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ABSTRACT

This book presents the main methods and techniques for measuring and 
monitoring the accuracy of geometrical parameters of precision Computer 
Numerically Controlled (CNC) and automated machines, including mod-
ern coordinate measuring machines (CMMs). Standard methods and means 
of testing are discussed, together with methods newly developed and tested 
by the authors. Various parameters, such as straightness, perpendicularity, 
fl atness, pitch, yaw, roll, and so on, are introduced and the principal pro-
cesses for measurement of these parameters are explained. Lists and tables 
of geometrical accuracy parameters, together with diagrams of arrange-
ments for their control and evaluation of measurement results, are added. 
Special methods and some original new devices for measurement and mon-
itoring are also presented. Information measuring systems, consisting of 
laser interferometers, photoelectric raster encoders or scales, and so on, are 
discussed and methods for the measurement and testing of circular scales, 
length scales, and encoders are included. Particular attention is given to 
the analysis of ISO written standards of accuracy control, terms and defi -
nitions, and methods for evaluation of the measurement results during 
performance verifi cation. Methods for measuring small lengths, gaps, and 
distances between two surfaces are also presented. The resolution of mea-
surement remains very high, at least within the range 0.05 μm to 0.005 μm.

The problem of complex accuracy control of machines is discussed 
and different methods for accuracy control are described. The technical 
solution for complex measurement using the same kind of machine, as a 
master or reference machine, together with the laser interferometer and 
fi ber optic links is presented.

Comparators for the accuracy measurement of linear and angular 
standards are described, and the accuracy characteristics of these stan-
dards are investigated. Accuracy improvement systems using machines are 
described and examples are given showing the suitability of mechatronic 
methods for high-accuracy correction and measurement  arrangements. 



The effectiveness of the application of piezoelectric actuators is 
demonstrated using the construction of a comparator for angular measure-
ments as an example.

Some mechatronic methods for accuracy improvement of multi- 
coordinate machines are proposed. These methods control the accuracy 
of the displacement of parts of the machine, of the transducers or the fi nal 
member of the kinematic chain of the machine, such as the touch-probe 
or the machine cutting tool. Some categories of errors may be improved 
by numerical control means, because they are determined in the form of 
a graph with some peaks along the measuring axis running off accuracy 
limits. These points, as numerical values, are provided as inputs to the 
control device or to the display unit of the transducer and can be cor-
rected at appropriate points of displacement. The idea is introduced for 
accomplishing the correction by calculating the correctional coeffi cients 
in all coordinate directions and the correctional displacement to be per-
formed using the last (conclusive) part of the machine. For example, the 
last mentioned part may be the grip of the arm of an industrial robot, the 
touch-trigger probe of a CMM (measuring robot), the cutting instrument 
or the holder of metal cutting tools, and so on. In this case piezoelectric 
plates, in the form of cylindrical or spherical bodies, may be incorporated 
into the last machine member for this purpose.

The experience gained by the authors working at industrial plants and 
universities, performing EU research projects and international RTD pro-
jects, is used throughout the book.

KEYWORDS

monitoring, measurement, machine monitoring, calibration, performance 
verifi cation, coordinate measuring machines, linear scales and transduc-
ers, circular scales, nano-displacement
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CHAPTER 1

MONITORING OF PROCESSES, 
SYSTEMS, AND EQUIPMENT

In this chapter, the methods and means for the monitoring of tech-
nical parameters of machines are presented. The mutual interaction 
between the measurement and monitoring procedures is discussed, 
and the different levels of monitoring the parameters of a machine 
are considered in terms of the global, local, and component levels. 
The importance of sampling procedures is introduced and various 
sampling strategies for the dimensional measurement of the geomet-
ric features of coordinate measuring machines (CMMs) and other 
machines are discussed.

The importance of determining the information quantity on an 
assessed object is illustrated; thus providing more complete measure-
ment during the calibration process. Systematic errors and uncertainty 
in the calibration of linear and circular raster scales are included and 
probability theory provides a statistical means for evaluating the results 
of measurement by selecting the pitch of measurement, assessing the 
set of trials, calculating the mean value of estimates, and evaluating the 
dispersion at the probability level chosen. The general process presented 
here provides information on the conditions of measurement performed, 
as it includes sampling, together with systematic error and uncertainty 
evaluation.

1.1 INTRODUCTION

The Concise Encyclopedia of Condition Monitoring [1] gives an explana-
tion for the main terms and expressions used for the monitoring process. 
On the basis of the Concise Encyclopedia, system monitoring could be 
expanded to include a wider scope of the monitoring process. It would 
include features covering both an upper and a lower level of monitoring. 
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It can be treated in terms of global, local, and component levels of mon-
itoring. The global level includes space and world phenomena, including 
space satellites and probes, earth and planet investigations, atmosphere 
phenomena, and environmental processes. An industrial monitoring pro-
cess can be designated to the global level, followed by the system level, 
plant level, and machine and equipment level as the components of 
analysis.

Some authors [2,3] present the analysis of confi guring a measurement 
and monitoring system in the construction, machine engineering industry, 
and other branches of industry and social activities. The monitoring sys-
tems are analyzed to detect the failure of the machine, control the level 
of vibration, leakage in a water supply network, environment contamina-
tion level, and so on. A number of sensors are used within the system for 
monitoring.

The methodology for measurement system confi guration is based on 
the choice of the system’s parameters to be controlled, the limits of the 
parameters, sample selection, development of the measurement and/or 
control system, including selection of sensors, selection of information, 
processing of information, data transfer, and decision making. A general 
diagram showing the mutual interaction between the measurement and 
monitoring procedures is shown in Figure 1.1.

Standard of
measure

OBJECT

MEASUREMENT MONITORING

Parameter
selection

Data
Measur and = 1

systematic error +
uncertainty

Information transfer
Feedback, control,

regulation,
decision making, etc.

Testing Diagnostics Verification

Sensors
data

acquisition
sample

parameters
in control

Figure 1.1. General diagram of mutual interaction of measurement and 
monitoring procedures.
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The main difference between measurement and monitoring is the 
value of the parameter under consideration that is controlled. For mea-
surement the standard of measurement (etalon) is needed for comparison 
with the readings taken from the object by sensors and the measurement 
result (measurand) is determined using mathematical/statistical methods 
while for the monitoring process it is enough to have a predetermined 
value (desired value) of the parameter to be controlled and to present 
information about its current value.

This approach can be expanded to the wider scope of global analysis. 
Here a human activity must be included and investigated such as organi-
zation, changes to personal behavior features, social conditions, and eco-
nomic and fi nancial operations. Then come industrial processes, such as 
IT organization, environment, procurement, design and documentation, 
manufacturing and its preparation processes, transportation, marketing, 
and waste problems and its realization. This global, local, and compo-
nent level approach can be applied for almost any object being moni-
tored. Every enterprise can be treated as a system consisting of people, 
machines, and investments having a purpose to produce a quality product. 
This system is a part of a bigger one, expanding to consortium, national or 
international community. There we give a defi nition global that in princi-
ple is similar to the term system. 

The global level for machine monitoring would be the surroundings 
where the machine is placed, connected, and operated. It would include 
the fl oor of the plant, the mains supply, and the surrounding atmosphere. 
The following are examples of features and parameters that would be des-
ignated to the global level, for example, shocks and vibrations transmitted 
through the ground, temperature, humidity and pressure in the surround-
ing atmosphere, supply of materials and instruments, blank components, 
operation personnel, the outcome of the production process, software sup-
ply and updating, accuracy, and quality control.

The following features and parameters can be designated to the local 
level, for example, the geometric parameters, quality and accuracy of the 
basic parts of the machine, drives and motors, control unit, slide ways and 
datum forming parts, lubrication, sensors, and the coordinate displace-
ment measurement system. Special geometrical specifi cations can also be 
included, such as straightness, squareness, run-off of the rotating parts, 
fl atness, perpendicularity of movement of the machine’s units, and so on.

The component level must be treated as the parameters that are 
important to the very component in consideration, such as quality of 
material, hardness, smoothness, residual stresses, chemical composition, 
 thermal treatment, and so on.
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1.2 PARAMETERS FOR SYSTEM MONITORING

The purpose of monitoring and technical diagnostics is an application of all 
the technical and organization aspects and measurements covering the com-
plete system to ensure a smooth production of goods with appropriate qual-
ity in appropriate quantity, by reliable and safe operation of the machines 
and production components. Some parameters are usually defi ned for an 
assessment of the monitoring function, such as mean time between failure 
(MTBF); mean time between maintenance (MTBM); mean time necessary 
to repair (MTTR), and some others. It is obvious that when MTBF is to be 
kept as long as possible, the MTTR is to be scheduled as short as possible.

The machine tool industry has constantly developed more modern 
forms and structures, beginning from single-station machines, then to 
computer numerically controlled (CNC) machines, fl exible working cen-
ters, fl exible and robotized production lines, and so on. The same is per-
tinent for the Just in Time system of production as it must be followed by 
the Just in Time system of monitoring. Some technical references have 
claimed that a planned maintenance system preceded by an appropriate 
monitoring system increases the effi ciency of the production process by 
up to 20 percent.

The measurement process as described earlier needs more techni-
cal, legal, and scientifi c resources and time. Monitoring is a perfect solu-
tion for users to track the machine’s health, set-up time, cycle time, part 
counts, maintenance time, or other productive and nonproductive times. 
Infl uences on the upper level have an impact on the machine health, for 
example, shock and machine vibration are critical to every plant’s pro-
duction accuracy and reliability. The machine condition monitoring and 
machine test facilities, in-plant or factory-test focused, provide the test-
ing possibilities, including on-line and off-line analyses, high-speed result 
presentation, and feedback to eliminate errors in manual or automatic 
mode of operation. The modern customer uses the server architectures, 
data acquisition, data analysis, and data presentation that are concentrated 
in one platform of monitoring. Figure 1.2 shows the proposed monitoring 
levels in relation to monitoring the parameters of a metal cutting machine.

1.3  RANDOM AND REGULAR MODES 
OF MONITORING

There is currently a great concern about the potential global warming 
effect on the Earth. As with most practical theories, it is based on wide 
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global warming monitoring. It is generally agreed that global warming has 
risen by up to 0.6°C on average during the last century. It is understood 
that there were about 100 temperature-monitoring stations in the world at 
the end of the 19th century. Nowadays this number exceeds 10,000 and 
as a result some additional statistical and information data assessment 
is required to present the information. The same problems arise in many 
investigations where authors express a need to add more information to 
the results of measurement giving more data from which to assess the 
attributes that make, or can make, an infl uence on the results achieved.

Sampling procedures [4–7] are important in measurement and a typ-
ical example is where research has been conducted for comparative eval-
uation studies of European methods for sampling and sample preparation 
of soil. Soil analysis has been undertaken to investigate the presence of 
several metals, and the combined uncertainty has been estimated from the 
results received. It is important to compare the soil composition from dif-
ferent countries and different places, that is, “outside laboratories” where 
conditions differ signifi cantly. The process is divided into sampling in the 
fi eld, thermal and mechanical sample preparation, and laboratory analysis. 
All this must be determined as appropriately as possible for the purpose 
of repeatability, reproducibility of conditions and samples, as well as for 
traceability of the results. The combined uncertainty of the measurement 
result for 95 percent level of confi dence is presented by an expression 

Figure 1.2. Levels of monitoring the parameters of a metal cutting machine.

GLOBAL LEVEL
surrounding of the
machine, atmosphere,
mains supply,
shock and vibrations of
the ground,
temperature,
humidity and pressure,
supply of materials and
instruments, operation
personnel, production
manufactured outcome,
software supply and
updating, accuracy
and quality control 

COMPONENT LEVEL
quality of material–hardness, smoothness,
residual stresses, chemical composition,
thermal treatment

LOCAL LEVEL
geometric parameters, quality
and accuracy of the basic parts of
the machine, drives and motors,
control unit, slideways and datum
forming parts, lubrication,
sensors and information–
measuring system of
coordinate displacement,
special geometrical
specifications, such
as straightness,
squareness, run-off
of the rotating parts,
flatness, perpendicularity
of movement of the
machine’s units
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consisting of eight factors. Special sampling strategies have been pro-
posed, including a “W-pattern” shape of locations from which samples 
are collected, a spiral trajectory selection for collecting data on a surface, 
or other patterns of sampling. The aim of all strategies is to cover the data 
distributed on the surface, or in the informational space, with the highest 
probability of data acquisition.

Sampling procedures are important in dimensional measurement, as 
well as the measurement of geometrical features and positions between 
them. Probability theory is used to provide a statistical means for evaluat-
ing the results of measurement (the measurand) by assessing a set of trials, 
the mean value of estimates, and the evaluation of dispersion at the prob-
ability level chosen. It is the basis for data processing in all measurements 
and is widely used in all kinds and branches of metrology. During the 
calibration, it is possible to determine only a restricted number of values. 
An example of the results shows that during the accuracy calibration some 
larger values of the error can be omitted including signifi cant ones. There-
fore, it is important to determine the information quantity on an object that 
has been evaluated providing a more complete measurement during the 
calibration processes.

A graphical presentation of a surface curvature (Figure 1.3) shows 
a difference in curvature when it is represented by the points selected in 
the top picture (I) from when it is represented by the points selected in the 

I

II

Figure 1.3. Different points selected on the surface 
surveyed present a different surface form.
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lower picture (II). The curvature represented by the points in the lower 
picture is, in fact, a straight line. A similar situation can be illustrated 
by the measurement evaluation of roundness by the points shown in 
Figure 1.4. It is evident that sampling of the surface at the black arrow 
points would give a much smaller overall diameter than the one sampled 
by the gray arrow sampling points. It should be observed that the suc-
cessful solution of the problems mentioned above depends largely on the 
regularity of the deviation distribution.

It is evident from the research discussed above that a new approach 
to the sampling strategy and the information quantity derived from the 
measurement process must be researched further and implemented for sci-
entifi c and industrial uses. An additional advantage of this approach would 
give an indication of the sampling value in the measurement result. The 
second step would then be the effi cient use of data presented for the cali-
bration of the object, for data comparison and for achieving the assurance 
of traceability in the measurements.

Some ideas have been expressed to include the sampling procedure 
into the equation for the measurand. It is especially important, bearing in 
mind that modern measuring systems consist of smart transducers that 
can combine a wide range of data or measurement values, reaching tens 
of thousands of numerical values. This is also important in view of the 
traceability of the measurement and other evaluation processes, as it can 
clearly indicate which part of the information was assessed during the 
sampling and parameters’ determination operations. The quantity of infor-
mation can be evaluated by joining it with the general expression of the 
measurement result, that is, expressing the systematic part of the result, 
the uncertainty of the assessment, and adding to it the quantity of informa-
tion entropy that shows the indeterminacy of the result.

Sampling points

The surface of the part

Circumscribed circle

Inscribed circle

Figure 1.4. Sampling variation example in roundness measurements.
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A problem exists due to the large amount of information that is obtained 
in the calibration of the total volume of numerically controlled machines, 
such as CMMs. It is technically diffi cult and economically demanding 
to calibrate the enormous number of points available, for example, the 
324,000 steps of the rotary table of such a machine in the measuring vol-
ume arising from six rotary axes, or millions of parts of a meter for a laser 
interferometer. Hence suitable sampling of measuring points on the surface 
of industrial parts has been shown to be a very important task, as has the 
sampling of the points in the machine’s volume during its calibration. The 
task is made even more diffi cult by the requirement that the accuracy of cal-
ibration must remain unchanged, while the time spent must be minimized.

Technical measuring equipment, instruments, and systems, such as 
linear and circular scales, measuring transducers, and numerically con-
trolled machine tools, provide information about the position of the part of 
a machine or instrument. A typical measuring system consists of linear and 
rotary transducers (encoders) whose measuring part is fi xed to the moving 
part of the machine and the index part, the measuring head, is fi xed to the 
base of the machine. Using such systems, it is complicated to measure 
long strokes of the machine, as the accuracy for a long translational mea-
surement transducer is much more diffi cult to achieve in comparison with 
a short one. Accuracy characteristics can be analyzed in terms of informa-
tional features of the short measuring transducer (for example, 400 mm) 
comparing it with the long one (for example, 2000 mm). Usually, modern 
machines have a resolution of their measuring systems equal to 1 μm, 
so in both cases the indicating unit of the machine will show 4 × 105 or 
2 × 106 digits. Examples of such systems would be the measuring systems 
of laser interferometers or the display units of CMMs.

Measuring systems are calibrated against the reference standards of 
measurement comparing their accuracy at some pitch of calibration, for 
example, at the beginning, middle point and the end of the stroke, or at 
every tenth of the stroke or range of measurement in the total length or 
in the circle circumference (for angular displacement). The method used 
depends on the written standards and methodical documentation of the 
machines or instruments. During the calibration it is possible to fi nd out 
only a restricted number of values. An example of the results shows that 
during accuracy calibration some larger values of the error can be omit-
ted, including signifi cant ones. Hence, it is important to determine the 
information quantity on an object that was assessed; thus providing more 
complete measurement during the calibration processes.

The accuracy of linear measuring transducers is checked (calibrated) 
against the reference standards of measurement (etalons) comparing their 
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accuracy at every 0.1 length of the stroke or alternatively only at the 
beginning, middle, and the end of the measuring stroke. Some research 
has been undertaken to determine the distribution of errors in the measur-
ing length of linear measuring transducers. The intervals of verifi cation 
of the accuracy of linear transducers have been checked against the ref-
erence measurement by changing the length of the intervals. The digital 
output of photoelectric translational and rotary transducers have the last 
digit number equal to value of 0.1 μm or 0.1″ (seconds of arc). The mea-
suring range in these cases is equal to 10 to 30 m, and a full or several 
rotations of the shaft to be measured. The value in arc seconds of one 
revolution is 1,296,000″, that is, 12,960,000 discrete values in the display 
unit. It increases more than 10 times if the indication is to be at every 
0.1 of the value. So, the measurement results in the display unit can be 
proved by metrological means only at every 100, 1000, or a similar num-
ber of strokes. Information entropy allows us to present to the user which 
part of the information available from the measuring device is assessed 
by metrological calibration means. So, the analysis presented here is con-
cerned with the information evaluation of the measuring system of the 
machines. Practically all the moving parts of the machine together with 
its information-measuring systems are involved in the manufacturing of a 
component on this machine. Therefore, all inaccuracies of the information 
measurement system translate into the inaccuracies of the part produced. 
Information entropy provides an approach to reach the cognitive informa-
tion about the accuracy available in the system under consideration.

Nevertheless, there is little research performed up to date to join the 
terms of uncertainty and indeterminacy in the result of data assessment. 
It would be especially important for the assessment of measurement data. 
Measurement data are assessed according to mathematic statistics permit-
ting us to see the result evaluated by the systematic part of the measurand 
and the uncertainty according to the probability level chosen. The data on 
the sample taken into account during the assessment procedure would give 
very useful information in all data assessment processes.

The connection of uncertainty with indeterminacy would provide a 
large additional informational value to conceive the comprehensiveness 
of an analysis performed. It will be connected with a common approach 
to traceability with the low level of uncertainty changing the methods and 
standards for calibration services. The proposal should result in a reduc-
tion of costs, possibly up to 30 percent, for measurements and calibra-
tion. The introduction of new type three-dimensional (3D) measurements 
would affect manufacturing industries in avionics, electronics, machine 
engineering, civil engineering, and military facilities. It would cover 
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future needs for a larger scale of implementation and it would strengthen 
the position of European manufacturing industry in the market place.

The sampling strategy for dimensional measurement of geomet-
ric features of CMMs and other machines has a signifi cant role in the 
machines’ accuracy testing and verifi cation. The Hammersley sequence 
[8,9] and a stratifi ed sampling method are used for the assessment of geo-
metric accuracy of the workpiece depending on its manufacturing process 
and dimensional accuracy. The objective is to achieve the necessary pre-
cision of the estimation of the dimension’s value at minimum cost; it is 
seeking a better effi ciency of the measurement process. The Hammersley 
sequence is effective for determining the proper sampling size for each 
geometric feature and can be compared with other methods such as the 
uniform sampling and random sampling methods. The scientifi c analysis 
performed shows that the sampling strategy based on the Hammersley 
sequence gives a nearly quadratic reduction in the number of samples 
compared with the other sampling methods. It is stated that the Hammers-
ley sequence method saves time and cost while maintaining the same level 
of accuracy. The sampling strategy for various geometric features of part 
measurements in industry is especially important in computer-integrated 
manufacturing, where both time and cost are signifi cant.

The determination of a systematic error of the CMM in its measuring 
volume can be performed by applying the L-P sequences method during 
the calibration of the CMM. This method enables the selection of a large 
amount of information about an accuracy parameter using quite a small 
number of trials. The aim of this method is to minimize the number of 
points and strokes of measurement during the coordinate and geometric 
error assessment of CMMs and to collect the optimum amount of infor-
mation. Preliminary research has been made to determine the correlation 
between the geometric errors measured at various distances and steps in 
the working volume of the machine. The research has shown that strong 
correlation between the geometrical accuracy parameters exists, the cor-
relation coeffi cient being 0.7 to 0.8. Then steps for reducing the number 
of points to be checked have been applied. The method of L-P sequences 
has been used to fi nd the points equally distributed in the working volume. 
Evenly distributed points according to the principle of L-P sequences are 
displayed in Figure 1.5.

The points are distributed most evenly in the case when the number of 
points is N = 2m – 1,  m = 1, 2, ...

The coordinates of n-points in the L-P distribution are

 Qi = (qi1, ..., qin),  i = 1, 2, ... (1.1)
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i—the index of a point. By writing the indices of points i = em ,...e1 in the 
binary system and after performing a logic operation, it will become

 2
1 2* * * m

ij j j m jq e v e v e v= … ;  (1.2)

The operation designated by * performs the comparison of codes. The val-
ues of s

jv  are taken from the tables whose size is 1 20, 1 51s j≤ ≤ ≤ ≤ . 
Using n ≤ 51, n-dimensional Q points will be found, 212N ≤ .

The coordinates of points are calculated after determining i for every 
number: [ ]1 ln / ln 2m i= + .

After that j = 1, ... , n is calculated.

 1 ( ) 1
,

1

1
2 [2{ 2 }][2{ 2 }]

2

m m
k e e k e

i j j
k l k

q i r− + − − − −

= =

⎧ ⎫= Σ Σ⎨ ⎬
⎩ ⎭

. (1.3)

Here [ ] indicates an integer, and { } a fraction. A FORTRAN pro-
gram was used to generate the sequence of integers consisting of 25 points 
evenly distributed in a three-dimensional cube. The prognosis of declina-
tion /i iX Yd d  of additional points from the sequence was performed by 
means of the Lagrange polynomial:

 
1 1 ( )

n n
m j

k i
i j

i j

X X
X X

X X= =

−
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−
d d ,  (1.4)

where mX —a point of L-P sequence and m = 1.25.
An example of the points generated in the plane is presented in Fig-

ure 1.5(a). The method helps us to determine the coordinate errors using 
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Figure 1.5. The points of a L-P sequence generated in plane (a) and in the 
volume (b).
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a smaller number of measurements. It is possible to take only the special 
steps of measurement and both to save time and ensure a higher accuracy 
of the procedure as well.

According to the coordinates of points generated using the equations 
1.1 to 1.4, an experimental template (of dimensions 420 mm × 620 mm) 
was made and used for CMM accuracy calibration. The points determined 
by L-P distribution were fi xed by holes of 8 mm with a fi ne machined 
surface. The tip of the measuring head used was 3 mm diameter. Measure-
ments were performed at two levels in the height: on the surface of the 
machine’s table and on a surface at 200 mm in the z direction. The results 
achieved show no more than approximately 15 percent difference from 
the results achieved during the calibration performed using conventional 
methods and means.

The application of L-P sequences minimizes the number of points 
and strokes to be measured during the coordinate and geometric error 
assessment of automatic machines. Evenly distributed points according 
to the principle of L-P sequences are used for manufacturing the simple 
template that is effectively applied into the three coordinate directions of 
the machine to be calibrated or under the verifi cation of its performance.

An effi cient sampling strategy for CMM calibration purposes has 
some other implementations. Applying the L-P sequences method for the 
sampling strategy during the calibration permits the determination of a 
systematic positioning error of the CMM in the plane or its measuring vol-
ume. This method permits the selection of a large amount of information 
about accuracy parameters using a smaller number of trials.

The method for selecting Hammersley sequences is described as 
follows:

 /iP i N= , 
1

1

0
2 ,

k
j

i ij
j

Q b
−

− −

=
= ∑  (1.5)

where N—the number of summary points of selection; [0, 1]i N∈ − ; ib —
a binary display of index i; ijb —jth bit of ib ; k—[log2N]. With the help of 
the mathematical relationship mentioned above, the method for selecting 
points is programmed by Hammersley’s algorithm. 

The coordinates of 8 points generated by four different methods in the 
xy plane are shown in Figure 1.6. From the examples provided one can see 
that every method generates different coordinates. Analyzing the mathe-
matical processes of the methods mentioned above one can note that they 
generate point coordinates without regard to the regularity of the devia-
tions in surfaces or planes being measured. Therefore, different methods 
generate very different coordinates of the points measured.
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The selection method proposed by Halton–Zaremba differs from the 
Hammersley sequence methods; its mathematical model is as follows:

 
1
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0
/ 2 ,
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j
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−

− −

=
= = ∑  (1.6)
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where N—the number of summary points of selection; [0, 1]i N∈ − ; ijb - 
the jth information bit of ib ; ijb ′ is (1 – ijb ) when j is odd and otherwise 

ij ijb b′ = ; k is [ 2log N ]. 
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Figure 1.6. The coordinates of the 8 points are generated by different 
methods in the xy plane: (a)—by Hammersley sequence method; (b)—by 
Halton–Zaremba sequence method; (c)—by the method of straightened 
systemic selections; (d)—by minimizing the number of points measured 
using a certain algorithm.
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Another approach to measurement data sampling, the gray theory 
method, has been used to determine point coordinates of another product 
and to predict production deviations of its geometrical parameters. The 
essence of this method is to generate a new series whose members meet 
the following requirements:

• Let the fi rst member of the series being generated be a member of 
the existing series.

• Let the sum of the fi rst and second members of the existing series 
be the second member of the new series.

• Let the sum of the fi rst, second, and third members of the existing 
series be the third member of the new series, and so on.

• The new series generated is called the accumulated series of the 
same time.

The initial series is as follows:

 (0) (0) (0) (0){ (1), (2),..., ( )}x x x x n= . (1.8)

Then the newly generated series of the fi rst time using the technique 
would be

 (1) (1) (1) (1){ (1), (2), ..., ( )}x x x x n= , (1.9)

where 1 0

1
1 2

k

i
x k x k n

=
= ∑ =( ) ( )( ) , , ,..., .

A sequence of 30 measurement points generated using the gray theory 
method is illustrated in Figure 1.7.

Information concerning the accuracy parameters of the coordinate 
position of the parts of multicoordinate machines, robots, and CMMs is 
quite complicated for selection and assessment. The great bulk of informa-
tion in the measuring volume and the lack of a spatial reference measure-
ment are the main technical and metrological tasks to overcome. Some 
technical methods for accuracy measurement and some new techniques 
for complex accuracy assessment have been proposed. The method of L-P 
sequences has been used for the determination of points equally distributed 
in the working volume. The purpose is to minimize the number of points 
to be measured during the coordinate error assessment of the machines. In 
addition, it is important that the information received must not be less than 
that for assessment of the accuracy of the machine’s geometric elements, 
performed according to conventional methods and means.
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When analyzing the statistical L-P sequences method and the gray 
theory method the advantages of the L-P sequences method become clear, 
especially when applying it to 3D measurement. All methods for deter-
mining measurement coordinates have advantages compared with the 
standard methods in that they shorten the measurement time, but the expe-
diency of applying them has to be considered in every practical case sep-
arately. The gray theory method, the straightened systemic and systemic 
random selection methods and those of local sampling are better suited 
for measuring errors on a plane, while the methods of L-P sequences and 
others are better suited for measuring errors in 3D. If any a priori informa-
tion on the regularity of deviation distribution is available, it is possible to 
select a measurement method more precisely and to substantially cut the 
time of data acquisition.

The method of splines is based on subdividing the surface being mea-
sured into certain fi elds (areas). The physical and mathematical models 
are created by using the surface characteristics or data measured in these 
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Figure 1.7. A sequence of 30 measurement points generated with 
the help of the gray theory.
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fi elds or areas. Special splines are used for creating a mathematical model 
of a surface:

 C(t) = 
0

( )
n

i m i
i

N t V
=
∑ , , (1.10)

where n is the number of points controlled, and ( 0,1,2, )iV i n= …  is the 
number of points in a 3D measurement space. The magnitude , ( )i mN t  is 
estimated by using the Coxde Boor algorithm:

 1
,1

1 ( ) ,
( )

0 (otherwise) ,
i

i

t
N t +ξ ≤ ≤ ξ⎧

= ⎨
⎩

 (1.11)

    , , 1 1, 1
1 1

( ) ( ) ( )i i m
i m i m i m

i m i i m i

t t
N t N t N t+

− + −
+ − + +

− ξ ξ −= +
ξ − ξ ξ − ξ

. (1.12)

The sequence of magnitudes jξ ( j = 0,1,…,m + n) is a vector of a 
node element that satisfi es 1j j+ξ ≤ ξ ; the nodes are selected to meet the 
requirement 0 0 1 0j≤ ξ ≤. . . Magnitudes Vi (i = 0, 1,…,n) are unknown. 
They are determined by processing measurement results and applying 
B-spline curves to them. By applying the techniques presented, a mathe-
matical model of the physical surface model can be obtained.

In CMM calibration it is important to choose the length measuring 
system as the standard measure to calibrate all three coordinate axes of 
the CMM. A precision length measuring system was discussed in a paper 
by Tae Bong Eom and Jin Wan Han in 2001 [10]. A new linear measuring 
machine was described for the calibration of a variety of length standards 
using a laser interferometer as a reference measure. Such equipment is 
very similar to most calibration arrangements used for the calibration of 
CMMs. In the article the authors show the importance of avoiding the 
infl uence of Abbé offset, cosine error, and tilting errors occurring during 
the calibration. It is important to determine the errors in the different 
directions of the coordinate axes in the measuring volume. Measurements 
are performed in the diagonal direction of the measuring volume and this 
method is effi cient because it involves three dimensions in every step of 
the measurement performed. A redundancy technique was employed in 
some methods of calibration where the calibration in the area or volume 
was performed by placing the reference measure at several different posi-
tions. An optical scale was used for such purpose. The systematic errors 
of the machine were identifi ed and after mathematical analysis the errors 
could be corrected by technical means.
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Easy handled free-standing ball bar systems have been widely used 
to evaluate the volumetric performance of CMMs. The technical require-
ments and design properties for successful application of ball bar systems 
have been analyzed. However, the calibration process using such a system 
was restricted by the few points in the area or the volume that could be 
checked by the ball bar gauge. The CMM errors have been investigated 
by applying statistical analysis for the determination of the uncertainty of 
the CMM. This is an important application having in mind the shortage of 
measured points during the calibration using a ball bar gauge.

Sladek and Krawczyk [11] highlighted the problem of the large 
amount of information that needs to be evaluated in the total volume of 
a large CMM. A 3D artifact consisting of nine spheres was used for the 
calibration. The authors showed that there is no technical means and eco-
nomic justifi cation for the calibration of 324 000 steps of the rotary table 
of a CMM in a measuring volume consisting of six rotary axes.

The suitable sampling of measuring points on the surface of industrial 
parts is a very important task and the same is relevant for the sampling 
of points in the measuring volume of the CMM during its calibration. At 
the same time, the accuracy of calibration must remain at the same level, 
although the time consumed during the calibration will be shortened. 
Cheaper servicing of CMMs is required and the expected savings to be 
gained from this development should help to reduce the comparable cost 
of CMMs for any given measurement range. Hence, the expected design 
benefi ts may not only make the CMM appropriate for a wider range of 
applications, but also the reduction in cost would make the use of a quality 
measurement device more readily available to other users (particularly 
SME companies).

Kim et al. [12] investigated three-dimensional coordinate metrology 
using a volumetric phase-measuring interferometer. The authors presented 
three-dimensional coordinate metrology using a three-dimensional mov-
able target and a two-dimensional array of photodetectors. The x, y, and 
z location of the target was determined in the CMM volume. An import-
ant feature of the investigation was the analysis of the computation time, 
depending on the number of point references and the selection of point 
references for numerical search. A statistical approach was used to show 
the repeatability of the measurements and compare them with conven-
tional measurements.

Research on the distribution of errors inside the calibration pitch 
along the measuring length of a linear translational transducer  shows 
the importance of choosing the interval for the determination of the dis-
placement measuring system’s accuracy. Ideally the accuracy of the linear 
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 translational transducer, or rotary encoder, should be known at its every 
output digit. During the calibration it is possible to fi nd out only a 
restricted number of values. Examples of the results show that during the 
calibration of the accuracy with a larger pitch, some values of the error 
can be omitted, including signifi cant ones. Therefore, there is a need to 
determine the quantity of information on an object that has been esti-
mated providing more complete measurement information during the cal-
ibration process.

The digital output of photoelectric rotary and translational transducers 
has the last digit equal to a value of 0.1 μm or 0.1″ (seconds of arc). The 
measuring range in these cases is equal to 10 to 30 m in the linear trans-
ducer, and a full rotation, or several rotations, of the shaft in the circular 
transducer. The value in arc seconds of one revolution is 1,296,000″, that 
is the same number of discrete values in the display unit. It will increase 
to 10 times this number if the indication is to be at every 0.1 of the value. 
The measurement results indicated in the display unit can be verifi ed by 
metrological means (calibrated) only at every increment of 1/100, 1/1000, 
or even a smaller number of the total information. A suitable theoretical 
approach to provide more information in this area would be to express the 
measurement result in terms of the systematic part of the measurement, 
the uncertainty and the probability level.

Figure 1.8 shows examples of stochastic (a) and periodical (b) modes 
of sampling. The random values X and Y are to be assessed in the set of a 
stochastic distribution. It is demonstrated that a random sampling can lead 
to sample 1 having only the random variable Y approximately with normal 
distribution, or sample 4 having almost only the random variable X approx-
imately with a biased normal distribution. Quite a different number of 
variables with different distributions are presented in samples 2, 3, and 5. 
Such a picture is very possible in real sociological, chemical, and biology 
investigations. Figure 1.8 (b) is an example of periodical structure that is 
more relevant and characteristic for technical information systems with a 
usually normal distribution law.

There is plenty of research on sampling strategy in mechanical engi-
neering and the previous example which deals with the metrology of cir-
cular shapes of manufactured parts by measuring a number of sampled 
points on the surface can be applied in other fi elds in the evaluation of 
geometrical parameters on CMMs.

The result of measurement is strongly infl uenced by the number of 
points selected on the circumference of the surface and their distribution. 
The sampling strategy is analyzed with the aim to evaluate the errors made 
during the appraisal of the geometric circular feature. It helps to make a 
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decision as to how many points are necessary for measurement of the cir-
cle and how they must be distributed on the surface.

1.4  PRINCIPLES OF PERFORMANCE OF 
INFORMATION MEASURING SYSTEMS

Linear and circular raster scales are widely used in technical machines and 
measuring equipment, where they serve as a reference measure for the con-
trol of the position along the axis of movement (Figure 1.9). These scales 
are used in control systems with an optical readout, or they are incorpo-
rated into linear or rotary encoders for the determination of the position of 
a cutting tool or the tip of a touch probe for the measurement of machined 
parts, for example. The accuracy of the position of the strokes or lines in 
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Figure 1.8. Sampling examples in stochastic (a) and regular (periodic, b) modes.
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the raster scale essentially determines the accuracy of the scale and, subse-
quently, the accuracy of the machine into which it is incorporated. Linear 
or rotary encoders consist of reading heads that follow the placement of 
strokes on the scales and convert them into an output digital signal cor-
responding to a value of displacement in linear or circular motion. The 
reading head operates in inductive, photoelectric, or magnetic mode, all of 
them transferring information into a digital output. Output information is 
presented up to 0.1 μm digits or ″0.1″ (seconds of arc) values.

There have been many investigations into the operation of the accu-
racy parameters of machine tools or measuring equipment but less has 
been published in the fi eld of optical scale position accuracy. At the same 
time, signifi cant developments in optical sensors, as a means to use fi ber 
optics to assure high accuracy and remote operation in measurements, 
have occurred. An analysis of the methods and means of calibration of 
scales shows that there are still some problems to be solved in this area. 
One of the most important tasks remaining is the enhancement of the fl ow 
of information gained from the measurement process. The second task 
concerns the importance of the sampling process for the performance of 
the calibration. The measurement of the scales requires a number of points 
with the pitch of the measurement selected along the full circumference 
of the circular scale or along the length of the linear scale. Those parame-
ters are closely connected to each other. It is impossible to calibrate each 
stroke of the raster scale using conventional means of calibration, as there 
are no standards of measurement for each pitch of the raster scale when 

1

2

3

Figure 1.9. Metal cutting machine’s measuring 
systems in the relevant coordinate axis: 1—Z axis, 
2—Y axis, 3—X axis.
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the pitch of the strokes, for example, is equal to 20 μm (for the linear 
scale) or between 1′ and 5′ (minutes of arc for the circular scale). Two 
different approaches to solving such sample problems are presented.

Linear and circular raster scales are produced using linear and circular 
dividing machines using modern techniques involving photo lithography 
and vacuum technology. For a long time mechanical machines were used 
for this purpose, where mechanical angle standards were used for circu-
lar dividing or angular position determination purposes. In most cases, a 
worm-glass gear was used for circular dividing machines. The accuracy 
of the angular position fi xed by these devices is about 0.3″ to 0.5″. The 
“run-out” error of rotation of the axis in such machines is within 0.1 μm. 
A master lead-screw was used in the linear dividing machines for the pro-
duction of the linear scales. Raster scales, produced by this equipment, 
serve as the main element for rotary and linear transducers of high accu-
racy. The transducers are used as a reference measure for metal cutting 
tools, robotics, and measuring equipment, such as coordinate measuring 
machines, instruments for navigation purposes, and geodesy, for example.

Errors of angle are determined by several methods, frequently used in 
machine engineering and instrumentation. In such methods the calibration 
of the scale may be performed by comparing the strokes of the circular 
scale with those of a reference scale. The standard angle of measurement, 
arranged by using precise angular indexing devices or a transducer, is used 
in other methods. A standard of measurement can also be generated by the 
use of time pulses, comparing the time intervals with those formed from 
the strokes of the scale during its rotation.

A wide range of methods for circular scale measurement are known 
from astronomy and geodesy. Most of them are based on calibration within 
the full circumference with the angle formed by using measuring micro-
scopes, positioned on the relevant strokes of the scale. These methods are 
generally known by the names of the scientists who have developed them, 
such as Bruns and Wytozhenz (mathematicians), Schreiber, Perard, Wielde,
and Jelisejev (physics and metrology scientists), for example. In most of the 
methods, the control angle value is calibrated by comparing the angular pitch 
between the microscopes with the value of the position of the strokes to be 
measured. An assessment of the difference between the values is expressed 
by a mean value and every bias from this value is determined as an error of 
the stroke of the circular scale. Therefore, “correction” values may be deter-
mined as well as errors of the “diameter” of a circular scale. In this case, the 
term diameter means the line going through the opposite strokes of the circu-
lar scale. The calibration process varies when using different values of control 
angles, for example, 10°, 20°, 30°, and so on. The disadvantage of the method 



22  •  MEASUREMENT AND MONITORING

is that the errors so determined have different values at different places on the 
circumference and the graph of the errors is not correlated exactly with the 
center of the scale. This defi ciency is improved by using a method in which 
the opposite direction of measurement is also included and a different value 
of control angle is used (e.g., after using 36°, another angle value of 9°, is 
used). Some other methods show an improvement by expressing the errors 
through Fourier analysis. Control angles of 36°, 45°, and 60° are used, with 
the purpose of measuring the scale with a pitch of 3°. Systematic errors and 
uncertainty in the calibration may be determined and it should be noted that 
the errors determined are bound to the diameters of the circular scale.

The time taken for measurements using these methods is extremely 
long. Of course, this is mostly due to the diffi culties of automation of the 
measurement process. Measurements are performed in steps, mostly of 
3ο or more. Using these methods signifi cant problems of time and loss of 
accuracy are encountered; an especially diffi cult task is to measure the 
scale within a pitch of 1ο or less. The raster circular scale can include from 
several hundred to several tens of thousands of strokes. It is evident that 
there is no easy means for creating the standard angle for the measure-
ment of each stroke and therefore the errors of the short period (within the 
period of 1° to 3°) are not determined. The methods developed for solving 
problems of this kind cover a range of optical applications, including the 
novel usage of the standard angle of the half circle and the new application 
of Moiré fringe techniques for this purpose.

Research on the distribution of errors inside the calibration pitch 
along the measuring length of a  linear translational transducer has been 
performed. It is a multivalue measurement as the accuracy of the trans-
ducer is required to be known at every output digit. During the calibration 
it is possible to fi nd out only a restricted number of values. The accuracy 
of a linear transducer was calibrated by changing the length of the calibra-
tion intervals. An example of the results shows that during the calibration 
of the accuracy with a larger pitch, some values of the error can be omit-
ted, including signifi cant ones. Therefore, there is a need to determine the 
quantity of information on an object that has been estimated providing 
more complete measurement information during the calibration process.

The digital output of photoelectric rotary and translational transduc-
ers have the last digit equal to a value of 0.1 μm or 0.1″ (seconds of arc). 
The measuring range in these cases is equal to 10 to 30 m in the linear 
case, and a full or several rotations of the shaft in the circular case. The 
value in arc seconds of one revolution is 1,296,000″, that is the same num-
ber of discrete values in the display unit. It will increase to 10 times this 
number if the indication is at every 0.1 of the value. The measurement 
results indicated in the display unit can be proved by metrological means 
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(calibrated) only at every increment of 1/100, 1/1000, or even a smaller 
number of total information.

For example, the exact position of the strokes in the raster scale, hav-
ing m strokes (Figure 1.10), is assessed (calibrated) by technical means 
only at the pitch of calibration—at every k number of strokes. The pitch 
is chosen in accordance with the accepted global standards and can cover 
only a small number of strokes of the raster scale or the digital output of a 
laser interferometer or a similar instrument. It means that the information 
is checked only over a small part of the scale or the output of the digital 
instrument. A signifi cant quantity of data is obtained during other mechan-
ical measurements, such as coordinate measurements of parts and fl atness 
measurement. That is why the sampling problem is very widely analyzed 
in many pieces of research concerned with these problems.

mD
kD kDD

Figure 1.10. Raster scale having calibrated strokes at some 
pitch.

1

2

Figure 1.11. Circular raster scale’s calibration 
at the pitch of the standard measure—the poly-
gon with 12 angles: 1—polygon, 2—circular 
raster scale.

A similar situation for the calibration of a circular raster scale is 
shown in Figure 1.11. Here the pitch (30°) is determined by the standard 
measure, in this case a polygon with 12 angles.
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An analysis of the positioning error variations for a  linear transla-
tional transducer also shows different accuracy values inside the pitch of 
calibration. The point at the beginning of the measurements was changed 
by 2 mm when performing the calibration of the full length (400 mm) 
of the transducer with the pitch of calibration being 10 mm. Mean arith-
metic values of the systematic error at every change of the beginning of 
the measurements were analyzed. A mean value at a displacement of the 
beginning of 2 mm, 4 mm, 6 mm, and so on was determined and these 
values were compared between themselves. Empirical dispersions at these 
positions have been designated as S2

2, S4
2, .... The confi dence intervals 

have been evaluated by the means of mathematical statistics. The empir-
ical dispersions S6

2 and S8
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where mlδ —the mean arithmetic value calculated (m = 6; 8); Sm—the esti-
mate of the dispersion in the range of measurement; nm—the quantity of 
measurements; Sk—the estimate of the dispersion in the range of measure-
ment consisting of nk measurements.

The calculation of Gm produces the results of 0.098 and 0.115. At the 
value of P = 0.99, the critical value is 0.212. The checking of tm at P = 
0.99 and the degree of freedom (n − 1) shows that the values do not exceed 
2.807. It confi rms the validity of the calculations performed and the fact 
that the differences received are not signifi cant.

Photoelectric, optical, and electromechanical transducers are used for 
control and measurement of the strokes of machines and instruments and 
can be taken as an example of the information on displacement genera-
tors. However, they experience signifi cant systematic errors when being 
applied in these machine systems with long displacement strokes. A tech-
nical solution incorporating the aforementioned advantage of lessening 
the indeterminacy of the measurement is through the use of multiple indi-
cator heads with a short part of the scale which can be calibrated at very 
small steps with high accuracy. The indicator heads of a measurement 
system must be placed in the path of a moving machine part in such a way 
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that the measurement be limited only to the most precise part of the mea-
suring system (scale), and the reading of the information be performed 
serially by using the heads placed along this path.

As an advantage of such a system, it is possible to measure a short 
length of the scale with higher accuracy and with a smaller pitch of mea-
surement. So, in such a case all the length of this part of the  linear trans-
lational transducer is metrologically determined, that is every stroke or 
the full length of the measuring part of the transducer is determined with 
appropriate uncertainty. The example discussed above shows a systematic 
error correction by technical and informational means. The uncertainty 
estimate, as random constituent, cannot be so corrected. It must include 
contributions from all sources, including primary sampling, sample prepa-
ration, and chemical analysis, in addition to contributions from systematic 
errors, such as sampling bias. Reliable estimates of the uncertainty around 
the concentration values are used in chemical, medical, and biological 
measurements. So, it can be stated that such attributes as area, mass, con-
centration, volume, humidity, and so on, in many occasions have an infl u-
ence in sampling and measuring result evaluation. Hence these attributes 
would be useful to include in the fi nal result, or, at least, to show their 
infl uence in the measuring procedure.

The same situation occurs in technical measurements, especially in 
determining a measurand with multivalued results, as with CMMs, GPS 
measuring systems and GPS receivers, encoders used in robotics and CNC 
machines, and so on. It is evident that the sampling problem is important 
and it is worth further development. It is a basis for data processing in all 
measurements and it is widely used in all kinds and branches of metrol-
ogy. So, it is important to determine the information quantity on an object 
that was assessed providing more complete measurement during the mea-
surement processes preparation.

The investigations discussed above prove that a new approach to the 
sampling strategy and the information quantity derived from the measure-
ment process must be implemented for scientifi c and practical purposes. 
Additional information of the sampling value for the result of measure-
ment would expand the knowledge of the extent of evaluation of the 
object. It would also help for data comparison and for achieving more 
exact assurance of traceability. We express here an idea to include the 
sampling procedure into the equation for the measurand and that would 
show a full procedure of the measurement process.

Besides the standards for the measurement data uncertainty evalu-
ation, assessment and processing, there are standards for the selection 
of samples for testing and measurement. The guide to the expression of 
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Uncertainty in Measurement [13], usually referred to as the GUM, is pub-
lished by ISO and remains the main document for uncertainty evaluation. 
Documents concerning sampling procedures are directed for preparation 
and performance of testing, and there are no indications transferred into 
the result of measurement and how this process was carried out.

It is indicated that a signifi cant discrepancy can occur between the 
analytical conditions of a routine measurement and the analytical condi-
tions that were used in clinical studies upon which the decision-making 
criteria are based. This can lead to serious interpretation errors with rel-
evant consequences. The correlation of used methods with the reference 
method is described showing also some overestimated and underestimated 
results.

Bearing in mind the many varieties of information assessment during 
a measurement, it is evident that the sampling problem is important and 
is worthwhile to develop. The most common example used in all fi elds of 
metrology is calibration of weights. The scale of electronic weights cannot 
be calibrated at every 0.1 mg or so. A calibration process is carried out at 
some pitch of the scale range. So, some intervals between the calibrated 
points on the scale are left undetermined. It is an unavoidable problem 
without solution as there are no means for calibration at every stroke of the 
scale or every digit of the information-measuring system of the weights.

During the calibration of scales it is possible to determine only a 
restricted number of values from the full range of existing data. Also suit-
able sampling of measuring points on the surface of industrial parts was 
shown to be a very important task, as was the sampling of the points in 
a machine’s working volume during its calibration. The accuracy of the 
calibration must remain at the same level, but the time consumed must be 
minimized.

Technical problems related to sampling in measurements are dis-
cussed in many research papers, and sampling procedures are important 
in dimensional measurements, measurement of geometrical features, and 
position between them. The main approach in this procedure is probabil-
ity theory which provides a statistical means for evaluating the results of 
measurement (the measurand) by selecting the pitch of measurement that 
serves as some kind of sampling, assessing the set of trials, calculating the 
mean value of estimates, and evaluating the dispersion at the probability 
level chosen. It is the basis for data processing in all measurements and is 
widely used in all branches of metrology.

A general diagram of the process is given in Figure 1.12. The ref-
erence material has attributes Qj = fj (nk, vl , zp , ...) that depend on, for 
example, a number of samples of mass, volume, humidity, and so on. The 
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material under testing has the same kind of attributes Qi = fi(nk, vl , zp , ...) 
depending on different quantities of the same attributes. The strict statis-
tical evaluation of these materials for comparison will be true, but it can 
have some discrepancies depending on those attributes that exist at the 
point of evaluation. The process presented here would give the informa-
tion on the conditions of measurement performed, as it will contain the 
attributes of sampling, systematic error, and uncertainty evaluation.

The general approach to the enlargement of information processed 
during the measurement process is presented as follows. At fi rst the sam-
pling procedure X1,…,Xn,m is undertaken. Here X—variable, n, m—number 
of trials for sample estimate. The next step will be determination of the 
systematic constituents Xi, j−Xi, j both for the reference measure i and the 
measure under testing j. In the case of a reference measure that is already 
determined, it is performed only for the testing object. By a similar opera-
tion the uncertainty is determined ±e = Si, j ti, j/√n, m where ε—uncertainty, 

n,m

Si,jti,j
±e =

Sampling X1,...,Xn,m

Systematic
constituents

Constituents
of

uncertainty

Xi,j − Xi,j
−

Sampling

Qi = f i(nk,ν l,ςp,...)

Qj = f j(nk,ν l,ςp,...)Reference
measure

Specimen
under
testing

Measurement
Processing

Figure 1.12. General approach to measurement and the result 
evaluation.
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Si,j—estimated standard deviation, ti,j—Student’s coeffi cient, n—number 
of attribute i, m—number of attribute j.

There is a widely accepted probability level of 1σ, 2σ, and 3σ 
(0.68, 0.95, and 0.99) in statistical evaluation processes, where σ rep-
resents the true standard deviation. With many technical information mea-
suring systems an information determination level equal to 50 percent of 
total data can be chosen. However, some information systems, consisting 
of gigabytes of data, would be impossible to evaluate at such a level. In 
those areas it would be possible to choose 5 to 10 percent of data evalua-
tion. The expression of the measurement result is widely accepted as

X = x  ± ε, P, 

where X is the result of measurement; x is the systematic part of the mea-
surement result, ε is the uncertainty of measurement expressed as ε = ts/√n, 
where t is the Student’s coeffi cient, S is the estimate of standard deviation, 
n is the number of trials, and P is the probability.

There are three vertical branches covering the main constituents of 
data assessment evaluation in the concluding diagram, Figure 1.13. Two 
main branches contain the constituents, systematic and random, according 
to which most technical measurements are presented. The third branch 
includes sampling information. Although sampling characteristics are 
used more widely in chemical, medical, and biological measurements, the 
same efforts have recently been made in the fi eld of technical measuring 
systems.

An important task is to evaluate the information required for mea-
suring multivalued objects by assessing systematic and random errors 
as usual, and including the information entropy of measurement, that is 
indicating the quantity of measurement information that was evaluated 
from the total accessible information. Although many authors have dis-
cussed the task of uncertainty monitoring and sampling, there is no gen-
eral approach given to solve this task. Some ideas have been expressed in 
this work to include the sampling procedure into the equation for the mea-
surand. This is especially important bearing in mind the different chemi-
cal and biological, composite, nonhomogenous materials, and so on. Also 
modern information measuring systems consist of smart transducers that 
can combine a wide range of data or measurement values reaching tens 
of thousands of numerical values (e.g., from a laser interferometer). This 
process of including sampling information into the equation for the mea-
surand is also important in view of traceability of the measurement as it 
can clearly indicate which part of the information was assessed during the 
sampling and measurement operations.
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It is evident from the investigations mentioned above that a new 
approach to sampling strategy must be investigated and implemented. The 
problem remains in the fi eld of development of calibration methods that 
allow us to obtain a large quantity of the accuracy data in a short period of 
calibration and using simple reference equipment of low cost. The second 
step in this fi eld would be the effi cient use of data selected for the accuracy 
improvement of machines.
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Figure 1.13. The generalized diagram of presenting data evaluation.





CHAPTER 2

TESTING OF GEOMETRICAL 
ACCURACY PARAMETERS 

OF MACHINES

The geometric accuracy parameters of machines and instruments are 
discussed in this chapter, and various parameters, such as straightness, 
perpendicularity, fl atness, pitch, yaw, roll, and so on, are introduced. The 
21 detailed geometric errors of three coordinate machines together with 
some supplementary parameters are covered in detail. The principal pro-
cesses of measurement of these parameters are explained and arrange-
ments for their control are discussed.

Machine accuracy testing methods common for many computer 
numerically controlled (CNC) machines, coordinate measuring machines 
(CMMs), and measuring instruments are covered. CMM tests, as spec-
ifi ed in ISO standards, include acceptance tests, reverifi cation tests, 
interim tests, and full parametric calibration tests. Testing of the accuracy 
parameters of rotary tables is also discussed at the end of the chapter.

2.1  GEOMETRICAL ACCURACY PARAMETERS 
OF MACHINES AND INSTRUMENTS

The most advanced methods are used for the assessment of the accuracy 
parameters of machines and measuring equipment, such as the CMM—
due to its high-accuracy parameters and its use for quality control in 
research and industrial production. Different optical methods applied for 
three-dimensional (3D) measurements are investigated including the Pro-
jected Fringes Method, Electronic Speckle Interferometry, Structured—
Lighting Refl ection Techniques, White Light Interferometry, and Laser 
Scanning methods. Instruments for fast 3D detection of surface points 
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and  numerical presentation are continuously under development, and the 
advantages of fi ber optics, fi ber sensors, and measurement systems based 
on these are used. The use of optical means for displacement and position 
measurements gives great advantages due to its minimal dimensions, wide 
range of accessibility, integration of the sensor and information transfer 
functions in one unit, and so on.

It is noted that these modern techniques are not used widely enough in 
CMM calibration and accuracy verifi cation processes of CNC machines. 
Special reference parts (artifacts) are used for CMM calibration purposes 
with their entire dimensions assessed beforehand with high accuracy. 
Many investigations are made to determine the measuring coordinate 
system uncertainty using datum planes, cylindrical and spherical bodies, 
and sets of discs placed and calibrated in the measuring volume of the 
machine. A variety of confi gurations of such artifact parts are used. They 
include rectangular plane surfaces, internal cavities or exterior spherical 
bodies, cylindrical and conic surfaces, and so on. The disadvantages of 
such methods of accuracy control are in the restrictions of the measure-
ment volume of the machine to be assessed. Most of such reference parts 
are of small dimensions, so the calibration does not cover all the volume of 
the machine. It is inconvenient to handle a reference part of large dimen-
sions on the table of the machine. In this case, a large volume inside the 
machine is unavailable for calibration. Consequently, some new meth-
ods and means for easier and more convenient calibration of the accu-
racy parameters should be investigated, developed, and introduced into 
practice.

A general review on the geometrical accuracy parameters of machines 
can be accomplished using the symbols accepted for their denomination, 
as shown in Table 2.1.

All these parameters are multiplied by splitting them into the coordi-
nate axis of the machine, so making the checking more complicated. For 
the accuracy verifi cation of CMMs, it is important to choose the etalon 
or reference measure for each of the parameters, for example, a reference 
length measuring system as the standard measure to calibrate all three 
coordinate axes of a CMM. The precision length measuring system is 
chosen from a wide variety of reference measures used for this purpose. 
From the variety of length standards, a laser interferometer is used most 
often as a reference measure. Together with high accuracy of the reference 
measure, there are other requirements to be followed during the accuracy 
verifi cation of CNC machines, one of them being the importance of avoid-
ing the infl uence of Abbé offset, cosine error, and tilting errors occurring 
during the measurements. It is important to determine errors which act in 
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the different directions of coordinate axes in the measuring volume. For 
many of the machines the measurements are performed not only along 
the directions of coordinate axes, but also in the diagonal direction of the 
measuring or working volume of the machine. The diagonal method is 
effi cient because of involving three dimensions in every step of the mea-
surement performed. There are some methods of calibration where the 
redundancy technique is employed. The calibration in the area or volume 
is performed placing the reference measure at several different positions. 
An optical scale can be used for such purpose. The systematic errors of the 
machine are identifi ed and after mathematical analysis the errors are then 
corrected by some technical means.

The challenge that remains in this fi eld is to develop calibration meth-
ods that capture a large quantity of the accuracy data in a short period 
of calibration using simple low-cost reference equipment. The second 
challenge in this fi eld would be the effi cient use of data selected for the 
accuracy improvement of the machines. These items and some methods 
and means for this purpose are to be discussed and applied in monitoring 
operations.

Traceability and calibration of the accuracy parameters of the parts of 
multicoordinate machines, robots, and CMMs is quite a complicated task 
to accomplish and assess. The large amount of information in 3D measure-
ments and the lack of a spatial reference measure are the main technical 
and metrological tasks to overcome. Some technical methods for the mea-
surement of accuracy elements are presented here, and some nontraditional 
methods and techniques for complex accuracy assessment are proposed.

Table 2.1. Symbols for indication of geometrical characteristics of 
machines

Characteristics Symbol Characteristics Symbol

Straightness — Flatness
Roundness Cylindricity

Profi le any surfaces Profi le any line
Perpendicularity Parallelism

Position Symmetry

Concentricity coaxiality Angularity

Total run-out Circular run-out
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The accuracy of geometric parameters of precision machines, such 
as metal cutting tools and CMMs, is quite a complicated task to assess 
because of the variety of accuracy parameters to be checked and the high 
accuracy that must be assured. It is a time-consuming process that requires 
very experienced and well-qualifi ed staff to perform the calibration and 
several reference measures to achieve the traceability of the calibration. 
CNC machines have some additional features, which add to the complex-
ity of overall calibration problems, such as the accuracy parameters of the 
rotary table, position of the cutting instrument, and instrument changing 
devices. For CMMs there are also the accuracy parameters of the measur-
ing head (touch trigger probe). The list and tables of geometrical accuracy 
parameters together with diagrams of arrangements for their control and 
accuracy verifi cation are discussed.

The position of the moving parts of CNC metal cutting tools and 
technological machines are determined by geometric accuracy parameters 
in respect of six degrees of freedom (DOF). These accuracy parameters 
consist of a separate group of technical parameters of the machines that 
need separate and sometimes rather special means of measurement for 
testing or monitoring. The six DOF are often called generalized coordi-
nates. These parameters are described by technical specifi cations on the 
machine and special written standards for separate parameters or for total 
accuracy verifi cation. A set of instruments is used with different classes 
of accuracy (higher, of course, than the accuracy of the geometrical 
parameter to be checked), having special ranges of measurement, sensitiv-
ity, resolution capability, and so on. Modern machines have many coordi-
nate movements, much more than six of them, so the number of DOF will 
also be higher. Some parameters are too complicated for measurement and 
sometimes there are no means for measurement of one single parameter 
without the infl uence of the others. An example is the measurement of 
straight-line movement of a part of the machine by the use of a reference 
measure of the straight line in the form of the fl at surface of a reference 
measure made from steel or granite. A contact inductive gauge usually is 
used for the measurement of this parameter, and during this measurement 
the other parameters, such as the pitch of movement of the moving part 
can also infl uence the results of measurement. In the case, when more 
exact accuracy analysis is needed or when there is a need to investigate 
separate accuracy parameters, then additional measurements are required 
using different methods and means. The measurement mentioned above 
must be repeated using an autocollimator and refl ecting mirror, which is 
not suitable to measure the displacements perpendicular to the movement 
direction.
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The grinding machine tool shown in Figure 2.1 is an example of a 
precise machine with accuracy parameters that must be measured or mon-
itored. It is designed for grinding the inner and outer cylindrical surfaces, 
tapestry, end surfaces, and step cylinders. The accuracy of geometrical 
parameters composes the datum for forming the high-accuracy coordinate 
displacements of the machine’s components and smoothness of surfaces 
of the workpieces manufactured. The datum of the machine transfers its 
geometrical features to the part produced.

Some of the technical and accuracy parameters of the machine are 
shown below:

• Maximal length of the part for grinding, 180 mm;
• Maximal outer diameter of the part, 100 mm;
• Maximal diameter of the hole for grinding, 40 mm;
• Value of the single feed step, 0.002 mm;
• Value of the periodical pulse feed, 0.001…0.01 mm;
• Angle of rotation of the grinding head, ± 30 degrees of arc;
• Maximum angle of rotation of upper table, ± 6–7 degree of arc.

Figure 2.1. The cylindrical grinding machine of 
high-accuracy model 3U10MAF10 (J/V VINGRIAI).
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These and other technical specifi cations assure very high accuracy 
of geometry and high smoothness of the surfaces of the workpieces 
machined. For example, run-out of the cylindrical surface can be achieved 
within the range of 0.2 to 0.3 μm. The control unit of the machine trans-
fers an accuracy of the linear displacement transducer (LDT) feeding the 
grinding wheel to the required value that can be controlled in two coor-
dinate directions. Widely used LDTs for CNC machines are photoelectric 
raster scales with a reading head which after an interpolation assure an in 
feed value of 0.001 mm (or rather 1 μm). Geometrical accuracy parame-
ters also include the high geometric accuracy of slide ways, their mutual 
parallelism or perpendicularity, front and back grinding heads’ coaxiality, 
and so on. All these parameters are to be checked under the production 
output from the plant and later on during service in industry. This is deter-
mined in the written standards on the relevant metal cutting tools and also 
by technical specifi cations on the machine. Many accuracy parameters are 
similar for various types of metal cutting tools, such as milling, grind-
ing, coordinate drilling, and grinding; and for some measuring equipment, 
such as three-coordinate instrumental microscopes, roundness measuring 
instruments, CMMs, and others.

The total accuracy parameters common for many metal-cutting 
machines and instruments, and which must be measured or monitored 
during their performance verifi cation, are presented below. Two main 
groups of these parameters are normalized in the written standards. They 
can be selected in groups by detailed parameters and complex accuracy 
indices.

Such parameters can be treated as a group of elements:

• Straight-line movement trajectories in all coordinate axis and in the 
two mutual perpendicular planes along these axis, total six parameters;

• Positioning accuracy by moving in the three coordinate axes with 
period stops at the predetermined positions, three parameters in the 
three perpendicular (Cartesian) axes;

• Mutual perpendicularity of trajectory of moving machine‘s parts, 
three parameters;

• Angular stability of the machine‘s part by movement along the three 
coordinate axes in the three perpendicular planes, nine parameters.

So, a total of 21 parameters (see Figure 2.2) are normalized for the control 
of the machine’s accuracy. Also, dependent on the specifi c features and 
a number of coordinate axes (DOF) in the machine, there can be some 
additional parameters normalized and checked or monitored. These can 
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include axial or radial run-out of the axis of the rotary table, if present; 
accuracy parameters of the spindle, if there is a rotating spindle in the 
machine; additional angular movements of the robot’s joints in the variety 
of displacements in space, and so on. Some industrial robots, such as paint-
ing and assembly robots, have many DOF, and subsequently the number 
of accuracy parameters grows in an appropriate manner. In this chapter 
we are mostly concerned with the analysis and testing of CMMs, as they 
are typifi ed by their three coordinate movements, information/measuring 
systems for the control of these coordinate movements,  sensors/measuring 
heads or touch-probes, and so on.

The moment when the instrument of the machine (drill, cutter, tip 
of the touch-probe) touches the surface of the workpiece must coincide 
with the position of coordinates preset into the information—measuring 
system. Any deviation from that position means an error of performance 
of the machine.

During the complex accuracy checking, the workpiece manufac-
tured on the machine is measured by an equipment of higher accuracy, 
for example, by a CMM. Sometimes a special workpiece, or artifact, is 
used as a representative of all technical parameters of the machine to be 
checked or monitored. An artifact is a useful reference tool for fast and 
effi cient monitoring of the parameters of the machine to be controlled. In 
fact, the main coordinate displacements are designed to be included into 
the form of the artifact.
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Figure 2.2. Distribution of geometrical accuracy 
deviations in the coordinate axes of the machine.
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Two main steps are used for the accuracy control of multicoordinate 
machines, robots, and measuring equipment. The fi rst one is to calibrate 
the accuracy of geometric elements of the machine, that is the straight-
ness, squareness, fl atness of guide ways, and bedding; the bias of vertical, 
horizontal, and longitudinal traverse, pitch, roll, yaw, and so on. The sec-
ond step consists of measuring the reference part calibrated beforehand. 
The results of the measurement of such a part on the CMM are compared 
with the accuracy results of this part collected during its calibration. Geo-
metric features are assessed while aligning the coordinate system during 
the calibration by the producer and later by the customer’s quality control 
staff. The alignment of the machine’s coordinate system and the correction 
of the systematic errors are mostly dependent on geometric errors and 
their distribution characteristics.

The errors listed above must be controlled by the methods speci-
fi ed in the published standards or according to the standards or technical 
specifi cations of the producer. Special accuracy requirements are for the 
measuring head of the CMM or position of working instrument of the 
machine. The great number of accuracy parameters, methods, and instru-
ments makes the task of calibrating multicoordinate machines very diffi -
cult, complicated, and expensive. Geometric features are assessed during 
coordinate system alignment during the calibration by the producer and 
later by the customer or quality-control staff. There are many investiga-
tions made to determine measuring coordinate system uncertainty using 
datum planes, cylindrical and spherical bodies placed and calibrated in the 
measuring volume of the machine. The alignment of a machine’s coordi-
nate system is mostly dependent on geometric errors and their distribution 
characteristics.

The geometric errors in the volume of a multicoordinate machine 
consist of the perpendicularity of coordinate axes Δx/y, Δx/z, Δy/z (Figure 
2.2), the coordinate position errors Δx,y,z along the axes x, y, and z; rolling 
errors Δϕx,y,z around the axes x, y and z, pitch and yaw errors Δx(y,z) during 
the movement of the part along the relevant axis in the indicated plane, 
and so on. So, there are 21 detailed geometric errors of three-coordinate 
machines. The other errors on the machine, due to environmental infl u-
ences (temperature, pressure, dynamics, etc.), are analyzed and assessed 
in other investigations. Specifi c errors exist when a rotary table is present 
on the machine and due to the signal formation of the measuring head of a 
CMM, and they are analyzed later on in this chapter.

The 21 detailed geometric errors of three-coordinate machines 
together with some supplementary parameters are listed in Table 2.2.
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Table 2.2. The parameters of geometrical accuracy of the moving parts 
of the machines

No Symbol Accuracy parameter

1.1 Δx
Coordinate displacement during periodic stops 
(positioning), deviation in axis x

1.2 Δy
Coordinate displacement during periodic stops 
(positioning), deviation in axis y

1.3 Δz
Coordinate displacement during periodic stops 
(positioning), deviation in axis z

2.1 Δx(xy) Deviation from straightness of motion of x axis in 
plane xy

2.2 Δx(xz) Deviation from straightness of motion of x axis in 
plane xz

2.3 Δy(xy) Deviation from straightness of motion of y axis in 
plane xy

2.4 Δy(yz) Deviation from straightness of motion of y axis in 
plane yz

2.5 Δz(xz) Deviation from straightness of motion of z axis in 
plane xz

2.6 Δz(yz) Deviation from straightness of motion of z axis in 
plane yz

3.1 Δx/y
Deviation from perpendicularity of motion of x axis 

and motion of y axis
3.2 Δx/z

Deviation from perpendicularity of motion of x axis 
and motion of z axis 

3.3 Δy/z Deviation from perpendicularity of motion of y axis 
and motion of z axis 

4.1 ϕxx
Roll deviation during the displacement along 
coordinate x

4.2 ϕxy
Yaw deviation during the displacement along 
coordinate x in respect to coordinate y

4.3 ϕxz
Pitch deviation during the displacement along 
coordinatex in respect to coordinate z

4.4 ϕyy
Roll deviation during the displacement along 
coordinate y

4.5 ϕyx
Yaw deviation during the displacement along 
coordinate y in respect to coordinate x

Continued



40  •  MEASUREMENT AND MONITORING

The tests are performed mainly during the machine acceptance pro-
cess, calibration, and periodic inspections. Monitoring of the accuracy 
parameters can be accomplished mainly by using the relevant artifacts, 
such as fl atness standards, step gauges, ball plates, and space frames, 
which represent the main accuracy parameters or their variations (for 
example, perpendicularity, fl atness, straightness, length and angle stan-
dards, or other sets of parameters).

2.2  ACCURACY CONTROL OF GEOMETRICAL 
PARAMETERS

EN ISO, BS, and ASME written standards [14–16] provide defi nitions and 
specifi cations on machine accuracy testing methods and means for their 

Table 2.2. (Continued)

No Symbol Accuracy parameter

4.6 ϕyz
Pitch deviation during the displacement along 

coordinate y in respect to coordinate z
4.7 ϕzz

Roll deviation during the displacement along 
coordinate z

4.8 ϕzx
Yaw deviation during the displacement along 

coordinate z in respect to coordinate x
4.9 ϕzy

Pitch deviation during the displacement along 
coordinate z in respect to coordinate y

Supplementary parameters
5 Δgi

Position deviations of the instrument (measuring head 
or touch-probe in case of measuring machine) during 
the touch on the surface 

6 ϕI
Axis run-out of the rotary table 

7 Δil,s
Mutual parallelism or perpendicularity of the moving 

parts of the machine
8 Δš

Axial or radial run-out of the spindle 

9 Other supplementary parameters, such as cylindricity, 
mutual parallelism or perpendicularity of axes; 
parallelism or perpendicularity of axes to the datum 
or some trajectories of displacement, etc.

10 Δki
Complex testing deviations
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performance. This chapter will only cover those which are common for 
many CNC machines, CMMs, and measuring instruments.

The preparation for testing of the accuracy parameters is accomplished 
by setting the standard measure along the line of measurement and fi xing 
the gauge interacting with the standard at a relevant position. All means of 
measurement must be aligned along the measurement axis and they must be 
set at a minimal height from the measuring surface. This requirement was 
formulated by physics scientist Ernst Abbé (1840–1905) who introduced 
the concepts of Abbé error and Abbé offset (Figure 2.3). Abbé offset is a 
misalignment between the axis of displacement of the moving part of the 
machine and the axis of the standard of measure. This is valid for the testing 
of the geometrical parameters of the machine when the standard measure 
is placed at some distance from the axis of motion. The Abbé error is an 
error that occurs because of angle deviations of a movable component at 
the length of Abbé offset between the machine’s measuring system and 
the measurement line. Abbé offset is valid for every displacement at every 
position in the space, along every coordinate. Figure 2.3 shows an Abbé 
error and offset when the movable component of the machine reads the 
scale of its information-measuring system whose axis doesn’t coincide with 
the axis of the scale placed for testing the positioning accuracy. The same 
phenomena also occur due to the angular shift of a measuring instrument 
or gauge, especially when it is fi xed on a lever having signifi cant length.

Abbé error

Abbé offset

Figure 2.3. Abbé offset and error during mea-
surement in the test line direction.

Some further defi nitions (EN ISO 10360-2:1995) are presented below 
which are also important for most general measurements as well as for 
machine performance monitoring [14].

1. Direction of the test line: This is a direction of every line which 
is parallel to the line of movement of part of the machine. It can 
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be determined by least square method calculations assessing the 
deviations due to errors of perpendicularity, parallelism, angular 
displacements, and so on.

2. Cosine error: This is the measurement error in the motion direc-
tion caused by angular misalignment between the axis of displace-
ment and the axis of the standard measure to which a relevant 
parameter is compared.

3. Measurement error of the length E: This is expressed in 
micrometers and presented in one of these forms:
a) E = minimum of (A + L/K ) and B, or
b) E = (A + L/K ), or
c) E = B,
where A is a positive constant, expressed in micrometers and sup-
plied by the manufacturer;
K is a dimensionless positive constant supplied by the manufacturer;
L is measured length in mm;
B  is the maximum value of E in micrometers supplied by the 

manufacturer.
Measurements are performed by using all three coordinates of the 
machine according to the manufacturer’s statement on applying 
the E value.

4. Error of indication of a CMM: This is a value of indication of 
a CMM display unit minus the (conventional) true value of the 
measurand. Angular deviations along the axis of movement are 
shown in Figure 2.4.

5. Error of indication of a CMM for periodic reverifi cation: This 
is an error, chosen by the user for the periodic reverifi cation test 
according to the user’s requirements and use of the machine.

6. Periodic error: An error that is periodic over an interval, usually, 
under an infl uence of periodic errors of the measuring system, 
drive, bearings, or other components of the machine.

7. Perpendicularity: This is the deviation of one linear motion 
against a geometrical straight line perpendicular to a geometrical 
straight line, which is the reference for straightness of motion.

8. Probe (measuring head, touch-probe): A device which estab-
lishes the coordinate position of the movable components of a 
machine relative to a measurement point.

9. Straightness: This is the deviation from a geometric straight line 
in the linear motion of each axis.

10. Probing error, R: This is the error, within which the range of 
radii of a material standard can be determined with a CMM, the 
 measurements being taken using a sphere as a substrate. The value 
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of R applies for any location of the material standard in the mea-
suring volume of a CMM.

11. Pitch deviation (Figure 2.4): Angular deviations along the mov-
ing axis in the vertical plane.

12. Roll deviation (Figure 2.4): Angular deviations along the mov-
ing axis in the plane that is perpendicular to the moving axis.

13. Yaw deviation (Figure 2.4): Angular deviations along the moving 
axis in the horizontal plane.

14. Repeatability: The ability of an instrument to produce the same 
indication when sequentially sensing the same position under sim-
ilar measurement conditions.

Measurements of geometrical accuracy parameters are performed by using a 
relevant reference measure (etalon) and mechanical, electrical, or opto-elec-
tronic gauges. One of these instruments (gauge or etalon) is fi xed and 
adjusted to the part of the machine to be tested, the other one is fi xed to the 
constant support (bedding of the machine, the stand fi xed on the ground). 
The sensor part of the measuring gauge is under the interaction (contact or 
noncontact) with the etalon. Etalons or reference measures can be

• mechanical—metal, granite (or of other material) straightedge or 
template, straight-line rectangles, cubes, polygons, triangles; mea-
suring rules, end or angle gauge blocks, artifacts;

• optical, opto-electric, laser interferometers, autocollimators with 
refl ecting mirrors or polygons, photoelectric microscopes;

• electromechanical, inductive, capacitance gauges, or piezoelectric 
transducers; accepted as reference measures for special kinds of 
measurement.

roll error

pitch error
yaw error

x

y

l

Figure 2.4. Angular deviations along the axis of 
movement.
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A generalized diagram of measurement of geometrical parameters of 
machines is shown in Figure 2.5. The system consists of a moving part of 
the machine (MP), of which movements (trajectories, positioning, etc.)  
are to be measured, the information/measuring system of the machine 
(IMS), one part of which is fi xed to the constant base, the other part to 
the MP, a reference measure (RM), used as an etalon for comparison 
with the measured parameter, sensor S, usually fi xed to the object to 
transfer the difference between the reference measure position or values 
and the object’s real values, a PC or other control unit to control the pro-
cess, registration unit R and often supplementary units I for interfacing 
information transferred from the sensors and other measuring or moni-
toring units to the control unit. The devices used for the measurement 
and monitoring of geometrical accuracy parameters should have their 
accuracy three to fi ve times higher than the range of errors for measure-
ment on the object. Also a displacement, position, and adjustment in all 
directions in the space must be appropriate for the tasks of measurement 
to be fulfi lled.

Machine performance tests are held at specifi ed set periods or under 
special requirements, for example, after evident failures, accidents, func-
tional failures, or loss of accuracy. A predetermined number of proce-
dures are foreseen for this purpose. The parameters to be tested can be 
illustrated by CMMs or grinding machines, as they require the highest 
accuracy parameters and feature a wide variety of DOF used in their 
design.

MP

IMS

M

PC

R

S

RM

I

Figure 2.5. Generalized diagram of measurement 
(monitoring) of geometrical accuracy parameters 
of the machine.
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EN ISO standards specify the following CMM tests:

• Acceptance tests, during which the performance parameters of the 
machine and measuring system are required to comply with the 
technical specifi cations declared by the supplier.

• Reverifi cation tests (periodic inspection), during which the user 
has an opportunity to check periodically a machine’s performance 
parameters and the measuring system.

• Interim tests during which the user can check the performance of 
the CMM and its probing system between regular reverifi cation 
tests.

• Calibration, performed as parametric calibration.

Accuracy tests are included into all kinds of tests as accuracy parame-
ters have the most infl uence on a machine’s performance ability. They 
are made using the length end blocks and gauges, metal linear scales with 
microscopes and laser interferometers. The tests are performed in various 
positions in the working volume of the machine.

Before the beginning of tests the CMM must be put into operation 
according to the producer’s recommendations, the measuring head is iden-
tifi ed and its compatibility checked. The working and environmental con-
ditions must also be set under the technical specifi cations on the machine. 
Minimal requirements can be fulfi lled using some machine monitoring 
tests. The use of artifacts for machine verifi cation can be considered as 
one of the possibilities for the machine monitoring processes. The main 
task of these procedures is to keep equipment at the required level of accu-
racy and at its proper level of performance. The tests are performed under 
a mutual agreement between the producer and user of the machine.

Basic machine tests are used to check how the length measurements 
are performed on the machine. The error E is checked by measurement of 
the length gauges.

2.2.1 LENGTH (POSITIONING) MEASUREMENT

This is one of the accuracy tests within CMM performance verifi cation. 
It is performed by measurement of the accuracy of linear displacement 
in three coordinate axes using the material standards of length as gauge 
blocks and step gauges, a reference linear scale or a laser interferome-
ter. The measurement is for checking the traceability of CMM length 
 measurements to the international standards of length. Different length 
measures are recommended for this test. It is recommended that
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• the longest length of the material standard is at least 66 percent of 
the longest diagonal of the working volume of the machine;

• the shortest length of the material standard is less than 30 mm.

If the user’s material standard is used, the length measurement error must 
be not greater than 20 percent of the value E. If it is greater, then E must 
be redefi ned as the sum of E and this uncertainty. In the case of use of the 
manufacturer’s material standard, then no additional uncertainty shall be 
added to the length measurement value E.

Measurements are performed in every direction of the working vol-
ume of the CMM at the user’s discretion, making bidirectional measure-
ments either externally or internally. Five test lengths are chosen, each 
measured three times. The error of length measurement is calculated as the 
absolute value of the difference between the indicated value of the CMM 
and the true value of the relevant test length. Gauge blocks (Figure 2.6) are 
widely used as material length standards for this purpose. Supplementary 
measurements are usually made during the alignment process.

Measurements for position accuracy tests are taken along one mea-
surement line for each axis. The reference length measuring system, gauge 
blocks or laser interferometer, is aligned to each machine axis within a 
permissible deviation of 1 min of arc. The reference measure is situated at 
the center of measuring travel according to all coordinate axes.

The gauge blocks used for measurement must not be deformed, the 
direction of their placement must coincide with the axis of travel, and a 
cosine error must not exceed 10 percent from the linear displacement tol-
erance of the machine.

Measurement intervals must not exceed 25 mm or less when the mea-
surement travel is 250 mm. When the measurement travel is about 1000 
mm the measurement interval must be at least 25 mm, but not exceeding 

Figure 2.6. Set of length gauge blocks.



TESTING OF GEOMETRICAL ACCURACY PARAMETERS OF MACHINES  •  47

1/10 of travel length. For the travel length more than 1000 mm, the mea-
surement interval must not exceed 100 mm. Accuracy specifi cations of 
the CMM must be noted at such intervals and at least 20 positions would 
be measured. During the measurements the CMM measuring head that 
will be used for most measurements is used. The readings of the CMM 
must be reset to zero at the fi rst touch to the surface of the length gauge. 
Three measurements must be performed at every measurement interval 
within the travel length and the mean arithmetic value is calculated from 
the results obtained. This is repeated along every coordinate axis. The 
environmental infl uences must be minimized by trying to perform the 
measurements in the shortest time possible.

Measurements using a laser interferometer must be performed in an 
environment free of shock and vibrations, at constant temperature. The 
refl ector of the interferometer is fi xed to the movable part of the machine 
or component and aligned according to the laser’s light beam. Usually 
the ambient and material’s temperature, humidity, and pressure are mea-
sured by supplementary gauges which provide input into the control unit 
of the interferometer. Correctional coeffi cients are calculated and the fi nal 
result of measurement is presented taking account of these corrections. 
The length or positioning measurements can be supplemented by laser 
diagonal length measurements. Diagonal measurements are taken along 
any space diagonal of the measuring volume. The result of measure-
ment is also assessed as the difference between the distance readout of 
the machine and the value of the laser measuring system. The error of a 
CMM includes the error of the material standard of length and is assessed 
including an uncertainty of measurement that characterizes the range of 
values within which the true value of a measurand lies. Measurements in 
one, two, and three-dimensional directions are applied for the uncertainty 
determination, the difference being in the displacement in 1D, 2D, and 
3D coordinate directions. Relevant coordinate measuring systems of the 
machine are present during such measurements.

The verifi cation of the machine is approved when all but one single 
measurement from 105 does not exceed the value E indicated by the man-
ufacturer and expressed in micrometers. At least 5 from 35 trial measure-
ments of length can exceed the value E. Every such measurement which 
exceeds the value of tolerance must then be repeated 10 times.

Repeatability measurements should involve assessment of all 
systems of the machine including the mode of operation, work of the 
operator, and software performance. The test conditions should be as 
close to the working conditions as possible. This is why there are require-
ments that different tests should be undertaken using different modes 
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of operation. A modifi ed test procedure must be applied for a machine 
with a large working volume. In special cases when they do not fulfi ll the 
requirements of the standard, then the supplier and user shall agree the 
selection of tests.

Repeatability tests can be executed using a precision reference spher-
ical body mounted on the machine’s table, approximately at the mid-point 
of the machine’s travel axes. The measurements are performed by deter-
mining the ball center coordinates. At least 10 sets of four contacts to the 
ball surface should be made and the center coordinates of the ball calcu-
lated. Repeatability is determined as the maximum spread of the measured 
center values in all three coordinates. Repeatability tests can be performed 
under computer control mode or manually.

The probing system testing consists of using the probe (measuring 
head) of the CMM to be tested and a material reference spherical body as 
a substrate. The probe confi guration and the tips are selected under mea-
surement requirements. The diameter of the spherical body is between 10 
and 50 mm. The most used diameter is 30 mm, and the calibrated error of 
its total run-out must not exceed the value R (R—probing error). It is rec-
ommended to take at least 25 random point measurements on the surface 
of the reference sphere approximately evenly distributed on the surface. 
Applying the least squares method, the center of the sphere is calculated 
and it is compared to the value stated by the manufacturer.

The main methods and means of measurement of the accuracy of geo-
metrical parameters of machines and CMMs are presented in Tables 2.3 
and 2.4.

Some other errors due to the infl uence of environment temperature, 
pressure, dynamics, and so on, act outside the machine and are analyzed 
and assessed in some other investigations. Specifi c errors are present in 
the signal formation of the measuring head of a CMM that must also be 
checked using specifi c test methods.

Deviation from straightness is tested by using a straightness standard, 
for example, straightedge, laser interferometer, and optical straightness 
standards. Their metrological characteristics are tested, calibrated, and 
certifi ed. A standard straight line is orientated along the movable axis and 
the probe is fi tted to the movable component of the machine in the straight 
line direction. Deviation from the straight line is determined in the two 
planes perpendicular to each other. The measuring range for straightness 
is tested in outgoing and returning strokes. If the measurement is made 
in multipoint touch mode, there must be at least 10 measurement points 
in the measuring range. Results of measurement are plotted as shown in 
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Figure 2.9. The minimal value a between two parallel lines shows the 
value of deviation from straightness in micrometers. This value should not 
exceed the value given by the machine’s producer.

2.2.2 INVERSION METHOD IN MEASUREMENTS

An inversion method can be used for better accuracy of measurements. 
This method includes two measurements on the same reference mea-
sure, only accomplishing this at opposite sides of the measure (Figure 
2.10). The straightness measurement uses straightedge 2, probe 1, and the 

5

4

91011

8

2 6

7

3

1

Figure 2.7. Linear positioning accuracy testing.

3

1

2

Figure 2.8. Angular positioning accuracy 
testing.

Figure 2.9. Straightness measurement graph.

a
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 movable component 3, of which the straightness of displacement is tested. 
The reference surface of the straightedge is marked by a dashed line. After 
performing the measurement according to diagram “a,” the position of 
the straightedge is changed, reversing it according to its horizontal line 
turning by 180°. Then another set of measurements is performed. (1′) and 
(2′)—the same elements as in diagram “a” after a reverse of the reference 
measure. The graphs of the measurements I and II are plotted along the 
traverse axis x. The true value of the measurement is determined by sum-
ming the values of those two graphs and dividing them by 2. The deviation 
from straightness will be expressed as

'
( ) ( ) ( )

1
( )

2x yx x yx i x yx iδ = δ − δ ; here '
( ) ( );x yx i x yx iδ δ  are the readings of the 

probe during the measurement according to the plotted curves (I and II).

An inversion method can be applied to other measurements, such as 
perpendicularity, parallelism, and coordinate positioning. The inversion 
method is partly used for measurement of rotary table axis run-out, when 
the reference measure, a spherical substrate, is turned into an angular shift 
around the same vertical axis. Then the roundness measurement is per-
formed again and the error is assessed on the plotted graph taking account 
of the phase shift of the reference measure. An inversion method is also 
used in coordinate positioning measurements, when after the straight 
 measurements the reference linear scale is turned by 1800 and measure-
ments are repeated as from the other end of the scale. By summing the 

a

x
I

II

1′

12

2′

3

δx(y,x)

b

Figure 2.10. Inversion diagram of the 
reference measure.
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values of both measurements there is a possibility of eliminating the sys-
tematic errors of the reference scale.

Two diagrams for straightness testing are shown in Figures 2.11 and 
2.12. “a” and “b”. Figure 2.11 “a” shows an arrangement for testing the 
straightness of movement of the part of machine 3 along its coordinate 
axis, the reference measure is wire 2 under tension being fi xed outside 
of the moving part. The test line of the moving part and the line of the 
wire are aligned in one parallel direction. The microscope 1 is fi xed to the 
moving part and is directed to the line and level of the reference wire. A 
deviation from the straight line movement of the part is determined as the 
difference between the value measured by the microscope and the line of 
the wire in the perpendicular plane to the axis of the wire. Figure 2.11 “b” 
shows a similar arrangement using a straightedge 2 as the reference mea-
sure and a refl ecting mirror 1, fi tted to the moving component.

The same parameter is measured by means of a laser interferometer as 
shown in Figure 2.12. Drawing “a” shows the measurement in the vertical 
plane (yz) and “b” shows the measurement in the horizontal plane (xy). 
The main parts of the arrangement are: 1—laser head, 2—optical laser 
beam splitting cube, 3—refl ecting mirrors (pentaprisms), 4—moving part 
of the machine, 5—laser display and control unit, 6—plotter, 7—printer, 
8—display unit of the LDT, 9—drive with its control unit.

The main feature of angle deviations measurement by laser interfer-
ometer is registration of the difference between two laser beams produced 

1

2

3

y

x

δx(y,x)

3

12

b)a)

Figure 2.11. Testing the straightness accuracy.
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from one laser source by the optical split system. The light paths from two 
light beams returning from the refl ectors differ due to the angle deviations 
of the machine’s part moving along the coordinate axis. Such an arrange-
ment can be used for the measurement of pitch and yaw parameters. Dif-
ferent means are needed for roll measurement.

Measurement of deviation from perpendicularity of motion in each 
axis is much in common with straightness measurements. It is measured 
by using a perpendicularity standard, such as a square, laser interferom-
eter, optical standards (prism, polygon) of perpendicularity. One straight 
edge of the standard is orientated along the one axis and the probe is fi tted 
to the movable component of the machine. Deviation from the perpendic-
ularityis determined by measurement of deviation from the straightness 
on the other edge of the standard. If the measurement is performed in 
multipoint touch mode, there must be at least 10 points measured in the 
measuring range. The results of measurement are plotted and evaluated 
as shown in Figure 2.13. The angular value b per reference length (usu-
ally, per 200 mm or 400 mm) between two parallel lines inside which the 
second graph of measurement lies and the perpendicular line to the fi rst 
aligned direction shows the deviation from perpendicularity in seconds 
of arc. This value should not exceed the value given by the machine’s 
manufacturer. Deviation from perpendicularity of motion of x axis and 
motion of y axis; of motion of y axis and motion of z axis; of motion 
of x axis and motion of z axis are determined. Measurements in a hori-
zontal plane are performed at a height 100 mm from the surface of the 
machine’s table.

The measurement of angular deviations is shown in Figure 2.14. A 
rotary encoder 2 is fi xed to the moving part of machine 1. The axis (shaft) 

1

a.

2
3
4

1

2

3

4

5 6 7
8

9

b.

Figure 2.12. Measurement of the deviation from straightness 
using the laser interferometer.
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of the encoder is connected to the double tip which slides perpendicular to 
the axis of the rotary encoder. Every parallel movement of the double tip 
does not infl uence the readings of the rotary encoder. The readings change 
only in the case when the double tip changes its angular position. In this 
case the axis of the rotary encoder is slightly rotated on the angular value 
where the moving part of the machine performs a roll movement accord-
ing to the standard plate 4 of very high precision of fl atness.

The same principle of measurement is accomplished by using two pick-
ups (Figure 2.15) fi xed to the moving part instead of the rotary encoder.

b

x

y

Figure 2.13. The graph plotted for the perpendicular-
ity evaluation.

ϕ

ϕ

4

4

2

1 y
2

3

(a) (b) (c)

Figure 2.14. Measurement of angle deviations: “a”—pitch 
deviation in plane xz moving along axis y; “b”—pitch devia-
tion in plane xz moving along axis z; “c”—pitch deviation in 
plane yz moving along axis y. 1—moving part of the machine, 
2—rotary encoder, 3—standard of straightness, 4—standard 
plate, ϕ—angle deviation to be measured, 5—double tip slid-
ing perpendicularly to the axis of the rotary encoder.
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The readings from the pick-ups are supplied to the control unit 4, 
where the readings are transformed into a differential reading showing 
only the difference of readings between the two pick-ups. This difference 
is the result of angular displacement (roll) of the moving part during the 
movement along the chosen coordinate axis. When keeping the distance 
between pick-ups equal to 412 mm, the readings in μm coincide to values 
in sec of arc (″). Such a measuring system is easy to arrange in every coor-
dinate axis to control the angular displacement of the moving part.

Angle positioning accuracy of rotary tables or other rotational parts 
of the machines is tested using the reference measure of angle, polygon 
with autocollimator, rotary encoder or circular scale of high precision 
(Figure 2.8). The measurements are taken in at least 12 angular positions 
in the circle. The rotary table shall be rotating in clockwise and anticlock-
wise directions. The systematic error of positioning of the rotary table is 
evaluated as the maximum value of deviation between the readings from 
the indication unit of the rotary table and the readings from the material 
substrate or from the instrument (autocollimator, microscope) interact-
ing with the material substrate. Using the reference semisphere of high 
accuracy (run-out about 0.05 μm), the axial and radial run-out errors are 
measured. Uncertainty values are determined using the methods of mathe-
matical statistics. Instrumental, graphical, or software (if available) means 
are applied for eliminating the systematic error before the uncertainty 
determination.

2

1

3

4

5

y

Figure 2.15. Roll measurement of the machine’s part 
(3) moving along axis Y: 1—pick-up, 2—etalon plate, 
3—machine’s part under control, 4—control unit of the 
pick-ups, 5—display unit.
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2.3  TESTING OF ACCURACY PARAMETERS 
OF THE ROTARY TABLE

Rotary tables are often used for metal cutting tools and CMMs to extend 
the manufacturing or measurement capabilities of the equipment. Accu-
racy parameters of rotary tables are tested in the same manner as linear 
positioning parameters are performed. Some differences are in the joint 
assessment of the parameters of the rotary table in connection with the 
working volume of the CMM. The component to be measured is placed on 
the surface of the rotary table, so the height and radius of the measurement 
location lead to a displacement of the measured position on the workpiece. 
The relationship between the position of the workpiece on the table and the 
measuring volume shall be tested in the axial, radial, and tangential direc-
tions. These relationships are described as presented in VDI/VDE 2617 
Blatt 4/Part 4 [17].

Tangential deviation of locus is expressed as

1
1 1 206 206

wP F
O F r≤ + + ;

radial deviation of locus is

206
t

r r

P
O F h≤ + ,

and axial deviation of locus is

206
t

a a

P
O F r≤ + , 

where
h: measuring height above the rotary table reference surface in mm;
r: measuring radius referred to the axis of rotation in mm;
Fr: limit of deviations due to axial movement in μm;
Ft: limit of wobble in seconds;
Fw: limit of the angular position deviations in sec of arc;
2.06: conversion constant for the angles.

An infl uence of errors of the rotary table is assessed according to special 
methods. For this purpose, two spherical bodies of high accuracy are fi tted 
on the surface of the rotary table at opposite positions according the center 
of the table. One of them is on the background of the table, the other one 
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is put on some height from the surface. The table is rotating for several 
times (13 times into the various positions) and the position of the centers 
of the balls is measured. The error of the rotary table in the working vol-
ume of the CMM is calculated as the difference of the real and theoretical 
positions of the balls’ centers.



CHAPTER 3

MEASUREMENT AND 
MONITORING OF THE ACCURACY 

OF SCALES AND ENCODERS

The use of linear and circular raster scales for length and angle measure-
ments are fi rst discussed. Traditional methods for angular scales calibra-
tion using various angle reference standards are reviewed and some new 
methods for circular scales calibration are then introduced, including the 
use of Moiré and Vernier fringe patterns.

The measurement of linear scales and transducers are then dis-
cussed and comparators for the calibration of linear standards are 
described. This is then extended to comparators for angular standards, 
including the application of piezoelectric actuators for angular rotation. 
A multipurpose test bench for angle calibration is introduced.

The fi nal section of the chapter discusses techniques for the cali-
bration of geodetic instruments used for angle measurements and a new 
approach to vertical angle calibration is proposed.

3.1  STANDARDS OF MEASUREMENT OF 
LENGTH AND ANGLE

Circular and linear scales and raster scales are used in a wide variety of 
information measuring systems (IMSs) of automatic machines and in 
length and angle measurement devices. The accuracy of these machines 
is very high, better than one second of arc per revolution for angular mea-
surements and one micron per meter for length measurements. Such accu-
racy parameters are used as an indicator of the accuracy level and for the 
technical specifi cations for new machines and for in service machines. It is 
diffi cult to ensure the accuracy parameters for machines after some years 
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of service and this is why accuracy investigations and their improvement 
are very important for the creation of new equipment and for the industry 
as a whole.

The scales are used in control systems with an optical readout, or they 
are incorporated into linear or rotary encoders for the determination of the 
position of a cutting tool or the tip of a touch probe for the measurement 
of machined parts, for example. In this case they are used as a constitu-
ent part of the IMS of the machine. The accuracy of the position of the 
strokes or lines in the raster scale essentially determines the accuracy of 
the scale and, subsequently, the accuracy of the machine into which it is 
incorporated. There have been many investigations into the operation of 
the accuracy parameters of machine tools or measuring equipment but less 
has been published in the fi eld of optical scale position accuracy. At the 
same time signifi cant developments in optical sensors, as a means to use 
fi ber optics to assure high accuracy and remote operation in measurement, 
have taken place. An analysis of the methods and means of calibrating 
the scales shows that there are still some problems to be solved in this 
area. One of the most important tasks is the enhancement of the fl ow of 
information gained from the measurement process. A second concerns the 
importance of the sampling process for the performance of the calibration. 
The measurement of the scales requires a number of points with the pitch 
of the measurement selected along the full circumference of the circular 
scale or along the length of the linear scale. These parameters are closely 
connected to each other. It is impossible to calibrate each stroke of a raster 
scale using conventional means of calibration, as there are no standards 
of measurement for each pitch of the raster scale when the pitch of the 
strokes, for example, is equal to 20 μm for the linear scale, or from 1′ to 5′ 
(min. of arc) for the circular scale.

Linear and circular raster scales are produced using linear and circular 
dividing machines using modern techniques involving photo lithography 
and vacuum technology. For a long time mechanical machines were used 
for this purpose, where mechanical angle standards were used for circu-
lar dividing or angular position determination purposes. In most cases, a 
worm-glass gear was used for circular dividing machines. The accuracy 
of the angular position fi xed by means of these devices is about 0.3″–0.5″. 
The “run-out” error of rotation of the axis in such machines is within 
0.1 μm. A master lead-screw was used in linear dividing machines for the 
production of the linear scales. Raster scales, also produced by this equip-
ment, serve as the main element for rotary and linear transducers of high 
accuracy. The transducers are used as a reference measure for the IMS of 
metal cutting tools, robotics, and measuring equipment, such as coordinate 
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measuring machines, instruments for navigation purposes and geodesy, 
and so on.

The angular standard measure, the radian, has not been realized as a 
standard unit until recently. Nevertheless, the unit of angular measurement 
in degrees is realized by using the geometric measure of length, in geod-
esy, in machine engineering and other branches of industry, by multiangu-
lar prisms, polygons with an autocollimator, rotary tables, circular scales, 
and so on. It must be noted that these angle measures are calibrated against 
higher level measures (etalons) only at several intervals depending on the 
number of sides (angles) of the polygon or other standard measure taken 
as an etalon. At the same time, geodetic instruments, rotary tables of metal 
cutting tools and instruments, rotary encoders, and so on, have a great 
number of discrete values and the values between the calibrated points 
remain unknown during the calibration process. Calibration equipment 
capable of selecting signifi cantly more information would be essential 
for better accuracy assurance of instruments used in machine engineer-
ing, geodesy, building structures, and so on. The theoretical and technical 
background for the justifi cation and development of such equipment for 
angular accuracy calibration is presented later in this chapter.

Circular scales were produced for a long time using mainly circular 
dividing machines. The production of the circular scales is straightfor-
ward and is linked with the methods and means of angle measurements. 
Modern technologies are used for multiplying the original scales made on 
the dividing machines by means of photo lithography using well-known 
technologies, such as Aurodur, Diadur, and so on. These methods have not 
altered much in time and are especially valid for circular scales measure-
ment. High accuracy and discretion of circular scales measurement remain 
an actual problem even nowadays.

Technical measuring equipment, instruments, and systems, such as lin-
ear and circular scales, measuring transducers, and numerically controlled 
machine tools require an IMS that provides measurement information or 
information about the position of part of a machine or instrument. A typi-
cal measuring system consists of linear and rotary transducers (encoders) 
whose measuring part is fi xed to the moving part of the machine and the 
index part, the measuring head, is fi xed to the base of the machine. Using 
such systems, it is diffi cult to measure long strokes of the machine, as the 
accuracy for a long measuring translational transducer is much more dif-
fi cult to achieve in comparison with a short one. Accuracy characteristics 
can be analyzed in terms of the informational features of a short measur-
ing transducer (for example, 400 mm) comparing it with a long one (for 
example, 2000 mm). Usually, a modern machine has a measuring  system 
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with a resolution equal to 1 μm, so in these two examples the indicating 
unit of the machine will show 4 × 105 or 2 × 106 digits. Examples of such 
systems could be measuring laser interferometer systems or the display 
units of CMMs. The accuracy parameters associated with some popular 
angle standards are summarized in Table 3.1.

A modern method of angle measurement has been developed using the 
“ring laser” as a reference measure of angle (Figure 3.1). This method is 
slowly taking its place in machine engineering due to its dynamic nature, but 
until now it was most widely used in navigation systems, and so on. Fiber 
optic gyroscopes (FOGs) are used mainly in navigation instruments, their 
main feature being the ability to operate in one plane, that is the plane in 
which all the arrangement is positioned. The device includes a laser source 

Table 3.1. Accuracy parameters of some angle standards

No
Angle standard 

of measure

Resolution
 of 

measurement

Standard 
deviation of 
the readings Bias

1. Polygon—autocollimator 10°; 15°; 24°; 
30°,…

0.15″ 0.30″

2. Moore’s 1440 precision 
index

15′ 0.04″ ±0.1″

3. Circular scale—
microscope

3°, 4°, 5° 0.2 ~3″

4. Photoelectric rotary 
encoders

1″; 0.1″ ~0.3″ ~1″

5. Laser gyro 0.1″; 0.01″ 0.05″ <1″

2
1

3 4

Figure 3.1. The fi ber optic gyroscope “ring laser”: (1) light 
source (laser), (2) optic light guide, (3) light receiver 
(photodiode), and (4) optic prism.
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and an optical prism, and the resulting split laser beam propagates in oppo-
site directions. The angle measurement is performed by the comparison of 
the split beams phase difference, in such a way that a very high precision 
is being achieved. When there is a need to measure an angle displacement 
in 2D directions, then two FOGs perpendicular to each other are used and 
consequently, for 3D measurements, three FOGs must be applied. The FOG 
measures speed up to about 5000 rev/min with an accuracy of ≈1%.

3.2 MEASUREMENT OF CIRCULAR SCALES

Measurement of circular scales has its own specifi c problems. Additional 
features that help to perform this measurement is the fact that the sum 
of the full circumference is always equal to 360°. This enables the cali-
bration of circular scales using one reference angle throughout the whole 
circumference and thus the errors of angular values may be analyzed as 
the difference between the real values of reading devices and the values of 
the calibrated reference angle. In the metrology of circular scales that was 
mostly developed in geodesy and astronomy, there is terminology used 
such as “error of the scales diameter”. 

The expression of diameter means the line going through the strokes 
lying at the opposite sides according to the center of the scale. In most 
geodetic measurements the errors of diameters or the errors between the 
diameters are determined. It helps to avoid errors due to the eccentricity 
of the scale to be measured and due to the trajectory of axis rotation. The 
error of diameters can be expressed in terms of the algebraic sum of errors 
of two opposite strokes:

( )1801
( )

2

oi i ij j j +
Σ Σ ΣΔ = Δ + Δ ,

where ijΣΔ  and 180oij +
ΣΔ are the errors of angle position of two opposite 

strokes.
The errors of circular scales are determined by various methods 

approved in the written standards:

• the method of approximation;
• the method of opposite matrix;
• the method of Yeliseyev (or Heuvelink);
• the method of Wild.

These methods are supported by the written standards, although different 
organizations are used to apply different methods of measurement.
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The following methods of angular scales calibration are used in 
machine engineering and instrumentation:

• the comparison of the angular values of the scale strokes with the 
values of the reference scale or other reference measure of angle;

• the comparison of the angular position of strokes of the scale with 
the reference angle created by the strokes of the same scale. This 
method is also called calibration with the constant angle in the full 
circumference.

The methods of circular scales calibration were created and developed 
by such famous scientists as H. Bruns, G. Schreiber, A. Perard, H. Wild, 
H. Heuvelink, S. Yeliseyev, and so on. The diameters errors are deter-
mined by using these methods at angle intervals, applying equal control 
angles, for example, 10°, 20°, and 30°. Processing the diameters errors 
by the Bruns method, linear equations of the strokes of scale position are 
created. The number of equations is equal to the number of angular posi-
tion errors to be determined. For example, by measuring at every 3°, a 
system of 60 equations is created. The Yeliseyev (or Heuvelink) method 
was a further development of the former method, simplifying the number 
of calculation operations. The diameters errors are calculated determining 
their mean arithmetic values, and for the enhancement of accuracy of the 
calculations error weight parameters are introduced. Thus, the error eval-
uation is stochastic; it differs from the real values of the relevant errors 
of the diameters. If the pitch of measurement of the circular scale is not 
small enough, so the discretion of the stroke errors is not big enough; that 
is, the error is determined at quite large intervals of the scale. This is the 
reason why comparative scale measurements are performed in machine 
and instruments engineering by using other angle standards with a much 
higher discretion of reference angle measure.

The diameter errors by comparison methods were determined from 
the period of the early development of geodetic and astronomic instru-
ments. Thus, n equations for measurements performed at a chosen pitch of 
the scale measurement, for example, 10°, are designed. It is accepted that 
(j) = 0, at the beginning of measurement, and the other errors are calcu-
lated assuming that the errors are distributed evenly in the circumference. 
By making this assumption, a value 

1

1 n

i
in =
∑ω  is subtracted from the results 

received, where ωi denotes the errors of corresponding opposite strokes. 
Such an approximation is used by many authors, including the Yeliseyev 
method. Nevertheless, it is not accurate as the errors of different strokes 
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and errors of the position of diameters are not equal and their sum is not 
equal to zero.

According to the main methods of scales calibration, for the calcula-
tion of scale errors, it is necessary to associate the positions of strokes on 
the scale opposite to the constant angles. For example, to determine the 
error at every 5°, it is enough to calibrate the scale applying the constant 
angles of 40° and 45° (or 20° and 45°). The constant angles for calibration 
are chosen as repetitive values of the desirable interval of calibration.

Some of the angular calibration processes are performed using 
Moore’s 1440 Precision Rotary Index Table (Figure 3.2) as the angle 
standard and an angle polygon prism of 12 sides with an autocollimator. 
Moore’s 1440 Precision Index is an angular measuring device consisting 
of two serrated plates joined together to create the angle standard of mea-
sure. During the measurement the upper disk of the index is lifted, the 
lower part rotates with the object to be measured, after that the upper part 
is lowered back and the measurement of the angular rotational error is 
performed by the autocollimator. The repeatability of the readings of the 
autocollimator do not exceed ±0.02″. The accuracy of the axis of the index 
rotation is in the range of 0.1 μm, the interval of angle measurements 
being 30° (in the case of using the 12-sided polygon). Every position is 
usually repeated about 10 times, the values of polygon calibration being 
within the limits (–1.5″ and +2.5″).

The rotary test table, the standards of angle, and measuring instru-
ments are shown in Figure 3.3. The standards of angle as shown in Fig-
ure 3.3 are the most widely used standards in machine and instrument 
engineering. The items shown in the picture are: (1) base of the angle- 
measuring equipment, (2) axis of rotation, (3) worm wheel, (4) circular 
scale, (5) photoelectric microscope (PM), (6) angle-measuring device 

3
4 5 6

7

12

Figure 3.2. Rotary index table: (1) basic part, (2) axis for 
lifting and rotating, (3) serrated meshing, (4) hub, (5) upper 
disk, and (6,7) cam lifting device.
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(Moore’s 1440 Precision Index), (7) mirror, (8) autocollimator, (9) worm 
glass gear, (10) multi angle prism (polygon), (11) rotary encoder of high 
precision, (12) laser gyro (also shown in Figure 3.1). The systematic error 
value and uncertainty of the standard measure are indicated.

The worm gear drive, step motors, or piezoelectric drives are used 
to move the object to be measured into the required position. The items 
4–5, 6–7–8, 10–11–12, can be chosen as the standard measure for angu-
lar displacement control. High-accuracy photoelectric transducers (rotary 
encoders) are included in the range of measurement standards, together 
with the most advanced instrument for angular measurements, the laser 
gyro. When using the circular scale as the standard of measure, two PMs 
are used to avoid the infl uence of eccentricity for the angular measure-
ments. The advantages of rotary encoders provide good possibilities to 
automate the measuring process. Devices using an angle interferometer 
can be implemented only in laboratory conditions.

The angle reference standards that can be used include the circular 
scale with the microscope, Moore’s Index table and autocollimator, and 
the other standards as shown in the upper part of Figure 3.3. The mul-
tiangle prism (polygon) has a calibration uncertainty equal to ~0.02″ and 
the high precision rotary encoder has a calibration uncertainty equal to 
~0.05″. Mechatronic techniques can also be used and tested in the case of 

Figure 3.3. Arrangement for angle calibration with 
different angle standards.
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the drives, that is the piezoelectric plate for the table rotation, PMs, and 
autocollimator with charge coupled device (CCD) cameras installed for 
alignment and centering of the objects to be measured.

This entire complex can be shown by experiment to be quite effective 
and progressive for high-precision angle measurements and as the basis 
for the creation of the fl at angle standard.

The most widely used angle-measuring standards are polygons, preci-
sion indexing tables, and circular scales. Some other precision measuring 
devices, such as ring lasers and precision rotary encoders, are also used. 
Reading instruments, such as microscopes, scanning heads, mirrors, and 
autocollimators, are used with the angle standards. A high accuracy of the 
comparator for the fl at angle unit transfer was achieved by tests carried out 
in PTB, Germany. The angular comparator WMT 220 of very high accu-
racy was used for the calibration of electronic autocollimators for the fl at 
angle unit, radian, and transfer according to the ISO standards. The tests 
were based on the use of incorporated circular gratings and photoelectric 
incremental read-out heads of the values measured. This angle compar-
ator is a measuring device for plane angle calibration ensuring an uncer-
tainty of measurement of 0.005″. The comparator is mounted on a solid, 
 vibration-isolated granite plate and comprises an air-bearing rotor of high 
accuracy with an axial plane bearing and a cylindrical radial bearing. Rota-
tional speed is between 7.5 rev/min and 7.5″/min for dynamic measure-
ments. The angle-measuring system consists of a circular glass index disc 
with a circular scale of 217 graduation periods (131 072) on a circle, ~400 mm 
in diameter. Graduations are scanned by eight scanning heads uniformly 
distributed over the circumference of the scale. After an interpolation of the 
signal period 230 (1,073,741,824) measurement steps are achieved, which 
corresponds to an angle-measuring discrete step of ~0.0012″. The rotation 
of the upper disc was performed on the radial and axial air bearing of the 
highest accuracy. An uncertainty of 0.007″ was determined as a result of cal-
ibration of electronic high-resolution autocollimators in repeating consecu-
tive steps of 0.005″ in the transfer of the standard unit of plane angle. It was 
stated that calibration in very small intervals that are near to the resolution 
capability of the autocollimator gives information about the possible short 
period bias and as a consequence the autocollimator resolution can affect 
the measurement. The comparator can be self-calibrated against a test sys-
tem or against other angle-measuring systems applying the so-called rosette 
measuring method. For the calibration of high-quality precision polygons or 
incremental angle-measuring systems U = 0.05″ (k = 2) is achieved.

The raster circular scale can include from several hundred to several 
tens of thousands of strokes. It is evident that there is no easy means for 
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creating the standard angle for the measurement of each stroke and thus 
errors of the “short period” are not determined. Some methods developed 
for solving problems of such kind use a phase shift in measurement. The 
problem is becoming more complicated by the wide variety of scales 
used in modern automated engineering. Raster scales of a wide range of 
accuracy and dimensions, systems of graduation, and so on, are used for 
special tasks in instrumentation and automation. (360°, 2n, 10n number of 
strokes in the circle, various coded scales, etc.)

3.3  APPLYING NEW METHODS FOR MEASURING 
CIRCULAR SCALES

A newly developed method for circular scales calibration is based on the 
application of the 180° (2π rad) angle created during the same measuring 
process as a standard measure for the calibration of the circular scale. 
Such a standard can be set with an accuracy not less than 0.1″ of standard 
deviation in the case of a high-accuracy rotational axis and using high- 
accuracy PMs. The measuring scheme and the principal process of mea-
surement are as shown in Figure 3.4. A simplifi ed method of measurement 
is presented and the main task is to demonstrate the algorithm and the 
means for data processing.

Traceability of angle measurements is based mainly on the standard 
of the plane angle-prism (polygon) calibrated at an appropriate accuracy. 
Some eminent metrological institutions have established special test 
benches (comparators) equipped with circular scales or rotary encoders 
of high accuracy and polygons with autocollimators for angle calibration 

M1 M2

(a) (b)

M1 M2

Figure 3.4. 180° angle setting as reference standard for the circular 
scale calibration: (a) a preliminary microscopes setting on the diametri-
cally opposite strokes of the scale; (b) the same position of the micro-
scopes after the rotation of the scale by 180°.
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purposes. Nevertheless, the standard (etalon) of plane angle, the polygon, 
has many restrictions for the transfer of the angle unit, the radian (rad), 
and other units of angle. It depends on the number of angles formed by 
the fl at sides of the polygon. A possibility to create the standard with the 
angle equal to π rad or half the circle (or the full angle) is proposed. It can 
be created by a circular scale with the rotational axis of very high accu-
racy and two precision reading instruments, usually, PMs, placed opposite 
when using the special alignment steps. A great variety of angle units and 
values can be measured and its traceability ensured by applying a third 
PM on the scale. Calibration of the circular scale itself, and other scales 
or rotary encoders as well, is possible using the proposed method with an 
implementation of π rad as the primary standard angle. The method pro-
posed assures the traceability of angle measurements at every laboratory 
having the appropriate environment and appropriate reading instruments, 
together with a rotary table with a high-accuracy rotation axis, that is, the 
rotation trajectory (run-out) is in the region of 0.05 mm.

The angle of 180°(π rad) of high precision can be set up by means 
of the circular raster scale to be measured, two opposite microscopes and 
the axis for the scale rotation (Figures 3.4 and 3.5). Two microscopes M1 
and M2 are set on the diametrically opposite strokes of the scale, Figure 
3.5 (a). After the rotation of the scale by 180°, the strokes of the scale will 
take a position as shown in Figure 3.5 (b). By adjusting the microscopes 
M1 and M2 in the tangential direction, a position can be reached when the 
readings from both microscopes are equal in the absolute value after the 
rotation of the scale to 0° and 180°. Therefore, microscopes M1 and M2 
are set for the determination of the standard angle of the measurement, 
equal to 180° or π rad.

The measurement of the angle errors between the strokes of the scale 
is performed by setting a third microscope on the stroke at the chosen step 

Figure 3.5. Setup of the microscopes: (a) determination of tangential 
displacement of the microscope M2; (b) position of the microscopes at the 
primary standard angle of 180°.
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of measurement (Figure 3.6). The third microscope is set on the stroke of 
the scale at the angle φt. The scale is moved by angular steps in the clock-
wise direction, the measuring data being registered as ia  and ib , where

0,1,2..., (2 1)i n= − . ia  and ib  are the data measured by the fi rst and sec-
ond microscopes; 2n is the number of strokes in the scale.

The position as shown in Figure 3.6 is: |ai| = |bi |. The initial presump-
tion is taken that 0a  = 0; 0 0;dj = n nbdj = ; tdj = Δ ; where Δ is the error 
of the angular position of the stroke with the index t; φt is the angle of 
the third microscope from the “0” point; and idj  is the errors of angle of 
relevant strokes of the scale. The result of measurement is expressed by a 
system of linear equations:

Indexes of readings b vary according to the number of strokes from n 
to (2n – 1); indices of a follow the strokes with the numbers i = 0, 1, …, t. 
The general expression for readings will be

;

.
i i i t

n i n i i t

a

b

dj dj
dj dj

+

+ + +

= − + Δ⎧
⎨ = − + Δ⎩

After performing the measurement for the full circumference, and by sum-
ming both sides of equations, it will yield

2 1 2 1 2 1

0 0

n n n t

i i i
i i i t

a idj dj
− − − +

= = =
∑ = ∑ − ∑ + Δ ;

ib

3

ai

bi

2
4

ϕ t 1

Figure 3.6. The diagram of measurement 
by determining the 180° standard of angle.
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1 1 2 1
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For the fi rst equation: 
2 1 2 1

0
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n n t

i i
i i t

dj dj
− − +

= =
∑ − ∑ = , then

1
.ia

i
Δ = ∑

Furthermore, the equations can be solved in respect of either ai or bi. 
Therefore, it must be noted that various possibilities are available for the 
determination of the diameters errors using the expressions derived. Here 
the calculations will be demonstrated according to the formula involving 
expressions of ai. Theoretically, it is possible to measure and determine 
the errors of every stroke in the circular scale, albeit the great number 
of strokes that are present. This is particularly important nowadays, as 
the circular scales are made of very small diameter having thousands of 
strokes in the scale. It is impossible to perform such measurements by 
using the existing circular scale calibration methods. Applying an axis of 
rotation based on aerostatic bearings and using microphotoelectric read-
ing devices, a real possibility for its implementation exists. The error 
determination functions, consisting of a great number of equations, also 
lead to problems as a specialist mathematical software package will be 
required. As an example by measuring the scale at every 1°, an equation 
system of 360 members will be created; by measuring the scale at every 
1/3 degree there will be 1,080 members, and so on. A raster scale having 
21,600 strokes will require the same number of equations to be solved for 
the error determination.

Operations with more data do not introduce anything substantially 
new; only some parameters in the instruction code for a mathemati-
cal software package need to be changed. After the solution process, 
which takes noticeably longer, it makes sense to output only the final 
results in the row or table format as instructed. The capabilities of 
calibrating circular scales can be validated by computer modeling 
described in papers presented in the reference list at the end of the 
book [18–23].

Experiments were performed to compare the half circle method with 
the conventional method, that is, calibration with the Index table 1440. 
The results are shown in Figure 3.7 (where graph 2 is the half circle 
method and graph 1 is the Index table 1440 method). These results show 
quite a good agreement, including the extreme points a, b, and c, where 
the errors are the largest.
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The strokes symmetry method: This method is very effective for simpli-
fying the measurement and for the automation of the process. The diagram 
explaining the measurement is shown in Figure 3.6. The difference from 
the measurement described previously is that readings are taken only from 
the third microscope, at the moments when the positions of the opposite 
strokes under the microscopes (1) and (2) are of equal value and have 
opposite signs: .i n idj dj +=  The readings from the third microscope are 
designated as ic , and the initial reading (when the stroke “0” is under the 
fi rst microscope) will be

( )2 1 2 1 2

1
.

2n n n nc dj dj dj− −= − +

Further readings give the system of equations:

( )1 1

2 1

1
,

2
,

i i i n i

n

c dj dj dj

dj

+ + +

−

⎧ = − + + Δ⎪
⎨
⎪ Δ = −⎩

where i = 0,..., 2n − 1.
The system has (2n + 1) equations and the same number of the 

unknown members.
The general expression of the equations of the errors will be
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In such a manner all the errors of the circular scale can be determined. The 
calculation program was developed in the FORTRAN language and the 
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Figure 3.7. Comparison of measurements, performed by using the rotary 
index table (1) and the method of the half circle (2).
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fi nal solution of the measurement results is given, when the readings from 
the scale are taken at a small rotating angle, not coincident with the line 
between the two opposite microscopes and the third microscope.

Examples of change from discrete to analog information in the mea-
suring system can be presented by angular accuracy calibration of the ras-
ter scales. The calibration of the scale stroke-by-stroke (at a predetermined 
pitch) gives discrete calibration information. A possibility to transfer it 
to the analog form is shown in Figure 3.8. It is performed by creating a 
Moiré (Figure 3.8, a) or a Vernier (Figure 3.8, b) fringe pattern, one of the 
scales serving as a reference. By using the expressions for determination 
of the light transmission function Π, it is possible to calculate this and the 
modulating function m in the period of the pattern.

These functions are
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Here i is the coeffi cient of optical reduction of optical composition of two 
raster scales; k = 1, 2, 3, …aj, the width of transparent part of the raster 
scales composition. W is the pattern period of the Moiré or the Vernier scale.
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Figure 3.8. Use of Moiré (a) and Vernier (b) pattern for angular accuracy 
calibration of circular scales.
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One, two, or four analyzing gaps with photocells are located on the 
optical patterns shown in Figure 3.8. For the Moiré pattern it is enough to 
place one photoelectric sensor (in the upper part of the scales, Figure 3.8, a) 
on the pattern and rotate it on the table axis of high accuracy. Roundness 
measuring instruments are used for this purpose. The output voltage from 
the sensor is proportional to the form of the Moiré fringes, and this is a 
function of the accuracy of displacement of the strokes of the scale under 
control.

For the Vernier raster scales two or four sensors are placed on the 
pattern. Sensors 1, 2, 3, and 4 are placed at angles of 90° to each other. It 
is evident that after rotation of the scales for every 90°, the output volt-
age must be equal for raster scales having no errors, and every system-
atic error of the scale under control will give a bias of the output voltage 
proportional to the error detected. The same can be achieved by placing 
the sensors at a distance equal to the Vernier pattern period W or on the 
spacing, equal to 0.5W or W(k + 0.5), where k = 1, 2, 3. When the raster 
composition is rotated under the high-precision rotary table (for exam-
ple, roundness measuring instrument), the output voltages from the pho-
tocells compensate each other. The output voltage from the photocells is 
amplifi ed, transferred to the summing unit and then passed further to the 
recording device. It is obvious that in the case of a high-accuracy raster, 
the output voltage in the recording device shows no change, and the graph 
will be a straight line (or a sine wave). When a raster pitch error occurs, 
the fringe pattern moves by a distance equal to the pitch error multiplied 
by i. The output voltage changes accordingly, providing a clear indication 
of the systematic error of the raster scale.

The sensitivity of the index sensors used with the photocells can be 
tuned, enabling a measurement of a wide range of errors to be controlled. 
The measurement can be performed on various kinds of raster scales using 
Vernier or Moiré fringe patterns. Precise roundness measuring devices and 
templates are very relevant for such a purpose and the results can be repre-
sented in a digital or graphical form. The method discussed is more infor-
mative and effi cient than the use of measurement by comparison with the 
reference angle measure. It can be especially effective for industrial needs 
and applications. All these applications are to be implemented using every 
constituent of the mechatronic arrangements mentioned above. Therefore, 
the “short period”errors are not determined. Bearing in mind, that short 
period errors in geodesy are considered to be errors within the period of 
1°...3°, it can be stated that the quantity of information required for such 
measurements is very large. The method designed for solving problems of 
this kind is as follows.
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The classical constant angle setting in full circle method was modi-
fi ed for circular scale calibration. A single step of measurement applied for 
the modifi ed method is shown in Figure 3.9.

The systematic errors of each scale stroke could be calculated accord-
ing to the equations:
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where 1.iMΔ  are the readings taken by microscope M1, 2.( 1)iM +Δ  are the 
readings taken by microscope M2, n is the total number of the readings in 
the full circle.
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ϕi

i+1

ΔM1.i

ΔM2.(i+1)

ϕp = ϕr+δϕp

i

Figure 3.9. Measurement step using two micro-
scopes, M1, M2, i  is the number of scale stroke 
( i = 1, 2, 3, … n ).



76  •  MEASUREMENT AND MONITORING

The modifi cation allows the calibration of the circular scale without 
the need for precise mechanical scale positioning. The calibration can be 
performed at an approximate angular position only placing the investi-
gated stroke in the fi eld of view of the microscope.

In Figure 3.10 (b), the comparison of the rotary table angular posi-
tion errors determined by multiangular prism/autocollimator and a circu-
lar scale/microscope (with systematic errors of strokes compensated) is 
shown. As can be seen the results are very similar. According to further 
calculations it was determined that the root mean square error of the angu-
lar position determination using a calibrated circular scale and microscope 
(relating to the multiangular prism/autocollimator measurements as the 
reference) was not larger than 0.172′′σ = .

After a full cycle of the measurements performed, the real angle 
between the microscopes ( r pϕ + δϕ ) for each test can be calculated. The 
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Figure 3.10. (a) Circular scale measurement using an angle not a multiple of 2π 
(150° in this case). M1, M2—the microscopes placed on the strokes of the scale; 
(b) graphs of the circular scale errors.
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approximate angle between the microscopes ( rϕ ) being 150°, the devia-
tions of angle will be determined from the equation:

( )2( 1) 1
1

n

i i
i

p

M M

n

+
=
∑ Δ − Δ

δϕ = .

Each scale stroke bias at each test (δφi) with reference to the fi rst (0°) 
stroke can be calculated using the equation:

( )( )1 2 1 1i i i piM M− −δϕ = δϕ + Δ − Δ − δϕ .

Judging from the data received (the calculated scale strokes biases for 
each measurement series) the standard deviation of each bias measure-
ment is quite small (not exceeding 0.423"iS = , including the standard 
deviation of the modernized microscope measurements 0.0125"mS = ). 
Since the biases were calculated with reference to the fi rst stroke (consid-
ering the 0° stroke as being the reference one), the standard deviation of 
each specifi c stroke should be determined as
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S S
=

= ∑ ,

where k is the number of the scale stroke.
Thus the maximum standard deviation will be reached at the last cal-

culated stroke:
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where n is the total number of the calculated scale strokes.
In the case of measurements where the approximate angle between 

the microscopes was 95°, the maximum standard deviation will be reached 
at a scale stroke marked as 90° and max 2,621"S = . It should be noted that 
despite quite a high standard deviation of the last stroke bias using a large 
number of measurements should practically eliminate any kind of random 
error in the scale bias determination, and since its value needs to be deter-
mined only periodically (during the rotary table scale calibration, which 
should be performed quite seldom) it is quite possible to achieve appropri-
ate calibration results.

The graphs of measurements of angular position errors of the rotary 
table determined by polygon/autocollimator and circular scale/microscope 
are shown in Figure 3.11.
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The graphs show that the angular positions of the rotary table deter-
mined by the circular scale and microscope match the position determined 
by polygon and autocollimator quite well. The standard deviation of the cal-
ibration data from the prism/autocollimator measurements is calculated as

2 2
/a p a pS S S= + ,

where Sa is the standard deviation of autocollimator measurements 
(Sa = 0.0405″) and Sp is the standard deviation of polygon calibration (Sp = 
0.1″). The general standard deviation of the autocollimator/polygon mea-
surements does not exceed Sa/p = 0.108″. The general root mean square 
error and the uncertainty of angle position determination at a confi dence 
level of 0.95 using the measuring data are calculated as 0.172′′σ =  and

0.0295 ,′′ε =  respectively.
The readings from the microscope scale are calculated in the same 

way, thus enabling it to be used as a reference measure for further geo-
detic instrument calibration. Some statistical characteristics are calculated 
during the evaluation of the results, including an estimate of the standard 
deviation S at Student’s t-test and degrees of freedom n. This is used for 
the fi nal determination of systematic part (bias) of the angular error with 
the uncertainty ε. Some results of measurement using an electronic theod-
olite, Wild the odomat T1000, are presented in Figure 3.12.
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Figure 3.11. Positioning error of rotary table determined by multiangular 
prism/autocollimator and that calculated by circular scale and microscope.
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The modifi cations of the method allow the calibration of the circular 
scale at any angular pitch in completely automated mode (with an approx-
imate positioning). The determination of the systematic errors of every 
stroke of the scale during the calibration has been performed at an angular 
pitch of 5° (microscopes positioned at 95° to each other). The readings 
from the multiangular prism autocollimator were taken simultaneously 
at a pitch of 30°. The results of the scale calibration are shown in Figure 
3.10, (b). As it can be seen there are some signifi cant systematic errors 
of the scale strokes but since they are stable and already determined, it is 
relatively easy to compensate them and include the results of calibration 
in the process of measurement. The rotary table of the test rig can be posi-
tioned very roughly using an angle encoder and knowing the number of 
each scale stroke and having the calibration results (i.e., systematic error) 
for that particular stroke stored in the PC, the precise angular position of 
the rotary table can be immediately calculated by the control computer.

Therefore, it may be stated that angular position measurement using 
the circular scale and microscope can be successfully implemented with 
a precision close to the one obtained by the multiangular prism and auto-
collimator but at much smaller pitch. The small pitch of measurement is 
especially important for testing or calibration of angle-measuring geodetic 
instruments as well as for any other type of modern instrument for angle 
measurements (i.e., angle encoders, raster, or coded circular scales, etc.).

The importance of the measurement of circular scales of small diam-
eter is illustrated in Figure 3.13. The diagram shows that the errors mea-
sured have a smoother character of distribution, when their diameter is 
larger and the diagram has sharp peaks and curves of the scales, when the 
diameter is small.

The technical specifi cation parameters mentioned above would sug-
gest that there is a technical possibility to create an angle calibration bench 
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Figure 3.12. Graph of the tacheometer’s systematic errors.
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of very high accuracy. Such equipment could also be used for the calibra-
tion of geodetic instruments and machine engineering devices. It is possi-
ble to calibrate the angle-measuring devices to an accuracy equal to ~3″. 
The discretion of the calibration is also easily achieved, and such features 
provide the possibility to calibrate angle standards and instruments which 
have 10n or 2n strokes or signals per revolution.

A novel idea for the measurement of linear and circular raster scales 
is by the determination of a bias from a straight line and from a circle, 
respectively. This idea is implemented by applying a Moiré fringe combi-
nation technique and the modifi cation of the resulting Moiré fringe param-
eters, expressed by discrete functions.

Linear and rotary transducers and encoders using raster scales have 
two-raster scales in combination to achieve the light transfer modula-
tion. Many transducers and several means of measurement have been 
devised on the basis of the Moiré fringe pattern formed by two raster 
scales with different pitches, or different angles of inclination of the 
strokes on the scales. A pattern with different pitch values is known as 
a Vernier pattern.

Simplifi ed expressions for two raster Vernier patterns were devel-
oped, as a function of ( , )i Δω , where i is the coeffi cient of optical reduc-
tion and Δω  is the difference between the pitches of these two raster 
scales. The Vernier pattern parameters can be expressed on this basis and 
are listed as shown below.
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Figure 3.13. Diagram of multiple measurements of circular 
scales with various diameters.
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 Pitch of the rasters (μm or sec. of arc):
 for the fi rst scale 1 ;iω = Δω
 and for the second scale 2 ( 1) ;iω = − Δω
 Period of the Vernier combination ( 1) ;W i i= − Δω

 The number of periods: in the circle 360
;

( 1)
M

i i

°=
− Δω

 and for the linear pattern ;
( 1)

L
M

i i
=

− Δω
 (L is the length of the scale).

The other parameters of the combination can be calculated using the 
expressions presented above. The fringe patterns of the combination of two 
linear raster scales are shown in Figure 3.14 (a, Vernier; b, Moiré pattern).

It is possible to calculate the light transmission function Π and the 
modulating function m in the period of the Vernier pattern. These func-
tions are given below by
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Figure 3.14. (a) Vernier and (b) Moiré fringe patterns of two raster  combination.
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The light transmission function through the analyzing gap aT  = kw2 will 
be given by
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After some transformation of the equation for m and using the mode of 
square numbers, the equation reduces to
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Figure 3.15 shows the dependence of the optical coeffi cient i, the width of 
the analyzing gap Ta, and the amplitude A of the light transmission func-
tion π in the Vernier combination of the two raster scales.

The equations thus derived, coupled with the results of experiments 
performed, allow the conclusion that Moiré fringe patterns could be used 
for the assessment of the accuracy of raster scales. If one of the raster 
scales is chosen as the reference scale then the other, in conjunction with 
the fi rst, will show any change from the exact form of the pattern. A dis-
placement of one of the raster scales gives the movement of the period of 
the pattern multiplied by the value of the optical coeffi cient i. The same 
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Figure 3.15. The variation of amplitude A of the light trans-
mission function by the Vernier pattern through the different 
sizes of analyzing gap.
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occurs with the error of the raster strokes; it will be magnifi ed by the 
optical coeffi cient as well. This optical effect can be used for the determi-
nation of raster scale accuracy, taking one as a reference. Scales without 
errors would form a regular circle for acircular pattern of the scale or a 
straight line for a linear pattern of the scale. An example of the assessment 
of the accuracy of the circular scale using a roundness template is shown 
in Figure 3.16. The method is assumed to apply for control of accuracy 
assessments of systematic error in the range of 1’...10’ (min. of arc) for 
circular scales and for about 10 μm and more, for linear scales.

The measuring device for the accuracy control of a linear raster scale 
consists of slide ways of high accuracy, the raster scale to be measured, 
a carriage with the index (as a master scale) raster and an optical system, 
consisting of light sources, photocells, and light transfer windows. Graphs 
can be shown of raster pitch errors representing raster scale accuracy, 
determined by comparing it with the results received by the usual meth-
ods. Diagrams of a device for measuring pitch errors of linear raster scales 
are presented in Figure 3.17 (a and b).

The main parts of the device (Figure 3.17, a) are the slide ways 7 
of high accuracy, 1 the raster scale to be measured, 3 a carriage with the 
index raster 2 and an optical system consisting of light sources 4 and pho-
tocells 5, 6 and light transferring windows. In Figure 3.17(b) there are 
graphs of raster pitch errors representing raster scale accuracy, determined 
by comparing it with the master scale (above), and the errors graph, mea-
sured by using the Moiré pattern (below).

As is shown in the diagram, the two analyzing gaps with light sources 
(4) and photocells (5, 6) are located at a distance equal to fringe spacing, 
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jmax

Figure 3.16. Declination from the circle 
showing the pitch error of the scale.
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that is equal to 0.5W or W(k + 0.5); k = 1,2,3.... When the carriage (3) 
moves along the slide ways (7), the output voltages from the photocells 
compensate each other. The output voltage from the photocells is ampli-
fi ed and transferred to the summing unit (8) and further to the recording 
device (9). It is obvious, that in the case of a high-accuracy raster (2), 
the output voltage in the recording device is without any changes and the 
graph must be a straight (or sine wave) line. In the occurrence of a ras-
ter pitch error, the fringe pattern moves for a distance, equal to i∆l. The 
output voltage changes accordingly, providing an evident indication of a 
raster scale pitch error. The sensitivity of the index device included in the 
carriage (3) can be tuned enabling a wide range of applications. The mea-
surement can be performed on various kinds of raster scales, using Vernier 
or other Moiré fringe patterns.

Such a device can be used for measuring the straightness of slide 
ways, lathe bedding, and so on. In this case the device is used with a 
calibrated raster scale that has all the other parts as mentioned above. The 
master straight line is formed between the two points that support the 
transducer. Any deviation from the straight-line movement of the index 
head along the slide ways changes the position of the index head resulting 
in an output voltage from the photocells. The results can be represented 
in digital or graphical form. A pattern of alternating peaks and valleys on 
the graph is an indication of some bias in the accuracy of certain strokes 
of the scale. Graphical results from a Moiré fringe measuring device give 
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Figure 3.17. Diagrams of measuring the pitch error of linear raster scales: 
(a) general view of the device, (b) graphs of errors measured.
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a  representation of raster scale accuracy, expressed as a result of some 
stroke groups. It may be referred as the accuracy of the transducer linear 
displacement where the raster scale is employed. In some way it has more 
information and is more useful than certain stroke errors detected by com-
paring it with the master scale or a laser interferometer. There exist simple 
technical ways to interpret the results in the digital mode and use the facil-
ities of many computer programs for statistical assessment.

Measurement of circular raster scales is accomplished in a similar 
manner, the only difference being in circular movement of the index 
device. The raster scale or the index head must rotate on a high-precision 
spindle because the trajectory of rotation (a circular movement) serves 
as the etalon of the angular displacement. Precise roundness measuring 
devices are pertinent for this purpose.

Moiré fringe patterns can be employed effectively for accuracy 
improvement, and to achieve a higher number of discrete values, in the 
design of linear and rotary encoders. In the case of rotary encoders the 
reference circular raster scale with the number of strokes, 1z , is mounted 
in the housing of the rotary encoder and concentric to it is the measuring 
raster scale with the number of strokes equal to Z2. The scanning raster disc 
has the number of strokes equal to Z1. This disc is fi xed to the bedding by 
fl at springs; one end being fi xed to the mounting of the raster scale and the 
other end is fi xed to the bedding. The light source is from a ring-shaped light 
bulb with alight-transmitting diaphragm. The shaft of the encoder rotates 
in the bearings together with the disc. The photocells also are ring-shaped 
and are fi xed to the bedding. The signal output is connected to the ampli-
fi ers and pulse forming units, and then to the coincidence loop and digital 
display unit, where the rotary displacement is indicated. The Moiré fringe 
period formed by those two raster scales moves to an angle equal to one 
full pitch of the raster scale after the rotation of the shaft for the difference 
of the raster pitch Δw. The output of the signal is periodic at every pitch of 
the raster scale. Thus at every rotating angle of discrete value Δw, the digi-
tal encoder unit is counting the pulses of rotation. During a full rotation of 
the shaft without an additional interpolation unit the encoder will output Z1 

Z2 number of signals, the discrete value of which is 1 22 /z zw pΔ = .

3.4  MEASUREMENT OF LINEAR SCALES 
AND TRANSDUCERS

IMS are calibrated against the reference standards of measure comparing 
their accuracy at some pitch of calibration, for example, at the  beginning, 
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middle point, and the end of the stroke, or at every tenth stroke, or over 
the range of measurement in the total length, or the circle (for angular 
displacement). The calibration depends on the written standards and 
methodical documentation of the machines or instruments. During the 
calibration it is possible to fi nd out only a restricted number of values. An 
example of the results shows that during the accuracy calibration some 
larger values of the error can be omitted, including signifi cant ones. So, it 
is important to determine the information quantity on an object that was 
assessed, providing more complete measurement during the calibration 
processes.

The intervals of verifi cation of the accuracy of linear transducers have 
been checked against the reference measure, changing the length of the 
intervals. The digital output of photoelectric translational and rotary trans-
ducers have the last digit number equal to a value of 0.1 μm or 0.1″ (arc). 
The measuring range in these cases is equal to 10 to 30 m, or a full or 
several rotations of the shaft to be measured. The value in arc seconds of 
one revolution is 1,296,000″, which is equivalent to 12,960,000 discrete 
values in the display unit. However, the measurement results in the dis-
play unit can be proved by metrological means only at every 100, 1,000, 
or a similar number of strokes. Information entropy allows that part of 
the information available from the measuring device that is assessed by 
metrological calibration means to be presented to the user. So, the anal-
ysis presented here is concerned with the information evaluation of the 
measuring system of the machines. Practically all moving parts of the 
machine together with its IMSs take part in the manufacturing of a part 
on this machine. Therefore, all inaccuracies of the IMS translate into inac-
curacies of the part produced. Information entropy provides a vehicle to 
reach the cognitive information about the accuracy available in the system 
under consideration. A general diagram of the sequence of production, 
control, and implementation of raster scales into transducers and the IMSs 
of machines is shown in Figure 3.18.

3.5  COMPARATORS FOR LINEAR 
MEASUREMENTS

The linear displacement errors of linear displacement transducers are 
determined by using an automatic comparator. A high effi ciency of mea-
surements (lasting about 10 minutes for each measurement together with 
the presentation of results) is required to achieve a suffi cient quantity of 
data for a statistical evaluation. This provides the basis to perform the 
next step in the accuracy improvement of machines, that is, to construct 
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the diagrams and methods for error compensation. The calibration inter-
vals were evaluated by statistics, and a histogram of the comparison of 
the results was developed. The automatic lengths and transducer compar-
ators created can be regarded as the practical means for the calibration 
of IMSs.

MANUFACTURE OF MEASURING SCALES,
TRANSDUCERS, ITS CONTROL AND ASSEMBLY IN TO

THE LINEAR OR ROTARY ENCODERS AND IN TO
THE INFORMATION-MEASURING SYSTEMS OF

MENTAL CUTTING TOOLS, MACHINES AND
MEASURING EQUIPMENT

Production, control, and assembly followed
by monitoring

(a)

(b)

Figure 3.18. General diagram of elements of a machine where precision 
operation is to be controlled and monitored: (a) elements of the information-
measuring system, (b) machine’s parameters for measurement and monitoring 
at the industry level.
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The design and purpose of a comparator for measurement and calibra-
tion of linear raster scales and translation transducers is as follows:

• Translation transducer compared with laser interferometer as the 
standard measure.

• Translation transducer compared with the other translation trans-
ducer that serves as a reference measure.

• One linear raster scale, reading the positions of the strokes by PMs, 
enabling the measurement of 0.005—0.1 mm width of the strokes, 
is compared with the laser interferometer.

• Linear raster scale with PMs is compared with the other linear ras-
ter scale as a reference measure.

• Compare translation transducer with the raster scale and vice versa.

A general diagram of a comparator for linear standards calibration is 
shown in Figure 3.19. The main parts of the comparator are: (1) base 
on which the moving table (2) is placed on slide ways of high accuracy 
(sometimes, on aerostatic bearings); (3) drive; (4) the linear scale to be 
measured, (5) linear scale used as the reference (etalon) scale; (6 and 7) 
PMs used with both scales as stroke reading instruments. Outputs from 
the microscopes are input into the control computer via an interface. The 
measuring data are processed in the computer (8), systematic and random 
errors and uncertainty of measurement are determined and the graph of 
errors is plotted using a printer/plotter (9). The placement of the length 
measure to be calibrated and etalon (standard) measure must comply 
with the Abbé principle, for example, to be placed as close as possible in 
parallel placement or must be placed on one line at the longitudinal axis 
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Figure 3.19. General diagram of the comparator for linear standards 
calibration.
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of these measures. Additional means (supplementary interferometer) are 
sometimes used to eliminate an Abbé offset.

A comparator using the laser interferometer as the length standard is 
shown in Figure 3.20. The main parts are: (1) base, (2) moving table, (3) 
drive, (4) the scale to be measured (or translational transducer), (5) PM, 
(6) mirror for refl ecting the laser beam, (7) laser interferometer, adjusted 
such that the laser beam goes along the symmetry axis of the scale or 
transducer to be measured, (8) control computer, and (9) printer/plotter of 
the protocol or graph of measurement.

During the displacement of the table, signals from the PM are com-
pared against the ones from the laser interferometer at the predetermined 
pitch of measurement. The difference means an error of measure in con-
trol. Modern laser interferometers perform correctional assessment for 
temperature, humidity, pressure changes during the measurement, and for 
the differences in temperature expansion coeffi cients of the materials of 
the etalon and controlled objects.

An important feature of the comparator is the dynamic mode of oper-
ation. Measurement is performed during the movement of the scale or the 
transducer to be measured. Such measurement shows the errors in working 
conditions of the scale or transducer, including the infl uence of dynamics 
of the machine. The enhanced velocity of the table movement during the 
interval between the measurement points is about 0.2 m/min, and during 
the measurement of the stroke position the table moves at 100 μm/s. The 
working cycle of the comparator consists of preparatory operations, where 
the number of measuring reciprocal strokes, the pitch of measurement, and 
other parameters are preset in the computer. A wide range of commands 
enables measurement with many varieties of pitch, changing the beginning 
of the scale’s position, including correctional or compensation parameters 
for temperature, pressure, humidity and material differences, and so on. 
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Figure 3.20. The comparator with the laser interferometer as the 
standard of measure.
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The measurement environment is kept within very stringent conditions, 
including an air conditioning system, temperature regulation, and damping 
of the base of the comparator against shock and vibrations. The results of 
measurement can be presented in the form of a printout protocol, an error 
graphic diagram or just the maximum error results. The arithmetic mean 
value of the measurement results is calculated, the mean square value, the 
dispersion, and the maximal positive and negative values of errors are 
determined. A diagram of systematic error can also be presented if required. 
In the case of serial measurements, the accuracy of measurement is lower 
because the effi ciency or productivity of measurement is more important. 
Many individual adjustments and preparation operations are neglected and 
the cycle of measurement is simplifi ed using special fi xtures.

A more detailed diagram of the comparator is shown in Figure 3.21. 
The main parts of the comparator are: (1) base, (2) table, (3,4) reference 
measure and scale or LTT to be measured, (5,6) PMs, (7–13,17,18) drive 
and electronic units, (14–16) computer, (19–21) laser interferometer, and 
(A–K) analog code converter.

4

6

3 21 2 1 20 7 19

18

17

8

9

14

16

A-K

X,mm

dx
,M

m

X1 X2...

M

5

11

10

12

13

15

Figure 3.21. A more detailed diagram of the comparator.
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In the case when there is a need to protect the comparator from envi-
ronmental infl uences a casing is applied as shown in Figure 3.22. The 
casing helps to maintain a stable temperature, to protect from dusty envi-
ronment, humidity, and so on. It is especially helpful when the measure-
ments are not performed in a laboratory.

3.6  COMPARATORS FOR ANGLE 
MEASUREMENTS

Precision raster and optical scales, together with rotary encoders, are the 
most common angle measures in relevant instruments for angle measure-
ments. Precise angle encoders are widely implemented in modern indus-
trial and other machines. Such encoders are also used in many geodetic 
instruments such as electronic theodolites, total stations, laser- scanners, 
and so on. Calibration of such devices is quite complicated since the encod-
ers used generate a large number of angular values which cannot be tested 
using classical means of angle determination such as multiangular prisms 
with autocollimators, and so on, which can be applied for testing only a 
limited number of angular positions. To try to accomplish such tasks a test 
bench for testing and calibration of angle-measuring geodetic instruments 
has been designed and developed. The classical principle of comparison 
is implemented for angle calibration purposes, which allows itto be used 
not only for testing geodetic instruments but also for many other angle- 
measuring instruments, such as rotary encoders, circular scales, and so on.

The effectiveness of the application of piezoelectric actuators is 
proved by the construction of a comparator for angular measurements. 

Figure 3.22. The casing of the comparator for length stan-
dards measurement.
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The comparator for the calibration of circular standards (Figure 3.23) con-
sists of the housing, rotary encoder as a reference measure of angle, elastic 
clutch, rotary table, PMs, the reference scale to be measured, piezoelectric 
drive, basic parts for the scale or transducer mounting, and the fi xing to 
the rotary table. The reference scale is used as a complementary refer-
ence measure with PMs in the case when the reference measure, the rotary 
encoder, is not appropriate for the calibration process.

The comparator is mounted in the housing with a high-accuracy aero-
static spindle together with the rotary encoder and the scale as a reference 
measure of angle. The scale or another rotary encoder to be measured is 
adjusted concentrically and by a leveling device on the rotary table. One 
of the main requirements for such type of equipment is the accuracy of 
rotation of the table on the axis. Applying piezoelectric plates, fi xed by 
elastic suspensions to the rotary table, effi ciently solved this task. Sym-
metrical positioning of the plates and elliptical movement of the contact 
point to the table permits the transfer of movement, that is, rotation of the 
table with the highest accuracy, not distorted by the driving mechanism. 
Experiments undertaken confi rmed the high accuracy of rotation of the 
table using piezoelectric actuators and the run-out of the axis under rota-
tion was within 0.1 μm. Other types of mechanical rotation drives have 
much more infl uence on the accuracy of the table rotation. This parameter 
is important for circular scales measurement as every axis run-out has 
an infl uence on the readings from the strokes of the scale. As mentioned 
previously, in the case of serial measurements or accuracy monitoring, the 
accuracy of measurement is lower because the effi ciency or productiv-
ity of measurement is more important. Some individual adjustment and 
preparation operations can be omitted for monitoring purposes and the 
cycle of measurement is then simplifi ed.
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Figure 3.23. The main principle of the 
comparator for angle calibration.
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A diagram of the angle comparator is shown in Figure 3.23. The 
main parts of the comparator are: (1) housing, (2) rotary encoder of high 
accuracy as the standard of measure, (3) coupling, (4) rotary table, (5,6) 
PMs, (7) circular scale to be measured, and (8) strokes of the scale. The 
rotary encoder 2 is connected with the rotary table via coupling 3 and 
table 4 is mounted concentrically. Table 4 is equipped with an adjustment 
device for adjustment of the circular scale 8 in the radial direction and 
for leveling its fl at surface in the horizontal direction, perpendicular to 
the axis of rotation. The PMs are positioned above the strokes of scale 7. 
Microscopes 5 and 6 are placed on diametrically opposite sides with the 
purpose of eliminating any eccentricity of the scale during measurement. 

During the measurement the readings from the microscopes are summed 

and divided by 2, 1 2

2

M M+⎛ ⎞
⎜ ⎟
⎝ ⎠

, where M1 and M2 are the readings from 

the PMs, thus eliminating any error from an eccentricity. The drive is not 
shown in the diagram. As a reference measure, the etalon of measurement, 
either a high-precision rotary encoder or a circular scale of high precision 
can be used. They must be calibrated against a higher level angle-measur-
ing etalon. Usually, one of the classical methods of calibration are used 
(Jelisiejev, Heuvelink, Wild, Bruns, etc.) but the 1440 Index Table or 
phase shift methods are also used.

Figure 3.24 shows a prototype angle calibration test bench. The run-
out of the air bearing was measured using a laser displacement transducer 
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Figure 3.24. Prototype of angle calibration test bench. 
(1) aerostatic bearing RT100L Nelson Air Corp, (2) piezoactuator 
(drive), (3) laser transducer of small displacements LK-G82, 
(4) control unit of the transducer LK-GD500, (5) mains ampli-
fi er EPA-104, (6) signal generator Agilent 33220A, (7) personal 
computer, (8) analog-digital converter PICO 3424, (9) multi-
meter, and (10) precision rotary encoder Heidenhain GmbH.
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LK-G82. The piezoactuator was connected to the 18 V voltage and a 
21.3 kHz harmonic signal was supplied.

The piezoelectric plates are supplied by high-frequency voltage oscil-
lations from the generator. The mechatronic control of the actuator allows 
the velocity of rotation of the table to be changed within wide limits. Very 
slow adjustment movements are also available. They are applied during 
the setup of all measuring devices of the comparator. The PC controls 
by mechatronic means the comparator for the circular scales and rotary 
encoders calibration as the data received during the calibration is very 
extensive. The feedback for the comparator’s control is received from the 
reference encoder’s signals to transfer data from the PMs. The data from 
the microscopes are compared with the readings from the reference rotary 
encoder for the fi nal calibration data evaluation. The operational cycle of 
the comparator consists of:

Preparation cycle.
Adjusting and leveling of measuring objects. Adjustment of output signals.
Selection of the mode of measurement.
Stabilization of temperature and pressure.
Selection and input of correctional factors.
Automated measurements.

A multipurpose test bench for calibration of angle values using several 
different angle standards of measure is shown in the diagram in Figures 
3.25 and 3.26.

The measurement process can be performed with periodic stops and 
also during continuous rotation of the spindle with the reference measure 
and the object to be measured. Some technical specifi cations of the com-
parator are presented below:

Velocity of rotation of the spindle, rev/min 0–10.
Maximum spindle rotation trajectory run-out: in radial 

and axial directions, μm 0.1.
Eccentricity of raster scales, not exceeding, μm 0.5–0.8.
Diameter of the scales: maximum, mm 400.
    minimum, mm 160.
Number of signals of rotary encoder to be 

calibrated, p/rev 100–32,400.
Minimum value of signal of reference measure (″) 0.1.
Form of presentation of the 

measurement results: graphical; protocol of the results.



MONITORING OF THE ACCURACY OF SCALES AND ENCODERS  •  95

Using a circular scale as a reference standard, a multivalue device for 
an easily conveyed angle calibration of high discreteness and accuracy, 
or even a fl at angle calibration standard, can be created. The optimum 
structure of a fl at angle calibration bench would possess the technological 
characteristics indicated in Table 3.2.

The unique feature of the test bench developed (Figure 3.26) is the 
implementation of three independent principles for angular position deter-
mination within the same equipment, with the possibility of using these 
principles simultaneously. The three means of angle determination are the 
photoelectric rotary encoder, the circular scale (1) with microscope(s) (6), 
and the multiangular prism (2) with the autocollimator(s) (3). The entire 
equipment, including the angle position reading optical instruments like 

1 2 3 4 5 6 7

95°

Figure 3.25. Layout of the angle-measuring device: (1) auto-
collimator, (2) rotary table with the circular scale, (3) multian-
gular prism, (4) photoelectric angle encoder, (5) microscopes, 
(6) worm gear drive with step motor, and (7) control PC.
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Figure 3.26. Layout of the measuring equipment: (1) rotary 
table with the circular scale, (2) multiangular prism, 
(3) autocollimators, (4) autocollimator for determination of 
the position of the tested instrument, (5) worm gear drive with 
step-motor, and (6) microscopes.

Table 3.2. Accuracy and technical parameters of a test bench for fl at 
angle calibration

No. Structural elements Parameters

1. Hardware Rotary table with the axis, 
circular scale, microscopes, 
autocollimator and polygon

2. Total run-out of axis, μm 0.05–0.1
3. Number of scale strokes 1080 (ϕt = 20′)
4. Width of the strokes, μm 5
5. Microscopes Photoelectric
6. Standard deviation of the 

microscopes, S, μm
0.05

7. Multiangle polygon 12–72 angles
8. Accuracy parameters of the 

angles of the polygon
S = 0.03; P = 0.99

9. Autocollimator Measurement range ± 10′; S = 
0.02; P = 0.99

10. Pitch of angular positioning 
of the rotary table, degrees

1′; 10′; 20′; 1°; 3°; 10°
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microscopes and autocollimator, is controlled by the PC which transmits a 
command for the table rotation via the step motor and worm-gear (5). For 
determination of the small angular fl uctuations of the geodetic instrument 
under testing (tacheometer, theodolite, etc.), a special autocollimator (4) 
has been fi xed. The machine has a thermally stable base where high-preci-
sion rolling bearings are mounted, onto which is fi tted the rotary disk and 
circular scale. The machine was powered electromechanically by means 
of a worm gear with agear-ratio 1/1080. A high-precision circular scale 
dividing machine was applied as a base for this equipment.

To ensure the effi ciency of the test bench the measuring instruments 
were directly connected to the computer so that readouts could be taken 
without the intervention of the operator into the measurement process 
(thus decreasing potential operator errors). Hence, several optical instru-
ments (namely microscopes and autocollimators) were modifi ed by fi t-
ting CCD matrixes inside them (Figures 3.27 and 3.28). Since all the 
measurements are performed in a static mode, low-speed CDD matrixes 
are used.

Using a CCD matrix instead of a CCD linear light detection sensor 
reduces the infl uence of optical system distortion of the instrument and 
(in the case of the autocollimator) reduces the errors caused by the fl at-
ness deviations of the refl ective mirror (or multiangular prism face). The 
CCD matrices also signifi cantly increase the accuracy and sensitivity of 
the measurements taken by these instruments.

Using the CCD matrices reduces the standard deviation of measure-
ments to 0.0125″ in the case of the microscope and 0.041″ in the case of 
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Figure 3.27. Modernized autocollimator, cut section: 
(1) objective lens, (2) autocollimator body, (3,4) sent 
and returning light beam, (5) the light source, (6,7) 
light refl ecting/transmitting plates, (8) lens, (9) ocular, 
and (10) CCD matrix.



98  •  MEASUREMENT AND MONITORING

the autocollimator measurements; the resolution also increased to approx. 
0.002″ for the microscope and approx. 0.001″ for the autocollimator.

Therefore, it may be stated that the circular scale microscope method 
of angular position measurement can be successfully implemented with 
a precision close to that obtained by the multiangular prism and autocol-
limator but at a much smaller pitch. The small pitch of measurement is 
especially important for testing or calibration of angle-measuring geodetic 
instruments as well as for any other type of modern instrument for angle 
measurements (angle encoders, raster or coded circular scales, etc.).

The test bench developed incorporates several precise angle- measuring 
techniques and reference measures of angle (photo electrical angle encoder, 
polygon autocollimator, circular scale microscope). This allows indepen-
dent and cross-calibration measurements. Optical instruments such as 
autocollimators and microscopes used in the test bench were modernized 
by fi tting them with custom-made CCD matrices and by developing spe-
cial software. The new scale calibration method based on constant angle 
setting in a full circle with multiple turns was tested on the plane angle 
testing/calibration bench. The circular scale was calibrated using two PMs 
placed at an angle of 95° to each other with a pitch of calibration equal 
to 5° with additional control using the multiangular prism autocollimator.
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Figure 3.28. Cut section view of the modernized microscope: 
(1) circular scale on the rotary table, (2) optical axis, 
(3) microscope body, (4,11) light refl ecting/transmitting plates, 
(5) measuring drum, (6) eyepiece, (7) lens, (8) additional box, 
(9) CCD matrix, (10) microscope holder, and (12) objective.
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3.7 CALIBRATION OF GEODETIC INSTRUMENTS

In geodesy, surveying, machine engineering, and other branches of indus-
try there are very widely used instruments that allow precise planar angle 
measurements. Such instruments are theodolites, digital theodolites, total 
stations, and so on. In common with all other measuring instruments these 
instruments must be tested and calibrated and this is regulated according 
to ISO 17123-3 [24] and ISO 17123-5 [25]. According to the standards 
the accuracy of the angle measurement performed by the instrument must 
be tested in fi eld conditions using the known length reference measure for 
the angle measurement (triangulation principle). Using such a method it is 
possible to obtain only a very restricted number of angular measurements. 
It doesn’t allow for the collection of a large number of different (desired) 
tested angular values. On the other hand tested geodetic instruments dis-
play a vast number of discrete values on their display unit during measure-
ment, and these values must also be checked.

The fi rst of the methods presented is based on the precise multian-
gular prism (polygon). Normally this has between 12 and 72 fl at mirrors 
positioned at a very precise constant angle to each other. The polygon usu-
ally is turned to a certain position together with the object to be measured 
and the angle of rotation is registered by the optical instrument, the auto-
collimator. Such a method is a very widely applied measuring technique 
in geodesy instrumentation as well. This method has one shortcoming, 
that is, the discretion of this method is large, and hence it is only possible 
to check a small number of values offered by the calibrating measuring 
instrument.

The second method presented (see Table 3.1) uses a very precise tool, 
Moore’s 1440 Precision Index. Moore’s 1440 Precision Index is an angu-
lar measuring device consisting of two serrated plates joined together to 
create the angle standard of measure. During measurement the upper disk 
of the Index is lifted, the lower part rotates with the object to be measured, 
after that the upper part is lowered back and the readings are taken. The 
method has a high precision of 0.004″ (Table 3.1), although it also has 
some shortcomings. It is very diffi cult to automate, also during lifting of 
the table (which is a necessary technological operation of the method) 
the calibrated instrument may become less stable, move, and unexpected 
errors may occur.

The third method presented is a classical one both in geodesy and in 
general engineering. This method has been very widely used in the past 
and it requires a highly accurate circular scale and one or more (depending 
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on the measuring method) microscopes (preferably photoelectric) for the 
scale readings. The major shortcoming of this method is the need of a cir-
cular scale of very high accuracy; the scale must be of a large diameter for 
positioning the PMs, and it requires precise manufacturing and calibration 
is time consuming. Due to the high cost of such processes this method is 
gradually being replaced by rotary encoders.

The fourth method presented is the most widely used nowadays; it 
uses digital rotary encoders as the reference measure. Using a modern 
high-accuracy digital rotary encoder it is possible to achieve a very good 
result comparable with the classic methods. Using rotary encoders also 
allows a reduction in the size of the test bench and the system can be easily 
automated.

To use the angle-measuring methods discussed above for the cal-
ibration and testing of geodetic instruments, their accuracy must be 
higher than the accuracy of the instruments being calibrated. Standard 
deviations of the horizontal angle measurement of the most commonly 
used electronic tacheometers are listed in Table 3.3. Consideringthese 
technical specifi cations it can be considered that all the angle-measuring 
methods listed in Table 3.1 could be used for their calibration and test-
ing, the difference being in whether they are more or less suitable for the 
particular task.

Some typical technical parameters of different types of geodetic 
instruments are as follows:

• values of circular scale’s division:  1°; 20′;
• scale reading values of a microscope of an instrument:  5′; 1′;
• accuracy of readings from a circular scale:  0.5′; 0.1′; 15″; 1″; 0.2″;
• standard deviation of angle measurement 1.5″ 0.5″.

They show a high accuracy of measurement by using precise instruments, 
so a higher level of accuracy calibration of such instruments is needed. 
The accuracy data presented above forces one to apply a measurement 
standard for calibration purposes of higher accuracy than the accuracy of 
the instrument itself.

The calibration of geodetic-measuring instruments requires a large 
number of angular values to be compared with the reference values. Such 
a procedure, due to its technical complexity, is not regulated by any Euro-
pean standard and very few test rigs are available to perform the complex 
testing and calibration of planar angle for geodetic instruments. These 
devices are usually operated by the manufacturers of the measurement 
equipment and are not available for the wider public and the users of these 
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instruments. It is obvious that there is a need for a test bench to be devel-
oped, which is capable of performing the plane angle testing and calibra-
tion of geodetic instruments.

A worm gear drive is used for transporting the object to be measured 
into the required position. The polygon and autocollimator, the rotary 
encoder or the circular scale with microscopes can be chosen as the stan-
dard measure for angular displacement control. When using a circular 
scale as the standard of measure, two PMs are used to avoid the infl uence 
of eccentricity for angular measurements.

Table 3.3. Technical specifi cations of the most commonly used 
electronic tacheometers

Instrument model

Standard 
deviation 

of the angle 
measurement

Instrument 
model

Standard 
deviation 

of the angle 
measurement

Leica Trimble

Leica TC®707 7″ Trimble 3303; 
5603

3″

Leica TC605; TC®705 5″ Trimble 3305/6 5″
Leica TC805; TC®703 3″ Trimble 5601 1″
Leica TPS1201 1″ Trimble 5602; 

5602 DR300
2″

Leica TCA1800 1″ Trimble S6 1″
Leica TCA2003 0,5″

Sokkia Topcon

Sokkia SET500; 
SET4C/SET4B; 
Sokkia SET5F

5″ Topcon 
GTS6A/6B

2″ – 5″

Sokkia SET600 6″ Topcon GTS1 20″
Sokkia SET2C/SET2B 2″
Sokkia SET3C/SET3B 3″ Hewlett—Packard
Sokkia SET6F 7″ 3820A Elect. 

Total St.
2″
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3.7.1.  METHODS AND MEANS FOR VERTICAL 
ANGLE CALIBRATION

A test rig developed for accuracy monitoring of geodetic instruments is 
shown in Figure 3.29. All the items shown in the picture are mounted on 
the sturdy base of the test rig. The parts of this equipment are identifi ed 
as follows. The worm wheel WD is driven by the step motor SM and on 
the surface of the worm gear there is a circular scale to which the PMs 
M1, M2, and M3 are pointed. The light beam from the autocollimator AC 
is directed via the display unit DU onto the side of the multiangle prism 
(polygon). The measuring information from the AC is input into the com-
puter PC. For automating the monitoring process the rotary encoder RE 
is coaxially fi xed to the worm gear, the output from which is fed via the 
control unit CU into the PC and to the step motor SM. Also the geodetic 
instrument GI is fi xed to the axis of the rig with the possibility of axial 
adjustment and leveling. The GI is pointed to the target T1 for horizontal 
angle measurement and to the target T2 for vertical angle measurement.

The mode of operation of the test rig is as follows. Using the worm 
gear and the step motor controlled by the computer, the rotary table rotates 
to a certain desired angle measured by the rotary encoder and stops. The 
table can be positioned with a discretion of 0.001° and the angle position 
is measured by PMs using the circular scale. The photoelectric autocolli-
mator is pointed at the multiangular prism (12 angles) and the discretion 
of these measurements is 30°.

The geodetic instrument (electronic tacheometer) is attached to the 
rotary table by its base and so it rotates together with the table. The upper 
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Figure 3.29. A test rig for accuracy monitoring of geodetic 
instruments against angle standards, including the vertical 
angle.
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part of the tacheometer is loosely supported to the base of the test rig and 
so it stands still. Since it is very diffi cult to hold the upper part in anabso-
lutely constant position, to achieve good measuring results the tacheome-
ter is manually pointed to a certain mark at every measuring stop.

The measuring methods using a rotary encoder, autocollimator and 
polygon, circular scale and microscopes, combined in one test rig can per-
form the measurements both independently and within a united system. 
Such a combination of measurement methods allows constant monitoring 
of the performance of each measuring device and the self-calibration of 
each component of the system. The multiangular prism and autocollimator 
system are considered as the reference angle and all the other measur-
ing systems are compared to it. The system makes a full calibration turn 
(360°) in approx. 30 minutes.

Generally there are several groups of plane angle measurement prin-
ciples (methods):

1. Solid angular gauge method:
• polygons (multiangular prisms);
• angular prisms;
• angle gauges, and so on.

2. Trigonometric method (angle determination by means of linear 
measurements).

3. Goniometric method (plane angle determination by means of a cir-
cular scale):
• full circle (limb, circular code scales, etc.);
• nonfull circle (sector scales).

Calibration and testing of geodetic angle-measuring instruments has always 
been a serious problem and although calibration of the horizontal angle 
measurements could be quite effi ciently accomplished using standard pre-
cise turn tables, calibration of vertical angle measures required some special 
instrumentation. The calibration was usually performed by a special bench 
consisting of autocollimators attached at different vertical angles to the cali-
brated instrument [26] as shown in Figure 3.30(a). Hence the entire test bench 
was extremely bulky and was able to measure only a very limited number 
of vertical angles. A new approach to the problem was the implementation 
of the precise angle encoder for the creation of a vertical angle reference 
(Figure 3.30, b). In this case it was possible to create an unlimited number of 
reference angle values, but the equipment was extremely expensive.

Most geodetic instruments have two angle reading devices installed, 
for horizontal and vertical angle measurements. A number of methods 



104  •  MEASUREMENT AND MONITORING

of calibration of the horizontal angle measurements are implemented in 
practice, based on calibration of circular scales and rotary encoders. An 
arrangement is shown below to create a reference standard for vertical 
angle calibration purposes in a laboratory environment. The principle of 
the proposed vertical angle calibration method is based on trigonometric 
angle determination (angle determination by means of linear measure-
ments) and is shown in Figure 3.31.

The arrangement uses a reference length scale for vertical readings 
of the tacheometer and another reference measure of length, for the deter-
mination of the distance from the tacheometer’s axis to the vertical scale. 
The designations in Figure 3.31 are: I1—initial instrument’s position with 
the axis of rotation of the spyglass O1; I

2—auxiliary instrument’s position 
with the axis of rotation of the spyglass O2. These positions are achieved 
by moving the instrument along the slide ways of the test bench used for 
geodetic instruments testing. At the distance l from the axis of the instru-
ment the linear scale S is fi xed perpendicular (vertical) to the instrument’s 
horizontal axis. The distance between both positions of the instrument le 

is fi xed by using a reference length measure, for example an end length 
gauge (length standard). A linear photoelectrical transducer, laser interfer-
ometer, or even a precise linear optical scale (with a microscope) can be 
used for the determination of the distance from the axis of the instrument 
to the surface of the scale, as it is quite a complicated task to do that 
initially. For precise vertical angle measurements the distance from the 

(a) (b)

Figure 3.30. Vertical angle calibration of geodetic angle-measuring 
instruments: (a) implementing a number of autocollimators positioned 
at certain angle, and (b) implementing the precise angle encoder.
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instrument to be calibrated (tacheometer) and the reference measure (lin-
ear scale) l  has to be determined quite precisely (down to 0.01 mm). The 
accuracy of distance determination infl uences the results of measurements 
considerably, giving a bias of the reference data. At the position I1 of the 
instrument the reading h′ from the scale is taken at the angle φ between the 
axis of the telescope of the instrument and the horizontal line.

The angle of interest is expressed as

h
arctg

l
j

′
= .

After displacement of the instrument linearly to the subsidiary position 
I2, keeping the same vertical angle j, the next reading h″ is taken and the 
distance l+ le can be determined

e

h
arctg

l l
j
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and substituting the equations, one in the other, will yield the result

eh l
l

h h

′
=

′′ ′−
 or 

1

ell
h

h

= ′′
−

′′

.

After taking the readings h′  and h′′  from scale S, the true value of the 
distance l will be determined. Further measurements can be performed 
determining every tested vertical angle of the instrument operating with 
a known distance and using the readings hi from the scale. A full range of 

I2

O2 O1

I1

Le

le
le

l

h″

j
j h′

View A
A

Figure 3.31. Arrangement for vertical angle calibration of 
geodetic instruments.
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vertical angles of the geodetic instrument can be tested in the laboratory 
environment, in such a way improving the accuracy of calibration. There-
fore, the real distance from the calibrated instrument to the reference scale 
can be determined using only a linear scale.

A calibration test of vertical angle measurements of a geodetic 
angle-measuring instrument (tacheometer) was performed at the Insti-
tute of Geodesy, Vilnius Gediminas Technical University. The calibrated 
instrument was a Trimble 5503 tacheometer (having a stated standard devi-
ation of angular measurements of 5 arc sec).The experiment was arranged 
according to Figure 3.31; the tacheometer was mounted on a linearly slid-
ing plate and aimed at a linear scale positioned vertically at a distance 
of ~2.5 m from the tacheometer. The industrial laboratory high-accuracy 
linear scale had a length of 1 m and scale strokes at every 1 mm. The linear 
movement of the calibrated tacheometer was tracked using a laser distance 
meter and a mirror prism mounted on the sliding plate (together with the 
tacheometer). After calculating the linear distance from the tacheometer 
to the scale according to Figure 3.31, it was determined that the measured 
distance was equal to 2.4215 m. The main objective of the experiment 
was to test the calibration method and obtain preliminary results of the 
systematic errors (biases) of the vertical angle measurements using the 
Trimble 5503 tacheometer.

The calibration was performed using a 1 m precise linear scale, col-
limating the spyglass to the scale strokes at a pitch of 10 and 12 mm. The 
resulting calculated deviations of the tacheometer readings are shown in 
Figures 3.32 (10 mm pitch) and 3.33 (12 mm pitch).

The standard deviation of the collimation (pointing to the scale stroke) 
was evaluated as 2.15″ and the general standard deviation evaluation of 
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Figure 3.32. Deviations of vertical angle measures determined at the linear pitch 
of 10 mm.
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the entire measurement procedure was 2.31″. As can be seen from Figures 
3.32 and 3.33, there is no noticeable short period systematic constituent 
in the deviations (although more measurements should be performed to 
confi rm this). There is a tendency toward a decrease of accuracy around 
the limits of the measurements (−10° and 12°), which is quite common 
for tacheometers, due to both the errors of collimation at steep angles and 
the principle of action of the vertical angle encoder of the tacheometer 
(although more tests should be performed to confi rm this as well).

Every point at ith angular position accuracy of the instrument is cal-
culated as

( ) ( )0 0
1 1

1
j j j j

n n

ti t i t a i a
i in

dj j j j j
= =

⎡ ⎤= ∑ Δ − Δ − ∑ Δ − Δ⎢ ⎥⎣ ⎦
;

where

jt ijΔ —tacheometer readings,

ja ijΔ —autocollimator polygon readings;
j—number of times of the full circle measurement cycles performed; 

it usually is equal to 3 or 5.
The readings from the microscopescale are calculated in the same 

way, thus enabling it to be used as a reference measure for further geodetic 
instrument calibration.

Some additional diffi culties occur when pointing the tacheometer 
to a certain target. Until now it was attempted to point the tacheometer 
manually but, as can be seen from the results, manual pointing does not 
give an appropriate precision. Also the participation of the operator in 
the machine work considerably slows down the calibration process. It is 
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Figure 3.33. Deviations of vertical angle measures determined at the linear pitch 
of 12 mm.
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planned to construct an automatic pointing device which would consist 
of a photoelectric autocollimator fi xed on the nonmoving part of the test 
rig and a mirror mounted on the tacheometer. The tacheometer would be 
roughly pointed to a target (as is performed now) and the precise position 
of the geodetic device would be obtained by comparing the tacheometer 
readings with the autocollimator data. The calibration process would not 
be interrupted (data from the autocollimator derived automatically) and 
the method would enable the elimination of the tacheometer mounting 
eccentricity bias.

Hence, using the test rig developed, the angle values may be mea-
sured by three independent measuring systems as the standard measure 
of angle, the precise rotary encoder, the circular scale and PM, and the 
polygon with autocollimator, the electronic tacheometer being mounted 
on the top of the table. The test rig will run in automatic mode and further 
automation of the testing and calibration process is possible.



CHAPTER 4

CONTROL OF 
NANO-DISPLACEMENT 

AND POSITION

The importance of accuracy control of the position and displacement 
of machine parts is discussed. A variety of touch probes for measuring 
the surface of the part are described including multidirectional mea-
suring heads used with coordinate measuring machines (CMMs). The 
operating principles of high-accuracy interferometric measuring devices 
for measuring small gaps and distances between two surfaces are then 
described together with similar techniques for measuring small angular 
rotations.

The chapter concludes by discussing the application of linear and 
circular piezoelectric actuators for nanometric displacement. A mecha-
tronic test bench is described which includes the implementation of a 
piezoelectric drive into a rotary table for angular calibration.

4.1  ACCURACY CONTROL OF THE POSITION 
AND DISPLACEMENT OF MACHINE PARTS

All the points of every part in a machine or mechanism are mutually 
interconnected. Their position and displacement can be measured and 
determined by selecting relevant points on the surface of the part and 
determining the position or distance between them in a fi xed system of 
selected coordinates. The position of a free body in space is determined 
by using six degrees of freedom in the Descartes coordinate system; these 
parameters are named as generalized coordinates. When a body rotates 
about a stable axis, its position is determined by a single generalized coor-
dinate, the angle of rotation, and during a straight-line displacement, by 
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three coordinates of the freely chosen point on its body. The displacement 
of such a movement is called the straight-line displacement when this line 
connects the chosen point on the object’s body and remains parallel to its 
initial position during this movement and throughout all the time of its 
movement.

The movement of parts of a machine or technological equipment 
is always restricted by mounting them in bearings and housings; their 
movement is also directed by slideways, and so on. Their movement can 
be approximated by the theoretical circular or straight-line movement, 
although during a more thorough analysis the real trajectory of the point on 
the part is assessed during its rotation or straight-line movement according 
to the separate axes that appear during this displacement.

Geometrical accuracy parameters of machines and instruments are 
usually used to assess the position of their points in the rectangular coor-
dinate system and declinations of theoretical trajectory during their dis-
placement. The displacement of a part of a machine is used to form the 
shape of the part to be machined (that is repeated many times during the 
industrial process) and the parts of the instrument used to check or fol-
low the surface of the machined body. A very important machine param-
eter is the repeated movement into predetermined positions of some parts 
(positioning), for example, an instrument, in the working volume of the 
machine. This parameter is determined by the accuracy of the coordinate 
movement during multiple displacements of the part of the machine. The 
accuracy of the positioning is assessed in the case of straight-line or angu-
lar movement using the datum of the machine according to which the 
movement is performed.

The shape of a part must be machined according to the technical 
specifi cations, and for measuring equipment the shape must be controlled 
by determining the geometry and its declinations, that is, position, shape, 
length, or angle errors. The accuracy of all these parameters are imple-
mented into the construction of the machine or the measuring equipment, 
based on geometrical parameters one level of higher accuracy than the pro-
duction machine. Some correctional methods are applied to improve the 
accuracy of a machine or measuring equipment, the most popular being 
mathematical data processing in the control unit of the machine during 
machining or measuring operations. The simplest error forms to be cor-
rected are the straight-line deviations that often occur due to environment 
circumstances and periodic forms of error, such as the sine form (occur-
ring, for example, due to eccentricity of the part to be measured or being 
machined). Such forms are the easiest to be eliminated and can be cor-
rected by the control unit of the machine. Apart from the main  geometric 
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accuracy parameters of the moving parts of the machines, micro- and 
nano-displacements have great signifi cance for measuring machines and 
instruments.

Positioning accuracy (periodic position repeatability) is one of the 
most signifi cant features which determines the geometric accuracy param-
eters for machines, metal cutting tools, and other technological equip-
ment. A single parameter showing the coordinate displacement accuracy 
gives much information about the level of the machine’s accuracy. Written 
standards for machines and metal cutting tools indicate the positioning 
accuracy as the deviation of the true position of part of the machine from 
the position that is fi xed in the information measuring system (IMS) of 
the machine or in the programming unit that controls the displacements of 
parts of the machine.

This positioning error is expressed as

Δpi = pti–pi;
Δpi is the deviation from the designated linear or angular coordinate 

position,
pti is the true value of the position of part i,
pi is the designated (programmed) position.

The positioning of the machine parts is controlled by a control system 
using information from translational or rotary encoders. The IMS is a sys-
tem of angular or linear encoders connected to the moving part of the 
machine and the nonmoving part (i.e., the base of the machine) and has 
a link to the control system. The measuring transducers as well as the 
overall IMS are checked (calibrated) for metrological consistency under 
conditions and regulations stated in the written standards. For positioning 
systems the pitch of measurement is indicated over the range of control, 
for example, not less than 11 measurement points in the range of linear 
displacement over 2 m, not less than 0°, 90°, 180°, and 270° for angular 
positioning. The pitch for angular displacement control is often restricted 
by the number of reference angle positions provided by the standard of 
angle measurement. For example, many angle standards, such as poly-
gons, have only 12 fl at surfaces, providing 12 angle positions for rotation 
positioning control. Hence the pitch for angle checking in the full circle 
will be only 30°. For statistical processing of measurement results at least 
3 to 5 readings are taken at every position.

Standard techniques for linear measurement usually specify many 
more positions within the linear scale. For example, a linear scale of 1 m 
length may be calibrated every 10 mm or even every 1 mm. To  measure 
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the accuracy of displacement at a very small pitch of measurement is a 
very expensive and attention demanding process, so in many practical 
cases it is restricted to 10 mm calibration intervals, or more.

The fi xed pitch of measurement often loses its meaning when using 
laser measuring devices, such as the laser interferometer for linear mea-
surements and the laser gyro for angle measurements. The “scale” of 
these instruments is the wavelength of the coherent light source where 
the beginning and end of measurement can be chosen at every step of the 
interferometric pattern. The discrete value of the display unit of the laser 
interferometer or gyro is usually 0.1 μm or 0.1″. The accuracy of these 
instruments is usually given in the technical specifi cation from the manu-
facturer or in certifi cation issued by a competent metrological institution. 
The accuracy of linear laser interferometers reaches ~1 μm/m, and for laser 
gyros it reaches 1″ in a full circle. The accuracy parameters must not be 
confused with the technical parameters indicating the discretion of readings 
that sometimes are presented in technical specifi cations for an instrument.

4.1.1 THE ELEMENTS OF POSITION AND DISPLACEMENT

The accuracy of displacement is very important in the production of pre-
cision metal cutting tools, machines, and instruments as their accuracy is 
critical to their functional features. Measurement and control of parts may 
be performed using the simplest general purpose measuring instruments, 
such as sliding calipers, micrometers, gauges, indicators, and so on. The 
measurements and the means used for this depend on the series of parts in 
production and their accuracy level. The higher the accuracy of the parts 
the more accurate and specialized measuring instruments are required. 
Instruments such as Talyrond, Talyvel, Talysurf, and so on are used for 
roundness, straightness, and surface texture measurement. Special instru-
ments with multisens or equipment are used for crankshafts or other shafts 
with complicated confi guration measurement. Depending on the economic 
pay-off other measuring equipment may be used, that is, CMMs, instru-
mental microscopes, and laser scanners. CMMs can be used with different 
levels of automation, beginning from manually operated CMMs to fully 
automatic control machines, sometimes being a part of an automated pro-
duction line or a fl exible manufacturing system. Depending on the tech-
nical requirements, one point touch probes, multipoint measuring heads, 
surface tracking, or optical surface perceptible measuring heads are used. 
The tip of the measuring head can be as simple as a ball point or a more 
complicated instrument, having a measuring head consisting of several 
sensors or transducers, optical devices and cameras, laser scanners, and so 
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on. The measuring instrument must include the basic surfaces of high geo-
metrical accuracy (planes, slideways) placed with high accuracy to each 
other, ensuring perpendicularity, parallelism to each other, so forming the 
datum according to which all accuracy parameters are to be measured.

A structural diagram of a measuring instrument is shown in Figure 
4.1. The fi gure shows the generalized elements of the measuring instru-
ment and their mutual interconnections. Basic elements of the instrument 
give a datum system according to which all translational or rotary dis-
placements are performed and readings from displacement transducers are 
taken. The accuracy parameters of these elements must be of higher level 
compared to the parameters to be measured. The parts of the instrument 
shown in Figure 4.1 can be seen to move in three perpendicular coordi-
nates. However, the simplest measuring device would contain only one 
coordinate, along which the sliding indicator is moved with the measur-
ing tip. Such devices are used for mass production control, to check the 
height, width, length, or diameter of the part under control.

COORDINATE
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X, Y, Z,j
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UNIT

00999.999 

CONTROL 

Manual
Mechanical

Semiautomatic
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ARRANGEMENT FOR PART’S
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Figure 4.1. Structural diagram of measuring device.
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More often such devices have two or three coordinate displacements 
and these can also be combined with a rotary table permitting control of 
round parts in industry (Figure 4.2). Such a structure is the principle of 
many roundness measuring instruments, the rotary spindle of which has 
the highest level of radial error, much higher than the roundness parame-
ters of the detail to be measured. Using two perpendicular displacements 
in two coordinates, the pick-up is contacted to the surface of the detail, and 
a measurement is taken during the table rotation.

Perpendicular slideways of the instrument permit not only transpor-
tation of the part into the measuring area, but also perform some opera-
tions of measurement, for example, to measure cylindricity of the part or 
straightness of the surface of cylindrical detail, perpendicularity of the end 
plane of the part to its axis, and so on. The displacement of the moving 
parts of the instrument is manual in simple instruments and mechanical for 
the advanced ones. Automation systems are used for displacement control, 
measuring the process performed, reading the results, and sending them to 
the memory of the instrument’s control unit. Results can be presented by 
graph, spreadsheet, or evaluation according to tolerances given. Some data 
analysis is performed in modern measuring instruments, such as spectral 
analysis of data showing the infl uence of separate harmonics on the mea-
surement results. Such an analysis can identify the factors that can infl u-
ence the accuracy of the part in production. These factors can be shock and 
vibration acting on the technological equipment, temperature fl uctuations, 
and sometimes humidity or pressure changes in the production area.

The IMS used in the measuring instrument is of higher accuracy-
compared with the technological equipment that was used for the part’s 
production. The simplest measuring instruments can be linear or circular 
scales with optical reading devices. Higher level instruments range from 
inductive, photoelectric, capacitance transducers to laser interferometers 
and scanners, holographic devices, and photo cameras with the highest 

Figure 4.2. Structure of an instrument with a 
rotary table.
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digital capacities reaching tens of giga pixels. Piezoelectric transducers 
for sensing and actuating purposes are used extensively. Laser scanning 
instruments are capable of measuring surface confi guration, length and 
angle biases in three-dimensional (3D) space. Manufacturers of these 
instruments claim that they can be substituted for the most powerful 3D 
measuring equipment, CMMs.

The surface of the part to be measured must be touched by a tactile 
sensor with several different kinds of end tip. A variety of tips are shown 
in Figure 4.3. These include ball type, cylindrical, cut-cone, prolonged 
cylindrical, taper cone, and many other confi gurations of tips.

CMMs have a changeable set of tips together with touch probes or 
measuring heads that are automatically changed during the measuring 
process depending on the measurement tasks to be performed. Figure 4.4 

Figure 4.3. Variety of touch probes used in measuring 
heads.

Figure 4.4. Multidirectional measuring head BE 205 (Brown & 
Sharpe-Precizika) of CMM with a kit of changeable tips.
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shows a multidirectional measuring head on a CMM together with a kit of 
changeable tips.

A diagram of the pick-up for measuring small displacements (microm-
eters or nanometers) is shown in Figure 4.5.

In the body of the measuring head there is a primary sensor (inductive 
or capacitive) with its sensing part connected by the touch-probe to the sur-
face of the part to be measured. The sensing device can move on the slide-
way by means of which the tip of the probe is connected with the measuring 
surface. Such a general structure is used for roundness, surface roughness, 
and other measuring instruments of geometrical parameters. By touching 
the measuring surface with the tip of the device, it becomes sensitive to 
changes of the tip position from the initial readings. The tip movement 
is transferred to the primary sensor; it is amplifi ed, converted into digital 
form, and transferred to the display. Sometimes for accuracy monitoring 
purposes only the signals (+) or (−), “fi t,” “nonfi t,” red, or green are used. 
The signal output is transferred into the control unit of the production line.

Many modern measuring devices have optical or photoelectric 
noncontact sensors instead of contact probes. Noncontact probes also fol-
low the surface of the part to be measured and their position according to 
other surfaces or the datum of the measuring device. In some cases these 
functions can be performed by the operator using the optical system of the 
instrument. Of course, optical digital cameras with charge coupled device 
(CCD) matrixes and sensors are convenient as possibilities for automation 
and data processing using microcomputers or processors.

4.2  MEASUREMENT OF NANOMETRIC 
PARAMETERS

High-accuracy interferometric measuring devices were developed for 
the measurement of the contact point of touch probes of machines and 

1
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4

Figure 4.5. A diagram of the pick-up for 
measuring small (micrometers or nanometers) 
displacements: (1) body, (2) sensor (for exam-
ple, capacitance) of small displacements, 
(3) touch-probe, (4) slideway.
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 measuring equipment. A diagram showing the principle of measurement 
of small gaps and distances between two surfaces is shown in Figure 4.6.

A two-frequency light source (1) is used in the device. The light beam 
goes through the split plates (2) and (3) where it is split into two beams. 
Light fi lters (4) and (5) transmit light of a single frequency. The light beam 
proceeds to the photodetectors (6) and (7), where it is converted into digital 
form by the comparators (8–14) and the coding loop (15). The coding coin-
cides with every discrete combination of the light signal coming between 
the surfaces of the objects (17) and (18). The result of the measurement 
is registered in the display (16). The light beam interferes after refl ection 
from the transparent surface (17) and opaque surface (18). The output of 
the photodetectors can be described by the trigonometric functions which 
characterize the distance between the two surfaces to be measured.
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where U(1), U(2)—signals at the output of the photodetectors,
   (1)

0U , (2)
0U —signals of stable value, dependent on the optical part 

of the device,
   l1, l2—the wavelength of the light transmitted through the photo-

fi lters;
  h—distance to be measured.
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Figure 4.6. Interferometer device for the measurement 
of the distance between two surfaces.
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The output of the signals can be expressed through the wavelengths 
of the light l1 and l2, as well as by their parts l1/4, l2/4; 3l1/4, 3l2/4, and so 
on. The difference between the signals in the fi rst half of their periods will 
be (l2 − l1)/4, in the second 2(l2 − l1)/4, the third 3(l2 − l1)/4. After n half 
periods the difference will be n(l2 − l1)/4. It means that a single determi-
nation of the distance is possible, using the lengths mentioned above when 
the halves of the periods coincide, or

n(l2 − l1)/4 = l2/4;
or n = l1/(l2 − l1).

The range L of the distance h determined will be

2 2

2 1

.
4

L
λ λ= ⋅

λ − λ

The signals of analog form are converted by the comparators into digital 
form. The number of comparators must be selected such that the pitch of the 
range of measurement would be n-times less than a half period of the signal

(l2 − l1)/4, where n = 1,2,....

A half period of the analog signal U(1) is divided into the number of steps

1
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 and the second half period into 2

2
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 parts.

The logic signal, formed starting with the last half-period division 
step, is always equal to zero. Thus, comparator number m is less than 
number K by one, that is
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2
1 . 1 .m K m K
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The cumulative comparator number will be
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.

The comparator operating level is calculated in a step-by-step manner 
from the above formulae, inserting the values of h. The sequential number 
of a z-step shows the magnitude of a gap and is

2 1 .
4

h z
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The signal on the output of the coder is the output according to the 
real complex of signals from the comparators. Its sequence number coin-
cides with the sequence number of the step. In such a way the information 
about the step number is presented.

Another method for the measurement of small lengths, gaps, and dis-
tances between two surfaces operates as follows. This method enables the 
range of measurement to be expanded to several micrometers. The res-
olution of measurement remains very high, at least 0.05–0.005 μm. The 
principle of operation of the device is shown in Figure 4.7.

The light beam from laser (1) is focused into the surface of the probe’s 
point (19) through the transparent plate (18) by the lens (17). Light waves 
refl ecting from the probe’s point and the plate’s surfaces interfere and so 
interference waves are formed. The interference waves go through the 
semitransparent mirrors (2) and (3), and to photodetectors (6) and (7). 
The light fi lters (4,5) convert the light pattern into a monochromatic one. 
Signals coming from the photodetectors are as the ones mentioned above 
and described by those equations as well. The discretization is also per-
formed in the same way.
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Figure 4.7. Diagram of measurement of the 
distance between the probe’s point and the 
surface to be touched.
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Figure 4.8 shows the initial position of the former analog signals, and 
the lower diagrams demonstrate the rate of their changing in the form of a 
discrete digital code. Analysis of the signals made it possible to describe 
the values of the voltages in the photodetectors, U(1), U(2), in terms of a 
discrete signal set in the comparators, D1–D7, according to the distance 
being measured. The signals of analog form are converted into digital sig-
nals D1–D7 in the comparators (8 to 14). Signal Di is equal to one, if the 
voltage in photodetectors (6) and (7) is higher than the preset level of the 
voltage. Signal Di will be zero, if the voltage in photodetectors (6) and (7) 
is less than the preset level.

The measurement is performed by the same channel in sequence by 
modulating of the light beams with the wavelengths l1 and l2. The signals 
in photodetectors are

(1) 2
1 01 1

(2) 2
2 02 2

4 cos (2 / ),

4 cos (2 / ),

g

g

U U U h

U U U h

⎧ = + π λ⎪
⎨

= + π λ⎪⎩

where 1 01 2 02, ; ,g gU U U U  are constants of the fi rst and the second signals, 
respectively, depending on the design of the device; h is the distance to be 
measured.

The result of measurement is cumulated in the indicator unit (16) 
according to the signal delivered from the encoder (15). The sequential 
change of the processed signals enhances the singularity of the value of 
measurement, as the signals cannot be coincided, interchanged, or moved 
during the processing.
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U(2) U(1)

Figure 4.8. Diagram of the formation of the discrete 
code.
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For the purpose of presenting the measurement information in analog 
form, the device can be rearranged in a suitable manner. The technical 
solution makes it possible not to lose the measurement information both 
in the range of measurement, and in the different parts of it as well. There 
the best advantages of discrete and analog signal processing are used. The 
larger lengths are measured by using the discrete transformation, and the 
small distances left are added to the common analog signal.

A method for measurement of small angular rotation is presented in 
Figure 4.9. The essence of the method is the formation of spherical laser 
light waves from the reference surface and from the surface to be mea-
sured. The light beam from the laser (1) through the collimator (2) and 
lens (3) is focused into point A. The light split plate (4) splits the beam 
into two parts, one part refl ecting from the reference mirror (6), and the 
other part from the mirror (5), fi xed with the object, small rotation angle of 
which is to be measured. Coherent waves of light refl ecting from the mir-
rors have spherical fronts of different radii. By interfering on the screen 
(7), they form ring-shaped fringes. The angle of the rotation of the object 
can then be determined from the shape and dimensions of the fringes. The 
method can be used for the measurement of angular rotation along the 
three rectangular coordinates and angular shifts in two rectangular planes, 
that is, pitch and roll.
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Figure 4.9. Method of measurement of small 
angular rotation.
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Control of the accuracy of an IMS by interferometric means is 
described below. The main purpose of the measurement is to determine 
the value of dXi = Xi − Xo, where Xi is the coordinate position value fi xed 
by the IMS and Xo is the real coordinate position at the moment of touch-
ing the part surface by the probe or the machine instrument.

The simplifi ed diagram of the device for IMS accuracy measurement 
is shown in Figure 4.10. The measurement is performed by using the light 
beam from interferometer (6), transmitting through the collimator prism (7),
 split plate (8), lens (9), transparent plate (10) to the point of the probe (5). 
In this case, when the point of the probe does not touch the surface of the 
support (2), the distance between the probe point and the support has no 
changes and the signal of interferometer keeps the counter (12) closed and 
input of the signals from photodetector (11) is prohibited. When the point 
of the probe (5) touches the support (2), the distance between the plate (10) 
and the probe point changes and the signals are permitted to enter the 
counter. Due to the systematic error of the probe and the IMS, the counter 
input is closed after some delay by the signal from the IMS, and the indi-
cator unit (13) keeps the result of the IMS error.

The signal from the photodetector is in fact of random value, but 
remains constant until the moment of touching the surface.

0

4
(1 cos ),U U h

π= −
λ

with l—the length of light wave,
 h—initial value of the distance between surfaces,
 U0—constant, dependent on the design of the device.
The point of the probe touches the support at the point Xc, the distance 

change being
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Figure 4.10. Simplifi ed diagram of interferometer device for IMS 
accuracy measurement.
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h + X − Xc, and the signal output from the detector is

0

4
1 cos ( ) .cU U h X X

π⎡ ⎤= − + +⎢ ⎥λ⎣ ⎦

The interferometer device constructed for this purpose was inves-
tigated and the results of measurement did not exceed the value of 
0.12 ± 0.05 μm at P = 0.95.

More valid results can be achieved by using the device shown in the 
diagram in Figure 4.11. Here two measuring signals are used, optically 
linked with the moving part (carriage) of the machine and with the probe.

The measurement system can be accomplished using one laser and 
optical split plate or two different laser units for each channel of measure-
ment. One channel of measurement goes from unit (6), refl ecting from 
carriage (2), another one from unit (7), refl ecting from the point of the 
probe (4). Both light beams interfere with the reference beam. The car-
riage moves on the bed (1) to the part to be measured (5). As was described 
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Figure 4.11. IMS measurement using two interferometer signals.
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above, there is no signal from the probe, while there is no contact between 
the point and the surface of the part. There is no output signal from the 
unit (8), which is reset to “0” prior to measurement, as well as the result 
in the counter (15). When the point of the probe touches the surface, it is 
stopped, and the signal output from the channel (7) opens the counter (15) 
for cumulating the measurement information from the other channel. This 
counting will be interrupted by the signal output from the transducer (3). 
The cumulated result gives the true value of the IMS error. The usage 
of the same IMS for functions of machine performance and for auxiliary 
functions (changing the probes or instruments in the FMS environment) 
is available.

4.3  LINEAR AND CIRCULAR PIEZOELECTRIC 
ACTUATORS FOR THE NANOMETRIC 
DISPLACEMENT

The application of piezoelectric actuators in a comparator for angular 
measurements is shown in Figure 4.12. Here a plan view is added show-
ing the use of piezoelectric actuators for rotary table positioning at the 
pitch of measurement predetermined by the measurement program. The 
comparator consists of the housing (1); rotary encoder (2) as a reference 
angular measure; (3) elastic clutch; (4) rotary table; (5,6) photoelectric 
microscopes; (8) circular scale to be measured; (7) strokes of the scale; 
(9) generator of high frequency voltage oscillations; (10,11) piezoelectric 
plates; (12) plates of hard plastic; (13) elastic suspensions.

The rotary encoder (2) is connected with the rotary table via the 
coupling (3) and the table (4) is mounted concentrically. The table (4) is 
equipped with an adjustment device for adjustment of the circular scale 
(8) in the radial direction and for leveling its fl at surface in the horizontal 
direction perpendicular to the axis of rotation. Photoelectric microscopes 
are pointed above the strokes (7) of the scale. The microscopes (5 and 6) 
are placed on diametrically opposite sides in order to eliminate eccentric-
ity of the scale during measurement.

One of the main requirements for such type of equipment is the accu-
racy of rotation of the table on the axis. This task was effi ciently solved 
by using piezoelectric plates (10 and 11) fi xed by elastic suspensions (13) 
to the rotary table. The symmetrical position of the plates and the elliptic 
movement of the contact point to the table enable rotation of the table 
with the highest accuracy, not distorted by the driving mechanism. Trials 
confi rmed the high accuracy of the table using piezoelectric actuators. The 
run-out of the axis under rotation was within the values 0.1 to 0.05 μm, 
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and its axial value didn’t exceed 0.05 μm. The piezoelectric plates are 
excited by high-frequency voltage oscillations from the generator (9). The 
mechatronic control of the actuator enables the rotational velocity of the 
table to be changed within wide limits. Very slow adjustment movements 
are also available.

The main technical specifi cations achieved are as follows:

• velocity of rotation, ω, rev/min 0.1–10;
• axis run-out, μm 0.1–0.05;
• reversibility yes;
• automatic control by PC or microprocessor.

The mechatronic comparator for calibration of circular scales and rotary 
encoders is controlled preferably by PC as the data received during the 
calibration is very extensive. The feedback for the comparator’s control can 
be received from the reference encoder’s signals for data transfer from the 
photoelectric microscopes (5 and 6). The manufacturing process of raster 
scales and transducers is such that some systematic errors are common. 
The cause of such errors might be a technical fault in the production of the 
primary (original) scale, faults during the calibration process, such as shock 
and vibrations, temperature changes, and so on. Errors often occur at the 
beginning and at the end of the raster scale. In such cases, special methods 
for accuracy correction of the raster scale and the transducer are available.

The accuracy of positioning of the reference measure and the mea-
suring object can be improved by selecting a mechatronic impact on the 
information-measuring system for the elimination of systematic errors. 
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Figure 4.12. Diagram of angular comparator (a) and its plan view (b) with 
piezoelectric actuators.
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Piezoplates are applied for micrometric displacement to correct the sys-
tematic errors of the scales or transducers of the information-measuring 
system of the machine. Precision displacement is accomplished by control 
of the potential energy of the piezoplate or other element of the piezo-
actuator. From a technical point of view this can be done by changing a 
voltage supplied to the electrode electromechanically coupled with the 
part of the transducer or changing the width of the electrode coating of 
the piezoplate.

A generalized mechatronic measuring system is shown in Figure 4.13 
as used for angle calibration of measuring equipment. It is useful for cir-
cular raster and coded scales measurement in conjunction with the scale’s 
strokes reading instruments, such as photoelectric microscopes or auto-
collimators for the determination of the angular position of the object. 
Information of rotation at the predetermined step of measurement can be 
controlled in an automated way when the system is controlled by the out-
put signal of the rotary encoder. The rotary encoder also gives the infor-
mation of the position at which a systematic error is determined for further 
correction. This can be done by changing a voltage supply to the piezoele-
ment selected as an actuator for adjusting the position of the microscope 
or other reading instrument of the measuring equipment.

The main constituents of the measuring system are the reference angle 
measure (rotary encoder of high accuracy), the high precision air bearing 
(uncertainty of run-out is ~0.05 μm), piezoelectric drive for movement 
of the measuring object at a predetermined step of measurement, rotary 
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Figure 4.13. General diagram of measuring equipment with mechatronic 
structure.
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adjustable table (with the possibility to be adjusted in at least three degrees 
of freedom), the reading devices to measure the angular position of the 
object (photoelectric microscopes or autocollimators with CCD matrixes), 
fi xtures for adjustment in the radial, tangential and angular directions, sig-
nal outputs from all active elements into the PC, hardware and software 
for system adjustment, control of operation, readings transfer, result pro-
cessing and presentation.

The objects to be measured are the circular raster scales, rotary encod-
ers, and coded scales. The task of the measuring system is to determine the 
bias of the circular scale angle measuring standard and to use the results 
for error correction and accuracy improvement of metal cutting machines, 
CMMs, robots, and so on. This is achieved with the application of active 
materials such as smart piezoactuators implemented into several positions 
of the measuring equipment. The mechatronic measuring system is ana-
lyzed as a complex integrated system and some of its elements can be used 
as separate units.

The table for centering and leveling of the object under the reading 
microscopes must be able to perform an alignment displacement in the 
range 20 to 50 μm with a resolution of ~0.1 μm. Only piezoelectric actua-
tors are suitable for such a task.

Calibration equipment for angle measurement includes components 
from various branches of technology, including optics, electronic devices, 
drive units (vibromotors or piezoelectric or step motors), digital infor-
mation links and data processing, including computer control of all the 
processes. A typical mechatronic test bench would include photoelectric 
microscopes and autocollimator, an optical angle standard (multiangular 
prism/polygon), a rotary table, driven by a step motor or piezodriveand 
controlled by a photoelectric rotary encoder and PC. The PC serves as 
the main control unit, operating not only for the control of the measuring 
process, but also for data selection and processing operations, including 
mathematic statistical evaluation and presentation of results in the form of 
digital protocol or diagrams of error distribution.

A real implementation of a piezoelectric drive into a rotary measuring 
table is shown in Figure 4.14(a). A construction with a more usual motor, for 
example a step motor, is shown in Figure 4.14(b). It is evident that the piezo-
drive has many advantages compared with the drives in general use [27]. 
In fact, the piezodrive consists of a single piezoelectric plate (Development
of R. Bansevičius, V. Jurenas, Kaunas University of Technology, Lithu-
ania) connected to the voltage supply from a generator, where the value 
of the electricity supply and the frequency of voltage can be controlled. 
Mains supply in the fi rst and second mode of oscillation gives an oval 
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form of trajectory of the contact point of the piezoplate, thus rotating the 
disc of the table.

The main dimensions of the rotary table are determined by the dimen-
sions of the rotary encoder and the air bearing; the piezodrive used for 
rotation occupies almost no height in the total construction of the arrange-
ment. This is an important advantage of the measuring device, complying 
with the requirements of the Abbé rule to keep the measuring line or plane 
as close to the reference measure as possible and so avoiding the infl uence 
of the Abbé offset.
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Figure 4.14. Experimental rotary table with mechatronic parts: (a) real imple-
mentation with piezodrive; (b) version of modeling applying a step motor. 
1—base of the table; 2—piezoelectric drive; 3—air bearing of high precision 
(uncertainty of run-out ~0.05 μm); 4—angle standard—photoelectric rotary 
encoder of high accuracy; 5—step motor.



CHAPTER 5

TESTING AND CALIBRATION 
OF COORDINATE MEASURING 

MACHINES

This chapter covers the testing and calibration of coordinate measuring 
machines (CMMs). The operating principles and applications of CMMs 
are fi rst discussed, followed by the principles of measuring heads (MHs) 
and touch trigger probes. The performance verifi cation of MHs and 
touch trigger probes are described including the use of new artifacts.

Methods for the full geometric accuracy calibration of CMMs 
are covered, including laser calibration against a reference or master 
machine. Performance verifi cation using both artifacts and lasers is also 
covered in detail. Finally the design of error correction mechanisms 
using piezomechanical correction techniques is proposed.

5.1  INTRODUCTION TO PRINCIPLES OF 
OPERATION AND APPLICATION OF CMMs

The CMM is used for manual or automatic measurement of the geometric 
parameters of parts in production. These parameters include the following:

• the overall length, width, and height;
• the distance between points on the part’s surface, inner and outer 

circumferences, and coordinates of the axis of cylindrical or spher-
ical surfaces;

• parameters of coaxially, cylindricity; perpendicularity of the lines 
and planes on the surface of the parts, and so on.

It is a sophisticated measuring instrument, usually mounted on a granite 
table with other parts and the probe suspended on the ram for generating 
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a signal that measures parts in three-dimensional (3D) space. Usually a 
CMM has three coordinate axes, but sometimes it is supplemented by a 
rotary table, so expanding this to four coordinate axes. Some axes for the 
MH’s tip orientation can be implemented into the construction of the MH.

A widely used construction of CMM is the bridge type where the 
bridge is moving on a table supported by air bearings. The carriage moves 
along the bridge and inside, in a vertical direction moves the ram, with the 
MH (touch probe) suspended on it.

The cantilever-type CMM is supplied with the single moveable ver-
tical support that suspends a horizontal arm with the probe. Such con-
struction makes it easier to access the staging table and the part on it. The 
gantry type CMM is similar to the bridge type, only containing a much 
larger part, the gantry. It is used for measurements of large components in 
industry, that is, in the aviation industry, car industry, and so on. A portable 
CMM is used for measurements in a manufacturing plant where it is taken 
to the part to be measured. Most modern CMMs are controlled by a PC 
using special software for control of the measuring process and processing 
of results.

Before taking the measurement the process of relating the part coor-
dinate system to the machine’s coordinate system must be performed. The 
alignment allows the part to be positioned anywhere on the staging table. 
A point, or geometric features of reference from which measurements are 
taken, are treated as datum, for example a hole, a line, or any other geo-
metrical shape.

The typical “bridge” CMM is composed of three axes, X, Y, and Z 
(Figure 5.1). These axes are orthogonal to each other in a 3D coordinate 
system. Additional coordinates can be added, for example, axis of the 
rotary table. Straightness, fl atness, perpendicularity of movement of the 
parts of the CMM constitute the datum, that is, the theoretically exact geo-
metric reference parameters that ensure the basic features against which 
the geometrical parameters of the part are measured on the machine. Each 
coordinate axis has a displacement transducer system (information mea-
suring system [IMS]) that indicates the location in that axis. The machine 
will read the input from the transducer after the command of the touch 
probe during the contact of its tip with the surface of the part to be mea-
sured, as directed by the operator or the control program. The machine 
then uses the X, Y, Z coordinates to determine the position of the point in 
the coordinate axes. Typical discretion of a CMM is measured in microns 
(micrometers), 1/1,000,000 of a meter. The accuracy of measurement 
depends on the measuring volume and differs in the range of several to 
several tenths of microns.
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A CMM is also a device used in manufacturing and assembly pro-
cesses to test a part or assembly against the design drawing or technical 
specifi cations. By precisely recording the X, Y, and Z coordinates of the 
target, points are generated which can then be analyzed via algorithms for 
the construction of features. These points are collected by using a probe 
that is positioned manually by an operator or automatically via computer 
control. Computer controlled CMMs can be programmed to repeatedly 
measure identical parts; thus a CMM is a specialized form of industrial 
robot, sometimes called as a measuring robot. The part for measurement 
is placed on the table of the CMM and aligned along the coordinate axis 
of the machine. The coordinate system of the part is created by the soft-
ware and transferred to the coordinate system of the machine. The surface 
of the part probing is performed by discrete points or during continuous 
tracking of the surface. Discrete measurement is when the touch trigger 
probe contacts the surface and generates a signal at this point, the coordi-
nates of which have been entered into the memory of the PC. Continuous 
tracking (scanning) is a form of measurement when the MH keeps con-
tinuous contact with the surface of the part and during the fi xed periods 
the position of the surface points is entered into the PC memory. After 
the selection of information about the coordinates of the points that were 
probed, the results of measurement are developed, determining the overall 
dimensions of the part, form and deviation of the surface, position of the 

Figure 5.1. Coordinate measuring machine mod. BE 201 
(Brown & Sharpe Precizika).
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holes, hole diameters, distances between the axis of the holes, determina-
tion of the tolerances of the deviations measured or providing the points 
and distances that are to be corrected during the manufacturing process, 
and so on.

The main parts of the CMM are the housing, the bridge moving along 
the base, the carriage moving on the bridge and the ram which usually 
moves in the vertical direction (z axis). Usually, the datum of the machine 
is made from a granite base. Measurements are defi ned by a probe attached 
to the ram of the machine and the probes may be mechanical, optical, 
laser, or white light. The principle of operation of the CMM may be either 
contact or noncontact. Mechanical or automatic CMMs have electro- 
mechanical drives and use an encoder system as the IMS that gives the 
coordinate position at the moment when the probe of the CMM touches 
the surface of the part. Linear encoders, rotary encoders, or laser interfer-
ometers (LIs) are used for the IMS of the machine.

The most advanced methods can be used for the assessment of the 
accuracy parameters of the CMM due to its usage for highest accuracy 
quality control in research and industrial production. Different optical 
methods applied for 3D measurements are investigated, including the 
 projected fringes method, electronic speckle interferometry, structured 
lighting refl ection techniques, white light interferometry, and laser scan-
ning methods. The instruments for fast 3D surface points detection and 
numerical presentation are continuously under development and the 
advantages of fi ber optics, fi ber sensors, and measurement systems based 
on them are utilized. The use of optical methods for displacement and 
position measurements gives great advantages, such as minimal dimen-
sions, wide range of accessibility, integration of the sensor and informa-
tion transfer functions in one unit, and so on.

It should be noted that these modern methods are not yet used widely 
enough in CMM calibration and the accuracy verifi cation processes of 
Computer Numerical Control (CNC) machines. Special reference parts 
(artifacts) are commonly used for CMM calibration purposes with their 
entire dimensions assessed beforehand with high accuracy. Many inves-
tigations are made to determine the measuring coordinate system uncer-
tainty using datum planes, cylindrical and spherical bodies, sets of disks 
placed, and calibrated in the measuring volume of the machine. A variety 
of confi gurations of such artifact parts are used. They include rectangular 
plane surfaces, internal cavities or exterior spherical bodies, cylindrical 
and conical surfaces, and so on. The disadvantages of such methods of 
accuracy control are in the restrictions of the measurement volume of the 
machine to be assessed.
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Most of such reference parts have relatively small dimensions as it is 
inconvenient to handle a reference part of large dimensions on the table 
of the machine. Therefore the calibration does not always cover the com-
plete volume of the machine and a large part of the working volume of 
the machine is unavailable for calibration. Consequently, there is a need 
to investigate, develop, and introduce into practice, some new methods 
which can be easily and conveniently used for the calibration of accuracy 
parameters of machines.

All geometrical accuracy parameters are multiplied, splitting them 
into the coordinate axis of the machine, so making the checking more 
complicated. For the accuracy verifi cation of CMMs it is important to 
choose the etalon, or reference measure, for each of the parameters, for 
example, a reference length measuring system as the standard measure 
to calibrate all three coordinate axes of the CMM. The precision length 
measuring system is chosen from a wide variety of reference measures 
used for this purpose. From the variety of length standards, an LI is used 
most often as a reference measure. Together with high accuracy of the 
reference measure, there are other requirements to be followed during the 
accuracy verifi cation of CNC machines, one of them being the importance 
to avoid the infl uence of Abbé offset, cosine error and tilting errors, occur-
ring during the measurements. It is important to determine errors which 
act in the different directions of coordinate axes in the measuring volume. 
For many machines the measurements are performed not only into the 
directions of the coordinate axes, but also in the diagonal direction of the 
measuring or working volume of the machine. Diagonal method is effi -
cient because of the involvement of three dimensions in every step of the 
measurement performed. There are some methods of calibration where the 
redundancy technique is employed. The calibration in the area or volume 
is performed by placing the reference measure at several different posi-
tions. An optical scale can be used for such purpose. The systematic errors 
of the machine are identifi ed and after mathematical analysis the errors are 
corrected by some technical means.

The problem remains to develop calibration methods that gather a 
large quantity of accuracy data in a short period of calibration, using sim-
ple reference equipment of low cost. The next step would then be the effi -
cient use of data selected for the accuracy improvement of the machines. 
Some methods used to achieve these objectives are discussed and applied 
in monitoring operations.

Traceability and calibration of the accuracy parameters of the parts 
of multicoordinate machines, robots, and CMMs is quite a complicated 
task to accomplish and assess. The large amount of information in 3D 
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 measurements and the lack of universal spatial reference measures are the 
main technical and metrological tasks to overcome. Some technical meth-
ods for the measurement of accuracy elements are presented here and some 
nontraditional methods for complex accuracy assessment are proposed.

The accuracy of geometric parameters of precision machines, metal 
cutting tools and CMMs, is quite a complicated task to assess because of 
the variety of accuracy parameters to be checked and the high accuracy 
that must be assured. It is a time-consuming process that requires very 
experienced and well-qualifi ed staff to perform the calibration and several 
reference measures to achieve the traceability of the calibration. The vast 
amount of information in a 3D measurement volume and the number of 
reference measurements needed to cover all the range of measurement 
space are the main technical and metrological tasks to overcome. CNC 
machines have some additional features, which add to the complexity of 
overall calibration, such as the accuracy parameters of the rotary table, the 
position of the cutting instrument and the instrument changing devices. 
For CMMs the additional features are the accuracy parameters of the 
MH (touch trigger probe). The methods of measurement of the accuracy 
parameters of CMMs are summarized in Table 5.1 later in this chapter.

The position of the moving parts of CNC metal cutting tools and other 
machines is determined by geometric accuracy parameters in respect of 
six degrees of freedom (DOF). These accuracy parameters consist of a 
separate group of technical parameters of the machines that need sepa-
rate and sometimes rather special means of measurement for testing or 
monitoring. The six DOF are often referred to as generalized coordinates. 
These parameters are described by technical specifi cations on the machine 
and special written standards for separate parameters or for total accuracy 
verifi cation. A set of instruments is used with different classes of accuracy 
(higher, of course, than the accuracy of the geometrical parameter to be 
checked), special ranges of measurement, sensitivity, resolution capabil-
ity, and so on. Modern machines have many coordinate movements, much 
more than six of them, so the number of DOF will also be higher. Some 
parameters are too complicated for measurement and sometimes there is 
no means of measuring one single parameter without the infl uence of the 
others. An example is the measurement of straight-line movement of part 
of the machine by the use of a reference measure of the straight line in 
the form of a fl at surface of the reference measure made from steel or 
granite. A contact inductive gauge usually is used for the measurement of 
this parameter, and during measurement the other parameters, such as the 
pitch of movement of the moving part also infl uences the  measurement 
results. In the case when more exact accuracy analysis is needed, or when 
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there is need to investigate separate accuracy parameters, then additional 
measurements are required using different methods. The measurement 
mentioned above must be repeated using an autocollimator and refl ecting 
mirror, which is not sensitive to displacements perpendicular to the move-
ment direction.

These and other technical specifi cations assure very high accuracy 
of geometry and high smoothness of the surface of the machined work-
piece. For example, run-out of a cylindrical surface can be achieved to an 
accuracy of 0.2–0.3 μm. Also the control unit of the machine feeding a 
grinding wheel transfers an accuracy of the linear displacement transducer 
(LDT) to the required value that can be controlled in two coordinate direc-
tions. Widely used LDTs for CNC machines are photoelectric raster scales 
incorporating a reading head which, after an interpolation, assures an in 
feed value to within 0.001 mm (or even 0.0001 mm). Geometrical accuracy 
parameters also include the high geometric accuracy of slideways, their 
mutual parallelism or perpendicularity, coaxiality of front and back grind-
ing heads, and so on. All these parameters are to be checked during machine 
manufacture and then during operation of the machine in industry. Checks 
are carried out according to the written standards on the relevant metal 
cutting tools and also according to technical specifi cations on the machine. 
Many accuracy parameters are similar for various types of metal cutting 
tools, such as milling, grinding, coordinate drilling and grinding, and for 
various types of measuring equipment, such as instrumental three-coordi-
nate microscopes, roundness measuring instruments, CMMs, and so on.

Machine performance tests are held at certain periods or under spe-
cial requirements, for example, after evident failures, accidents, functional 
failures, or loss of accuracy. A predetermined number of procedures are 
foreseen for this purpose. The parameters to be tested can be illustrated on 
CMMs or grinding machines, as they feature the highest accuracy param-
eters and a wide variety of DOF are used in their design.

EN ISO standards [14] specify the following CMM tests:

• acceptance tests, during which the performance parameters of the 
machine and measuring system comply with the technical specifi -
cations declared by the supplier;

• reverifi cation tests (periodic inspection), during which the user 
has an opportunity to periodically check a machine’s performance 
parameters and the measuring system;

• interim tests during which the user can check the performance of the 
CMM and its probing system between regular reverifi cation tests;

• calibration, performed as a full parametric calibration.
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Accuracy tests are included in practically all kinds of tests as accuracy 
parameters have the most importance infl uence on the machine’s perfor-
mance ability. They are undertaken using length end blocks and gauges, 
metal linear scales with microscopes, and LIs. The tests are performed in 
various positions in the working volume of the machine, using the tech-
niques discussed in Chapter 2.

Before the beginning of tests the CMM must be put into operation 
according to the manufacturer’s recommendations, the MH is identifi ed 
and its compatibility checked. The working and environmental conditions 
must be set to comply with the technical specifi cations on the machine. All 
performance verifi cation is tiresome and is a time-consuming process, so 
it is necessary to search for time savings, effi ciency, and reduction of costs.

Minimal requirements can be fulfi lled using some machine moni-
toring tests. The use of artifacts for machine verifi cation can be consid-
ered as one of the possibilities for machine monitoring processes. The 
main task of these procedures is to keep equipment at the required level 
of accuracy and at its proper performance. The tests are performed under 
a mutual agreement between the manufacturer and user of the machine.
Basic machine tests are used to check how the length measurements are 
performed on the machine. The error E is checked by measurement of 
length gauges.

Length (positioning) measurement. This is one of the accuracy tests 
within CMM performance verifi cation. It is performed by measuring the 
accuracy of linear displacement in three coordinate axes using the follow-
ing material standards of length, gauge blocks and step gauges, reference 
linear scale or LI. The measurement is used to check the traceability of 
CMM length measurements to the international standards of length. Differ-
ent length measures are recommended for this test. It is recommended that:

• the longest length of the material standard is at least 66 percent of 
the longest diagonal of the working volume of the machine;

• the shortest length of the material standard is less than 30 mm.

If a user’s material standard is used, the error must be not greater than 
20 percent of value E. If it is greater, then E must be redefi ned as the sum 
of E and this uncertainty. In the case of the use of a manufacturer’s mate-
rial standard, then no additional uncertainty shall be added to the length 
measurement value E.

Measurements are performed in every direction of the working vol-
ume of the CMM at the user’s discretion, making bidirectional measure-
ments either externally or internally. Five test lengths are chosen, each 
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measured three times. The error of length measurement is calculated as the 
absolute value of the difference between the indicated value of the CMM 
and the true value of the relevant test length. Gauge blocks (Figure 2.6) 
are widely used as material length standards for this purpose. Systematic 
errors can be corrected if suitable software or instrumentation is available 
in the CMM construction. Supplementary measurements are usually made 
usually during the alignment process.

In mechanical engineering (metal cutting tools, CNC machines, and 
instruments) measurement intervals should not be longer than 25 mm 
while measuring a displacement of 250 mm or less. For longer travels, up 
to 1000 mm, the interval should be no shorter than 25 mm or no longer 
than one tenth of the length of travel. For travels longer than 1000 mm, 
the measurement interval should be no longer than 100 mm. The mea-
surement interval of the length so that no fewer than 20 positions could be 
measured is indicated in CMM documentation.

Repeatability measurements should involve an assessment of all 
aspects of the machine, including the mode of operation, work of the 
operator and software performance. The test conditions should be as close 
to the working conditions as possible. Hence there are requirements for 
different tests to be undertaken using different modes of operation. A mod-
ifi ed test procedure must be applied for a machine with a large working 
volume and in special cases, which do not meet the requirements of the 
standard, the supplier and user should agree on the selection of tests to be 
completed.

Measurement can be performed using end-length measures and an 
MH. At the fi rst point of contact by the end-length measure the readings 
of the machine must be set to zero. During each travel three measurements 
must be performed and the average arithmetic result is calculated. The 
process is repeated in all three coordinate axes. To minimize the infl u-
ence of the environmental conditions on measurement, all measurements 
should be performed in as short a time period as possible.

To determine the measurement uncertainty of 1D, 2D, and 3D mea-
surements, one, two, and 3D measurements are employed. They differ 
in the number of directions in which displacement is performed, and the 
corresponding coordinate measurement systems are at work during mea-
surements. The uncertainty of 1D length measurement is checked by mea-
suring in each of the three axes separately. The uncertainty of 2D length 
measurement is checked by measuring in the XY, XZ, and YZ coordinate 
planes at a 45° angle to the corresponding coordinate axis. The uncertainty 
of 3D length measurement is checked by measuring along the operational 
cube of the machine or along the diagonal of a rectangular parallelepiped 
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at a 55° angle to the corresponding coordinate axis. All coordinate mea-
surement systems take part in the measurement process.

For each of 105 measurements (fi ve different lengths, each measured 
three times in any seven different confi gurations, chosen at the discretion 
of the user) the error of length measurement is calculated, being the differ-
ence between the CMM readings and the true value of the corresponding 
length. The systematic error of the value of readings can be corrected at a 
certain position and direction if the CMM has a device (or software) for 
correcting that systematic error. Following the manufacturer’s recommen-
dations relating to environmental conditions, no manual corrections are 
allowed for estimating the effect of correctional calculations on tempera-
ture deformations or other factors. The true length standard value is con-
sidered to be the calibrated length between the end surfaces of the material 
standard. This value can be corrected for temperature changes only if this 
is included in the software of the test CMM. The error of the length being 
measured (as well as that of the displacement of machine parts) is equal 
to the difference of the machine readings in a certain coordinate and the 
readings of the base length standard.

The verifi cation of a CMM is confi rmed if not one of the 105 error 
measurements (expressed in micrometers) exceeds the E value specifi ed 
by the manufacturer. A maximum of 5 out of 35 test length measurements 
can have one out of three repeated length error measurements that exceed 
the value of E. Each of these measurements must then be repeated ten 
times. Repeated verifi cations are performed following the same rules.

5.2  PRINCIPLES OF MHs AND TOUCH 
TRIGGER PROBES

The fi nal part of the CMM is the MH that is usually attached to the ram of 
the machine. MHs vary in many ways, both constructional and functional. 
The most commonly used probes on the CMM are contact or touch–trigger 
probes. A touch–trigger probe contacts a surface on a part and generates an 
electronic signal to record its dimension. Noncontact probes are also used 
for scanning modes of measurement, that is, laser scanning systems, and 
so on. They are used to measure small, fl exible parts or for measurement 
of parts made from soft materials where the surface may not be touched 
by any hard contact.

Touch–trigger probes are ideal for inspection of 3D prismatic parts 
and known geometries. These probes are highly versatile and are suitable 
for a diverse range of applications, materials, and surfaces. A wide range 
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of accessories are also available for them. A hard probe, used for manual 
inspection of parts, is a solid contact probe consisting of a precision tapered 
shape tip (stylus) ending in a wear resistant ruby ball, usually a synthetic 
ruby. The probes are segregated into two categories, probes without, and 
probes with stylus module changing. Stylus module changing is a very 
important consideration as it enables higher productivity and the ability to 
always select the best measurement solution for the application.

An electronic trigger signal is generated by the probe using the con-
tacts, as it is shown in Figure 5.2. During the contact with the surface 
point, the stylus of the probe defl ects from the central position and contact 
is interrupted, thus generating a signal for coordinate fi xing. Such sensor 
functions are also performed by capacitance, inductive, photoelectric, or 
piezoelectric sensors. The probe is very sensitive and of high accuracy, 
reaching about 0.1 μm of repeatability and uncertainty. Before measure-
ment the home position is identifi ed as the central point in the coordinate 
system of the machine and its value is set to zero. Home position is also 
referred to as the origin of measurement and is determined using a refer-
ence ball or rectangular body fi xed to the table of the machine.

There are many constructions of MHs or probes that are equipped with 
rotation facilities on predetermined angles, having a large set of extension 
and stylus confi gurations as shown in Figures 5.3 and 5.4. This brings an 
additional axis of inspection capability by optimizing the working volume 
for the measurement. The probe head offers additional measurement capa-
bilities and associated time savings. Usually, there are facilities for rapid 
head orientation and probe position determination.

Figure 5.2. Touch–trigger 
probe with contact sensor.
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Figure 5.3. Renishaw’s PH20 touch-trigger probe CMM 
inspection head having facilities to rotate the stylus into the 
required position.

Figure 5.4. Different sizes and confi g-
urations of Renishaw MHs.
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5.3  PERFORMANCE VERIFICATION OF MHs 
AND TOUCH TRIGGER PROBES

The fi nal element in the total calibration chain of the CMM is the MH as 
the errors of touching the surface of the part add to the total error balance 
of the CMM.

Probing system testing consists of using the probe (MH) of the CMM 
to be tested and a material reference spherical artifact (a spherical body) as 
a substrate. The diameter of the spherical body is between 10 and 50 mm, 
the most used diameter being 30 mm, and the calibrated error of its total 
run-out should not exceed the value R (R—probing error). It is recom-
mended to take at least 25 random point measurements on the surface 
of the reference sphere, approximately evenly distributed on the surface. 
Applying the least squares method, the center of the sphere is calculated 
and it is compared with the value stated by the manufacturer. All these 
procedures could also be applied to every CNC machine calibration, the 
only difference being a cutting instrument instead of an MH at the end of 
the calibration chain. Nevertheless, a disadvantage of the above methods 
is that the MH is calibrated by touching only a few points on the surface 
of its tip, leaving a large number of points without checking.

A special artifact has been developed for MH calibration (Figure 5.5). 
Instead of the widely used standard ring or convex ball a concave surface 
of very high accuracy and quality was used. A rectangular body of quartz 
glass was designed with a 60 mm diameter concave hemispherical surface 

1 2

xy

z

Rs

Figure 5.5. A quartz glass artifact 
for the calibration of the measuring 
head: (1) the tip of the measuring 
head; (2) a glass artifact.
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in it. The dimensional accuracy of such a hemisphere is within ±0.05 μm 
in every section.

All sides of the artifact were lapped to the highest quality and accu-
racy. The radius of the hemisphere is Rs = 30 mm, a typical radius of the 
tip of the MH is 2.5 mm. The standard deviation of fl atness, rectangularity, 
and circularity in all cross sections of the sphere is within the range ±0.02 
μm to ±0.05 μm. The same range of tolerances for sphericity is assumed to 
be valid. During the calibration the tip of the touch probe is placed at dif-
ferent heights inside the inner surface of the concave sphere. Length end 
bars are successfully used for changing the height of the position of this 
artifact. It is a great advantage to have the possibility to move the tip of 
the MH only by several steps in the vertical direction and then to perform 
movements only by the machine drive connected to the glass artifact. The 
distance of displacement is measured by an LI or the measuring system of 
the CMM, if it is already calibrated. The distance measured is compared 
with that calculated according to the geometrical expressions determining 
the spherical surface of the artifact.

An advantage of such a calibration method is that the machine or spe-
cial instrument used for the MH calibration must only perform 4 strokes, 
instead of the usual 12 strokes during the conventional methods of calibra-
tion using a convex spherical artifact. The strokes of the machine needed 
for the calibration of the MH using convex (12 strokes) and concave 
spherical artifact (4 strokes) are illustrated in Figure 5.6.

Figure 5.6. The strokes for the calibration of 
the measuring head using the inner or outer 
hemispherical body artifact.
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The calibration results are processed as usual, calculating the scatter 
of touch point displacement values in terms of their difference from the 
sphericity of the artifact’s surface. Then the positioning errors of all the 
elements of the kinematic chain of the CMM are known.

The results of the calibration are usually applied for compensation 
of the errors determined. The position of the fi nal point of the measuring 
probe has a very important infl uence on the measurement in the case of a 
CMM. The correction of the fi nal point of the tip of the MH can be per-
formed by a correctional device inserted into the MH. Piezoelectric cor-
rectional devices can be effectively used for this purpose. The possibilities 
of piezoactive (piezoelectric or magnetostrictive) materials have rapidly 
increased, and their potential as precision actuators for correctional dis-
placements are now widely realized. Recent developments of new active 
materials with extremely high piezoelectric or magnetostrictive properties 
(Terfenol-D, PZT, lead magnesium niobate, fl exible piezoactive materials, 
etc.) have extended the area of their applications, including new systems 
with a high level of integration and multifunctionality.

5.4  COMPLEX ACCURACY VERIFICATION 
OF CMMs

The manufacturer is responsible for all technical parameters of the equip-
ment and its compliance for the work intended. The equipment must be 
properly transported to the workplace and installed. The environmental 
conditions must also comply with the requirements set by the manufacturer. 
The equipment answers the requirements when the work tests included in 
the technical specifi cations are performed and are evaluated positively. 
Some of the working tests can be omitted according to mutual agreement 
between the supplier and the user. Working tests, such as repeatability, 
accuracy of linear displacement, working volume, and double length mea-
surements can be carried out using various methods. These methods can 
show different results when they are performed on machines of different 
types. The results depend on slight differences of measurements and on 
the object of measurement.

Two main steps are used for the accuracy control of multicoordinate 
machines, robots, and measuring equipment. The fi rst step is to calibrate 
the accuracy of the geometric elements of the machine; the straightness, 
squareness, fl atness of guideways and bedding; the bias of vertical, hori-
zontal, and longitudinal traverse, pitch, roll, yaw, and so on. The second 
step consists of measuring a reference part which has been previously 
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calibrated. The results of the measurement of such a part on the CMM 
are compared with the accuracy results of this part collected during its 
calibration. Geometric features are assessed while aligning the coordinate 
system during calibration by the manufacturer and later by the customer’s 
quality control staff. The alignment of the machine’s coordinate system 
and the correction of the systematic errors are mostly dependent on geo-
metric errors and their distribution characteristics.

The errors listed above must be controlled by the methods specifi ed 
in the published standards or according to the standards or technical speci-
fi cations supplied by the manufacturer. Special accuracy requirements are 
required for the MH of a CMM. The large number of accuracy parameters, 
methods, and instruments makes the task of calibrating multicoordinate 
machines very diffi cult, complicated, and expensive. The two main prob-
lems to be solved during coordinate measurement are to gather informa-
tion about the errors of the object and to reduce the number of points to be 
measured to a minimum. This is even more important when using CMMs 
or during the calibration of the CMM itself for error determination in the 
multidimensional volume. The CMM constitutes a very signifi cant part of 
the quality control system regulated by ISO 9001 [28]. Every measure-
ment of geometric features on the part is to be validated by traceability, it 
must be related to stated references, usually national standards and stating 
uncertainties in this comparison chain.

As specifi ed in ISO 14405 [29,30], the calibration is a set of operations 
that establish, under specifi ed conditions, the relationship between values 
of quantities indicated by a measuring instrument or measuring system, or 
values represented by a material measure or a reference material, and the 
corresponding values realized by standards. Periodical verifi cation of the 
CMM must also be performed, ascertaining and confi rming the fact that 
the measuring equipment complies with the statutory requirements.

The CMM is calibrated according to its geometric accuracy param-
eters that are common with all metal cutting tools and machines and are 
presented and discussed in Chapter 2. The MH is to be calibrated accord-
ing to the same accuracy parameters. During a full geometrical calibration, 
21 detailed parameters are determined. However, other general testing 
methods are based on the application of special test bodies called stan-
dards or artifacts. Such testing is simpler, faster, and cheaper compared 
with measurements of all the error sources, which is costly and time con-
suming. Methods of measurement of the accuracy parameters of CMMs 
are shown in Table 5.1 below.

The fi rst problem to be solved in the development of CMM perfor-
mance verifi cation methods is to gather a large quantity of accuracy data 
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in a short period of testing, using simple reference equipment of low cost. 
The second step would be the effi cient use of data selected for the accu-
racy improvement of the machine.

Various measurement models are used for sampling strategies during 
the selection of the optimal number of points in the measuring volume. 
The methods used are comprehensively analyzed in several research 
works and are discussed in more detail in Chapter 1. Sequence models 
such as those of Hamersley [8,9] have been used to calculate the coordi-
nates of measurement points according to particular formulae for fl atness 
measurement. Other authors have used the gray theory to predict mea-
surement points, B-splines, and other methods of parameter modeling. 
When analyzing 3D space and the law of fl atness error distribution, the 
various mathematical models used allow for the evaluation of the errors 
in the measurement space or plane. The most analyzed methods are asso-
ciated with the set of mathematical models, generated series or splines. 

Table 5.1. Methods used to measure accuracy parameters of CMMs

Axes
Types of 

error Standards used for measurement

Linear Positional 
errors

Straightness 
errors

Squareness 
errors

Laser interferometer, step gauges, linear 
scale, or translational transducer

Straight edges and wires, straightness 
interferometers, alignment lasers

Mechanical embodiments of the 90°, optical 
squareness standards, length standards 
inclined with respect to the axes of 
movement, rotary encoders

Rotational Angular 
position

Pitch and 
yaw errors

Roll errors

Camming
Axial rest
Run-out 

Standard rotary encoders, precision polygons, 
circular scales

Differential interferometers, autocollimators, 
electronic level meters, paraxial length 
measurements in several measurement 
lines

Electronic level meters in horizontal axes, 
fl atness standards, straight edges whose 
parallel displacement is monitored

Test cylinders, fl atness standards
Test balls, fl atness standards
Test cylinders, test balls
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The  coordinates of measurement errors often depend on the type of spline, 
and if it is changed, another set of coordinates is generated. Moreover, the 
coordinates for error measurement depend on the model chosen for divid-
ing the space or the plain into pitches (steps) for measurement. On an area 
where errors vary evenly the pitch of discretization can be larger, and on 
areas where the variation of errors is rather sharp the pitch of discretiza-
tion should be signifi cantly less.

Some other errors of the environment (temperature, pressure, etc.) are 
acting outside the machine and are analyzed and assessed in some other 
investigations. Specifi c errors are present in the signal formation of the 
MH of the CMM that must also be checked using specifi c test methods.

The problem of complex accuracy control of machines is under con-
stant development and different methods for their resolution have been 
proposed. The simplest one was the use of a standard linear scale posi-
tioned in the diagonal direction on the working surface of the machine. 
Such measurements are to be completed on two levels in the working vol-
ume and they permit the selection of error information due to movement 
of parts of the machine. The large quantity of information in the measuring 
volume and lack of a spatial reference measure are the main technical and 
metrological tasks to overcome.

The complex measurement of the accuracy parameters of an auto-
matic machine can also be performed by using the same kind of machine 
as a master or reference machine, both controlled by a single control unit. 
The fi nal position of the machine’s element or cutting tool, or the measur-
ing probe for the CMM, is compared with that of the master machine. All 
the accuracy parameters of the machine are involved in the determination 
of this position. An example of such a calibration process using an LI and 
fi ber optic links is presented. The information from the laser unit and from 
the IMSs of the machine or CMM is delivered to a computer where the 
results of measurement are processed and presented in the desired form.

Figure 5.7 shows the two machines, (a) is the master (reference) 
machine and (b) is the machine to be calibrated. There are identical mov-
ing parts on the machines, the bridge moving in the y axis direction, the 
carriage mounted on the bridge moving in the x axis direction and inside 
the carriage, the ram moving in the z axis direction. The LI is fi xed to the 
carriage of the master machine and moves together with it along the axis 
x. On the path of the light beam of the laser there are refl ecting mirrors 
(RM1, RM2, RM3, RM4, and RM5) and the semitransparent (semire-
fl ecting) plates S1, S2, S3. The optical path of the LI between the two 
machines is linked by fi ber optic cables (FOC).
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The characteristic feature of the calibration is the path of the laser 
beam going through all the coordinate movements of both machines. It 
is important that the refl ecting mirrors be fi xed on the opposite sides of 
the strokes of movable parts. In this case, the length of the laser light 
path remains unchanged when the coordinate distance of the parts (bridge, 
carriage, or spindle) of the machine to be calibrated and that of the other 
(reference) is changing. Only systematic errors of coordinate movements 
are registered in the computer. Environment conditions of the control also 
have a minor infl uence, as the calibration is performed under the same 
conditions for both machines. The method proposed enables the operator 
to obtain quite a large amount of accuracy information and to use it for 
the accuracy assessment of the machine and provide error compensation 
as well.

Denoting the coordinate displacements of the master machine and of 
the machine to be measured as follows: , ,i i ix y zΔ Δ Δ  and  , ,i i ix y z′ ′ ′Δ Δ Δ , 
and the lengths of the strokes l1, l2, l3, the error of the coordinate movement 
will be expressed as

  
3 31 2 1 2

, ,
0 0 0 0 0 0

l ll l l l

x y z i i i i i i
i i i i i i

x y z x y z′ ′ ′

= = = = = =

⎛ ⎞ ⎛ ⎞δ = Δ + Δ + Δ − Δ + Δ + Δ∑ ∑ ∑ ∑ ∑ ∑⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
. (5.1)

The mirrors RM1 and RM3 are fi xed to the rams of the two machines, the 
mirrors RM2 and RM5 are fi tted to the bases (tables) of the two machines. 

(a) (b)
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Figure 5.7. Calibration of the accuracy parameters of the CMM (b) against the 
reference (master) machine (a).
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RM4 is an angular refl ecting mirror and it is fi xed to the bridge structure 
of the machine to be measured. Semirefl ecting plates S1 and S3 are fi xed 
to the carriages of the machines, and the semi-refl ecting plate S2 is fi xed 
to the bridge of the reference machine.

Diagrams of the arrangement of the LI with the reference and mea-
suring CMMs together with the path of the laser beam between the two 
machines are shown in Figures 5.8 and 5.9.

The information from the laser unit and from the measuring systems 
of the machines is fed into a computer where the results of measurement 
are processed and presented in a desirable form for evaluation. The char-
acteristic feature of the control is the fact that the path of the laser beam 
goes through all the coordinate movements along the axes X, Y, and Z, 
of both machines. Also it is important that the refl ecting mirrors RM1 to 
RM3; RM2 to RM5 should be fi xed on the opposite sides of the strokes 
of movable parts. In this case, the length of the laser light path remains 
unchanged when the coordinate distance of one machine is enlarged, and 
that of the other is shortened accordingly. In all cases only errors of the 
machine parts’ strokes are registered in the computer. Trials have shown 
that it is easy to compare the strokes of the machines. Of course, this 
method can only be used by companies manufacturing such machines or 
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Figure 5.8. Calibration of CMM coordinate positioning accuracy against the 
master machine.

Figure 5.9. The diagram of the path of the laser beam.
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with suffi ciently strong resources to possess a number of similar machines. 
The environmental conditions should not affect the calibration results 
as the calibration is performed under the same conditions for the both 
machines. This enhances the accuracy and productivity of the calibration 
process.

5.5  PERFORMANCE VERIFICATION 
USING ARTIFACTS

Mechanical artifacts are reference standards (objects) used for CMM 
performance and accuracy verifi cation. They are used to compare mea-
surements performed on them using the CMM with previous results of 
measurement of this artifact. Hence, the functional capabilities of the 
CMM are verifi ed, adding the accuracy biases received by measurement. 
Traceability of measurements is also ensured as prior calibration of the 
artifact is linked to the length or angle standards.

Artifacts are usually made from thermostable materials or granites 
and have several numbers of spatial coordinates associated with their prin-
cipal calibrated features. Combinations of fl at surfaces, holes, balls, inner 
or outer spherical surfaces, rectangular surfaces, and other geometrical 
features are commonly used in the construction of artifacts. An example 
of a granite artifact containing holes and balls is shown in Figure 5.10. 
This artifact, in common with many others, can be placed in different axial 
directions or aligned at a predetermined angle according to the CMM’s 
coordinate axes.

Figure 5.10. Example of granite artifact containing different 
geometrical features.

An example of a granite artifact with the holes placed according to the 
L-P sequence is shown in Figure 5.11 (see the section on L-P sequences 
in Chapter 2).

To enable the artifacts to be more easily handled on the table of the 
CMM, they are often made from a light frame construction to which balls, 
holes, or other geometric features are fi xed at some convenient points. 
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An example of this kind of artifact, a four ball space frame, is shown in 
Figure 5.12.

Artifacts are one, two, or 3D reference measures. The most commonly 
used types of artifacts can be placed into the following groups:

• length bars,
• gauge blocks and step gauges,
• ball-end bars,
• ball and hole plates,
• straight edges and squares,
• space frames.

One of the simplest test methods uses an artifact made from gauge blocks 
(Figure 5.13). The test consists of measuring length standards in various 
positions and orientations in the working volume of the machine. Such an 
artifact has an accurately known length between its two fl at and parallel 
end faces. ISO 10360: Part 2: 2009[14] specifi es fi ve different lengths for 

Figure 5.11. Example of granite artifact with 
the holes placed according to L-P sequence.

Z

X

Y

Figure 5.12. Four-ball space frame.
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measurement in seven random positions, taking three measurements for 
each length in each position.

Measurement can be performed using end-length measures and an 
MH. At the fi rst point of contact by the end-length measure the readings 
of the machine must be set to zero. During each travel three measurements 
must be performed and an average arithmetic result is calculated. The pro-
cess is repeated in all three coordinate axes. To minimize the infl uence of 
environmental conditions all measurements should be made in as short a 
time period as possible.

To determine the measurement uncertainty of 1D, 2D, and 3D mea-
surements, one-, two-, and 3D measurements are employed. They differ 
in the number of directions in which displacement is performed, and the 
corresponding coordinate measurement systems which are at work during 
measurements. The uncertainty of 1D length measurement is checked 
by measuring in each of the three axes separately. The uncertainty of 2D 
length measurement is checked by measuring in XY, XZ, and YZ coor-
dinate planes at a 45° angle to the corresponding coordinate axis. The 
uncertainty of 3D length measurement is checked by measuring along the 
operational cube of the machine or along the diagonal of a rectangular 
parallelepiped at the 55° angle to the corresponding coordinate axis. All 
coordinate measurement systems take part in the measurement process.

For each of 105 measurements (fi ve different lengths in seven random 
positions, taking three measurements for each length in each position) the 
error of length measurement is calculated, that is, the difference between 
the CMM readings and the true value of the corresponding length.

Z

Y

X

Figure 5.13. Artifact made from a set of 
length gauges.
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The systematic error of the value of the readings can be corrected at 
a certain position and direction if the CMM has a device or software for 
correcting for the systematic error. Following the manufacturer’s recom-
mendations regarding environmental conditions, no manual corrections 
are allowed for estimating the effect of correctional calculations on tem-
perature deformations or other factors. The true length standard value is 
considered to be the calibrated length between the end surfaces of the 
material standard. This value can be corrected for temperature changes 
only if such a possibility is provided by the software of the test CMM. The 
error of the length being measured (as well as that of the displacement 
of machine parts) is equal to the difference of the machine readings in 
a certain coordinate and the readings of the base length standard. From 
the measurement results two graphs are drawn, and the error of linear 
positioning is determined either as the maximum difference between the 
graphs or the positioning error of a certain portion of travel.

5.6  PERFORMANCE VERIFICATION 
USING LASERS

LIs are used for length measurements and also for pitch and yaw, par-
allelism, out-of-squareness between two perpendicular axes, positioning 
accuracy, and straightness measurements. These operations are described 
in Chapter 2. These accuracy tests are performed according to BS 3800: 
Part 2: 1991 [31]. Manufacturers and users of CMMs have all used LIs 
for many years, mainly during the build and on-site servicing of their 
machines. The LI is a powerful tool for many accuracy tests. Accuracy test 
procedures are axis-by-axis proof of the accuracy build-up of the machine 
and are not considered as performance verifi cation of the machine. Such 
parametric calibration tests are to be performed by users at regular inter-
vals during the working life of the machine.

Some measurement patterns are used for assessing the positional 
error using an interferometer system coupled with a swivel mirror. This 
set enables the accessibility of the laser beam in four cross-diagonals. The 
diagram of measurement is shown in Figure 5.14.

Some regulations must be complied for carrying out the performance 
test. The fi rst is the arrangement of the measuring lines within the working 
volume of the CMM according to BS6808: Part 3: 1989. The second one 
is the alignment of the measuring line of calibration. The arrangements 
of the measuring lines are shown in Figure 5.15. Figure 5.15(a) shows 
cross-diagonal confi gurations, Figure 5.15 (c) shows in-plane diagonal 
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Figure 5.14. Diagram of measurement by laser interfer-
ometer. (1) Machine carriage, (2) slideway, (3) ram, 
(4) swivel mirror fi xed to the ram of the machine, (5) laser 
beam aligned with mirror fi xed to the ram.

(a) Cross-diagonal configuration

(b) Suggested additional measuring line

(c) In-plane diagonal configurations

Figure 5.15. Orientation of measuring lines.
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 confi gurations, and Figure 5.15 (b) shows a suggested additional measure-
ment line. These length measurements can be performed by using both 
length gauges and an LI.

Gauge blocks can be available in the form of step gauges. The step 
gauge can be made from a single piece of the basic material or it can con-
sist of gauge blocks inserted in the basic body. The gauge blocks allow 
external measurements and the step gauge permits not only external but 
internal and step measurements of different sizes in multiple positions 
along a common measuring line. More measurement possibilities are pro-
vided using the LI. However, the alignment of the laser beam and the 
mirror fi xed on the ram is a more complicated task and takes more time in 
volumetric measurements.

5.7  METHODS AND MEANS FOR ACCURACY 
IMPROVEMENT OF MACHINES

The development of mechatronic devices for the accuracy improvement of 
measuring and metal cutting machines, robots, and so on, provides a great 
opportunity for accuracy improvement of machines after their calibration. 
Mechatronic methods for the correction of systematic errors of informa-
tion-measuring systems, including linear and rotary encoders and fi nal 3D 
position correction of a cutting instrument or touch probe, are presented. 
Technical solutions are provided for the application of active materials 
for smart probes and piezoactuators. The application of piezoactive ras-
ter plates and other elements is described together with volumetric con-
trol diagrams and examples of practical implementation. Error correction 
problems can be solved using a piezoactive, piezoelectric, or piezomag-
netic substrate in the measuring or the datum system of the machine. The 
implementation of piezoelectric correctional devices is very effi cient for 
precise engineering, where cutting or measuring forces are negligible and 
displacement values are in the range of several micrometers.

The play of the bearings, the change of the position of the moving 
parts due to their weight, wear, environmental infl uences, and so on, 
reduce the fi nal accuracy of the machine. Existing methods for increas-
ing the accuracy of precise equipment are generally complicated and of 
high cost. A new concept in the design of error compensating systems is 
presented here which includes active frames and structures for precision 
technological equipment. The most effective way to improve the accu-
racy of machines is to control and correct a position of the fi nal mem-
ber of the kinematical chain of the machine. Such an element could be 
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the tip of a cutting instrument or the tip of an MH (touch probe) of a 
CMM. Piezoelectric or other types of transducers can be applied for the 
fi nal correction of the position of an element in a 3D machine. Equations 
for the calculation of correctional displacement are derived and possible 
fi elds of application are reported in several publications. Crawley and De 
Luis [32] proposed the insertion of active elements (e.g., piezoceramic or 
TERFENOL-D plates or components) into the structure of the machine 
and controlled their displacements with electric or magnetic fi elds applied 
in the appropriate value and place. It has been shown that by implanting 
active links into the structure of the equipment both static and dynamic 
displacements can be suffi ciently controlled.

The application of electric or magnetic fi elds generates displacements 
of piezoplates to compensate for the systematic errors of a scale or of the 
elements of an encoder. The scale is used as the main element of the optical 
measuring system of a machine or it serves as the main part of the trans-
lational (rotational) transducer in a measuring system, so the correction of 
the systematic error of measuring scales is quite an important and effec-
tive method for accuracy improvement. Some considerations for a new 
approach to error compensation circuits and actuators are presented here. 
The compensation covers not only conventional measurement systems, 
but also opens new ways of increasing the accuracy of typical components 
of technological machines, such as beddings, slideways, fi xing and datum 
surfaces. New structure units for precise correction mechanisms—active 
kinematic pairs—were presented by Bansevičius and Giniotisin [33]. 
They can be applied to photoelectric or other types of transducers and for 
the fi nal correction of 3D machine element positions. Equations for the 
calculation of correctional displacement were derived, and possible areas 
of application shown. The integration of the unique properties of piezo-
active transducers and actuators (high resolution, low time constant, easy 
control of forms, types and parameters of oscillations, possibility to gen-
erate multicomponent static, quasi-static and resonant displacements, high 
electromechanical conversion effi ciency) with the control system made it 
possible to reduce signifi cantly or even fully eliminate the main errors of 
bearings, supports, and guides used in high precision measuring devices 
and machines. The number of constraint conditions can be varied in dif-
ferent ways. The simplest is the control of the friction, acting between a 
pair of elements, usually when the elements of the pair are held together 
by force. Here either the friction coeffi cient or the magnitude of the force 
executing the closure can be changed. This is achieved by the excitation 
of high frequency tangential or normal oscillations in the contact zone 
of the pair. Electro rheological and magneto rheological fl uids whose 
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 viscosity can be varied within a wide range can also be used successfully. 
Elements of piezoactuators are produced in a great variety of shapes, such 
as squares, rectangles, rings, discs, spheres, bars, and cylinders. The piezo-
electric effect is linearly dependent on the applied electric fi eld and such a 
technique can be used to great advantage in precision engineering.

5.7.1 PIEZOMECHANICAL CORRECTION

Design of correction mechanisms normally involves rather complicated 
mechanical, electromechanical, or programmable systems. These sys-
tems are not universally applicable due to considerable size, complexity 
of large transmission ratios of backlash-free mechanisms, or devices for 
coordination of displacement with a programmable correction system. 
These problems are especially critical in cases when there is a need to 
increase the accuracy of a measurement system of small size, built into 
vacuum chambers and devices subjected to various external or tempera-
ture, or both, disturbances.

By connecting an electric supply of different values to the different 
parts of apiezoplate, it is possible to change the deformation of the plate, 
and thus perform linear systematic error correction. The problems of lin-
ear information/measuring system correction can be solved using a ras-
ter scale on the piezoactive, piezoelectric, or piezomagnetic substrate. In 
such designs, an electric or magnetic fi eld generates the displacements 
that compensate for the errors of the shape or the pitch of the raster scale. 
Photoelectric raster transducers as well as raster scales are equipped with 
piezoelectric or piezomagnetic parts. An electric excitation is connected 
along the length of the raster scale to be corrected which will cause 
microdisplacement of the raster pitches, compensating for the error deter-
mined. The pitch error control must be calculated beforehand and the lon-
gitudinal displacements are related to deformations by the piezoelectric 
plate. The main equations for such calculations can be used to determine 
the voltage supplied to the piezoelectric grating in the interval of the cor-
rection. Equations are derived for the one and two-dimensional cases 
by application of the fi nite element method. The coeffi cient of electro-
mechanical coupling, the size of the electrode coating of the piezoplate, 
modulus of stiffness at constant electric displacement, the electric fi eld in 
the direction of displacement, and the piezoelectric constant are taken into 
account when deriving the equations.

As an example the former pitch error of a raster scale was improved 
by applying different voltages from a DC source to different sectors of 
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 piezoelectric plates attached to the raster scale or to the plate inserted 
between the indexing head and the moving part of the machine. The applied 
voltage ranged between 200 and 500 V but rapid development of piezo-
active materials provides an opportunity to perform such tasks with lower 
voltages and smaller dimensions of parts in the correction mechanism. 
Overall correction can be accomplished by using piezoelectric plates from 
one or the other end of the transducer. The error graphs represent the pitch 
error in the former state and after the correctional activation. The system-
atic error can be reduced to more than half its former value. It is obvious 
that the correction system becomes more compact. The correction can be 
performed for the systematic error and to the periodical (high frequency) 
error in designated segments of the raster scale or the translational trans-
ducer. The correction is effective for reducing temperature errors and to 
correct installation errors of measurement systems. The correction is pos-
sible both for linear and circular raster scales and transducers.

Every complicated measuring system belonging to the fi eld of mecha-
tronics has a mechanical structure, including a drive controlled by a 
PC or microprocessor, and so on. It may not only be a one DOF micro- 
displacement or nano-displacement system, but it may also be a multide-
gree of freedom displacement system. Research has been undertaken on 
the accuracy of multiparameter systems and the solutions for determina-
tion of the deviations of those parameters for the purpose of application to 
adaptive correction and for assurance of mechatronic control of the system.

Industrial equipment with its high technology measurement and com-
munication systems deals with tremendous volumes of information data 
and their associated input/output complexity. Modern measuring systems 
consist of “smart” transducers that can perform some logic functions and 
“smart” sensors and actuators, together with complicated control systems 
with special programming languages able to control the functions of a 
measuring system by digital and alphanumeric information.

Many angular and linear measurement transducers or encoders are 
used in industry and machine engineering for position and displacement 
measurement. The accuracy of angular position fi xed by means of these 
devices reaches approximately 0.3″–0.1″ (seconds of arc) and the amount 
of data in such systems sometimes exceeds gigabytes. Information about 
the quantitative and qualitative state of an object is selected using meth-
ods of mathematical statistics. The information selected and processed is 
used to determine a statistical estimate of the mechatronic object that is 
required for its essential apprehension and for relevant impact, for exam-
ple, making error correction [27,33]. This includes information about the 
technical parameters of the object to be controlled, its displacement with 
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the  accuracy parameters and the control of the position and micro/nano 
displacement. It is especially important for the position accuracy control in 
nano displacement systems, information-measuring systems, such as raster 
and coded scales of high accuracy, transducers, rotary encoders, and so on.

The measurement intervals for accuracy calibration of length and 
angle displacements in machines are given in relevant technical docu-
mentation. These requirements stated by written standards show the same 
problem, that is, information inside the given interval of measurement 
remains unknown. This problem is analyzed in several publications and 
measurement information is supplemented by evaluating the information 
and joining it with the general expression of the measurement result, that 
is, expressing the result in terms of the systematic error, the uncertainty of 
the assessment, and the probability.

( ),iX x u x P= ± ,

where X is the result of measurement; x  is the systematic error; ( )iu x is 
the standard uncertainty of measurement, and P is the probability.

This means that the measurement result would be more informative, 
adding to it a parameter that shows the extent of the sample assessed 
during the measurement process determined with the uncertainty assessed 
by probability level P and with the indeterminacy of the result assessed by 
estimating the portion of the sample from all the data of the IMS.

Mutual information is a measure of the amount of information that 
one random variable contains about another random variable. In other 
words, it is the reduction in the uncertainty of one random variable 
because of the knowledge about the other. Therefore, it is important to 
determine the information quantity on an object that has been evaluated 
providing a more thorough result assessment during the accuracy cali-
bration processes. The problem exists due to the great amount of infor-
mation that is gained in the calibration of scales, information-measuring 
systems of numerically controlled machines, and automated measuring 
equipment such as CMMs in their total volume. It is technically diffi cult 
and time consuming to calibrate the enormous number of points available, 
for example, the 324,000 steps of the rotary table or every discrete piece of 
information from the measuring systems of metal cutting tools and CNC 
machines, some of them utilizing LIs.

These assumptions can help in the determination of the mechatronic 
impact on the information-measuring system for the elimination of sys-
tematic errors. Piezoplates and simplifi ed bodies constructed from piezo-
material are applied for micrometric displacement in order to correct the 
systematic errors of raster scales. Correction of errors is accomplished by 
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control of the potential energy of the piezoplate and this can be achieved 
by changing a voltage supplied to the electrode, electromechanically cou-
pled with the raster scale, thus changing the width of the electrode coat-
ing of the piezoplate. According to the principle of minimum potential 

energy 
1

0
Uδ =

δε
, and taking into account that longitudinal displacements 

are related to deformations by the relationship, ( )1

du
x

dx
ε = , it is possible 

to obtain the equation of equilibrium of the piezoplate considered and to 
control the accuracy of a linear raster scale. The distributions of errors 
for two-dimensional or 3D measuring systems can be expressed by two 
functions 1( , ) ( , )xu x y k x y= − δ  and 2( , ) ( , )yv x y k x y= − δ , where u and v 
are the components of displacements at the zone controlled in the direc-
tion of appropriate coordinates. k1 and k2 are the coeffi cients of electro-
mechanical coupling.

A simple piezoelectric system is shown in Figure 5.16 for use in the 
centering device of a rotary table. It is useful for circular scales measure-
ment and part machining on the rotary table. Two pins with piezoelectric 
tips are used for displacement of the inner ring with the part to be cen-
tered according to the basic part, the hub. Displacement information can 
be controlled manually or it can be arranged in an automated way when 
the system is supplied by displacement transducers or gauges.

Piezoactuator elements are easy to insert into some parts of this sys-
tem. In practice these elements can be from 20 μm to 15 mm wide and up 
to 100 mm length or external diameter. The maximum possible relative 
change in length is up to 0.13 percent and will be either an expansion or 
contraction after applying or changing the voltage. After  disconnection 
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Figure 5.16. The diagram of a mechatronic centering device.
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from the power supply an expansion/contraction of the piezoelement 
decreases slowly. This results in a current:

 ,
dQ dV

i C
dt dt

= =  (5.2)

where Q is the charge, C is the capacity, and V is the voltage.
The equation of equilibrium of the piezoplate may be expressed as 

follows:

    [ ]2
31 1 3 31 11( ) ( ) (1 ) , 0,D du

e b x E x b k c x l
dx

= − ∈ , (5.3)

where 31e  is a piezoelectric constant, ( )3E x  is the electric fi eld in the 
plate, 2

31 31 31k e h=  is the coeffi cient of electromechanical coupling. Since 
( ) ( )u x k x= − δ  is specifi ed for correctional purposes, to satisfy this 

equation it is necessary to provide the required value of the expression 
[ ]31 1 3( ) ( )e b x E x  at every point x along length l. This is possible by using 
two different approaches:

(i)   By changing 3 ( )E x  along the piezoplate when 1b b= =  const. 
1( )b x  is the width of the electrode coating of the piezoplate. Tech-

nically this is performed by means of segmentation of the electrode 
coating of the piezoplate along the length l and by applying a dif-
ferent voltage to every segment. The continuous function of 3 ( )E x
is equal to

 2
3 11 31

31

1 ( )
( ) (1 )D d x

E x c k
e dx

δ= − − , (5.4)

   11
Dc  is the modulus of stiffness at constant electric displacement. 

The minimum length of the segment necessary for satisfactory 
approximation must not exceed T/2, where T is the period of the 
higher harmonic of the expansion 3 ( )E x  into a Fourier series.

(ii)   By changing the width of the electrode 1( )b x  along the length of 
the piezoplate at 3E =  constant. In this case, there is no need for 
a large number of supply voltages and the number of segments is 
appreciably smaller than in the fi rst case.

By means of these expressions, there are no diffi culties to obtain the val-
ues of intensities of the electric fi elds providing the necessary displace-
ments of the piezoplate.
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The correctional diagrams for two typical information-measuring 
systems of a machine are shown in Figures 5.17 and 5.18.

The general system shown in Figure 5.17 includes a linear or rotary 
encoder (consisting of a measuring scale and a reading head), electronic 
control and display units, programmable software for the process control. 
It is evident that these are mainly optical and electronic devices which 
have no heavy masses or large dimensions and no evident forces or veloc-
ities are present here. So, this is the best place to apply any correctional 
input for the compensation of the systematic errors of the encoder and 
the machine as a whole. Using the information received from the upper 
level of the digital counter, the output information is corrected by the 
preselected correctional value from unit 4. It is a convenient and simple 
means for the correction of linear systematic error, such as depicted in 
Figure 5.17(b). Another possibility for correction of the systematic linear 
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Figure 5.17. Correction of the information-measuring 
system of a machine. (a) translational transducer of the 
system: 1—scale, 2—reading head; (b) diagram of the 
systematic error; (c) the electronic diagram: 3—digital 
counter, 4—generator of the correctional value, 
5—element OR, 6—conjuncture, 7—output unit.
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Figure 5.18. The correction of the systematic pitch 
error of the scale on the piezoelectric substrate.
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error would be micro displacement of the reading head 2 supplied by a 
piezoelectric plate inserted between the head 2 and the construction of the 
machine, for example, the moving table of the machine.

A similar operation is performed by the device shown in Figure 5.18 
where values of systematic error before correction (dashed line) and after 
correction (continuous line) are shown. The correction of errors over the 
whole length of the raster scale creates some diffi culties. The scale of the 
encoder is supplied by the piezoplate with the electrodes placed along 
the length of the plate and connected to the voltages U1, U2, U3, and so 
on. Values of the supply voltage are calculated according to equations 
(5.2–5.4). Experiments performed show an effective systematic error 
correction that improves accuracy about 1.5 times.

In more general cases, the implantation of active links into the tech-
nological chain of machines can compensate for unwanted displacements, 
caused by external forces or a change of the position of moving compo-
nents, imbalance of rotating systems, wear of contacting surfaces, tem-
perature infl uence, and so on. It is common practice to create drives and 
transducers capable of performing and controlling the measurement in 
two- or 3D directions. In this case, piezoelectric materials would provide 
the possibility to correct such displacements using only one piezoelectric 
body. The components of elastic stress and deformation in the 3D direc-
tions can be controlled by applying an electric fi eld to the piezoelectric 
actuator. Measurement systems using piezoelectric correctional devices 
are more compact and a correction can be performed for both systematic 
errors and errors of small-period in the designated segments of the mea-
suring length.

Using such correctional systems, some accuracy improvement prob-
lems of machines and measuring equipment can be solved. The accuracy 
of the coordinate measuring system of a machine is improved by mount-
ing additional components into the structure, for example, piezoceramic 
plates or rings, allowing the control of small displacements in specifi c 
directions. Figure 5.19 shows the use of piezoelectric plates inserted in 
the relevant parts of the machine’s slideways in the different axes of dis-
placement, which can effectively facilitate for the correction of the main 
systematic errors. Displacements are controlled by applying an electric 
fi eld in the same direction as that of the poling vector. The main task of 
the correction is to determine the correctional displacement values in all 
coordinate displacements by calculations and then to perform the addi-
tional movement using the last (conclusive) part of kinematic chain of the 
machine. For example, it may be the grip of the arm of an industrial robot, 
the touch probe of a CMM (measuring robot), the cutting instrument of a 
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metal cutting tool, and so on. In this case, piezoelectric plates, cylindri-
cal or spherical components are useful to incorporate into the appropri-
ate machine member for the purpose of accomplishing the correctional 
micro displacement required. The fi nal element of the CMM, a touch-
probe (overall sensitivity about 0.2 μm) with the piezoelectric cylinder 
and the electrodes for electric supply are shown in Figure 5.19 (also see 
the section A-A). Piezoelectric active elements are also implanted into the 
sliding parts of the machine, that is, the console moving along the y axis, 
the carriage moving along the x axis, and the ram with the touch-probe 
moving in the direction of z axis.

One of the functions of a piezoelectric part of the MH is the formation 
of a signal due to the contact with the surface of the object to be measured. 
Another function is to move the axis of the MH by using the voltages U1, 
U2, and U3 (section A-A) to generate the displacement necessary to correct 
the geometrical error in the relevant part of the measuring volume. The 
control of this displacement is performed by the computer in control of the 
CMM. When the input voltage is supplied to one, two, or three electrodes 
of the cylinder, due to the reverse piezoelectric effect, the cylindrical body 
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Figure 5.19. Piezoelectric correction of parts of the machine or the tip 
of the measuring instrument: (1) bedding, (2) touch probe, (3) ram, 
(4,5) carriage, (6) console, (7) piezoelectric plate insertions. U1, U2, U3—
mains supply to the measuring probe; Ui—mains supply to the piezoelec-
tric insertions.
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of the MH deforms and moves its axis into the desired position. The tip 
of the MH is displaced for the volumetric error { }, ,x y zE  correction. Such 
design permits multipurpose tasks of error correction using the electric 
supply Ui to the different parts of the frame (moving along axes x, y, and 
z on the bedding of the machine), so improving the accuracy of slide-
ways, bedding, correcting the errors caused by moving parts, temperature 
changes, and so on. Such active elements due to their compactness have 
great advantages compared with many conventional correctional systems.

New active materials with high piezoelectric or magnetostrictive 
properties (Terfenol-D, fl exible piezoactive materials, and so on.) show 
a wide area of application with a high level of integration and multifunc-
tionality. They are applicable to implement into the piezoactive part’s sup-
ports (Figure 5.20) giving an opportunity to correct the position of the 
part in 3D space, compensating for the systematic error of the machine’s 
displacement.

The methods discussed in this section can control the accuracy of 
displacement of parts of a machine, of the transducers, or the fi nal member 
of the kinematic chain of a machine, such as the touch-probe or the cutting 
tool. Piezoelectric active bearings for shaft or spindle accuracy control 
have also been designed and tested. Using these techniques geometrical 
error correction along the axes of a machine can be performed at a lower 
cost and more effi ciently.

Coordinate
displacement
correction,
X, Y, ZFinal

(instrument’s)
position
correction

Part’s
position correct.

Piezoactuators

Figure 5.20. Correction of the position of 
the machine’s displacement or the tip of the 
measuring (or cutting) instrument.



CHAPTER 6

FUTURE TRENDS IN 
MACHINE MONITORING AND 

PERFORMANCE VERIFICATION 
OF COORDINATE MEASURING 

MACHINES

Measurements of geometrical parameters of parts are normally performed 
on very expensive 3D measuring equipment, known as coordinate mea-
suring machines (CMMs). Coordinate measuring machines have a high 
precision mechanical base equipped with very high precision slideways 
(often made of granite parts) of the highest accuracy requirements for 
straightness, perpendicularity, fl atness, and so on. Quite expensive linear 
displacement transducers or rotary encoders are mounted into every axis 
of measurement. CMMs are an example of highly complex, precise and 
highly expensive equipment. Nevertheless, the very fast development of 
optical, radio, electronic, and mechatronic methods for sensing, track-
ing, data collection, transmission, and evaluation of data, allows a wide 
range of application of these techniques to be considered for many kinds 
of measurement. Some examples of the state-of-the art in this fi eld and 
some proposals for the development and implementation of telemetric 
methods for measurement of the machined parts are presented in this 
chapter. The theoretical background for the implementation of a telemet-
ric system for volumetric measurements is discussed.

6.1 INTRODUCTION

One of the major benefi ts to be derived from the successful outcome of 
recent developments will be that a heavy three-dimensional (3D) CMM 
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construction with its associated motors and encoders will no longer be 
required to both accurately position the probe and to determine its exact 
location. Hence a parallel engineering development will investigate mech-
anisms for a lightweight, low-power drive system that can position a probe 
within 3D space. High accuracy of the basic parts of the machine is not 
necessary, as the accuracy of the system will be determined by the accu-
racy of the telemetric location system.

The aim of this new development is to eliminate very expensive 
mechanical and electromechanical basic parts in measuring devices by 
developing an information transfer system for the position, displacement, 
and dimensions of a machine part in the measuring volume. A measuring 
probe (MP), for example, an optical or photoelectric touch probe or non-
contact probe, would follow the surface of the part to be measured, or a 
point on the moving object, using a transmitter–receiver technique (radio or 
optical waves) to send information to the fi xed receivers and to the control 
unit for the evaluation of position or displacement. The reference measure 
is to be created using the triangulation points on which the receivers–
transmitters are located. The measurement principles are valid for measur-
ing and testing equipment and also for other technological equipment.

The fi rst task for this implementation would be the development 
of new techniques for performance (accuracy) verifi cation of CMMs 
in- service and the second task would be to create a new CMM, based 
on telemetric measuring systems, known as a telemetric measuring 
machine (TMM).

The design of a new type of instrument for CMM performance veri-
fi cation will improve the quality of measurement by eradicating the link 
between existing machine errors and the measuring devices and person-
nel errors. It will produce a signifi cant saving in the amount of material, 
machining, and power consumed in the production and operation of a 
CMM. It could be expected that one technical achievement of this project 
would be to reduce the weight and volume of the verifi cation devices by 
at least 50 percent. With the additional savings in machining and power 
requirements, this would bring considerable environmental benefi ts.

Special reference parts (artifacts) have been used for CMM calibration 
purposes until now. A variety of confi gurations of such artifact parts are 
used, which include rectangular plane surfaces, internal cavities or exterior 
spherical bodies, cylindrical and conical surfaces, and so on. The disadvan-
tages of such methods of accuracy control are in the restrictions of the mea-
surement volume of the machine to be assessed. It is inconvenient to handle 
a large dimension reference artifact on the table of the machine if such an 
artifact is used. Hence, most reference artifacts have small  dimensions, 
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so the calibration does not cover all the volume of the machine. In this case, 
a large volume inside the machine is unavailable for calibration. Conse-
quently, some new methods and techniques for easier and more convenient 
calibration of the accuracy parameters of CMMs are necessary.

The expected fi nancial savings to be gained from this development 
should help to reduce the comparable cost of CMMs for any given mea-
surement range. Hence, the expected design benefi ts may not only make 
the CMM appropriate for a wider range of applications, but also the reduc-
tion in cost would make the use of a quality measurement device more 
readily available to other users (particularly small to medium sized enter-
prise [SME] companies).

The most advanced optical methods applied for 3D measurements, 
including laser tracking systems and sensors, together with the use of digi-
tal cameras for such systems are discussed in this chapter. They offer great 
advantages due to minimal dimensions, wide range of accessibility, and 
integration of the sensor and information transfer functions in one unit. It 
is expected that these modern systems will replace the existing 3D coor-
dinate measuring systems, especially the ones using Cartesian coordinate 
systems, and they will become more widely used in the machine industry 
and in geodetic measurements. An example of the use of optical position 
determination by using optical bar marks is one of the possibilities for 
future development.

6.2  THE DETERMINATION OF PHYSICAL 
SURFACE COORDINATES USING 
A CCD CAMERA

The method of surface scanning using laser technologies is easy to realize 
from the organizational point of view but is more complex from the techni-
cal side. Such a method of surface scanning is accurate and point position 
standard deviation estimates reach a few micrometers [34–40]. However, 
other methods should be used if, due to the complex physical surfaces, the 
scanning ray cannot “see” some surface points. A method for the determi-
nation of physical surface coordinates using a CCD camera is presented 
here. A suitable scale is provided for the linear converter of photodiodes 
during CCD camera calibration. Point coordinates are determined by the 
method of linear intersection in a free coordinate system, by using two 
CCD cameras. The necessary distances between the CCD  detector and the 
point in question are determined from adequate elements measured in the 
linear detector by using derived formulae. The size of physical surfaces 
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(products) examined could be up to some tens of meters using this tech-
nique. The accuracy of the suggested method is analyzed below.

Optical digital levels [41] used in geodesy are based on the data 
received from a bar code on a staff and processing it in an optical- electronic 
measuring instrument. A view of the bars is projected onto a photocell 
matrix or a CCD camera sensor where the distance to the staff is assessed 
by focusing the optical image. Then a correlation of the bar code with the 
length pattern in the sensor is calculated. The bar images are processed 
into voltages and, subsequently, digital output. Most digital levels operate 
in such a mode. The view of code marks in the photocells is transformed 
into the electrical digital signals and using this information the distance 
and height are calculated by a microprocessor determining the correlation 
value. Three types of view development are used in modern level instru-
ments: namely the correlation method, the geometrical method, and the 
phase shift method.

The geometric errors in the volume of a multicoordinate machine 
consist of the perpendicularity of coordinate axes Δx/y, Δx/z, Δy/z; the coor-
dinate position errors Δx,y,z along the axes x, y, and z; rolling errors Δϕx,y,z 
around the axes x, y and z; pitch and yaw errors Δx(y,z); during the movement 
of the part along the relevant axis in the indicated plane (Figure 6.1). In 
total there are 21 types of geometric errors of multicoordinate machines. 
Specifi c errors are present in the signal output from the measuring head of 
a CMM, and they are usually analyzed separately.

Figure 6.1. Diagram of the distribution of geometrical 
parameters’ errors of CMM.

DOF:
Dx, Dy, Dz
Djx, Djy,

Djz

d

Z
Dj

ZZ

Dj
yy

Dj
xy

Dj
xx

Dy(xy)

DX
(xz)

DZ
(zx)

DX
(xy)DX



FUTURE TRENDS IN MACHINE MONITORING AND PERFORMANCE  •  169

On the right-hand side of Figure 6.1 there are six degrees of freedom 
(DOF) depicted for the position of the MP in the same coordinate system 
of the machine [42]. For a full determination of the position of a body in 
space, all six DOF of the body must be determined. In fact, it would be 
possible to track bars placed on the body of the MP as it is utilized in the 
equipment mentioned above. Horizontal bars are used for vertical posi-
tion determination and vertical bars for horizontal position determination. 
Nevertheless, additional measures must be undertaken for determining 
rolling, pitch, and yaw errors.

The distance S from the point of view to the bars is calculated as

 
tan( ) tan

d
S =

′α + α − α
 (6.1)

where d is the distance between the bars on the MP (Figure 6.1) calibrated 
to high accuracy. The angles α  and ′α  are determined during the calibra-
tion of the detecting system.

A more thorough analysis of the accuracy of such a detection system 
is presented in a paper by Skeival as and Giniot is [43]. According to this 
analysis it can be stated that the standard deviation in detecting the posi-
tion of the MP could be achieved within a range of several micrometers 
over a length of one meter.

6.3 VOLUMETRIC DETECTION OF POSITION

Volumetric detection of the object’s position can be accomplished by 
using rotary encoders in the visual detection system. The measuring sys-
tem containing the rotary encoders is placed at point A at some distance 
L = OA from the tracking point (Figure 6.2).

Si
Ψi

φi

A

Oi

O

zi

Figure 6.2. Measurement of the posi-
tion of the object by angular measuring 
system.
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There is enough data for the calculation of output data, the height of 
the object (MP) zi, that will take into the account the systematic errors of 
the basic value L and of the readings of angles ϕi and ψi:

 ( ) ( )
( )cos

i i
i

i i

L L tg
Z

± δ ϕ ± δϕ
=

ψ ± δψ
. (6.2)

where i = 1,2,3,… , and the distance Si is given by

 ( ) ( )
( ) ( )cos

i i
i

i i i i

L L tg
S

tg

± δ ϕ ± δϕ
=

ψ ± δψ ϕ ± δϕ
. (6.3)

Angles ϕI and ψI are measured by a rotary encoder fi xed in the measuring 
system. Many angular and linear measurement transducers or encoders 
are used in industry and machine engineering for position and displace-
ment measurements. The accuracy of angular position using these devices 
reaches approximately 0.3″ to 0.1″ (seconds of arc). An arrangement 
of measuring equipment consists of a digitizing camera and two rotary 
encoders for angular position measurement with registration devices 
placed at point A. The main parts of the device are the digital camera, a 
rotary encoder for angle ψi control, a rotary encoder for angle φi control, 
a trigger interface, indicating units and a registering device. The camera 
must be fi xed to the gimbals with the axis connected to the rotary encoder 
for angle ψi control (measurement of angle in the horizontal plane), and 
the axis connected to the rotary encoder for measurement of angle φi in 
the perpendicular plane. During the measurements the readings of angles 
ϕi and ψi at the known distance L from the axis of the object movement 
are read for calculations. The technique proposed here is to be utilized in 
the CMM calibration process and Figure 6.3 shows a schematic diagram 
of the proposed system.

The idea is to place coded bars on the surface of a cylinder which is 
used instead of the measuring head of the CMM during performance ver-
ifi cation. The cylindrical bar coded measuring head (BCMH) is fi xed into 
the ram of the CMM. The CCD camera is placed on the base plate of the 
CMM and is targeted to the bars of the cylinder. The bars are marked on 
the surface of the cylinder in the vertical direction and around the cylinder. 
This provides the opportunity to determine distances in the vertical and 
longitudinal directions and the rotational movement of the ram about the 
vertical axis (yaw). During the detection of the BCMH position the CCD 
camera triggers the transfer of the digital values of the coordinates X, Y, 
and Z. The vertical position of the BCMH is determined by calculating 
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the known (calibrated before) distance d between two circular lines on the 
BCMH in relation to the horizontal sight view of the camera. The position 
in the horizontal plane is determined by calculations of the displacement 
of the circular bar code marks placed on the BCMH. Additional infor-
mation for these calculations is supplied by the horizontal and vertical 
reference bars (also calibrated) placed on the reference marks (RM) which 
are also shown in Figure 6.3. The problem remains to achieve a higher 
accuracy of angular readings.

The main aim of this proposal is to provide SMEs with the opportu-
nity to acquire CMM performance verifi cation data using an easily acces-
sible instrument. This eliminates the need to use complicated measuring 
equipment together with highly qualifi ed staff. Processing and evaluation 
of the data received by this method could be at a remote metrology center 
supplied with relevant software.

6.4 A PROPOSED TELEMETRIC CMM

The originality in this development project will be to produce a CMM 
design whereby the system that positions the probe is entirely independent 
from the system that calculates the location of the probe contact point as a 
3D coordinate measurement. Both the development of a video-telemetry 
probe location system based on noncontact principles and a new light-
weight positioning system will be innovative. This method is realizable 
for the determination of the coordinates of an object’s surface points using 

Figure 6.3. Measurement of the probe position in vertical and 
horizontal planes using coded bar.
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CCD (coupled charge device) cameras, the sensor of which consists of 
a matrix of photodiodes with a focal lens. Trigonometric calculations of 
distances and angles from two CCD cameras are used for the determina-
tion of a point’s coordinates in a free coordinate system. For this purpose, 
a baseline between two CCD cameras is established. Figure 6.4 shows 
an alternative structure of the CMM, a telemetric coordinate measuring 
machine (TCMM).

The TMM has a base plate Q, on the surface of which all equipment is 
placed. A MP is fi xed on the stand (ST). The coded bars are placed on the 
surface of the stand (ST) which is moved on the plate (Q) thus restricting 
at least two DOF. The movement can be accomplished by an air cushion 
and it can be driven by hand or a simplifi ed drive. Three CCD cameras are 
shown, whereas the cameras CCD1 and CCD2 control the position in the 
horizontal plane, and the camera CCD3 controls the position in the vertical 
plane. It would also be possible to implant a linear translational transducer 
into the stand (ST) and two-directional angle sensors into the body of the 
MP. The readings from the autonomic transducer and sensors, together 
with the MP touching signal, would be transmitted by the information 
transmitter (IT), radio or Bluetooth type, fi xed to the body of the ST.

The information on the position of the MP at the moment of touching 
the part to be measured is input into the control unit for the calculation 
of the coordinates of the points already measured [44]. It must be noted 
that there are additional requirements for ensuring the parameters of lin-
ear displacement accuracy when adding some additional DOF to the ST. 
Important parameters of angular DOF can be overcome using the coded 
bars in two planes in the volume.

z y

x

Z

XY

ϕ
ϕi

CCD3

CCD2

CCD1

MP

ST

IT

Q

Figure 6.4. A telemetric coordinate measuring 
machine (TCMM).
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Figure 6.5 shows a generalized diagram of a proposed alternative 3D 
coordinate measuring system with an internet link to a remote evaluation 
center. Hence the processing and evaluation of the data received from this 
coordinate measuring system would not be undertaken on site but at the 
remote metrology center which would carry all the relevant software.

A feasible aim, to design a new type of CMM that improves the qual-
ity of measurement by eradicating the link between machine distortions 
and transducer errors, has been discussed. It is proposed to achieve this by 
separating the system that determines the probe location from the mecha-
nism that actually positions the probe. This would lead to the production 
of a cheaper CMM. The next step would be to produce software algo-
rithms capable of controlling the probe head position drive mechanism 
more accurately. Assessment of the 3D position of the object using an 
optical image transfer into the CCD camera can be accomplished by one 
of the methods used in geodetic instruments, that is by the correlation 
method, the geometrical method, or the phase shift method.

CCD

Reference
position

PCX
Y
Z

Centre of
evaluation

CMM bar
code target

INTERNET
link

Figure 6.5. Generalized diagram of alternative 3D coordinate 
measuring system.
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