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Abstract
For measuring machines and machine tools, geometrical 
accuracy is a key performance criterion. While numerical 
compensation is well established for CMMs, it is 
increasingly used on machine tools in addition to mechanical 
compensation. Why produce defective parts if production 
machines can be tested and improved at the beginning of 
the process? Find out how to reduce scrap, improve quality 
and increase productivity with dedicated fast electronic 
volumetric compensation using a specialised laser tracker 
and software solution.

Guaranteeing the quality of manufactured parts is crucial 
when it comes to avoiding scratch, machine downtime 
or delays in the production. It all depends on machine 
accuracy, which comes down to the importance of keeping 
the machine within its required tolerances. Between 
incorrect setup and worn out or damaged parts, there 
are a number of factors that can push a machine out of 
tolerance, resulting in the production of parts below the 
expected level of quality.

Traditional methods of checking performance using a 
linear laser interferometer are accurate, but very time 
consuming, blocking the machine from use for many hours. 
In addition, these methods require specific hardware that 
cannot be used for other purposes. Electronic volumetric 
compensation using metrology hardware combined with a 
specialised software solution offers a new way to not only 
accelerate the process but also offer a reliable correction 
solution.

Introduction / problem statement
Computer Numerical Control (CNC) machines make parts 
with high accuracy and tight tolerances, especially for 
large objects. But incorrectly compensated machines will 
produce inaccurate parts that are almost always identified 
too late in the manufacturing process, typically not until 
during final inspection.

The machine tool user then gets the information about 
a wrong part but is not able to identify the error in the 
machine. Very often the machine seems to be correct – the 
x, y and z positions are exactly where they are supposed 
to be. But what if the machine tool is not really at these 
positions? And even if you know something is not correct, 
how do you correct the mistake in the best, fastest and 
most permanent way?

Background
The ideal CNC milling machine is straight aligned, perfectly 
linear, has perfect angles between its axes and is not 
influenced by any rotational deviation.

21 possible errors in a 3-axis machine tool

Three rectitude deviation errors can be found – one in each 
axis (EXX, EYX, EZX on fig.1). Three other errors are possible 
in the rotation axis (pitch, yaw, roll, – EAX, EBX, EXC) – 
these are worse and the most difficult to uncover. Those six 
errors could occur in any of the three-axes of the machine  
for a total of 18 possible errors.

But there are three more to be added to the risk catalogue: 
the right-angle or squareness error between each axis. 
Which makes 21. Twenty-one possible errors impossible 
to notice while using the machine. And each of these 21 
errors will result in errors of position and orientation on 
the Tool Center Point (TCP) that will be transmitted to the 
manufactured part. This is why a volumetric compensation 
is needed.

Each linear axis, X, Y, Z, can have 6 geometrical errors  
(T: Translatory; R: Rotatory): VDI 2617 / ISO 230-1:

• position deviation XTX, YTY, ZTZ / EXX EYY EZZ
• deviation in linearity XTY, XTZ, YTX, YTZ, ZTX, ZTY /  
   EYX, EZX, EXY, EZY, EXZ, EYZ
• pitch  XRZ, YRZ, ZRX / ECX, ECY, EAZ
• yaw   XRY, YRX, ZRY / EBX, EAY, EBZ
• roll                             XRX, YRY, ZRZ / EAX, EBY, ECZ

For 3 linear axes there are 18 errors possible.

In addition, the angularity of these 3 axes must be 
considered:

• angularity  x / y          XWY / C0Y
• angularity  x / z          XWZ / B0Z
• angularity  y / z          YWZ / A0Z
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Early identification of a problem

The goal of the electronic volumetric compensation is not 
only to find an easy way to understand the problem but 
also to deliver a tool for solving or improving the inaccuracy 
automatically before any measurement errors occur.

How this is usually done: machine tool builders use an 
interferometer to control and finally improve the machine. 
The interferometer beam needs to be aligned with the 
machine axis. This takes a lot of time.

Various systems are on the market to detect and correct 
those errors. The most common ones are linear and self-
tracking laser interferometers.

How does an interferometer work?

The interferometer is a very precise device (accuracy 
to within ± 0.001 millimetres) that can measure relative 
distances between two points. Together with some 
additional mirrors, angularity can also be measured. 

In general, interferometers use a HeNe laser light source 
(wavelength 0.000633 millimetres). The emitted laser 
beam will be sent through an optical device (beam splitter) 
which is able to pass a portion of the light straight through 
and use the other portion as a reference. The passed 
through light will be directly reflected by another optical 
device (reflector). The light of both channels (reference and 
reflected) is now mixed together for comparison and a light 
pattern (interference) can be observed.

To be able to make measurements, one of the devices 
(normally the reflector) will be moved such that the 
interference pattern starts to move as well, and the 
interference fringes will be counted. Based on the 

wavelength of the light, the distance between two fringes 
is 0.000316 millimetres without any interpolation. An 
interferometer can measure this with a high resolution and, 
based on the setup, the direction of the reflector movement 
can be detected as well. This allows the relative distance 
the reflector was moved to be measured with precision.

Advantages and inconveniences

The biggest advantage of interferometers is that their 
measurement method is very easy and in general just 
based on fringe counting, which gives a very high level of 
measurement accuracy. Dynamic measurements are also 
possible, including of vibration observations. Based on 
that excellent performance, interferometers are very well 
accepted in industry as one of the most precise methods 
for distance measurements.

The major disadvantage of interferometers is that only 
relative measurements are possible. As soon as the laser 
beam is interrupted the counters are set to zero and the 
fringe counting starts from the beginning. Every absolute 
distance measurement must get additional information for 
the starting position. Dependent on the application, this 
inconvenience could be avoided by a specific measurement 
setup. However, the moving path of the reflector must be 
aligned precisely enough that any beam interruption will 
disturb the measurement procedure. Such a path alignment 
requires a long installation time, especially if not just one 
linear axis direction needs to be measured.

Beside these specific characteristics of an interferometer, 
environmental parameters also have an impact on 
measurement results. Like with all optical distance 
measurement equipment, specific measurement numbers 
are dependent on the laser beam and system setup in use.

The way to the (almost) perfect part
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In general, the following numbers can be used for 
estimation:

Solutions
There are two strong solutions to these problems in the 
electronic volumetric compensation of large machines. 
Both employ a laser tracker as an alternative to a simple 
linear laser interferometer. Each method also requires a 
new type of reflector and a specialised software solution

Established Absolute Tracker systems

Hexagon’s Absolute Tracker AT930 and AT960 systems 
have been established and accepted in industry for many 
years because they contain interferometer technology 
and have proven that the addition of an Absolute Distance 
Meter brings them to the needed level of performance and 
accuracy.1 

So far only the acceptance angle of the reflector device 
has limited the use of Absolute Tracker systems in a fast 
and automated measurement procedure for electronic 
volumetric compensation of large machines.

New reflector concepts

When a traditional reflector with an acceptance angle of 
only ± 30 degrees is used in this process, the significant 
time saving benefits delivered by using a laser tracker 
system instead of a simple linear laser interferometer are 
negated by the need to repeatedly manually realign the 
reflector to keep its acceptance angle within the field of 
view of the tracker.

The introduction of the Active Reflector AR1 and the 
Super CatEye reflector by Hexagon is responsible for the 
opportunity to take the next big step forwards towards an 
easy and fast solution for electronic volumetric machine 
compensation.

1 Although they work without an interferometer, if some restrictions on 
functionality are accepted an Absolute Tracker AT40x system can also 
be applied in this context.

Condition Uncertainty Resulting 
uncertainty

Air temperature 1 °C 1 µm/m

Air pressure 1 hPa 0.3 µm/m

Humidity 10% RH 0.1 µm/m

CO2 content 100 ppm 14 nm/m

Table 1 Sensitivity of laser distance measurements to environmental 
parameters
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The Active Reflector AR1

The Active Reflector AR1 acts like a small tracking device, 
just the opposite way around – the reflector tracks the laser. 
The centre part is a regular glass corner (prism) like a 3-sided 
pyramid, which is mounted exactly in the centre of two 
perpendicular motorised rotation axes. A small part of the top 
of the prism is cut off and a small filter is mounted, behind 
which a Position Sensitive Device (PSD) is centrally placed.

Now, as soon as the laser beam meets the prism, a 
small portion of the beam passes through to the PSD, 
which is measuring the displacement from the centre. 
These measurement parameters are now used to steer 
the motors such that the front plane of the prism is 
always perpendicular to the incoming laser beam. 
 

This generally simple control loop can keep the reflector 
perfectly oriented to the laser beam of the tracking device.

The active reflector can now be mounted onto the 
machine spindle and if the Absolute Tracker is targeted 
on the reflector, it will stay oriented to the laser tracker 
independently of the movement of the machine spindle.

The SuperCatEye reflector

The Super CatEye (SCE) reflector offers a similar result to 
the AR1, in that it can be tracked by a laser tracker across a 
much wider range of movement than a traditional reflector. 
However, instead of actively moving by tracking the laser 
beam as with the AR1, the SCE achieves this through a much 
larger laser acceptance angle – ± 75 degrees, compared to 
a typical reflector’s ± 30 degrees.

The basic component of the Super CatEye (SCE) reflector 
is a glass sphere with a specific refraction coefficient N=2. 
Refraction coefficient N=2 means the laser beam will have 
a total reflection back to its origin.

This requirement comes with some some physical 
restrictions. First, it is not easy to find the right glass 
material that can provide a refraction coefficient of N=2, 
especially because that coefficient number is dependent 
on the wavelength of the laser beam. Second is that an 
Absolute Tracker uses two different laser beams with to 
different wavelengths: the HeNe beam (632.8 nm) and the 
ADM beam (790 nm).

Based on these physical limitations, it was possible to find 
a glass material which is slightly over N=2 for one wave 
length and slightly below N=2 for the other wavelength. 
With this compromise it was not possible to manufacture 
a glass sphere with a 360 degree round view, because the 
reflected light intensity was too low for accurate distance 
measurements. But with coating half of the sphere it was 
possible to get an acceptance angle in the range of ± 75 
degrees (beam diameter restricts that angle). The glass 
sphere is finally centrally adjusted into a 1.5” sphere like a 
red ring reflector (RRR). Based on the signal intensity the 
measurement distance is maximum 18 metres.
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The result is a wide-acceptance-angle reflector that can 
be located more accurately than any other such reflector 
previously seen on the market. .

Measurement concepts

Given the new reflector technology available, there are 
now two distinct methods available for faster electronic 
machine compensation using a laser tracker. Each has its 
own positives and negatives. Put simply the two approaches 
are as follows:

1.

The first method is essentially an accelerated version 
of the established method of electronic volumetric 
compensation, only using a tracking laser interferometer 
such as can be found in a high-end laser tracker instead of 
a simple laser interferometer.

With this method, measurements are made from multiple 
tracker positions, but using only the interferometer function 
of the laser tracker for direct distance measurements. The 
precise position of the machine can then be triangulated 
from these distance measurements. As this method does 
not use the laser tracker’s encoders to determine positional 
date, it delivers higher accuracy results. This is commonly 
known as a multilateration-based approach.

The use of a laser tracker rather than a simple linear laser 
interferometer is more efficient for this process, as a single-
axis interferometer requires careful and time-consuming 
setup and alignment of the instrument to the target. This 
is particularly apparent when applied to the relatively large 
distances involved when compensating large machines.

This delivers a significant improvement to the time typically 
required for a traditional volumetric machine compensation 
with a simple linear laser interferometer. Further 
improvement can be achieved by using multiple systems 
to acquire the data points from each position required of 
the process to achieve simultaneous multilateration. This 
method can deliver not only reduced process time but also 
better repeatability and a reduction in machine tool drift 
due to thermal variation during measurement.

This method can also be performed with a dedicated self-
tracking laser interferometer rather than a full laser tracker.

2. 

The second measurement method requires the use of the 
full 3D measurement capabilities of the laser tracker, and 
therefore allows all measurements to be quickly taken from 
a single laser tracker station.

This method is clearly much faster, requiring just a single 
tracker measurement station and therefore no time-
consuming repositioning. However, it requires use of the 
laser tracker encoders, which results in a lower level of 
accuracy for the final measurement findings.

Software options

Each of the above compensation methods requires a 
specific software solution designed with it in mind. There 
is a single clear software option for each measurement 
concept.

Both can be connected directly to the machine tool 
being calibrated, allowing both sides of the process to be 
controlled from within a single platform. Each software 
will generate a reflector path in line with international 
standards (ISO 230-2, 230-4 or VDI 3441 and ISO 10360-2) 
and can then either drive the machine directly or create 
a numerical control code that can be used to drive the 
machine.

This connectivity means that each software option can 
also directly implement corrections on the machine by 
uploading compensation files.

Each platform’s control and compensation functions are 
compatible with a wide range of machine brands.
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Etalon Trac-CHECK and Trac-CAL

The Trac-CHECK and Trac-CAL software platforms from 
Etalon are well-established solutions for traditional 
electronic machine tool compensation. They have been 
optimised for use with a tracking laser interferometer or 
laser tracker instead of a simple linear laser interferometer.

Method

The laser tracker is manually positioned in a corner of the 
machine volume. A reflector is mounted to the tool or probe 
fixture of the machine. The laser tracker is connected with 
the Etalon Trac-CHECK software and the laser tracker 
automatically tracks the reflector.

After a few machine positions for orientation, the exact 
position of the laser tracker is registered by Trac-CHECK. 
The software automatically calculates and proposes the 
lines that can be measured according to the selected 
standard in a graphical user interface – lines parallel to 
the axes, plane and space diagonals. No manual alignment 
is required, the machine moves along the selected lines, 
controlled by a CNC program or an online interface.

This process is repeated from several other tracker 
stations (minimum three). The measurement report 
then summarises the results of all measuring lines from 
different positions and performs an evaluation according 
to the selected international standard. All requirements of 
the standard including test uncertainties are automatically 
considered.

This data can then be used with Trac-CAL software to 
develop a full volumetric analysis of the entire machine 
geometry and generate compensation data appropriate for 
the specific machine.
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AfM Axis Calibration

The AfM AxisCalibration platform offers a solution 
that can be applied to the new method of machine 
tool compensation that uses the full 3D functionality 
of a laser tracker.

The software employs a proprietary algorithm 
developed by AfM that is specifically designed for 
correction of the 21-error model. Its Machine Tool 
Setup module is a simplified version of the software 
designed for acquiring general geometries. It can 
be learned quickly and without prior knowledge, 
and allows a user to set up, align and adjust an 
entire machine’s measuring components or other 
components with a laser tracker.

Method

Create information needed for a measurement in the 
software using the Machine Manager module, then 
create the machine-specific measurement strategy. 
During a measurement, the points must be accurate 
according to both the software and the generated 
measurement strategy. A purposeful executable CNC 
program can be generated with the CNC Generator 
module based on the strategy drawn up.

The measurement can now be carried out in the 
Axis Analyzer module. This is done completely 
automatically. During the measurement the user will 
receive, in addition to the current deviations, more 
information on the current temperature, air pressure, 
humidity, remaining measuring time and the number 
of points. This will be displayed in an external 
interface.

After a successful completion of a measurement the 
data can be evaluated by known notations in the Axis 
Analyzer module.

The measurement carried out can be read into the 
Error Mapper module. With this basis the Error Mapper 
will create a specific error map for the needed 
control. All known control formats are supported. 
All kinds of error map (position, straightness and 
volumetric) are supported by the software for all 
controllers.

Finally, a verification measurement with the Axis 
Analyzer module and active error map will be 
performed to demonstrate the effectiveness of the 
correction. Which notation is used for verification 
should be noted, so that the measurement strategy 
can be adjusted accordingly. After a successful 
verification measurement with the Axis Analyzer 
module it is possible to visualise a before-and-after 
comparison.

 

Pre-After-Comparison – Change analysis of machine geometry

Machine management
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Testing results
Examples of compensation results at Kinkele, Germany: 

VDI/DGQ 3441

Prüfer shailer
Datum 14.03.2019

Maschine Soraluce SL-12000 (Seriennummer: SL_12000-2)
X 10504 mm (12 ppm/°C)
Y 1442 mm (12 ppm/°C)
Z 1004 mm (12 ppm/°C)
Kinematische Kette (X)[H]-(Y)[V]-(Z)[H]
Steuerung Heidenhain

Messgerät (Seriennummer: 750042)
Hersteller Leica
Messunsicherheit -

Messung X,Y,Z-Achse auf Soraluce SL-12000 (AT960-LR)_Active Reflektor
Vorschub 5000 mm/min
Wartezeit 6 s
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Conclusion
Using a laser tracker for large-volume machine tool 
verification and compensation offers significant 
improvements in terms of time taken and therefore a 
significant reduction in expensive machine downtime. It 
also means the compensation can be made with greater 
accuracy, as a faster calibration process will suffer from 
less thermic influence.

Tests performed with laser trackers, following international 
standards, show with good results that they can be used as 
a viable alternative to simple linear laser interferometers. 
This new solution can reduce measurement time by as 
much as 85 percent while using hardware that can also be 
used for part inspection purposes.

The combination of a large-volume laser tracking technology 
with high-end software that can run scripts following 
international standards makes the perfect combination for 
a highly efficient and traceable method. Machines can not 
only be checked against an international standard, but also 
automatically compensated.

Whichever of the explored methods is used, the calibration 
procedure can be started at any time by internal operators 
with minimal training and expertise, with no extended 
preplanning time or contracting to external specialists 
required. In testing, both methods (whether using the Active 
Reflector AR1 or Super CatEye reflector) achieved accuracy 
to within 50 microns over a 10-metre measurement volume.
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