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Abstract On-machine measurement (OMM) involves the in-
terruption of the machining process and the subsequent mea-
surement of the workpiece without its removal from the ma-
chining tool. Chromatic confocal sensing is a well-known
measurement technique that is able to evaluate the position
of a point on an object surface along the optical axis of the
system with high accuracy. The present study integrates a
chromatic confocal measurement probe with an ultra-
precision diamond turning machine to achieve the non-
contact OMM of machined components. The procedure for
establishing the position of the rotary axis of the spindle based
on dual standard spheres is first described in detail, and the
relevant OMM procedure for machined components of differ-
ent surface topographies is explained. Then, a 50-um quartz
step height standard is employed to investigate the linear mea-
surement accuracy of the chromatic confocal probe. Finally,
the measurement accuracy of the proposed OMM method is
compared experimentally with that of the stylus method. The
results show that the estimated form error value of the OMM
method agrees well with the value obtained by the stylus
method. The proposed OMM method feasibly achieves non-
contact OMM with a nanometer-level accuracy for an ultra-
precision turning machine and is capable of reconstructing the
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3D surface topography of flat, spherical, and aspheric sur-
faces. After integrating the OMM method, the ultra-
precision turning machine can realize the function of
processing-measurement integration.
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1 Introduction

The validation of a machining process often requires
conducting machining accuracy measurements. However,
the use of 3D measurement instruments typically requires
the removal of the workpiece from the machine tool, which
can introduce systematic errors. On-machine measurement
(OMM) can overcome this disadvantage. OMM is a type of
in-process measurement or post-process measurement, also
denoted as an in situ or process-intermittent measurement
method, that involves the interruption of the machining pro-
cess, and the subsequent measurement of the workpiece with-
out its removal from the machining tool [1, 2]. OMM has
shown remarkable achievements regarding high precision
and rapid measurement, and OMM applications have been
extensively developed over the past several decades.
Shiraishi [3] summarized the development of in-process mea-
surement and OMM methods from 1961 to 1985. Yandayan
and Burdekin [4] presented an investigation of existing
methods from 1986 to 1996. Vacharanukul and Mekid [1]
extended the survey of papers proposing in-process measure-
ment and OMM methods up to 2003. OMM techniques can be
categorized according to the type of sensor employed as probe
contact methods [5-9] and optical non-contact methods
[10-19]. Probe contact methods employ a stylus or probe in
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contact with the surface of a machined component to achieve a
section profile. As such, the probe will affect the smoothness
of the workpiece surface to some degree, which induces mea-
surement error [20]. All non-contact OMM methods are non-
destructive and share the common advantages of high efficien-
cy and high accuracy. Chromatic confocal sensing is a well-
known measurement technique that is able to evaluate the
position of a point on an object surface along the optical axis
of the system with high accuracy and has attracted consider-
able attention. Luo et al. [21] proposed a chromatic confocal
system based on a large-diameter optical fiber that provided
for a very high detection efficiency. In this system, the
Gaussian mixture model was considered best relative to three
other data processing methods, and the system was sufficient-
ly stable and accurate with a long-term standard deviation of
0.16 mm and a short-term deviation of 0.07 mm. Quinsat and
Tournier [22] presented an OMM method to measure the sur-
face topography of a machined component. The thermal ef-
fects and z-axis repeatability of the machining tool were taken
into consideration, and compensation for thermal effects on
the measurement results was discussed. The finishing process
was assessed by applying the method to a five-axis machining
center. Minoni et al. [23] proposed a new OMM method
employing a chromatic confocal probe, a super continuum
light source, and a spatial filter. The spectra were normalized
and fitted to Gaussian forms prior to extracting the displace-
ment information, and experimental results demonstrated that
the proposed method improved measurement accuracy by
nearly one order of magnitude relative to other existing
supercontinuum-based confocal systems. Nouira et al. [24]
integrated two chromatic confocal probes into a high-
precision profilometer and designed a new calibration bench
for characterizing the main sources of measurement error for
the chromatic confocal probe. The displacement measure-
ments obtained from the two chromatic confocal probes were
compared with that obtained from a laser interferometer serv-
ing as a reference to ensure measurement traceability. The
main sources of error, such as the material characteristics,
surface reflectivity, scanning speed, and surface roughness,
were successfully identified, and the experimental results
showed that chromatic confocal probe measurements were
sensitive to these errors. Rishikesan and Samuel [25]
employed a chromatic confocal displacement sensor to esti-
mate the surface profile parameters of different machined sur-
faces, and the surface parameters obtained agreed well with
the results of the stylus method.

The literature review presented indicates that a great deal of
work has been conducted for characterizing the error sources,
improving the accuracy, and optimizing the performance of
chromatic confocal probes. However, relatively few investi-
gations have been conducted for the reconstruction of 3D
surface, alignment of the relative distance between the c-axis
and measurement probe, and processing-measurement
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integration in a three-axis ultra-precision machining tool.
Thus, to rectify the deficiency, the present work studies this
specific application in a manner that proceeds from a theoret-
ical foundation toward the practical application.

In the present study, a chromatic confocal measurement
probe is integrated into an ultra-precision diamond turning
machine to achieve the non-contact OMM of the machined
surface. A vertical high-precision translation stage
(M-505.2DG from Physik Instrumente, Karlsruhe,
Germany), which moves along the y direction, is employed
to control the position of the measurement probe. The x and z
slideways of the turning machine, driven by linear motors,
control the relative position between the measured workpiece
and measurement probe in the x and z directions. The basis of
the OMM method is clearly described, and the working prin-
ciples of a chromatic confocal sensor and the data acquisition
system are introduced. Measurement accuracy and the evalu-
ation of uncertainty are discussed in detail. To validate the
effectiveness of the proposed OMM system, a series of cutting
experiments are conducted on the ultra-precision diamond
turning machine, and the measurement accuracy of the pro-
posed OMM system is compared with that of the Talysurf PGI
1240 (Taylor Hobson Ltd., Leicester, UK) dedicated contact-
type metrology instrument, which is employed as a reference
device.

The remainder of this paper is organized as follows. First,
the sensor parameters and the measurement procedure are
presented, and the experimental details are described in Sect.
2. The measurement accuracy and uncertainty analysis are
discussed in detail, and the experimental measurement com-
parison is discussed in Sect. 3. Finally, Sect. 4 provides con-
cluding remarks.

2 Methodology
2.1 System configuration

The proposed OMM system is shown in Fig. 1. The system is
composed of an aerostatic spindle and vacuum chuck, two
horizontal hydrostatic slideways (x- and z-axes), an orthogo-
nal y-axis precision stage, a chromatic confocal probe
mounted on the y-axis translation stage, a standard 12.7-mm
radius sphere affixed in the vacuum chuck (the master sphere),
and a second standard 6.2-mm radius sphere (the reference
sphere) mounted to a granite base located on top of the spindle
via a dedicated transition arm attached to a standard System
3R holder (GF Machining Solutions). As such, the chromatic
confocal probe and the y-axis translation stage form an inte-
grated component of the OMM system and the reference
sphere and transition arm form another integrated component.
The y-axis precision stage is bolted onto the z-directional
slideway. The optical axis of the measurement probe is
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Fig. 1 The proposed on-machine measurement (OMM) system: a
schematic diagram of the OMM system; b image of the OMM system

adjusted to be collinear to the z direction, although a perfect
collinear relationship is not required. The spindle and vacuum
chuck are positioned on the x-directional slideway. The stan-
dard spheres must be of sufficiently high geometric accuracy
and are employed to calibrate the relative distance between the
rotary axis of the spindle and the center of the reference
sphere, which is further discussed in Sect. 2.2.

The CL1 MG140 non-contact point sensor (STIL, France)
was employed to evaluate the surface topography based on
chromatic confocal sensing technology. The chromatic confo-
cal probe is connected to its dedicated controller (CCS-Prima
from STIL, France) through an optical fiber, and the controller
is connected to a UMac data acquisition card for data acqui-
sition and storage.

The optical principles of a chromatic confocal probe are
illustrated in Fig. 2. The white light point source passes
through an objective lens, which diffracts the emerging
light according to its wavelength. Only light of a wave-
length AM is focused at a point M on the surface being
measured. The backscattered light passes back through the
objective lens and is then directed toward the detector by
a beamsplitter. The pinhole located at the image of M
plays an essential role in this system because it filters

White light point source

Pinhole

Spectrometer Beamsplitter lens

Visualization
and signal
processing My images of the

=<—  )pn Dpointsource

A } Monochromatic

Surface of the obj ect' Focus point(M)

Fig. 2 The optical principles of a chromatic confocal probe

out all wavelengths except AM that derive from points
located on the optical axis above or below M.

The linear displacement accuracy of the chromatic
confocal probe employed in the present study was in-
vestigated by means of a 50-um quartz step height stan-
dard (SHS-50.0QC, serial number 7657-73-12, VLSI
Standards, Inc.) that was calibrated by the National
Institute of Standards and Technology (NIST), yielding
a height of 49.6709 pm with an uncertainty of
0.11488 pwm. The standard step was sucked in the vac-
uum chuck by vacant absorption force. The measure-
ment probe was mounted to the y-axis precision stage,
and the optical axis of the measurement probe is per-
pendicular to the surface of standard step. A linear
scanning measurement (the linear movement of the stan-
dard step along the x direction) was performed on the
standard step, and the measurement result is shown in
Fig. 3. Based on the respective minimum and maximum
heights of —8.64 and 41.02 in the y direction, the mea-
sured height is 49.66 pm, yielding a deviation of
0.011 pm from the actual standard step height. The
relative measurement error (RMFE) can be calculated as

|49.66—49.6709|

RME = 100% = 0.022%. 1
296700 < 100% % (1)
60
40 ——
X: 2.534
2 Z:41.02
ER
N N
-201 X:1.89
o | Z:-8.64
-60
1 2 3 4
x (mm)

Fig. 3 The height measurement result of a 50-um quartz height step
standard
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The RME is relatively small, indicating that the measure-
ment probe provides excellent linear measurement accuracy
and is therefore ideally suited for OMM.

2.2 Calibration based on dual standard spheres

Before conducting measurements, it is first necessary to cali-
brate the relative distance between the rotary axis of the spin-
dle (henceforth denoted as the c-axis) and the center of the
reference sphere. Initially, the master sphere is installed in the
vacuum chuck and the eccentric error between the center of
the master sphere and the c-axis is measured by an inductance
micrometer. This error can be reduced to less than 0.1 um by
manually adjusting the location of the master sphere. The
detailed calibration procedure is described as follows.

1. The first stage involves aligning the chromatic confocal
probe with the c-axis, which, in effect, involves aligning
the probe with the center position coordinate of the master
sphere. The calibration procedure is illustrated in Fig. 4.
Firstly, the measurement probe is moved along the y di-
rection until the distance between the probe and sphere
along the z-axis are minimized. The master sphere is then
moved along the x direction until the probe aligns as near
as possible with the center position coordinate of the mas-
ter sphere in the x and y directions, denoted herein as Py(x,
v), where the distance between the probe and the sphere
along the z-axis are minimized. Finally, the measurement
probe is moved along a cross-shaped path on the sphere
by respectively moving the probe along the y direction
and the master sphere along the x direction until alignment
with Py(x, y) is achieved. This operation is referred to as
sphere scanning hereafter. An automatic-centering inter-
face employing a least square method was devised to
evaluate the relevant center position coordinate of the
master sphere in the x and y directions, as shown in
Fig. 5. Py(x, y) is obtained by fitting the measured data

Yy
Confocal probe
Spherical vertex
|
|
. | Scanning path
Scanning path in X direction
inY direction
7
Y,
X Standard sphere
—

Fig. 4 Sphere scanning procedure to locate the center position of a
calibration sphere
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Fig. 5 Schematic of automatic-centering interface to evaluate the center
position of a calibration sphere

located in the range between cutoff lines A and B by a
least square circle method. Here, Py(x, ) is taken as the
position coordinate of the c-axis. After repeated measure-
ment experiments, the statistical fitting results show that
the calibration accuracy of the center of the master sphere
is less than 1 pum.

2. The second stage involves aligning the chromatic confo-
cal probe with the center position coordinate of the refer-
ence sphere, denoted as P,(x, y). The reference sphere
scanning procedure is implemented as described above
for the first stage. A 2D offset vector Ap, representing
the relative distance between Py(x, y) and P.(x, y), is cal-
culated as

Ap = py(x,y)=p,(x,») (2)

after converting P(x, y) and P,(x, y) into vector form. The
offset vector Ap is recorded in the control system and stored in
a configuration file, completing the dual standard sphere cal-
ibration procedure for the OMM method.

The direction of the optical axis corresponds with the z-
axis, which represents the measurement direction, and the
relative distance between the master sphere and the measure-
ment probe is adjusted by movement along the z-axis to ensure
that the chromatic confocal sensor is in an effective measure-
ment range; therefore, the position in the z direction requires
no special care in the calibration process.

2.3 Measurement procedure

After calibration, the integrated reference sphere and transition
arm component is disconnected from the 3R holder, and the
integrated y-axis translation stage and chromatic confocal
probe component is removed from the processing zone during
workpiece machining to protect these critical components
from damage due to metal fragments and coolant. After
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completion of the machining process, the machined work-
piece is retained on the vacuum chuck, and the OMM system
components are reinstalled. Because the granite base bolted on
top of the spindle ensures that the position of the System 3R
holder remains absolutely stable, the reinstallation accuracy of
the reference sphere is within 1 um. Therefore, the reference
sphere is able to serve as the reference orientation relative to c-
axis and plays an essential role in guaranteeing measurement
accuracy. However, the reinstalled integrated y-axis stage and
probe component requires recalibration to ensure that its
reinstalled position conforms to the previously calibrated po-
sition. Therefore, the second stage calibration discussed in the
previous subsection must be repeated. It is noted that this
recalibration would be required even if the component had
been retained during the machining process owing to the ef-
fect of vibration on the accuracy of the installation position.
This operation ensures that the optical axis of the measure-
ment probe is aligned with the c-axis. The measurement pro-
cedure for different structures is described as follows.

1. For flat and spherical surfaces, the surface topography can
be replaced by the topography of a 2D section profile
passing through the meridian of a workpiece in general,
which means that a linear scanning motion is sufficient to
represent the surface topography, and this simplification is
adopted in the present study. The measurement probe is
moved toward the surface being measured along the neg-
ative z direction until reaching an appropriate position at
which the distance between the probe and measured sur-
face is located in the effective measurement range of the
chromatic confocal probe. Therefore, measurements for
both flat and spherical surfaces are achieved only by the
linear movement of the workpiece along the x direction at
the translational rate of 0.1 mm/s. The measurement data
is recorded by the data acquisition card with a time inter-
val of 20 ms, and an image representative of the measure-
ment result is instantly displayed in the interface window.

2. For aspheric and non-rotationally symmetric surfaces, a
2D section profile is not sufficient to represent the actual
contour of the workpiece, and 3D measurements involv-
ing the synchronous translation of the x-axis and rotation
about the c-axis are required to evaluate and reconstruct
the surface topography of measured workpieces. The syn-
chronous motion of the x- and c-axes proceeds in accor-
dance with the previous program code. The measurement
probe remains fixed in the y direction. The measured
workpiece is translated in the x direction while the posi-
tion coordinate is measured by a linear encoder.
Meanwhile, the measured workpiece rotates with respect
to the c-axis, and the corresponding angle is recorded by a
rotary encoder. The measurement data, composed of the
relative distances between the measurement probe and the
measured workpiece, represent a spiral curve of the

machined component surface centered along the c-axis
(as shown in Fig. 6), which are collected by the data ac-
quisition card. A data processing program was developed
to transform the data into polar form and display a 3D
contour profile. This program is discussed in the follow-
ing subsection.

2.4 Reconstruction of a three-dimensional surface

The parameter Py(x, y) provides the x coordinate of the c-axis,
herein denoted as X czer, ANA Xepprer SETVES s the origin upon
which the 3D surface topography of the machined component
is based during the 3D reconstruction process. The discrete
measurement data reflecting positions x; obtained along the
x-axis and angle data C; reflecting rotation about the c-axis
at an arbitrary point can be expressed in polar coordinates as
follows.

{R’ ;x: éf i=1,2,.n (3)

The precise reproduction of the 3D surface topography
requires the transformation of a corresponding measurement
data point from its polar coordinate representation to a
Cartesian coordinate representation. The transformation pro-
cess is expressed as follows.

Xi = Ri (01)
{ Y= Ri;:i(;ls(ei) “)

The corresponding angle 6; is recorded by a SIGNUM
RESM angle encoder (Renishaw, UK) with the line count
9000 along the circumferential direction. The readhead part
SRO15A and interface part Si-NN-0200-20 (Renishaw, UK)
are employed in the present study, and the interface part can
achieve 200 subdivisions between arbitrary two adjacent lines
of the angle encoder, so the angle resolution of c-axis is 0.72"
(0.0002°). Furthermore, the system accuracy is nominally
+3.91"” and can be improved to +1" after compensation by
UMac, which ensures the accuracy of angle position 6; and
data processing.

Because measurements are collected at uniform time inter-
vals, the density of the measured data points along the spiral
curve decreases with increasing R, as illustrated in Fig. 6 for a
spherical object. Therefore, the reconstruction region given by
the green circle in Fig. 6 representative of the sphere’s edge is
divided into a uniform grid for further data processing. The
grid sections near the rotational center of the measured com-
ponent may contain overlapping measurement data points,
which represent measurement data redundancy. Thus, the av-
erage value of overlapping data points is used to represent the
final resultant data of this grid section. Using an appropriate
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— Measurement data
— Edge of measured sphere
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Fig. 6 Data-processing scheme for 3D reconstruction

data processing method, it is possible to show the 3D surface
topography of the machined workpiece according to the coor-
dinate data in each grid section of the reconstruction region in
the designed display interface.

2.5 Experiments

To evaluate the measurement accuracy and effectiveness of
the proposed OMM method, two groups of measurement ex-
periments were conducted.

The first group involved 2D OMM. A flat surface
having a 30-mm diameter was employed as a test ob-
ject. In addition, a convex spherical surface was specif-
ically designed, as shown in Fig. 7, where the diameter
of the workpiece is 10 mm, the spherical radius of
curvature is 150 mm, and the chord height is calculated
to be approximately 83 pum, which is within the mea-
surement range of the chromatic confocal sensor. As
such, both 2D and 3D measurements are ideally suited
to this spherical surface. The two workpieces were ma-
chined on a home-made ultra-precision turning machine
employing a diamond tool with a nose radius of
1.038 mm. After completing the machining process,
2D OMM was conducted to extract the section profiles

A

0ol

R150 i~
- ._._._-—ﬁ.’:.-r

A 4

Fig. 7 Schematic diagram of the convex spherical surface employed for
experimental testing
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of each of the machined components. The form error
can be obtained by subtracting the nominal profile from
the measurement data [26]. After the machined compo-
nent was measured by the proposed OMM system, it
was removed from the vacuum chuck of the machining
tool and measured by the Talysurf PGI 1240, and the
respective measurement results compared.

The second group of measurement experiments involved
the reconstruction of a 3D surface. The 3D measurement pro-
cess discussed in Sect. 2.3 was conducted to evaluate and
reconstruct the surface topography of the abovementioned
convex spherical surface and a sinusoidal modulation struc-
ture with a 10 wm amplitude and a period of 200 um (i.e., y
= 10sin (%) ). The sinusoidal modulation structure was mea-
sured by a WYKO NT1100 optical profiler, and the compar-
ison is discussed in detail in Sect. 3.1.

3 Results and discussion
3.1 OMM system accuracy

For the flat surface, Fig. 8 shows a comparison of the
measured data (blue curve) obtained by the proposed
OMM system and the data (green curve) obtained by
the Talysurf PGI 1240 system, which are appropriately
scaled to make them comparable. A polynomial fitting
method was employed over the radius of the workpiece
from the center to 14.5 mm. The peak-valley (PV) value
of the form error obtained by OMM is 0.1988 um,
while that obtained by the contact method is
0.2277 pum, and the deviation between the two

0.2 T T T T T
Measurement result by OMM
— = = * Polynomial fitting for OMM

€ 01 b
3
ot
2
A 0r .

-0.1

-15 15
0.2 T T T T
Measurement result by PGI 1240
— = = - Polynomial fitting for PGI 1240

e 0l1r i
3
ot
g
= 0F b

-0.1 : :

-15 -10 -5 0 5 10 15

x (mm)

Fig. 8 Comparison of the surface measurement results for a 15-mm
radius flat sample obtained by the proposed OMM system and the
contact-type Talysurf PGI 1240 metrology instrument
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measurement methods is 28.9 nm. As such, the mea-
surement result obtained by OMM is very close to that
provided by the contact measurement. Overall, the fitted
results of the two measurement methods are essentially
equivalent over the fitting range employed, and their
degree of correlation is quantitatively discussed below.

For the convex spherical surface, the 2D section pro-
file passing through the meridian of the workpiece was
employed to represent the surface topography, and the
form error (the deviation between the measured surface
topography and the actual surface topography) is
depicted in Fig. 9. The polynomial fitting results of
the two measurement methods are essentially equivalent,
providing an m-shape appearance, which is most likely
caused by the eccentric error of the diamond tool. The
degree of correlation for the two measurement methods
is quantitatively discussed in the following paragraph.
The PV value of the form error obtained by the OMM
method was about 0.1638 pm, while that obtained by
the Talysurf PGI 1240 was about 0.1187 wm, and the
deviation between the two measurement methods is
45.1 nm. The fitted radius of the spherical surface ob-
tained by OMM was approximately 148.688 mm, while
that obtained by the contact method was approximately
149.114 mm, which are both less than the nominal ra-
dius of 150 mm, and a deviation between the two mea-
surement methods of 0.426 mm is obtained. It is of note
that the fitted values obtained by the proposed OMM
method for the form error and the radius of the spher-
ical surface are in all cases close to those obtained by
the contact method.

Pearson’s correlation coefficient was employed to de-
scribe the relationship between the measurement results
obtained by OMM and the Talysurf PGI 1240 and the

0.2 T T T T T T T T T
Measurement result by OMM
= = = - Polynomial fitting for OMM
€
S
ot
S
=1
m
Measurement result by PGI 1240

—_ = = = - Polynomial fitting for PGI 1240
g 01 J
c
<]
=}
d of J

0.1 | | | | 1 | | 1 |

-5 -4 -3 -2 -1 0 1 2 3 4 5
x (mm)
Fig. 9 Comparison of the surface measurement results for the 5-mm

radius convex spherical surface given in Fig. 7 by the OMM system
and the Talysurf PGI 1240

degree of linear dependence between the two results.
Pearson’s correlation coefficient is calculated as follows:

z¢ )l

ra,b = (5)

\/lebb

where a and b represent the result datasets obtained by OMM
and the contact method, respectively, n is the number of data
points in a and b, and @ and b are the mean values of a and b,
which is calculated as follows for a, and analogously for b.

a3 a (6

A complete and simplified expression of Pearson’s corre-
lation coefficient is rearranged as follows.

”Z j:laibi_z j:laiz;bi
2 n n 2
- a) '\/nZi:Ibi27(Zi:Ibi>
Z :_1=1a,~b,~—na-b

\/ <Z a 2—na2) \/ (Z ::lb,-z—nb2>
(7)

According to the Egs. (5)—~(7), » = 0.958, the coefficient of
determination % is 0.918 in the fitting range employed for the
flat surface. For the convex spherical surface, » = 0.770 and
= 0.593. The statistical data indicates that the measurement
results obtained by the proposed OMM system and the
Talysurf PGI 1240 system are strongly correlated for both
the flat and convex spherical surfaces.

Comparisons of the measurement results given in Figs. 8
and 9, and the statistical data indicate that the systematic accu-
racy of the proposed OMM system is at an equivalent level as
the Talysurf PGI 1240 metrology instrument, which leads to the
conclusion that the proposed OMM system is feasible for ac-
curately measuring high precision 2D surfaces and is similarly
effective for evaluating the form error as the contact method.
The observed deviations between the measurement data obtain-
ed by the two methods are within an acceptable range.

3D measurements were conducted to show the 3D
contoured topography of the machined convex spherical sur-
face and the sinusoidal modulation structured surface. The
measurement processes for the spherical and sinusoidal mod-
ulation surfaces respectively employed x-axis displacements
of 5 and 2.5 mm, and a c-axis rotation of 3600° over a mea-
surement period of 30 s with a sampling interval of 100 ms.
The collected measurement data was subjected to the data
processing presented in Sect. 2.4 to reconstruct the data.

Figure 10 shows the 3D topography of the convex spheri-
cal surface, which is consistent with the structure of the
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Fig. 10 The 3D topography of the convex spherical surface given in
Fig. 7 based upon measurements obtained by the OMM system

machined component in Fig. 7. Figures 11 and 12 illustrate the
surface topography of the sinusoidal structure, as measured by
the WYKO NT1100 optical profiler and the proposed OMM
system, respectively. Surface topography was measured by the
optical profiler within an effective view field of
0.9 mm x 1.2 mm along the radius of the component, and
the corresponding 2D section profile was extracted, as shown
in Fig. 11, where the amplitude is about 9.8 pwm and period is
approximately 199.33 um. The entire sinusoidal surface was
measured by OMM to reveal the overall 3D surface topogra-
phy, and a 2D section profile passing through the meridian
was extracted to reveal the surface topography and form error,
as depicted in Fig. 12, where the amplitude is measured to be
about 10.037 um and the period approximately 200 pm,
which are in very good agreement with the optical profiler
results. The observed consistency with the optical profiler
results indicates that the proposed OMM method is effective
for evaluating 3D surface topography. Comparison of the 2D
section profiles shown in Figs. 11 and 12 demonstrates some
differences between the two waveforms, where the waveform
in Fig. 12 is rough and contains some data distortion relative
to the waveform in Fig. 11. These differences may be caused
by a sampling interval that is overly large relative to the trans-
lation rate in the x direction and rotation rate about the c-axis,
resulting in a sparsity of sampling data.

3.2 Uncertainty analysis

The ultra-precision machining tool is operated inside a clean
room, where the temperature and relative humidity are con-
trolled, respectively, to 20 £ 0.5 °C and 50 £ 3 %. To ensure
better OMM system stability, the ultra-precision machining
tool is operated in conjunction with a vibration isolation sys-
tem [27] having advanced vibration isolation features to elim-
inate low frequency vibrations greater than 3 Hz. As such, the
effect of temperature, humidity, and vibration on the measure-
ment uncertainty is neglected in the uncertainty analysis.
Besides, reinstallation accuracy of the reference sphere is a
factor to be considered in the uncertainty analysis. The rein-
stallation accuracy is within 1 pm and ultimately causes the
misalignment error between the optical axis of measurement
probe and the actual the rotary axis of c-axis. The misalign-
ment error will contribute to greater influence on the measure-
ment result of spherical surface than that of flat surface, so we
take the spherical surface (shown in Fig. 7) as an example to
explain the influence of misalignment error on the measure-
ment result; the numerical simulation results show that the
misalignment error of 1 um along radial direction leads to
the maximal measurement deviation of 8.9 nm for the spher-
ical surface, which is less than the resolution of the measure-
ment probe and does not seriously affect the measurement
accuracy of proposed method; therefore, the influence of re-
installation accuracy of the reference sphere is ignored in the
uncertainty analysis.

The three primary factors contributing to the uncertainty
are the resolution of the measurement probe, system noise,
and the lateral straightness (flatness) of the x-axis hydrostatic
slideway.

The linear resolution of the chromatic confocal measure-
ment probe is 12 nm according to its user manual. System
noise testing was performed by holding the measurement
probe perpendicular to the measured surface with the x-, y-,
and z-axis positions held fixed and collecting position mea-
surements using a time increment mode with a time interval of
20 ms over a total measurement time of about 140 s. The
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Fig. 11 The surface topography of the sinusoidal modulation structure obtained by a WYKO NT1100 optical profilometer scanned along the machined

component radius
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Fig. 12 The surface topography
of the sinusoidal modulation
structure obtained by the OMM
system

system noise generated by the data acquisition card is around
20 nm. The flatness uncertainty of the x-axis slideway is main-
ly determined by the manufacturing accuracy, assembly accu-
racy, and the long-term dimensional stability of its structure.
Translation along this sensitive direction seriously affects the
measurement accuracy. The lateral straightness was calculated
by a photoelectric autocollimator (CCD-AI, Jiujiang Haibo
Technology Co Ltd., China) to be 80 nm along the entire
160-mm displacement path. The uncertainty analysis of the
OMM system was conducted using the analysis approach de-
scribed in the literature [28], which provides a combined stan-
dard uncertainty value. This value for the OMM system pre-
sented in the current study is 83.33 nm, which mainly arises
from uncertainty in the flatness of the x-axis slideway.

4 Conclusions

The present work integrated a chromatic confocal measure-
ment system with a home-made ultra-precision diamond turn-
ing machine to achieve the non-contact OMM of machined
components. The following presents the main procedures
discussed and the conclusions obtained based on the results
of experimental testing.

1. Two standard spheres were carefully selected to determine
the position of the rotary axis of the spindle according to a
sphere scanning procedure described in detail. The cali-
bration method can establish the position of the rotary axis
with an accuracy of 1 pm.

2. The measurement probe obtained excellent linear mea-
surement accuracy performance, and an RME of
0.022 % was obtained. The experimental results demon-
strated that the measured values obtained by the proposed
OMM system were very close to the values provided by
the contact-type Talysurf PGI 1240 metrology instrument
for 2D measurements, and the systematic accuracy of the
OMM system was shown to represent an equivalent level
as that of the Talysurf PGI 1240. In addition, the presented
OMM method was shown to be capable of reconstructing
the 3D surface topography of flat, spherical, and aspheric
surfaces. Integrating the OMM system with an ultra-
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precision machining tool enables the tool to realize the
function of processing-measurement integration.

3. To estimate the overall measurement uncertainty, several
sources of error were considered: the resolution of the
chromatic confocal probe, system noise caused by the
control system, and the lateral straightness along the x-
axis. The combined standard uncertainty of the proposed
OMM system was estimated to be 83.33 nm, which main-
ly arose from the flatness uncertainty of the x-axis hydro-
static slideway.
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