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Abstract
Pad conditioning is an important process for the improvement of tool removal characteristics by controlling tool surface
conditions. This paper presents an experimental investigation, which attempts to reveal the influencing mechanism of pad
conditioning on the tool removal characteristics in bonnet polishing process. By assistance of a dynamometer, a microscope, a
laser displacement sensor, and a pressure distribution mapping system, multi-comparative group experiments are carried out to
establish the correlation of pad conditions, polishing forces, and tool removal characteristic before and after pad conditioning.
Through the experiments, three influencing mechanisms are identified: (1) the asperities of the tool surface become smaller and
sharper after conditioning, which indicates that the real contact area between the polishing tool and the workpiece reduces, and
the coefficient of friction (COF) increases as well, both leading to the improvement of tool removal efficiency; (2) the size of the
asperity is determined by the granularity of the conditioner, for which the smaller the conditioner granularity is, the smaller the
asperity will be, leading to the decrease of the real contact area; (3) the contour error of bonnet is improved after pad conditioning,
so that the periodic amplitude of the polishing forces reduces and the symmetry of the tool influence function (TIF) becomes
better. The influencing mechanism identified in this paper can be further served as critical foundation for the investigation on
material removal determination through the optimization of pad conditioning process.
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1 Introduction

As a novel precision polishing technology, the bonnet
polishing uses a flexible bonnet as a tool, which has the char-
acteristics of good fit with curvedworkpieces and high remov-
al efficiency. Bonnet polishing was first proposed by Walker
[1], and completed the key technologies such as removal func-
tion model [2], process parameter optimization [3, 4], and
processing path [5]. At present, this technology has been ap-
plied to the mass production of high-precision optical

components required for major projects such as the
European extremely large telescope (E-ELT) [6]. In addition,
other research teams have also conducted research on the dif-
ferent difficult-to-machine objects such as the cobalt chrome
alloys [7–9] and the tungsten carbide freeform molds [10]
based on bonnet polishing. Since the bonnet tool interacts with
the workpiece during the polishing process, the tool surface
condition directly affects the material removal of workpiece,
and therefore impacts the machining quality [11].
Consequently, how to achieve the controllability of the tool
surface is an important issue for the optimization of the
polishing process.

Pad conditioning is a commonly usedmethod to control the
tool surface condition during the polishing process. The pad
conditioning not only improves the polishing effect, but also
extends the pad lifetime and reduces the polishing cost. As a
result, the conditioning process has been investigated bymany
researchers. Park et al. [12] indicated that the buffing process
was able to control the pad surface conditions and ultimately
exerted an effect on polishing characteristics including remov-
al rate and break-in time in the chemical mechanical
planarization (CMP) process. Li et al. [13] proposed that a
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diamond disc conditioner was employed to condition a
polishing pad to restore the pad planarity and surface rough-
ness in CMP. Zhou et al. [14] reported the influence of the
diamond disc conditioning on the pad surface shape, and their
experimental results showed that a concave pad surface shape
can lead to a convex surface shape for the wafer. Yang et al.
[15] investigated the effects of diamond size of CMP condi-
tioner on wafer removal rates and defects for solid (non-
porous) CMP pad with micro-holes and revealed that a smaller
diamond conditioner generated the pad texture with finer and
more regular pad asperities. Lee et al. [16] indicated that main-
tenance of the pad capacity played a key role in the machining
of reliable elevations and investigated a conditioning effect on
the machining capacity, deformation degree, and pad lifetime.

In summary, current studies revealed that the pad condi-
tioning process can improve the tool surface characteristics
and can also significantly enhance the stability of tool removal
characteristics. However, current researches are mainly fo-
cused on the CMP process, and less have been laid on the
sub-aperture polishing process (including bonnet polishing),
especially the influencing mechanism of pad conditioning on
the polishing tool removal characteristics. For this reason,
multi-comparative group experiments are conducted to inves-
tigate the correlation among pad conditions, polishing forces,

and tool removal characteristic before and after pad condition-
ing. Experimental results analysis and discussion on the im-
pact of pad conditioning on the bonnet polishing process are
presented based on the multi-comparative group experiments.

2 Experimental conditions and results

2.1 Experimental design and setup

Comparative experiments including stages of pad condition-
ing and optical polishing are designed and carried out in this
section. Firstly, a bonnet tool covered with new polyurethane
pad is used to polish the optical specimen. Subsequently, the
pad is conditioned with rough particle and then polishes the
specimen with identical parameters. Finally, the bonnet is con-
ditioned again with fine particle and polishes the specimen
with identical parameters. Within the above processes, the
pad is conditioned (except for the first process) and measured
before each polishing process to obtain the tool surface con-
dition. The polishing forces are collected during each
polishing process. The material removal of specimen is tested
after each polishing process to evaluate the tool removal char-
acteristic. Thus, by analyzing the results comprehensively, we
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can investigate the impact of pad conditioning on the tool
surface condition, and how it influences the polishing forces
and the removal efficiency.

2.1.1 Pad conditioning process of bonnet tool

The principle and setup of in situ conditioning of the bonnet
tool using a cup-shaped diamond is given in Fig. 1a, b respec-
tively. The conditioning process includes the following steps:
(1) the cup-shaped diamond wheel driven by the conditioning
axis rotates withω1, (2) the bonnet driven by the H-axis rotates
with ω2, (3) the bonnet driven by the A-axis reciprocally
swings withω3 around the bonnet center, (4) the bonnet driven
by the x-axis of the machine tool moves to the conditioner,

and (5) combined with the precise control of the bonnet and
the conditioner, the pad covered on the bonnet is conditioned.

During the comparative experiments, the bonnet tool is
conditioned two times with rough particle and fine particle,
respectively. There are actually various granularities of the
two cup-shaped diamond wheels (i.e., no. 20, no. 80). The
profiles are measured by a digital microscope (VHX-5000,
made by Keyence), which is presented in Fig. 2. As shown
in Fig. 2a, the granularity of conditioner with rough particle is
about 400 μm, and the granularity of conditioner with fine
particle is about 150 μm as shown in Fig. 2b.

By referring to Figs. 1 and 2, the parameters of the two
conditioning processes during the comparative experiments
are listed in Table 1. After each conditioning process, the tool

(a)  

Bonnet tool

Workpiece

Dynamometer

Workpiece
fixture

Reserved edge

Spot3 Spot2 Spot1

Spot4 Spot5 Spot6

Spot9 Spot8 Spot7

(b) (c) 

Fig. 3 Experimental
specifications. a Schematic
diagram of bonnet polishing. b
Actual bonnet polishing and
workpiece on the dynamometer. c
Positions of spots

Table 1 The parameters of pad conditioning process

Conditioning
type

Type of
conditioner

Granularity of
conditioner (μm)

Feed step
(μm)

Conditioner rotational
speed ω1 (rpm)

Bonnet rotational
speed ω2 (rpm)

Reciprocating swing
speed ω3 (rpm)

Reciprocating
swing angle (°)

Rough conditioning No. 20 400 20 500 500 1.5 ± 25
Fine conditioning No. 80 150
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surface condition is measured and used to polish the speci-
men. The specification of the polishing process is illustrated in
the next section.

2.1.2 Specification of the polishing process

The specifications of the optical polishing process of the com-
parative experiments are illustrated in Fig. 3. As shown in Fig.
3, the removal process is conducted on a 100mm× 100mm×
10 mm SiO2 glass, the peak-to-valley value (PV) of which is
pre-polished to ~ 1 μm, and the reserved edges of both direc-
tions are 5 mm. Other experimental conditions are listed in
Table 2. In addition, for each condition of bonnet tool (i.e.,
new, rough conditioning, fine conditioning), nine spots are
polished to make sure the correctness of the results.
Meanwhile, during the polishing process, the polishing forces
on the workpiece containing the normal force (Fn) and the
tangential force (i.e., the tangential force in x direction Ftx,

the tangential force in y direction Fty) are collected by a
three-component dynamometer (model-9257B, made by
Kistler), as described in our previous study [11]. After the
polishing process, the spots are measured by a QED-made
interferometer with model ASI(Q).

Based on the results from the conditioning process and the
polishing process, the impact of pad conditioning on the tool
surface condition, polishing forces, and the tool removal char-
acteristic can be investigated.

2.2 Experimental results

2.2.1 Tool surface condition

Tool surface texture Surface texture of bonnet with three dif-
ferent states, which includes new pad, rough conditioning pad,
and fine conditioning pad, is given in Fig. 4. These figures are
measured by the three-dimensional microscopic system

(a) (b)

(c)

Fig. 4 Surface texture of bonnet with three different states measured by microscope. a New pad. b Rough conditioning pad. c Fine conditioning pad

Table 2 Polishing experimental
parameters after per conditioning Bonnet radius

(mm)
Spot size
(mm)

Bonnet rotational speed
ω2 (rpm)

Bonnet pressure
(MPa)

Precession
angle (°)

Polishing time
(s)

80 20 1000 0.15 23 4
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(VHX-5000, made by Keyence). The amplitudes of the sur-
face textures of the three pads with various conditions are
about 292.9, 238, and 216.5 μm, respectively. Regarding to
the details, the topography of the new pad shows that there are
many irregular pores and asperities on the surface. After pad
conditioning with rough particle, the asperities distribute ir-
regularly. Subsequently, the microstructure of the pad after
fine conditioning found remarkable differences from the new
pad and rough conditioning pad. In detail, the asperities are
smaller and sharper than those of new pad and rough condi-
tioning pad. Consequently, through the conditioning process,
a declining trend is identified for the amplitude of the tool
surface texture, while the distribution of surface texture is
irregular after conditioning. Moreover, the asperities on the
tool surface become smaller and sharper, which is supposed
to be dominated by the granularity of the conditioner, i.e., the
smaller the granularity of the conditioner is, the smaller the
size of the asperity will be.

Contour error of bonnet The contour error of bonnet includes
the zone error and meridian error, of which the measuring
principles are revealed in Fig. 5a, b, respectively. According
to Fig. 5a, the used zone is the ring-shaped area on the bonnet,
which contacts with the workpiece during the polishing pro-
cess. The zone error defined in this study is the distance d
along the vertical direction. When the bonnet has an oblique
angle (precession angle), and rotates with angular velocity, the
zone error is measured by the laser displacement sensor. The
meridian represents the red line, shown in Fig. 5b, which
crosses the vertex of bonnet. The meridian error is defined
as the deviation of the meridian contour of bonnet and its
closest spherical surface along the vertical direction, which
is measured by the laser displacement sensor when the bonnet
moves along to the spherical track driven by bonnet
equipment.

The results of bonnet contour error are depicted in Fig. 6. It
is found that the zone errors of bonnet with three different
states (i.e., new, rough conditioning, fine conditioning) are

about 450, 50, and 40 μm, respectively, implying that the
initial zone error is very large. The zone error has an apparent
reduction after the first conditioning process, while the zone
error is further improved after the second conditioning pro-
cess. On the other hand, the meridian errors of bonnet with
three different states are closer, and mean values are all about
200 μm. As a result, it is evident that the zone error of bonnet
has been improved significantly after conditioning, while the
meridian error of bonnet changes slightly.

(a) (b)

Fig. 5 Measuring schematic
diagram of bonnet contour error
by the laser displacement sensor.
a Measuring diagram of zone
error. b Measuring diagram of
meridian error
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Fig. 6 Results of bonnet contour error. a Zone error. b Meridian error
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2.2.2 Polishing forces

Figures 7 and 8 respectively reveal the polishing forces and
the friction of coefficient, when the polishing tools with vari-
ous surface conditions are used.

Since the x direction is consistent with the direction of
rotation of bonnet (see Fig. 3a), the tangential force in the y
direction is almost zero (see Fig. 7), and the tangential force in
the x direction can be treated as the frictional force. Both the
normal force and tangential force in the x direction are peri-
odic, and the periodic amplitude of the normal force is larger
than that of the frictional force. Moreover, the periodic ampli-
tude of the normal force of the new pad is about 102.9 N, and
the amplitudes reduce to 33.7 and 21.3 N, respectively, after
rough conditioning and fine conditioning process. The peri-
odic amplitudes of the frictional force with various surface
conditions (i.e., new, rough conditioning, fine conditioning)
are about 21.4, 8.9, and 6.7 N, respectively. Because the zone
error is periodic when the bonnet rotates, the collected forces
are periodic too. Furthermore, the zone error reduces after pad
conditioning, resulting in the decrease of the periodic ampli-
tude of forces.

Figure 8 reveals that there is a significant difference in the
coefficient of friction (COF = tangential force/normal force)
of three tool surface conditions. In detail, the COF of the
new pad, rough conditioning pad, and fine conditioning pad
is 0.21, 0.27, and 0.32 respectively. These differences imply
that the conditioning process can change the COF, for which
the smaller the granularity of the conditioner is, the larger the
COF will be.

2.2.3 Removal characteristic

Spot shape Figure 9 shows the polished spots using tools with
various surface conditions. Figure 10 reveals the contours of
the spots in the X/Y direction. Figure 11 depicts the full width
at half maximum (FWHM) of spots in the X/Y direction.

It can be identified from Fig. 9 that the spot of the new pad
is obviously oval, and the spot shapes are significantly im-
proved after conditioning, whose contours become approxi-
mately circular and symmetrical. As in Fig. 10a, in the case
of the same spot size (16 mm) in X direction, the FWHM of
spots in the X direction increases after conditioning process. In
addition, the FWHM of spots in the X direction under three
surface conditions (i.e., new, rough conditioning, fine condi-
tioning) is 8.5, 10.5, and 11.5 mm, respectively (see Fig. 11a),
which exhibits a significant rise by 23.5% after rough

(a)

(b)

(c)
Fig. 7 The forces under three surface conditions. a New pad. b Rough
conditioning pad. c Fine conditioning pad
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conditioning, and a slight rise by about 9.5% after fine condi-
tioning. In Fig. 10b, it can be figured out that in the case of the
same spot size (20 mm) in the Y direction, the FWHM of spots
in Y direction slightly increases after conditioning process.
And the FWHM of spots in Y direction under three surface
conditions (i.e., new, rough conditioning, fine conditioning) is
11.9, 13, and 13.2 mm, respectively (see Fig. 11b), which
exhibits a slight rise about 10% after rough conditioning, and
remains static after fine conditioning. The experimental results

show that the shape of the polishing spot is improved, and the
profile is symmetrical and approximately circular. In addition,
the change of the FWHM of the polishing spot in the X direc-
tion is more obvious than that of spot in the Y direction.

Removal efficiency It is found that the first few groups of spots
have larger depth than the others. The reason is that the pad
surface is harder and more rough at the first, which lead to the
large tangential force for the initial spots (especially the first
spot), and the tangential force falls down to keep consistent.
Therefore, the statistical analysis of the removal efficiency is
carried out by using the last six groups of spots. The results of
removal efficiency are shown in Figs. 12 and 13.

According to Figs. 12 and 13, the removal depth of the new
pad is about 1.6λ (λ = 632.8 nm), and the removal depth of the
fine conditioning pad is 1.73λ, which exhibits a rise about
8.1%. In addition, the volume removal efficiency of the new
pad is about 1.23 mm3/min, and after rough and fine condi-
tioning process, the efficiencies go up to 1.53 and 1.74 mm3/
min, which exhibit rises about 24.4 and 41.5% respectively.
The experimental results indicate that the removal depth and
volume removal efficiency are improved after the condition-
ing process, and the growth trend of the volume removal effi-
ciency is more obvious than that of removal depth.

3 Discussion

Based on the above results, the impact of the pad conditioning
process on the tool surface condition, the polishing forces, and
the tool removal efficiency is discussed below.

3.1 Effect of pad conditioning on the tool surface
condition, polishing forces, and tool removal
efficiency

Current studies have demonstrated that the purpose of the
conditioning process for polishing tool surface is to remove

(a)

(b)
Fig. 10 The contour of spots under three surface conditions. a In the X
direction. b In the Y direction

Fig. 9 Results of spots under three surface conditions. a New pad. b Rough conditioning pad. c Fine conditioning pad
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the worn areas so as to regenerate a new surface. Therefore,
the wear and conditioning of the polishing tool are regarded as
two reverse processes. Consequently, the influencing mecha-
nism of pad conditioning on the tool surface condition,
polishing forces, and tool removal efficiency can be analyzed
from the opposite view of how tool wear affects the tool sur-
face condition, polishing forces, and tool removal efficiency,
based on the experimental results given in above sections.

3.1.1 The influencing mechanism of tool wear on the tool
surface condition, polishing forces, and tool removal
efficiency

Figure 14 reveals the three-dimensional and two-dimensional
figures of the new and worn pad through the digital micro-
scope. From Fig. 14, the pores and asperities of the new
polishing pad are obviously visible and the edges are clear.
Moreover, the asperity exhibits relatively flat and the surface
has rough fine texture. On the contrary, the boundary between
the pores and the asperities of the worn pad is blurred and the
worn pad has the phenomenon of surface glazed. In addition,
all asperities become smooth, and the height between pore and
asperity is slightly lower than that of the new pad.

According to the previous studies [17], the real contact area
between the polishing tool and the workpiece is an important
variable for explaining the influence mechanism of tool wear.
It is the sum of the asperities that actually touches the work-
piece on the nominal contact area. These asperities bear all the
polishing forces directly and support the particles to remove
the workpiece material. Based on the above results, the

influencing mechanism of tool wear are summarized and
shown in Fig. 15a. The asperity of the new pad is approxi-
mately trapezoidal, whose contact area with the workpiece is
the projective black circle. Subsequently, due to the worn of
polishing pad, the asperities become the arc-shaped, whose
contact area with the workpiece is the projective red circle.
The difference between the area of the two circles (i.e., the
black circle, the red circle) is the increase in the real contact
area caused by the worn of the polishing pad. On this condi-
tion, in the case of the same polishing force, since the real
contact area increases, the real polishing pressure decreases.
According to the Preston law, the removal efficiency declines
with the wear of pad.

3.1.2 The influencing mechanism of pad conditioning
on the tool surface condition, polishing forces, and tool
removal efficiency

As the reverse process of the wear process, the principle of the
influencing mechanism of pad conditioning can be expressed
as Fig. 15b. The asperity of the new pad is initially trapezoidal,
whose contact area with the workpiece is the projective black
circle. Subsequently, through the conditioning process, the
large asperity is cut into several small asperities with trapezoi-
dal shape, whose contact areas with the workpiece are the
projective blue circles. The most obvious difference between
the worn and conditioning processes of polishing tool mainly
lies in two typical aspects. The asperity of the polishing pad
becomes smooth, and the real contact with the workpiece
increases in the wear process. While the asperity becomes
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small and sharp, the real contact with the workpiece decreases
in the conditioning process.

The above argument of the variation of the asperities shape
after conditioning can also be supported by the results present-
ed in Fig. 16. The distribution of the asperities of the new pad
is regular and the size range is 0~150 μm. However, the large
asperity of the pad is about 120 μm after the rough condition-
ing process, and the large asperity of the pad distribution is
about 60 μm after fine conditioning process.

According to the above analysis, it can be argued that the
main reason for the rise of the frictional force and COF after
conditioning is that the asperity becomes smaller and sharper,
resulting in smaller real contact area. We deduced that the
surface of the polishing tool after conditioning becomes

rough, which may enhance the constraining force of the
polishing tool surface to the abrasive particles, thus making
the removal of some abrasive particles from rolling friction to
sliding friction. Another factor that might induce the higher
frictional force and COF is more polished abrasive particles in
the contact area during polishing.

To verify the above argument of real contact area in differ-
ent pad conditions, the contact areas within the three pads (i.e.,
new pad, rough conditioning pad, fine conditioning pad) and
an optical glass are examined by the pressure distribution
mapping system (FPD-8010E, made by FIJIFILM
Corporation). Figure 17 shows results of real contact area
measurements of the three pads. The blue areas on these im-
ages indicate that the pad surface is not in contact with the

(a) 

(b) 

Fig. 14. 3-D images and SEM
images (× 500) taken with new
pad (a) and worn pad (b)

Pore

Asperity

Real contact area

Worn out areaWorn out area

Real contact area

Pore

Asperity Conditioned out areaConditioned out area

(a) (b)

Fig. 15 Real contact area in the
different pad conditions. a New
pad to worn pad. b New pad to
conditioned pad
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glass, and the other colored areas indicate that the pad is in
contact with the glass. The real contact area ratios of three
pads (i.e., new pad, rough conditioning pad, fine conditioning
pad) are about 15.2, 9.2, and 6.9%, respectively. Therefore,
after rough and fine conditioning processes, the real contact
area ratios are decreased by about 39.5 and 54.2% respective-
ly. From this result, the argument that the real contact area
between the wafer and the fine conditioning pad will be small-
er than the rough conditioning pad is validated.

In the case of maintaining the normal force (shown in
Fig. 7) and the nominal contact area (i.e., the spot size, shown
in Fig. 10), the real contact area decreases after pad condition-
ing, resulting in increasing the frictional force and the COF
(shown in Fig. 8). According to the Preston law, it can be
argued that the rise of the frictional force and COF leads to
the improvement of the removal efficiency. Furthermore, the
effect of the conditioning process with different conditioners
on the removal efficiency is similar to the results in the CMP
process reported by Yang [15], which can further justify the
argument derived above.

3.2 Effect of conditioning process on the shape of TIF

As stated above, another important factor of surface condition
of the bonnet is the contour error, including the zone error and
meridian error. According to the results in section 2.2, the
zone error of the bonnet is greatly improved after pad

conditioning, while the periodic amplitude of the polishing
force reduced and the symmetry of the TIF becomes better.
Thus, it is inferred that the stability of the polishing force and
the symmetry of the TIF are sensitive to the zone error and
meridian error. Therefore, in order to ensure the consistency of
the size of the TIF, the static pressure sensor is used to ensure
that the size of the bonnet contact with the workpiece is con-
sistent, as described in our previous study [11].When the zone
error is small, more areas of bonnet contact with the work-
piece, therefore the FWHMof TIF is larger. In the experiment,
the FWHM of TIF in the X%Y direction increases after the
rough conditioning process, and the increase of the FWHM
in the X direction is more obvious than that of FWHM in theY
direction.

It is concluded that the zone error and meridian error affect
the shape of TIF in the X direction and Y direction respective-
ly. The variety of the shape of TIF in the X direction is re-
markable due to the improvement of zone error. Since the
initial meridian error of the bonnet in the experiment is better,
and the meridian error slightly changes after conditioning, the
variety of the shape of TIF in the Y direction is slight. It can be
identified that the bonnet contour error has an influence on the
shape of the TIF. Therefore, the pad conditioning process and
the corresponding measuring method can effectively guaran-
tee the quality of the bonnet contour, which can ensure the
stability of the TIF and the controllability of the bonnet
polishing process.

Fig. 16 Contour plots in the different pad conditions. a New. b Rough conditioning. c Fine conditioning

(a)                      (b) (c)

real contact area

=15.2%

real contact area

=9.2%

real contact area

=6.9%
Fig. 17 Results of real contact
area measurements of the three
pads. a New pad. b Pads
conditioned by 400 mm. c 150-
mm diamonds
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4 Conclusion

Aiming to investigate the influencing mechanism of pad con-
ditioning on the tool condition, the polishing force, and the
removal characteristics, the multi-comparative group experi-
ments are conducted to reveal the correlation of pad condi-
tions, polishing forces, and tool removal characteristics. The
following conclusions are obtained:

(1) Through pad conditioning, the asperities of tool surface
are smaller and sharper, leading to the growth of the COF
and frictional force between the tool and the workpiece.
Moreover, the real contact area between the tool and the
workpiece decreases due to the variation of the asperities
shape, which leads to the rise of the pressure on the
polished area. For the above reasons, the tool removal
efficiency is enhanced after conditioning. Compared
with the new pad, the volume removal efficiencies with
the rough and fine conditioning pads are increased by
about 24.4 and 41.5% respectively. In addition, the size
of the asperity of pad and the real contact area are related
to the granularity of the conditioner. The smaller the
granularity of the conditioner is, the smaller the asperity
and the real contact area will be.

(2) The effect of conditioning process on the asperity and the
real contact area is opposite to the effect of wear process.
In detail, it is observed that the asperity of the polishing
pad becomes smooth, and the real contact with the work-
piece increases in the wear process. Although, the asper-
ity becomes small and sharp, the real contact with the
workpiece decreases in the conditioning process. After
rough and fine conditioning processes, the real contact
area ratios are decreased by about 39.5 and 54.2%
respectively.

(3) The pad conditioning is found to have a great impact on
the stability of the polishing forces and the symmetry of
the TIF. Indeed, along with the improvement of the con-
tour error of the bonnet after pad conditioning, the peri-
odic amplitude of the polishing forces reduces and the
symmetry of the TIF becomes better.
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