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Abstract
Parts with high-quality freeform surfaces have been widely used in industries, which require
strict quality control during the manufacturing process. Among all the industrial inspection
methods, contact measurement with coordinate measuring machines or computer numerical
control machine tool is a fundamental technique due to its high accuracy, robustness, and
universality. In this paper, the existing research in the contact measurement field is
systematically reviewed. First, different configurations of the measuring machines are
introduced in detail, which may have influence on the corresponding sampling and inspection
path generation criteria. Then, the entire inspection pipeline is divided into two stages, namely
the pre-inspection and post-inspection stages. The typical methods of each sub-stage are
systematically overviewed and classified, including sampling, accessibility analysis, inspection
path generation, probe tip radius compensation, surface reconstruction, and uncertainty analysis.
Apart from those classical research, the applications of the emerging deep learning technique in
some specific tasks of measurement are introduced. Furthermore, some potential and promising
trends are provided for future investigation.

Keywords: freeform surface, form inspection, contact measurement, coordinate measurement,
on-machine inspection

1. Introduction

Freeform surfaces are widely used in various fundamental
industrial products, such as impeller blades [1], high-precision
molds [2], aircraft skin [3], and so on. High-quality measure-
ment of the freeform surface is crucial to the quality control
of these products or guiding the further five-axis machining
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process. Although non-contact measurement methods, such
as stereo vision [4, 5], laser scanning [6], and fringe pro-
jection profilometry [7], have been widely used in industrial
inspection due to their high efficiency, the accuracy of these
methods is vulnerable to the environment and the reflection
property of the surface material [8, 9]. Besides, the axial res-
olution of the common industrial non-contact measurement
methods is below tens of micrometers, due to the limit of the
lateral resolution. Thus, the overall accuracy of these meth-
ods does not meet the requirement of the final inspection of
those high-quality products. On the contrary, contact meas-
urement is usually used for final inspection, due to its high
accuracy, robustness, and universality. The common proced-
ure of contact measurement is illustrated in figure 1. Before
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Figure 1. The common procedures of contact measurement.

the measurement is conducted, the sampling point should be
selected. The accessibility of the sampling point should be
carefully examined and an interference-free inspection path
is planned within the accessible region. Then, the workpiece
is clamped to the measurement machine and should be loc-
alized. After the measurement is conducted, the probe tip
radius should be compensated to obtain the actual point clouds.
Finally, the surface could be reconstructed with the point
clouds and measurement error and uncertainty should be ana-
lyzed. If needed, the workpiece should be re-clamped to the
machine tool and re-machined according to the inspection
result.

In this paper, the existing research on these stages of
the measurement procedure is thoroughly reviewed. Sys-
tematic classifications of the existing methods are provided
and the trend of these fields are analyzed. Section 2 intro-
duces the common configurations of the contact measur-
ing machines and the corresponding inspection manners.
Section 3 analyses several factors that would influence the
accuracy of the coordinate measurement. Section 4 reviews
those works concerning inspection planning, including the
sampling strategy, accessibility analysis, and path optimiz-
ation. Section 5 reviews the profile evaluation issues after
the inspection, including the post-processing of measure-
ment data, surface reconstruction, and uncertainty analysis. In
section 6, the detailed procedures for inspecting an impeller
are introduced to help the readers better understand the indi-
vidual methods in this paper. Section 7 gives some discus-
sions on the non-contact measurement and in-situ measure-
ment, which are related to the content of this review. Section 8
concludes this paper and provides some suggestions for future
research.

2. Preliminary

The key sensor of the contact measurement is the contact
probe system. The probe system is mounted on different kinds
of instrumentation for different inspection tasks. When it is
mounted on the five-axis computer numerical control (CNC)
machine, it could be used for on-machine inspection (OMI).
When it is mounted on the coordinate measuring machine
(CMM), it could be applied to the quality control and reverse
engineering in the off-line inspection. Although the above-
mentioned inspection scenarios are different, they follow sim-
ilar measurement procedures shown in figure 1. However, the
inspection manners in these inspection scenarios are not the
same, which are determined by the property of the probe sys-
tem. The probe system mainly includes the probe head, the
probe, the stylus, and the probe tip. Among these components,
the probe head and the probe determine the working mode of
the system.

2.1. The probe

The first probe system with stiff styli was designed for manual
inspection. In the computer-aided inspection period, the con-
tact probes are mainly divided into two categories, i.e. the
touch-trigger probe and the scanning probe. The schematic
drawing of two typical touch-trigger probe and scanning probe
is shown in figure 2. The touch-trigger probe outputs a trig-
gering signal when the stylus deflection exceeds the threshold
and the position of the stylus tip is recorded simultaneously.
As a result, the corresponding inspection manner is point-
by-point inspection. The scanning probe embeds the position
sensitive detector or linear variable differential transformer,
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Figure 2. The schematic drawing of the probe system. (a) Touch-trigger probe. (b) Scanning probe.

Figure 3. The development of different inspection manners.

which could output a continuous electrical signal according to
the deflection of the stylus. The probe tip could continuously
touch the measured surface, realizing continuous scanning
inspection. A detailed explanation of this inspection manner
is introduced in section 2.2.

Bastas [10] comprehensively compared the performance of
the touch-trigger probe and the scanning probe. According to
the experiment results, the inspection time with the scanning
probe is only 1/9 of that with the touch-trigger probe when
inspecting 60 points on a plane. Regarding the measurement
uncertainty, there are no statistically significant differences
between these two probe systems. In addition, the scanning
probe has relatively higher calibration time, since the inherent
model is more complex and more parameters should be calib-
rated. The details about the probe calibration could be found
in section 3.3.

2.2. Different inspection manners

The development of different inspection manners is summar-
ized in figure 3. Early contact measurement performs in a
point-by-point manner. The probe should approach slowly
to inspect a sampling point and then retract and transit to
the next sampling point. It is obvious that the air-moves
between inspecting the sampling points lower the whole effi-
ciency of the point-by-point probing. With the existence of
scanning probe, another inspection manner, i.e. line scan-
ning, is developed rapidly. In the line scanning manner,
the probe could continuously contact the measured surface
and move along a pre-defined curve. However, the scan-
ning speed is limited due to the influence of dynamic error
[11, 12]. Thus, the scanning speed of three-axis scanning
is commonly less than 25 mm s−1. Furthermore, the probe
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Figure 4. The relationship between different configurations and their corresponding inspection manners.

orientation could not be changed due to the limit of the
probe head. For complex objects, the measurement sequence
should be separated into several sub-sequences to choose
the optimal probe orientations. In 2007, an advanced probe
head system REVO was launched by Renishaw Company,
which led to a novel inspection pattern called five-axis con-
tinuous sweep scanning. Different from the three-axis line
scanning, the five axes make synchronized motion whilst
acquiring high-density points in the five-axis continuous
sweep scanning. The efficiency and precision are enhanced
immensely.

2.3. The probe head

The probe head is mounted at the end of the CMM column
to adjust the orientation of the probe. The most widely used
probe head in current industrial applications is the motor-
ized indexing probe head. The representative products include
the RDS probe head from ZEISS company, PH10M probe
head from Renishaw company, and HH-A-H2.5 probe head
fromHexagon company. The stylus mounted on the motorized
indexing probe head could rotate to a series of specified angles.
The minimal angle interval ranges from 2.5◦ to 7.5◦. That is to
say, the rotary axis in the motorized indexing probe head can-
not rotate continuously. Since the angle changing operations
would interrupt the inspection sequence, a motorized index-
ing probe head could only be applied to that inspection in dis-
cretizedmanner, such as point-by-point probing and three-axis
line scanning. The advanced apparatus, i.e. REVO probe head,
supports continuous angle changing so that the probe could
rotate to any orientation within the workspace. Furthermore,
the stylus equipped on REVO is extremely light and high-
stiffness air bearings are used in the REVO so that it could per-
form high-speed rotation without introducing large deforma-
tion and thermal errors.

The relationship between the configurations and their cor-
responding inspection manners is illustrated in figure 4. The
different dynamics property of the instrumentation determines
the different inspection path characteristics corresponding to
that instrumentation, which would be discussed in detail in
section 4.3.

3. Accuracy issues of contact measurement

According to ISO 10360-1 [13], the accuracy of CMM is
represented by the maximum permissible error of indication
(MPEE), which is commonly represented as

MPEE = ± (A+L/K) , (1)

where A is a constant in µm,K is a constant without unit, and L
is the measured length in mm. The evaluation of CMM accur-
acy is designed by length measurement in ISO 10360-2 [14].
The basic accuracy A for common CMMs is usually several
micrometers, e.g. the accuracy of Hexagon Explorer 040504
is 3.0+ 4.0L/1000 µm in 440 × 490 × 390 mm3 measuring
range. Some ultra-precision CMMs could reach submicron-
level accuracy, e.g. the accuracy of Mitutoyo LEGEX 574
is 0.28+L/1000 µm in 500 × 700 × 450 mm3 measuring
range.

Fan et al [15] entitled the traditional CMM as macro-CMM
to distinguish it from the micro-CMM. Micro-CMM was first
proposed by Takamasu (Tokyo University, Japan) to achieve
high-accuracy and micro-scale measurement. Some typical
micro-CMMs include Zeiss F25 [16] and IBS ISARA 400
with triskelion probe [17]. The key components of micro-
CMMs are micro-scale probes with small styli and weak
forces and Abbe error free precision stages. Representative
probes include PTB fiber probe [18], 3D probe of MEATS
[19], NPL vibrating probe with a triskelion flexure [20], and
UMAP vision system of Mitutoyo. More information could
refer to [21, 22]. The comparison of some key specifications
of macro-CMM and micro-CMM could be found in [15]. It
should be noted that the specifications of different products
from different vendors would not be consistent. The specific-
ations listed in table 1 are just representative ranges for ref-
erence. Compared with the macro-CMMs, the micro-CMMs
have narrower working space while ensuring higher measure-
ment accuracy, thus they have been applied to the measure-
ment of high-accuracy freeform optics [23, 24]. It should be
noted that micro-CMMs and macro-CMMs have their own
fields of application and we would just talk about the inspec-
tion procedure with macro-CMM (CMM for short) in the rest
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of this paper. The measured objects discussed in this review
are limited to micron-scale precision.

The accuracy of contact measurement with CMM or
machine tool is influenced by many factors, among which
geometric error, dynamic error, and probe error are the most
commonly analyzed error sources. In this section, the defin-
ition and compensation strategies of these error sources are
summarized.

3.1. Geometric error

Geometric error is caused by inaccuracy during the manufac-
turing and assembly of machine components. The traditional
contact measurement usually works in a point-by-point or
three-axis scanning manner. The measurement speed is relat-
ively low. Thus, the geometric error, i.e. the quasi-static error,
is the main contribution to the measurement error.

The geometric error could be further divided into position-
dependent error and position-independent error. Position-
dependent error is related to the moving component of an axis.
According to ISO 230-1 [25], a moving component along a
single translational axis has six error motions, i.e. one linear
positioning error, two straightness errors along orthogonal dir-
ections, and three angular errors named roll, yaw, and pitch.
The error of the rotary axis has similar definitions, i.e. one
angular positioning error, two tilt errors along orthogonal dir-
ections, and three translational errors along radial and axial
directions. Position-independent error is related to the axis
average line of the moving component. Three translational
axes have three squareness errors and each rotary axis has
four axis shift errors, indicating the position and orientation
of the axis average line. Thus, for a typical five-axis CMM
or machine tool, there should be totally 41 geometric error
components.

Geometric error has been comprehensively investigated for
dozens of years and the most widely used geometric error
model is the rigid body kinematic model [26]. To identify the
geometric error components, the laser interferometer is the
most widely used instrumentation for translational axes [27].
Regarding the geometric error identification of rotary axes, the
double ball bar [28] and R-test [29] are preferred. For more
information on the geometric error of CMM or machine tools,
readers could refer to [30–33].

3.2. Dynamic error

Dynamic error, as the name indicates, is the error that occurs
at high-speed working. Lyu et al [34] defined the dynamic
error as the deviation of the actual position of the end effector
and the reference inputs. They divided the dynamic error
into two components, i.e. the dynamic error inside the servo
loop (DEIS) and the dynamic error outside the servo loop
(DEOS), and gave detailed analysis of the sources and com-
pensation methods. DEIS is defined as the deviation between
the scale detection position and the reference input. DEIS
is also referred to as the tracking error, which is caused by
the phase lag of the servo system. The underlying cause is

the contradiction of the low servo bandwidth and the high
input bandwidth. DEIS has been deeply investigated and many
different solutions have been proposed, such as the zero phase
error tracking controller for reducing the phase lag [35] and the
cross-coupling controller for improving the accuracy of mul-
tiple axes [36].

DEOS is defined as the deviation between the actual pos-
ition of the end effector and the scale detection position. The
low-stiffness structures would have elastic deformation due
to the large inertia load caused by acceleration. DEOS is
difficult to compensate because of the diversity of its error
sources, including the stylus orientation, stylus length, meas-
urement velocity, and acceleration, as mentioned in the exist-
ing research [11]. The existingDEOSmodelingmethods could
be divided into two types, i.e. down-top modeling and top-
down modeling. The down-top modeling tries to model separ-
ated parts and synthesize them together, e.g. modeling with a
multi-rigid-body dynamicmodel [37] andmodeling with finite
element analysis [38]. However, the down-top modeling is too
idealistic and performs poorly in actual usage. The top-down
modeling tries to directly summarize the characteristics of the
dynamic error, e.g. modeling with neural networks [39]. But
this kind of method requires precisely detecting the position of
the end effector, which is still difficult to realize, especially for
rotary axes. Thus, the dynamic error compensation for CMM
and machine tool remain unsolved.

3.3. Probe error

The probe system is the key component of the contact meas-
urement system. To guarantee the final measurement accur-
acy, the probe must be calibrated before applying it to
actual inspection. Regarding the touch-trigger probe, when the
deflection of the stylus reaches the threshold, a trigger sig-
nal is generated and the position of the machine is recorded.
Obviously, there is a delay from the moment that the probe tip
touches the object to themoment that the deflection reaches the
threshold. The error between the recorded coordinates and the
actual probe tip coordinates is known as the pre-travel error.
Researchers have proposed various model-based [40, 41] or
data-driven methods [42] to estimate and compensate for the
pre-travel error.

Regarding the scanning probe, the output of the probe is
a 3D vector of voltage, which indicates the deflection of the
probe stylus. The relationship between the output voltage and
the actual deflection is complex and non-linear. Renishaw
established a polynomial model by Taylor expansion to estim-
ate the actual relationship, which is widely used in the cal-
ibration of different kinds of scanning probes. Yang et al [43]
extended this method and validated its effectiveness in the cyl-
indrical CMM. Since the calibration of the scanning probe
requires much more data than the calibration of the touch-
trigger probe, the calibration process of the scanning probe
would cost much more time.

According to ISO 10360-5 [44], the single stylus form error
is determined by the radius variation of the sphere fitted by
several measuring points. When it comes to the measurement
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with nanoscale accuracy, not only the tip radius should be cal-
ibrated, but also the tip form error should be evaluated. The
related research could be found at [45].

3.4. Other error

Some other error sources may also influence the machine’s
accuracy, such as thermal error and abbe error. Thermal error
comes from the thermal expansion and distortion of the struc-
ture caused by the temperature changes of the environment or
the structure itself. Because the CMM usually works in the
constant temperature laboratory, the influence of thermal error
is not obvious. Nevertheless, the OMIwith a five-axis machine
tool should attach importance to the thermal error compensa-
tion due to the complex environment of the workshop [46, 47].

When the center line of the measured part does not coin-
cide with the movement direction of the measuring machine,
Abbe error would occur. The common moving bridge CMMs
are usually equipped with a one-sided grating scale, thus they
have inherent Abbe errors. The Abbe error could be reduced
by software compensation or better structure design. Most
ultra-precision CMMs, e.g. Mitutoyo LEGEX series and Leitz
PMM-C series, would avoid the Abbe error from the structure
design. The moving component and grating scale are equipped
at the working table to reduce the Abbe offset. Those micro-
CMMs would also pay attention to the structure for reducing
the Abbe error [48, 49]. For those machines, which do not con-
form to the Abbe principle, researchers proposed methods for
modeling and compensation for Abbe error [50], which is sim-
ilar to the modeling of geometric errors.

4. Pre-inspection stage: inspection planning

4.1. Sampling strategy

To determine the to-be-measured points is referred to as
sampling. It is obvious that more sampling points result in
better surface reconstruction quality, whilst it would cost
more inspection time. Thus, the main issue in sampling is to
achieve a balance between accuracy and efficiency. In another
word, it is important to ensure measurement accuracy by
inspecting as fewer points as possible. The sampling strategy
is strongly associated with the inspection pattern, among
which the sampling strategy for point-by-point inspection gets
the most attention. The sampling strategy for point-by-point
inspection could be roughly divided into blind sampling and
adaptive sampling. The typical sampling patterns have been
summarized in figure 5.

4.1.1. Blind sampling. Blind sampling distributes the
sampling points without considering the surface features.
Common blind sampling strategies include uniform, ran-
dom, stratified, and low-discrepancy distribution, as shown in
figure 6. Uniform sampling is the most widely used sampling
strategy in both touch trigger probing and scanning. Stratified
distribution segments the surface into a series of subsets [57]

and is usually combined with other sampling strategies [58].
Low-discrepancy distribution, such as Hamersley and Halton
distribution, is a quasi-random distribution and is superior to
the common random sampling strategies. To evaluate the per-
formance of these sampling strategies, Kim and Raman [59]
compared the above four kinds of blind sampling strategies in
evaluating the surface flatness and concluded that no sampling
methods perform best in all cases. Ren et al [51] proposed
the concept of ‘nearest touch distance’ (NTD) based on the
information theory and compared the metrics change with the
sampling density of difference sampling strategies. The NTD
is defined as the distance from unsampled points to the closest
sampled point in the target region:

Dt = min(∥xi− x∥), i ∈ sampled. (2)

The NTD finds all neighbor sampled points xi for each
location x of the target region and determines the Euc-
lidean distance to the nearest sampled point. In other words,
this distance determines the information transfer accessibil-
ity from sampled location to each unsampled point. This met-
ric provides a quantity coefficient to evaluate the uniformity
of sampled location coverage. Figure 7 shows the quantity
comparison between different blind sampling patterns, where
the sampled locations are assigned a zero value. As shown
in figure 7, the uniform sampling method has good uniform-
ity, but the fixed density cannot cover multi-scale details.
The random method has high variance and shows clustering
effects, i.e. some regions are over-sampled and some regions
are under-sampled. Quasi-random sampling methods could
well balance the variance and the uniformity, which is stable
and better for reconstruction.

Blind sampling is easy to implement but it cannot adjust
the sampling point according to the surface property, result-
ing in low inspection efficiency. The blind sampling strategy,
especially uniform sampling, is still widely used in indus-
trial inspection, considering the generality and real-time plan-
ning, the controlling andmovement requirement of CMM, and
the manipulation convenience for operators. However, it is no
longer a hot point in recent sampling research.

4.1.2. Adaptive sampling. In recent years, researchers make
efforts to adaptively control the number and distribution of the
sampling points, which is referred to as adaptive sampling. In
this paper, we would further categorize the adaptive sampling
strategies into two classes, i.e. geometry-based strategies and
performance-guided strategies. Geometry-based strategies
distribute the sampling points according to some specified
geometric features, e.g. the curvature, the patch size, and the
arc length [60]. Cho and Kim [61] pointed out that machin-
ing error appears more frequently in high-curvature regions
of the target surface. Thus, it is more efficient to place more
sampling points in high-curvature regions than uniformly
distributing points on the entire surface. Elkott et al [62]
presented three sampling strategies, considering the NURBS
patch size, mean Gaussian curvature, and their combination.
Rajamohan et al [63] proposed similar strategies considering
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Figure 5. The summary of different sampling strategies. © [2021] IEEE. Reprinted, with permission, from [51]. Reprinted from [52],
Copyright (2021), with permission from Elsevier. Reprinted from [53], Copyright (2018), with permission from Elsevier. Reprinted from
[54], Copyright (2021), with permission from Elsevier. © [2022] IEEE. Reprinted, with permission, from [55]. © [2021] IEEE. Reprinted,
with permission, from [56].

Figure 6. Typical blind sampling patterns. Uniform sampling uniformly distributes the sampling points. Random pattern introduces
randomness into the sampling process to capture more information, while leads unbalanced sampling density. Quasi-random patterns,
i.e. Halton and Hamersley balance the randomness and regularity, which can improve the sampling performance while preserving the
sampling coverage. © [2021] IEEE. Reprinted, with permission, from [51].
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Figure 7. The NTD can describe the difficulty to reach the information from sampled points for each unsampled locations. The Hamersley
sampling provides both smallest NTD and low variance, where random sampling has large variance. © [2021] IEEE. Reprinted, with
permission, from [51].

the patch size and the maximum local mean curvature points.
Pagani and Scott [53] compared the arc length sampling and
the curvature sampling in simulation and found their combin-
ation would achieve a good balance when applied to different
kinds of surfaces. Similar ideas of geometry-based sampling
are also applied in the field of tool path generation for five-
axis machining. The step size between the adjacent cutter con-
tact points and the step size between the consecutive paths are
determined by the surface curvature under the constraints of
chord error and the scallop height [64].

Although geometry-based strategies distribute more points
on those critical regions and are more efficient than blind
sampling strategies, they still have some drawbacks. On the
one hand, the geometry-based strategies are intuitive and those
features cannot be quantitatively related to the reconstruc-
tion error. On the other hand, the number of sampling points
cannot be modified according to the required tolerance. In
recent years, many researchers have investigated performance-
guided sampling strategies to adaptively select the sampling
points according to the current or the potential ‘performance’.
Some researchers applied form error model to guide the selec-
tion of the next sampling point. In each iteration, the substitute
geometry is generated by the current inspection points and the
next sampling point is set at the position, where the deviation
between the substitute surface and the computer-aided design
(CAD) model is the biggest [65, 66]. Some researchers estab-
lished a machining error model to predict the distribution of
the machining error. According to ISO 1101, the form error
of a surface is defined as the largest deviation from the meas-
ured data to the CAD model. He et al [67] predicted the dis-
tribution of machining error by analyzing the geometric fea-
ture of the surface and the dynamic property of the machine
tools. Poniatowska [68] predicted the machining error as the
result of mass production. Both of them tried to find the most
possible regions where the biggest deviation would appear
and distributed sampling points to these regions. Yi et al [52]
converted the sampling process to the triangle mesh simpli-
fication. Multiple constraints, i.e. surface curvature, sampling
density, and approximation error, are considered during the
simplification and the final vertices are chosen as the sampling
point. This adaptive sampling strategy combines the influence
of geometry features and the reconstruction performance.

4.1.3. Learning-based sampling. The existing feature
recognition methods for sampling point selection commonly
depend on the explicit and empirical results, including the
‘more important feature’ in the geometry-based strategy
and the ‘more important factor’ in the performance-guided
strategy. Learning-based sampling methods provide more
implicit and universal criteria for determining the importance
of the sampling point. The important feature could be determ-
ined by two kinds of methods, i.e. the key points extraction
and post-reconstruction evaluation.

As a representative of the first kind of method, deep
learning-based approaches provide effective techniques (post
hoc techniques) to determine the importance of each pixel/-
location [69], which can identify the informative points
with the highest measuring priority. Besides, saliency map
[70], attention map [71–73] provide importance guidance for
sampling. For point cloud format, PointNet [74] could extract
critical point sets from point cloud by learning the global
shape feature. S-Net [75] learned the optimized sampling
strategy for point cloud and optimized for particular tasks.
SampleNet [76] proposed down-stream task-based differen-
tiable sampling method for point cloud. PCAN [71] could
provide the significance of each local point feature and focus
on the task-relevant features. Besides, researchers collec-
ted large-scale mechanical datasets to learn geometric fea-
tures from the CAD model [77, 78], which would contrib-
ute to better feature recognition [79] and sampling point
selection.

To continuously improve the measurement performance,
sampling-reconstruction- evaluation iterative process is intro-
duced into the measurement pipeline [80]. As for the second
kind of method, those points, which contribute most to the
residual error of the learning process are distinguished and
chosen as the sampling points in the next iteration. Learning-
based methods, such as Gaussian process, can provide con-
fidence or uncertainty evaluation with real-time reconstruc-
tion results, and a new sample point is chosen at the
location with the maximum error or uncertainty [81–83].
Compared with the traditional adaptive sampling meth-
ods, the sampling strategies decided by the learning-based
method are more universal and robust to different kinds of
objects.
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Figure 8. Different notations of probe accessibility. (a) Accessibility cone. (b) Gauss sphere. (c) Admissible map.

4.1.4. Sampling strategy with different inspection manners.
It should be noted that the above-mentioned sampling
strategies only apply to touch-trigger probing. As for scanning
inspection, the discrete distribution pattern of the sampling
points cannot make full use of the kinematic property of the
scanning inspection machine. In the three-axis scanning, dif-
ferent curve scanning patterns have been proposed. The exist-
ing methods include iso-parametric sampling [84], curve net-
work sampling [85], and star-shaped sampling based on the
error map [54]. The probe would move along a series of simple
curves rather than touching a series of discrete points. The
inspection curves are relatively simple because the stylus ori-
entation cannot be changed during scanning. In the five-axis
sweep scanning, the concept of surface inspection is proposed
to distinguish from the point or curve inspection in the touch-
trigger probing and three-axis scanning. The sampling curves
are not independently designated, but calculated according to
themachine dynamics. The common sampling patterns in five-
axis sweep scanning include sinusoidal curves [86] and troch-
oidal curves [55]. Both of them accord with the dynamics
property of the five-axis inspection machine, i.e. the majority
of the scanning task is conducted by the probe head.

4.2. Accessibility analysis

It is important to avoid possible collisions between the probe
system and the measured parts. Similar to the global colli-
sion issue in five-axis machining, the probe should inspect
the sampling point along a collision-free direction, which is
named as the accessibility of the probe in the field of con-
tact measurement. The accessibility analysis aims to find those
collision-free probe directions to inspect a specified sampling
point. In practical implementation, the accessibility of the
probe is defined by a collection of discretized directions. Colli-
sion detection between the probe and the surrounding objects
is required for each direction. In the following sections, the
existing definitions of the accessibility domain and the colli-
sion detection algorithms are comprehensively reviewed.

4.2.1. Accessibility domain representation. The accessibil-
ity of the probe could be quantitatively characterized by dif-
ferent notations, as shown in figure 8. Spyridi and Requicha
[87] proposed the notion of the accessibility cone. The probe
is abstracted as a half-line with the endpoint at the probe tip

and extending along the probe axis. The accessibility of the
probe at a specified sampling point could be represented by a
collection of half-lines with a common endpoint, which forms
a cone-like area. To numerically implement the accessibility
cone, researchers mapped the feasible probe directions onto a
unit sphere, which is referred to as Gauss sphere. Each dis-
cretized point on the sphere represents a feasible direction.
To further simplify the implementation, Hu and Shen [88, 89]
applied a 2D admissible map to represent the probe direc-
tion. Since the probe direction vector could be denoted by
two angles in the spherical coordinates, each element in the
admissible map represents a specified direction vector. Due
to the similar characteristics between CNC machining and
inspection, most of the above-mentioned accessibility nota-
tions are more or less learned from the field of CNC machin-
ing, e.g. the visibility cone in [90], 2D configuration space in
[91] and visibility map in [92], etc.

4.2.2. Collision detection. The collision detection issue has
been thoroughly investigated in the field of five-axis CNC
machining and many related methods are transferred to the
field of CMM inspection. The collision problem in the five-
axis machine tool could be classified into local collision and
global collision. The local collision, caused by unreasonable
cutter size, results in excessive cutting when the tool tip radius
is larger than the curvature radius of a concave machined sur-
face. Nevertheless, the probe tip radius is usually much smal-
ler than the curvature radius of the measured surface and the
stylus used in CMM inspection could be deflected to a cer-
tain extent. Thus, the local collision is commonly ignored in
CMM inspection. As for the global collision, the probe is usu-
ally abstracted as a half-line and ray-tracing algorithm is used
for the collision detection [93].

However, abstracting the probe as a half-line is not in
accordance with the actual case. To take the probe volume into
account, researchers proposed different methods. The most
representative ones among them are bounding box method
[94, 95] and growing-obstacle method [96]. Bounding box
method replaces the probe with its bounding box. Wu et al
[94] used a cone bounding box with the vertex of the cone
at the probe tip center. Li et al [95] used cylinders to rep-
resent the probe system and construct the convex hull when
the probe moves. Using a bounding box for collision detec-
tion is more time-consuming than using a half-line. There
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Figure 9. Two different inspection manners. (a) Three + two axis inspection. (b) Five-axis inspection. © [2021] IEEE. Reprinted, with
permission, from [51].

is an alternative approach, i.e. the growing-obstacle method.
The obstacle’s surface is offset by the probe radius to com-
pute a grown obstacle, which has the same collision condition
between the original obstacle and the actual probe.

In some special applications, i.e. inspection of the turbine
blades, some researchers [97, 98] tried to implement collision
detection within a specified section plane. The collision detec-
tion problem is converted to a plane geometry problem. These
methods are time-efficient, but they are not generally applic-
able to other objects.

4.2.3. Acceleration in collision detection. With the devel-
opment of graphics processing unit (GPU), many GPU-
based methods were proposed in recent years. Bi et al [99]
applied the occlusion query functionality of the graphics
hardware to the collision detection of a ball-end cutter in
the five-axis machining. Li et al [100] and Yi et al [101]
applied the same function in OpenGL to the accessibility
analysis of the stylus. Although GPU provides strong com-
puting power, the rendering operations still cost much time
when the number of sampling points is large and the dis-
cretization precision is high. Therefore, low time-complexity
algorithms and powerful graphics hardware should be com-
bined to improve the efficiency of collision detection in future
research.

4.3. Path generation

The objective of path generation is to find an interference-
free inspection path to traverse all the sampling points. The
path generation problem is usually formulated as an optim-
ization problem under the constraints of probe accessibility.
The objective function commonly considers several factors,
such as the efficiency of inspection and the stability of the
machinemovement. Different types ofmeasurement machines
have different physical limits on the moving axes, resulting
in different objective functions in path generation. Consider-
ing the inspection manner, inspection with CMM could be

further divided into three + two axis inspection and five-axis
inspection. The key component determining the inspection
manner is the probe head mounted on the machine column,
including the motorized indexing probe head and continuous
scanning probe head. The details are discussed in the follow-
ing sections.

4.3.1. Three + two axis inspection. Three + two axis
inspection as mentioned in section 2.3, the rotary axis in
the motorized indexing probe head cannot rotate continu-
ously. When performing continuous scanning, the probe ori-
entation is fixed in a measurement sequence, as shown in
figure 9(a). This inspection manner is named the three + two
axis inspection. Although there are totally five degrees of
freedom, these five axes cannot make synchronous move-
ment. Thus, when it conducts scanning inspection, the move-
ment is actually a three-axis scanning, rather than five-axis
scanning. When the probe orientation should be changed,
the probe head would move to a safe position and change
to a new orientation, which would interrupt the measure-
ment sequence. Since probe posture changing is quite time-
consuming in motorized indexing probe head, the existing
path generation algorithms tried to minimize the probe posture
changing.

The common procedures in path planning of three + two
axis inspection are as follows. The sampling points are firstly
clustered so that those points in the same cluster could be
inspected with the same probe orientation. Then those points
in the same cluster should be sorted so that they can be tra-
versed in the shortest path. References [60, 102–104] followed
these procedures. Calculating the shortest path to traverse all
the sampling points is usually formulated as the famous trav-
elling salesman problem. Many researchers compared differ-
ent heuristic algorithms to solve this problem [105, 106]. As
for the scanning inspection with the motorized indexing probe
head, Zhang et al [107] minimized the number of probe tilt
angles on a cylindrical CMM by analyzing the connectivity of
the feasible tilt angles matrix.
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Table 1. Comparison between different FSSP planning methods.

Methods Main contribution Is interference-free? Is time-optimal? References

Zhou 2016 Propose the FSSP planning pipeline for the first time No No [86]
Zhang 2019 Propose a quantitative indicator for planning efficient FSSP No Yes [114]
Hu 2018 Propose AOD and a graph-based FSSP planning method Yes No [88]
Shen 2021 Improve AOD and propose a spline-based FSSP planning method Yes No [89]
Shen 2022 Propose an optimization framework for interference-free FSSP planning Yes Yes [108]

4.3.2. Five-axis sweep scanning. The concept of five-axis
sweep scanning is proposed by Renishaw Company and
requires an advanced probe head, i.e. the REVO probe head
system. As mentioned in section 2.3, the probe orientation
could be continuously changed with REVO. Thanks to this
advanced apparatus, the trajectory of the probe head could
be different from the trajectory of the probe tip, which can-
not be realized with the motorized indexing probe head. In
five-axis sweep scanning, the trajectory of the probe head,
which is driven by the heavy CMM gantry, moves slowly to
avoid heavy dynamic error. Meanwhile, the trajectory of the
probe tip, which is driven by the extremely light rotary stylus,
oscillates quickly to scan the measured surface, as shown in
figure 9(b). All the existing five-axis sweep scanning path
(FSSP) generation methods for five-axis sweep scanning fol-
low this principle.

The existing researches on FSSP planning mainly fall into
two categories, i.e. partitioning the to-be-measured surface
into several simple patches and path optimization on the
simple patches. In the field of surface partitioning, various
kinds of methods have been proposed, i.e. geometric parti-
tioning methods [109, 110], harmonic mapping [111, 112],
and geodesic skeleton [56, 113]. The geometric partitioning
methods partition the surface according to its geometric shape.
Zhang et al [109] presented a strategy to partition the sur-
face into several elementary shapes, e.g. cylindrical patches,
conical patches, and planar patches. The path planning on ele-
mentary shapes is relatively simple. Hu et al [110] partitioned
the surface into several stripe-like regions. The geometric par-
titioning methods would segment the surface into many small
patches, which results in frequent air-moves between different
patches. To eliminate the transition paths and improve inspec-
tion efficiency, Hu and Chen [111, 112] applied harmonic
mapping to FSSP planning. Themeasured surfacewasmapped
into 2D parametric domain. Then a guiding curve was selec-
ted as an iso-parametric curve and re-mapped to 3D domain.
The measured surface was partitioned into a single spiral strip.
The above mentioned methods only apply to compact surfaces
without interior holes. For surfaces with multiple holes, Zhang
et al [56, 113] presented the idea of geodesic skeleton to serve
as the guiding curve of FSSP planning. The geometric prop-
erty of the skeleton naturally segments the origin surface into
several patches.

In the field of path optimization, researchers tried to
obtain an optimal or feasible scanning path under differ-
ent constraints. Zhou et al [86] proposed an FSSP plan-
ning pipeline without considering any constraints. The fol-
lowing researchers made improvements on its different parts.

Zhang and Tang [114] presented the concept of hybrid swept
area to determine the scanning direction of the probe head,
but this method assumed that the surface is relatively flat. Hu
et al [88] proposed aggregate admissible orientation domain
(AAOD) to represent the interference-free area of the probe
stylus and proposed a graph-based method to generate an
interference-free scanning path within the AAOD. Shen et al
[89] further improved AAOD and proposed a spline-based
method to generate a smooth and interference-free probe
head path.

However, these two methods can only generate a feas-
ible scanning path rather than an optimal path. Shen et al
[108] proposed an optimization framework to generate a time-
optimal and interference-free FSSP. The FSSP planning prob-
lem is formulated as an unconstrained optimization problem,
where the inspection time is set as the cost function and the
interference-free constraints are added as the penalty function.
The comparison between different FSSP planning methods is
listed in table 1.

4.3.3. On-machine probe system. The OMI system installs
an on-machine probe, e.g. OMP60 from Renishaw, on the
five-axis CNC machine to inspect the part during the man-
ufacturing process. Because OMI carries immediate inspec-
tion on the CNC machine without re-clamping the workpiece
to the CMM, it reduces the re-clamping error and improves
the overall efficiency. The criterion of inspection path gener-
ation in OMI system is determined by the dynamic property
of the CNC machine. It has been proved that sudden changes
in the probe orientation may cause higher dynamic errors. The
existing researchers aim to smooth the inspection path so that
the probe orientation would not have a sudden mutation. This
would guarantee that the velocity and acceleration are within
the machine axes limit.

Li et al [1] applied the dual-cubic NURBS curves to rep-
resent the path points and the probe orientation. By adjust-
ing the number of control points of the dual-cubic NURBS
curves, an inspection path is obtained, which simultaneously
guarantees the global interference-free constraints and avoids
the unfairness of the rotary axis motion. Li et al [100] also
presented an area-based optimization method to minimize
the variation of the probe orientation. The objective function
of the optimization problem is defined as the total sweep-
ing area increment between every adjacent path point. Wan
et al [115] found in the experiment that the inspection error
rises when the turntable frequently changes its rotation direc-
tion. They optimized the probe orientation to realize the least
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Table 2. Comparison between different path generation scenarios.

Scenarios
Typical
instrumentation

Property of the
instrumentation Path generation criteria

Three + two-axis
inspection

Motorized indexing
probe head

The probe head could make step-wise
rotation to orientate the probe to a series
of pre-defined poses. The pose
changing procedure would interrupt the
inspection and is quite time-consuming.

The probe orientation changing
should be minimized.

Five-axis sweep
scanning

Continuous
scanning probe
head

The heavy CMM gantry causes
considerable inertia load and geometric
distortion when moving at high speed
due to its large inertia and low-stiffness
structures, resulting in large dynamic
errors.

The heavy CMM gantry should
move smoothly and slowly,
whilst the extremely light
stylus should oscillate quickly
to accomplish the majority of
the inspection work.

On-machine
inspection

On-machine probe
system

The CNC machine has velocity and
acceleration limits on its rotary axes.

The movement of the rotary
axes should be as smooth as
possible.

bidirectional rotation of the turntable. Li et al [95] proposed
the concept of orientation-point relation schema to represent
all the valid orientations corresponding to a specified sampling
point. They proposed two algorithms to minimize the number
of probe orientations and to calculate the shortest inspection
path. The differences between the inspection paths of three
inspection patterns are summarized in table 2.

4.3.4. Potential research on path generation. Regarding the
OMI, it has been widely integrated into the machining pro-
cess to improve the machining quality. Based on the meas-
urement result of OMI system, the systematic error of the
inspection system [116] and the error of the probe system
[117] could be compensated. Furthermore, with the develop-
ment of OMI, closed-loop adaptive machining is developed to
complete the workpiece machining and measurement opera-
tions on the same worktable, with only single clamping, which
improves the control over themachining process. The tool path
or the machining parameters could be directly compensated
by the measurement result [118–122]. For thin-walled parts of
regular size, touch-trigger probe and optical probe are com-
monly used to construct the OMI system. Huang et al [122]
proposed an adaptive flankmilling method especially for ruled
surfaces or near ruled surfaces based on the touch-trigger
probe. Zhang et al [123] developed a touch-trigger probed on-
machine measurement for non-formed leading/trailing edge of
the impeller. Zhao et al [124] proposed an adaptive machin-
ing method for the turbine blade. For thin-walled parts of
extremely large size, e.g. the tank bottom, the actual shape
of the blanks is always inconsistent with the designed shape
[125]. In addition to measuring the machining error, OMI is
also used for determining the actual shape of the blanks [126].
Future research on the path generation strategies of OMI sys-
tem may consider the machining error.

As for the inspection in CMM, five-axis sweep scan-
ning is superior to traditional three-axis line scanning in the
aspect of efficiency and accuracy during high-speed scan-
ning. However, the path generation algorithms and feedrate

scheduling algorithms in the five-axis sweep scanning have
not been thoroughly investigated. Existing path genera-
tion algorithms in the five-axis sweep scanning are mainly
designed for two typical kinds of surfaces, i.e. trimmed free-
form surfaces and surfaces with multiple holes. Unfortunately,
there has not been a universal framework for these two kinds
of surfaces. Necessary human intervention is required for
choosing the appropriate path generation algorithm. On the
other hand, the feedrate scheduling can hardly be conducted
due to the limitation of REVO. Shen et al [108] applied the
simplest Acceleration/Deceleration feedrate scheduling with
linear-velocity profile to obtain a time-optimal scanning path,
because the embedded feedrate scheduling method in Ren-
ishaw UCCServer is unknown to the users. In the future
researches, the dynamics property of the five-axis scanning
machine should be further analyzed, especially the dynamics
property of the continuous scanning probe head. More reas-
onable feedrate scheduling methods should be implemented
according to the different dynamics property of each moving
axis, as long as an open source five-axis scanning system is
available.

5. Post-inspection stage

5.1. Probe tip radius compensation

During the contact measurement with a tactile probe, CMM
records the position of the probe tip center. To obtain the point
clouds on the object surface, the actual contact point should be
calculated, as shown in figure 10. The actual contact point of
probe tip could be calculated by

Pact = Pcenter−n · r, (3)

where Pact represents the actual contact point, Pcenter repres-
ents the recorded probe tip center, which is also named as
the indicated measured points. n represents the normal vec-
tor at Pact and r represents the probe tip radius. The process of
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Figure 10. The diagram of the probe tip radius compensation.

calculating Pact from Pcenter is referred to as probe tip radius
compensation (PTRC). Since the probe tip radius could be
obtained in the probe qualification, the key point of PTRC is
to estimate the surface normal vector at Pact.

Some conventional CAD-based methods obtain the nor-
mal vector from the corresponding point on the given CAD
model [127]. However, in most circumstances, the measured
object is slightly different from the CAD model due to the
machine error. Furthermore, it would deteriorate because of
the existence of registration error [60] and high-curvature
regions [128], making the CAD-based method invalid in prac-
tice. Another kind of method, i.e. equipment-based meth-
ods, estimates the normal vector by the probe output, e.g. the
deflection vector of the scanning probe or the force direction
in some particular probe [129]. However, the force direction is
influenced by friction during scanning, which may cause con-
siderable errors in high-curvature regions. It has been proved
in [130] that the error of the corrected points in the blade
edge is about 0.1 mm. Considering the above-mentioned limit-
ations, the mainstream approach for PTRC in the last decade is
to estimate the normal vector according to the indicated meas-
ured points. These existing methods for PTRC can be roughly
divided into two categories, considering how the normal vec-
tor is estimated.

5.1.1. Surface compensation methods. The first kind of
PTRCmethod is denoted as the surface compensation method.
The normal vector of an indicated measured point is estimated
by the surrounding points on a surface patch. Lee and Shiou
[131] proposed a cross-curvemaskmethod to estimate the nor-
mal vector by 5 or 9 surrounding points. Two crossed curves
are fitted by these points and the normal vector is determined
by the cross product of two tangent vectors on the curves. A
similar method presented in [132] used 3× 3mask to fit a local
Bezier surface and to estimate the surface normal vector. Wój-
cik et al [133] estimated the normal vector by a mean vec-
tor determined by the adjacent points. Surface compensation
methods require high-density point clouds over the whole sur-
face. However, in some specific inspection tasks, only some of

Figure 11. The diagram of the cosine error in the curve
compensation methods.

the curves should be inspected on the surface, e.g. inspecting
the impeller blade sections rather than the entire blade sur-
face for impeller evaluation [128, 134]. In such circumstances,
inspecting high-density point clouds reduces inspection effi-
ciency. To deal with these tasks, another kind of PTRCmethod
is developed, which is named the curve compensation method.

5.1.2. Curve compensation methods. Curve compensation
methods compensate the indicated measured points within the
section plane. Kawalec and Magdziak [135] applied Bezier
curves to interpolate the indicated measured points and calcu-
lated the normal vector perpendicular to the curve. Wozniak
et al [136, 137] proposed an envelope method to estimate
the actual contact point without explicitly calculating the nor-
mal vector. However, calculating the normal vector within the
section plane would introduce extra error. The compensated
point does not coincide with the actual contact point, as shown
in figure 11. The compensated point deviates from the actual
point in the section plane due to the torsion of the surface,
which is defined as the cosine error in PTRC. The cosine error
" can be quantified by

ε= r(1/cosθ− 1) , (4)

where θ represents the surface torsion angle. Some researchers
tried to solve this problem.Wang et al [138] solved the normal
vector by combining the information of the measured curve
and the given CAD model. However, they assumed that the
machine error is equally distributed over the measured surface,
which cannot be guaranteed in practice.

5.1.3. The remaining problems. There are still two main
problems that remain unsolved in the field of PTRC. On the
one hand, the cosine error has not been thoroughly solved in
those PTRC scenarios of curve inspection. Due to the lack of
surface information, the normal vector used for compensation
could not be well estimated. On the other hand, the PTRC
in high-curvature regions is unsatisfactory. Minor errors of
the estimated normal vectors may cause serious errors in the
corrected points because the probe tip radius is much greater
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[215] Sładek J, Gąska A, Olszewska M, Kupiec R and
Krawczyk M 2013 Virtual coordinate measuring machine
built using lasertracer system and spherical standard
Metrol. Meas. Syst. ���� 77–86
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