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Abstract 
 
 

This paper deals with machining precision and precision of manufacturing machines and 
the possibility of regular diagnostic of machining centres  in order to increase the 
productivity and quality of machining process. 
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Introduction 
 

In metrology, motion control, machine calibration, dental CAD/CAM and spectroscopy, 
measurement system  inovations enhance precision, efficiency and quality. New measurement 
systems assess (CAQ), monitor and improve the static and dynamic performance of machine 
tools, co-ordinate measuring machines (CMMs) and other position-critical motion systems. 

The demands of modern industry to meet ever-tighter tolerances and to comply with 
international quality standards, mean that the performance of manufacturing machinery has 
never been more important. Process control and improvement is the key to raising quality and 
productivity, so increasing  company’s competitiveness. The quality of every component 
produced on a CNC machine is highly dependent on the machine’s performance. Problems 
with a machine inevitably result in inspection failures, scrapped components and unexpected 
down-time. All too frequently, quality and inspection procedures identify problems after 
components have been produced. However, this is often too late to rectify any of the incurred 
scrap and down-time costs. For this reason, it is essential that machine performance is 
checked before component manufacture.  

Quality of products is more and more important. It has become one of the most discussed 
and solved problems. Continuous acceleration is a characteristic feature of the current 
technical development. It is determined by continuous differentiation of customer needs. On 
the other hand, the production is going up and, at the same time, the requirements for quality 
of products and precision of machines are increased as well.  
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In the past the selling price used to be the chief factor but now the quality of products is 
more and more crucial. Increasing quality costs are obvious as well. They include cost of 
defective work or their possible repairs, customer claims, cost of testing and inspection.  
There is a task for machine users. They need to gather evidence for verification and document 
the precision of machinery, to minimize cost due to low quality production and machine 
breakdowns, to classify machines according to valid standards and follow the trends in 
precision development.  
The importance of systematic measurements is increasing, however it is not always fully 
appreciated. It often comes into existence not earlier than at the moment when production 
fails and defects occur. However, the troubleshooting is usually much more expensive than a 
perfect check-up.  
Time is money, and time spent manually setting work-piece position, setting tools and 
inspecting finished products is better invested in machining. Machine productivity is 
increased, downtime reduced and scrap minimised. 
 

NC and CNC machinery diagnostics 
 

Machine tools condition monitoring (CAQ) is main prerequisite for maintainig production 
quality as well as necessary requirement in quality control systems according to ISO 9001 
standards. Observe machinery preventive geometry according to production wasters is 
obsolete. Current tendency is to foresee - predict machinery condition and ensure production 
quality accordingly. Following this it is possible to ensure satisfactory production even on 
machinery with worse characteristics. 

This provides monitoring by decreasing machinery service costs and at the same time 
maintain high production quality by means of NC and CNC machinery diagnostics. This is 
applied throughout our customer base especially companies working in machinery industry. 

Registry is being compiled from performed measurements which gives us continual view 
of machinery development. Which particular machine tool is capable of fulfiling requirements 
for manufacturing accuracy can be assessed with use of this registry. With this clasification 
and its periodical repeating is possible to decrease scrap costs comming from allocating 
product to particular machine. By observing development trend of manufacture accuracy is 
possible to schedule machinery maintenance/repair before major malfunction occurs. This 
will significantly decrease costs caused by machinery breakdowns. Customer gets overview 
of his machine pool accuracy including machinery accuracy protocols according to ISO 9001 
standards. 
 
1. Diagnostics according to ISO 230 – 1 
 
Geometry measurement (Schlesinger) 
 

Machine tool basic geometry measurements (perpendicularity, straightness, flatness, 
circumvolution, alignment, and axis identity) according to ISO 230-1. 

Measuring is always carried out on unloaded machine. Measuring period depend on 
machine type. Protocol is compiled from actual measurement and contains:  
• Table of measured data 
• Machine`s condition evaluation 
• Recommendations on found faults. 
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Supplemental measurement (machine-table flatness, machine bed lead etc.) 
 

Flatness and true position of machine-table measurement, machine bed lead, by 
preparative, dial gauge, electronic water level MINILEVEL. 
Measuring is always carried out on unloaded machine. Measuring period depend on machine 
type. Protocol is compiled from actual measurement and contains:  
• Measurement schematics 
• Graphic representation of actual shape or position of machine tool 
• Machine`s condition evaluation. 

Machine tools set-up (establishing of equilibrium) 
 

Machine tools set-up (establishing of equilibrium) is important especially for lathes where 
it has direct connection with machine tool geometry, headstock spindle and carriage axis 
alignment. 

Machine tool set-up is laways followed by control measurement according to ISO 230-1. 
Protocol is compiled from actual measurement and contains:  
• Measurement schematics 
• Table of measured data 
• Machine`s condition evaluation 
• Recommendations on found faults. 

2. Diagnostics according to ISO 230 – 4 
 
Geometry measurement and measurement of drive adjustment by circularity analysis. 
 

Geometrical errors can be catched up with this measurement (perpendicularity, 
straightness, backlash, cross clearance…), electronical errors (drive unit delay, trailing error, 
gauge linear error). 

Measuring is always carried out on unloaded machine. Measuring period depend on 
machine type and number of measured planes.  

Protocol is compiled from actual measurement and contains:  
• Circularity analysis according to ISO 230-4 
• Table of measured data 
• Table and diagnosis of measured errors 
• Machine`s condition evaluation 
• Recommendations on found faults - development trend of measured errors is compiled at 

periodical measurement. 

Correction into selected control systems 
 

Up to certain levels of mechanical errors (based on dynamical measurement) is possible to 
input corrections into control system to achieve improvement of machine tool accuracy. 

This includes constrol systems: Heidenhain TNC 307 to 530i, MEFI, Sinumerik 810D, 
840D, GE FANUC series 0,5,6,16,18,20,21,16i,18i,20i,21i. 
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Corrections input into control system follows machine tool control dynamical measurement 
according to ISO230-4. Protocol is compiled from this measurement (see geometry 
measurement). 
 
Supplementary static measurement of repeatability 
 

This measurement is suitable for production in large series when repeatability of tool or 
workpiece impositioning into position is emphasised. 

Measuring is always carried out on unloaded machine. Measuring period depend on 
machine type and number of measured planes. 

Protocol is compiled from actual measurement and contains:  
• Graphical representation of tool impositionig into position 
• Table of measured static repeatability data. 
• Table of measured maximal repeatability data 
• Machine`s condition evaluation. 

3. Diagnostics according to ISO 230 – 2 
 
Laser (interferometric) geometric measurement 
 
This is so far the most accurate machinery diagnostics. 
Machine geometry can be catched up with this measurement (perpendicularity, straightness, 
flatness, cross clearance, backlash, gauge adjustment). 
Measuring is always carried out on unloaded machine. Measuring period depend on machine 
type and number of measured planes. 
Protocol is compiled from actual measurement and contains:  

• Graphical representation of error behavior along measured axis length 
• Table of measured data 
• Machine`s condition evaluation 
• Recommendations on found faults 

Measurement of gauge adjustment including corrections 
 

This measurement can adjust gauge (non-linear) which means that measured axis is 
divided into given number of smaller positions (2 000 mm min. for 5 measured positions) 
which are compensated according to actual measured error. 

Measuring is always carried out on unloaded machine. Measuring period depends on 
number and length of measured axis. 

Machine is measured before corrections first. Corrections are inputed and control 
measurement is carried out. 

Protocol is compiled from actual measurement and contains:  
• Graphical representation of error behavior before corrections 
• Table of measured data before corrections 
• Graphical representation of error behavior after corrections 
• Table of measured data after corrections. 
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Diagnostics according to ISO 230-2  with RENISHAW laser interferometers systems 
 

For many years the industry standard method of measuring machine tool or CMM 
performance has utilised a free-standing laser on a tripod, in combination with remote (i.e. 
separate) interferometer and reflector optics, mounted directly to the machine table and 
spindle. Linear, angular (pitch and yaw) or straightness measurements, between table and 
spindle, can then each be made interferometrically with the appropriate choice of 
interferometer optics. The design of the Renishaw Laser Interferometer System is based on 
this established and proven method, which is shown schematically in Figure 1. 

                
 

Fig. 1. Renishaw XL-80 and ML10 laser head with compensator and at next picture tripod 
mounted laserinterferometer measurament 

 

Renishaw's laser interferometer systems (CAQ) are used for comprehensive accuracy 
assessment of machine tools, co-ordinate measuring machines (CMMs) and other position-
critical motion systems. 

They offer the ultimate in high accuracy, repeatable and traceable measurement, using 
externally mounted beam splitters. There are two Renishaw laser systems for performance 
assessment; the XL-80 (new for 2007) and the ML10, which has been in service since 1988. 

Renishaw has been designing, manufacturing and supplying laser interferometer systems 
for over 20 years. Its ML10 laser system has become a standard for accuracy and reliability in 
use, enabling linear measurements to be made to an accuracy of ±0.7ppm. It has become the 
leading high accuracy, portable machine calibration and  measurement system worldwide. 

In 2007 it has been joined by the XL-80 laser system with enhanced measurement 
performance (±0.5ppm, 50kHz, 4m/s) in a highly compact, portable and easy to use package, 
bringing the benefits of laser interferometry to an even wider audience. 

    
 Fig. 2. Renishaw XL-80 measurement system with XC-80 compensator and sensors  
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Laser interferometry technology: 
 

As long ago as the 1880s, the use of light interference principles as a measurement tool 
was first demonstrated. Although the technology has been developed over the years since, the 
basic principle of using the very small, stable and accurately defined wavelength of light as a 
unit of measure has remained. 

Laser measurement is accomplished through interferometry, a technique that uses the 
wavelength of light as the unit of measurement. A laser is used because the laser light is 
coherent, meaning that all the rays have exactly the same wavelength and are exactly in phase 
(see Properties of light). This means that the peaks and valleys of the component light waves 
are in perfect synchronisation. The wavelength of laser light from a helium-neon (HeNe) laser 
is 0.633 micron and by further sub-dividing the wavelength, Renishaw has achieved a 
resolution of 1.25 nanometres. The long term wavelength stability of the Renishaw ML10 
Laser is (in vacuum) better than 0.l ppm. 

An interferometer system measures the change in distance by counting the number of 
wavelengths of light seen by detector optics. As the wavelength is known to great accuracy, 
then the overall distance can be calculated to great accuracy. An interferometer system or 
Michelson interferometer, comprises three optics : a polarising beam-splitter, and two retro-
reflectors, or corner-cubes.  

The following is a brief description of the optical interference principles which the 
Renishaw ML10 system uses to measure relative changes in optical path length, between 
measurement and reference arms of the interferometer. The figure shows a schematic diagram 
of the ML10 laser head, linear measurement optics, and the interference detectors, together 
with the laser beam paths.  

The laser beam (1) emerging from the laser head is a circular polarised laser beam of 
single frequency light. When this beam reaches the polarising beam-splitter it is split into two 
components. The reflected beam (2) is vertically polarised light, and transmitted beam (3) is 
horizontally polarised light. As these beams travel to their retro-reflectors they have exactly 
the same frequency. These two retro-reflectors reflect these beams, (2) and(3), back towards 
the beam-splitter. 

 

Fig. 3.  Principe of interferometry 
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In linear distance measurement, one retro-reflector is usually rigidly attached to the beam-
splitter, to form the fixed length reference arm of the interferometer, and other retro-reflector 
moves relative to the beam-splitter and forms the variable length measurement arm. The laser 
system tracks any change in the separation between the measurement arm retro-reflector and 
the beam-splitter, as the retro-reflector moves. Whilst it is moving, the frequency of the 
reflected laser beam from the moving retro-reflector is Doppler shifted, so that during 
movement, the frequencies of the two returned beams are not the same. This difference in 
frequency is directly proportional to the speed of movement. When the reflected laser beams 
reach the beam-splitter they are reflected or transmitted (as before), so that both beams are 
recombined and returned to the laser head.  

This recombined beam (4) consists of two superimposed beams of different polarisations. 
One component is vertically polarised, and has travelled around the reference arm. The other 
component is horizontally polarised, and has travelled around the measurement arm. At this 
stage the two beams do not interfere with one another because they have different 
polarisations. When the beams enter the laser head, they pass through a special optic (5) 
which causes the two beams to interfere with one another to produce a single beam (6) of 
plane polarised light. The angular orientation of the plane of this polarised light depends on 
the phase difference between the light in the two returned beams. So, if the measurement arm 
retro-reflector is moving away from the beam-splitter, then the plane of polarisation spins in 
one direction, and if the measurement arm retro-reflector is moving towards the beam-splitter, 
the plane of polarisation spins in the opposite direction.  

The beam (6) is then spilt into three and focused onto three polarisation sensitive 
detectors. As the plane of polarised light spins, each detector produces a sinusoidal output 
waveform. The polarisation sensitivity of the detectors are adjusted so that their outputs are in 
phase quadrature. (Three detectors are used to allow the system to eliminate background light, 
to distinguish the direction of movement, and to measure the distance moved.) These signals 
are very similar to the feedback signals obtained from many linear and rotary encoder 
systems, and are processed in a similar way, using very high speed direction discrimination, 
counting and interpolation electronics. This allows the laser system to measure changes in 
distance as the measurement arm retro-reflector moves. Because the laser wavelength is very 
short (633nm), and can be determined very accurately (to one part per million in air), the 
Renishaw laser can provide measurements with very high accuracy and resolution.  

The new XL-80 laser system offers greatly increased portability, system accuracy and 
improved dynamic measurement performance. It is quicker and easier to use, whilst retaining 
the benefits of a pure interferometry based system, a proven technology that has made 
Renishaw laser systems the preferred choice of companies worldwide. The basis of the new 
system is a compact laser head (XL-80) and an independent compensator system (XC-80).  

The XL-80 laser produces an extremely stable laser beam, with a wavelength that is 
traceable back to national and international standards. The XC-80 compensator is a key factor 
in XL system’s measurement accuracy. Featuring “intelligent sensors” that process the 
readings at source, the compensator very accurately measures air temperature, air pressure 
and relative humidity. The design of the XC-80 and sensors ensures extremely accurate 
readings over the full range of operating conditions, from units that are built to withstand the 
daily handling that most systems will receive.  
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Fig. 4.  Renishaw XL-80 laser measurement system with XC-80 compensator, sensors                   
and with parametres of system  

 

The laser frequency stability is specified as ±0.05 ppm over 1 year and ±0.02 ppm over 1 
hour. This excellent performance is achieved by dynamic thermal control of the laser tube 
length to within a few nanometres. Linear measurement accuracy is an assured ±0.5 ppm, 
over the whole environmental range ie from 0oC − 40oC  and 650 mbar – 1150 mbar. 
Readings are taken at 50 kHz, with a maximum linear measurement speed of 4 m/s and a 
linear resolution of 1 nm; even at maximum speed. 

The XC-80 compensator is a key factor in XL system’s measurement accuracy. Featuring 
“intelligent sensors” that process the readings at source, the compensator very accurately 
measures air temperature, air pressure and relative humidity. The design of the XC-80 and 
sensors ensures extremely accurate readings over the full range of operating conditions, from 
units that are built to withstand the daily handling that most systems will receive. 
 

Measuring using RENISHAW XL-80 according to ISO 230-2 
 

Type of measuring: linear positioning accuracy 
 

 
 

Fig. 5.  Measurement specifications 
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Fig. 6.  Principles of linear measurement and typical system set-up for measuring a position 

 
Parametres of measuring: 
Machine: Control videocheck machine Air temperature: start – 27,48 oC, end 27,43 oC 
Mode:   linear displacement Material temperature: 27,05 oC 
Runs: 1 times , bidirectional Air presure: 999,00 mbar 
Measuring: in X ax  Rel humidity:   start – 36,06 % , end – 35,94 % 
Laser head Location: direction on X ax  Environment factor: start – 0,31638667, end –0,31638668 
Time of measuring: start – 6:43 , end – 6:49 Exp. Coeff. 11,70 ppm/ oC 

     

         
Fig. 7.  Linear measuring on control videocheck machine for Ikea factory with using 

Renishaw XL80 
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Measuring before setting 
 

For this tour, we suggest spreading the targets between 0 and 2300 mm and using an 
interval of 100 mm. 
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Fig. 9.  Capcured data table and error compenzation table 
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Measuring after setting (compensation) 
 

For this tour, we suggest spreading the targets between 0 and 2300 mm and using an 
interval of 100 mm. 
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Fig. 11.  Capcured data table 
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