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Dimensional measurements play a central role in enabling advanced manufacturing technologies, enhancing the quality of products and increasing
productivity. This role becomes even more important in the context of Industry 4.0, where reliable and accurate digital models of products, processes and
production systems are needed. To establish the traceability chain that links measurements in production to the length unit, dimensional artefacts -
ranging from measurement standards to calibrated workpieces - are fundamental. The paper examines dimensional artefacts, discussing their
characteristics, availability and role in supporting production by establishing metrological traceability, and provides guidelines for their selection, use and

development.

Keywords: Manufacturing metrology, Traceability, Dimensional artefacts

1. Introduction

The importance of dimensional metrology as a fundamental tool
for enabling advanced technologies and adding value in
manufacturing is clearly documented in a previous CIRP keynote
paper by Kunzmann etal. [179] (see also [250] and [252]). In order
to address the constantly increasing needs in advanced
manufacturing, a common trend is that, when possible,
measurements are integrated directly into production, so that
process control and tolerance verification can take place fast
enough to allow corrections of the manufacturing processes [104].
This trend is even more evident in connection with Industry 4.0
[210], where measurement data from several sensors, including
dimensional data, are intended to be used for monitoring the
whole manufacturing process and constantly adjusting the process
parameters, involving the creation and use of digital twins [192].
The reliability of process corrections, including those through the
application of digital models, will depend highly on the accuracy
and traceability of the measurement data that are fed into the
correction models. More generally, traceability of measurements
is a prerequisite for obtaining reliable measurement data to
control manufacturing processes and assure the quality of
products [163], as well as for the comparability of the properties
of components in a global manufacturing environment (see Sect.
2). Therefore, manufacturing metrology should not be seen merely
as a supplier of data for advanced manufacturing. Manufacturing
metrology is rather the “pacemaker” in the concept of Industry 4.0
[139], due to its role in cyber-physical systems, linking together
the “digital world” and the “physical world” (see Figure 1).
Advanced manufacturing processes, products and measuring
systems can be enabled when they can be modelled and controlled
effectively and accurately, which is possible only when based on
traceable measurement data.

Establishment of traceability requires evaluation of
measurement uncertainty and realisation of an unbroken chain of
calibrations to relate a measurement result to a reference [163].
Figure 2 illustrates a typical transfer of traceability in production
using calibrated workpieces (or calibrated master parts).

Depending on the manufacturing process and the production
requirements, establishment of the required reference can become
an arduous task, as is often the case, for example, in connection
with additive manufacturing (AM), where the parts may contain
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Figure 1. Traceable measurements are fundamental for linking together
digital and physical worlds in cyber-physical systems (adapted from
[139]).
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Figure 2. Example of traceability establishment for production-integrated
coordinate measurements by implementation of the substitution method,
using calibrated workpieces according to the ISO 15530-3 [152], and use
of traceable measurement results for controlling a manufacturing process.
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hidden and internal features that are difficult to emulate with a
calibrated physical object [187]. Therefore, numerous solutions
have been developed to achieve traceability using different types
of artefacts, ranging from well-established objects with simple
geometry, such as gauge blocks, to complex artefacts for specific
applications, such as assemblies with calibrated internal features
(see Sect. 3).

Inspired by the CIRP keynotes [70], [91] and [289], this paper
gives an overview of “dimensional artefacts”, in the sense of
“material measures” that can be used to establish traceability of
dimensional measurements. A “material measure” is defined in the
International Vocabulary of Metrology (VIM) [163] as a “measuring
instrument reproducing or supplying, in a permanent manner
during its use, quantities of one or more given kinds, each with an
assigned quantity value”. In the paper, the term “dimensional
artefact” (often shortened to “artefact” below) is preferred to the
term “dimensional material measure” because of its simplicity and
wider use in manufacturing metrology. Dimensional artefacts
range from measurement standards (defined in the VIM as a
“realization of the definition of a given quantity, with stated quantity
value and associated measurement uncertainty, used as a
reference”) to calibrated workpieces (including workpiece-like
artefacts and master workpieces).

The paper is intended to serve as a guideline for users in
manufacturing industry and research, for the selection, use, and
development of dimensional artefacts to support production by
establishing the traceability of measurements. Since the area of
metrological traceability is very broad, the scope of the paper is
restricted as follows: (1) the paper covers artefacts but does not
cover indicating measuring instruments (i.e. it covers “passive”
objects, but not “active” measuring instruments); (2) the paper
considers only artefacts used for achieving traceability, rather than
objects used for tolerance verification (such as limit gauges); (3) in
addition, the focus of the paper is on dimensional artefacts applied
in manufacturing metrology and not in other fields.

The paper is organised as follows. Section 2 clarifies the role of
dimensional artefacts in supporting production by establishing
metrological traceability. Section 3 presents the main state-of-the-
art dimensional artefacts, covering linear dimensions (Sect. 3.1),
form and surface texture (Sect. 3.2), complex geometry (Sect. 3.3),
and angle (Sect. 3.4). Section 4 discusses the availability of
dimensional artefacts, while Section 5 provides guidelines for their
development. Finally, general conclusions and an outlook are
reported in Section 6.

2. Supporting production by traceability using dimensional
artefacts

The traceability concept has been discussed in [179] as a
necessary foundation for manufacturing metrology, showing that
traceable measurements generate value in production, and
provide knowledge that is then used as a basis for decisions and
actions. It is noted in the VIM that metrological traceability
requires an established calibration hierarchy. The documented
unbroken chain of calibrations is often visualised by the so-called
calibration pyramid (see Figure 3), with the International System
of Units (SI) located at the top, followed by calibrations performed
at national metrology institutes (NMIs), accredited calibration
laboratories, and in-plant calibration laboratories, and finally by
the manufacturing measurements and the manufacturing process
control based on calibrated sensors, artefacts and measuring
instruments, ensuring the traceability and comparability of
measurement results. Usually the measurement uncertainty and
the number of calibrated measuring instruments or measurement
standards are increased at every step going down the calibration
pyramid. The calibration and measurement capabilities (CMCs) of
the NMlIs are listed in the so-called Key Comparison Data Base

(KCDB) of the International Bureau of Weights and Measures
(Bureau International des Poids et Mesures - BIPM) [29]. The
requirements for testing and calibration laboratories, including
the NMIs, are harmonised worldwide and described in the
international standard ISO/IEC 17025 [156]. This international
standard requires that calibrations and measurements made by
the laboratory are traceable to the SI. Following a discussion
originally initiated by the National Institute of Standards and
Technology (NIST) [273], the American Society of Mechanical
Engineers (ASME) published a guideline focussing specifically on
the traceability of dimensional measurements [11].
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Figure. 3. Calibration pyramid.

In ancient cultures, the development and maintenance of a
practical, reliable and accepted system of weights and measures
was regarded as a governmental task and the necessary base for
all measurements performed in daily life. For example, in ancient
Egypt the royal cubit (the length of the Pharaoh’s forearm) served
as the length reference and wooden copies of it (see Fig. 4-a) were
manufactured and maintained by civil servants and distributed for
practical length measurements in daily life [38]. These copies or
dimensional artefacts were directly traceable to the reference, the
royal cubit, and thus guaranteed the comparability and reliability
of length measurements performed in ancient Egypt.

For centuries, different length references (see Fig. 4), either end
standards, i.e. artefacts with parallel end faces, or line scales, i.e.
artefacts with marked graduation lines on their top surface, were
used as length references in different states and even different
regions, which turned out to be a severe barrier to trade and
industrialisation. Driven by the requirements from early
industrialisation and associated concepts, such as the
interchangeability of parts, the need for a more accurate and
robust length reference was identified, which ideally should also
be widely adopted in the industrialised nations.

In France, the metric system was established in 1799 based on
the Meétre des Archives, an end standard made from platinum
whose length was defined to be the 1/10000 000 part of the
quarter meridian of the earth, which was assumed as a stable and
universal dimension [38]. In 1875, the metre convention was
signed by 17 member states which laid ground for the
international acceptance of the metric system of units and at the
first General Conference of Weights and Measures (CGPM) in 1889,
the length of the international metre prototype made from Pt-Ir
alloy, or the spacing of its line engravings at ice water temperature,
was defined as the length unit traceable to the former Métre des
Archives. High-precision length measurements could be performed
at relative uncertainty (ur) levels of 10-7 by referring to copies of
the international metre prototype, the so-called national metre
prototypes (Fig. 4-b) maintained at the NMIs, which were regularly
compared or re-calibrated to the international metre prototype
maintained at the BIPM.
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Figure 4. Secular evolution of length artefacts. (a) Gilded wood copy of
Egyptian cubit (14t century BC), a combined end standard and linear scale
(source: Egyptian Museum of Turin). (b) Copy of international metre
prototype in force up to 1960 (source: BIPM). (c) “Passive” line scales
(source: Mitutoyo). (d) “Active” line scale, i.e. a linear encoder (source:
Heidenhain).

Since 1960, the metrological reference is the SI [31], and the
expression “traceability to the SI” means “metrological traceability
to a measurement unit of the International System of Units”.In 1960,
the definition of the length unit was changed based on progress in
interferometric length measurements. The definition of the length
unit was no longer based on a material artefact, the international
metre prototype, but on the well-defined vacuum wavelength of
the 86Kr spectral lamp [31].

Progress in high-precision laser spectroscopy in the 1970s
allowed the measurement of the speed of light in vacuum with
comparable uncertainties to interferometric measurements of
length based on the wavelength definition. Therefore, in 1983 it
was decided to redefine the length unit with a time of flight
definition. This definition, which is based on fixing the numerical
value of a natural constant, namely the speed of light in vacuum c,
is still valid today: the metre, symbol m, is the SI unit of length. It is
defined by taking the fixed numerical value of the speed of light in
vacuum c to be 299 792 458 when expressed in the unit m s-1, where
the second is defined in terms of the caesium frequency Avcs [31].
This approach to the definition of units also served as a blueprint
for the revision of the SI, which was put into force on 20t May
2019, according to Resolution 1, which was approved by the 26th
CGPM on 16t November 2018 [31]. Following this resolution, the
numerical values of the so-called defining constants of the SI are
fixed. The contributions from precision manufacturing and
precision dimensional metrology for experiments to determine the
numerical values of the above natural constants with the smallest
possible uncertainties in the current SI were described in a
previous CIRP keynote [38].

While the definition of the unit of length is based on the fixed
value of the speed of light in vacuum, both in the old and in the
revised SI (only the wording has changed), its realisation using a
recommended laser frequency described in the Mise en Pratique
for the realisation of the metre [30] is only straightforward in a
vacuum environment. In an ambient environment, however, the
refractive index of air (nair) changes the group velocity of light (cair
< ¢, nair > 1) depending on the characteristics of air, such as its
temperature, pressure and humidity. The realisation of highly
accurate length measurements in air, either by time of flight
methods over longer distances or by interferometric techniques
over distances normally present in manufacturing or laboratory
environments, requires accurate determination of the refractive
index of air. For example, to achieve a relative target uncertainty
of 107 for laser-based length measurements, an uncertainty of
0.1 K for the determination of air temperature, 37 Pa for the

determination of air pressure and approximately 10% for the
determination of relative humidity of air is needed [85].

The dependence of interferometric length measurement on the
refractive index of air is one of the main reasons for the application
of suitable calibrated dimensional artefacts in manufacturing
process control today. Well-known examples of one-dimensional
(1D) artefacts are end standards, such as gauge blocks, or
graduated artefacts, such as line scales (see Sect. 3.1). Moreover,
measuring instruments, such as linear or angular encoder systems,
are based on line gratings manufactured on the flat surfaces of
suitably stable substrates [105]. A systematic analysis and
comparison of length measurements based on high precision
interferometry on one hand and length encoder systems on the
other was published in [178].

The dimensions of materials used in length artefacts or as
substrates in encoder systems may vary. The most important
influence again is temperature, because the length of the artefact
will change with its temperature according to the material specific
coefficient of thermal expansion (CTE) [259]. Other influences on
the stability of the embodied length values of a dimensional
artefact are its dependence on ambient pressure (compressibility),
its secular drift [260] and the dependence on its mounting
conditions (see Sect. 5).

In all cases where the length of a dimensional artefact is
important for its application, the recommended re-calibration
periods should take into account prior knowledge about the long-
term stability of its material. If, however, an artefact is used
primarily for calibration of form deviations of measuring
instruments by means of self-calibration techniques [91], the long-
term drift of the dimensions of an artefact is only of minor
significance for its metrological applicability. One example of such
an application is the use of a patterned two-dimensional (2D)
artefact, such as a photomask for calibration of the straightness
and orthogonality error of a 2D positioning stage only, i.e. without
calibrating the length scale of the two positioning axes [294].
Another example is the application of artefacts in angle metrology
(polygon, angular graduation), where the overall dimensions may
be influenced by drift of the material, but with no detrimental
effect on its metrological performance in angle metrology as long
as the drift is purely homogenous and isotropic over the material
(see Sect. 3.4).

There is an important difference in the traceability chains of
dimensional artefacts for unidirectional and bidirectional
measurands. Whereas unidirectional measurands are defined
between feature edges of the same orientation, bidirectional
measurands are defined between opposite feature edges [148], see
Figure 5. Examples of unidirectional measurands are distances
between equally-oriented features, e.g. between their left edges or
between their centre positions. Examples of bidirectional
measurands are the width of line features or the diameter of
circular features. Artefacts are designed with unidirectional or
bidirectional measurands depending on their specific function (see
Sect. 5). For example, for verifying the metrological performances
of a coordinate measuring system (CMS) when used for
bidirectional measurements, bidirectional artefacts are chosen,
which may provide significantly different results compared to the
performances of the same CMS when used for unidirectional
measurements (as demonstrated e.g. in an industrial
intercomparison of optical CMSs [52]). The particular metrological
challenges for calibration of bidirectional measurands such as
diameters of circles or width of line features using optical CMS
have been discussed in [173].

As is illustrated schematically in Figure 5, care has to be taken
when defining bidirectional measurands, because these depend
more strongly on the geometry of feature edges. The sidewall angle
of feature edges does not normally influence the measurement
results of unidirectional measurands and only slightly increases



their measurement uncertainty. However, for bidirectional
measurands of, e.g. the width of a line w, the width to be measured
has to be clearly defined. This can be done based on either
geometrical properties (e.g. bottom linewidth, top linewidth,
linewidth at 50% of height) or other properties. In particular, if the
structures on the substrate are used in optical applications, e.g. as
photomasks in lithographic production of integrated circuits, the
optically effective linewidth is of primary interest. Using different
measurement methods - e.g. atomic force microscopy (AFM),
scanning electron microscopy (SEM), optical microscopy (OM) and
scatterometry - in the traceability chain of bidirectional
measurands, thus, requires appropriate signal modelling of the
respective edge contrasts of the different instruments, based on
physical simulations of the interaction of the sample with the
measuring probe, to allow the dissemination of the bidirectional
measurands with appropriate uncertainty [33], [63], [128].

| | |

Figure 5. Scheme of unidirectional (d) and bidirectional (w) measurands
defined on line structures showing different edge angles on a substrate:
orthogonal edges (left) and sloped edges (right).

The quality of the feature to be measured limits the achievable
measurement uncertainty (see Figure 5). Ideally, the smallest
measurement uncertainties can be obtained on single crystal
materials with atomically defined features for two principle
reasons. Firstly, a single crystal material is stable over longer time
periods because it does not suffer from long-term relaxation
effects in contrast to amorphous, polycrystalline or glass ceramic
material [94]. However, silicon has a relatively large CTE of 2.5%10-
6 K-1; approximately two orders of magnitude larger than the CTE
of specialised glass ceramic materials, which are optimised for
application in high-precision measuring instruments and machine
tools. Secondly, single crystal materials allow the realisation of
atomically flat surfaces or feature edges and, thus, offer ideal
conditions for the unambiguous definitions of measurands. For
example, methods for the preparation of silicon surfaces have
recently been developed which allow the realisation of larger
atomically flat areas and defined monoatomic steps between the
areas, which can be applied as artefacts in surface metrology [165],
see Figure 6 for examples from the Physikalisch-Technische
Bundesanstalt (PTB).

Figure 6. Larger atomically flat areas (left) and areas with monoatomic
steps (right), realised on single crystal silicon surfaces (source: PTB).

Another example of the use of single crystalline structures as
dimensional artefacts was developed at NIST for linewidth or
critical dimension (CD) metrology [60], [77]. Here, an array of line
features with widths or CD values of approximately 100 nm or less
was prepared from single crystal silicon. One group of these
nominally identical line patterns was then prepared by focussed
ion beam techniques as a lamella for subsequent imaging in high-
resolution transmission electron microscopy (TEM). With this

approach, it was possible to determine the width of the silicon lines
by counting the number of silicon lattice planes between the left
and right boundary of the imaged line feature, using the known
lattice parameter value and transferring this value to the other
silicon line features, which could be measured by critical
dimension AFM techniques, see Figure 7. The silicon lattice
parameter dz20 of natural silicon material was determined by
combined optical and X-ray interferometry to be do =
192.0155714(32) pm [209]. A similar approach for determination
of single crystal silicon linewidth using high-resolution TEM
imaging was followed by the PTB [62]. The results of the first
comparison on silicon linewidth values at and below 100 nm
showed agreement within the expanded measurement
uncertainties, which were estimated at 0.7 nm [64].
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Figure 7. Left: TEM image of silicon line pattern; middle: high-resolution
TEM image of one line structure; right: intensity variation of the high-
resolution TEM image due to silicon lattice structure (source: PTB).

The use of the single crystal silicon lattice as a secondary
realisation of the metre for length measurements at the nanoscale
has recently been recommended by the Consultative Committee
for Length (CCL) of the International Committee for Weights and
Measures (CIPM) [28]. The new version of the Mise en Pratique
[30] of the metre addresses this recommendation and describes
three areas of application, namely: a) realisation of the SI metre
using the silicon lattice parameter and X-ray interferometry for
nanometre and sub-nanometre scale applications in dimensional
nanometrology [286], b) realisation of the SI metre using the
silicon lattice and TEM for dimensional nanometrology, and c)
realisation of the SI metre using the height of monoatomic steps of
crystalline silicon surfaces.

Another type of natural material, which has recently been
considered to be used as building blocks and as reference
materials for dimensional metrology purposes, is deoxyribo-
nucleic acid (DNA), in particular by means of the DNA origami
method [239], [246]. However, the environment of the DNA
origami structures has a large impact on their dimensional
stability.

Recently, a new type of dimensional artefact based on computer-
generated holograms (CGHs) was proposed, e.g. as virtual three-
dimensional (3D) calibration artefacts for multi-axis machine tools
[227]. The virtual features on the CGH (microstructured fused
silica photomask substrate) are measured with a point source of
light, e.g. an autostigmatic microscope (ASM). The location of the
ball centres in two directions parallel to the plane of the CGH can
be read by the ASM with a resolution of less than 1 um, and to a
few micrometres in the third dimension. In the example shown in
Figure 8, aball array CGH was probed by a point source microscope
which is used as the ASM and a 5-axis milling machine was tested.

It should be noted that, in some areas of manufacturing, the
requirements for stringent SI traceability of all measurands
necessary for process control still cannot be met in all cases, such
as in semiconductor manufacturing using projection lithography.
In these cases, however, length and coordinate references are
often taken from reference patterns of prior process steps or from
existing mask artefacts (in-house “golden” artefacts), which have
shown to be sufficiently stable, e.g. as in the case of quartz mask
substrates [103].



Figure. 8. Left: virtual 3D ball array CGH. Right: CGH on table and point
source microscope mounted in the spindle of a 5-axis milling machine
[227].

3. Dimensional artefacts for different measurement tasks

This section examines the state-of-the-art artefacts that are
available for the main different categories of dimensional
measurements. The artefacts are grouped according to the length
service classification scheme, generally referred to as the
“DimVIM” [27], which provides a harmonised terminology
approved by the CCL. Consequently, the section is organised into
four sub-sections, each one describing a group of artefacts, as
follows: linear dimensions (Sect. 3.1), form and surface texture
(Sect. 3.2), complex geometry (Sect. 3.3), and angle (Sect. 3.4).

3.1. Linear dimensions

This section covers linear dimension artefacts. The introductory
part of this section defines general concepts, some of which are
also useful for artefacts described in the following sections.
Afterwards, the section continues with the description of the
different types of linear dimension artefacts (gauge blocks, step
gauges, etc.).

Measurement standards of linear dimensions are defined as
those providing a reference (calibrated) length, or a sequence of
them. A length is defined as the distance between two reference
points. In artefacts with a sequence of calibrated lengths, the
reference points all lie on a common line and the reference values
are their abscissae along an axis aligned to such line from a
common origin.

Even if linear dimension artefacts are intended to be 1D, they are
objects in space and, therefore, are actually 3D, since they occupy
a volume in space. At least for alignment purposes, elements or
points off the measurand line are necessary (e.g. on lateral faces of
step gauges), which makes a pure 1D definition and measurement
impossible. This definitional issue is resolved in a recent document
from the CCL, which sets the limits on CMCs to be considered 1D. A
requirement is set on the auxiliary measurements (i.e. those made
for alignment purposes only) to “contribute small uncertainty, that
is, reducing their uncertainties to nought would reduce the combined
calibration uncertainty no more than 10 %" [14].

Linear dimension artefacts are often used with multiple
orientations in space, e.g. to verify the performance of coordinate
measuring machines (CMMs) [147]. In addition, they may be
combined in a rigid set up to form a full 3D artefact, such as a
tetrahedron (see an example in Figure 44). In principle, the
coordinates of their vertices (3D measurands) can be derived from
the lengths of their edges (1D measurands). This is possible for
tetrahedrons (and for triangles in 2D) because of their very
property of possessing an equal number of degrees of freedom
(DOF) and of edges (3V - 6 = 6 for tetrahedrons and 2V - 3 = 3 for
triangles, where V is the number of vertices), thus enabling a
unique derivation of the vertex coordinates from the edge lengths.
For other configurations, the resulting 3D artefact would be either
under- or over-constrained, and for the purpose of this paper, they

are not considered linear dimension artefacts.

Three items are particularly important for realising well-defined
measurands: reference points, alignment, and origin. The
definitions of the measurands should be unambiguous and
insensitive to (reasonable) deviations from nominal geometry at
the level of the best attainable uncertainty of measurement. In the
same way as well-established measurement standards have to
realise unambiguous measurands, attention is required in
designing novel artefacts for specific purposes, so that
unambiguous measurands are always realised (see also Sect. 5).

Reference points - Points are theoretical entities not existing in
practice. Their definition is a specification operator [155] made of
operations such as intersections (e.g. of a plane with a straight line
for end standards), derivation of features (e.g. the sphere centres
for ball bars), and projections (e.g. of a relevant feature onto a
plane for artefacts involving imaging). The accurate definition and
implementation of the reference points is key, particularly for
high-accuracy and complex geometry artefacts. The definition of
reference points is the equivalent for dimensional artefacts to the
resolution for indicating instruments.

Alignment - A straight line possesses four DOF in space, of which
two are translational in a plane, and two rotational about the two
axes normal to the line. An imperfect definition or implementation
of either type of DOF for the measurand line results in specific
errors. The effects of rotational errors are called cosine errors
[162] due to their proportionality to 1 - cos S~ /2 (valid for small
f, where g is the misalignment angle). The features used for
alignment (datums) should have negligible form error and high-
quality surfaces, and be of sufficient size. In typical cases, the
alignment is dominated by the face size or by the artefact length
depending on whether the measurand line is defined orthogonal to
the face or parallel to a longitudinal feature, respectively. The
effects of translational errors arise from lack of invariance to
lateral translations. For example, imperfect straightness or
parallelism of the lines of a scale brings sensitivity to the later
localisation of the measurand line. The accuracy requirement
depends on the geometrical quality of the artefact. Fiducial marks
(also called fiducials) may be provided for alignment.

Origin - The measurands of multiple length artefacts (i.e. having
multiple reference points at linear positions p;) are the reference
point abscissae (x;) relative to a common origin (py), X; = p; — Do-
The origin can be regarded in terms of DOF. The independent
distances along an axis of a set of N points are N - 1 (e.g. one for
two points); the common origin effectively subtracts the missing
DOF. The origin p, brings correlation among the abscissae due to
the common zero error. The distance of any reference pointi to the
origin is d;y = x; = p; — Py, while the distance to any other point j
isdj =x;—x; = (pi —po) — (p]- —Po) =pi— pj- The origin does
not affect point-to-point distances. Uncertainty-wise, this can be
regarded as an effect of the (advantageous) correlation, which
cancels the uncertainty component due to the origin. A typical
choice for the origin is simply a reference point, usually the first in
the series. This choice attributes an exceptional role to this point:
its abscissa is null by definition with no uncertainty. This
uncertainty though carries over to all other reference points. An
optimal choice for the origin would be instead the reference points’
centroid, i.e. the mean of all abscissae: the resulting uncertainty
component due to the origin would be averaged and reduced by
v/N. The choice of the origin simply at one reference point is usual
in calibrations; the choice of the centroid is advantageous when
sets of repeats are either compared or averaged. Translating the
origin to the centroid of each repeat prior to comparisons or
averaging, and then possibly translating it back to a reference
point, minimises the resulting uncertainty and is then
recommended.



Gauge blocks

Gauge blocks (Fig. 9-a) are end standards, and are the most
established and historical measurement standards of length. They
were invented in 1896 and patented in 1901 [164] by the Swedish
machinist Carl E. Johannson (Fig. 9-b). While selling gauges to
different countries, he realised the importance of one standard
reference temperature value. For manufacturing, he chose the
round average of those adopted world-wide, 20 °C [79]. This
became an important choice, as it was later endorsed
internationally by the CIPM in 1931 and by ISO in 1954, and is
today recognised as the global standard reference temperature for
dimensional specification and metrology, according to the ISO 1
[140], [234].

R —"
\‘\/
(a) (b)
Figure 9. (a) A set of gauge blocks. (b) Johansson receiving the degree of
Honorary Doctor of Science at Gustavus Adolphus College, USA, in 1932.

Gauge blocks are provided in sets of harmonised lengths, whose
combination results in an evenly distributed sequence of lengths.
Typical materials are steel, ceramics (particularly zirconia) and
tungsten carbide (see Table 1). Steel is by far the most used, since
itis cheap and makes the differential thermal expansion with most
manufactured parts often negligible. Ceramics or tungsten carbide
may be a better option for intensive use or in abrasive or corrosive
environments. The secular stability of gauge block materials has
been investigated by many authors (e.g. [195], [242]).

Gauge blocks are fully standardised by the ISO 3650 [144], which
establishes definitions and tolerances in grades. The central length
is defined as the distance of the central point of a measuring face
to the plane of a platen wrung to the other face. This definition is
suitable for interferometric calibrations but not for contact
applications. In the case of contact measurements, one of the two
reference points is the intersection of the perpendicular line with
the measuring face, rather than with the wrung plane. When this
face is not perfectly flat, and specifically when its central point is
worn due to repeated contacts, the interferometric measurand and
the length measured by contact may differ. Today’s best
calibrations offered by NMIs (see Table 2) are all by
interferometry, which provides direct traceability to the metre.
The underpinning theory of gauge blocks is described elsewhere
(e.g. [78], [194]) and many interferometric set ups are reported
(e.g.[32], [40], [43], [134], [136],[200], [291]). Some authors have
introduced measuring principles other than phase-measuring
interferometry, including optical frequency combs [161] and
remote calibration by means of optical fibres [205].

The wringing of gauges is time consuming and may result in
additional uncertainty. Several wringing-free double-ended set
ups exploiting the two measuring faces directly as interferometric
mirrors have been reported (e.g. [1],[180], [182], [277]). However,
the wringing thickness is not included in these measurements
while it is in the ISO 3650 definition, and a correction is needed.
ISO 3650 sets a separation between short and long gauge blocks
(sometime referred to as length bars). The central length (L) is
defined with the gauge resting upright on a wrung face for the
former, horizontal on two symmetrical points L/v/3 apart for the
latter (the Airy points, which preserve the parallelism of the faces

in spite of the gravity, see Sect. 5). Examples of interferometric
calibration set-ups are found in [17], [35], and [125]. The
uncertainty in the calibration of long gauge blocks is mostly
dominated by thermal expansion and air refractivity. A
comprehensive survey of the uncertainty components in gauge
block calibration is found for example in [74], while an
authoritative guidance for calibration with mechanical
comparison is given in [87].

Table 1.
Comparison of material properties for gauge blocks.
Ceramic  Tungsten

Property Steel (Zr0z) carlg)ide
Thermal expansion /(106 K1) 11.5 9 4.5
Thermal conductivity @) 1 2.2 1.5
Resistance to corrosion . ecoe oo
Resistance to wear o/ee oo eoee
Resistance to scratches o/ sooe ooe
Resistance to shocks oo /000 . eoce
Wringability oo /000 eooe oo

eeee excellent; eee good; ee fair; e poor.
@ Soak-out time: ratio to steel.

Step gauges

Step gauges provide a sequence of parallel flat faces. The reference
points are the intersections of the faces with a nominally-
orthogonal straight line. Most step gauges are assemblies of a steel
supporting beam and a sequence of steel or ceramic reference
elements, such as gauge blocks or reference cylinders (Fig. 10). A
monolithic ceramic prototype was manufactured for a recent key
comparison [90].

(a) (b) ©

Figure 10. Various designs of step gauges. (a) The reference elements are
on the neutral axis; good accessibility is achieved by a heavy asymmetrical
cross section (source: Kolb & Baumann). (b) The measurand line is off the
neutral axis and the reference elements must be decoupled from the
supporting beam (source: Mitutoyo). (c) The step gauge shows good
symmetry and is lightweight, but probing would be obstructed and
windowing is required (source: MDM Metrosoft). The measurand lines are
(a) the translated intersection of two lateral sides; (b) the translated
normal to the front surface, (c) the axis of the cylindrical beam.

Step gauges are mainly used in performance verification of CMMs
according to ISO 10360-2. They are also used for setting height
meters, usually in the vertical position. The measuring faces of step
gauges point either in the positive or in the negative direction
along the measurement line, and can realise both unidirectional
and bidirectional measurands (see Fig. 5). The probing of the
reference points depends on the stylus tip diameter; very often, the
resulting calibration errors show an oscillation between positive
and negative faces (e.g. [167]). The mutual shadowing of the
aligned faces requires contact probing with later disengagement to
get access. To comply with the Abbe principle (reference and
sensing points aligned to the measurement direction [191]),
different set ups have been proposed. Two wide flat mirrors are
often attached symmetrically to the probing system; their mean is
Abbe compliant and the interferometric counting is not broken
while disengaging [42], [224], [274]. Miniature step gauges for
testing non-contact CMSs, featuring high surface cooperativeness
and dimensional stability, were introduced in [72] and further
developed in [7], [45] and [290].



Ball bars

Ball bars are made of two spheres spaced by a bar (Fig. 11 left), or
by an array of aligned spheres, also called multi-ball bars (Fig. 11
right). Their reference points are usually defined as the sphere
centres, disregarding the diameters. The reference points of ball
bars with two spheres may also be defined as the opposite poles,
i.e. the outmost intersections with the straight line through the
centres. Depending on the two different definitions, the two
resulting measurands differ by the mean diameter of the two balls.
According to ISO 10360-2, the former definition supports
unidirectional and the latter bidirectional measurements, which
are insensitive or sensitive, respectively, to probing errors.

Figure 11. Ball bars of different designs and sizes. Left: two-sphere ball bar
(source: Micro Surface Engineering). Right: multi-ball bars of different
lengths - 1.4 m and 120 mm (source: Trapet Precision Engineering).

The main use of ball bars is in performance verification of CMMs,
according to ISO 10360-2. They were introduced in the current
version of the ISO standard to cover their popular use, particularly
in the USA [10], [233]. Some are telescopic with their balls
kinematically constrained to the table and to the ram for
evaluating and/or compensating the geometry errors of CMMs and
machine tools [262]. These are in fact indicating instruments in
combination with an artefact. Ball bars cover a wide range of sizes
(see Figure 11).

Diameter standards

Diameter standards, in the form of cylinders, can be considered
linear dimension artefacts when the measurand is defined as a
point-to-point diameter. The reference points lay on an
intersecting plane orthogonal to the cylinder axis, at a predefined
position, and are aligned to fiducials [88]. Very often, instead, the
intersecting plane is taken parallel to a reference face (cylinder
base), particularly for rings. Diameter standards can also be
calibrated for form (roundness, straightness, cylindricity); see
Sect. 3.2. The combination of diameter and form calibrations
results in full 2D (or 3D) measurement standards. Their use as
primary measurement standards is mainly for traceability in
calibrations by comparison with secondary measurement
standards. As for step gauges, a disengagement is needed.
Alternative solutions have been proposed complying with the
Abbe principle [171], [231].

Line scales

Line scales are arrays of regularly spaced marks on a flat substrate
(see Fig. 4). The reference points are defined as the intersections
of the scale lines with the measurand straight line. The measurand
straight line is defined on the upper surface by fiducials. The
reference points are defined based on features (cross-section
profiles) either below the surface (engraved) or above (printed,
typically by lithography); in either case, these are 2D features
while reference points are sought. An association operation [154]
is required to reduce the 2D features to points. The reduction of
the horizontal dimension is critical as it affects the measurands
directly. Possible options are by taking the midpoint of the line
edges, or the mean value of the line profile. The former is not
affected by the interior of the profile, but the edges are never

perfectly sharp; the convolution occurring in line sensing results
in imperfect geometry when smoothing the detected profile. The
latter relies on sensing the line rather than on the geometrical
feature itself. The reduction of the vertical dimension is achieved
by projection onto the measurand straight line. This is less critical
than the horizontal, even though possibly affected by parallax (the
common origin cancels the error component common to all lines).
The definition of the measurand is much improved by coupling a
reading head permanently, as done for linear encoders. This makes
these artefacts indicating instruments. Linear encoders are
mentioned here among the linear dimension artefacts, although
they are “active” instruments (see Sect. 1), for their similarity to
line scales and because they are so categorised in the DimVIM [27].
The reading head of linear encoders is usually equipped with a
short line scale with the same design as the main scale. When
sliding over one another, a periodic signal is obtained (optically,
magnetically, interferometrically, by diffraction, or by other
means) with the same period as the scale pitch. Linear encoders
not only can compete in accuracy with direct interferometry (see
Sect. 2, [178] and [105]), but are also practical, robust, and fit for
applications in harsh environments. Today’s CNC machine tool and
CMM axes are typically equipped with linear encoders. A new
generation of encoders (see e.g. [12]) addresses one of the main
drawbacks in comparison to laser interferometers, i.e. the inability
to align the measurement axis of the encoder with the point of
interest. These new designs address this drawback by providing
limited displacement measurements over a small range in a
direction orthogonal to the primary measurement direction, which
allows for the measurement and compensation of Abbe errors and
enables the Abbe compliant measurement of straightness (see
Sect. 3.2). On the other hand, the passivity of line scales enables
their use in performance verification of active (indicating)
instruments, such as optical CMMs [148]. High-accuracy
instruments for the calibration of line scales and linear encoders
are described elsewhere (e.g. [36], [285]). High-accuracy line
scales made of low-expansion materials are used for comparing
world-wide measurement capabilities [37].

Linewidth standards

The measurand of a linewidth standard is the width of a single line
marked on a flat substrate. The reference points are the edges of
the line in a predefined direction. Linewidth standards are similar
to line scales, but with a different aim: width (which is a feature of
size) is measured in linewidth standards, while position along the
axis is measured in line scales. A reference line scale is not
sufficient for measuring features of size, such as the diameter of a
disk or bore, and must be complemented with a linewidth
standard. In ISO 10360-7 [148], a single line scale can be used for
performance verification of optical CMMs provided that its lines
are measured bidirectionally, i.e. by taking the reference points on
the opposite edges of any line pair. The linewidth measurand is
very sensitive to the sensing mechanism; therefore, a same
linewidth standard may result in different calibrated values
depending on the sensing technology used [267] (see also Sect. 2
and Figure 5). A photomask measurement standard based ona 152
mm square quartz mask substrate carrying chromium line
structures from 5 um down to nominally 40 nm CD was designed
for linewidth calibration and successfully used in a round robin
exercise on measurement systems used in semiconductor and
photomask industry [103]. The mask design has been applied to
manufacture several CD measurement standards using up-to-date
manufacturing technology of mask shops in Germany.

1D gratings

As with line scales, gratings are arrays of regularly spaced marks
on a flat substrate, but the pitch is much smaller and comparable
to the wavelengths of visible light. When illuminated by coherent



light, they give rise to diffraction. The measurand is the pitch p of
the grating, either mean or local. The mean pitch sets the
diffraction angles 6,,, according to the equation p - sinf,, = md (m
is the diffraction order and A is the light wavelength). The local
pitch is used for correcting microscopy instruments, such as AFMs.
Usually calibrations take the mean pitch as the measurand (see e.g.
[73], [108], [255]), while the local pitch is most likely used in
applications. The diffraction profile depends on the full grating
profile, i.e. the off-peak non-null intensities bring information on
the deviations from regular periodic geometry [213], which in
principle could be derived (but in practice is seldom done in actual
calibrations). The regularity of the grating is important for
traceability when the calibrated mean pitch value is used for local
pitches.

Ball/hole plates and 2D gratings

Although ball/hole plates and 2D gratings are not 1D artefacts,
they are covered here for their similarity with ball bars and 1D
gratings, of which they can be considered as 2D extensions. In
general, the measurands are the coordinates of the reference
elements. These are 2D vectors whose deviations from the nominal
depend on, but cannot be confined to, the linear errors of the two
axes. Specific 2D issues arise, most prominently the squareness
and the definition of a local system of coordinates. This latter is
usually based on three reference points that define a coordinate
plane, two of the three a coordinate axis, and one of the two the
origin. In the case of 2D gratings, the reference points (marks) are
very many (with a short pitch), and a full calibration of their
individual coordinates would be impossible and useless in
practice. Reduced measurands, such as the average pitches and the
squareness, are measured instead.

Ball and hole plates are assemblies of supporting plates with a 2D
array of reference elements, spheres or cylindrical holes. The
reference points are the centres of the balls or of the circular cross
sections of the holes at a predefined depth, respectively. The
supporting plates are usually made of steel, or of low-thermal
expansion materials. Ball and hole plates are mainly used for 3D
verification of CMMs and for derivation of their geometry errors
[15]. Figure 12 shows a dedicated hole plate that was designed and
manufactured for multi-sensor opto-mechanical CMMs [121].
Ball/hole plates are routinely calibrated according to the
swing-round procedure [15], which eliminates most geometry
errors of the calibrating CMM (except the high-order odd parts of
the scale errors). The design of ball/hole plates allows access from
either side intentionally for this purpose (see Figure 42-c, where a
typical cross section of a ball plate is shown). Other 2D artefacts
similar to hole plates are available, such as mask substrates
carrying chromium structures (e.g. circles), analogously to the
chromium line structures used for some linewidth standards (see
above). The particular challenges for calibration of bidirectional
measurands such as diameters of holes or circles on substrates
were discussed in Sect 2.

2D gratings are 2D arrays of regularly spaced marks on a flat
substrate. The measurands are the average pitches and the
orthogonality of the axes. These artefacts are used mainly for
performance verification and calibration of microscopes and 2D
stages [101]. They can also be used as the basis for 2D encoders
[172], for 3D interferometric sensors [106] and for full 6 DOF
encoders [197]. 2D gratings are usually calibrated by either
diffractometry or scanning probe microscopy (SPM) (typically
AFM) [109], [193]. Suitable vision algorithms help in aligning the
artefacts [201] and in suppressing the noise [54]. Detailed analyses
of the diffracted wavefront can be used for deriving flatness
information [55], [107]. The CMCs registered in the KCDB (Table
2) for these artefacts report uncertainties as low as 2 pm (for
23 nm pitches, shortest in the range). An intercomparison
demonstrated capabilities at the 10 pm level [100].

(@
Figure 12. Opto-mechanical hole plate allowing to link optical and tactile
measurements into the same reference system on a multisensor CMM [71].
(a) Hole plate with 25 x 5.5 mm holes. (b) Transfer of traceability from a
Zerodur hole plate.

Table 2.

Best CMCs (calibration and measurement capabilities) for linear dimension
artefacts. U is the expanded uncertainty (k = 2). Q[a, b] is a short form for
va? + b?. L is the nominal length of the measurand (source: KCDB [29]).

Artefact NMI Range (mm) U
SMD (BE) ]
Gauge blocks  NIST(US) 0.1-100 Q[18 nm, 0.15 x 10-6L]
PTB (DE) 100-1000  Q[22 nm, 66 x 10°L]
Step gauges NPL (GB) 10 - 1540 Q[0.1 um, 0.23 x 10-6L]
Ball bars NIST(US) 300-1500  Q[0.25 um, 0.5 x 106L]
Rings PTB (DE) 10-170 Q[14 nm, 0.1 x 10-6L]
Line scales MIKES (FI) 0.01-1165 Q[6.2 nm, 82 x 10-°L]
Linewidth st.  PTB (DE) 0.002-1 15 nm
METAS (CH) 1-80 Q[0.03 um, 0.2 x 10-6L]
gf“;z L‘fle NMIJ (JP) 0-560  Q[0.24 um, 0.56 x 10-6L]
PTB (DE) 0-960 Q[0.4 um, 0.5 x 10-6L]
Range (pum)
NMIJ (JP) 0.023-8 Q[34 pm, 19.8 x 10-L]
1D gratings®  NIST (US) 0.1-10 Q[3 pm, 2 x 10-6L]
NMC (SG) 0.05 - 50 Q[60 pm, 1.2 x 10-6L]
PTB (DE) 0.007-0.223  Q[2 pm, 0.03 x 10-3L]
PTB (DE) 0.14-4 20 pm
) METAS (CH) 0.3-10 Q[6 pm, 9 x 10-6L]
2Dgratings® ks (F) 0287-10  Q[52 pm, 11.6 x 10-6L]
METAS (CH) 0.2-20 0.05 x 10-3L
NPL (GB) 0.29 - 50 Q[25 pm, 0.19 x 103L]

aThese CMCs are best in different ranges.

3.2. Form and surface texture

Form and surface texture definitions and measurements are
discussed in detail elsewhere (for example, surface form in [93]
and surface texture in [287] and [186]). The main types of artefacts
available are described below.

Flatness measurement artefacts

The reference geometry for flatness is the plane, hence flatness
is the degree to which the measured surface deviates from a plane
[124]. ISO 12781-1 [151] provides more details on flatness
specifications. One method to measure flatness is by probing the
surface with a CMS. However, measurement by CMS can be a time-
consuming task as surface points are acquired sequentially in most
cases. A widely accepted method for flatness measurement is using
optical interferometry, where the surface to be measured is
compared to a calibrated reference flat, but deflectometry can also
be employed [110]. Self-calibration and reversal approaches can
be used to enhance the accuracy of flatness measurement so that
nanometre-level uncertainties are readily achievable [91] [93]
[238]. The reference artefacts for flatness measurement are often
optical flats, although for lower accuracy applications, surface
plates and tables can be employed, and most NMIs have flatness
measurement services. Sometimes the size of the flat area to be
characterised (e.g. granite bases of CMMs and machine tool tables)
means that other flatness measurement methods must be
employed, such as electronic levels arranged in a surface grid (see



e.g. ISO 230-1 [141]). Optical flats are commercially available in a
range of materials and sizes, and can be calibrated simply by using
a He-Ne laser and self-calibration techniques, without the need for
external traceability to an NMI [190]. Particularly high-
specification flats were produced for the LIGO gravitational wave
detector, which had peak-to-valley flatness values of 0.37 nm (with
reference to a least-squares plane) over a 150 mm aperture [232].
Liquid surfaces are also used as flat references, although there are
obvious practical difficulties in maintenance and calibration [235].

Optical flats are used for the calibration of the residual flatness
metrological characteristic for surface texture instruments, but
care must be taken that the appropriate spatial frequency
distribution is employed - typical flatness calibration services use
full-field interferometric systems where the lateral sampling
spacing is likely to be too large for surface texture applications
[115] (a similar argument based on the finite probe geometry can
be employed in the case of a CMS measurement).

Straightness measurement artefacts

The reference geometry for straightness is a line, defined as the
shortest path between two points in space. ISO 12780-1 [150]
provides more details on straightness specifications. The most
common measurement methods for straightness are
autocollimators, laser interferometers or electronic levels,
although CMS can be employed for lower accuracy applications.
Artefacts for straightness references include flats, dedicated
mechanical beams (straightedges, used for lengths up to
approximately 5 m - see Sect. 5 for details on the effects of gravity
and fixturing especially on long artefacts) and taut wire artefacts
(mostly used for lengths over several metres - where the
uncertainty of straightness measurement in the vertical direction
increases with length, due to sag of the taut wire) [141]. See Figure
13 for an example. A relatively new type of artefact is the
holographic axicon [226], which can be used to measure
straightness in two directions simultaneously, establishing a
virtual optical line of reference perpendicular to the plane of the
axicon. This virtual line can be probed with an autostigmatic
microscope (see Sect. 2) with sub-micrometre resolution and is
less susceptible to air turbulence than a single laser beam.

Figure 13. Example of a straightedge measurement on a machine tool
using a reference beam and a capacitance gauge [223].

Roundness and cylindricity measurement artefacts

The various parameters for roundness and cylindricity
characterisation are well established and their definition and
standard measurement methods will not be repeated here (see
[143] and [93]). The highest accuracy measurements of roundness
and cylindricity are carried out by dedicated roundness measuring
machines, but CMS can also be used in lower accuracy applications.
The most common reference artefacts for roundness are precision
spheres or hemispheres (see Figure 14-left), usually calibrated by
reference contact instruments. Self-calibration and reversal
approaches, often employing multiple probes, can be used to
enhance the accuracy of roundness and cylindricity measurement
so that tens of nanometre-level uncertainties are achievable [91]

[56] [93] [123]. Precision cylinders are also used for roundness
and cylindricity characterisation. Figure 14-right shows a typical
cylinder roundness artefact. A roundness artefact has been
developed with different regions [122], which facilitates

calibration of the amplification factor of the probe [166], the
dynamic properties of the probe and investigation of various
filtering methods employed. On a larger scale, a ring segment
artefact has been developed for traceability of large diameter
bearing components (up to 1 m in diameter), which composes two
nominally coaxial features: a cylinder and a torus [16].

Figure 14. Examples of roundness artefacts (source: Taylor Hobson). Left:
precision hemisphere being measured with an optical instrument. Right: a
typical cylindrical roundness artefact being measured with a stylus
instrument.

Spherical and aspherical form measurement artefacts

The most obvious choice for an artefact for characterising
measuring instruments for spherical form is a precision sphere, or
more often, a hemisphere (see Figure 14-left for an example). Such
artefacts are made from a variety of materials, but the highest
precision are made from optical glasses. Spherical artefacts can
also be used for spindle error assessment [203] and are commonly
used in conjunction with other artefacts as datums, reference
features and alignment aids (see e.g., Figures 21, 24 and 26). For
surface texture measuring instruments, a precision hemisphere on
a plane artefact (known as a Type E1 material measure for profile
[145] and a Type APS material measure for areal [157]) is used for
assessing multiple parameters, such as vertical and horizontal
scales, the squareness of the lateral axes, the response curve of the
probing system, the stylus geometry and stylus tip geometry [190].
Precision spherical artefacts are most often calibrated using
primary roundness and/or profile measuring instruments,
typically to form uncertainties of a few tens of nanometres. The
highest precision spherical metrology to date has been for the
silicon sphere produced for the redefinition of the kilogram using
the Avogadro method [18], which produced a 93.6 mm diameter
sphere to form uncertainties of less than 20 nm, measured with a
spherical cavity Fizeau interferometer and resulting standard
uncertainty for the mean diameter of 0.22 nm [219] [220].

Aspheric optics play an increasingly important role in a wide
variety of optical applications. The requirements placed on the
quality of advanced aspheres are high and their production
accuracy is limited by the available measurement techniques [92].
Most commercial aspheric measuring instruments are supplied
with spherical reference artefacts, but there has been some
activity, mainly in the NMIs, to develop aspheric artefacts. In 2018,
PTB led an interlaboratory comparison of asphere measurement,
in which a weak asphere, strong asphere and a sample with two
radii in orthogonal directions were measured using a number of
high-accuracy contact and optical techniques [256]. In this
comparison, there was no traceable reference instrument, so
virtual references were used and the results only show variation
between instruments. RMS deviations were found to be of the
order of tens of nanometres, up to 90 nm in the case of the strong
asphere. There have been several advances in optical technologies



for asphere measurement (see e.g., [13], [129]) and contact CMSs
can be employed (e.g., see [26], [288]). Traceability for these
instruments is now in place, thanks to developments in the EMPIR
project FreeFORM (see [9] for a summary of the project outputs).
There is much cross-over from asphere metrology developments
and precision freeform metrology developments, which are
discussed in Sect. 3.3.

Surface texture artefacts

In the case of surface texture instruments, there is a
comprehensive framework for calibration and verification under
development in ISO technical committee 213 working group 16
(ISO/TC 213/WG 16). A number of defined metrological
characteristics are determined using default procedures and
artefacts which were described in detail in a previous CIRP
keynote [190], so this detail will not be repeated here. Since that
keynote, ISO 25178-600 [158] has been published, which lists and
defines the metrological characteristics. 1ISO 25178-700 will
describe how to determine the metrological characteristics and
should be published soon. CIRP STC-S is currently conducting a
comparison of the ability to measure one of the metrological
characteristics, instrument noise. There have been some
developments in the manufacture and calibration of artefacts used
to determine the linearity of the instrument scales, including a grid
artefact for focus variation microscopy [2], which has the added
complication of requiring a rough surface, and a diamond turned
surface with pseudo-random texture, where the analysis uses the
material ratio curve to determine the axial scale linearity [83].

The National Physical Laboratory (NPL) [222] and University of
Kaiserslautern (UOK) [84] have independently developed multi-
feature artefacts that allow the determination of the ISO 25178-
600 metrological characteristics, with the exception of topography
fidelity (see below). NPL offer the artefact shown in Figure 15 on a
silicon substrate along with separate performance verification
artefacts on nickel electroformed substrates [189]. The UOK
artefact is manufactured by stereolithography, with a metal
coating, and is currently subject to an intercomparison managed
through ISO/TC 213/WG 16.
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Figure 15. The NPL Areal Standard (source: NPL). Top-left: picture.
Bottom: scheme with explanation of the various features.

A metrological characteristic “topography fidelity” has been
introduced into the ISO framework as a kind of miscellaneous
category for all contributions to the uncertainty budget, including
surface slope-dependent errors that are not captured by the more
well-known calibrations. In ISO 25178-600 [158], topography
fidelity is defined as the “closeness of agreement between a
measured surface profile or measured topography and one whose
uncertainties are insignificant by comparison”. A common theme is

10

to use an artefact having a shape that is identical to the measurand,
and that has been calibrated independently and/or manufactured
in such a way that the real geometry is known. For example, one
part could be manufactured and used as a reference for all
subsequently manufactured parts of that shape. Measuring this
artefact using the instrument to be evaluated may give quantitative
information about the deviations that can be used in an
uncertainty budget. Artefacts are under development for
topography fidelity that include a multitude of established
difficult-to-measure features, such as steep steps and grooves of
various spacings and depths. Example artefacts under
development include the chirp standard [264] that is comprised of
square-waves of varying lengths and depths, and a circular chirped
specimen with several degrees of randomness in lateral size [65],
see Figure 16, which shows measurement results with the artefact
- the clear over-/under-shoot features are what the artefact is
designed to illustrate.

There has also been some progress in the development of
artefacts for the determination of transfer function, which is one of
the elements encompassed by the definition of topography fidelity,
but which can also be used to establish topographic resolution.
Care must be taken to distinguish the instrument transfer function
(ITF) and the optical transfer function (OTF) (see [75] for a
comparison of the two functions). Methods and artefacts to
determine ITF are common in the optics industry and the
limitations are well understood. Use of the OTF addresses some of
these assumptions, but its adoption is less well advanced. Recent
suggested artefacts for OTF (with associated models) include a
precision micro-scale sphere [272], the chirp artefact discussed
above [264], a pseudo-random artefact [170] and a star-pattern
produced using lipid biolayers [25]. It should be noted that the PTB
circular chirped artefact [65] has been suggested as an artefact
that can be used to determine the ITF of an optical instrument, but,
with its current design, it will produce results that are outside the
linear assumptions inherent in the definition of the ITF. However,
at the time of writing, there is no consensus on how transfer
function and/or topography fidelity should be determined or even
if it is possible to do this with single artefacts [188]. The current
situation in ISO 25178-700 is that topography fidelity and transfer
function will not be part of the normative sections.
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Figure 16. Topography fidelity artefact designed by PTB [65]. Topography
data map of the circular chirp pattern (radius of 60 um) measured by a
commercial laser scanning confocal microscope with a 100x objective (left)
and its profiles along the orientation of 0° and 90° (right).

With the publication of ISO 25178-600, the development of ISO
25178-700 and the availability of the multi-feature artefacts from
NPL and UOK, the calibration of surface texture measuring
instruments has advanced significantly. With many of the surfaces
found in advanced manufacturing, the current framework is
sufficient and can be used to evaluate measurement uncertainty,
but there are still issues to address. Topography fidelity is a catch-
all term that describes those aspects about a surface texture
measurement that defy the simple linear models of the various
instruments [188]. In these regimes, which are typical of complex
surfaces, such as those found in AM, rigorous models are needed
to allow a prediction of the response of the instrument to the



topography. Whilst there is some activity in this direction (see
[276]), there is still much work to do before suitable calibration
artefacts can be designed, manufactured and tested. There is also
increasing interest in using X-ray computed tomography (CT) to
measure surface texture [187], especially for highly complex
surfaces, some even with undercut features. Artefacts for this
regime of surfaces, essentially made using the manufacturing
method under examination, calibrated using specific procedures
and then measured with CT are in the stage of development [297].

3.3. Complex geometry

Complex geometrical features are defined in the ISO 17450-1
[154] as geometrical features that have no invariance degree.
Measurements of complex geometries and freeform shaped parts
were reviewed in a previous CIRP keynote [253]. Many different
types of CMSs, ranging from tactile CMMs to non-contact CMSs, are
commonly used in manufacturing metrology for measuring
complex geometries [135]. Since CMSs are flexible measuring
systems, capable of measuring a multitude of features and
products, they are not calibrated for all the large number of
measurement tasks that they allow, but they need task-specific
calibration [289]. For the same reason, a large number of different
artefacts have been developed to establish traceability in many
different measurement applications. Artefacts used in coordinate
metrology range from objects based on simple geometrical
features to freeform shaped parts.

Artefacts based on simple geometrical features

Complex artefacts based on simple geometrical features typically
combine several regular geometries, such as planes, cylinders and
spheres. Besides linear dimension artefacts, already described in
Sect. 3.1, several 2D and 3D artefacts have been developed for CMS
verification and calibration [248]. Reviews of existing CMS
artefacts are reported elsewhere (see [3], [59] and [245]). These
artefacts can be used in single or multiple positions within the CMS
measuring volume. Often, such artefacts include spherical features
that can be accurately measured by CMS and used for alignment.
Examples of such artefacts are shown in Figures 17 and 18. Figure
19 shows a “pseudo-3D artefact” [114] consisting of a 2D ball plate
that is mounted on top of spacers of different heights using
kinematic couplings, which ensure repeatable positioning of the
plate to create a 3D lattice once measured by optical CMSs, such as
fringe projection. The concept of using spacers was inspired by
previous work by Bringmann et al. [39], in which a kinematic
artefact was presented and applied for testing and calibration of
machine tools. Other examples of artefacts for testing and
calibration of three- to five-axis machines are reviewed elsewhere
(see [266], [212], [207]). The use of finished artefacts for machine
tools verification is detailed in the ISO standards on test code for
machine tools [141] [142], while artefacts generated directly by
manufacturing equipment are specified elsewhere (e.g. [149] for
cutting machine tools and [159] for AM machines).

Figure 17. Examples of complex artefacts based on simple geometrical
features, for coordinate metrology on CMMs or on machine tools. Left:
“KGM-check” artefact (source: Carl Zeiss). Middle: Calibration of a parallel-
kinematics probe using a “calibration cube” [292]. Right: “ball dome”
artefact developed for five-axis machine tools used for coordinate
metrology [207].
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Figure 18. 3D artefacts made of glass or vitro-ceramics and calibrated
ceramic spheres. Left: “amphitheatre-like” glass artefact with optically
cooperative micro-spheres that have diameters down to 0.36 mm and are
suitable for different tactile and optical micro CMSs [275]. Right: 3D
artefact with 3 mm diameter spheres on low CTE vitro-ceramic material
(source: Trapet Precision Engineering).
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Figure 19. “Pseudo-3D artefact” [114] using a 2D ball plate and spacers of
different heights (left) to create a 3D lattice once measured (right).

Freeform shaped artefacts

Artefacts based on freeform geometries use complex continuous
surfaces in which the shape and the extension are defined by the
designer to model freeform applications, which cannot be
represented by regular geometries. For example, PTB proposed
different freeform shaped artefacts, ranging from general-purpose
sinusoidal shapes to application specific artefacts, for verification
of optical CMSs [263]. Figure 20 shows the NPL freeform artefact,
which features a 3D complex surface including both convex and
concave forms [208].

Figure 20. NPL freeform artefact [208]; the nominal dimensions of the
model shown are 150 mm X 150 mm * 40 mm.

Figure 21 shows the “hyperbolic paraboloid” freeform artefact
developed by the Czech Metrology Institute (CMI) [298]. This
artefact was used by the CMI also for developing the so-called
“calibrated CAD model” of the freeform object [198]. The idea of
calibrated CAD was introduced by Savio et al. [254], in connection
with the Modular Freeform Gauge reported below in this section.
While in the work by Savio et al. the calibrated CAD was based on
regular geometries used to substitute freeform shapes, in the work
by the CMI the calibrated CAD model is based on iterative
modification of the control points determining the theoretical
shape of the freeform surface according to the data measured on
the artefact [198]. The CMI demonstrated that the form errors
evaluated in CAD-based measurements, where the calibrated CAD



model is used as reference, can be much smaller than form errors
evaluated in CAD-based measurements of the same artefact with
the nominal (“uncalibrated”) CAD model used as reference [298].

Figure 21. Hyperbolic paraboloid freeform artefact developed by CMI
[198]. Left: artefact with maximum dimensions of 120 mm x 120 mm x
67 mm, consisting of step-squared base intended for clamping, an
hyperbolic paraboloid surface trimmed by a cylinder of revolution with 40
mm radius, and three precise reference spheres with 8 mm radius that are
glued into hemispherical holes on the artefact. Right: calibrated CAD model,
with colour map of deviations between CAD and points measured using a
tactile CMM.

Gear and thread artefacts

In order to ensure traceability of measurements of gears and
threads, several product-like artefacts with complex geometries
are available. For example, Figure 22 shows large involute gear
measurement standards (with outside diameters of 1 m), which
make possible the calibration of important gear measurands for
profile and lead [3]. Other examples are reported in [119] and
[181], where artefacts for micro gear measurements are
presented, using spheres to resemble involute profiles and
cylinders to resemble the involute tooth flanks. Further examples
and details on gear artefacts are reported elsewhere (e.g. [116],
[3], [280]). Calibrated thread artefacts have also been used for
traceability transfer in newly developed screw thread
measurement methods using contact and non-contact CMSs [47]
[296].

Figure 22. Involute gear measurement standards [3]. Left: PTB national
reference standard. Right: industrial measurement standard.

Modular Freeform Gauge

Based on the substitution approach [152], the Modular Freeform
Gauge (MFG) concept was proposed by Savio et al. [251][254], in
which the freeform surface is substituted by the surfaces of simple
prismatic objects, assembled in such a way that the complex shape
of interest is simulated as closely as possible. The MFG concept has
practical constraints with respect to feasible configurations and
similarity ~requirements. The approach for traceability
establishment is illustrated in Figure 23-left. An example of
application to a turbine blade is shown in Figure 23-right; the
geometry of the blade was simulated by an assembly of a cylinder
and two flat surfaces, estimating a freeform measuring uncertainty
of the order of 2 pm to 3 pm for contact scanning on a high-
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accuracy CMM [254]. Other examples of traceability transfer using
the MFG concept are given elsewhere [102] [199]. Using a section
of a wind turbine blade calibrated following the MFG approach,
shown in Figure 24, an expanded uncertainty (k= 2) of 665 pm was
documented for automated freeform optical scanner
measurements of the leading edge geometry on a 55 m blade [199].

Unit “METRE”

calibration of form
and dimensions

calibration and
verification of CMMs

Single objects with
regular geometry

Length-measuring
capability of CMMs

form and dimensions
of objects

relative position
of objects

Modular
Freeform Gauge
(MFG)

Experimental uncertainty
assessment procedure
(ISO 15530-3)

Actual freeform object

measured on the CMM
Figure 23. Traceability of CMM freeform measurements using Modular
Freeform Gauges [254]. Left: flowchart illustrating the approach. Right:

example of MFG configuration for the uncertainty assessment related to the
measurement of a turbine blade.

Figure 24. Establishment of the traceability of automated freeform optical
scanner measurements on wind turbine blades in the production [199].
Left: calibration of freeform surface of a wind turbine blade section. Right:
optical 3D scanner mounted on a 6 DOF robot with reference to a laser
tracker during measurement of a 55 m wind turbine blade.

Artefacts for non-contact measuring systems

In parallel with the current trend to the increasing use of optical
measuring systems and X-ray CT, several new artefacts have been
developed by selecting materials and surface properties that
facilitate the measurements of non-contact sensors (see Sect. 5).

As far as optical sensors are used, artefacts with optically
cooperative surfaces are beneficial and for this reason several
coatings and surface treatments, including Lambertian surfaces,
have been developed and studied [81] [249] [275]. Further details
on artefacts for optical sensors are discussed in Sect. 5, in the
clauses on surface and optical properties. 2D artefacts for vision-
based systems, such as hole plates and mask substrates carrying
chromium structures, are discussed in Sect. 3.1.

Artefacts for X-ray CT are reviewed in [5] and [48]. Many
artefacts used in tactile and optical coordinate metrology are not
suitable for X-ray CT because they are made of highly absorbing
materials (i.e. with high X-ray attenuation coefficient) such as steel.
For this reason, several artefacts have been developed specifically
for X-ray CT, using materials and X-ray penetration lengths
adapted to the measurement parameters. Materials usually
adopted for such artefacts include metals with low X-ray
absorption, such as titanium and aluminium, as well as low
absorbing ceramics and synthetic ruby. When connections
between single objects are needed to form an artefact, they are
often realised with carbon-fibre reinforced polymer as it is
relatively X-ray transparent, yet it has good geometrical stability
and low CTE [76]. Figure 25 shows two examples of artefacts made



from carbon fibre tubular structures on which a number of
reference spheres are positioned at specific locations. The artefact
in Figure 25-left was developed at the University of Padova for the
geometrical calibration of CT systems [76]. The artefact in Figure
25-right was developed at the Technical University of Denmark
(DTU) and is placed and scanned together with the workpiece
inside the CT system, allowing a considerable reduction of time by
compressing the full process of calibration, scanning,
measurement, and re-calibration, into a single process [271].

Since different materials can strongly influence the results of CT
measurements, multi-material artefacts have been developed
[240] [160]. Polymeric materials have been proposed for X-ray CT
artefacts because of their low X-ray attenuation coefficient and for
use with same CT measurement parameters as with actual
polymeric workpieces (see e.g. [45] and [206]). Experimental
studies have investigated their use and limitations in terms of long-
term dimensional stability, thermal expansion and influence on
measurement uncertainties (see [206] and Sect. 5). Typical
calibration uncertainties of selected examples of artefacts for X-ray
CT are reported in Table 3.

Figure 25. Left: “Carbon tube” artefact (University of Padova) for CT
systems geometry calibration [76]. Right: “CT tube” (DTU) positioned on a
CT scanner rotary table with a miniature step gauge placed inside [271].

Table 3.
Selected examples of dimensional artefacts for CT; L is the maximum edge
length and U is the expanded calibration uncertainty (k = 2) [271].

Artefacts (source) L(mm) U(pm)
Calotte cube (PTB [20]) 10 1.0
Tetrahedron and Pan Flute (Univ. Padova [46]) 25 1.6
CT ball plate (DTU [271]) 40 1.7
Miniature step gauge (DTU [45]) 42 1.7
CT tube (DTU [271]) 60 2.2

Workpiece-like and dismountable artefacts

Several workpiece-like artefacts with complex geometries have
been developed for task-specific applications, in order to test and
calibrate measuring systems using geometries and materials that
are as similar as possible to those of actual workpieces. Such
workpiece-like artefacts are needed in particular when the
substitution method is applied, with similarity conditions to be
satisfied [152] [279]. In the case of X-ray CT, actual workpieces can
include difficult-to-access or inner features (e.g. inner geometries
or porosity) that are measurable by CT but not by optical or tactile
measuring systems. To obtain workpiece-like artefacts with inner
geometries that can be calibrated by tactile reference
measurements, dismountable artefacts (i.e. artefacts that can be
disassembled) have been developed. Figure 26 shows an example
of a dismountable artefact produced by dividing a small aluminium
cylinder head into four pieces (so that most inner surfaces can be
reached with tactile probing) and adding reference geometries
(spheres and cylinders) to define a coordinate system for aligning
the measurements in the disassembled and re-assembled state
[269]. Hermanek et al. [130] developed a dismountable cylindrical
artefact with calibrated internal hemispherical artificial defects for
achieving traceability of CT measurements of internal porosity
(Figure 27). Experimental investigations demonstrated that by
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scanning the artefact together with the workpieces under
investigation, it is possible to implement procedures that allow
correction of systematic errors in porosity measurement results
by optimising the parameters used for the evaluation of the
acquired data [132].

Figure 26. “Mini-Cylinder Head” dismountable artefact (workpiece-like
artefact), composed of four segments on a holding plate; ruby spheres used
for alignment are visible on the top plane of the artefact [23].
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Figure 27. Dismountable artefact with calibrated artificial defects for
achieving traceability of CT dimensional measurements of internal
porosity [131]. Dimensions are reported in millimetres.

Artefacts for large-scale metrology

Large-scale coordinate metrology deals with coordinate
measurement tasks for objects in which the linear dimensions vary
from one metre to hundreds of metres [86] [258]. Calibration of
large-scale measuring systems may require large artefacts. Large
workpiece-like artefacts would have the advantage that almost all
significant error influences (such as temperature, gravity,
clamping and measuring strategies) can be kept very similar,
which implies that systematic errors can be determined and
corrected in a comparatively simple way. However, due to the high
costs and small part numbers in large-scale manufacturing, the use
of large workpiece-like artefacts cannot be always economically
feasible. More often, large-scale artefacts are realised by
combining length artefacts. Figure 28 shows an example of an L-
shaped dismountable artefact for large-scale metrology [268],
which was supported by a multiple-point mounting based on a
hydraulic system that minimises bending by providing the same
force for every supporting point of the artefact (see Sect. 5 and
Figure 43). Figure 29 shows the “PTB’s reference wall” with rod-
shaped artefacts of up to 12 m in length, which was set up for
testing and calibrating mobile 3D large-scale measuring systems
(Figure 29). The test lengths are realised using thermally stable
carbon fibre reinforced material and mounted on the wall, free of
strain. The expanded measurement uncertainty (k = 2) of the
different embodied test lengths is less than 5 um.

In general, high geometric accuracy and stability of length
artefacts can only be realised over lengths up to a few metres. To
overcome this limitation in testing large-scale CMSs, the latest
revision of ISO 10360-2 allows interferometers to be used as
virtual length artefacts [147]. A review of calibration methods and



adopted reference artefacts for large-scale measuring systems is
reported elsewhere [95]. In addition to classical monolithic
measuring systems, modern large-scale measuring systems are
constituted by constellations of sensors, allowing greater
flexibility, scalability and portability, as well as a general reduction
of costs [99]. A manufactured artefact made up by a series of
infrared reflective spheres, for calibrating a mobile spatial CMS
was presented by Galetto et al. [98]. A cooperative approach
relying on the combination of angular and distance measurements
yielded by sensors of several large-volume metrology systems,
using a calibrated scale bar with reference points is presented
elsewhere [97].

Figure 28. L-shaped dismountable artefact for large-scale metrology
developed within the MESTRAL project [268].

Figure 29. PTB’s reference wall for testing and calibrating mobile 3D
measuring systems for large measuring ranges up to 12 m (source: PTB).

Artefacts for micro- and nanometrology

Specific artefacts have been developed for micro- and
nanometrology, and particularly for testing and calibration of
micro-CMSs. In addition to miniaturised artefacts developed for
downscaling geometries and test procedures of classical
coordinate metrology, task-specific artefacts were realised to
measure sensor-specific characteristics, such as force-induced
deformations for tactile microprobes or minimum structure sizes
that can be measured with non-contact sensors. Reviews of
available artefacts for contact and non-contact probing systems at
micro- and nano-scales are reported in [218],[217] and [59]. In the
following, examples of 3D micro- and nano-artefacts are
mentioned, without aiming to be exhaustive: many more artefacts
exist as documented in the above reviews.

Several artefacts based on 3D-structures representing multistep
pyramids have been developed, with micro- and nano-dimensions.
Figure 30 reports a 3D pyramidal measurement standard
developed by PTB, in which the terraces of the pyramids and the
substrate are patterned with so-called nanomarkers, whose
centres serve as 3D-reference points [243]. The pyramids consist
of platinum, being patterned onto the substrate using the focussed
ion beam (FIB) method (which was subsequently used to write
also the ring-shaped nanomarkers). Using this artefact, not only
the calibration factors for the three scan axes, but also the crosstalk
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between them can be determined. For the case shown in Figure 30,
the size of the 3D-pyramids were chosen to fit the 3D measurement
volume of most common SPMs. Other artefacts with similar 3D
pyramidal geometries were developed on larger scales, with
dimensions up to the millimetre-range, targeting to close the gap
between nano- and macro-scale artefacts, for their use with
instruments other than SPMs, such as stereophotogrammetric
SEM, confocal laser scanning microscopes, and optical CMSs. For
example, Dai et al. [66] developed an artefact including several
inverse pyramids, each having dimensions of 6.5 mm x 6.5 mm x
1.5 mm, allowing the characterization of micro/nano-CMMs with
measurement volumes of a few cubic centimetres. Galantucci et al.
[96] developed pyramidal artefacts, including sub-millimetre and
freeform features, for characterising and calibrating measuring
systems based on stereo-photogrammetry, for applications such as
measurement of 3D printed microfluidic devices [117] and
microgears [229].

Figure 30. Geometry of the PTB’s 3D pyramidal measurement standard
measured by a SPM [243]. The image size is 84 pm x 84 pm, while the single
pyramids have base line of approx. 20 pm and height of approx. 3 pm.

A multiple height artefact for calibration of the height response
in 3D microscopy was developed by De Chiffre et al. [67]. The
artefact comprises multiple steps having a common vertical axis
and is suitable for transferring height traceability to 3D techniques
at the micro- and nano-scale, including 3D SEM [44]. Similar
multiple height artefacts were developed for testing and
calibration of other 3D measuring systems [183]. As discussed in
Sect. 2, the available artefacts with the smallest steps are single
crystals with monoatomic steps (see Figure 6).

A “micro contour” measurement standard was produced by PTB
(Figure 31) by wire electro-discharge machining, obtaining
surfaces which are well suited also for optical measurements. A
range of details and features present on the measurement
standard, including sloped surfaces, allows several parameters of
the measuring instrument to be studied [216]. Its design derives
from the guidelines on acceptance and reverification testing of
contour measuring systems according to the tactile stylus method,
but has been miniaturised and modified for use in conjunction with
several microsensor applications.
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Figure 31. “Micro contour” measurement standard [216].

When measuring micro-features with high aspect ratio, specific
measurement procedures and artefacts are requested. An example
is the “fibre gauge” shown in Figure 32, consisting of a set of optical
fibres protruding from a flat surface [202]. The fibres are arranged
as a regular array of different height cylinders, with aspect ratios
up to 20:1. The fibre gauge can be applied to calibration of the



height response of most contact or non-contact measuring systems
for 3D metrology at microscale. The exemplar shown in Figure 32
includes high aspect ratio holes as well, which are specifically
useful for error characterisation in micro-CT [49]. Other artefacts
with micro-features are also required for testing specific
characteristics of CMSs, such as the metrological structural
resolution [8] [50] [138] [295].

Figure 32. SEM image of the “fibre gauge” featuring fibres and holes with
high aspect ratio [202].

Finally, it is noted that, since current micro-CMMs can reach
maximum permissible errors of length measurement (ELmpe) of
250 nm or less, it is requested that artefacts for micro-CMMs
testing and calibration should be calibrated to uncertainties better
than 50 nm. However, such calibration uncertainty is too small for
most 3D artefacts (see Table 4); for example, the calibration of ball
plates and 3D artefacts based on spheres to uncertainties below
100 nm is difficult and tends to rely on other tactile micro-CMMs
[59]. As a consequence, micro-CMM testing and calibration often
have to rely on time-consuming measurements using gauge blocks,
and the reached EiLwmpe values can be higher than what would
actually be possible [59]. Future developments are needed to reach
3D artefacts with reduced calibration uncertainties.

3.4. Angle

The coherent unit for plane angles is the radian, which is a
dimensionless derived unit of the SI; in fact, it corresponds to the
ratio of two lengths [31]. Hence, angle metrology is considered
part of length metrology [27]. Angle metrology plays a decisive
role in advanced manufacturing, e.g. for controlling the rotational
deviations of moving axes, which is critical for the achievable
manufacturing accuracy of machine tools [105]. Moreover, the
angular orientation of rotary axes in multi-axes machines needs to
be measured, adjusted and monitored.

Angular encoders are measuring systems for determination of
angular positions over 360°. Their operation is based on the use of
a circular grating, which has been patterned on a substrate and
whose angular displacements are probed by one or more reading
heads using an optical or magnetic signal; see Figure 33.
Depending on the type of grating and the processing of the
measurement signals, the types of encoders are either relative
(using uniform gratings) or absolute (using Gray-code type
gratings) angle measuring systems.

All angle measuring instruments and angular artefacts extending
over the full circular range of 360° can be calibrated by self-
calibration techniques [91] using the inherent property of the full
circle: that all individual angular deviations sum up to zero over
360° (2rm rad periodicity). A high-precision angle comparator
based on two independent angular gratings allowing for
application of different self-calibration approaches has been
described by the PTB [236]; an updated report on the achieved
level of self-calibration was given in [111]. A comparison of a
rotary encoder used as a transfer measurement standard was
reported [168], while a calibration guideline for angular encoders
has recently been published by EURAMET [89]. The National
Metrology Institute of Japan also used self-calibration approaches
for precision calibration of angular encoders [281] [282].

Mirror polygons are angular artefacts extending over 360°. They,
however, realise angles at a limited number of angular positions
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only, usually regularly distributed over 360°. Examples are
polygons with 6, 12 or 24 flat faces, which are often used (see
Figure 34). The mirror polygons are made of quartz glass, or glass
ceramics with low CTE, such as Zerodur, or from metal, such as
tungsten or chrome carbide. The quality of the mirror polygon is
dependent on the achieved flatness of the mirror faces and their
relative misalignment, expressed as pyramidal error. Often,
polygons are used with a housing providing defined apertures to
measure the angular direction of the mirror surfaces. The result of
the latest international comparison of NMIs on a mirror polygon
were reported in [174]; the measurement uncertainties of the
participants varied from 8 to 100 milli-arcseconds (k = 1). A
different artefact related to the polygon is the so-called reflecting
cube, which has up to six orthogonal optically-flat faces (typically
square to 1 arcsecond), and is used with autocollimators or
interferometers to establish perpendicularity in in three mutually
orthogonal directions.

Figure 33. Angular grating with 400 mm diameter consisting of 217
131 072 graduation lines resulting in angular intervals between adjacent
lines of 9.89 arcsec and one reading head being the core components of an

angular encoder (source: EURAMET).

Figure 34. Photos of mirror polygons. Top left: 12-sided polygon with
housing and aperture holes (source: PTB). Top right: 24-sided polygon
(source: PTB). Bottom: 12-sided polygon (source: H. Haitjema, KU Leuven).

90° standards are important references for alignment of motion
axes of machine tools and measuring instruments. They are often
made from granite (or ceramics), and are available in square,
rectangular or triangular shape and in different sizes. The quality
of the polished surfaces also allows 90° standards to be used as
straightness measurement standards, see Sect. 3.2.

Linear and angular gauge blocks are still used routinely to realise
angles. Linear gauge blocks can be used in combination with sine
plates [211]. In analogy to linear gauge blocks, which can be wrung
together to realise arbitrary lengths (see Sect. 3.1), angular gauge
blocks can also be wrung to realise arbitrary angles. If the wringing
process is performed correctly, it introduces no significant
uncertainty contributions, because the surfaces of the angle gauge
blocks are strongly held together by molecular forces. Similar to
linear gauge blocks, angle gauge blocks are made of steel, tungsten
carbide or ceramics. Figure 35 shows a set of angle gauge blocks.



Figure 35. Set of angle gauge blocks (source: PTB).

Another passive method of generating angles with typical
uncertainties of 0.1 arcsecond is through indexing tables based on
Hirth couplings (mating face gears) which exploit the principle of
elastic averaging [211] to provide indexing accuracies better than
the spacing errors of the engaging gear teeth. These tables are
extensively used in the optics industry for measuring critical
angles and for calibrating rotary tables (see e.g. [211]).

The most stringent requirements on small angle metrology using
electronic autocollimators today result from basic research.
Autocollimators with only millimetre-sized apertures play an
important role in laterally high resolving deflectometric
measuring instruments for surface characterization of beam
deflecting optics in synchrotron radiation and free-electron laser
facilities [237]. It should be noted that in most deflectometric
measuring instruments, another type of angular artefact also plays
an important role as an optical element, namely the pentaprism.
Pentaprisms always reflect an optical beam by 90°, independent of
small angular deviations of the incoming beam or small angular
deviations of a linear movement of the pentaprism. An
international comparison using an electronic autocollimator has
recently been finished [112]. During the comparison, the influence
of atmospheric pressure deviations on the measurement results of
autocollimators was analysed [113]. The results of a recently
finished European joint research project on angle metrology were
published in [293]. A new instrument (SAAC: solid angle
autocollimator calibrator) was described, which allows the
calibration of the x- and y-components of spatial angles
simultaneously with expanded uncertainties of 0.015" and for
different distances between the device under test (autocollimator)
and the SAAC between 250 mm to 1.8 m [261].

3D angle artefacts are used for production quality control of
taper roller bearings. For example, a 3D angle artefact was
developed to maintain the traceability of 3D angle measurement
from NIST to various products based on the substitution method
per ISO 15530-3 [152]. The material of this artefact is AISI 06 steel,
manufactured to a hardness within the range of 58 to 62
(Rockwell). The surface texture of this artefact is controlled to be
no more than 0.2 pm (Ra). Two conical angles (denoted by Angle A
and Angle B) are incorporated into this artefact, as shown in Figure
36, with the nominal half angle value of 20° and 10° respectively.
This artefact was calibrated on a precision CMM at NIST, achieving
an expanded calibration uncertainty (k = 2) of 0.000205° (which is
approximately 0.7") for both angles.
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Figure 36. Artefact for 3D taper angle metrology (source: Timken).
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4. Availability of dimensional artefacts

The available dimensional artefacts and their main
characteristics were presented in Sect. 3. The ranges covered by
existing dimensional artefacts as well as the uncovered ranges can
be analysed, with indication of needs for new artefacts, following
an approach used in [70], [120], [253] and [68]. In this section, the
availability of artefacts is briefly discussed with respect to
dimensions and measurement uncertainty, considering by way of
example the main areas of surface metrology and coordinate
metrology  (particularly for freeform and micro-scale
applications). Also, the availability of dimensional artefacts for the
establishment of traceability directly in the production
environment is discussed.

Surface metrology

The present situation concerning surface metrology (see Sect.
3.2) can be illustrated with respect to the traceability of surface
texture measurements: Figure 37 shows the range of different
measuring instruments including an indication of existing
dimensional artefacts in a Stedman-like diagram [270]; here, only
dimensions are shown while the diagram shows no information
about geometrical complexity. Comparing the present
measurement possibilities with requirements from production, it
is quite clear that relatively large areas of the diagram are
uncovered, indicating the need for dimensional artefacts. Besides,
all measurement standards represent low aspect ratios and no real
3D measurement standards are available in this area. As discussed
in[120], new measurement standards for surface texture made out
of glass, ceramics and metals, as well as inorganic materials, are
needed.
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Figure 37. Measuring instruments and dimensional artefacts (in blue) for
surface texture measurements. Adapted and updated after [70] and [120].

Freeform metrology

Freeform surfaces are a large industrial area representing
challenging measurement tasks, and the underlying
manufacturing technology relies to a large extent on the
capabilities of the metrological set-up that will deliver data from
the product or process to stabilise production. A classification
based on freeform part dimensions, shape complexity, material,
surface and tolerances has been produced in [253]. Task-specific
methods for performance evaluation of measurement systems and
for the evaluation of measurement uncertainty can rely on
dimensional artefacts having freeform geometry (see Sect. 3.3).
Figure 38 is adapted and updated from [253] and shows
dimensions and calibration uncertainty of some examples of
freeform artefacts.
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blue). Adapted and updated after [253] and [199].

Micro-coordinate metrology

Micro-CMMs are now of interest because of their ability to
perform geometrical measurements in three dimensions to high
accuracy with low uncertainties. Claverley and Leach [59] have
provided a review of available artefacts for micro-CMMs,
concluding that often micro-CMMs cannot yet be verified in
accordance with existing specification standards, and suggesting
actions for future standardisation work required to rectify these
issues. In the same review, the available artefacts are also classified
as shown in Table 4, according to several features: their fitness as
a calibrated test length with 1D, 2D or other -calibrated
measurands, their suitability for use with other systems beyond
contacting micro-CMMs (such as optical and video CMSs), and their
geometry, which determines their ease of use, their limitation and
their suitability for use with reversal algorithms, and their
calibration uncertainty (although for several artefacts this value is
not reported).

Table 4.
Examples of available artefacts for micro-CMMs; calibration uncertainties
(Ucal) are expressed in nanometres [59].

= 2 ® o TJ’: _ .
Artefacts SIS % 8 8 S b = E
S £ & 5 E

Gauge blocks X X 30 [215]
METAS miniature ball bars X X 50 [177]
A*STAR mini sphere beam X X 65 [53]
Sandia silicon 1D standard X X X 400 [278]
Zeiss miniature ball plate X X X 110 [214]
PTB micro-ball plate - smooth X X [82]
PTB micro-ball plate - rough X X X [82]
METAS ball plate X X X [177]
Kruger ball plate X X X [175]
Kruger cylinder plate X X X X [175]
Kruger hole plate X X X X X [175]
Sandia silicon 2D standard X X X 400 [265]
3D Calotte cube X X 1000 [20]
PTB micro-hole standard X X [218]
Polytec step height standard X X X X 450 [34]
PTB micro-tetrahedron X X [176]
Calotte plate X X X 1500 [22]
PTB micro-contour standard X X X X [216]
Pyramidal standard X X X [61]
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Production-integrated measurements

In order to address constantly increasing needs in advanced
manufacturing, it is often necessary to integrate measurements
directly in the production (see Sect. 1). Figure 39 illustrates an
example of calibrated master shaft for process control in
production using a measurement system by Marposs [204]. Figure
40 shows process control in production using a CNC comparator
by Renishaw, based on the comparison of production parts to a
reference master part, which compensates for changes in the
thermal conditions of a shop-floor environment, and is intended
for factories with wide temperature variations [241]. Applying an
approach with the simultaneous measurement of part dimension
and temperature over time (dynamically), supported by modelling
of the thermo-mechanical effects, the corrected length at 20 °C and
its measurement uncertainty can be predicted with a sub-
micrometre uncertainty within 10 minutes after machining [69].
Probe zeroing for dynamic length measurement (DLM) under
production conditions is shown in Figure 41.

Figure 39. Calibrated master duplicating the manufactured part and used
for the zero-setting of measuring instruments with electronic sensors or
dial gauges (source: Marposs).

Figure 40. Master for process control in the production using a CNC gauge
by Renishaw (source: DTU).

Figure 41. Probe zeroing for DLM in the production of 840 mm turned
parts (source: DTU).

5. Guidelines for development of dimensional artefacts

From the sections above, it can be concluded that there is a large
number of artefact types used for dimensional metrology, and this
number is still growing. Whilst the specific artefact is designed to
meet a specific function, there are a number of general artefact
design considerations that can be discussed. The first place to start
when designing an artefact, is to consider exactly what its function
will be: what is the primary measurand, are there other
measurands, what measuring instruments will it be used with and



which specification standards will it address? For example, in the
case of a flat reference, the primary measurand is flatness, other
measurands may be straightness, the measuring instrument for
which it will be used may be contact CMS and the specification
standard will be ISO 12781-1 [151] (and maybe also ISO 12780-1
[150]). The key requirements for realising unambiguous
measurands were covered in the introductive part of Sect. 3.1
(including the definitions of reference points, alignment, and
origin). The differences between unidirectional and bidirectional
measurands were examined in Sect. 2 (see Figure 5). Another
important design requirement is how the artefact will be mounted
and aligned (see below). Once these top-level design requirements
have been identified, the detailed requirements must be
considered. As with any precision design, the principle of
reduction should be applied wherever possible. Replacement of
complex assemblies (e.g., an artefact with several DOF of alignment
motion) with fewer components will always simplify analysis
[191]. Fewer components will almost always lead to less tolerance
stack-up. When there are competing solutions to the artefact
design, each of which satisfies the requirements of comparable
cost and performance, it is best to choose the simplest (a principle
often referred to as Occam’s razor [191]). Once the above
questions (function, measurands, measuring instruments and
specification standards) have been addressed, the artefact can be
designed. The key issues to consider include many of the following.

Stiffness

Artefacts are usually required to be rigid, to preserve the
calibrated values over time and specifically at time of use. Typical
deforming forces are gravity, fixturing forces and measuring
forces; typical countermeasures to minimise their effects are
proper design of the artefact layout and of the supports for
fixturing, and careful choice of the material. The deforming forces
are briefly overviewed below, while the possible countermeasures
will be covered subsequently in specific clauses.

Gravity is unavoidable and may or may not be an issue depending
on the intended application. In all cases, as deformation is a high
order function of the artefact size (second to fourth order in most
cases), this problem is relevant for medium to large sized artefacts,
while usually negligible for medium to small sizes. Due to the high
repeatability of deadweight deformations, in principle they can be
overcome easily by ensuring that the fixturing and the orientation
to the gravity vector are the same in calibration as in use. For some
artefacts, the conditions at calibration are specified; e.g., for gauge
blocks, ISO 3650 [144] prescribes orientation and rest points for
either short (< 100 mm) or long (> 100 mm) gauge blocks.
However, standardising the conditions at use is difficult or
impossible. Even in the example case of gauge blocks, their use, e.g.,
in CMM performance verification [147] includes multiple
orientations to the gravity vector. The general rule applies that all
GPS specifications hold in the absence of gravity by default, unless
otherwise specified (ISO 8015 [146]). Special care is then required
for medium to large artefacts when they are intended in multiple
orientations or, more generally, when the calibration cannot occur
at the same conditions as in use.

Fixturing forces are generated when mounting the artefact onto
the instrument base to allow measurement (see below for further
discussion of the design aspects for supports for fixturing). The
purpose of fixturing is to ensure that the artefact does not move
relative to the measuring instrument during the measurement.
The degree of fixturing should match the expected displacing
forces, i.e. measuring forces (typically for contacting instruments)
and inertial forces (for moving table instruments). The artefact
mass is usually beneficial, as the friction at the resting points may
be high enough to counteract the measuring forces. However, mass
is of little help for inertial forces (if any), as both the counteracting
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friction and the inertial force are proportional to the same artefact
mass.

Measuring forces are induced by probing. The obvious case is
that of contact probing: in spite of the many possible designs [283],
all contact probing methods need a force to react to, which is
generated by contact and balanced by an opposite force on the
artefact. Probing forces are unavoidable; even probing systems
specifically designed to minimise this force (e.g., [126],[133], [58])
cannot completely eliminate it. Probing forces are virtually
eliminated with non-contact probing systems, such as optical
probes [284]; in this case, the measuring force usually generates a
negligible effect.

Design of the artefact layout

The deforming forces are predictable to some extent, and proper
design of the artefact can minimise the deformation. Probably the
most severe deformation for many artefacts is bending,
particularly for large artefacts. Given a certain amount of
deformation, the artefacts of form are almost immediately
impacted in their metrological characteristic, and there is little
margin to mitigate the effect. For example, the reference face of a
straightedge can be designed to be vertical, so that the horizontal
measuring lines are unaffected by gravity; however, this may not
always be possible, i.e. when the desired straightness plane ([150],
Sect. 3.1.3) is vertical. The straightedge can also be ground with the
reference plane horizontal and mounted according to the future
application. The effect on measurement standards of size can be
reduced to virtually zero by aligning all reference elements to the
artefact neutral axis or plane. This is the case e.g., for gauge blocks
[144], most step gauges and ball/hole plates (Figure 42). The effect
of compression/tension is usually unavoidable. For example,
considering a simple gauge block in the vertical orientation, it will
be under compression if resting on its lower face, or under tension
if hanging from its upper face, or neutral on average if supported
at its midpoint. In general, the elongation/compression of a
vertical gauge block is (L2 — L}) g/(2Es), where L, and Ly, are the
gauge length above and below a resting point respectively, g is the
local acceleration due to gravity and E; is the specific elastic
modulus of the material (see also below in the clause on materials
choice). The horizontal cross section does not appear in the above
equation; increasing the dimension - making the artefact heavy
and apparently stiffer - does not help. The compression/tension
due to deadweight is usually negligible, but for long and accurate
vertical artefacts it may be significant; e.g., 0.18 um for a 1000 mm
steel gauge block resting on its measuring face.
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Figure 42. Cross section of (a) a gauge block, (b) a step gauge, and (c) a ball
plate. The measurand line (or plane) lays on the neutral axis (or plane).
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Design of the supports for fixturing

The most common method applied for mounting artefacts onto a
support structure is kinematic mounting [191]. The most used
mounts are the three-vee (Maxwell coupling) and the
tetrahedron-vee-flat (Kelvin coupling), holding a counterpart with
three matching spheres, and the three cylinders onto



corresponding sphere pairs [284]. These mounts implement the
concept of point-contact constraint: three in a tetrahedron, two in
a vee and one on a flat for a sphere; two on a sphere pair for a
cylinder. The load can be provided either by gravity or by springs
(preload). Often the contact points for a mounting arrangement
are chosen so as to minimise undesired dimensional changes in the
artefact. Two well-known examples when mounting length
artefacts horizontally are the Airy points for long gauge blocks
(zero slope at ends, distance of L/+/3 = 0.577 L between
symmetrical rest points) [144], and the Bessel points for line scales
and straightedges (minimum straightness, distance of 0.559 L
between symmetrical rest points) [221].

When an artefact is designed to be fixtured, proper design would
drive the inevitable stress flow (from the fixturing to the rest
points) along a path in the material with minimum involvement of
the metrological characteristic, to maximise decoupling. For
example, areas of the artefact designated to hold the fixturing can
be laid out close to, and in correspondence with, the resting points,
thus confining the deformation to local compression only with no
or little overall bending. Extra material can be added nearby to
increase the local stiffness.

For large and not very rigid artefacts, kinematic mounts may be
inadequate and over-constraining supports may be necessary. In
this case, careful attention should be paid to ensure that the same
resting conditions at calibration will be matched in future use;
even microscopic changes of the relative position of the multiple
resting points can result in significant changes of load distribution,
potentially altering the artefact metrological characteristics. When
a single permanent piece of resting equipment is not feasible (e.g.,
because disassembly is required), then some self-balancing device
is recommended. Examples are passive hydraulic systems: each
contact is made of a plunger sliding in a chamber with a fluid, all
chambers are connected to each other, and the plungers self-align
to the gravity vector (see Figure 43, which refers to the case of the
large-scale artefact shown in Figure 28).

piston

Figure 43. Scheme of a hydraulic mounting system [19].

Fastening and fixing

Many dimensional artefacts are often a combination of objects
that need to be assembled during manufacture or prior to use. The
artefact in Figure 44, for example, has several carbon fibre rods
connected by machined steel end-pieces, to which ceramic spheres
are connected. The manner in which one part of the artefact is
connected to another is often critical to the operation of the
artefact. Common methods are the use of fixings and adhesives, but
care must be taken to avoid significant over-constraint (often
leading to internal stress and dimensional changes), and
mismatched thermal expansion and/or elastic properties. A
thorough discussion of fastening and fixing in precision
engineering applications is given elsewhere [41].

Choice of the material

An artefact must have a predetermined degree of mechanical
stability when mounted for measurement (and possibly also when
stored and/or transported to avoid permanent distortion). The
mechanical properties, such as Young’s modulus, Poisson’s ratio
and hardness, of the artefact material must be such that it does not
damage during use, for example when measuring with a
mechanical CMS probe. Metals are probably the most utilised
material due to their high strength, ease of machining and
relatively low CTE, but they can have relatively high mass and poor
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corrosion properties. Many metal and ceramic materials are heat
treated to stabilise their properties. Ceramic and glass materials
(and their hybrids) can have beneficial mechanical and thermal
properties but are brittle, so mechanical shocks need to be
avoided. Carbon fibre is a high-strength, low-mass material that is
often used as the frame material for artefacts (see examples in [3]
and Figure 44). Carbon fibre reinforced materials and other
materials with low X-ray attenuation coefficient are useful for
developing artefacts for X-ray CT measuring systems (see Sect.
3.3). There have been some steps in the direction of polymer
artefacts, mainly for X-ray CT and due to their potential for cost
effectiveness, but issues with dimensional stability are under
investigation (see e.g. [6], [206]). In some nanoscale applications,
the self-ordering nature of biological molecules has been exploited
(see Sect. 2), although there are disadvantages with stability [25].
Many of the materials issues discussed in this section are reviewed
elsewhere [57]. Materials are stressed by the force due to gravity
proportionally to their density p, and are strained inverse
proportionally to their elastic modulus E. Effectively, the specific
elastic modulus E; = E/p is of interest for minimising the
deadweight deformation [19]. Table 5 compares different
materials, and shows that most materials - including most metals
- have similar specific elastic moduli, while special carbon fibres
exhibit interesting values, twice those of ceramics such as alumina
and seven times those of metals such as steel and aluminium. In
spite of its interesting performance, carbon fibre may exhibit
sensitivity to humidity [230]. Carbon fibre-reinforced polymers
also exhibit secular drift, mainly due to its epoxy content, and can
have CTE that vary considerably in orthogonal directions. The
magnitude of such effects greatly depends on the lamination
process.

Figure 44. Ball
Engineering).

tetrahedron artefact (source:

Trapet Precision

Table 5.
Specific elastic modulus (Es) of selected materials.
. E Es=E
Nl (GPa) (kg/dm®) (m’ /m/sg)
Carbon fibre, special 600 3.2 190 ||
Alumina 350 3.8 92 B
Carbon fibre, common 90 1.6 56 B
Steel 210 7.8 27 K
Aluminium 69 2.7 26 K
Titanium 110 45 24 K
Granite 52 2.5 21 b
Nickel 170 8.9 19 ]
Cast iron 130 7.2 18 1
Pine wood 9 0.5 18 I
0ak wood 11 0.75 15 I
Copper 120 8.5 14 I
Thermal stability

The thermal stability of a dimensional artefact is often one of the
most important properties; increasingly so as the size of the



artefact increases. The thermal disturbance to a dimensional
artefact stability is mostly due to expansion caused by temperature
changes and temperature gradients. These changes can arise from
many sources, such as environmental changes, localised internal
heat sources (although unlikely with passive artefacts) or the
operator’s hand. Some effects may be virtually unchanging or
tending only to slow change, while others may be one-off or
repeating transients. Therefore, when considering the effect of
temperature on the design and operation of a dimensional artefact,
static, quasi-static and dynamic behaviour needs to be considered.

Thermal expansion is a key materials property, but other
thermal properties may be important, including conductivity,
specific heat and diffusivity. Many of these design issues are
discussed in depth elsewhere [57], where property groups are
presented for various materials used for dimensional artefacts.
Thermal effects are often found to be a dominant factor when
considering the achievable measurement uncertainty with a given
artefact. Relatively standardised methods exist for dealing with
this influence factor [262] [153].

Surface properties

Surface properties, such as texture, chemistry, grain structure
and the presence of coatings (designed or contaminant), can play
a highly dominant role in artefact design. Whilst there has been
significant research effort to model the surface interaction of a
contact stylus during a measurement (see references in [190]), the
effect of surface properties on an optical measurement is far more
complex, and still an active area of research at all scales [185] [190]
[228]. Also, different optical instrument modalities are better
suited to different surface types. For example, fringe projection is
more suited to a diffusely reflecting surface and deflectometry to a
specularly reflecting surface [127]. Often, coatings can be applied
to an artefact surface to facilitate a specific type of measurement,
e.g. the use of Lambertian coatings for fringe projection on smooth
surfaces. However, the effects of such coatings on the resulting
measurement uncertainty need to be quantified [225]. There has
been some work to produce spherical artefacts with well-
controlled surface types for various applications (e.g. [169], [275])
and limited work to develop artefacts to try to verify the effect of
different surface types on optical instruments (e.g. [118], [80]).
More research is needed in this area before rigorous methods for
calibration of optical methods can be standardised. Translucency
can also have an effect on optical measurements, especially with
ceramic or polymer materials. Surface (and material) properties
can be problematic with X-ray CT measurement, especially where
surface determination is key to the desired measurand [4] [21]. As
schematically shown in Figure 45, different measurement
techniques may produce different measurement results,
depending on surface properties and measurement principle.

laser

-

Figure 45. Different measurement techniques producing different
measurement results: schematic representation of (a) tactile, (b) optical
and (c) X-ray CT scanning of a surface. Red lines represent extracted points
on the measured surface [51].

Optical properties

When an artefact is designed to be used with an optical
instrument, the optical properties of the artefact need to be
considered. Surface topography effects and translucency were
discussed above, but the optical constants (refractive and
absorption indices) for a material can have a relatively large effect
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on how light is reflected and/or transmitted at an
interface/surface. Due to the required continuity of the
electromagnetic field at an interface, there are phase changes that
make the field appear to come from above or below the interface.
These are well-documented effects, especially in the field of gauge
block measurement (e.g. [196], [184], [277]). In principle, the
effect can be calculated if the optical constants are well known, and
corrected if the surface is of a single material. However, experience
shows that prediction is not accurate enough and specific
experimental investigation is usually carried out (e.g., the so-called
“stack method” to measure the phase shift at the surface [186]). In
all cases, the uncertainty of the correction must be accounted for
(seee.g., [74]).

Storage, cleaning and handling

Calibration artefacts are costly and delicate items that must
always be treated with care. Often, they are stored in sturdy boxes
or storage drawers, sometimes with controlled and/or monitored
environments (e.g., with temperature and humidity control and/or
data logging). Packing materials must be considered with care:
when optical quality surfaces are required, the surfaces should not
be contacted in any manner, and dedicated mechanical packing
solutions need to be used (e.g., polymer spring clamps that avoid
the active surfaces). When storage is required without the need for
transport outdoors, a simple low-surface energy polymer box (e.g.,
polypropylene) can be used with a lint-free filter paper base.
Keeping artefacts clean and free from dust is often critical to their
performance. However, cleaning should be kept to a minimum as
there is always some change in the artefact as a result of the
cleaning process [24]. Many different cleaning processes have
been developed for dimensional artefacts; treating all artefacts as
if they were optical surfaces is good practice. Their cleaning,
storage and handling are covered in detail elsewhere [257].

Design for manufacture and metrology

When designing any precision engineered product, it is essential
to ask the simple question: can the object be manufactured at a
reasonable cost? This seemingly obvious question can save a great
deal of re-design later in the manufacturing stage. To address the
question at the design phase, the geometry, materials, available
production systems, assembly and inspection must be considered.
Questions to consider include: how will they be used (measured),
where will datums and other reference features be placed, how
long will the subsequent measurement process take, can reversal
methods be used with the artefact [91] [93], and can more than one
measurement modality be used with the artefacts (e.g., tactile and
optical instruments [121])? The high level of design freedom
offered by AM, for example, should encourage the designers to
keep well in mind the design for metrology requirements; not just
with dimensional artefacts, but also with actual products [244].

Another specific issue is the envisaged calibration method.
Artefacts are usually recalibrated repeatedly over their life span,
raising a technical as well as an economic issue. In principle,
standard components such as gauge blocks, rings and plugs are
most easily calibrated, as many primary [29] and secondary [137]
laboratories provide the service. A design choice based on
standard artefacts is desirable as far as possible. However, this
may not always suit specific application requirements. When this
is not possible, or when their assembly results in a non-standard
layout (e.g., [247]), foreseeing (re)calibration is very important at
the design stage. In some cases, specific features need to be added
to ease the calibration - or even make it possible at all. A typical
example is the addition of reference features (e.g., spheres) as
datums to ease the alignment or the establishment of the artefact
system of coordinates, e.g., for freeform artefacts (see Sect. 3.3). In
some cases, specific auxiliary equipment or instruments may be



designed in combination with the artefact to address this issue
(e.g., [19]).

6. Conclusion and outlook

This paper discussed the fundamental role of dimensional
artefacts to support production by establishing the traceability of
measurements. The main characteristics of the artefacts and their
availability were examined. Numerous solutions were reviewed,
ranging from standardised objects with simple geometry, such as
gauge blocks, to new concepts, such as virtual calibration artefacts
based on computer-generated holograms. In addition, guidelines
were provided for the selection, use, and development of
dimensional artefacts.

Itis foreseen that the importance of metrological traceability and
of confidence in the measurement results (expressed by the
measurement uncertainty) will increase in future flexible
manufacturing environments. The reason is that decisions in
advanced manufacturing infrastructures, characterised by
autonomous communication of machine tools and measuring
instruments, require reliable information on the components to be
produced through a series of subsequent process steps on
different machines. Only if functionally relevant characteristics of
components are measured traceably with stated uncertainties, can
appropriate decisions be made on whether such components are
within specification, and on whether proceeding either to the next
machining step or to final assembly. Otherwise, undesired issues
may occur, such as downtimes, disputes and product failure, with
direct economic impact, and possible loss of reputation or legal
repercussions.

The role of material artefacts remaining fundamental for
establishing traceability in advanced manufacturing might seem
contradictory compared to the recent revision of the SI, which
eliminated material artefacts from the definitions of the
measurement units. The definition of the unit of length is - and was
even before the revision - based on the speed of light in vacuum,
and the link to physical dimensions is carried out by
interferometry, where the light wavelength is key. A practical
problem is that usual ambient conditions affect the light behaviour
and compensation for the air refractivity is required. This problem,
together with the optical complications of interferometry, makes
the direct interferometric linkage to the metre unpractical and/or
not economical for industrial manufacturing in many cases. Thus,
material artefacts continue to be essential intermediaries all along
the traceability chain, form the SI unit definition to production
control in manufacturing. It was shown that dimensional artefacts
can not only compete in accuracy with direct interferometry, but
can also be practical, robust, and fit for applications in harsh
environments.

Some of the key issues for future research directions are
summarised below. Concerning linear dimensions (see Sect. 3.1),
the current calibration capabilities are limited by the detection of
the artefact reference points for short lengths (e.g. in
nanometrology) and from the thermal effects and air refractivity
for long lengths (e.g. in large-scale metrology). Thermal issues are
also often dominant in on-the-field applications and would benefit
from improved materials and design for insensitivity. In the field
of surface metrology (see Sect. 3.2), when measuring complex
surfaces with high slope angles, there is still a need to establish
methods and artefacts for the determination of the topography
fidelity, which is a key requirement for future research. In
coordinate metrology of complex shapes (see Sect. 3.3), several
innovative solutions have been developed to establish traceability
for specific cases. However, for some applications, such as in
connection with AM parts containing hidden or internal features
which are difficult to access and to emulate with artefacts, new
task-specific solutions are under development and traceability

challenges need to be solved. In addition, for micro- and large-scale
coordinate metrology, future developments are needed to reach
3D solutions with reduced calibration uncertainties at acceptable
costs. Finally, in angle metrology (see Sect. 3.4), when very
demanding requirements are given for specific manufacturing
control processes, such as very small angle measurement
uncertainties or angle measurements on small surface areas, the
use of product-like reference objects, calibrated by dedicated
measuring instruments at NMIs, can be a viable approach.
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