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On-machine and in-process surface metrology are important for quality control in manufacturing of
precision surfaces. The classifications, requirements and tasks of on-machine and in-process surface
metrology are addressed. The state-of-the-art on-machine and in-process measurement systems and
sensor technologies are presented. Error separation algorithms for removing machine tool errors, which is

specially required in on-machine and in-process surface metrology, are overviewed, followed by a
discussion on calibration and traceability. Advanced techniques on sampling strategies, measurement
systems-machine tools interface, data flow and analysis as well as feedbacks for compensation
manufacturing are then demonstrated. Future challenges and developing trends are also discussed.

© 2019 CIRP. Published by Elsevier Ltd. All rights reserved.

1. Introduction

As an important discipline of manufacturing metrology, surface
metrology is defined by Whitehouse as the measurement of the
deviations of a workpiece from its intended shape specified in the
design drawing [241]. Surface metrology includes the measure-
ment of surface texture and surface form errors, specified, for
example, by roundness, straightness, together defined here as
surface topography [136]. Since the function and performance of a
workpiece, as an element in a machine or a mechanical system, are
strongly influenced by its surface topography, surface metrology is
an essential operation in manufacturing of the workpiece. Both the
instrumentation and characterization technologies of surface
metrology have been well established over the long history of
manufacturing. A large variety of commercially-available surface
measuring instruments, from the mechanical stylus profilers [240]
to the noncontact optical instruments [94,132] to scanning probe
microscopes [33], can be selected to examine the surface of a
workpiece for acquiring cross-sectional profile or areal topography
data of the surface. Software associated with the instruments or
stand-alone software packages can be employed to calculate the
surface parameters defined by international standards for quanti-
tative characterization of the surface [36,111]. A calibration and
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verification infrastructure has also been developed to support
surface metrology [134], although the relevant international
standards are still under development. In addition, surface
metrology has been expanded to cover complex surfaces, such
as structured surfaces [45] and freeform surfaces [56,195].
Surface metrology is an important part of post-manufacturing
inspection of a manufactured workpiece, which is typically carried
out in an environmentally well-controlled metrology room, to
determine whether the surface parameters of the workpiece meet
the designed requirements for the purpose of quality control of the
workpiece. On the other hand, as stated by McKeown, the
maximum efficiency of quality control occurs when the measure-
ment is carried out at the closest possible point to the
manufacturing process, e.g. on-machine and in-process surface
metrology [164]. This kind of practice has long been observed in
precision manufacturing of telescope mirrors, due to the tight
tolerances of surface parameters and the large mirror size
[35,84,211]. For instance, the process chain of manufacturing a
4.2 m off-axis aspheric telescope mirror was composed of casting,
generating, grinding, polishing and figuring process stages
[182]. Different measuring instruments, including laser trackers,
IR and visible deflectometry and computer generated hologram
(CGH) null interferometry were employed to acquire the surface
form error data at different stages of the process chain. Meanwhile,
the surface waviness and roughness data were acquired by sub-
aperture deflectometry and temporal phase-shifting interferome-
try, respectively, in the polishing and figuring stages. The
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measurement data were employed in the compensation machin-
ing to ensure that the mirror surface satisfies the required form and
roughness tolerances.

In addition to quality control of workpieces, on-machine and in-
process surface metrology are also effective for control of
manufacture through optimizing the manufacturing process and
the machine tool settings, based on the fact that the surface texture
is representative of the process characteristics and the surface
form errors are footprints of the machine tool imperfections; i.e.
vibration, geometric error motions and thermal distortion
[111,241]. It is becoming more feasible to implement surface
metrology on the machine tool and in the manufacturing process
with improvements in the stability of the machine tool [80]. In
recent years, on-machine and in-process surface metrology is
playing an increasingly important role in the process chain of
traditional manufacturing that is composed of cutting, grinding
and polishing for precision workpieces with complex shapes and/
or extremely tight tolerances, such as freeform optics in head-up
displays, large roll moulds for roll-to-roll replication and turbine
blades of airplanes [27,108,220]. Similar trends are observed in the
non-traditional manufacturing processes, such as additive
manufacturing [199] and nano-scale manufacturing [54,55].

The classifications, tasks, and requirements of on-machine and
in-process surface metrology for precision manufacturing, as well
as the associated measuring instruments and sensor technologies,
are presented in this paper, as a complement to the past CIRP
keynote papers on measurement of surfaces. Error separation
algorithms for compensation of kinematic or dynamic errors of the
machine tools are overviewed, followed by a discussion on the
issues of calibration and traceability. The data flow in the
manufacturing and measurement system, from both software
and hardware points of view, will then be reviewed. It should be
noted that the measurement of dimensions and surface integrity,
although both important aspects dominating the function of
workpiece surfaces, will not be covered in this paper. Since in-
process is the ideal case of on-machine condition, it is treated as an
independent term in the title of the paper to emphasize the
importance of in-process surface metrology.

2. General issues
2.1. Classifications

In addition to “on-machine” and “in-process”, the terms “in-
situ” and “in-line/on-line” are frequently used to describe the
condition of a measurement activity, not limited to measurement
of workpiece surface, in manufacturing metrology. However, there
are no clear classifications for these terms. This can often lead to
confusion and misunderstanding when specifying a manufactur-
ing metrology activity. For example, “in-situ” is used as synony-
mous of “on-machine” and “in-process” in some manufacturing
papers. One of the motivations of this paper is thus to classify these
terms as shown in Fig. 1, so that they can be used distinguishably
and properly in CIRP and in the manufacturing engineering
community.

A workpiece is typically manufactured from the raw material to
the final product by a manufacturing chain composed of a number

In-process
On-machine
In-line Off-process
(On-line)
In-situ Off-machine Pre-process
Measurement X
conditions Off-line Post-process
Ex-situ

Fig. 1. Conditions of surface metrology for precision manufacturing.

of fundamental manufacturing processes, such as casting, forming,
turning, grinding and polishing. Each fundamental process is
carried out by using a manufacturing machine. It should be noted
that a machining activity can be iterative where the same
fundamental process is repeated for a couple of cycles on the
same machine, e.g. for compensation machining. In this paper, the
term “process” is referred to the fundamental process instead of
the entire process chain or the iterative process cycles for avoiding
any possible ambiguity in the classification.

As illustrated in Fig. 2, the machines are arranged in a
production line based on the process chain of manufacturing in
a factory where the environmental conditions, such as tempera-
ture, vibration and humidity, may not be strictly controlled. On the
other hand, surface measuring instruments are located in different
places in the factory for measurement of the workpiece. In many
factories, there is a metrology room that is environmentally
isolated from the factory floor for a better controlled environment
of measurement. The measuring instruments can then be
categorized into two groups from the point of view of environ-
mental condition: those that are placed in the metrology room and
those that are not. The measurement of the workpiece surface
carried out in the metrology room can be classified as “ex-situ”
surface metrology, since the measurement environment is
different from the manufacturing environment. Meanwhile, the
corresponding “in-situ” surface metrology can be referred to as:

Off-line surface
metrology

MM: manufacturing machine

MS: measuring
station

e Metrology
room

Ex-situ surface
metrology

On-machine
surface metrology

In-line/on-line
surface metrology

Fig. 2. Schematic of surface metrology in a factory with a production line.

o In-situ surface metrology: measurement of the workpiece
surface is carried out on the same work floor and in the same
manufacturing environment, without isolating the workpiece
from the manufacturing environment.

Measuring instruments outside the metrology room can also be
categorized into two groups in terms of their locations with respect
to the production line. Some of them are placed outside the
production line. It is necessary to move the workpiece out of the
line for the measurement of its surface by one or more of the
instruments then return back to the line for further manufacturing
when necessary. Such a measurement can be classified as “off-line”
surface metrology. Meanwhile, the corresponding “in-line” or “on-
line” surface metrology can be referred to as:

¢ In-line/On-line surface metrology: measurement of the work-
piece surface carried out on a production line without moving
the workpiece outside the production line.

When looking at the surface metrology carried out in the
production line, the workpiece can either be measured when it is
mounted on the machine or when it is moved out of the machine.
The latter can be classified as “off-machine” surface metrology and
the former can be classified and referred to as:
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e On-machine surface metrology: measurement of the work-
piece surface carried out on a manufacturing machine where the
workpiece is manufactured.

It should be noted that the above classifications have been made
based on where the surface measurement of the workpiece is
carried out. On the other hand, for on-machine surface metrology,
since the measurement is carried out on the manufacturing
machine, it is necessary to identify it with respect to the
manufacturing process that is implemented on the same machine.
As shown in Fig. 3, on-machine surface metrology can be
conducted before the manufacturing process, which can be
classified as “pre-process” on-machine surface metrology. It can
also be conducted after the manufacturing process, which can be
classified as “post-process” on-machine surface metrology. These
two can be grouped as “off-process” on-machine or simply “off-
process” surface metrology. The corresponding “in-process”
surface metrology, which is classified as another subcategory of
on-machine surface metrology, can then be referred to as:

In-process
Workpiece

Tool

On-machine
surface
profiler

4L Off-process &—

Pre-process Post-process
Workpiece Workpiece
CE Tool CE Tool
- e - >
On-machine On-machine
surface surface
profiler profiler

Fig. 3. Classifications in on-machine surface metrology.

¢ In-process surface metrology: the on-machine measurement of
workpiece surface carried out while the manufacturing process
is taking place.

Surface metrology carried out in the on-machine condition will
be included in this paper. Although in-process belongs to the on-
machine condition, it is treated as an independent term to
emphasize the importance of in-process surface metrology, since it
is the ideal case of on-machine surface metrology.

It should be noted that the above terms are employed to
describe the measurement conditions in not only the fields of
manufacturing and production engineering but also other fields of
science and technology. The terms “in-situ” and “in-line/on-line”
are used in a large number of fields, most popular in physics,
chemistry, materials science and optics. On the other hand, the
terms “on-machine” and “in-process” are most recognized in the
fields of manufacturing and production engineering, which are the
targeted fields for this keynote paper.

2.2. Tasks and requirements

Fig. 4 is a schematic of an on-machine surface metrology
system. The most straightforward task of on-machine surface
metrology is to replace conventional post-manufacturing inspec-
tion of the workpiece surface made on a stand-alone surface
measuring instrument. Since on-machine inspection is made soon
after the manufacturing process, and without moving the
workpiece from the machine, the time interval from the end of
the manufacturing process to the start of the inspection can be
shortened to improve the inspection efficiency. The first step for
this task is to integrate the surface measuring instrument with the
machine tool; typically to mount the instrument on the machine
tool. Taking into consideration the limited space of the machine

tool and the accessibility of the workpiece surface, the measuring
instrument usually needs to be compact. Moreover, it is often
difficult to mount a complete commercial stand-alone measuring
instrument, either full-field or probe-scan (see definitions in
Section 3); rather only a part of the instrument can be mounted on
the machine tool. The slide, spindle and numerical control (NC)
controller of the machine tool then become important elements of
the measurement system for on-machine surface metrology. For a
probe-scan surface profiler, usually only the height (Z) sensor of
the instrument is mounted and the scan motion with respect to the
workpiece surface in the XY-plane is provided by the slide and
spindle of the machine tool. It is thus required to make use of the
position data of the slide and spindle from the NC controller of the
machine, or directly from the output of the rotary and linear
encoders of the spindle and the slide, for constructing the
topography data of the workpiece surface. Before mapping the
workpiece surface, there is a necessary step to identify the position
of the sensor within the machine tool coordinate system. An
artefact or a workpiece with a known shape and a known position
in the machine tool coordinate system is required for this purpose.
It is also required to establish specific sampling strategies for
probe-scan measurement systems based on the machine tool
configuration and the shape of the workpiece.

Workpiece Tool Machine tool

Spindle
Off-machine
surface profiler

=y

Fig. 4. Schematic example of an on-machine surface metrology system.

On-machine
surface profiler

On-machine inspection can be carried out simultaneously with
the machining operation, which is referred to as in-process
inspection. Since no additional time is taken for the inspection, the
maximum inspection efficiency can be obtained. In this case, the
sensor head is required to be robust enough to the potentially
severe machining environment, which is typically associated with
machining fluid, produced chips, vibration and high temperatures.
The measurement speed of the sensor head is required to be high
enough so that it can follow the machining operation. The physical
interference of the sensor head with the machining tool must be
prevented. These requirements make in-process inspection of the
workpiece surface difficult.

Assignificant difference between on-machine surface metrology
and off-machine measurement by using a stand-alone surface
measuring instrument is the resulting machine tool errors,
including spindle/slide motion errors, thermal deformations and
vibration. The alignment error of the sensor head on the machine
tool is also an additional error source. Reduction and separation of
such errors from the on-machine surface measurement results, as
well as the related calibration and traceability issues, must also be
considered.

Another task of on-machine surface metrology is for compen-
sation machining (Fig. 5). The surface measurement data are fed
back to the NC controller with a modified tool path, so that the
deviations, i.e. the machining errors of the workpiece surface from
the designed nominal shape, can be reduced. The surface
metrology for this task can be carried out post-process or more
ideally in-process. In either case, it is required to transfer the
measurement data into the machine tool coordinate system and
then make a comparison with the designed shape. If the designed
shape is not provided by a set of discrete data but by a CAD model,
modelling of the measurement data is then required to match with
the CAD model so that the machining errors can be identified for
compensation machining. Additional work on interfaces with the
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NC controller, from the point of view of both hardware and
software, is thus required for compensation machining. On the
other hand, the in-process surface metrology for this task is also
subject to the same requirements for the on-machine inspection
discussed above.

Compensation
NC controller Machining

NC dataT v
Generation of modified On-machine/in-process
tool path by CAD/CAM surface metrology

NO
OK +(—_ Designed shape/
Q & CAD model

Fig. 5. On-machine surface metrology for compensation machining.

Since a manufacturing process is basically started from an
initial workpiece alignment, this is often the first task of on-
machine surface metrology. As discussed above, the surface of a
workpiece is generated in a process chain composed of multiple
manufacturing processes. The workpiece is machined to a certain
shape in one process and is then machined to a modified shape in
the next process, where modifications must be made based on the
previous shape. The first operation for the next process is thus to
align or to locate the workpiece accurately in the coordinate
system of the corresponding machine tool so that the consequent
machining can be accurately carried out over the existing shape.
This can be realized by positioning the workpiece on the machine
tool by “pre-process” on-machine surface metrology (Fig. 6). For
this task, the coordinate system for the on-machine surface
metrology is required to be consistent with that of the machine
tool. The measurement is required to have enough resolution and
accuracy in both vertical and lateral directions so that precision
positioning of the workpiece is possible.

Workpiece

before alignment— Workpiece after alignment

CIl—TOOI

"= Axis of spindle

~ —Axis of workpiece

Measured profile 1 before alignment

On-machine surface profiler

Fig. 6. On-machine surface metrology for initial alignment of workpiece.

Diagnosis of the manufacturing process and the machine tool is
also a task of on-machine surface metrology. For each stage in the
process chain, the workpiece surface is machined by a specific
material removal or additive mechanism. A specific topography

Table 1
Tasks and requirements for on-machine surface metrology.

pattern, often called the “process mark” or “process signature”, is
left on the surface by the process. For most processes, the tool mark
is sensitive to the process parameters and the machine tool
conditions, which can thus be diagnosed from measurement of the
irregularities from the process mark on the surface. The diagnosis
can be made more efficiently and frequently through on-machine
surface metrology of the workpiece itself, without using an
additional artefact, or moving the workpiece from the machine
tool. For this task, it is required to establish the relationship
between the surface irregularities, the process parameters and
machine tool conditions.

The tasks and corresponding requirements for on-machine
surface metrology are summarized in Table 1. Fig. 7 shows the
technology chain for surface metrology. Most of the technologies
require specific modifications for on-machine conditions, which
will be presented in the following sections. Surface characteriza-
tion will not be included in this paper since it is basically common
for on-machine and off-machine metrology and has already been
covered in Refs. [15,36,111].

Instrumentation

(measurement systems)

l Calibration
(traceability)
Acquisition
(surface topography)

)

T E:ﬁa_ra_ct_er_iz;tToFx - Specific treatments

1
1 needed for on-
1 machine conditions

- ——

| I,
Common for on/off-
machine metrology

Utilization
(quality/process control)

Fig. 7. Technology chain of surface metrology.

3. On-machine measurement systems

The on-machine measurement systems to be presented in this
section are listed in Fig. 8 with a brief summary of the major types
of surfaces and environment that the systems can be applied for.

Measurement systems for on-machine and in-process surface
metrology can be classified into full-field systems and probe-scan
systems. In an on-machine full-field system, which is usually an
optical system, a light beam is projected onto a certain area of the
workpiece surface for capturing the three-dimensional (3D)
topographic information over an area, which is often referred to
as the field of view of the system. In an optical microscope for full-
field texture measurement, an objective lens is employed to collect
the light beam from a small area to improve the lateral resolution.

Tasks

Requirements

For workpiece initial alignment and positioning

For workpiece quality control

For compensation machining

For process and machine tool diagnose

Common requirements

o Compact sensor size due to the limited space of the machine tool

e Robust to the severe manufacturing environment

o Sufficient resolution and accuracy along the vertical and lateral directions

 Unification of the coordinate system of measurement and

that of the machine tool

« Sufficient positioning accuracy

o Establishment of specific sampling strategies for probe-scan
measurement systems

o High measurement speed to follow the machining operation

o Modelling of the surface measurement data and generation of
modified NC path data for compensation machining

e Making transferring of the feedback data into NC controller of machine
tool by direct numerical control (DNC)

e Making clear the relationship between the surface irregularities and the
process parameters and machine tool conditions

o Identification of the position of the sensor head within the machine tool coordinate system
o Taking use of the position data of the slide and spindle from the NC controller of machine tool
e Hardware and software interfaces for communication with the NC controller of machine tool

https://doi.org/10.1016/j.cirp.2019.05.005
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In an on-machine probe-scan system, a 1D or 2D probe, either
contact or noncontact, is moved by the machine tool axes for
scanning the workpiece surface in a point-by-point or a continu-
ous-path mode. Surface texture measurement can be realized by
scanning a mechanical or optical stylus with a small footprint.
Table 2 shows the features of the two kinds of systems in terms of
machine tool integration, workpiece flexibility, measurement
speed, cost and uncertainty sources.

Surface form interferometry
— (for optical surfaces,
in stabilized environment)

Fringe projection
(for diffuse surfaces, in
Full-field uncontrolled environment)

[ systems

3D surface
vision

Fringe reflection
(for specular surfaces, in
uncontrolled environment)

3D microscopy
L (for surface texture,
in vibration-controlled environment)

On-machine
measurement
systems

Contact-type
 (for hard material surfaces,
in vibration-controlled environment)

| Probe-scan

systems |
M Noncontact-type

 (for optical or conductive surfaces,
in vibration-controlled environment)

Fig. 8. Measurement systems for on-machine surface metrology.

Table 2
Features of on-machine full-field and probe-scan systems.
Full-field o Difficult-to-mount on machine tool due
systems to large instrument size.
e Instrument size proportional to measurement
area of workpiece surface
e Short measurement time but high instrument cost
e Uncertainty sources: machine tool vibrations,
air disturbances, calibration errors, etc.
Probe-scan e Easy-to-mount on machine tool due to small probe size
systems o Flexible in workpiece shapes and measurement areas

e Low probe cost but long measurement time and
requirement on interaction with NC controller of
machine tool

o Uncertainty sources: motion errors of machine axes,
probe alignment errors, thermal drift, vibration, etc.

3.1. On-machine full-field measurement systems

3.1.1. On-machine full-field systems for surface form
On-machine full-field measurement of the surface form of a
precision workpiece can be carried out by a surface form

Table 3
Features of on-machine full-field systems for surface forms.

interferometry system or a 3D surface vision system (Table 3).
Surface interferometry, most often Fizeau or Twyman-Green
interferometry, has long been employed for ex-situ testing of
optics for its high form measurement accuracy. When applying
surface interferometry on a machine tool, it is important to reduce
the influence of environmental disturbances, such as machine
vibration and air turbulence, which is typically more significant
under on-machine conditions, for stabilizing and analyzing the
interferograms. On the other hand, although substantial improve-
ments in the performance of 3D surface vision systems have been
achieved in recent years, with advances in camera and image
processing technologies, the form measurement accuracy is still
much lower than that of surface interferometry systems. How to
realize accurate calibration on a machine tool is another important
issue for on-machine applications of a 3D vision system.

3.1.1.1. On-machine surface form interferometry. In surface interfer-
ometry, an interferogram, which is a stationary interference fringe
field corresponding to the distribution of optical path difference
(OPD) between the workpiece surface and a reference surface, is
generated based on two-beam interference. An intensity image of
the interferogram is captured by an image sensor for analysing the
height information of the workpiece surface in terms of light
wavelengths [250]. Due to the limitation in the frame rate of the
image sensor, it takes a certain period of shutter time, typically
ranging from 0.2 ms to 10 ms [266], for the camera to capture the
data frame over the field of view of the image sensor. Any changes
in the interferogram, i.e. the OPD distribution during the shutter
time, which can be caused by air turbulence and machine
vibration, will thus result in a change of the captured data frame
and, consequently, an error in the surface form measurement.

Therefore, vibration and air turbulence for on-machine surface
form interferometry must be stabilized within the frame rate. The
Fizeau interferometer is the most used surface interferometer for
ex-situ measurement of flat workpieces as the dead path can be
made small so the sensitivity to air temperature- and pressure
effects is minimal [250]. The Fizeau interferometer can also be
extended for measurement of spherical and aspherical surfaces. In
a Fizeau interferometer, the reference path is common with the
measurement path, except for the non-common measurement
path that is twice the surface separation between the reference flat
and the workpiece. In an ex-situ measurement, a nearly common-
path configuration is typically taken by setting a small surface
separation, which makes it easier to achieve a stable interferogram
than other types of interferometers [181].

Fig. 9 shows one of the first on-machine applications of
interferometry by using a Fizeau configuration [181]. The interfer-
ometer was mounted at a position on the machine bed to measure
the diamond-turned flat workpiece. After the machining, the tool,
which was located between the interferometer and the workpiece,
was moved away so that the form could be measured. This

On-machine surface form
interferometry

e Working principle: two beam interference
o Vertical resolution: 1/1000 wavelength (\)

e Limited to near-flat or near-spherical workpiece surfaces with small slope variations, possible for aspheric
surfaces with customized computer generated hologram (CGH)

e Mainly for final workpiece inspection and feedback machining

e Uncertainty sources: environmental disturbances (machine vibration, air turbulence, temperature variation, etc.)

On-machine 3D surface vision

e Vertical resolution: 1 wm

Stereo photogrammetry/fringe projection
e Work principle: triangulation

e Limited to diffuse reflection surfaces, without modification of optics
o For initial alignment of workpiece, measurement of rough surfaces
e Uncertainty sources: surface interaction, phase unwrapping, calibration error, low vertical resolution, etc.

Fringe reflection (deflectometry)
e Work principle: law of reflection

Slope resolution/vertical resolution: 0.1 arc-seconds/1 nm

e Limited to specular reflection surfaces

e For measurement of freeform surfaces

e Uncertainty sources: phase unwrapping, calibration error, etc.
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configuration required a large surface separation between the
workpiece and the reference flat of the interferometer, which could
be realized by the long coherence length of the laser source, but,
the large surface separation significantly increased the non-
common path length between the reference and the measurement
beams. This is a major difference from an ex-situ Fizeau
interferometry system, where a nearly common-path configura-
tion is achievable. For this reason, the on-machine interferogram
became sensitive to environmental disturbances. To reduce the
influence of vibration, the machine was isolated from outside
vibration by using air suspensions. During the measurement, the
machine was completely stopped and was covered with a vinyl
sheet for further reduction of the influence of vibration and air
turbulence. Under this condition, a data frame could be captured
with a stability of 1/20 wavelength (\).

Tool post  Fizeau interferometer

AN AN
===t ————
Workpiece o 1 Camera :
=1 1
Z-slide % ! Sourcey
— > : i
= 'l JIa\d
— \Yuli
1
Y
: Reference flat :

Spindle  Machine frame

Fig. 9. Schematic of a Fizeau interferometer on a diamond turning machine
(modified from Ref. [181]).

The phase-shifting technique has become a well-adopted
analysis technique of interferograms for calculating the surface
height information, with a high vertical resolution in almost all
kinds of interferometers [250]. In a phase-shifting interferometer
(PSI), the reference surface is stepped by an actuator, often
piezoelectric (PZT), with a fraction of a wavelength for recording
a set of data frames of interferograms (typically three or four)
with precise phase shifts. A vertical resolution of better than 1/
1000\ can be achieved and the form measurement accuracy can
be very close to that of the reference flat in a well-controlled ex-
situ environment. However, under on-machine conditions,
incorrect phase shifts between the recorded data frames can
be caused by the machine vibration and air turbulence, resulting
in large measurement errors of surface form. It should be noted
that the phase shift is sensitive to both high-frequency and low-
frequency disturbances, since it takes a relatively long time,
typically tens of seconds, to capture the set of the phase-shifted
data frames.

For the above reason, a motivation for anti-vibration and air
turbulence in on-machine surface form interferometry is for
stabilization of the phase shifts between the data frames for the
phase-shifting analysis. This can be done by using the single-shot
phase measurement method, where the set of phase-shifted data
frames are captured simultaneously. Such an interferometer is
often called a dynamic interferometer [14]. A Twyman-Green
dynamic interferometer has been commercialized for on-machine
surface metrology [228]. Owing to the compact Twyman-Green
configuration and the robust single-shot phase measurement
method to environmental disturbances, the interferometer can be
directly mounted on the tool post, side by side with the cutting
tool, for easy access to the workpiece without special vibration
isolation and air turbulence control (Fig. 10).

The actively stabilized PSI is also effective for on-machine
surface form metrology [249]. In this method, the phases at each
phase step are actively stabilized by either changing the frequency
of a diode laser source through its injection current, or by changing
the position of the reference mirror with a PZT actuator based on
the measurement result of workpiece vibration by an embedded
common-path displacement interferometer [248,254].

Fig. 10. An on-machine Twyman-Green dynamic interferometer [228].

A more ideal way of reducing the effects of vibration and air
turbulence for on-machine surface form interferometry is to
employ a common-path interferometer [243] or a simplified near
common-path configuration [110,251]. In a common-path inter-
ferometer, the reference beam and the measurement beam travel
along the same path. In an on-machine zone-plate interferometer,
a zone-plate [180], which is a CGH with circular diffraction
structures, serves as a beam splitter to divide the illumination
beam into the zeroth and the first order beams, working as the
reference beam and the measurement beam, respectively. Since
the reference and measurement paths are common, the generated
interferograms are only minimally influenced by machine vibra-
tion and air disturbances. It has been demonstrated that stable
interferograms were obtained when a spherical workpiece was
being rotated by the spindle at a rotational speed of 900 rpm,
which was the same as the speed for cutting the workpiece
[180]. Since an asymmetric wavefront can be generated by the CGH
to match the measured surface, not only flat and spherical, but also
aspheric surfaces can be measured on the machine by such a CGH
common-path interferometer. Fig. 11 shows an on-machine
common-path interferometry system for a horizontal surface
grinding machine [120]. A vertical configuration was used for the
measurement system, where the interferometer was mounted on a
stand independent from the machine to measure the aspherical
workpiece surface that was located about 10m below the
interferometer. The first order diffracted beam generated at the
CGH was projected on to the workpiece. The zeroth order diffracted
beam transmitted by the CGH was passed to a smaller reference
mirror mounted on the table of the machine beside the workpiece.
The on-machine measurement system has been applied for
grinding the segments of a 3.8 m telescope primary mirror.

Collimator ___ Single mode fiber
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Fig. 11. An on-machine common-path interferometry system for a horizontal
surface grinding machine [120].

In addition to the above approaches associated with modifica-
tions of the hardware and configuration of an interferometer,
reduction of machine vibration and air-turbulence for on-machine
surface interferometry was also attempted from the approach of
software compensation with a standard interferometry configura-
tion. A spatial phase measurement method associated with a fast
Fourier transform (FFT) algorithm was developed for a Twyman-
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Green interferometer mounted an injection molding machine for
on-machine surface measurement of a mold insert (Fig. 12) [201].

Fig.12. An on-machine Twyman-Green interferometer with a fast Fourier transform
(FFT) algorithm for an injection molding machine [201].

3.1.1.2. On-machine 3D surface vision. Stereo vision is the most
popular vision technology for 3D measurement based on 2D
stereoscopic images [21]. Stereo vision can be categorized as active
and passive vision systems, which respectively operate with or
without active illumination of the workpiece surface.

Passive stereo vision (stereo photogrammetry)

In passive stereo vision, also called stereo photogrammetry, the
3D topographic information of a number of points on the surface is
reconstructed from images taken by two or more digital cameras.
Fig. 13 shows the simplest case with two identical cameras. Each of
the cameras has a lens of a focal length fand a CCD or COMS image
sensor of width S. A pinhole camera model is employed for
simplicity of description. The cameras with a lateral separation of
b, called the baseline length, are employed to take a pair of
stereoscopic images of the surface over the same field of view of D
(the maximum field of view Dy,.x is shown in the figure). Then a
pair of image points My and Mg are matched in the two images
corresponding to the same surface point M on the workpiece,
which is referred to as binocular stereo matching. The 3D
coordinates (x, y, z) of point M can thus be obtained from the
2D coordinates (x;, y;) and (xg, yr) of the image points, based on the
principle of triangulation [65], with the information of the baseline
length b and the focal length f of the cameras. Note that the
coordinates in the Y-direction are not shown in the figure for
clarity. Wmax and wp,, are referred to as the maximum and
minimum working distances, respectively. The difference between
Wmax and wy,;, is referred to as the measurement range in the Z-
direction. All the surface points in this range are visible to both the
cameras, which are referred to as binocularly visible points and,
therefore, can be detected by stereo photogrammetry.

S S
Cameral XIL Di/L) b )TR (yT) Camera2
— ~ -
M, Image sensors
f
_Lenses Vi -
Winin bxy,
X =—
xp, + xR
7 _ by,
w YLt YR
max bf
zZ =
xp, + Xg
Measured
M(x,y, Z) workpiece

Dinax = WinaxS/f
I |

Fig. 13. Principle of passive stereo vision (stereo photogrammetry).

Since the binocular stereo matching is only possible for well
textured surface regions and/or surface points with clear features,
such as edges and corners, one possible application of on-machine
stereo photogrammetry is for tool wear measurement (although it

is possible to apply a pattern to allow smooth surfaces to be
measured [212]). Niranjan and Ramamoorthy mounted a camera
on a high-speed lathe to measure the 3D contour of crater wear of
an uncoated carbide tool inset on high carbon alloy steel [177]. The
pair of stereo images were acquired by moving the tool to two
different positions. The on-machine vision system could distin-
guish a crater wear with a 39 wm depth. Stepped patterns with
varying depths of 150, 300 and 450 pwm, which were ground on a
cuboidal block, were used to calibrate the vision system.

On-machine stereo photogrammetry can also be employed to
perform the task of initial workpiece alignment, where the 3D
position of the workpiece in the machine tool coordinate system is
identified from the 3D coordinates of clear surface features or
additional artefacts mounted on the surface. Tian et al. mounted such
a system on the frame of a five-axis machining centre to identify the
3D edges of aworkpiece from which the 3D position of the workpiece
isrecognized in the machine tool coordinate systemwith anaccuracy
of 1 mm, so that machining setup modelling and tool path generation
can be made to prevent possible collisions in the machining process
[224]. Zatarain et al. developed a spindle-mounted stereo photo-
grammetry system for initial alignment of large cast and welded raw
workpieces on a milling machine, where the excess material of the
raw workpiece with respect to the final shape had to be distributed
with an accuracy better than 5 mm with respect to the surfaces to be
machined [264]. A camera was mounted on the tool holder of the
machine. The pair of stereo images of the workpiece mounted with
artificial targets were obtained by moving the camera with the
machine slides to two different positions. A self-calibration
technique was developed for the system [165].

Active stereo vision (fringe projection)

To make the stereo matching effective at all points on the
workpiece surface for 3D surface topography measurement, it is
necessary to employ a laser or a structured light pattern to actively
illuminate the surface, which is referred to as active stereo vision. In
structured light stereo vision, one of the cameras in Fig. 13 is replaced
with a projector that generates a spatially varying 2D structured
illumination pattern on the surface. A distorted image of the projected
structured light pattern, corresponding to the 3D surface topography,
is formed at the image plane of the camera. The 3D surface topography
can be reconstructed from single- or multi-shot techniques [21], based
on the same triangulation principle as in Fig. 13.

As an early application, Giusti et al. employed fringe projection
for tool wear measurement on an NC lathe [78]. The flank wear and
the crater wear of a cutting tool insert could be measured with
vertical resolutions of 10 um and 20 pm, respectively. Commercial
fringe projection systems have been developed for surface flatness
measurement of flat rolled steel strips on hot or cold strip mills
[169]. Avertical resolution of 1 mm can be achieved for a maximum
strip speed of 20 m/s and a maximum strip temperature of 1100 °C
[96]. Fringe projection has also been applied to in-process surface
metrology in metal additive manufacturing. Fig. 14 shows a typical
setup of in-process fringe projection in laser powder bed fusion
manufacturing (LPBF) [255]. The lateral resolution of the employed
fringe projection system was 10 um achieved by using a digital
camera with pixel numbers of 4096 x 2160 and a 50 mm lens. The
camera was aligned approximately 200 mm above the powder bed,
providing a field of view of 28 x 15 mm.
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Fig. 14. A typical fringe projection system for in-process surface metrology in laser
powder bed fusion additive manufacturing.
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One of the most significant drawbacks of stereo vision
techniques, either active or passive, is the low resolutions in both
vertical and horizontal directions due to the triangulation
configuration and the limitation in the resolution of the CCD or
COMS image sensor [118]. A 1 wm vertical resolution and a 10 wm
lateral resolution has been achieved in a state-of-the-art small
volume fringe projection 3D surface vision system with a
1408 x 1408 pixel CMOS image sensor by reducing the horizontal
field of view and the vertical range to be approximately
12mm x 12mm and 3 mm, respectively [118]. However, the
resolutions get worse when the horizontal field of view and the
vertical measurement range become larger. This resolution issue is
a major obstacle to apply the stereo vision techniques to high-
precision on-machine surface metrology.

Fringe reflection (fringe deflectometry)

In stereo vision, all the surface points of the workpiece must be
imaged at the image plane of the camera. This requires an incident
ray on the surface to be diffusely reflected at each of the surface
points so that a part of the reflected light from the point can be
collected by the lens of the camera for the image formation. A
different technique of 3D surface vision, such as the fringe reflection
vision (also called fringe deflectometry) shown in Fig. 15, is therefore
necessary for measurement of a workpiece surface with specular
reflection, where an incident ray on the surface is only scattered in
one direction following the law of reflection. Fringe deflectometry
can be realized by removing the projection lens in a fringe projection
system. A series of encoded fringe patterns displayed on a light
screen, which canbe aliquid crystal display (LCD) or arear projection
screen associated with a projector, are observed by the camera after
the fringe patterns are reflected by a workpiece surface with specular
reflection [188]. The images of the fringe patterns will be distorted by
the slope variations of the surface. Differing from stereo vision,
where the surface height information is directly obtained based on
the principle of triangulation, the distorted images in fringe
reflection are decoded to obtain the surface slope information
based on the law of reflection from which the surface height is
calculated by a mathematical integration process. This technique can
be traced back to slope methods, such as the Foucault knife edge test,
the Hartmann or Hartmann-Shack tests, the Moire reflection
method and the grating reflection method. It is also analogous to
laser autocollimation [42], where a laser beam is scanned over a
mirror surface to detect the local surface slope for surface profile
measurement.
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Fig. 15. Principle of fringe reflection vision (fringe deflectometry).

Perard and Beyerer developed one of the first fringe deflecto-
metry systems for measurement of small waviness components
and curvature errors of freeform surfaces with specular reflection
based on the fact that fringe reflection vision is particularly
sensitive to slope variations of the surface [188]. A grey-code of
binary fringe patterns was employed in the system to reduce the
occurrence of decoding errors and to avoid the phase unwrapping
problem that occurs with the spatial phase shifting methods.
However, the performance of the system was also limited by the
simple binary coding and encoding methods. Consequently, it was
difficult to detect a surface variation on a polished metal plate with
a depth of 15 wm and a lateral dimension of 2.5 cm.

The performance of fringe deflectometry has been significantly
improved by implementing the phase shifting technique [91]. In this
phase modulation deflectometry or phase measuring deflectometry
(PMD), N (typically four) sets of sinusoidal fringe patterns with a phase
shift of 27r/N are projected onto the workpiece surface. The local slope
at a surface point can be obtained by identifying the corresponding
screen pixel coordinate from the N intensity values recorded by a
camera pixel, based on a phase shifting algorithm. Sinusoidal fringes
rather than binary fringe patterns are adopted since a sinusoidal fringe
does not change its phase even at a defocused position of the camera
[125]. This makes it possible to focus the camera on the workpiece
surface, while capturing a high contrast image of the fringe, resulting
in an improvement of resolution and a reduction of measurement
uncertainty. A stereo deflectometry method with two cameras was
also proposed to solve the problem of ambiguity in identification of the
surface normals. Such a system could reach a repeatability of local
slope measurement down to a few arc-seconds. The measurement
accuracy could reach to the sub-micrometre range on a field of view of
100 mm and even higher for a smaller field of view. This has expanded
the applications of fringe deflectometry systems into measurement of
precision workpieces with specular reflection surfaces, such as
aspheric or freeform optics, including progressive eyeglass lenses
where the surface curvature is of interest [91].

Whilst a deflectometry system is sensitive to the local slopes of
the surface, it is insensitive to the vertical position of the surface,
i.e., changes of vertical position caused by vibration. For example, it
was demonstrated that a PMD can work stably under vibration
with amplitudes up to several wavelengths [49]. This is a
significant advantage for applications in on-machine surface
metrology. The PDM has been miniaturized by using a 20.1in.
TFT monitor as the light screen, so that it could be used inside the
limited working space of a diamond turning machine, as shown in
Fig. 16 [48]. The miniaturization also limited the field of view and
the maximum slope measurement range to be 25 mm in diameter
and +10°, respectively. The lateral resolution of the system was
25 pm per pixel, for a working distance of 120 mm. The PDM can be
mounted on the B-axis and on the machine frame with switchable
measurement and stand-by positions. By using the C-axis of the
machine to reposition the workpiece between several single
measurement sequences, the field of view and slope measurement
range can be increased.
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Fig. 16. Fully machine integrated setup of a PMD in stand-by position (left) and in
measurement position (right) (modified from Ref. [48]).

Surface deflectometry was further optimized based on the
concept of a computerized reverse Hartmann model for on-
machine measurement of large concave aspheric mirrors, such as
solar collectors and primary mirrors for astronomical telescopes
[182]. The light screen and the camera are placed close together
and near the centre of curvature of the mirror. This is near
astigmatic condition where the sensitivity to the camera position
information and that to the camera lens distortion are greatly
reduced. In addition, a small camera aperture is employed so that
each camera pixel only receives the light from a small number
(three to five) of screen pixels. Consequently, the screen size is
reduced to approximately equal to twice the product of the
aspheric slope (the gradient of the aspheric departure) and the
radius of curvature. A smaller screen size leads to smaller pixels
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and, therefore, provides a higher sensitivity and accuracy of screen
pixel coordinates. With careful calibration, the system can achieve
measurement accuracy comparable with interferometric methods
in the mid-spatial frequency range of the surface [154]. The system
was mounted in the fabrication/inspection facility of the 4.2 m off-
axis aspheric primary mirror of Daniel K. Inouye Solar Telescope
(DKIST) to measure the polished mirror surface for the task of
compensation machining [182]. A LCD display and two cameras
were employed to generate the fringe patterns and capture the
reflected fringes, respectively.

In addition to the phase shifting method, a line-scan method has
also been implemented, in which only one line of screen pixels is lit
up asaline source along the xor y directions ateach time [215]. Based
on the reverse Hartmann model, the surface x or y slope at a certain
surface point can be determined without the ambiguity in mapping
the relationship between the surface points and the corresponding
screen pixels. By lighting up the screen pixels line-by-line in x and
then in y, the full mirror surface slope map can be obtained. This
method has been utilized in an infrared (IR) deflectometry system,
where a heated tungsten filament wire was employed as the infrared
line source and a micro bolometer array as the camera. The IR system
is effective for measurement of the ground glass mirror surfaces that
are diffuse for visible wavelength light. It has been demonstrated that
the ground surface of the DKIST mirror could reach to a 1 pm form
accuracy after compensation grinding, based on the measurement
results by the IR system [182].

As a recent application of on-machine fringe deflectometry, an
alignment/positioning method for optical freeform workpieces has
been proposed to improve the accuracy of remounting the workpiece
on a five-axis ultra-precision machine for compensation machining
(Fig. 17). Sinusoidal fringe patterns with a pitch of 7.68 mm were
generated from a 9.7 in. LCD display with a pixel size of 96 um. The
phase similarity and phase range of the fringes were used to obtain the
six degree-of-freedom position information of a re-mounted cubic
phase plate surface with a sag value of 31.25 wm and an aperture of
20 mm. The angular and linear positioning accuracy were identified to
be 0.005° and 5 .m, respectively [258]. A similar application has been
reported for alignment of multi-segmented mirrors on a polishing
machine [31]. A CMOS camera captured images of reflected 2D
sinusoidal patterns from seven multi-segmented mirrors for mea-
surement of the surface orientations of the mirror segments with a
resolution of 0.16 arcseconds in a time of 0.07 s, based on which the
alignment of each mirror segment was carried out.
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Fig. 17. An on-machine fringe deflectometry system for alignment of a freeform
workpiece [258].

Measurement based on fringe deflectometry is influenced by
the fringe pattern accuracy, the intrinsic parameters of the camera
(such as the pixel number, the lens distortion and aberration), and
the relative positions of the light screen, the camera and the
measured surface. Calibration is thus an important procedure
before the use of a fringe reflection system for on-machine
measurement, especially the calibration of the light screen, the
workpiece and the camera under the machine coordinate system.

3.1.2. On-machine 3D microscopy for surface texture
Optical microscopy is the only full-field technology that can be
used for 3D measurement of surface texture on the microscopic

scale under on-machine conditions [20,144]. Most of the existing
3D optical microscopy techniques [94,134], such as interference
microscopy, focus variation microscopy, and confocal microscopy,
have the potential to be employed for on-machine measurement.

In 3D optical microscopy, the magnification of the surface area
in the lateral directions is made by using the objective as an
imaging lens. This is basically the same as 2D optical microscopy
that has been employed for on-machine measurement of edge
contour profile, such as a tool [260], a micro-hole [176] or a die
coater slit [59]. The lateral resolution is determined by the size of
the field of view and the number of the camera pixels or by the
diffraction limit, depending on the aperture used. For making the
measurement along the vertical direction, it is generally necessary
to mechanically scan the objective along the vertical direction by
using an actuator, or to electronically scan the wavelength of the
light source, for the camera to take a series of images of the surface.
For example, in focus variation microscopy, the objective with a
small depth of field is vertically moved along the optical axis by
using a scanner, while the images of the surface are continuously
captured. Due to the limited depth of focus, only the in-focus areas
of the surface are sharply imaged, based on which the height
information of the surface can be obtained [34].

In coherence scanning interferometry, the interferogram images
from a vertically scanning interference objective such as a Mirau
objective are continuously captured and the surface height at a point
can be obtained by identifying the vertical position of the objective
where the envelope peak position of fringes, i.e., the minimum optical
path difference between the reference path and the measurement
path, is reached at the corresponding image pixel [85]. Similar to the
phase-shifting surface form interferometer described in Section
3.1.1.1, where the reference surface ismoved along the optical axis by a
piezoelectric actuator, a 3D optical microscope is sensitive to
vibration of the microscope with respect to the workpiece surface
[128]. Taking into consideration the nanometric height resolution of
3D optical microscopy, anti-vibration is thus the most important
issue when it is implemented for on-machine measurement.

Based on the fact that a 3D optical microscopes has the possibility
to be more compact due to its smaller fields of view compared with a
full-field system for surface form, there are some unique anti-
vibration methods, either passive or active, that can be employed for
on-machine optical microscopy. One way of passive anti-vibration is
to increase the stability of the microscope by mounting it on a rigid
position of the machine tool. For example, a white-light scanning
interferometer can be mounted on the rigid Z-slide of a grinding
machine, next to the workpiece spindle or the grinding wheel [253].If
the measurement is carried out when the operation of the grinding
wheel is stopped, a mechanically stable condition can be achieved.

If the workpiece is rigid enough compared to the mass of the
microscope, another way to achieve anti-vibration is to directly
mount the microscope on the workpiece surface. In this case, the
relative position of the microscope with respect to the workpiece
surface does not change even in the presence of machine vibration.
Fig.18 shows an on-machine optical microscope specifically designed
and implemented for surface texture measurement in polishing of
large telescope mirrors [182]. A point source microscope (PSM) with
low mass and compact size was developed for this purpose. The
microscope was coupled through its circular base to a ring jig sitting
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Fig.18. A point source microscope located on the workpiece surface for passive anti-
vibration (modified from Ref. [182]).
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on the mirror surface via three nylon balls. This makes a stiff
connection between the microscope and the measured surface. With
the assistance of the on-machine microscopy, a 4.2 diameter large
mirror has been super-polished to surface with an Sq of 0.1 nm [182].
For active anti-vibration, it is necessary to measure the relative
displacement between the objective and the workpiece surface in
real time. As shown in Fig. 19, this can be carried out by using an
external reference displacement laser interferometer by attaching a
micro-prism on the objective, as demonstrated by Chen etal. [22]. A
better way is to embed an internal reference displacement
interferometer that has a common path and is co-axial with the
measurement beam of the microscope so that the Abbe error[65] can
be minimized. This is analogous to the concept for actively stabilized
PSI discussed in Section 3.1.1.1. Schmit et al. presented two designs
based on this concept for coherence scanning interferometry, as
shown in Fig. 19 [200]. In the first design, a part of the measurement
beam is divided by a beam splitter for use in the internal reference
displacement interferometer, where the light is passed through a
narrow bandwidth filter (NBF) and received by a photodetector
(PD1). Although this design is simple and inexpensive, the filter
needs to be judiciously selected to provide enough spatial coherence
to cover the entire range of the objective scan. The low signal level of
the reference interferometer is another drawback of this design.
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Fig. 19. External and internal reference displacement interferometers in 3D
microscopy for active anti-vibration (modified from Refs. [22,200]).

In the second design of Fig. 19, a high coherence source, such as
a laser, is added for as an independent internal reference
displacement interferometer that shares the optical path of the
microscope measurement beam. A dichroic beam splitter (DBS) is
employed to separate the long and short coherence beams so that
the former can be received by PD2 of the reference interferometer.
Compared with the first design, the small beam diameter and the
narrow wavelength bandwidth of the long coherence source
produces a higher quality interference signal for the displacement
measurement, making the measurement more accurate and
robust. A similar design has been employed in a phase-shifting
white-light interference microscope [147] and a wavelength
scanning interference microscope [107,109], both using super-
luminescent diodes (SLDs) as the high coherence sources.
Muhamedsalih et al. demonstrated the potential of the latter for
measurement of a micro-structured master drum on a diamond
turning machine, and characterization of the atomic layer
deposition vapour barrier films in a roll-to-roll process [172]. Chen
et al. simplified this type of design [22]. Instead of using an
additional high coherence source, a narrowband-pass filter with a
annular aperture was inserted in to the illumination path of a
white-light source so that the low-coherence light passes through
the central circular region, while the high coherence light passes
through the outside annular region. A band-pass filter of 452 nm
with bandwidth of 5 nm was employed to generate a coherence
length of 40 wm in the experiment.

3.2. On-machine probe-scan systems

An on-machine probe-scan system for surface metrology is
established by combining a probe (a 1D or 2D displacement sensor or
a slope sensor) and the moving axes of a machine tool. The surface
topography height information is provided by the probe itself while
the lateral positions of the measuring points are determined by the
machine axes that scan the probe over the workpiece surface in a
point-by-point or a continuous-path mode. The height measurement
range can also be extended by utilizing the positioning capability of
the machine axis that is co-axial with the probe axis. Compared with
on-machine full-field measurement systems, on-machine probe-
scan systems are more flexible in terms of measurable shapes and
sizes of workpiece. However, in addition to vibration, the mounting/
alignment errors of the probe as well as the error motions of the
machine axes have to be taken into account as the major sources of
measurement uncertainty [146]. Thermal drift of the probe output
and thermal expansion of the workpiece and the machine tool are
also uncertainty sources due to the time-consuming scan operation.

3.2.1. Probes for on-machine surface metrology

There are a large variety of probes that have already been
employed or have the potential to be employed for on-machine
surface metrology. Some are shown in Fig. 20 and will be presented in
this section, with the exception of on-machine tactile probing
systems that have been reviewed by Weckenmannetal.[235]and are
widely used in various types of precision machine tools [93,192].
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Fig. 20. Probes for on-machine surface metrology.

The probes can be categorized as contact and noncontact types,
each having its own advantages and limitations. For example, the
major advantage of a contact-type probe is its robustness to surface
properties, making it even possible for in-process metrology [210]. A
further advantage is the simple-to-understand probe-surface
interaction that makes traceability of contact probes easier to
achieve than optical probes. However, the possible damage to the
surface and the slow speed are the main drawbacks of such probes.

The resolution and range of a probe in the height direction is
determined by that of the length measurement transducer of the
probe. The resolution in the lateral directions is determined by the
geometry of the probe tip for a contact-type probe, the size of the
capacitance sensing area for a capacitive sensor, or the light spot
diameter/diffraction limit for an optical probe.

3.2.1.1. Contact-type probes. As indicated by Tyler, the laser tracker
is a portable 'frameless' coordinate measuring machine that can be
used for workpiece inspection of large workpieces [44] as well as
for machine tool calibration [2]. In the measurement, a retrore-
flector is usually transported manually by an operator to points of
interest on the workpiece surface. Due to this labour-intensive and
time-consuming operation, the number of measurement points is
limited. Laser trackers are, therefore, often employed for the task of
positioning/aligning a workpiece on a machine tool, e.g. an aircraft
fuselage on a drilling machine [159] or an aircraft wing in a milling
machine [142]. In telescope mirror manufacturing, where the
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measurement time is not a critical issue, laser trackers can be
employed to measure the surface form of a rough ground or
polished mirror for guiding the fabrication process until an
interferometric testing is applicable to the mirror [17]. In the
measurement of such a concave mirror, the laser tracker should be
mounted as close as possible to the centre of curvature of the
mirror so that the line of sight is normal to the mirror surface, and
the influence of the angle encoder measurement errors of the
tracker, which is the largest uncertainty source for the measure-
ment, can be minimised [161]. For this purpose, the laser tracker
was mounted approximately 22 m above the surface of a 8.4 m
large off-axis mirror resting on the polishing turntable [265]. Since
the distance between the tracker and the sphere-mounted
retroreflector (SMR) is measured by a distance-measuring
interferometer (DMI), the measurement over such a long distance
is significantly influenced by variations in refractive index due to
environmental disturbances, as well as by the relative error
motions between the tracker and the mirror surface caused by
thermal expansion and vibration. An external reference system,
including four stand-alone DMIs, mounted on the same platform
with the laser tracker was thus added to detect four fixed
retroreflectors at the edge of the mirror for compensation. A
motor-driven mechanism was also developed to move the SMR
over the surface of the mirror under computer control for scanning
the surface over 250 points, where the lateral position of the SMR
was detected by using another laser tracker. The surface form
measurement accuracy of the 8.4 m mirror was confirmed to be
0.87 wm rms after further calibration of the angular errors [265].

In a contact-type displacement gauge, also referred to as a dial
gauge [235] or a length gauge [92], the probe tip is kept in contact
with the surface by applying a contact force (measuring force) to
the probe shaft. The displacement of the probe shaft along the
probe axis is measured by a length measurement transducer. In a
conventional contact-type displacement gauge used for compara-
tive measurement of the dimensions of a workpiece, a spring is
typically used to push the probe shaft guided by a ball bearing
against the workpiece surface for producing the measuring force,
where the displacement is measured by a linear variable
differential transformer (LVDT) [156]. The force is equal to the
product of the displacement and the spring constant, and can be up
to 1 N. Such a probe has the advantage of high stability and is
suitable for making discrete-point scans over workpieces of hard
materials, such as ceramics. The force can be controlled to be
constant by using an integral motor to actuate the probe shaft,
while the displacement measurement range and resolution can be
improved by using a linear encoder [92]. For on-machine
measurement of optical surfaces, where much smaller measuring
forces are required, McKeown demonstrated a probe design in
which the probe shaft was supported by an air bearing that can
produce frictionless movement of the shaft and make it possible to
generate small measuring forces [163]. This has become the most
common design of on-machine displacement gauges for ultra-
precision applications [19,174,218]. Fig. 21 shows an air bearing
probe for alignment of a remounted workpiece [259]. The low
viscosity of the air bearing reduces the anti-vibration performance
of the probe as well as the scan speed, especially for on-machine
measurement of microstructures [141].

~ Air bearing probe

Diamond tool

Fig. 21. An on-machine air bearing probe [259].

Some commercially available on-machine air bearing probes
are listed in Table 4. In addition to those in the table, Olympus
Corporation has developed an ultra-low force air bearing probe
based a self-weight method, with a measuring force of 0.05 mN, so
that a 2 um diameter diamond stylus can be used for on-machine
measurement of micro-optics used in endoscopes, without
damaging the surface [174]. The probe has been applied for profile
measurement of microstructures [245,246] and gears with large
surface slopes [247].

Active force feedback control is another approach to reduce the
measuring force in a stylus profiler. A force sensor integrated fast
tool servo (FTS), which is referred to as the FS-FTS, has been
developed to conduct FTS diamond turning, including on-machine
measurement of micro-structured surfaces on a diamond turning
machine [140,179]. By using the FS-FTS, the diamond cutting tool,
which has been conventionally only used for fabrication of
microstructures, is employed as a force-controlled measuring
stylus to measure the cross-sectional profile of the fabricated
microstructures with a constant measuring force of 0.15 mN by the
same diamond tool, without using an additional surface measuring
instrument (Fig. 22) [62]. Such measurement technology was also
used for on-machine measurement of cutting edge contours of
single point diamond tools [25,28] and initial surface form of
brittle workpieces [26] as well as for in-process measurement and
repair of defective microstructures [29].

The measuring force can be further decreased in an AFM,
together with an improvement in the lateral resolution, due to the
low force atomic interaction between the silicon cantilever tip and
the surface [33]. Arobust AFM head that can track the cantilever tip
against the workpiece surface with a constant force of 0.1 wN has
been developed for on-machine measurement. The pre-loaded PZT
actuator for servo-controlling the AFM cantilever had a stiffness of
100 N/pm and a stroke of 53 wm. The high stiffness of the PZT
actuator made it possible to mount the scale of a linear encoder
with a resolution of 0.5nm together with the AFM cantilever
[60]. The high level of robustness of the linear encoder to
electromagnetic noise was important for use of the AFM-head on a
diamond turning machine for micro-structured surface measure-
ment (Fig. 23). A spiral scanning path was generated by the spindle
and the X-slide. Similar on-machine AFM measurements have been
carried out for the 3D cutting edge profile of diamond tools [104].

3.2.1.2. Noncontact-type probes. Although a noncontact probe is
sensitive to surface properties, which is its biggest weakness for
on-machine surface metrology, it has the advantage of making
relatively fast measurement without damaging the surface.
Capacitive and laser triangulation sensors are the two most
well-used noncontact-type probes for on-machine surface me-
trology. The sensor technologies for both types of probe are well
established and commercial products are provided by a number of
sensor manufacturers.

A capacitive sensor can reach sub-nanometric vertical resolu-
tion over a range of the order of 100 pm [65]. It can only measure
flat or nearly flat surfaces and is limited to measurement of slowly
varying surface form deviations, such as roundness, straightness
and flatness. In addition, since the measurement range and the
working distance are small, parallelism between the sensor scan
axis and the workpiece surface must be carefully aligned to keep
the interval variation between the probe end and the surface
within the measurement range and to avoid possible collision. In
contrast, a laser triangulation sensor, as an optical sensor, has a
longer range and a much larger working distance, making the
alignment of the probe on the machine tool easier. However,
similar to a capacitance sensor, a specular laser triangulation
sensor can only measure flat or nearly flat surfaces [103,127],
although some designs can minimise the influence of the slope
angle of the surface [66,183]. Moreover, since the laser beam is
incident onto the surface with a large angle of incidence, the lateral
position of the light spot on the surface changes with the
displacement in the height direction, which is an uncertainty
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Table 4
Commercially available on-machine air bearing probes.

Lion precision [150]

Moore nanotech [171] Toshiba machine

[227]
Force mechanism, Air pressure, Air pressure, Air pressure,
shaft bearing, air bearing, air bearing, air bearing,
measuring force 2mN 1 mN 0.5mN
Length transducer, Capacitive sensor, 0.5 mm, 1 nm LVDT, Laser interferometer, 1 mm, 0.038 nm
range, 1 mm,
resolution 0.1 nm
Probe tip R =3.175 mm diamond half sphere R=1 or R=2 mm ruby sphere R=0.25mm
ruby sphere
Maximum surface angle N/A +60° +72.5°
K Meas“{‘_"fi Scan‘trace was mounted on to the grinding wheel head, the measurement range
* Scan range S—_— of the probe could be extended to the full stroke of the slide moving
PZT actuator SRRRECS the wheel head, by synchronizing the probe signal with the linear
Displacement YA NN\ ; ) encoder signal of the slide. New confocal technologies are being
sensor Rotation angle developed to further improve the robustness and the performance of
PHHY of workpiece L.
s spindle confocal probes. As shown in Fig. 24, Takaya et al. have demonstrated
Sy} - the possibility of using a fluorescent confocal microscope to measure
the surface of a tool covered with a cutting fluid layer based on
sensing fluorescent emission from the cutting fluid excitation by
FS-FTS Force sensor y focused laser light [221]. The method has been applied to measure

Fig. 22. FS-FTS used for on-machine measurement of micro-structured surface
(modified from Ref. [62]).

Spindle

Fig. 23. An on-machine AFM head with a linear encoder [60].

factor for surface metrology. In contrast, a diffuse-type laser
triangulation sensor for diffuse reflection surfaces has a vertical
incident configuration and a large tolerance to surface angles, so is
more suited for on-machine surface metrology [178].

Recent advances in CCD/CMOS technology and sub-pixel
resolution algorithms have improved the performance of laser
triangulation sensors in terms of measuring range, resolution and
speed. A vertical resolution of 0.1 um can be achieved over a range
of 1mm and a bandwidth of 100kHz. In particular, 2D laser
triangulation, also referred to as laser line triangulation [166], has
been developed for profile measurement of both specular and
diffuse reflection surfaces. In such a 2D sensor, a line-shaped laser
beam is incident onto the target surface to detect the height
information, i.e. the profile along the illuminated surface line. This
also significantly simplifies the scan and reduces the time for 3D
surface topography measurement [1,252]. For example, a maxi-
mum lateral range of 180 mm can be detected by a long-range
diffuse-type sensor [117]. The large working distance, up to several
hundreds of millimetres, makes it possible to measure workpieces
at elevated temperatures [77].

A confocal probe is another possible choice of an on-machine
optical probe [38,116]. The insensitivity to the reflectivity of
workpiece surface makes it possible to measure both specular and
diffuse reflection surfaces. Keferstein et al. have integrated a
chromatic confocal probe with a measurement range of 1 mm and
arepeatability of 0.1 wm into a grinding machine [ 114]. As the probe

submerged metallic micro-workpieces [167]. Chen et al. have
showed a new chromatic confocal configuration by using a mode-
locked femtosecond laser source that can further improve the
vertical resolution of the probe [23].

Detecting fluorescence

Objective lens | Excitation Q
\{ light } l I
Cutting fluid '

layer ——>> ™
X y
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Steep
angle
surface
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surface surface

Tool

Fig. 24. A confocal probe for measurement of a tool’s surface covered with a cutting
fluid layer based on sensing fluorescent emission [221].

As a similar sensor technology, various types of autofocus
sensors [51,126,168,197] also have the capability for on-machine
surface metrology. In addition to displacement sensors, it is
possible to scan an optical angle/slope sensor for on-machine
surface metrology. In the so-called laser autocollimation or laser
deflectometry method, a thin laser beam is scanned over the
workpiece surface to obtain the local slope of the surface at each
scan position [42]. The surface topography can be obtained from a
mathematic integration of the slope data. Since the variation
between the sensor head and the workpiece surface does not
influence the slope measurement, laser autocollimation is more
robust to machine vibration and thermal drift [69]. On-machine
measurement of microstructures can be made by using slope
sensors with a focused laser beam [74]. The scanning electrostatic
force microscope (EFM) is a promising tool for noncontact
measurement of submicrometric structures [63], which are
difficult for a capacitive sensor or an optical sensor due to their
limited lateral resolutions. The tip-to-sample distance in EFM is on
the order of 100 nm during the scanning, which is more than ten
times larger than that in a scanning tunnelling microscope (STM)
[82,236] and is large enough to avoid collision of the tip with the
sample surface. In addition, pneumatic sensors [83] and ultrasonic
sensors [213] are other types of noncontact sensors for on-machine
surface metrology.
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3.2.2. Error compensation and separation in machine tool integration

Several important sources of errors should be taken into
consideration when integrating a probe into a machine tool for on-
machine probe-scan surface metrology.

The first issue is the Abbe error. Fig. 25 shows a simple model of
the integration of a probe on a rotary grinding machine. The probe
is mounted on to the grinding wheel (tool) head to carry out the Z-
direction measurement. The probe scan motion in the XY plane is
made by the spindle and the X-slide. If the measurement range of
the probe is not enough to detect the surface height variation, the
range can be extended by using the Z-slide of the machine to move
the probe along the Z-axis. However, in this case, due to the large
Abbe offset between the probe axis and the Z-axis, even a small tilt
error motion of the Z-slide will cause a large Abbe error [65]. One
way to compensate for the Abbe error is based on a measurement
of the slide tilt error motion. A better solution is to select a probe
with a large enough measurement range so that the use of the Z-
slide for the Z-direction measurement can be avoided [208].
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Fig. 25. Error sources in integration of probe into machine tool.

The second issue is the accurate alignment/setting of a probe on

a machine tool. Alignment error of the probe can be identified by
using the probe to detect a precision sphere with an accurate
location on the machine tool. Although this method is effective for
many cases, it is subject to the availability of the precision
reference sphere. There are some cases that do not satisfy this
condition. For example, it is difficult to accurately mount a micro-
sphere on the centre of the spindle of a diamond turning machine
to allow centering alignment of the cantilever tip of an on-machine
AFM with respect to the spindle centre. A micro-bump generated
by a facing cut on the diamond turning machine, which was
automatically located at the spindle centre, was employed for the
centering alignment [60]. A simplified method, which does not
require the use of a precision reference sphere and information of
its accurate location, has also been proposed for alignment of a
contact-type displacement probe [208]. In this method, the probe
position with respect to the machine spindle can be obtained from
the probe readings at four rotational positions of the reference ball.
The angular alignment error, which is the tilt angle of the probe
axis with respect to the machine Z-axis, will cause a cosine error,
which can be a large measurement uncertainty factor over a large
range. As shown in Fig. 26, the orientation of an on-machine optical
sensor is identified by utilizing an eccentric plate [114]. A simple
and accurate method has also been demonstrated for on-machine
identification of the angular alignment error of a contact-type
displacement sensor [208].
Workpiece Eccenter

Optical Sensor

H
1 Measuring range

Fig. 26. Angular alignment error identification of an optical sensor [114].

In an on-machine probe-scan system, it is necessary to scan the
probe with the machine axes. The motion errors (scan errors) of the
machine axes along the probe axis [73], which are referred to as
scan errors here for simplicity, will directly change the position of
the probe with respect to the workpiece surface, resulting in a
reading error in the probe output [145]. The repeatable and low-
frequency components of the scan errors can be compensated
based on the measurement result of the errors that can be obtained
prior to surface metrology. Compared with a full-field measure-
ment system, it usually takes longer for the probe to scan over the
workpiece surface. The measurement is thus more influenced by
the machine errors caused by external disturbances, such as
thermal error and vibration. The measurement and compensation
methods for thermal errors of machine tools have been reviewed
and updated in [16,162]. Thermal effects can be reduced by using
low expansion materials, such as Zerodur or Invar, for critical parts
of the metrology loop. Minimizing and controlling the heat flow
and decreasing the thermal sensitivity of the machine are also
possible methods for reducing the influence of thermal errors. The
scan error of a machine axes used to scan the probe, such as the
slide error and the spindle error, also has the same impact on the
probe as the external disturbances.

It is more difficult to compensate for influences of machine
vibration due to its random nature and wide bandwidth. The same
can be said for the non-repeatable components of the machine
scan errors. To compensate for such errors in on-machine surface
texture measurement, it is possible to employ the traditional skid-
datum method that has long been employed in mechanical surface
profilers [241]. In this method, a skid with a large radius, which
only senses the vibration and scan errors by spatially filtering out
the surface texture information composed of higher spatial-
frequency components, is used in combination with the stylus for
error compensation. The same concept has been applied for a wide
range STM [124,206]. As shown in Fig. 27, a more ideal skid-datum
can be realized optically by coaxially combining a large reference
beam and a focused measurement beam to detect the same part of
the workpiece surface [123,185].

P-Polarization —

Laser beams

S-Polarization —;

Optical-skid

Workpi
orkpiece m @Optical—stylus

Fig. 27. Optical skid method for roughness measurement [123].

In on-machine surface form measurement, the multi-probe
method, based on the concept of error-separation [46], is an
effective way to compensate for both repeatable and non-
repeatable machine errors, including thermal errors and vibration.
In a multi-probe method, multiple probes are employed to scan the
workpiece surface simultaneously. A set of simultaneous equations
are established using the outputs of the probes, each containing
the surface profile information and the machine error information.
The latter can be removed in a differential output based on the
equations, from which the surface profile can be reconstructed.
Since the invention of three displacement probe method, for
roundness measurement by Aoki and Ozono [7], an extension to
three-probe straightness measurement by Whitehouse [239], the
three-probe method has been extensively developed for the
measurement of roundness [113,170,209] and straightness
[41,143,238]. Tanaka et al. simplified the system for straightness
measurement by using two displacement probes, based on the
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assumption of small tilt error motion of the slide [223]. Kiyono and
Gao have improved the profile reconstruction algorithm for the
measurement of edge profiles [67,122]. Angle/slope sensors have
been employed for construction of the multi-probe systems
[64,79,121]. Recently, multi-probe methods have been applied
for on-machine measurement of large rolls cut by drum roll lathes
[138,139].

It should be noted that the measurable spatial wavelength by a
multi-probe system is limited by its probe arrangement. It is
typically lower than that restricted by the probe size, which is the
case in a single-probe system. This is because that certain
harmonic components of the workpiece profile will be lost in
the profile reconstruction process, which is referred to as the
harmonic loss problem [68,170,239]. This is one of the significant
shortcomings of multi-probe methods and must be treated
carefully when designing the probe configuration. The number
of lost harmonics can be reduced to some extent by employing
asymmetric probe configurations and/or increasing the number of
probes [256]. On the other hand, Gao et al. have proposed a mixed
method to completely solve this problem by using multiple
displacement and angle sensors [68] with the simplest configura-

tion shown in Fig. 28 [70].
Y
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Fig. 28. The orthogonal mixed method using a pair of displacement and angle
sensors for error separation in roundness measurement [70].

When a multi-probe method is employed for straightness
measurement, the difference between the unknown zero-values of
the probes (zero-difference) will introduce a parabolic error term
in the reconstructed probe measurement, which is the largest error
source for straightness measurement for long workpieces. This is
an even more critical problem when a multi-probe system is used
for flatness measurement where more probes are needed and it is
necessary to align the probes on different lines of the workpiece
surface except some special cases [64]. A self-calibration tech-
nique, in which two probe-units of the three-probe method are
employed, has been proposed to accurately identify the zero-
difference of probes for measurement of cylinder straightness
[75]. The technique has been improved to measure and compen-
sate for the variations of the zero-difference caused by thermal
drift of the probe outputs during the scanning [71]. Another way to
compensate for the influence of probe zero-difference, is to employ
an external autocollimator to measure the tilt scan motion
[41,238].

Because a probe has a certain physical size, it becomes difficult
to arrange multiple probes in a conventional multi-probe
configuration to detect the same workpiece surface, if the
workpiece is small. Although there has been research to construct
multi-probe systems with probe intervals on the order of 100 wm
for small workpiece measurement [152,158], a more practical way
is to establish an independent multi-probe system with a flat
artefact for error-separation in measurement of the machine errors
[3,72,207]. Since the multi-probe system is independent from the
surface measurement probe, the restriction on the probe size can
be avoided.

In some applications, the workpiece itself can be the most
significant error source. For example, in-line form measurement of
hot forged complex workpieces is challenged by the elevated
temperature of the workpiece and special thermal shielding of

sensors is required, as well as temperature-controlled metrology
frames [77,204].

4. Calibration and traceability

Traceability is defined in Ref. [105] as “the property of a
measurement result whereby the result can be related to a
reference through a documented unbroken chain of calibrations,
each contributing to the measurement uncertainty” (see also Refs.
[43,88]). For on-machine and in-process measurements, this
implies that for traceability to be demonstrated, a number of
calibration steps have to be taken. Calibration is defined as “an
operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with measure-
ment uncertainties provided by measurement standards and
corresponding indications with associated measurement uncer-
tainties and, in a second step, uses this information to establish a
relation for obtaining a measurement result from an indication”
[18,105]. More simply put, calibration is the comparison process
needed at each stage of a traceability chain.

In the case of on-machine and in-process metrology, calibration
is often given little explicit attention and/or neglected as a whole,
as in a process under potentially harsh circumstances (environ-
ment, speed, etc.), it is difficult to measure or make a reference
standard to use for comparison. The aim of both calibration and
traceability is that, in the end, an uncertainty can be attributed to a
measurement, or a quantified tolerance to a manufactured
product.

As indicated in Section 2, in a manufacturing line or process,
there is often a machine that has moving axes to move the
machining element along the surface that has to be created or
processed. Then there is the produced surface that can be
measured directly as soon as it is processed, or at a later stage,
still on machine, off machine in the same room, or off machine in a
separate measurement room. For all these aspects, measurement
systems and methods are available that have potentially unique
properties when it comes to traceability and uncertainty estima-
tion. In this section, an overview is given of available routes to
traceability for the various aspects of on-machine and in-process
measurement.

4.1. Machine metrology traceability

Calibration of machines, especially machine tools is reviewed in
detail elsewhere [205], both for traditional machine tools [175] and
for dedicated machines, such as those for the production of large-
scale optical surfaces [187] and roll-to-roll applications [133].

In these cases, the traceability is, directly or indirectly, provided
by laser interferometer systems, that can be calibrated against a
primary length standard [198]. In the direct cases, the displace-
ments of the axes are directly measured by laser interferometer
systems; in the indirect cases, the displacements of the axes are
measured by linear scales, that have in turn been calibrated using
laser interferometer systems [ 196]. In lithographic processes, there
is no immediate requirement for in-process measurements, and
the accuracy depends on the displacement measurements and the
correction for geometric deviations [65]. However, in material-
removing processes, the surface of the final product is significantly
affected by other aspects, e.g. straightness and squareness of the
axes, temperature variations, tool shape and wear, and vibration.
This is especially the case for machined surfaces, which is why
additional on-machine and in-process surface measurements are
needed and their traceability must be considered separately.

4.2. Machining element traceability

An important factor that determines the condition of a
machined surface is the shape or structure of the machining
element, i.e. the element that shapes the surface and determines
the surface state in terms of form and texture. An example is the
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monitoring of tool wear in turning. This can be monitored on-
machine and in-process in various ways, e.g. by binocular vision
[263], by knife-edge interferometry [106] or by acoustic emission
sensors [9]. Grinding wheel wear has been monitored in-process
by laser triangulation [13] and imaging [52]. Typically for these
methods, little attention is paid to uncertainty and traceability.
This is understandable as these methods are mainly used as
process indicators and the process parameters are not easily
connected to the resulting surface properties. In addition, the
optical interaction with a machined surface is highly complex and
non-linear, resulting in empirical methods being employed rather
than deterministic models.

4.3. Machined surface metrology traceability

As it is the manufactured surface that ultimately matters, the
traceability of the metrology used for monitoring and/or measur-
ing the surface directly is most relevant. In this section, the
traceability and calibration considerations for three typical and
common surface measurement parameters will be discussed:
texture, flatness and aspherical form.

4.3.1. Traceability of texture measurements

Surface texture is characterized in parameters that are standard-
ized for the profile and areal cases in ISO 4287 [101] and ISO 25178-2
[99]respectively. Apart from the standardised parameter definitions,
thefiltering and probing conditions are essential, as giveninISO 4288
[102] and ISO 25178-3 [100]. Also, it is worth mentioning that the
mechanical surface is the reference surface [100,134].

These specification standards, requirements and interpreta-
tions mean that the traceability, and the uncertainty estimation, of
texture (parameter) measurements can be complex [89,135]. Even
in ideal environmental conditions on dedicated stand-alone
measurement equipment, uncertainties of better that 1% are
difficult to achieve [89], while a 5-10% uncertainty is already an
optimistic estimate for optical profile measurements [226]. Meth-
ods and standards to calibrate surface texture measuring instru-
ments are extensively described elsewhere [134].

Mechanical texture measurements can generally only be carried
out when the process is temporally stopped and there is time for the
probe to scan the surface without being disturbed. An example is
given by Kwon and Fischer [130], who monitors tool wear by
temporarily stopping the process and allowing a mechanical probe to
perform a traditional texture measurement, see Fig. 29.
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Fig. 29. On-machine surface metrology for roughness measurements as proposed
by Kwon and Fischer [130].

In a process, an optical surface measuring system is often
preferred as it can be much faster and the process does not need to
be interrupted. Here, a distinction must be made between methods
that measure the topography and derive texture parameters from
the topography, and methods that measure an integral quantity.
For the topography-measuring methods, all calibration methods
and principles as described elsewhere apply [ 134], however, for the
integral methods, the route to traceability is less straightforward.

A typical example of the latter can be found with Inasaki [97],
who measures surface texture by measuring the reflectance of a
laser beam by an optical fibre probe during a cylindrical grinding
process (Fig. 30). The probe is calibrated off-line by a number of
test surfaces having Ra values that are determined by a mechanical
stylus instrument. Typically, cut-off lengths and uncertainties are
not specified, however, the non-linear calibration curve suggests
some 5% uncertainty.

Classical well-established methods of fast optical texture
measurement are the measurement of either the specularly

Workpiece

Grinding Photo-

*l"l Dynamometer If

Fig. 30. In-process surface metrology as proposed by Inasaki [97].

reflected part of a (laser) beam directed at a surface, and/or the
diffusely reflected part, also called total integrated scatter (TIS).
These methods that were reviewed by Vorburger and Teague [231],
are fundamentally limited to smooth surfaces (i.e. the features
must be much smaller than the source wavelength) and have not
essentially changed over the decades. All these methods have a
traceability issue in the sense that they are essentially model-
based, and the texture parameters cannot be calculated from the
definition. A common route to a limited form of traceability is the
manufacturing of a range of surfaces with different textures;
measure these off-line with established instruments, and take
these as calibration references for the optical measurements that
were taken during the manufacturing of these artefacts. In such a
way, a calibration curve can be established that relates the texture
to a scattering parameter, assuming that the manufacturing
process varies with some linearity in the height and width of
the texture peaks and valleys. This methodology can more
generally be used for machined products and surfaces [242].

A typical related method is speckle correlation [189]. The
surface is illuminated with coherent light at an angle using a laser
and a single image is taken of the surface. The contrast in the image
is directly related to the surface texture. A refinement of the
method is in changing the angle or wavelength and correlating the
images. The method can be calibrated using reference surfaces
with calibrated texture parameters, and it claims to be able to
determine Ra values up to 6 wm. Calibration curves suggest a
reproducibility of about 10%.

With related methods, such as image-based defect-detection
methods, it can be even more difficult to relate to the concept of
traceability and uncertainty [219].

4.3.2. Traceability of nominally flat surface measurements

The manufacture of traditional surface plates is carried out in an
iterative process where the surface is measured off-machine, e.g.
using electronic levels, after which it is machined according to the
obtained flatness map [90]. The traceability and uncertainty of this
method was evaluated in detail elsewhere [87]. A system that is
more appropriate for in-process measurement for plates up to
200 mm x 200 mm, based on pattern projection, was proposed by
Fan and Shiou [53]. In this case, a system calibration takes place
using a gauge block, sine bar, and an overall comparison with a
CMM measurement. For optical surfaces, measurement using a
Fizeau interferometer, as illustrated in Fig. 9, is a logical choice. For
on-machine and in-process measurement, it is advantageous if the
measurement can be done using a single image. This can be carried

https://doi.org/10.1016/].cirp.2019.05.005

Please cite this article in press as: W. Gao, et al., On-machine and in-process surface metrology for precision manufacturing, (2019),



https://doi.org/10.1016/j.cirp.2019.05.005

CIRP 2024 1-24

16 W. Gao et al./CIRP Annals - Manufacturing Technology xxx (2019) xxx—xxx

out using the carrier-fringe technique introduced by Takeda [222],
or by phase-shifting the interferograms in an instantaneous way;
[14] see also Section 3.1.1.1. The measured flatness deviations can
be considered as directly traceable to the metre definition if a He-
Ne laser is used as the light source [214]. Regarding the traceability
to ‘absolute flatness’, several reversal techniques are available
[24,47]. For less demanding applications, pattern projection
methods can be used, as was done by Walecki et al. [232], who
integrated a calibration platform in his set-up for high-throughput
wafer processing for solar cell manufacturing.

4.3.3. Traceability of aspheric surface measurements

Rahman et al. [191] describes a CMM-like on-machine
mechanical profile measuring system that is used on a grinding
machine for aspherical surfaces. The workpiece can be measured
when the process is temporarily stopped. Much attention is paid to
monitoring the grinding wheel diameter and appropriately
correcting the machine tool path. After production, the ‘real’
profile is measured off-line using a profile measuring instrument.
Suzuki et al. [218] developed a 45° tilted on-machine measuring
system for small optical workpieces. The uncertainty is estimated
from the measurement of a sphere with a known radius, and from a
comparison with a, hopefully calibrated, form measuring instru-
ment. Xi et al. [244] has developed a correction method for the
grinding wheel position, for grinding a 800 mm diameter aspheric
mirror, reducing the profile error from 65 pm to 8 wm. Also here, a
sphere is used to confirm the obtained improvement.

5. Data processing and feedback
5.1. Data flow

Data flow (also called stream processing or reactive programming)
is a software paradigm describing how data streams are processed
using computing into useful information, e.g a measurement result.
The central element of the concept is the data, which flows through
several steps (Fig. 31). This model is naturally described by flowchart
diagrams and allows fora simple description of parallel and sequential
processes with focus on data. The flow of data from one processing
step to the next and can split and merge down this stream.
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Fig. 31. Example of the high-level dataflow concept for a multi-sensor CMS. (a) laser
line extraction in image coordinates; (b) lens distortion correction and
transformation to laser plane coordinates; (c) 2D registration; (d) 2D data
fusion; (e) 3D data fusion; (f) data sectioning in workpiece datums; (g)
meshing; (h) extraction of application-specific parameters [203].

Data flow in manufacturing metrology begins with the readout
of sensors, where physical quantities are converted into a digital
representation. The data flow models how this representation is
further processed to gain information, such as an indication of the
measured quantity value, and in the right context, eventually leads
to increased knowledge and added value [129,194].

As an example, the measuring process can be modeled by a data
flow, i.e. data flows through processes as partition, extraction,
filtration, association, collection and construction [98]. In this
sequential model, processes are applied on measured coordinates
and/or other data structures that describe a geometry. Even if data
processing is often not explicitly described in literature, it is always

inherent to digital metrology systems. Actually, as in other domains,
where numerical data processing is employed, its importance is
growing since more data is available and adequate algorithms and
computing power exist, e.g. big data analytics and machine learning.

An example of a fairly complex dataflow including data fusion,
adjustment, filtration, etc. is described in Ref. [77]. They use eight
light-sectioning sensors in a complementary setup [237] to
measure complex shaped workpieces. A specific adjustment
procedure to increase the system accuracy was developed,
enabling the evaluation of multiple geometrical parameters and
eventually achieving holistic form measurements [203].

In this system, the data flow is parallelized during the first steps,
where coordinates in image coordinate systems are obtained by CCD
sensors and on-camera FPGA (field-programmable gate array)
processing, i.e. laser line coordinates are extracted from the image
of each sensor on the camera (Fig. 31). Thus, in this example, dataflow
is not only parallelized but also distributed over multiple distinct
computing systems. After calibration information is applied and
coordinates are converted to a metric system, measurement data is
then fused and filtered to obtain a complete profile of a workpiece.
Subsequently, each two consecutive sections are meshed together to
obtain a 3D surface representation. Note that this last step is already
executed while acquisition is in process. Moreover, it processes in a
time-sliced manner, i.e. the next section can already be meshed into
the 3D model, even if meshing of the previous contour is not yet
finished. By this high degree of parallelization and high-speed sensors,
over one million spatial coordinates can be processed per second [ 77].

Data flow and measurement data processing are not only
supportive, but crucial for the resulting information, e.g. a
measured quantity value. For example, the use of inappropriate
filter parameters would result in distorted results and valuable
information can be lost. If appropriate data processing is applied,
digital processing is effective and enables an information gain that
would not be possible by manual methods.

Most data processing is carried out in the digital domain
nowadays. This allows evaluation of many data in an automated
fashion in little time. Thus, digitalization leads to an increasing
quantity of measurement data and to applicability of sophisticated
data processing algorithms. Since the exponential increase of
computing power per monetary unit can only be retained by
parallelization of computation, also known as Moore’s Law, future
data processing for metrology systems will inevitably contain
certain parallelized processes.

How geometry is described digitally or how measurement data
is structured during the processing, e.g. in clear text or binary
format, is extensively described in Ref. [262].

5.2. Sampling strategies

In a measurement scenario, the sampling strategy is one of the
factors contributing to the measurement uncertainty, especially
when the sampling location is sparse to save time, e.g. measuring
with a touch-trigger probe on a CMM [32]. To obtain a balance of
low measurement uncertainty and high measurement efficiency,
an advanced sampling strategy is most desirable such as adaptive
sampling according to different surface curvature [39]. EIKott and
Veldhuis [40] proposed several non-uniform rational B-spline
(NURBS) surface parameter-based algorithms for the measure-
ment of freeform surfaces. NURBS parameters, surface patch size,
and surface patch mean curvature are used as the criteria in the
sampling process. Ainsworth et al. [4] presented a CAD-based
approach for the planning of a CMM measurement path, which
uses a recursive subdivision algorithm to sample the surfaces along
with their isoparametric lines. Chord length, minimum sampling
density, and surface parameterization are the criteria used to guide
the process. The work presented by ElKott and Veldhuis [40]
adopted the sampling of surface isoparametric curves, which are
used to construct substitute geometry for the physical object. Both
curvature change and accuracy of substitute geometry are used to
determine the locations of the sampled curves.
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Although many of the off-machine sampling strategies are
applicable for on-machine surface metrology by using CAD/CAM
software to generation NC codes of the sampling path [173], it is
important to plan the sampling strategy based on the machine tool
configuration. For example, on a T-base three-axis diamond turning
machine, itis efficient to employ the spiral scan/sampling strategy by
synchronizing the motions of the X linear axis and the C spindle axis
[60]. Asimilar strategy can be employed in a three-axis rotary surface
grinding machine [208]. Liu et al. [151] utilized a sampling strategy
for a 2D laser triangulation sensor on an ultra-precision polishing
machine with three linear axes (X, Y, Z), three rotational axes (A, B, C)
and a spindle axis (H). As shown in Fig. 32, the scanning strategy
consists of rotational motion of the B axis and linear motions of the X,
Y and Z axes. The A axis has a fixed angle to ensure that the laser
sensor is perpendicular to the X-Y plane. The laser sensor is rotated
around the B axis and a scanning slice can be generated. The
workpiece is moved along the X, Y and Z axes, combined with the
scanning of the B axis. As aresult, the whole surface of the workpiece
can be scanned. In some cases, additional sensor motion axes can be
added for specific scan/sampling strategies. Anderson and Burge
developed a system by adding a rotary stage to swing-arm sensor for
measurement of large-sized aspheric workpieces on a grinding/
polishing machine, where the axis of rotation of the arm passes
through the centre of curvature of the workpiece [5]. A sensor is
mounted at the end of the arm that swings along an arcline across the
centre of the aspheric workpiece. By scanning the arc lines at
different angular positions of the turntable of the grinding/polishing
machine, a scanning pattern could be obtained in which the arc lines
cross with each other. The crossing heightinformation was employed
to stitch the scans for reconstruction of the surface topography [216].
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Fig. 32. Scanning strategy of the on-machine metrology [151].

5.3. Interfaces

For on-machine surface metrology, it is necessary to connect
the elements of the measurement system, including the surface
measuring probe/instrument, the personal computer (PC), the
machine tool NC controller and the user with appropriate
hardware, software and user interfaces, for acquisition of the
surface measurement data and for feedback of the compensation
data. The interfaces can be significantly different from those used
for off-machine surface metrology due to the interaction with the
machine tool and/or the NC controller.

Fig. 33 shows the interfaces in an NC controller integrated
probe-scan system for workpiece setting and inspection [ 192]. After
receiving the measurement command from the controller, the probe,
which is stored in the tool magazine of the automatic tool changer
(ATC), is mounted on the machine tool spindle for measurement of
the workpiece surface. A wireless interface, either optical or radio, is
employed for transmission of the signals between the probe and the
controller through a receiver unit. For a touch trigger probe, the
receiver is connected to the input of the controller for the high-speed
skip function. Once the controller has received the triggered signal
from the probe, the controller automatically captures the coordi-
nates of the probe position via the encoders of the machine tool axes.

Renishaw has also developed a high-speed optical interface that
processes data from the receiver and provides input/output
communication with the machine tool for a contact probe in
continuous-path mode [160,192]. On-machine macro software
packages are installed and resident on the controller so that on-
machine programming can be performed at the controller using
traditional G-code, through a graphical user interface for acquisition
of the measurement data and generation of the NC feedback data to
the process control. Table 5 shows the specifications of commercial
wireless interfaces for on-machine probes [192].

Machine
spindle

Receiver S—
Input for ski Wireless |
NC function . P Probe interface Probe
CORtEOIEE output l\_/.] Workpiece
8 s
ervo
= drives Machine axes <714>
Ol |
Pl p @5  Encoder
©0 Ot} Encoder KYZaxes  Heads (XYZ) scales (XYZ)

Fig. 33. Interfaces in an NC controller integrated probe-scan system.

Table 5
Wireless interfaces for on-machine probes [192].

Types Specifications

Infrared Infrared light source.

360° transmission envelop with a torus shape.

9 m maximum transmission range.

Robust to electronic noise.

Line-of-sight between probe and receiver is required.

Radio 2.4 GHz radio wave source.
Frequency hopping spread spectrum (FHSS) transmission.
360° transmission envelop with a spherical shape.
Negligible interference from other radio sources.
15 m maximum transmission range.
Suitable for large machines where line-of-sight
between probe and receiver is not possible

It is often necessary to employ a PC which has better flexibility in
data acquisition and processing for user-specific on-machine
measurement tasks. It used to be a challenge to transfer the data of
machine axis positions to a PC, since the electronics and hardware
interfaces of a machine tool, including those of the encoders, are often
not open for users to access [151]. Fig. 34 shows the interfaces
connecting a PC and an ultra-precision grinding machine in a
customized system by Olympus for on-machine surface metrology of
endoscope optics [174]. With the assistance from the machine tool
manufacturer, a signal interpolator with a 32 bit digital output was
added between the encoder read head and the encoder serial interface
of the NC controller for each of the X, Yand Z-machine axes to receive
the sinusoidal voltage output signals of the encoder. Adigital [/O board
was employed as the interface connecting the interpolator and the PC.
The surface form data were analyzed in the PC by using Windows-
based CAD/CAM software packages to produce the error compensa-
tion data. The compensation data were then fed back to the NC
controller via a serial RS-232C interface, which is one of the standard
interfaces of NC controllers, to carry out compensation machining by
direct numerical control (DNC)[10,112]. In Fig. 34, since the air bearing
probe had a linear encoder as the length measurement transducer, the
same interpolator was employed to connect it with the PC. Similar to
an off-machine system, FPGA, digital signal processor (DSP) and
programming logic controllers (PLCs) can be employed to improve the
processing speed of the interfaces between the probe, the PC and the
machine tool encoder outputs [153,227].
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Fig. 34. Interfaces in a PC-based on-machine surface metrology system (modified
from Ref. [174]).

Recently, with the development of open controller architecture
(Open CNC) [190], it has become an easy and general operation for a
PC to access the NC controller for obtaining machine axis positions
and for uploading NC data in a large variety of user-specific
applications [11,86,95,193,230]. Software interfaces, such as appli-
cation programing interfaces, are provided by controller vendors for
this purpose [57]. The standard hardware interfaces equipped ina NC
controller for communication with a PC include, not only point-to-
point interfaces such as RS-232C, optical fiber and USB, but also the
Ethernet network interface [57,112]. More sensors and measuring
instruments for surface metrology, such as laser displacement
sensors [116,117] and full-field 3D systems [115,118], are now
equipped with Ethernet interface in responding to the requirements
of industrial Internet of Things (IoT). In an industrial Ethernet
network as shown in Fig. 35 the hardware connections and software
communications between machine tools, PCs and sensors/instru-
ments can be seamlessly realized through the Ethernet interfaces.
This will expand the flexibility and possibility of on-machine surface
metrology for future manufacturing.
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Fig. 35. Ethernet interfaces for next generation on-machine surface metrology
network.

5.4. Data analysis and modelling

Analysis of the measured data is carried out to extract feedback
information to correct the machined workpiece on machine, and/
or to control the manufacturing key-characteristics using statisti-
cal process control (SPC) techniques on machine. Fig. 36 sum-
marizes the needs of on-machine measurements.
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Fig. 36. Data analysis for on-machine surface metrology.

5.4.1. Data analysis

The aim of on-machine surface metrology is to furnish
measured data to derive fine-machining parameters for compen-
sation machining the workpiece. Therefore, this feedback needs
parameters that can be adjusted in value. The adjustable
parameters can be merged according to their effects on compen-
sation machining. Table 6 summarizes the links between the fine-
machining parameters and the workpiece errors [225].

Table 6
Link between machining parameters and workpiece errors.
a c
28 <%
S < S 2
3858732
¥ =Lnao
Tool X[ X[ X| X
Cutting parameters | X | X | X| x
Tool path [ X[ X | X| X[ X|X
Compensation matrix x | X|X|X| X
Tool-setting dimension X|X
CNC offsets X [ X|X] X: strong link
Workpiece moving x | X|X] x: weak link

As shown in Fig. 36, on-machine measurement should be used
to check, in-line, manufacturing key-characteristics (roughness,
waviness, form, size, position, orientation or others). Generally,
statistical process control (SPC) software is employed to do this
task [155]. After the end of machining on the machine-tool,
manufacturing key-characteristics of the workpiece are measured
to check if the workpiece continues in the process or if the
workpiece is rejected from the production. These key character-
istics are derived from the surface deviation.

5.4.2. Deviation calculations

To derive the shape deviations, a model and a set of measures
are necessary [217]. Moreover, optimization methods are used to
approximate the deviations between the model and the manu-
factured surface. Mathematical methods used for this treatment,
are detailed and summarized in numerous papers (least-squares
method, maximum inscribed elements and minimum circum-
scribed element, minimum zone) [6,111,149]. The model can either
represent the nominal surface (geometric objective expected to
satisfy a user function) or model the surface with systematic
defects expected during manufacturing (form defect, waviness,
etc.). The first set of models are used to check the surface or
geometrical specifications. This checking operation can be done
including the uncertainties. The second is, generally, employed to
give information for compensation machining the workpiece
[8,10,234]. Fig. 37 summarizes these two sets of models (Nominal
model, Adaptive model). The nominal model can be specified by an
analytical equation in the case of a simple shape or by a set of
equations for a complex shape described in a discrete manner. In
addition, the latter modelling is used when the specification
models come from a CAD system.
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Fig. 37. Link deviations and models.
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These analytical models include of a set of parameters describing
an elementary geometric deviation. The deviation description of the
workpiece machined by the model will be more realistic if the
number of its parameters is increased. The optimization residuals
give an indication of the description quality of the real surface. The
latter makes it possible to derive the association uncertainties of the
model at the measured points [157]. Another way is the use of
surfaces created from curves (B-spline, NURBS) [30,81] or surfaces
modeled by poles (Bezier, Coons, etc.) [58]. An artefact standard used
for data exchange between software in industry allows the
description of a freeform surface using B-spline paths. When the
model becomes complex in size (data) or geometry, it is possible to
choose a discrete model. In this case, Delaunay triangulation and
structured tessellation surface methods can be used. The STL file
format canbe used to describe the nominal model with a geometrical
approximation [12]. The best fit of this discrete model to the set of
measured points needs segmentation [202], registration of 3D point
clouds [237] and alignment methods [37]. The most used alignment
method isiterative closest point. These nominal models can take into
account the position and orientation deviations and the intrinsic
deviation and the local deviations. As shown in Fig. 37, the discrete
models are able to model the local deviation of the real surface using
a small part of the discrete element. The limitations of parametric or
analytical modelsis correlated to their mathematical complexity and
their difficulty to filter the measured data for local deviations
[137]. This impediment can be overcome by the use of adaptive
models. Eigen shape basis sets were proposed to take into account
the form deviations of the surface [58].

It is also possible to use multi-scale approaches based on
discrete Fourier equations. Theses complete the description of the
surface with local deviations, such as undulations and roughness. A
discrete cosine transform method was proposed to model the
surface deviations. This is the sum of cosine functions, where each
term has a specific frequency. This description is based on
independent basis vectors [111].

In the same way, discrete modal decomposition (DMD)
decomposes a signal (measured set of points) within a spectral
basis built from Eigen modes. The numerical solution of the
differential equation of an element vibration gives the modes’
vector space. The set of point coordinates is projected on this
vector space Q. The contribution of each vector Q; is computed by
the Moore-Penrose method [131].

5.5. Feedback to compensation machining

It is possible to apply real-time feedback with the results of on-
machine surface metrology to compensate the machining process
if the measurement is carried out under an in-process condition.
Fig. 38 shows a simple model of real-time feedback in 2D cutting
[229]. The sensor output detecting the machined area of the
surface is employed to control the depth-of-cut for real-time
compensation of the influence of machine errors. A similar concept
has been practiced in milling, turning or boring operations with
feedback from contact stylus [186], capacitive [76], eddy-current
[50] and optical sensors [119]. The real-time feedback method has
the advantage of high efficiency, since the measurement and
compensation machining are carried out at the same time.
However, compensation errors are unavoidable due to the interval
between the positions of tool and on-machine probe as well as the
delay caused by the limited bandwidth of the machine axis
motions and the limited response speed of the feedback control
system [229]. It is therefore sometimes necessary for the user to
develop an additional fast tool servo system for the compensation
machining as shown in Fig. 38. In addition, the availability of
sensors for in-process surface metrology is an obstacle.

Alternatively, the feedback used with on-machine surface
metrology for compensation machining is often carried out indepen-
dently in intermediate steps. In such a non-real-time compensation
approach, on-machine surface metrology is carried out off-process
after the initial machining and the measurement result is fed back to
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Fig. 38. Real-time feedback to compensation machining (modified from Ref. [229]).

compensation machining. The surface after compensation machining
is then measured again to determine whether the next round of
compensation machining is necessary or not. The combination of
compensation machining and off-process measurement is repeated
until the surface error is within the designed tolerance. Mounting,
demounting and remounting operations for the on-machine probe are
often associated because the probe is typically not permanently
mounted on the machine tool due to the limited space and harsh
environment during machining. The non-real-time compensation
approach is more time-consuming on one hand but more practical on
the other hand, compared with the real-time approach, because off-
process measurement is much easier to carry out. The feedback
strategy of the on-machine measurement results in the compensation
machining being more flexible, which can be carried out by (1) editing
the program of the machine NC to generate a compensation tool path
[8,10,225], (2) changing the NC offset [184,233] and/or moving the
workpiece [148] to adjust its position or orientation in the machining
space, (3) modifying the tool setting to displace the cutting point of the
tool path [184], or (4) adding a tool positioning system, such as a fast
too servo, to control the depth-of-cut [61].

Fig. 39 shows the results of compensation grinding of a silicon
carbide (SiC) aspheric mirror of on a three-axis rotary surface
grinding machine by feeding back to the machine NC controller
[208], which is the most utilised feedback strategy. The mirror was
designed to have a concave aspheric shape with a sag of
approximately 35 mm over an 800 mm diameter. A grinding wheel
path for compensation grinding was generated in the NC of the
grinding machine, based on the feedback from the results of off-
process measurement by a contact-type displacement sensor, with
a range of 60 mm associated with a scan motion along the radial
direction of the mirror generated by the X-axis slide. A large
machining error, up to approximately 45 .m, was confirmed at the
outer area of the mirror after the initial grinding, due to the wear of
the grinding wheel caused by the hard SiC material. The machining
error was reduced to approximately 2 wm after five repeated
measurement and compensation machining operations. The
alignment time for the re-mounted length sensor was less than
20 min with a fast alignment method [208]. A similar feedback
strategy is used in grinding of aspheric moulds [19,174,218], cutting
of freeform surfaces [259], machining of thin-walled blade
workpieces [261], and many other processes.
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Fig. 39. On-machine measurement and compensation grinding of a SiC aspheric
mirror workpiece through feedback to machine NC [208].
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In Fig. 40, a different feedback strategy was employed on a five-
axis cutting machine, where micro vee-grooves were cut on a
retro-reflection mirror surface by fly cutting [257]. An air bearing
probe was mounted on the B-axis to make off-process measure-
ment of the surface form of the machined vee-grooves by moving
the probe and the workpiece along the X and Z slides of the
machine, respectively, from which the deviation of the vee-groove
included angle could be identified. The measurement results were
then fed back to align the tool position and orientation for the
compensation cutting. The angular deviation was reduced from 1°
to 0.006° after the compensation cutting.

Air bearing probe

Length gauge
\ _-\_Cutting tool Alr\supply

Fly—cutting 0

. fixture | [~

” "Cutting“rqul L

Fig. 40. On-machine measurement and compensation cutting of vee-grooves
through feedback to adjustment of tool position and orientation [257].

Feedback of the measured information to compensation
machining of micro-structures is a challenging task due to the
critical requirement on the positioning accuracy of the tool. Chen
et al. demonstrated the possibility of repairing defective micro-
structure elements on a large-area roll mould by using a FS-FTS
[29]. The occurrence and the position of a defective element could
be detected during the cutting process by the force sensor, and the
sectional profile of the element could be characterized after the
process, by using the tool itself as a force-controlled stylus probe.
The defective element could then be accurately corrected in a
subsequent repair cutting process through the feedback of the
measured information to the FS-FTS and the machine tool NC
controller for generating the repair tool path.

6. Conclusions

On-machine surface metrology plays an important role for
precision manufacturing in a number of tasks. The first task is for
initial alignment and/or positioning of a workpiece on the machine
tool, which is the first step in a manufacturing process. The most
straightforward task of on-machine surface metrology is to replace
the conventional post-manufacturing inspection of the workpiece
surface made on an off-machine and stand-alone surface measur-
ing instrument. The on-machine results can also be employed for
the task of compensation machining, and that of process and
machine tool diagnosis. Each of the tasks has common and special
requirements for both the measurement system and the data
analysis/feedback process.

The measurement systems for on-machine surface metrology
can be classified into full-field systems and probe-scan systems.
Each have their own advantages and disadvantages. The former,
which is usually an optical system, such as a surface interferome-
ter, can accomplish the measurement in a short time without
interactions with the machine tools and, therefore, with less
influences from the machine kinematic errors. However, the
measurable sizes and shapes of targets are limited and the system
is susceptible to machine vibration and typically expensive. For
these reasons, such a system is limited to some special
manufacturing processes, such as large telescope mirror

manufacturing. Significant advances have been achieved in on-
machine 3D surface vision systems, with the progress in image
sensing technologies. Especially, fringe reflection systems have
demonstrated performance comparable to traditional interfero-
metric systems, while being more cost-effective and robust to
environment disturbances. It should be noted that the accuracy of a
3D surface vision system is largely determined by the calibration of
the system. Development of accurate and effective on-machine
calibration technologies of such systems remains as an important
part of future work for traceable and more accurately manufac-
tured workpieces.

Meanwhile, a probe-scan system, which is composed of a
measuring probe and the associated scan motions provided by the
axes of machine tools, does not have a limitation in measuring
range and is, therefore, adaptable to the workpiece size. A variety of
probes, either contact or noncontact, can be selected for
measurement of different workpiece shapes and materials. On-
machine touch probe systems have become common accessories
in a wide variety of precision machine tools from surface/cylinder
grinding machines to multi-axis machining centres. A similar trend
has been observed with on-machine air bearing probes, which are
commercially available for ultra-precision grinding/cutting of
optical surfaces/moulds of aspheric lenses and freeform optics.
Although on-machine probe-scan systems are dominated by
contact-type probes, the use of noncontact-type probes, especially
laser triangulation sensors, is also increasing. The unique
capability of a 2D laser triangulation sensor for measurement of
a sectional profile of a workpiece surface, without moving a
machine axis, is expected to further expand the applications in on-
machine surface metrology. Compared with a full-field system, a
probe-scan system is more influenced by machine errors, including
both dynamic and kinematic error components. Abbe errors and
probe alignment errors are also critical influence factors for the on-
machine measurement results. Compensation of these errors is,
therefore, important for assurance of the accuracy of the system.

Establishment of traceability for on-machine surface metrology
is an essential task for assurance of the measurement reliability
and a key issue for extending the applications of on-machine
surface metrology in to precision manufacturing industries.
Artefact-based calibration and traceability is a common way to
achieve this. Data processing, including sampling strategy, data
acquisition and analysis, is another important part of on-machine
surface metrology, especially for feedback of the measurement
data to the compensation machining process.

As one of the future trends in on-machine surface metrology,
continuous progress in sensor technologies is expected to improve
the robustness and reduce the cost of on-machine measuring
instruments. More applications of on-machine surface metrology
are also expected in precision manufacturing industries, i. e. for
compensation machining. In the near future, on-machine surface
metrology has the potential to become an essential part of a
precision manufacturing process as well as a common function of a
machine tool. Most importantly, with the advancement in
industrial Ethernet and wireless interfaces, on-machine surface
metrology will become an loT-based activity to play a fundamental
role in future manufacturing. To realize these goals, comprehensive
standardization work on both hardware, such as the mountings,
interfaces and NC controllers, and software, such NC codes for
sensor output acquisition, surface error analysis, embedded
calibration methods and automatic compensation tool path
generation, is essential.
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