axial position of one insert
h ¼ pixel angle
x ¼ rotational speed
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