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Traceable in-process dimensional measurement

Overview

Reliable on-machine measurements are needed by industry for effective process control and quality
assurance of manufactured parts. However, the accuracy of measurements on machine tools is affected by
the unfavourable dynamically changing ambient conditions, vibration, noise, sound and light that prevail in or
close to the production floor as well as the high probing forces of measurement devices. This research
project has contributed to the development of appropriate standards and procedures which ensure traceable
in-process dimensional measurements on machine tools.

Need for the project

Traceable in-process dimensional measurements on machine tools offer high product quality, lower
manufacturing costs, high productivity and prompt and real-life assessment of product quality. One key
benefit is the reduction of scrap in fabrication processes. The resulting reduction in energy use and material
consumption contributes directly to decreasing CO2 emissions which is a requirement for reducing global
warming. From an economic point of view, the reduction in energy uptake and material consumption, higher
product quality, leads to lower production costs and increases the competitiveness of European industry.

The continuing trend to manufacture products with increasing precision requires high precision measurement
capability with accuracies higher than those of the geometric product specification. This is driven by the
simple reason that the uncertainty of measurement has to be much smaller than the specified part tolerance.
Therefore the factors associated with measurement errors on machine tools under shop floor conditions
(such as static, kinematic, thermo-mechanical, and dynamic machine errors and errors of the probing
system) need to be known and quantified.

For quick inspection, of whether a produced part is within the specified tolerance or not, it has to be
measured on the machine tool immediately after machining. Decisions related to compliance with
specification are based on part tolerances, the measurement value and, not least, on the achieved
measurement accuracy of the on-machine measurement. Therefore the fitness for purpose of the on-
machine measuring process has to be ensured in a wide range of situations and operating conditions, in
particular those arising from changing environmental conditions. While there are various procedures to
establish traceable measurements under nearly constant conditions, it is a huge challenge establishing
traceability for shop floor machine tools that are exposed to dynamically changing ambient conditions. This
requires the provision of a new generation of thermally invariant material standards, procedures and
guidelines for the assessment of machine tool measurement performance directly on the shop floor. The
foundation of traceability of measurement is provided by national metrology institutes (NMIs) to the industrial
end-users through national standards.

Scientific and technical objectives

The overall objective of this project was to develop and test material standards and verification procedures
for machine tools with a measuring accuracy of a few pum within a metre cube under shop floor conditions.
The scientific and technical objectives of this project comprise:

1. Establishing the scientific and technical backgrounds for developing standards and procedures for
assessing and assuring traceability of in-process measurements.

2. Developing methods for implementing high accuracy dimensional measurements on machine tools by
developing high precision and robust material standards that are deployable on the industrial machine
tools which are used in the manufacturing industries, and beyond.
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3. Development of a portable shop floor chamber suitable for simulating manufacturing floor environmental
conditions to enable the study, prediction and prevention of their influences on the quality of
manufactured parts.

4. Provision of procedures, and a good practice guide that ensures reliable measurements on machine
tools.

5. Ensuring a smooth uptake of the project’s results through industrial demonstrations and through the
involvement of end-users in their implementation. This will focus on the potential economic and
technological impacts in the manufacturing and machine tools industry and beyond.

Results

1. Establishing the scientific and technical backgrounds for developing standards and procedures for
assessing and assuring traceability of in-process measurements.

Literature studies and an industry survey about the current state of dimensional in-process metrology and
the industrial needs gave an overview of current standards, ongoing developments, and current and possible
future needs of industrial in-process metrology. An investigation on available in-process measurement
methods in different industrial sectors, on specifications and requirements was carried out, covering tool
making, mechanical engineering, metal cutting, the automotive industry and the wind energy sector. An
overview of existing material standards available on the market, as well as customised material standards
developed by industry and academic laboratories in the areas of dimensional in-process metrology was
compiled.

A framework for the traceability and verification of dimensional measurements on machine tools. Possible
traceability routes for size, form and position measurements in in-process measurement were investigated
with respect to free-form measurements, measurements on regular geometry elements and volumetric error
mapping with tactile and/or optical on-board metrology systems. Several approaches for mapping machine
tool measurement errors, determining uncertainties and the assessment of maximum permissible errors.
This objective was achieved, several in-process measurement concepts addressing the identified industrial
needs were developed.

2. Developing methods for implementing high accuracy dimensional measurements on machine tools by
developing high precision and robust material standards that are deployable on the industrial machine
tools which are used in the manufacturing industries, and beyond.

Material standards are used in metrology to verify the measurement capability of measuring systems.
Therefore a standard and its characteristics need to be well known and its calibration needs to be traceable
to the definition of the corresponding Sl unit. Due to the diversity of on-machine measurement equipment
and its applicability, there cannot be a general standard that meets all specific demands. Based on the
industry survey, twelve different material standards were designed and manufactured. They were for the
accurate mapping and fast periodic verification of geometric and task-specific machine tool errors, for the
verification of on-board area scanning metrology systems, as well as for the detection of drift and noise of
industrial roundness measurements. Since a significant part of the geometrical errors of machine tools are
caused by thermal effects, most of the material standards are made of thermo-invariant material. The project
specified a number of procedures and methods to be used for calibrating these material standards.

Inter-comparison measurements on a novel roundness material standard, on an innovative, newly designed
hole-bar standard, and on a novel prismatic material standard especially designed for optical, non-contact
probing have been successfully performed. Several NMIs now have the standards available for loan to all
interested parties, such as other NMls, calibration laboratories, machine tool manufacturers and end users,
as well as to manufacturers of measurement instruments. This objective was achieved; the designed
standards were successfully manufactured, calibrated with small uncertainties, and their use and application
has been successfully demonstrated.

3. Development of a portable shop floor chamber suitable for simulating manufacturing floor environmental
conditions to enable the study, prediction and prevention of their influences on the quality of
manufactured parts.

More than 70 % of all manufacturing errors are induced by temperature effects, often caused by process
heat e.g. generated by machining, cooling lubricants or environmental temperature variations. Accuracy can
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be affected through the temperature-induced expansion and bending of workpieces and of the structure of
the machine tools.

In order to investigate environmental influences on machine tools, a portable climate simulation chamber -
large enough to house a medium-size machine - was developed to facilitate and accelerate the metrological
verification of machine tools. In the first step the technical requirements and geometrical attributes of the
portable simulation chamber were specified. A design of a portable chamber was devised and translated into
a functional system with a precise description of the required parts and their interactions. A computational
fluid dynamics simulation was performed to predict temperature distributions within the chamber and to verify
the functionality of the chamber and the sensor network. Two temperature sensor networks were used to
validate the required temperature stability of +2 K as well as the required heating/cooling performance of
+3 K/h. The experiment proved that the simulation chamber works within its specifications. Finally the
chamber was used to verify the metrological performance of a prototype machine tool under various
temperature conditions. The mobility of the chamber allows its industrial use and machine tool operators
themselves can investigate and optimise the running parameters of their machines and the on-board
measurement systems.

The chamber is now available for end users to rent, such as machine tool manufacturers or manufacturers of
precision parts, as well as to laboratories or NMIs which want to investigate environmental influences. A
number of enquiries have been made and it is expected that the chamber will be in use in the near future,
supporting businesses to understand and improve their processes. This objective was achieved, as the
mobile climate simulation chamber reaches the required heating/cooling performance and temperature
stability when a medium-size machine tool is in use inside it.

4. Provision of procedures, and a good practice guide that ensures reliable measurements on machine
tools.

Improving in-process metrology requires efficient and verified procedures to extract kinematic and thermo-
mechanical errors, as well as errors induced by the machining process (such as loads, dynamic forces,
motion control and control software). Procedures can then separate and compensate for them, as far as
possible. Procedures based on the developed material standards were provided, verified and demonstrated
in practice. The procedures deal with the detection and compensation of: a) geometrical and temperature-
affected machine tool errors by using novel, thermo-invariant and dimensionally stable ball bar and hole bar
standards or laser measurements, b) thermally caused machine drift and noise, and c) task-specific errors by
using multi-feature and prismatic standards with and without superimposed perturbations.

Procedures for assessing the fitness-for-purpose of on-machine measurements were provided, and a
procedure for evaluating task-specific uncertainties for harmonic amplitudes in the roundness measurement
of rollers was developed. The uncertainty evaluation was based on Monte-Carlo-Simulations and it was the
first task-specific uncertainty evaluation ever done in industrial roller measurements. This objective was
achieved; the practical applicability, accuracy and reliability of these procedures was verified. Five good
practice guides are available on the project website, and then will be available on the PTB website.

5. Ensuring a smooth uptake of the project’s results through industrial demonstrations and through the
involvement of end-users in their implementation. This will focus on the potential economic and
technological impacts in the manufacturing and machine tools industry and beyond.

For demonstrating the project’s outcome and verifying the required accuracies under shop floor conditions,
several procedures for determining machine tool errors, and for fast machine tool verifications have been
specified and implemented in industry. For instance, verification measurements to demonstrate the fitness-
for-purpose of the thermally invariant ball-bar standard were successfully carried out at two industrial
partners. The measurements revealed that this ball-bar standard and the associated measurement
procedure are very well suited for investigating the measurement performance of machine tools with a target
uncertainty of U <5 um. The developed hole-bar standard has been successfully applied to determine the
21 errors of the three linear axes of a machine tool under shop floor conditions. The demonstration of the
free-form material standards revealed a measurement uncertainty of the machine tool tested of less than
4 yum for tactile probing. Temperature-dependent error corrections implemented on a five axis machine tool
reduced the maximum error on the centre planes by about 80 %. The newly manufactured roundness disc
with undulations and form errors of 10 um was tested on a four-point roll geometry measurement device at
an industrial partner. The tests verified the usefulness of the roundness standard. The deviations of the
harmonics 3 to 30 were calculated to less than 1 um compared to laboratory measurements. However, for
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the second harmonic a deviation of 2.3 um was detected which was caused by the coupling between the
disc and its shaft. A cure for this has been designed and a modified disk was manufactured, but the
effectiveness of the design change has not yet been tested.

This objective was achieved; it was successfully demonstrated that the developed material standards and
procedures meet the required target uncertainties of less than 5 um in a cubic metre under shop floor
conditions.

Actual and potential impact
Dissemination of results

The results and newly gained knowledge have been continuously transferred to interested researchers,
stakeholders and to the industry as well. In the course of the project, 19 articles were submitted for
publication in international journals (listed in the next section), including articles in high impact journals such
as Measurement and Precision Engineering. Thirteen papers were presented at various conferences,
including the Laser Metrology, Coordinate Measuring Machine and Machine Tool Performance
(LAMDAMAP) conference. Two workshops, attended by 50 people from industry and academia, were held
during the project on traceable machine tool verifications. A course on roller measurements had almost 80
participants. Five good practice guidelines were developed and are downloadable via the project website.
These guidelines a) help industry to check the geometric performance of machine tools by means of
temperature-invariant material standards, b) give end users technical information for assessing the fithess-
for-purpose of machine tools, c) instruct users how to map task-specific errors of machine tools, and provide
information on appropriate material standards, d) provide guidance for the verification of area-scanning,
optical metrology systems on machine tools, and e)give good practice guidelines for roundness
measurements and uncertainties.

Early impact

Investigations carried out during this project, as well as developed procedures have been submitted to
several standardisation bodies especially to the international standardisation organisation (ISO), its technical
committee (TC) 213 ‘Dimensional and geometrical product specifications and verification’ and the working
group (WG 10) ‘Coordinate measuring machines’ and ‘Geometrical tolerancing’ (WG 18). WG 18 is related to
roundness measurements described in the ISO 1101 standard. The draft version of the new ISO 1101 (DIS)
reflects the results from objective 4.

A Slovenian company has shown huge interest in fast machine tool verifications using the 1-D thermo-
invariant ball-bar material standards that were developed in objective 2. Contractual negotiations for its use
and possible follow on collaborations between the company and UM, the Slovenian NMI, are in progress.

The demonstration of the roundness disk Type C developed in objective 2 indicated a failure in a roundness
measurement device for large scale rollers at an industrial partner that had not been detected until then. This
was an impressive demonstration of the usefulness of the standard that led to a closer cooperation between
the industrial partner and VTT-MIKES.

The NMIs have gained knowledge in manufacturing thermally invariant material standards with complex
forms, in particular in the high-precision machining of samples from Zerodur or Invar with micron level
tolerances and robust coating processes for precise optical probing. These developed material standards are
available to end users for assuring traceability for dimensional measurements on machine tools in hostile
environments and can be loaned at the participating NMIs.

Potential future impact

Novel 3-D calibration procedures for machine tools equipped with an on-board metrology system and
temperature-invariant measurement standards which are dimensionally stable even under varying
environmental conditions are both key for meeting future production requirements. The new procedures
developed will enable dimensional measurements on machine tools which are accurate, reliable and
traceable. This will allow users to assess whether or not a machined part meets the quality specifications —
and this without the need to bring the machined part into a temperature controlled, remote metrology room.
This reduces production downtimes and will lead to substantial cost savings, in terms of transportation and
expensive temperature-controlled metrology rooms.

In-process measurements by machine tools offer high product quality, lower manufacturing costs, high
productivity and a real-life assessment of product quality. The outputs of this project are procedures and
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methods that will provide impact by improving manufacturing processes and the manufacturing quality of
machined parts by incorporating traceable dimensional measurement into the production process. This will
enhance the European measurement capability in the field of the engineering, particularly in the automobile
industry.

In order to introduce the traceability chain into on-machine geometric measurements several novel material
standards have been produced: 1-D, 2-D, and 3-D length standards with identically shaped form elements
and multi-purpose material standards containing commonly machine manufactured geometries eg balls,
holes, rings, flats, cones, etc. Most of them are made from thermo-invariant material, which allows users to
investigate the thermo-mechanical error behaviour of machine tools and their on-board metrology system at
regular time intervals. A few of the material standards have perturbations superimposed on their form, which
allow users to determine the measurement uncertainty for selected features on a workpiece whilst taking into
consideration different measurement and probing strategies as well as ambient conditions. These are now
available as appropriate transfer standards for checking the overall performance of machine tools and for
determining the task-specific uncertainties for dimensional measurements on machine tools directly on the
shop floor. Companies and end-users can hire each of these standards at usual market prices at the
participating NMls. The licensing of the material standards developed within the project is also a possibility.

The mobile simulation chamber allows designers and developers to investigate the accuracy of machine
tools and their on-board metrology system under varying environmental conditions without having to ship the
machine tool to stationary climate chambers which would be highly costly. Companies and end-users can
hire this simulation chamber at market prices from PTB. The reduction of scrap in fabrication and the
resulting reduction in energy use and material consumption, gives a direct contribution to decreasing CO2
emissions which is a requirement for reducing global warming. Higher product quality will lead to lower
production costs and it will increase the competitiveness of European industry.
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