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14. Measuring and Quality Control

Steffen Wengler, Lutz Wisweh, Shuichi Sakamoto, Norge I. Coello Machado

Considering the incessantly increasing require-
ments on the quality of products and processes,
it is necessary to ensure a quality-orientated
management in all departments of any type of
company and the advantageous application of
manufacturing measurement equipment.

In addition to diverse technical requirements,
the requirements of national, international, and
company-specific norms must also be considered.
Companies must not only fulfill the requirements
of quality but also those pertaining to safety, the
environment, and the economy.

In the following, some aspects of manu-
facturing measurement technology and quality
management and their integration into a manu-
facturing process will be introduced.

Starting with manufacturing geometrical con-
ditions and statements on drawings (nominal state
and geometrical limits) the use of measurement
equipment and gages to the evaluation of geomet-
ric elements will be described. Basic knowledge of
measurement standards, measurement uncertain-
ties as well as calibration and testing of measuring
instruments are presented. Based on the physical
principles, the equipment and methods for the
registration of measurement values, form and po-
sition deviations, and surface characteristics will
be introduced.
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14.1 Quality Management

Nowadays, the quality of products, assemblies, and ser-
vices not only includes the fulfilment of functional
requirements by maintaining tolerances. It also includes
the fulfilment of numerous requirements such as shown
in part in Fig. 14.1. In this section, some fundamentals
of quality management will be described from the mul-
titude of requirements. In Sect. 14.2, some aspects of
the requirements of manufacturing measurement tech-
nology for the qualification of the geometrical quality
of products will be shown.

Among the requirements for organizations involved
in quality control, the key concepts of quality manage-

ment (QM) and total quality management (TQM) in-
clude planning, monitoring, and improvement of qual-
ity, such as the consideration of representatives and
departments relevant to quality, as shown in Fig. 14.2.

14.1.1 Quality Management Methods

To conform to the requirements of modern quality man-
agement, nowadays numerous procedures and methods,
with many different applications, are available [14.1].
Figure 14.3 presents a selection of relevant methods
used in the area of mechanical engineering.
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Fig. 14.1 Requirements for industry, craft, and service enterprises
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Fig. 14.2 Elements of quality man-
agement

The different methods can be associated to two
essential groups: problem-resolving techniques and pre-
ventive techniques. The problem-resolving techniques
can also be divided into the two other categories: those
that find causes of existing quality problems and those
that help the engineer develop definite aims in a system-
atical manner (management methods).

The prime conditions for quality analysis are the
collection and preparation of quality data with respect
to measured data. Tally lists enable a visualization of
the accumulation of certain failures or various kinds
of mistakes. Histograms demonstrate the probability of
the occurrence of a certain event within intervals of the
measurement range. Pareto analyses, also called ABC
analyses, enable a weighting of the dominant influenc-
ing parameters. In combination with the corresponding
costs, they are known as Lorenz–Pareto analyses.

Referring to a definite problem, a comprehensive
structuring of clustered influences or causes can be
presented as a cause–effect diagram, also known as
a fishbone diagram or Ishikawa diagram, which can be
used to solve possible problems.

The determination of pairs of values in an x–y
coordinate system is especially applicable in the exper-
imental causal research of measurement (e.g., quality
characteristics). These scatter diagrams can be de-
scribed with the help of statistical calculations, such
as regression and correlation analyses, in which the
identified regression function describes the kind of
functional connection, while the correlation describes
the intensity of that connection through the correlation
coefficient.

Nowadays, analysis and evaluation of the qual-
ity capability of procedures and processes takes place
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Fig. 14.3 Problem-resolving and preventive techniques

in many areas of mechanical engineering by a com-
prehensive statistical evaluation in terms of capabil-
ity coefficients, which express the relation of process
spread (6�) to the tolerance and the position of the
arithmetic mean of the tolerance borders. This way,
it is possible to compare the quality level of different
processes.

Management methods support the solution of prob-
lems by a targeted systematic procedure. Affinity dia-
grams allow a structured systematization of ideas in
order to point out the correlation between these ideas.

Relation diagrams enable the development of
cause–effect relations by visualizing networked struc-
tures. Tree diagrams specifically subdivide aims until
directly realizable activities are practicable.

Firstly, process–decision diagrams start by arrang-
ing possible problems by

� Urgency� Probability of occurrence� Difficulty of prevention.

With the aim of detecting potential problems al-
ready in the planning phase and to elaborate corre-
sponding countermeasures.

Arrow diagrams or net plans are important re-
sources for project planning for the investigation of
critical paths, which determine the total permanence of
a project. In this method, the determination of a pro-
cess sequence is made using series and parallel paths
to develop a detailed explanation of the working steps
required to achieve the project aim, followed by the as-
signment of the corresponding process durations.

If a lot of information quantities for certain circum-
stances are available, matrix diagrams are suitable for
detection of latent structures. By using data evaluation
in pairs with the help of matrices for different character-
istics, this method enables, for instance, manufacturing
and market analysis.

Nowadays, in the field of preventive techniques
for failure prevention in technological processes, the
schematically compoundedmethods shown in Fig. 14.3
are mostly applied.

In current quality management, product-related cus-
tomer wishes are the source of motivation for develop-
ment from the designing process through the manufac-
turing process up to the delivery of the products.

With the help of quality function deployment (QFD)
the voice of the company can be developed from the
voice of the customers. The QFD method systematizes
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this process under the application of matrices based on
the following four steps:

� Customer wishes in terms of product characteristics� Product characteristics in terms of part characteris-
tics� Part characteristics in terms of manufacturing regu-
lations� Manufacturing regulations in terms of production
instructions.

Every phase can be described by matrices in the
form of a so-called house of quality.

This method offers the possibility of affecting the
production aim in the conception phase and at the
same time obtaining information about the critical prod-
uct and process characteristics for the fulfilment of
customer expectations. Besides the implementation of
marketing information in the product, target conflicts
between the individual product characteristics may also
become visible.

For the detection of potential failure modes during
product development, the introduction of new manufac-
turing methods and the modification of manufacturing
technologies’ failure mode and effect analysis (FMEA)
is used. FMEA is especially used in the case of cost-
intensive and risk-products and processes. FMEA has
universal application and is not connected with a special
field. At the base of a standardized procedure, which
can be supported by corresponding blank forms, the
main steps of a FMEA can be divided into risk analy-
sis, risk assessment, the determination of measures, and
the evaluation of effectiveness. The risk evaluation re-
sults from evaluation of the probability of occurrence,
its importance (for the customer), and the probability
of detection of the corresponding failure before de-
livery to the customer. The advantages of FMEA are
above all a decreased number of failures in the early
phases of product manufacturing and in product plan-
ning.

The systematic search for imaginable reasons for
a failure, called an unwanted event, is possible with
the method of failure-tree analysis. This method, which
originated in the field of safety engineering, enables an
evaluation of fixed correlations by the determination of
the quantitative probability of the appearance of fail-
ures.

For this purpose, the function of single components
(devices) is described under different conditions using
a so-called components tree. A subsequent system anal-
ysis aims to holistically describe their organization and

the behavior of the technical system. The contribution
of the individual components to the protection of the
overall function of the system, the evaluation of the con-
sequences of the environmental influences of the overall
system, and the description of the reaction of the overall
system to failures within the system, of resources and
by faulty operations, can be described by a failure-tree
analysis and calculated or simulated by various evalua-
tion methods.

The methods of statistical research planning have
the general aim of adjusting the relevant product and
process parameters using a systematically procedure
in such a way that the quality-relevant characteristics
closely approach the ideal value with as few experi-
ments as possible.

The weighting of the influencing factors and the
quantification of their effect can be achieved based on
classical statistical research planning using mathemat-
ical models (such as factorial research plans); if there
are a very large number of influencing factors, this can
be solved with the help of the empirical procedures de-
veloped by Taguchi or Shainin.

The Poka Yoke method (from the Japanese: the
avoidance of unintentional errors) is dedicated to pre-
ventive avoidance of failures in manual manufacturing
and assembling processes through the development of
precautions (design measures that eliminate incorrect
handling) and facilities for failure avoidance for im-
mediate failure detection in the manufacturing process.
This can be realized by a comprehensive implementa-
tion of applicable rules for product and process design
or by the use of simple ancillary equipment.

The statistical evaluation and control of the qual-
ity of processes (statistical process control (SPC)) is not
only a main goal of modern quality management sys-
tems but is also required for cost-efficient production
processes.

The aim of the use of statistical methods in qual-
ity management also exists in the classical detection
of faulty products in the manufacturing process and is
increasingly widespread in the qualitative monitoring,
control, and improvement of the manufacturing and as-
sembling process.

According to algorithms such as that shown in
Fig. 14.4 some basic decisions can be made.

Quality control of processes can be performed using
continuous, 100% inspection or on the basis of period-
ically chosen samples in the form of statistical process
control (SPC). Statistical methods can also be used to
achieve the aim of monitoring and improving product
and process quality. Therefore, it is a direct component
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Fig. 14.4 Selection criteria for the use of statistical meth-
ods

of the quality control circle. The most important meth-
ods in this regard are (Fig. 14.5):

� Measuring controls with statistical control algo-
rithms� quality control charts� Capability analyses and evaluations� Sample inspection by statistical sample plans.

Processes in practice, especially newly-introduced
processes, are influenced by numerous systematic and

Time

Process in
control

Process out
of control

Variation
from natural

causes reduced

Special
causes present

Value

Special
causes
eliminated

Process in
control

Fig. 14.5 Overview of the use of statistical methods for the
evaluation and control of processes

random influences, which make the use of statistical
methods difficult.

Many statistical methods require the prerequisite of
a normal distribution (e.g., double-sided tolerances or
limited quality characteristics) or a logarithmic normal
distribution (e.g., one-sided tolerance quality character-
istics), which are free of systematical influences.

In such cases, we also speak about the requirement
of stable or stationary processes or of so-called pro-
cesses in or under statistical control (Fig. 14.6).

If stable processes are available, they can be fur-
ther inspected using quality control charts. A quality
control chart (QCC) is a graphical representation of
a process calculated from the measured results from
a small sample or chronological characteristics. The tar-
get of quality control charts is to capture quantitative
changes in a process that exceed statistically derived
control limits (Fig. 14.7).

The recorded results can then be the basis for subse-
quent statistical evaluations or characterizations in the
form of capability coefficients. These coefficients can
also be used for the evaluation of machines and pro-
cesses.

If a product-orientated decision about the accep-
tance or rejection of a product series or lot takes place,
sample plans can be used. The producer (supplier) may
also use these in the form of a final inspection, as may
the customer in the form of an inspection on receipt.
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Statistical analysis results have a wide variety of
uses in quality monitoring, evaluation, control, and
management, as is shown in Fig. 14.8.

14.1.2 Quality Management Systems

The organizational realization of the concept of qual-
ity in all departments of enterprise and in all phases of
product realization can be supported by quality man-
agement systems (QMS), as is shown in Fig. 14.1. In

addition to this, the organizational structure and the pro-
cesses organization of all quality-relevant departments
and operations can be evaluated and compared to stan-
dardized regulations. The successful introduction and
realization of a QMS can be evaluated and validated by
an accredited certification body.

As the basis for this, the independent ISO 9000
series of standards can be used [14.2–5]. Based on
this, for the worldwide automotive industry, compre-
hensive additional requirements exist, which are fixed
in company-dependent standards. Efforts for the in-
tegration of the different requirements of the auto-
motive industry to date are contained in the standard
IATF 16949 [14.6].

14.1.3 CE Marking

Within the single market of the European Union, a re-
quirement for the commencement of operation and the
placing on the market of products is the fulfilment of
harmonized safety requirements. To obtain a confor-
mity certificate for these European Community (EC)
requirements, a CE marking is required. This is also
valid for products that are produced outside of the Eu-
ropean Union if they are also distributed within it.

Examples of EC directives include those for ma-
chines, toys, electromagnetic compatibility (EMC), det-
onating devices, and medical products, etc.



Measuring and Quality Control 14.2 Manufacturing Measurement Technology 475
Part

C
|14.2

Use of statistical analysis results

Preventive failure avoidance
QFD, FMEA, …

Stability and reliability
of processes

Management decision

Offers

Supplier evaluation

Tolerance modifications

Selection of measuring
instruments

Process planning

Personal management

Machine selection /
machine occupancy

Dynamism of control
planning

Analysis of costs

Statistical analysis
and result data:

• Distribution type

• Capability data

• Rate of scrap
and rework

• Quality history

Fig. 14.8 Use of statistical results

14.2 Manufacturing Measurement Technology

Measurement is the determination of the value of
a physical quantity (measured quantity) by comparison
with a reference value.

Manufacturing measurement technology is part of
the field of measurement technology. It deals with the
methods, equipment, and strategies for measurement in
the realm of mechanical production processes. Manu-
facturing measurement technology is utilized in various
locations, such as rooms with special, controlled envi-
ronmental conditions, as well as directly integrated into
the assembly line. The aims of manufacturing measure-
ment technology are:

� Evaluation of the product� Evaluation of processes and machines� Quality-orientated process control.

Here we confine the discussion to the description
of the relevant geometrical features and/or technical as-
pects of obtaining such objects from workpieces. These
features include lengths, angles, distances, and surface
structures. Most of the principles and definitions de-
scribed also apply to nongeometrical parameters. The
relevant SI unit used to describe these geometrical
features is meter. Angles are described in degrees or ra-
dians.

The physical measurement that comes from the
measuring process is called the measure. The object
from which this quantity was measured is called the
measuring object. The value of the measure, which ac-
tually exists but is currently unknown, is the true value.
The aim of the measuring process is to determine this
true value. A variable that does not change with time

(for example, a diameter) is measured by a static mea-
surement. Dynamic measurement is the measuring of
a variable that changes with time (for example, a vibra-
tion) or the measurement of a variable, whose variation
arises from the time-dependent behavior of another
variable (for example, for a roughness measurement,
the dependence of the measured value on the scanned
measuring length).

In order to determine whether an object fulfils a par-
ticular requirement, it is inspected. As subjective in-
spection should not be considered, one can differentiate
objective inspection into measuring and gauging. The
inspection means that are employed can be divided into
indicating measuring devices, measurement standards,
gauges, and additional measuring devices. Figure 14.9
shows a digital dial indicator and a measuring block,
as the most important measurement standard of di-
mensional measuring technology.Measuring blocks are
quadrilateral metal or ceramic gauges, whose parallel
end faces have a known width and minimal deviation.
A gauge and a stand, an example of additional measur-
ing equipment, are represented on the figure too.

14.2.1 Arrangement in the Manufacturing
Process

Measuring technology has become an essential ingre-
dient in manufacturing processes. Figure 14.10 shows
the multitude of integration possibilities and the corre-
sponding relationships between the production process
and measuring technology as well as different possibil-
ities for analyzing the measured data and its feedback
into the process.
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Inside every tooling machine integrated measuring
devices are used to collect parameters (the position
of the axes, temperature, force, voltage, current, etc.).
These values can be directly used by the machine op-
erator or the machine itself to control future operations.
In reference to the collection of data from finished prod-
ucts and in consideration of the drawing specifications,
these finished product parameters can be evaluated,
classified, and documented. Furthermore, parameters
can be derived from the measured values through con-
tinued analysis, or more specifically, these parameters
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Fig. 14.10 Measuring technology and measuring value analysis in manufacturing processes

that can regulate or control the machining or produc-
tion of the product. Using an adjustment, the measured
value (the controlled variable), which has an instanta-
neous value, is continuously measured and corrected
with a controller with respect to a known value (the
set value). It is then possible to eliminate disturbance
factors from outside the process. The constant, targeted
influencing of a process on the basis of a previously
defined model without feedback is what is meant by
open-loop control.

Starting from the process analysis, the machining
process and/or the processing machines themselves can
be evaluated (for example, for machine and process ca-
pabilities) and documented. The result of the machine
evaluation is, for example, a quality-orientated machine
selection. Should the machine not be in a position to
produce the desired tolerances, selective inspection and
correction of the machine systems may be necessary,
or a complete overhaul or a new revision of the ma-
chine may even be necessary. Through the additional
use of measuring technology for preventive monitoring
of a machine, it is possible to implement maintenance
procedures or schedules to avoid losses or stops in pro-
duction.

14.2.2 Specifications on the Drawing

The drawing is the defined input to the manufactur-
ing process based on the required functions outlined by
the designer, and is, therefore, the basis for the manu-
facturing measuring process. The complete, integrated
product drawings, as well as single-product element
drawings, are used to clarify the permitted allowances
and, thereby, the tolerances for manufacturing. The geo-
metrical specifications can be separated into measuring
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Fig. 14.11a,b Tolerance specifications for lengths: (a) shaft, (b) hole

tolerances and shape tolerances. Shape tolerances in-
clude not only form and position tolerances, but also
surface finish tolerances, which can be divided into
roughness and waviness.

Tolerance specifications for lengths consist of the
nominal size and defined permissible upper and lower
allowances (Fig. 14.11). The nominal size plus the up-
per allowance is the largest acceptable measure, and the
nominal size plus the lower allowance is the smallest
acceptable measure. The difference between the upper
and lower allowances is the tolerance. The definition
on the drawing is shown through the specification of
a nominal size supplemented either directly by a coded
specification of the allowance or through a letter and
a number combination (ISO 286 [14.7, 8]). The letter
describes the position of the tolerance field with re-
spect to the zero line, and the number represents the
magnitude of the tolerance. The specification 36�0:025

�0:050
corresponds to the drawing specification, 36f7, which,
in manufacturing terms, means that the largest ac-
ceptable measurement is 35.975mm, and the smallest
acceptable measurement is 35.950mm. Whenever the
nominal sizes are the only values displayed on the draw-
ing, free size tolerances according to ISO 2768 can be
specified [14.9, 10].

The position of the tolerance with respect to the zero
line (which corresponds to the nominal size) and the
size of the tolerance determine the function of the pro-
posed piece. The size of the tolerance is, furthermore,
decisive for the cost of the manufacturing process.

The form and location tolerances in each case de-
fine zones, into which the corresponding element must
fit in, when it is within the tolerance. Form tolerances,
which are defined in ISO 1101 [14.11], are shown in
Table 14.1. Single elements, such as lines, rectangles,
circles, cylinders, and profiles are specified as form tol-
erances. Position tolerances are divided into direction,

Table 14.1 Form tolerances

Form tolerances Single elements
Straightness
Flatness

Roundness

Cylindricity

Profile

Form tolerances Single elements
Straightness
Flatness

Roundness

Cylindricity

Profile

Table 14.2 Position tolerances

Position tolerances Related elements
Direction Parallelism

Perpendicularity

Angle

Place Alignment

Concentricity

Symmetry

Run Runout

Total runout

Position tolerances Related elements
Direction Parallelism

Perpendicularity

Angle

Place Alignment

Concentricity

Symmetry

Run Runout

Total runout

place, and run tolerances, as summarized in Table 14.2.
In each case, position tolerances refer to an individual
element of the workpiece. On the drawing, the neces-
sary specifications are represented in a tolerance frame
(Fig. 14.12). The tolerance frame contains a symbol that
describes the type of tolerance that is being signified
and a tolerance value, possibly with a reference length.
The indication arrow connects the tolerance frame with
the associated element, or rather the associated lines of
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measurement or symmetry on the drawing. Whenever
the type of tolerance requires it, the reference element
is indicated at the end of the tolerance frame through
the specification of a letter, which repeats the necessary
reference basis. In a few cases, more reference elements
are possible.

The tolerance specification for surface finish is
shown on the drawing by a basic symbol and supple-
mented by additional specifications. Whether material
cutting machining is necessary or not permissible is
also indicated, as is shown in Fig. 14.13. Additional
specifications include tolerances for the roughness

12.34
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Fig. 14.14 Physical principles of measurement-value collection and example instruments

value (most of the time, the arithmetic average sur-
face finish (Ra)), and when necessary, amongst others,
specifications for the manufacturing process, tolerances
for further roughness or waviness parameters, and the
grooving direction.

14.2.3 Gauging

Gauges are inspecting devices that represent the dimen-
sion and/or form of the workpiece that is to be tested.
There are three types of gauges: limit gauges, receiving
gauges, and so-called go and no-go limit gauges. The
procedure is always the same: to try to mate the work-
piece elements with the correct gauges. A simple yes
or no decision is the result of this process. With limit
gauges, one can determine whether the value of a test
object is larger or smaller than the value of the gauge
(for example, with a pin gauge). With receiving gauges
(for example, radius or screw pitch gauges), a compari-
son is made with the workpiece’s form and the form of
the gauge, and the best-fitting pieces can then be sepa-
rated out.

Go and no-go limit gauges are the most important
for the inspection of manufacturing tolerance elements.
Figure 14.9 shows an example of an external caliper
gauge, which is suitable for the inspection of shafts.
Limit gauges consist of a go side and a no-go side,
which correspond, respectively, to the largest and small-
est measurement possible; the go and no-go sides are
verified one after the other to check for mating. The
inspection result is good when the workpiece fits com-
fortably into the go side and not into the no-go side.
The Taylor principle states that, on the go side, all the
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measurements or control measurements are tested at the
same time, but on the no-go side, every measurement or
control measurement is tested in isolation.

14.2.4 Application of Measuring Devices

Measuring devices work on very different physical prin-
ciples. Simple mechanical measuring devices include
the steel rule or measuring tapes. Measuring devices
with mechanical reduction include nonius calipers, dial
indicators, and micrometers. Pneumatic systems have
long been used because of their noncontact scanning. At
present, electrical, magnetic, and optical (more specif-
ically, optical-electrical) principles have emerged in
the field of measurements. Their common essential
property is that the value measured can be directly
transformed into an output signal or onto recording me-
dia. A few examples of such equipment are shown in
Fig. 14.14.

Essential for a secure measuring value collection is
the construction of a measuring chain that is as short as
possible and stiff. The measuring chain in Fig. 14.15
is composed of a measuring device, the supports of
a stand, a base plate, and the object measured. In the
measuring device, starting from the input value (in this
case, the displacement of the probe by the measuring
object) the output (in this case, the measuring value
8.02mm) is obtained through the measuring sensor, an
amplifier, and an analog-to-digital converter. Depend-
ing on which measuring devices are used, their internal
parts may be quite different. The output value can then
be transferred to a storage device or a processing ma-
chine (for example, a personal computer).

The following explains several essential properties
of measuring devices. These properties determine the

Measuring
chain

8.02
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Hold

Output
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Measuring
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Input

•
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Fig. 14.15 The measuring chain

applicability of the equipment. The achievable informa-
tion content of a measurement is an essential distinction
criteria. Also, the accessibility of the measuring value to
the workpiece reduces the possible selection of measur-
ing devices. The type of probe (contact and noncontact)
is also relevant. Spheres, planes, or cutting edges are the
fundamental probe shapes.

The indicating range of a measuring device is the
range of values over which the device can indicate
(smallest to largest indicated measuring value). The
measuring range can deviate from the indicating range
and corresponds to the section of the indicating range
over which the measuring deviations remain within de-
fined boundaries. The scale division value is the change
in the measuring value that leads to the movement of
the pointer from one to the next dash on a line scale (on
digit scales to a digit step). When the measuring devices
are clamped (for example, by a support, Fig. 14.15), the
range of adjustment of the support and the measuring
range of the measuring devices constitute the range of
application. The relationship between the value of the
input and the corresponding output value is the trans-
fer function. A linear transfer function is usually aimed
for. The threshold limit is the smallest possible change
in the input that leads to a recognizable change in the
output. The effect whereby the same value of the input
produces two different results depending on the direc-
tion in which the value is approached, is called the
hysteresis. A slow, time-varying change of the output
without a change in the input value is called drift. The
response time is the time between a step change of the
input and the time when the output value remains con-
stant within a prescribed range.

Additionally, the measuring uncertainty should be
highlighted as an essential characteristic of measuring
devices. A measuring device is qualified for a desig-
nated measuring task only when the uncertainty does
not exceed a ratio with the tolerance of U=T D 0:1–0.2.
Because the exact uncertainty of a chosen measuring
device is often not known, one can make do with the
limit of error. The limit of error is the largest measuring
deviation of a measuring device and is usually defined
for a group of measuring devices through a standard or
by the manufacturer.

Thedirect collection of measuring values (for exam-
ple, with calipers or micrometers) is the easiest type of
measuring implementation. The measuring range of the
measuring devices must overlap with the measuring ob-
ject. In Fig. 14.16, themeasurement of a length bymeans
of a micrometer is shown. The range of measurement of
the displaced micrometer is shown as being 25mm. Ob-
jects with lengths ranging from 0 to 25mm can be mea-
sured. The measuring uncertainty for such a micrometer
can be expected to be in the range of 10–20�m.
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Fig. 14.16 Direct measurement

If the tolerance of the measuring value is so small
that the required ratio between the measuring uncer-
tainty and tolerance can no longer be met, one must
choose a measuring device with a smaller measuring
uncertainty. Smaller measuring uncertainties are often
accompanied by smaller measuring ranges. Whenever
a measuring device whose range of measurement is
smaller than the measuring value must be used, for ex-
ample because of the requirements of the measuring
uncertainty, one can employ difference measurement
(Fig. 14.17). One chooses a measurement standard,
which is shown as a combination of block gauges in
Fig. 14.17, whose value differs from the measuring
value by no more than the measuring range of the mea-
suring device. The measuring device is used so that
the readout both by probing the measurement standard
and the measuring object is possible. The length of
the measuring object is the sum of the length of the
precision gauge block, and the difference between the
readout for the measurement standard and the measured
object.

Precision-
gauge
block

2.028
Zero Preset

Hold Data

Measuring
objectDifference

Fig. 14.17 Difference measurement

Fig. 14.18 Inver-
sion point

Another important application option is the search
for an inversion point. Figure 14.18 shows an example
of the measurement of an inside diameter with a two-
point measuring instrument (two probing points on the
cylinder’s interior). Through the measuring force and
supported by special structures, the instrument aligns
itself so that the cylinder axis intersects the connecting
line between the two probe points. The instrument can
be pivoted from the left in Fig. 14.18, through the mid-
dle, to the right position. One can see that the displayed
measuring value becomes smaller at first but, after the
middle position, becomes larger. The smallest displayed
value, the inversion point of the needle, corresponds to
the shortest connection of the probed cylinder surface
line and, thus, the diameter.

When measuring workpieces, different influences
have a negative impact on the measuring result. For
example, inclination between the measuring instrument
and measured object, bending, deformation on account
of the measuring force, and environmental conditions
can lead to deviations of the measurement. Some of
these effects can be avoided or notably reduced through
the operation of the proper equipment.

Through the adherence to a fundamental measuring
technology principle, the Abbe comparator principle,
one can reduce the influence of tilting errors. According
to this principle, the measured object and the measur-
ing rule are to be aligned flush. Figure 14.19 shows the
universal length gauge as one of the essential instru-
ments using this principle. The measured object and the
integrated measuring system, which is inside the mov-
able quill, are consecutively aligned flush. Brackets for
interior measurement are attached. After removing the
brackets the instrument can collect of external measure-
ments. As measuring systems, glass measuring scales
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Fig. 14.20 Bessel points

and laser measuring systems are utilized. Such mea-
suring instruments are suitable for the monitoring of
gauges and measuring means.

The deflection of workpieces due to their own
weight also has a considerable impact on their length.
On a bar-type component, one obtains the smallest
shortening of the whole length whenever the piece is
supported on the so-called Bessel points (Fig. 14.20).
These support points are located at a distance a D
0:220l from the ends. Similar effects lead to deforma-
tions on account of the measuring force. Deformations
of the material are mostly only problematic for soft
materials (plastics) and nonmassive workpieces. Here,
the workpiece can bend itself whenever the measuring
force presses against thin-walled positions. This effect
can be reduced using proper fixtures.

Environmental conditions are generally specified by
the room where the measurement takes place. Mea-
suring rooms are classified into five classes. Precision
measuring rooms (class 1) serve the calibration of
reference standards. Fine measuring rooms (class 2)
serve for the calibration of the standards used and
for acceptance inspection of precision parts. In stan-
dard measuring rooms (class 3), measuring tasks for
the monitoring of a process, measuring of fixtures

Table 14.3 Linear expansion coefficients

Material Linear expansion coefficient
(�m=.mK/)

Steel 13
Copper 16
Aluminum 23
Magnesium 26
Polyvinyl chloride 80

Material Linear expansion coefficient
(�m=.mK/)

Steel 13
Copper 16
Aluminum 23
Magnesium 26
Polyvinyl chloride 80

and tools, as well as the control of inspection equip-
ment (factory standards) and first prototype inspections
are conducted. The production-related measuring room
(class 4) serves for monitoring production, machine
settings, and instruments. Production-related measur-
ing takes place on the manufacturing measuring site
(class 5). The spectrum is supplemented by the spe-
cial measuring room, for example, for the measuring of
semiconductor wafers. Properties whose limit values in
every measuring room class are predefined include tem-
perature (basic temperature, time and local temperature
variation), vibrations, air quality (fine dust, suspended
matter), air humidity, and lighting.

A substantial influential parameter for geometrical
data acquisition is temperature. The reference temper-
ature for measurement is 20 °C. The reference tem-
perature is the temperature at which workpieces have
their true measurement value and at which the inspec-
tion equipment detects it. These specifications apply to
all pieces in the measuring chain. Table 14.3 shows
the linear expansion coefficients of different materi-
als. For example, for a temperature increase of 1K,
a 1m-long piece of steel will become about 13�m
longer. The alternative measuring of the existing tem-
perature and consequent correction of the measuring
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Fig. 14.21 Measuring points on a circle

value is particularly problematic for geometrically and
compositionally inhomogeneous inspection equipment
or workpieces and with temporally and spatially vary-
ing temperatures.

14.2.5 Coordinate Measurements

Coordinate measuring machines are universal, flexibly
applicable equipment for the recording of workpiece
geometry. As well as measurements of parameter (e.g.,
diameter and length) position and form (e.g., roundness
and concentricity), special (e.g., cylindrical or bevel
gears) and free-formed surfaces (castings) can be mea-
sured [14.12].

In contrast to conventional measuring techniques,
the desired measurements are not measured directly.
The principle is the acquisition of single data points
from geometrical elements. These elements include cir-
cles, planes, cylinders, spheres, and cones. Furthermore,
these elements can be combined together to identify dis-
tances, angles, or position deviations. The acquiredmea-
suring points, which are on the boundary of standard
elements, are mostly described by a Cartesian coordi-
nate system (Fig. 14.21, x; y; z). However, it should be
noted that cylindrical and spherical coordinate systems
are also possible. The described size of these geometri-
cal elementswill then be calculated from thesemeasured
points. The following example shows the strategy for
identifying the radius r and the middle point coordinates
xM, yM of a circle. For simplification, this example will
be confined to a circle in the x–y plane.

The equation for a circle whose center point does
not lie at the origin is as follows

r2 D .x� xM/
2 C .y� yM/

2 :

The variables r, xM and yM are unknown. One appoints
a measuring point on the circumference of the circle
for the variables x and y. Now, because there are three
unknowns, and we need a clear description of the cir-
cle, we need three equations, which means three data
points (the smallest number of data points for determin-
ing a circle is three). This yields the following system
of equations

For P1 with Œx1; y1�W r2 D .x1 � xM/
2 C .y1 � yM/

2 ;

For P2 with Œx2; y2�W r2 D .x2 � xM/
2 C .y2 � yM/

2 ;

For P3 with Œx3; y3�W r2 D .x3 � xM/
2 C .y3 � yM/

2 :

Since we are dealing with elements of measured, real-
world objects, whose bordering areas deviate from
geometrical standards, the collection of a larger num-
ber of data points is essential for the determination of
the element parameters. An overdetermined (no longer
explicitly solvable) system of equations results from
a higher number of measured points. This system has
the following form

For P1 with Œx1; y1�W f1 D .x1�xM/
2C.y1�yM/

2�r2 ;

For P2 with Œx2; y2�W f2 D .x2�xM/
2C.y2�yM/

2�r2 ;

:::

For Pn with Œxn; yn�W fn D .xn�xM/
2C.yn�yM/

2�r2 ;

where fi represents the deviation of the corresponding
data point from an ideal circle. One can employ a com-
pensation method to solve this system of equations.
A widely used method is the regression equation by
Gauss. The sums of the squared deviations are mini-
mized with this method

nX
iD1

f 2i ! min :

This least-squares method ensures that all measuring
points are included in the calculation. Problems espe-
cially arise when one wishes to verify mating. In this
case, the inscribed circle gives the description for holes,
while the circumscribed circle gives the description for
shafts. (The inscribed circle is the largest possible cir-
cle that has all of the measuring points outside, while
the circumscribed circle is the smallest possible circle
that contains all of the measuring points; Fig. 14.22.) In
certain cases, an outlier test may be necessary.
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Fig. 14.22 Compensation methods

Equipment, Sensor Technology, and Software
One can subdivide coordinate measuring machines on
the basis of their construction into portal, bridge, and
standing measuring machines. In Fig. 14.23, the ba-
sic configuration of a portal measuring machine is
represented. The mechanically embodied axes (in the
example shown, portal and quill) are arranged on the
measuring table at right angles to each other. Addi-
tionally, the axes of rotation can be integrated for the
realization of rotary movement. The instantaneous po-
sitions of the axes are logged through the measuring
system and forwarded to the connected computer. Glass
measuring scales are mostly used in measuring systems.

The probe system is attached to the quill. In addition
to the frequently utilized mechanical probe systems,
there are contactless options such as edge recognition,
optical methods, and/or laser probes. One speaks of
a multisensor coordinate measuring machine when var-
ious probing systems are arranged inside (Fig. 14.24).

Figures 14.25 and 14.26 illustrate various mechanic
probing systems. One can distinguish between measur-
ing and switching mechanical probing systems. In both
cases, the workpiece is touched with the probe element,
which is fixed onto the probing system. The probe ele-
ment consists mostly of a shaft and an almost ideally
round, wear-resistant sphere (in most cases, made of
ruby). In a switching measuring system (Fig. 14.25),
the contact between the probe sphere and workpiece re-
leases an impulse. At the moment of this signal, the x, y,
and z-coordinates of the current position from the table,
portal, and pinhole are transferred to the computer and
stored there for further processing as required.

Portal

Quill

Probe system

Probe

Table

Measuring
systems

Computer

Software

Ethernet

z

x

y

Fig. 14.23 Basic configuration

Contact between the probe and workpiece leads to
deflections of the probe head in all three coordinates in
a measuring probe system (in Fig. 14.26, the deflection
is only represented in one direction). These deflections
are measured and combined with the associated coordi-
nates of the inherent positions of the table, portal, and
quill. The measuring point coordinates obtained in this
way are passed to the computer. However, care must
be taken to note that the measuring point coordinates
acquired always refer to the middle point of the probe
sphere of the reference probe, not to the contact point
between actual probe and workpiece.

Very flat outlines or color transitions are not me-
chanically probable. In these cases, optical acquisition
is an option. For this purpose, the measuring object is
illuminated, according to the target measurement (us-
ing through light, light-field, or dark-field illumination)
and imaged through optics. The optics used may work
with changed or zoom objectives in order to obtain dif-
ferent magnifications between the measured object and
the image. In the simplest case, only the contours to be
measured are scanned, using an edge finder. In the next
most sophisticated system, based on image processing,
the measured object is displayed on a charge-coupled
device (CCD) matrix. As with a mechanical measuring
probe system, the measuring point coordinates results
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as a combination of the pixel coordinates and the inher-
ent positions of the table, portal, and quill.

While the optical variants described so far operate
in the x–y plane, the focusing of an optical system can
also capture the z-coordinate. The focusing can be au-
tomated by means of a laser or contrast evaluation in

Measuring object

Table coordinate

Measuring point coordinate

Probe deflection

Fig. 14.26 Measuring probe system

the image-processing system. The sensor controls the
shift of the quill in the z-direction. The respective z-
value supplements the x–y coordinates of the associated
position to actual measured three-dimensional (3-D)
values. Instead of autofocusing options, one can also
use a direct laser measuring system for the addition of
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the third coordinate, for example, a triangulation sen-
sor. This method forms a laser point on the surface of
the workpiece. Using observational optics arranged at
a defined angle with respect to the sensor, a difference
in the height of the surface of the workpiece is recorded
directly. When the measuring range of the triangulation
sensor is not sufficient, one can extend its application
range by shifting with the quill. The measured z-value
can then be calculated from the z-axis of the measuring
system and the measured value from the triangulation
sensor.

One very new and interesting sensor variation is
the fiber-optic sensor patented by Werth Messtechnik
(Fig. 14.24). It consists of an extremely small glass
sphere, which is suspended by a glass fiber. Over this
light pipe, the sphere can be directly illuminated. To
capture the measuring points, the glass sphere is placed
on the workpiece to be measured. The image-capturing
system (CCD matrix) can detect this probe either in
transmitted light or through its self-lighting. The center
of the sphere describes the coordinate of the measuring
point, just as for normal mechanical probes.

The software in the attached computer essentially
has the following tasks:

� Capture of the measuring points� Corrections, for example, perpendicularity and
guideway deviations of the measuring machine
components, probe radius and middle point, probe
bending, temperature influences� Coordinate transformations, for example turntable
and workpiece coordinate systems� The calculation of ideally geometric substitution el-
ements from the measuring points� The combination of single elements� Conversions, projections, etc.� Evaluation (nominal-actual comparison), protocol,
statistics.

Device control (point or path-control, scanning)
comes with the computer numerical controlled (CNC)
coordinate measuring machines.

For the archiving of results or for further processing,
data transfer by means of a network is possible.

Proceeding with the Measurement
The completion of a measuring task by means of coor-
dinate measuring machines is explained in the follow-
ing. Three phases will be differentiated.

Phase 1: Planning. The planning phase can be done
remotely from the measuring machine, but requires
knowledge of the technical possibilities, the available
probes and clamping elements as well as extensive ex-
perience. Especially this phase is decisive for a metro-

A

y

z
x

B

x–y plane

Fig. 14.27 The workpiece coordinate system

logically safe and economically justifiable execution
of the measuring task. The test task, which is gen-
erally fixed on the drawing, forms the basis for the
planning of the measurement. Differences in the path
arise, whenever the aims of the measurement (evalua-
tion of the part), quality-orientated production control,
or check for assembling possibility are changing. In this
case, knowledge about the production of the piece (for
example, the machining base) or its later application
(subsequent machining and assembly) is useful. The
test task is divided into its single elements and com-
binations. A sequence from easiest to most complicated
is then sought.

It is advantageous to specify a coordinate system on
the workpiece not only for the measurement, but also
for the evaluation of the results. This workpiece coordi-
nate system must be clearly described mathematically.
To do this, the following steps are required:

1. Space adjustment: description of a coordinate axis
(mainly z) as the main direction of important form
elements (for example, the direction normal to a sur-
face, the axle of a cylinder). The z-axis is described
in the example picture (Fig. 14.27) by the normal to
the upper workpiece plane.

2. Plane adjustment: hindering the rotation of a coordi-
nate system around these under point 1 defined axes
(for example, by fixing to an edge or the straight line
connecting the middle of two holes). The direction
of the x-axis in the example picture (Fig. 14.27) is
defined in the x–y plane by the corresponding direc-
tion of the long rectangular surface (dashed line A).
This fixes also the direction of the y-axis, which
must be orientated at a right angle to the x-axis.

3. Point adjustment: definition of the origin for x, y,
and z. The origin of the z-axis through the mea-
sured x–y plane and the origin for the x- and y-axes
through the intersection of lines A and B are de-
scribed in Fig. 14.27.

The probe element must be chosen so that all of
the elements to be measured are reachable. For this rea-
son, more probing elements may be necessary, as shown



Part
C
|14.2

486 Part C Manufacturing

Sequential
probe

Probing
1–5

Reference probe

Calibration standard
(diameter known,
small form deviation)

Fig. 14.28 Probe setup and calibration

in Fig. 14.28. One calls the connection of more than
one probe element a probe combination or a probe tree.
It can also occur that different sensors are needed for
a particular measuring task. In the preparation for the
calibration, a probe element is specified as a reference
probe element. With multiple probe combinations or
sensors, there is only one reference probe. Whenever
more probe combinations are necessary, the work is im-
plified by an automatic probe-changing mechanism.

The workpiece is set or clamped onto the measur-
ing machine table, so that it lies as firmly and clearly
as possible. Easy clamping elements, clamping element
component systems, or special clamping devices are
available. All of the form elements to be measured must
be reachable with the chosen probe configuration. It
is not allowed to come into contact with gripping or
clamping elements.

The specification of the sequence of probing essen-
tially occurs from an economical point of view (shortest
routes between the elements). The type of probing
(for example, mechanical or optical, point-to-point or
scanning, auto-centering) is substantially limited by
the technical capabilities of the measuring machine.
Remark: scanning is the independent tracing of a work-
piece contour by the measuring machine. One must give
a starting point, an end point, the direction, and a scan-
ning plane. The path results from the cut of the scanning
plane with the workpiece surface. The scanning speed
and point density must be provided by the operator.
The minimum measuring point count follows from the
type of geometrical elements. The aim of measurement
(parameter or form deviation) forms the basis for the

definition of the real measuring point count used. With
increasing numbers of measuring points, the determi-
nation of the individual form elements becomes more
certain. In any case, more measuring points than the
minimum should be utilized. Around two to three times
the minimum point count for the recording of a mea-
surement and its deviation is sound from a measuring
technology and economic viewpoint. For form devi-
ation, one needs substantially more points. Here, the
number depends on the size of the smallest geometric
portions to be recorded. The measuring points should,
if possible, be evenly distributed on the measured ele-
ment and, in addition, must be able to represent these
form elements with the desired deviations.

Phase 2: Preparation and Measuring. The probe
combination is assembled as defined and then cali-
brated. Figure 14.28 shows the calibration of one probe
of a two-probe combination. Through measurement of
a calibration standard (a sphere with a known diameter
and a very small spherical deviation) with both probes,
the actual diameter of the probe tips and the distance of
the middle of the sequential probe sphere to the middle
of the reference probe sphere in the x, y, and z-directions
are determined. After clamping the workpiece the ma-
chine parameters (e.g., velocity, measuring force) are
defined.

The degree of automation of the measuring machine
is of deciding importance for the probing of the mea-
suring points. For manually controlled machines, the
entire course (measuring point probing and manoeuvres
in space between the machine elements and gripping
devices) at every single point is realized by the opera-
tor. CNC-controlled machines allow the programming
of a course of motion and have an automatic drive to
adopt the required positions. One distinguishes between
three possible programming methods:

� By teach-in, the machine learns the course of the
measuring directly from the handling of the opera-
tor, i.e., his motion. He executes the course to the
points to be measured as on a manually controlled
machine. This way, all of the measuring point co-
ordinates and all necessary points for collision-free
manoeuvring between the machine parts and grip-
ping mechanisms can be recorded. Afterwards, the
control system can reproduce this course indepen-
dently.� The generation of the target coordinates can take
place far from the machine. In this method, all
measuring coordinates and position coordinates are
derived from the figures or drawing data. This pro-
cedure requires great spatial imagination from the
programmer. This approach is used mostly in con-
junction with teach-in portions.
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� Computer-aided design (CAD) systems that have
a measuring module at their disposal can directly
provide measuring machine programs (compare
with the next section).

Phase 3: Evaluation. The description parameters for
the associated geometric elements are determined from
the measuring points through compensating calcula-
tions (for example: Gauss, inscribed circle, circum-
scribed circle). Take note that either the measuring
points or the description parameters are to correct by
the calibration data (probe sphere diameter, distance to
the reference probe). On the foundations of the descrip-
tion parameters, elements can be mathematically linked
or joined with each other. So, new characteristics that
describe the geometry of the entire workpiece can be
developed. The parameters of the individual elements
(diameter, length) and the resulting parameters from the
links (distance, angle) can be compared with the nom-
inal and tolerance data. Afterwards, the results can be
represented graphically or numerically.

Integration into CAD and CAM
Coordinate measuring machines (CMM) are suit-
able for integration into CAD/CAM environments
(Fig. 14.29). This integration is possible under two cri-
teria.

In CAD systems, the geometric data for a newwork-
piece is created. With that, outstanding conditions exist
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moduleCAD

Work piece
data

Probe library

Clamping
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CNC-measuring program
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Control computer
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Manufacturing
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Workpiece
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Fig. 14.29 Connection CMM–CAD

for the derivation of the measuring program on the
basis of this data. In addition to the data describing
the workpiece, a measuring module implemented in
the CAD system needs data for the possible elements
of the probe combination and the gripping system.
The complete measuring program can be produced in
a simulated measuring run. It is important for later
functions that the coordinate system for the description
in the CAD system agrees with that for the measured
workpiece on the measuring machine. The measuring
program can be written in a specialized programming
language for the measuring equipment manufacturer or
in the manufacturer-independent universal language di-
mensional measuring interface specification (DMIS),
depending on the measuring modules available. For in-
tegration into the measuringmachine program, a special
interpreter is then necessary. After successful measur-
ing, the possibility exists for the acquired deviations to
be transferred back to the CAD system, to be processed
or represented. Of course, an external process through
best-fit and distance determination of the CAD data is
possible.

The second possibility for the integration of a co-
ordinate measuring machine is the digitalization of an
unknown workpiece geometry. Here, a manufactured
sample forms the basis (prototype). This sample is
touched in a previously-defined grid. The measuring
point coordinates acquired are handed over to the CAD
system. There, a surface feedback or reproduction of
the data model takes place. This can then be transferred
to a manufacturing machine that makes a copy of the
prototype.

14.2.6 Surface Metrology

Instrument Technology
The surfaces of geometric objects continuously provide
an informative testing object. Considerations include
appearance, evaluation of the expected functional be-
havior, and manufacturing and wear conditions. The
application of modern measuring devices in conjunc-
tion with sophisticated computer technology facilitates
detailed evaluations and conclusions, which were un-
thinkable only a few years ago. With the equipment
available and the demands of the user, these approaches
are being widely applied.

Small, independent, portable instruments with skid
pick-up systems are easily implemented to directly
monitor tooling processes. In addition, stationary lab-
oratory instruments with free probing systems, with
correspondingly large measuring ranges and higher res-
olutions, have become established. Figure 14.30 shows
the basic construction of a stationary surface metrol-
ogy instrument. It consists of a base and pillar. The
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Fig. 14.30 Stationary surface metrology instrument

feed unit, attached to the pillar, can be positioned aloft
and be pivoted opposite the base. The probing system
is positioned with high precision on the feed unit. This
positioning constitutes the measuring basis for the prob-
ing of a measuring object. If required, the system can be
supplemented with an additional y-table. This y-table
facilitates the step-by-step movement of the workpiece
perpendicular to the feeder movement, enabling three-
dimensional scanning.

Instruments constructed as component systems al-
low a surface probing system to be used as a contour
probing system (larger measuring range, many differ-
ent types of possible probes) and, therefore, to expand
the application range of the instrument considerably. It
is also possible to implement, instead of a mechanical
probing system, a noncontact probing system if the sur-
faces are sensitive to mechanical probing. One option is
to use autofocusing laser sensors (Sect. 14.2.8).

Developments in electronics over the last few years
have made it possible to digitize large quantities of
data with a higher decimal precision (a higher num-
ber of levels) with sufficient speed. This has enabled
the collection of many measuring points (with a smaller
distance between measuring points at an acceptable col-
lection speed) over larger measuring ranges with greater
resolution (small �z). The accessories for roughness
measuring instruments range from stylus stop attach-
ments to a large selection of speciality probing elements
and various skids. The instrument can be tailored to the
measuring task with these specialized accessories. As
well as instrument equipment, the environmental con-
ditions are also an important aspect to consider. The
implementation in the laboratory setting, in contrast to
the factory floor, brings with it a significant improve-
ment in environmental conditions. This facilitates tasks
with greater demands for precision.

ISO Standards and Consequent Requirements
The relevant ISO standards give not only the definition
of characteristics but also requirements on the measur-
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Roughness Waviness

Fig. 14.31 Roughness and waviness profiles

ing instruments (e.g., the probe-tip radius, the distance
between measuring points) and software (e.g., a phase-
correction Gauss filter). The profile, which is obtained
by means of the section probing method, is called, af-
ter the application of the filter for short wavelengths
�s, the primary profile (P-profile). The roughness pro-
file (R-profile) is obtained through the deletion of the
long-wavelength profile features (threshold wavelength
�c) from the primary profile. The waviness profile (W-
profile) is made by filtering the primary profile by
means of �c and �f, as is depicted in Fig. 14.31.

The cut-off wavelengths �c and �s required for this
filtering can be seen in Fig. 14.32 according to the
profile classification between periodic and aperiodic.
Currently, no concrete definition exists for the thresh-
old wavelength �f, only the recommendation of �f D
10.5/�c. Besides the threshold wavelengths for the sep-
aration of profile elements, definitions of the maximum
probe element radii and the distances between mea-
suring points are being established. However, there are
severe restrictions for the use of instruments in this way.

Characteristics can be calculated from all profile
types (P, R, W). Figure 14.33 shows the arrangement
of surface characteristics based on the example of the
roughness profile. Fundamentally, horizontal, vertical,
and hybrid characteristics can be differentiated. These
are supplemented by characteristic curves from which
parameters can be derived.

Because the explanation of the single characteris-
tic definitions would be too lengthy, the corresponding
standards (ISO 4287 [14.15]) is referred to instead.

Analysis of a Surface
Whereas the previously explained, easy-to-handle in-
struments with skid pick-up systems can only collect
and evaluate roughness, instruments with reference-
surface probing systems produce data that, with proper
software, can measure not only roughness and wavi-
ness characteristics but also size, form, and positional
deviations. Also, a description of surface alterations by
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Fig. 14.32 Measuring conditions (ISO 3274 [14.13] and ISO 4288 [14.14])
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Fig. 14.33 Surface texture parameters (ISO 4287 [14.15])

abrasion and coating, amongst other effects, is possible
with these systems.

The difference in the information content of the data
is immediately recognizable in Fig. 14.34. Whereas
the skid pick-up system only captures the roughness
portion approximately, a slant and curvature can be rec-
ognized in the data collected from the reference-surface
probe system. The skid pick-up system manages with
essentially small measuring ranges and poor guidance,

which makes these instruments much more affordable.
However, one should pay attention to the fact that the
mechanical filtering of the signal, by means of the skid,
cannot be removed during the follow-up evaluation.

The larger information content collected with
a reference-surface probe system is accompanied by
substantial disadvantages related to the instrument tech-
nology. The disadvantages are the relatively large mea-
suring range of the probing system, which is required
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in order to obtain the primary signal within a justifiable
adjustment effort, and the fact that the straightness of
the feed unit movement must be very good, as it con-
tributes to the measuring signal. Both effects lead to
relatively high instrument costs.

Figure 14.35 shows the example of the implementa-
tion of surface metrology equipment with a reference-
surface probing system. At the top, data collected from
a partially coated workpiece is shown. The implemen-
tation of a probe element with a comparatively large
radius (r D 500�m) leads to the low-pass mechanical
filtering. For the compensating calculation, only data
that represents the uncoated material is used. After this
calculation, the course of the layer thickness between
the measured profile and the extended compensation
profile is clearly recognizable in the coated section.
Similar approaches are also suitable for wear mea-
surement whenever unworn workpiece sections are still
available. On the lower part of Fig. 14.35, production
progress is shown by a double profile. The basic result
is a turning surface profile, which is then smoothed in
a second processing step. Clearly, the varying manu-
facturing results achieved by changing the machining
parameters (low or optimal pressing force on the tool)
can be noted.

The additional assembly of a y-shift table perpen-
dicular to the actual feed direction (Fig. 14.30) allows
the collection of data from flat, three-dimensional struc-
tures. With the use of an appropriate software package,
one can derive three-dimensional surface characteristics
from this data, or rather a visual impression of the sur-
face for the benefit of the user. This allows conclusions
on properties of the surface, which one cannot easily
derive from a single profile. Figure 14.36 shows the
three-dimensional measured structure of a workpiece
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0
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0

Step height
Reference-surface probe system (stylus radius r = 500μm)

Uncoated Coated
Double profile

Fig. 14.35 Application for the manufacturing measure-
ment technology

that was milled with a spherical-headed milling tool. In
the left-hand side of the figure, a detail from the actual
surface is shown. The differences in altitude are repre-
sented by different brightness. There is also the choice
of an isoline representation (connected lines of equal
height). The curvature left behind by the spherical cut-
ter is clearly recognizable. Under this relatively strong
curvature, the detailed structure remains hidden.

The right-hand side of Fig. 14.36 shows the same
section. In order to make the details clearer, the domi-
nating curvature in the left part of Fig. 14.36 is removed
with the use of a compensating calculation (a three-
dimensional, second-order polynomial fit). Now the
milling feed is clearly recognizable. The unclear struc-
ture in the middle of the illustration emerges because
there are no definite cutting properties in the domain of
the center of the cutting tool.

14.2.7 Form and Position Measuring

Instrument Technology
Form inspection equipment in most cases consists of
a base and a column. A turntable is integrated into the
base. An arm that carries the measuring system is lo-
cated on the column. Even after construction of the
instrument, the turntable, the column, and/or the arm
can be arranged as a measuring base. In most cases,
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Fig. 14.36 3-D surface structure
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Fig. 14.37 Form inspection instrument

the measuring system is inductive. Probing is carried
out with a spherical probe element. In order to keep
abrasion to a minimum, ruby probing elements, as used
in coordinate measuring machines, are utilized. The
measuring system is inclinable so that the direction of
the measuring force can be reversed. Therefore, almost
all necessary measuring points can be reached. Fig-
ure 14.37 shows a vertically arranged probe system, by
which the measuring force from the workpiece acts ra-
dially outwards. Subject to the measuring task, one or
more feed axes can be implemented.

Measuring Execution
Figure 14.38 shows, in the upper left-hand corner,
a roundness inspection. After positioning the piece on
the turntable, the piece is orientated to the rotating axis
so that the measuring system remains in the measuring
range during the course of inspection.With a large mea-
suring range, visual judgement suffices for orientation.
The large measuring range leads to a bad resolution.
A more accurate orientation of the piece is demanded

Roundness

Straightness

Parallelism
conicity

Concen-
tricity

Circular runout

Cylindricity

Flatness

Parallelism

Squareness

Axial runout

Fig. 14.38 Measuring execution

for a smaller measuring range, which directly leads to
a better resolution.

After the probe is brought into contact with the de-
sired position on the object, the measuring object is
rotated 360ı by the turntable, and, while the object is
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turning, the measuring points are scanned. An ideal cir-
cle is calculated from the measuring points. For this,
depending on the aims of the inspection, compensating
methods (e.g., Gauss, circumscribed circle, inscribed
circle, see Sect. 14.2.5) can be chosen. In reference to
the compensating circle, the range between the lowest
point and the highest point is the roundness devia-
tion. For the investigation of causes of deviations, one
can filter the desired frequency domains or use a fre-
quency analysis, e.g., a fast Fourier transform (FFT)
(Fig. 14.39).

On the left-hand side of Fig. 14.39, the unfiltered
circular form deviation is depicted for evaluation of the
workpiece. The frequency analysis in the graph next to
it shows that waves, especially with a period of two
and three harmonics, dominate the result. The right-
hand side of Fig. 14.39 shows the measuring result after
running the data through a low-pass filter (limit wave-
length of 10 harmonics). Here, it is easier to recognize
causes of deviations and to implement corresponding
quality-orientated corrective action into the manufac-
turing process.

Figure 14.40 shows the collection of cylinder form
deviation. Here, in addition to a high-precision rotat-
ing axis, a column axis with a correspondingly small
straightness deviation is used in order to facilitate ver-
tical movement. When positioning, movement of the
arm should be avoided. All of the measuring points col-
lected, located on circles, are put through a compensat-
ing calculation together. From the distances between the
single measuring points and the compensating cylinder,
the cylinder form-deviation is derived.

Just as the number of points on a circle is important
for the determination of the circular form deviation, the
number of measured circles for the cylinder-form devi-
ation is not to be neglected. In Fig. 14.40, a picture that
used three circles is shown on the left, and a picture that

13 planes3 planes

Fig. 14.40 Cylinder form deviation

used 13 circles to calculate the cylinder form deviation
is shown on the right-hand side. Clearly, there is a no-
ticeable difference in information content between the
two.

To detect referenced elements, like for example, the
concentricity depicted in Fig. 14.38, one uses methods
already known from coordinate measuring technology.
First, both of the circles on the lower cylinder are
probed. The circles should have the largest possible
distance from each other in order to reduce the mea-
suring uncertainty. Compensating circles are calculated
from the corresponding measuring points. The line that
connects both midpoints of the circles serves as the
reference axis. After the inspection of the circle on
the smaller cylinder and the corresponding determina-
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tion of the parameters of the compensating circle, the
eccentricity is calculated as the distance between the
midpoint of the circle and the reference axis. The toler-
ance zone for the concentricity describes a circle around
the reference axis.

14.2.8 Laser Measuring Technology

Due to its properties, laser measuring technology has
gained a strong position in the field of integrated mea-
suring technology inside the manufacturing processes.
In this section, a few examples are explained and the
advantages and disadvantages highlighted. The applica-
tion profiles of laser measuring systems are as different
as their parameters and range from simple dimensional
completeness checks to high-precision measuring sys-
tems that determine surface roughness or even the
acceleration of tooling machine components. From the
many possible implementation variations, only a few
are considered, those that use the various properties
of light. After the time-of-flight method, which is not
commonly implemented in mechanical engineering ap-
plications, come uses of such properties include linear
propagation, reflection, or interference. The selection
of the best sensor for the specific application and the
arrangement of the sensor to the measuring object is
based on criteria such as:

� Operating distance� Measuring range� Resolution (scale value)� Measurement uncertainty� Measuring spot diameter� Light color and intensity.

Of course, the price of the complete system which
consists of sensor, evaluation electronics and possibly
components for moving the measuring object, is also
relevant.

In addition to the technical and scientific consid-
erations, protection against accidents is also an issue
that should not be ignored. Because most laser mea-
suring systems are equipped with low-power lasers
(hazard category 1–3), skin burns are rather improbable.
However, the eyes must be well protected. Reflected ra-
diation from metallic surfaces is also problematic. The
mandatory guidelines, for instance in Germany, demand
labeling for hazard category 3B and above, the applica-
tion of opaque enclosures, laser protection eyewear, and
special warning and emergency facilities.

Laser Applications in Measuring Technology
The linear propagation of a laser beam is used by
a whole range of measuring devices. To clarify this

Emitter Receiver

Laser diode CCD-element

Measuring object

Fig. 14.41 Laser scanner

application, two examples are presented. The first is
a laser scanner (Fig. 14.41), which amongst other ap-
plications is used here for the quick scanning of the
diameter of shafts.

The laser beam, created by a diode, is expanded into
a fan shape and aligned so that the beam is parallel.
As shown in Fig. 14.41, this alignment is done by opti-
cal components. There are also laser scanners in which
the beam expansion occurs by means of a spinning
polygonal mirror. The laser beam is directed toward
the measuring object. Behind the measuring object,
a receiver is arranged where the laser beam strikes
a light-sensitive CCD line array. Because the laser beam
is broken by the measuring object, in this case the shaft,
the size of the shadow on the receiver can determine
the diameter of the object. The emitter and receiver can
be adjusted axially to the shaft very quickly, so that in
a short time, the diameters of various shaft sections can
be determined.

A second application of linear laser expansion is
shown in Fig. 14.42. The emitter, which emits a laser
beam with a narrow diameter, is arranged on the fixed
part of a tooling machine base. The receiver is assem-
bled on the sliding bed and consists of a CCD matrix
sensor field (in the middle of the figure). Different man-
ufacturers also use four quadrant diodes at this location
as a receiver.

Now, the sliding bed of the tooling machine is
steered to its home position. The point at which the
laser beam strikes the sensor field is registered (y1, z1
at x1 D 0mm). On the way to the end position, it is
stopped at defined points, and for each stop, the laser
point is registered on the sensor field (y2, z2 at x2, and
so on). From the points obtained, the straightness devi-
ation of the sliding bed movement is shown divided into
the x–y and x–z planes.

A laser beam reflected by the measuring object is
generally used by laser distance sensors. These are em-
ployed for the contactless measurement of deformable,
very rough, sensitive, hot, or moving surfaces. A laser
autofocusing sensor and a laser triangulation sensor
are given as application examples. Figure 14.43 shows
schematically the construction of an autofocus sensor
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Fig. 14.43 Autofocus sensor

(Mikrofokus from UBM). The laser beam is projected
onto the surface of the measuring object, and the laser
beam is reflected from this surface. Specialized elec-
tronics monitor the focusing and, when necessary, read-
just the lens system. The displacement of the lenses
is recorded as the measuring value. The previously-
mentioned sensor example has a working distance of
about 5mm and a measuring range of 1mm. The laser
spot focused on the surface of the measuring object has
a diameter of 1–5�m, while the beam has an angular
aperture of 30°. The electronics used in the example
allow the measuring signal to be broken up into steps
of 16 nm. With these parameters, the sensor is well
suited for contactless surface inspection. The advan-
tages of noncontact probing are also accompanied with
disadvantages. Problems especially arise due to locally
strong reflective materials (for example, single grains
on grinding wheels) and also by nonreflective materi-
als, as well as by steeply inclined surfaces (over 30°). In
these cases, the reflected beam cannot be collected for
evaluation. The reaction of the system to such problems
is variable (measuring value setting, holding or search-
ing) and must be taken into consideration by evaluation
of the signal.

Triangulation sensors (Fig. 14.44) likewise project
a light point onto the surface of the object measured.
This light point is observed from a defined angle. By
changing the distance between the sensor and measur-

Working distance

Measuring range

Fig. 14.44 Triangulation sensor

ing object, the reflected point wanders across a CCD
row. This way, the change of the distance is collected
directly. In addition, some sensors project one or many
laser lines onto the surface inspected. These lines can
then be evaluated in terms of the contour of the measur-
ing object by means of a CCD matrix.

The example sensor chosen has an average work-
ing distance of 105mm, a measuring range of ˙25mm,
a projected laser spot diameter of 0.1mm, and a tri-
angulation angle of 18°. With these parameters, these
sensors can be applied, for example, to:

� Size or form inspection� The collection of runout and position deviation� The collection of thickness� The collection of deformations� Completeness or integrity control.

As Fig. 14.45 shows, single or combined sensors are
necessary for these applications. The measuring signal
collects the surface of the measuring object in the range
of the entire measuring spot diameter. So, a low-pass
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Fig. 14.45 Examples of applications using triangulation sensors
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Fig. 14.46 Interferometer for the determination of posi-
tion

filter processes and determines the mean distance in this
area. The plane in which the beam is sent and reflected
is arranged parallel to the surface structure to guarantee
a reflection.

In laser interferometers, the laser beam is separated
into two beams (reference and measuring beam) by
means of a semireflecting mirror. While the reference
beam always follows the same path inside the inter-
ferometer, the measuring beam is reflected off a triple
mirror on the object to be measured, as shown in
Fig. 14.46. When the two beams come together, in-
terference occurs (Fig. 14.47). When the peaks of the
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Fig. 14.47 Phase shift and interference

waves meet (phase shift 0°), the light is amplified.
When the peak of one wave meets the valley of the other
(phase shift 180°), the waves cancel. The distance be-
tween the interferometer and the triple mirror changes
when the sled moves. The phase between the reference
and measuring beam shifts. This resulting change in the
interference is interpreted as the measuring value.

This type of measuring system is used for appli-
cations with large lengths (10–20m) and with a high
resolution (5 nm). In each case, it only collects the
changes from an initial state. A disadvantage is that the
optical components must be mounted on the object that
is to be measured and that the frequency of the light, and
therefore the measuring result, is strongly influenced
by environmental conditions such as air temperature,
humidity, and pressure. Corrections can be made by col-
lecting these environmental conditions and carrying out
a subsequent adjustment of the data, or more specif-
ically, through the application of a refractometer (an
instrument in which the effects of the environmental
conditions can be directly compared with the light prop-
erties in a vacuum).

Figure 14.46 shows an example combination that
determines the position of a machine component with
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Fig. 14.48 Position deviation, measuring course, and results

respect to another, or rather to a chosen fixed point.
This setup is used as an independent measuring system
(for example, with coordinate measuring machines) but
also as a measuring system for the collection of posi-
tion deviations. Figure 14.48 shows the procedure for
the collection of position deviations of a tooling ma-
chine. While the machine, controlled by its measuring
system, follows the defined positions labeled 1 to n, the
position deviations are determined by means of a laser
interferometer. The measuring course, which is exe-
cuted step by step over the entire range of the positions
to be measured, is completedmultiply in both directions
(increasing and decreasing values). The deviances col-
lected in this way are shown on the right-hand side of
Fig. 14.48. From the depicted course of measuring val-
ues, a linear trend and span superimposed with random
sections can be read. The limits shown in the diagram
depict usual tolerance ranges for tooling machine posi-
tion deviations. The systematic parts are compensated
for, when necessary, through mechanical aligning of
machine components, or afterwards by means of a cor-
rection table or correction function.

Similar arrangements allow the collection of tilt and
rotation angles, as well as the determination of straight-
ness deviations. When the measuring value transmis-
sion frequency can be chosen to be sufficiently large,
a dynamic series (for example, the reaching of a desired
position) can be collected with the layout shown.

14.2.9 Measuring Uncertainty
and Traceability

The result of measuring is the measurement value.
This measurement includes the true value and also
systematic and random deviations of the measurement
(Fig. 14.49). It is possible to estimate the expected
value of the measurement by calculating the arith-
metic mean of several independent measurements. The
more single values that are processed, the more the
random parts of the measuring deviation are reduced.

Frequency of measuring values

True
value

Corrected
measuring

value

Measuring
value

Measuring
uncertainty

Measuring deviation

Systematic measuring deviation

Random
measuring
deviation

Measuring
uncertainty

Expected
value

Correction

Unknown systematic
measuring deviation

Known systematic
measuring deviation

Fig. 14.49 Summary of measuring values

The systematic part of the measuring deviation can
be determined by measuring an object with a known
value. Such objects, measurement standards, are mea-
suring blocks for lengths. Angles can be represented
with angle gauges, precision polygons, or with sine
bars used in conjunction with measuring blocks. The
known value of the measurement standard (whose small
deviation from the true value is negligible for the pur-
pose of comparison), is called the correct value. The
systematic measurement deviations can be calculated
from the difference between the measured value of
the measurement standard and its correct value. Af-
terwards, one can correct all measuring values by use
of the known systematic deviation. The nonmeasur-
able or not measured (for instance, because it is too
expensive) elements of the systematic measuring devia-
tion are combined with random measuring deviations
to constitute the measuring uncertainty. So, the mea-
suring uncertainty is a parameter obtained from the
measurement. It describes the region around the cor-
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rected measuring value where the true value must be
found. The complete result of measuring is given as
the corrected measuring value plus/minus the measur-
ing uncertainty [14.16].

In order to guarantee the correctness of measur-
ing results, measuring devices must be affiliated to
the national standard of the respective measurement.
In Germany for instance, this is the National Physi-
cal Technical Institute (PTB), located in Braunschweig,
which is responsible for the representation and propa-
gation of physical units. Through the PTB, calibrating
laboratories are accredited, so that their measuring
devices and measuring standards coincide with the na-
tional standards (the units), according to the defined
and accepted techniques. These are the laboratories of
Germany’s national accreditation body (DAkkS), for-
mer German Calibration Service (DKD).

All in-company measuring devices, or rather stan-
dards, should be consistently traceable back to the na-
tional standard of the PTB (Fig. 14.50). In order to ver-
ify this, the instruments are calibrated by a DAkkS labo-
ratory or the PTB themselves. Calibration is defined as
the inspection of measuring devices and measurement
standards with reference to the accepted national stan-
dard. Successful calibration is generally documented
through a protocol, the calibration certificate. On the
calibration certificate, all of the calibration results, the

Manufacturing measurement technology
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Fig. 14.50 Traceability

reference standards, and additional measuring equip-
ment (used during the calibration), the environmental
conditions, and the calculated measuring uncertainty
are documented.

One should use certified instruments, standards, and
methods in order to achieve cost-effective, in-company
control of inspection instruments. Otherwise, a trace-
ability certificate is not possible.

The setting-up and balancing of a measuring in-
strument, by which known systematic deviations of the
measuring result are eliminated, is called adjusting.

14.2.10 Inspection Planning

Inspection planning means the planning of quality in-
spection in the entire production process, from the ar-
rival of raw products to the delivery of the final product.
For this, inspection tasks and procedures are specified
with inspection feature, inspection location (close to
production, measuring room), frequency of inspection,
point of time within the production process, inspec-
tion methods, inspection equipment, and operators. One
should consider both technical and economic aspects.
The inspection planner must consider knowledge of the
function and application of the piece or the components,
safety hazards, the production process, technical doc-
umentation (drawings, standards, stipulations), and the
inspection equipment. It should be consistently checked
that the data is complete, current, and inspected (ap-
proved by the operating department).

For the selection of the test methods a systematic
search in the drawing(s), in the work plan, in the doc-
umentation, in delivery instructions and in contractual
agreements, is required. When searching in drawings it
is possible to search according to the type of parame-
ter (dimension, shape and positional tolerance, surface
tolerance, etc.), according to the drawing view and/or
according to grid squares (e.g. starting at the top left,
clockwise).

The definition of the inspection frequency (number
of samples, sample size) occurs on the basis of mathe-
matical statistical facts. The time point in the produc-
tion process allows company organizational and eco-
nomical considerations. The late recognition of inad-
missible errors can bring about several disadvantages.

The definition of inspection methods and inspection
equipment are related, and, thus, should each be chosen
with the other in mind. The choice of measuring device
begins with a consideration of the required informa-
tion content of the measuring result. This way, the aim
of the inspection (evaluation of workpiece or process,
manufacturing control) and the impact of the measuring
instrument itself can be taken into account. Geometrical
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limitations, such as the accessibility of the piece, the
geometry of the probing element, the range of measure-
ment (direct measurement, difference measurement) of
the instrument, and especially for soft materials, the
measuring force, have been previously decided upon.
Finalized statements for the usability of a measur-
ing instrument can be made after inspection of the
scale division value and the measuring uncertainty. The
measuring uncertainty must adhere to the ratio of the
inspected tolerance by the relation U=T D 0:1–0.2. Al-
ternatively, it is possible to obtain measuring capability
coefficients and check the adherence of these character-
istics to previously defined limits [14.17]. Supplemental
criteria are, for example, the surfaces available for the
measurement and transfer for processing, protocol, and
archiving.

The required measuring time (capability of the mea-
surement to be automated) in conjunction with the
number of pieces to be tested is the essential criterion
for the cost effectiveness of the application of a mea-
suring device. Included in the inspection costs are also
the equipment costs, equipment observation, calibra-
tion, and personnel costs (work time, education).

To guarantee the comparability of the measuring re-
sult and low uncertainty of the acquired characteristics

the following conditions should be taken into account
when specifying measurement methods:

� Explicit guidelines for the measuring procedure, in-
cluding the parameters required for an appropriate
measurement. Specification of the reference basis
for the measuring procedure, the accuracy of the
applied measuring instruments and measurement
standards, gripping elements employed, and addi-
tional measuring equipment.� Details of the measuring strategy, for example, the
definition of the measurement location on the piece,
or the number and arrangement of single measure-
ments as a basis for a good average value.� Details of the measuring value collection method
for selective inspection and of the further steps of
measured value processing, or guidelines for the ap-
plication of analyzing software (for example, the
selection of a compensating method).� Legal warranty of adequate qualification of the per-
sonnel conducting the measurement.

The result of inspection planning is the inspection
plan.

14.3 Further Reading

� T.M. Bosch, M. Lescure: Laser Distance Measure-
ments (Atlantic, London 1995)� H. Czichos, T. Saito, L. Smith (eds.): Springer
Handbook of Materials Measurement Methods
(Springer, Berlin, Heidelberg 2006)� P.F. Dunn: Measurement and Data Analysis for
Engineering and Science (Taylor Francis, London
2014)� H. Pham (ed.): Springer Handbook of Engineering
Statistics (Springer, Berlin, Heidelberg 2006)

� J.A. Bosch: Coordinate Measuring Machines and
Systems, 2nd edn. (CRC, Boca Raton 2011)� S. Vardeman, J.M. Jobe: Statistical Quality As-
surance Methods for Engineers (Wiley, New York
1999)� G.T. Smith: Industrial Metrology: Surfaces and
Roundness (Springer, Berlin, Heidelberg 2013)� W.N. Sharpe, Jr. (ed.): Springer Handbook of Ex-
perimental Solid Mechanics (Springer, Berlin, Hei-
delberg 2008)
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