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1. Introduetion 

1.1 General introduetion 

In the manufacturing of complex products machine tools play an important role. Due 

to several reasans one can abserve a tendency towards higher accuracy at alllevels 

of production. As the driving forces for higher accuracy [1] could be listeel the 

requirement for: 

• better perfonnance and reliability of the products: 
• miniaturization and integration of product-parts for weight and space 

saves purposes; 
• automatic assembly; 
• active noise reduction of accurate parts in gearboxes etc; 

• response to increased accuracy in other fields, for example electronics. 

Forced by this requirement, the performance of machine tools is continuously being 

improved. The classical way to increase the perfonnance of a machine tooi is to 
enhance the behaviour of the mechanical structure. In terms of geometrie behaviour 

this implies the aim at faultless movements of the carriages, exact squareness 
between the guides and no finite stiffness effects of the elements. For the 
improvement of the thermal behaviour various experiments with thermal control [2], 

thermal invariant structures [3] and compensating heat sourees [4, 5, 6] are carried 

out. However these methods of improvement are costly and the physicallimits will 

soon be achieved. For this reason, new techniques to imprave the overall behaviour 

of machine tools, are being developed. With the aid of computer technology it is 

possible to compensate for the errors existing in machine tools instead of avoiding 
them. However, this error correction method requires a very thorough investigation 
of the machine toal's behaviour and the factors influencing it This is the 
fundamental reason for the initiation of a research project, supported by BCR, to 

develop methods for the numerical error correction of machine tools. 
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1.2 Description of the project 

When the basic function of a machine tooi is reviewed, it can be expressed as the 

transfonnation of rough material into a usabie product. If the product bas specified 

dimensions and tolerances, the function of the machine tooi is to generate the 

product with accompanying specifications within a given time and at given costs. A 

number of influences on this transfonnation are responsible for errors in the 

dimensions of the final product. An overview of the main influences that may disturb 
the final accuracy of the product, is depicted in figure 1.1 [7]. 
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In this BCR-project we will concentrate on the most influential error sources. 

Together these errors contribute to more than seventy percent of the resulting error of 

a machine tooi [8, 9]. These error soureescan bedescribed as: 

• Geometrie e"ors due to zinperfect movements of the carriages. 
In the production of the guides the rnanufactueer tri es to a void unwanted 

motionsof the carriages, for example rotations. But even with the present 

production techniques the limits of achievable accuracy are restricted and 

therefore the carriage will show certain deviations from the perfect 

behaviour. These deviations will manifest themselves as position and 

orientation errors of the tooi with respect to the workpiece. 

• Geometrie errors due to fmite stiffness of the elements of the machine. 
One should make a distinction between the static and dynamic stiffness of 

a machine tooi. The static stiffness of the machine is important when the 

machine is loaded with heavy workpieces, when heavy machine parts are 

moving while machining or when large cutting forces are to be expected. 

In this case the bending of machine parts will result in a deviation in the 

position of the tooi with respect to the workpiece, and as a result this will 

introduce an error in the dimensions of the product The dynamic stiffness 

contributes merely to the surface roughness of the product and less to the 

dimensional properties. Therefore, in this research project, it will not be 

taken into account. 

• Thermal behaviour of the machine 's structure. 
Under the influence of several internal and external heat sourees a 

machine tooi will demonstrate a certain theemal behaviour with, due to 

expansion of the individual elements of the machine, an accompanying 

distortion. The resulting errors in the position and orientation of the tooi 

are at least of the same order of magnitude as the errors caused by 

geometrie errors [10]. 
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The main goal of this project is the improvement of the accuracy of a commercially 

available machine tooi by the implementation of a correction algorithm into the 

control system. The error correction should oomprise the moSt significant geometrie 

errors, errors due to the finite stiffness of the machine and also reduce the effect of 

the thermal behaviour of the machine's structure. This goal requires a systematic 

investigation of the main error sourees in multi axis machine tools. Therefore the 
available experience in research on accuracy of coordinate measuring machines will 

be adapted and extended to machine tools. 

In order to achleve the aims of the project the following contractors participate in the 

project: 
• Eindhoven University of Technology, Metrology Laboratory (TUE); 

• Physikalisch Technische Bundesanstalt (PTB); 

• Philips Industrial Electronics, Machine Tooi Controls (Philips); 

• Maho Aktiengesellschaft (Maho). 

Together these partners will develop methods to model and describe the influence of 

a certain error souree on the accuracy of a machine tooi. Based on this research a 

correction algorithm will be developed. This error correction will be implemented on 

a five axis milling machine, supplied by Maho, to validate the developed methods. 

In order to achleve the aims of the project, three workpackages have been defined: 

• First, a geometrie error model bas to be developed and validated; 
• Secondly, methods have to be developed to describe and analyse the 

thermally induced errors; 

• Finally, an error correction bas to be developed and implementeel in order 

to validate both the geometrie and thermomechanical models. 
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1.3 Fust milestone repm 
The project has been initiated on November 1st 1989 and willlast until the end of 

December 1992. During the first 18 rnonths of the project, a classification of 

machine tools has been developed and a literature study has been carried out. In 

chapter 2 these subjects will be discussed. 

The other actlvities of the partners will also be surnrnarized in this chapter. 

Prelirninary results of a conceptual description of the therrnornechanical behaviour 

will be presented for both a statistica} and an analytical approach. Also the first 

developed concept for an error correction will be described 

In the next chapters the geometrie error model and its validadon will be discussed 

extensively. In chapter 3 the rnathernatical model will be presented, capable of 

deterrnining the resulting error of the tooi with respect to the workpiece, as a 

function of the individual geometrie errors. The individual errors will be described 

with functions, using piecewise polynorninals. This technique will be explained. 

The model will be applied to the Maho rnilling machine under research. 

Two different rnethods to deterrnine the geometrie error cornponents are used. First 

the error cornponents are rneasured directly, using laserinterferorneter, levelmeters 

and displacement sensors. Secondly, the holeplate rnethod, as developed by PTB, is 

used. Both techniques with accornpanying rneasurernent results will be presented in 

chapter 4. 

Based on the direct rneasurernents, the geometrie error model will be used to 

sirnulate the holeplate rneasurernents. In order to validate the model, this simuiadon 

will be cornpared with the actual rneasurernents of the holeplate. The results of this 

cornparison will be presented in chapter 5. 

Finally, inthelast chapter, conclusions will be drawn with respect to the used 

rnadelling technique and its possibilides and lirnitations. 
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2. State of the project 

2.llntroduction 

The main goal of this BCR-project is the improvement of the accuracy of a 

commercially available machine tooi, by adapting and extending correction methods 

used in the field of coordinate measuring machines. Therefore, the most influential 

error sourees will be investigated : the basic geometrie errors, theemal behaviour of 

the machine's structure and finite stiffness effects. Basedon this research a correction 

algorithm will be developed and implemented. This algorithm will be validated on 

the milling machine, supplied by Maho for this research. 

In order to achleve the aims of the project the following tasks will be carried out by 

the partners involved in the project: 

• Classification of multi-a.xis machine tools 
A survey of the different types of five axis CNC milling machines will be 

made in order to establish the oeigins and characteristics of their related 

errors. 

• Bibliographical studies 
A bibliographical study will be made to establish the characteristics of 

currently available error models, methods of temperature correction, 

related measurements and methods of parameter extraction from 

measurements of workpieces. 

• Agreements and standardizations for the exchange of data 
In order to make the exchange of information possible a standard data 

format will be defined, measurement programs and interfaces will be 

developed and an error model will be chosen. 

• Geometrie e"or modelling including fmite stiffness 
A general error model capable of modeHing the geometrie error structure 

of an arbitrary five-axis milling machine will be developed. This model 

will be evaluated by determining all geometrie error components with 

direct measurements or by using artifacts. Simulations will be carried out 

to verify this error model. Also the fini te stiffness effects of the machine 

tooi caused by moving parts, cutting force and the weight of workpieces 

will be considered. 
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• The development of thermomechanical models 
In order to investigate the thermomechanical behaviour of a machine tooi, 

both a statistica! and an analytica! approach will be investigated. For both 

approaches messurement techniques will be developed to detennine the 

thermally induced errors. Based on measurements, both methods will be 

evaluated, verified and compared. The possibility of a combination of 

both models will be investigated. 

• Co"ection 
A conceptfora reai-time error correction will be developed. This concept 

will be implemented in the hard- and software of the controller of the 

milling machine. The concept will be verified by milling workpieces with 

and without error correction. These workpieces will be evaluated to 

demonstrate the improved accuracy obtained with the reai-time correction. 

Finally the uncertainties associated with the error correction metbod will 

be evaluated. 

Not all partners will contribute the same amount of work to a certain workpackage, 

especially while the experience of the partners differs. Both PTB and TUE have 

experience in the research on the accuracy of coordinate measuring machines and 

machine tools. Philips bas knowledge in the field of controlling and error correction 

of machine tools. Maho has experience in the field of machine tools and related 

errors. Therefore a distinction has to be made between the four partners, conceming 

the research to be carried out. A complete summary of these workpackages is given 

in table 2.1. Within this table, also a time-schedule is given. 

According to the time-schedule the first four tasks should be finished now, as the 

project is running for 18 months. In the next paragraphs a summary will be given of 

these completed workpackages. A1so the state of the workpackages, which are not 

finished yet, will be presented in the following paragraphs. 



• 
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Table 2.1 Workplan of the project, including a time-schedule. 

2.2 CJassification 
During a project-meeting, all partners agreed that a classification should be 

developed to simplify the identification of significant errors. Therefore a separation 
is made between machine types with the samekind of errors (type dependant errors). 

A first approach, made by Maho and Philips [11], identifies the most important type 

dependant geometrie and thennally induced errors of machine tools. Using this 
approach and somerelevant literature [12], TUE made a proposal fora final version. 

During the last BCR-project meeting, which took place on December 20th, 1990, all 
partners accepted this version as a final version. 

In this classification [13] a distinction is made between the basic machine and the 

additional rotary axes. Because rotary axes are available as an option, the three linear 
axes constitute the basic machine. In all cases the rotary axes will be be added to this 

basic machine and therefore they will not interfere with the kinematic chain of linear 

axes. Also the spindie of a milling machine can be defmed as a rotary axis. However. 
the spindie will not be included in this classification, since the errors introduced by 
the spindie are not machine type dependent. 
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Basic machine 
The basic machine bas three perpendicular linear axes. These linear axes represent 

the kinematic chain of the basic machine. One end of this kinematic chain supports 

the tooi, at the other end the worlcpiece can be positioneel. The base of the machine 

is situated within this kinematic chain. As measurements mostly are referred to the 

base of a machine, a distinction between two ebains can be made: 

• A - chain: this chain supports the tooi; 
• B - chain: this chain supports the workpiece. 

In figure 2.1 an example of a milling machinewithits kinematic chain representation 

is depictecl. 

f· y 

Fig. 2.1 Example of A- and B-chain in a knee-type milling machine. 

As a machine consists of three axes, four classes can be discriminated with a 

different number of axes present in a particular chain. Within these classes two 

groups are distinguished, where the construction of the machine causes another type 

dependent error structure. In table 2.2 the resulting classification is presented 



Number of axes in: Some of the class dependent errors Examples 
Classification during traverse of the axis of machine types 

A-Chain B-Chain without process forces 

0 3 None 

1 2 Class IA Bending of: Knee-type 
B-Chain: V -t H Table guide = F(Table, Weight/Load) milling machine 
A-Chain: H Ram = F(Ram) 

Class IB Bending of: F"txed-bridge 
B-Chain: H -t H Table guide = F(Table, Weight/Load) milling machine 
A-Chain: V 

2 1 Class IIA: Bending of: Ftxed-rolumn 
B-Chain: H Table guide = F(Table, Weight/Load) milling machine 
A-Chain: V -t H Column = F(Ram, Vertical slide) 

Ram = F(Ram) 

Class Im: Bending of: Ftxed-bridge 
B-Chain: H Table guide = F(Table, Weight/Load) or travelling 
A-Chain: H -t V Columil/bridge = F(Ram guide) column machine 

3 0 Class IllA: Bending of: Travelling 
A-Chain: H -t H -t V Bridge guide = F(Bridge) bridge milling 

Bridge = F(Ram guide) machine 

Class IIm: Bending of: 
A-Chain: H -t V -t H Column guide = F(Column) Travelling 

Column = F(V ertical slide, Ram) column milling 
Ram = F(Ram) machine 

-t: Sequence in kinematic chain 
H : Horizontal axis of motion 

F(E): Function of position of element 

V: Vertical axis of motion 

Table 2.2 Classijication of basic machine types. 
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Rotaryaxes 

Apart from three linear axes, a five axis milling machine consists of two rotary axes 

with perpendicular axes of rotation. Taking two rotary axes it is possible to 

distinguish three classes with a different nurnber of rotary axes present in a chain. In 

the next table 2.3 this classification is shown. 

Nurnber of rotary 
elements in: 

Classification 
A-Chain B-Chain 

0 2 Class 1 
Worlepieee table can rotateabout 
vertical axis and swivel about 
horizontal axis 

1 1 Class 2 
Workpiece table can rotate about 
verticaJ/horizontal axis and tooi 
holder can swivel a bout horizontal 
axis 

2 0 Class 3: 
Tooi holder can swivel a bout both 
horizontal and vertical axis 

Table 2.3 Classijication ofthe additional rotary tables 

With the described classification a distinction can be made between different types 

of five axis milling machines that manifest the same kind of errors (i.e. type 

dependent errors). With the knowledge of the type dependent errors the definition of 

a calibration setup and the error structure of the machine are significantly simplified. 

As the classification distinguishes between different number of axes present in the A

and B-chain, it becomes less difficult to model the geometrie error structure of the 

milling machine by using this classification. 
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2.3 Bibliographical studies 

A bibliographical study has been carried out to establish the characteristics of 

currently available error models, methods of temperature correction, related 

measurements and methods of parameter extraction from measurements of 

workpieces. In order to simplify the traceability of a certain article, TUE developed a 

database-system, capable of containing all relevant literature [14]. Within this 

database-system the following subjects can be filed: 

• Name of the author(s); 

• Title of publication; 

• Name of the magazine or University; 

• The numbers of the pages, where the artiele is published; 

• Date of publication; 

• Keywords; 

• Rated (importance indication); 

• Summary (maximum Slines); 

• Place where the pubHeation is stored. 

This database-system is located at TUE. Therefore all partners have send their 

literature to TUE, who will take care of the maintenance of the database-system. The 

literature study gives a good indication on the state of the research activities, carried 

out at other institutes. As for the research topics of this BCR-project, the results of 

the literature study will be presented in the paragraphs, dealing with a corresponding 

subject. 

In paragraph 3.1 the research on modelling the geometrie errors is presented, carried 

out at other institutes. In paragraph 4.2 the results of the research on the finite 

stiffness effects is discussed. The research activities on thermal behaviour of 

machines is presented in paragraph 2.6. 

According to the time-schedule, the literature study should be finished now. But, as 

the amount of relevant publications always increases, this database-system will be 

updated till the end of the project. 
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2.4 Agreements and standardizations fcr the exchange of data 
During the fU"St year of the project PTB extended the VDA-data fonnat, as defined in 
DIN 66301 [15], for the èxchange of temperatule and geometrie data. PTB supplied 
all partners with a program (written in Turbo Pascal) and a manual [16] to support 
this data-fonnat. 

In order to exchange the infonnation on geometrie errors, all partners agreed to use 
the German standard,lied down in VDI 2617, Blatt 3 [17] for the identification of a 

certain error. To identify the individual geometrie errorS three characters are used. 

The first, lower case, character represents the axis of movement, for instanee "x" for 
the X-axis. The second, lower case, character represent the type of geometrie error, 
i.e. translation, rotation or squareness. The last, lower case, character represents the 
axis along which, or rotation a bout which, the geometrie error is acting. 
The agreed measurement programs are described in the next paragraphs, including 
the necessary interfaces. 

2.5 Geometrie error model including finite stiffness 
Both TUE and PTB have been developing mathematical models to descril>e the 

geometrie error structure of the milling machine. TUE bas developed a general error 
model which can be applied to multi-axis machine of arbitrary configuration. PTB 
bas developed a similar, less complicated, model, whose use is restricted cwrently to 
machines consisting of three linear orthogonal axes. Since similar results can be 

obtained using the TUE model and as the TUE model is capable of handling a more 
complex machine, all partners agreed to use the TUE general model. 

To model and/or estimate the error components PTB and TUE are investigating a 

different approach. TUE directly measures the error components, based on 
conventional methods using laserinterferometer, inductive displacement sensors and 
electronic levelmeters. PTB, on the contrary, focuses on the indirect acquisition of 
machine tooi error components using a_rtifacts. One of these artifacts is a holeplate, 
developed for coordinate measuring machines. By measuring this holeplate, it is 

possible to detennine the error components of a machine, knowing the deviations of 
the used object. 
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Both approaches have been applied to the milling machine, supplied by Maho and 

installed at TUE. As the amount of measurements, to be canied out, is very large. a 

dedicated program bas been developed. This program is capable of controlling the 

position of the machine tooi and collecting and storing the messurement results. To 

control the milling machine, Philips, the rnanufactueer of the control system, 

delivered special communication software and supplied information conceming the 

used interfaces and communication protocols. 
The holeplate method requires a milling machine equipped with measuring facilities. 

Therefore Maho delivered and installed an intrared measuring probe. Using this 

probe system, a holeplate is measured in several positions. 

The measurement setups and accompanying results of both approaches will be 

described in chapter 4. 

Besides the holeplate method, which asks for a measuring facility on the milling 

machine, PTB is working on a metbod to determine the machine tooi errors by 

manufacturing special designed workpieces. Because the workpieces will be milled 

on a machine tooi. they will not only contain information about the geometrie errors, 

but also a bout the thermally induced errors of a machine tooi. As the research on the 

thermal behaviour of a milling machine bas just been initiated and will continue 

during the second half of the projeet's duration, PTB will continue their research 

activities on workpieces. A short description of this method will be presented in 

paragraph 2.6, where the state of the research activities on the thermomechanical 
behaviour is described. 

With the above mentioned methods, all errorcomponentscan be determined, caused 

by imperfect movements of the guides. In addition to these errors a number of forces 

act on the machine's structure. These forces cause the structure to deform and 

consequently disturb the actual position of the tooi. While machining a workpiece 

three basic types of forces [18] are present: 

1) forces induced by the cutting process; 

2) gravity forces acting on the machines components; 

3) gravity forces acting on the workpiece (workpiece load). 
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E"ors due to forces of type 1 
The type 1 forces act directly between the tooi and the workpiece, causing the tooi 
holder to deflect and thereby introducing errors in the dimensions of the product 

In order to calculate the magnitude of deflections caused by cutting forces, fitst these 

cutting forces have to be estimated. 

Allowing a roughness of the milled product with a maximum Rt-value of 10 J.lfll, the 

geometry of the cutting tooi yields a maximum allowa bie feed per tooth of the cutter 

of 0.2 mm. The cutting forces induced under this condition and practical process 

parameters, have a magnitude of 500- 1000 N. Considering a machine tooi stiffness 
of lOS Nm-1, a maximum deflection of 10 J.liil may be expected, which equals the 

R,-value. To mill a product very accurate, not only the geometry of the product 

should be very accurate, but also the roughness of the milled surface should be very 
small. Taking into account that the stated Rt-value is a theoretica! value, basedon 
the tools geometry only (in practice the R,-value will be larger), it can be concluded 

that a correction for the deflection will not significantly improve the accuracy of the 

milled product, which is deteriorated by the bad surface roughness. 

Thus, taking into account the huge effort required to model the errors due to cutting 
forces and the relative low impravement of the workpiece's accuracy, the errors due 

to these forces will not be investigated any further during this project. 

Therefore, in order to achleve a very accurate product, it is advisable to mill a 
workpiece in at least two steps (strongly advised by Maho): 

1) Most of the material is removed during milling the workpiece with large 

deptbs of cut and a large feed: 
2) To achleve the desired dimensions, the workpiece is finished by milling 

with small deptbs of cut and a small feed. 

During the finishing process the static cutting force will be much smaller than the 
above made estimation. Combined with the high stiffness of the machine tooi, the 

cutting force will not cause a significant deflection. 
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Errors due to forces of type 2 
The type 2 forces are caused by movement of large masses. As a result of these 

gravitation forces the geometrie errors of one guide are dependent of the position of 

one or more other guides. An example of this effect is depicted in figure 2.2. 

Therefore, if the machine type indicates a certain finite stiffness effect due to 

movement of masses, the measurement of the individual geometrie errors should be 

organized to comprehend these effects. 

Fig. 2.2 Possible effect of the movement of a carriage on the geometrie error of a 
guide due to fmite stif!ness. 

The finite stiffness error of a axis, dependent on the position of the axis itself, is 

actually included in the model. This error is determined during the geometry 

measurements of the milling machine, but the geometrie error and the finite stiffness 

error are not separable. A separation, however, is not necessary as the resulting error 
can be modelled perfectly in the developed geometrie error model. This concept is 

similar to the "hardware-correction" practiced by many machine tooi manufacturers. 
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E"ors due to forces of type 3 
The type 3 forces are dependent on the weight of the workpiece put on the machine 

tooi. The effect of these forces is that the machine parts will bend and thereby cause 
a change in the geometrie errors. TUE has investigated this finite stiffness effect (see 

paragraph 4.2), by measuring the change in geometrie errors, when a load is placed 

upon the table of the milling machine. Based on this change in geometrie errors, 

simulations are caiTied out, using the developed simulation software. The results of 

these simulations are presented in paragraph 5.3. 

The fmite stiffness errors due to gravity farces acting on a workpiece are actually 
included in the error model. As workpieces can be placed upon the milling machine 

ha ving different weights, the change in geometrie errors will bedependentof the 

weight of these workpieces. The developed error model, however, is capable of 
rnadelling the change in geometrie errors for different loads. In order to validate the 

error model, both simulations and verification measurements will be caiTied out for 

different workpieces. This validatien will be caiTied out during next period of the 

projects duration. 

Considering the results of the simulations, the finite stiffness effects due to a load on 

the workpiece table cause a significant change in the resulting error of the tooi with 

respect to the workpiece. These finite stiffness effect have even a larger contribution 

to the resulting error in the XY -plane than the geometrie errors sec. Therefore, an 

appropriate software correction will be developed to correct these errors. The results 

of this error correction will be presented in the final project report. 
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2.6 The development of thermomecbanical moelels 

Thennal influences on the machine tooi account for the largest part of the inaccuracy 

of the product [24, 25, 26]. In order to model the thermal behaviour of a machine 

tooi, several approaches have been investigated with varying success [27, 28]. In 

general there are three methods to describe the thermal behaviour. F'U'Sl, a complex 

and time consuming approach is the use of finite element analysis methods (FEA). A 

number of researchers have applied this methodology on (sub-)structures of machine 

tools [29, 30]. Apart from the difficulties in the modelling procedure due to the 

complex structure of a machine tooi, several uncertainties in the model, such as 

radiation, convection and conduction, cause the contribution of this methodology to 

be of limited practical importance [31, 32]. Therefore this approach will not be 

investigated during this project. 

Secondly, simple analytica! methods can be applied to determine the changes in the 

geometrie errors due to thermal influences. PTB will focus their activities on this 

method by a transfer and adaptation of successful methods, developed to describe the 

thermomechanical behaviour of coordinate measuring machines. 

Thirdly, an empirica I metbod will be applied to determine the actual relationship 

between the thermal distribution and the displacement of the tooi bolder. The fitst 

results of this statistica I approach, investigated by TUE, wiJl be presented in this 

paragraph. 

Analytica/ approach 
Thermomechanical errors of coordinate measuring machines have been successfully 

described using simple analytical methods. The transfer and adaptation of this 

technique to machine tools and its further development is one of the tasks of PTB 

within this BCR-project 

While in most practical cases the temperature distributions in coordinate measuring 

machines are of a relatively uncomplicated kind; those in machine tools are not This 

is mainly due to the high amount of heat generated within those machines. Heat 

generation, which is in many cases locally and timely confined. Besides the 

empirica! modelling of quick transient effects (spindles) and a "history-dependent" 

correction using a multiple of reference states, the analytica! approach, known from 

coordinate measuring machines, is developed. All three approaches shall together 

meet the needs of a thermomechanical error correction on machine tools. In the next 

period, this analytica! error model will be developed. 
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In order to detennine the error components of a milling machine, PI'B bas developed 

specially designed test workpieces. The main objective of these workpieces is to 

determine the machine tooi errors under woricing conditions. Such a metbod was 

laclcing so far, but it is indispensable if a full scale error correction, including 

thennomechanical effects, shall be verified. PI'B will use these workpieces for the 

data acquisition, necessary for the development of a thennomechanical error model. 

rmally, the workpieces might be used for the acceptance test of machine tools. 

Figure 2.3 and figure 2.4 show ways to extract the machine related error components 

from workpiece features. The workpiece features which are employed to determine 

certain machine errors are marleed with double circles. 
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Fig. 2.3 Machine e"or extraction from test workpieces 
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Fig. 2.4 Machine e"or extraction from test workpieces 

It is possible to extract the errors of alllinear axes and those of the rotary table. With 
some examples the principle will be explained: 

• Positioning errors can be directly gained from the wor1cpiece's linear 

dimensions: 
• Squareness errors are directly imaged in the angles between orthogonal 

sides of the workpiece: 

• The roll angle of the Z-axis can be detennined from the difference 

between the squareness errors in two workpiece positions, namely two 

parallel positions in the YZ-plane, one with the milling head pointing in 

the positive X-direction and one in the negative X-direction. 

Four workpiece positions are sufficient to separate all machine error components. 

The positions are in principle three cross sections through the working volume, 
parallel to two coordinate axes each. However, two parallel plate positions in the 
XY -plane are needed. In figure 2.5 the latest design of a test workpiece is depicted, 

with more than 1200 milled elements. 

Besides the mentioned errors of the linear axes, which are extracted from the tracks 

and bores on the workpiece periphery. the errors of the rotary table show themselves 

in the tracks and bores in the center of the workpiece. It is also possible to detect 
zero point drifts with some of the features in the center. 
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Fig. 2.5 Test workpiece to determine all e"or components of linear and rotary 

axes 

The central part is only manufactured in the plane, parallel to the plane of the rotary 

axis. The periphery has to be produced in four positions. Except for the geometrie 

elements reserved for the rotary axis, all elements exist 12 times in form of steps in 

the tracks and holes. The rotary table's errors are assumed to be invariant to 

temperature. 



-22-

With this kind of workpieces, it is possible to record 12 different thennal states of 

the machine by means of four workpieces of three different states by means of one 

single workpiece. This bas been done for 24 different states. Some are part of a 

continuous warming up of the machine, while some represent cycles with 

intennittent spindie operation. 

To evaluate the workpiece geometry, a program bas been developed to detennine 

object features, like positions, angles, straightness etc. These features can then be 

transfonned into machine related errors, like position errors, roll, pitch, yaw, etc. 

In figure 2.6 a result of such an evaluation is depicted. It shows the maximum 

deviation of a test workpiece during four hours of continuously warming up of the 

machine. The evaluation does not yet take the thennomechanical defonnation of the 

machine tooi into consideration. In figure 2.7 the axial slip of the rotarytableis 

depicted. 
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Fig. 2.6 Squareness e"or during continuously warming up for jour hours 
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Fig. 2. 7 Axial slip of the rotary table 

It can be concluded that the determination of all error components of a milling 

machine is feasible with test workpieces. Therefore, the development and verification 

of the thermomechanical model will be based on corresponding test workpieces and 

recorded temperatule data. As it is not possible, at this state of the project, to 

separate the geometrie and thennomechanical error components with sufficient 

accuracy, these workpieces will not be used for the evaluation and verification of the 

geometrie error model. -
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Statistica/ approach 
A number of heat sourees contribute to the thennal defonnation of the machine tooi. 

Previous measurements at Maho's laboratorles indicate that the friction in the spindie 

hearingscan beregardedas the main source. 

In order to verify this condusion for the milling machine under research some 

experiments are canied out. These experiments include the measurement of the 

thermal distribution of the machine tooi. During these measurements the machine 

tooi was loaded with a spindie speed of 6000 rpm and simultaneously the carriages 

were moved back and forth over the range of the axes. The results of the preliminary 
temperature measurements are depicted in figure 2.8. 
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Fig. 2.8 Temperatures on a machine tooi under continuous load. 
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In order to detennine the relationship between the thennal distribution and the 
defonnation of the machine tooi, a measurement setup is built, based on a commonly 

applied principle [33, 34, 35]. For correction purposes, the principal interest is not 

the defonnation of each machine component, but the displacement of the tooi with 
respect to the workpiece. Therefore, a measurement setup is designed to obtain the 

displacement of the tooi holder in three orthogonal directions, and the two relevant 
rotations (picture 2.1). Five contactless eddy current displacement 1ransducers are 
used to measure this displacement 

Piet. 2.1 Measurement setup for drift measurements 

The measurement of the thermal distribution, which is continuously changing, is 

carried out by extensive temperature measurement equipment 
In figure 2.9 the position of the temperature sensors on the machine tooi is depicted. 

The choice of the position of each sensor is detennined by: 

• the capability of obtaining the thermal gradients in all directions. 
This is known as the so-called box-model, which means the sensors 
are located at the corners of an imaginary cube; 

• a sensor density in relation to the importsnee of the heat sources; 
• a minimum of three sensors on each measuring scale. 
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Fig. 2.9 Position of the temperature sensors on the machine tooi 

For a practical measurement the surface of the cylinder is positioned to 0.5 mm of 

the transducers. In this position the machine tooi is loaded with a spindie speed over 

a specified time. The programming of the machine tool and the colleetien of the 

measurement data are carried out automatically by a computer. 

With this measurement setup described, measurement cycles can be carried out, 

applying a spindie speed as load to the machine tool. During these measurements the 

tempersture coneetion of the rnanufactueer of the machine tool shall be put 

non-active. In figure 2.10 the results of a first measurement with a spindie speed of 

5000 rpm for 6 hours, foliowed by a spindie stop of 8 hours, is presented. 

As the standard available temperature cernpensatien of the machine tooi operates on 

the infoernatien of the temperature of the spindie head, the temperature varlation of 

the spindie head is marked out on the abscissa. This choice enables us to draw 

conclusions with respect to the suitability of one temperature sensor. On the ord.inate 

the measured displacement of the tool holder is plotted. The solid part of the graph 

represents the warming up time, whereas the dasbed part represents the cool down 

period. During this measurement the spindie was positioned in the center of the 

working space. 
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Fig. 2.10 Results of a drift measurement in X-, Y- and Z-direction 

From the results depicted in figure 2.10 a remarkable condusion can be deduced. Ha 

temperature rise on the spindie head of approximately 25 oe is measured, the 

displacement in Y -direction can be 40 as well as 52 Jlm, depending on warming up 

or cooling down of the machine tooi. 

In the Z-direction this effect is even larger and the predicted displacement at a 

temperature rise of 25 oe can even range as much as 40 ,.,.m. From these observations 

we can conclude that one temperature sensor for correction of thermal behaviour is 

insufficient. 

The presented results are obtained in the center of the working space. The same 

series of measurements are repeated for different Z-coordinates of the machine i.e. 

with the Z-carriage extracted and retracted. These measurements yield a different 

behaviour than those obtained in the center. An example the results in Y -direction, 

measured on different positions of the Z-carriage, is depicted in figure 2.11. Here a 

load sequence is a pplied of 5000 rpm for 6 hours and no load for 8 hours. The solid 

line represents the warm up period, whereas the dasbed line depiets the cool down 

period. 
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Drift of 1001 holder in Y ~irection with load of 5000 rpm 
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Fig. 2.11 Drift of the tooi holder on different Z-positions 

The goal of this part of the study is to detennine a relationship between the relevant 

temperature sensors and the measured displacement of the tooi bolder. basedon 

empirica! obtained measurement results. The temperature sensors must be chosen 

such that the predictive value of the model is maximal. whereas the number of 

sensors is minimal. 

Several approaches will be canied out during next perioef in order to obtain the 

relation between relevant temperature sensors and the displacement First. 

preliminary calculations using least squares fitting procedures will be perfonned. 

However. as the theoretica! importance of a particular temperature sensor is 

unknown. a methodology for relevanee detection is desired. A possible approach is 

the use of statistica! criteria for elimination and calculation of the optimal model. 

Therefore the data sets will be implemented in a software package for statistica! 

analysis. 
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2. 7 Correction 

An error correction wil1 be developed and implemented in the hard- and software of 
the controller of the milling machine, which enables milling of test workpieces with 

and without error correction. These workpieces will be evaluated to demonstrate the 

improved accuracy obtained with the reai-time correction. 

First, an error correction will be developed to correct the most significant errors. 

Therefore, the error correction workpackage is split into two parts. The first part 

deals with the correction of thermally induced errors, the second part with geometrie 

errors including the fmite stiffness effects. The state of the research on this error 

correction is presenteel in this paragraph. 

Con'ection for thermally induced en'ors 

The thermal displacement of the tooi tip position due to temperáture variations at 

various points in the machine tooi, can be compensated. Based on the research 

carried out at TUE, the relationship between the thermal distribution and the 

deformation of the machine tooi will be detennined, using a statistica! approach. 

This approach will take into account the temperature of several parts of the machine, 

the position along the Z-axis and the expansions of the X-, Y- and Z-measuring 

scales. In order to verify this method, an experimental setup of the control system 

will be made by Philips that supports the manufacturing of workpieces. 

In figure 2.12 the links of the experimental temperature correction system withit 

environment is depicted . 
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Fig. 2.12 Data context diagram ofthe expen'mental temperature con'ection system 
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The system interfaces to: 

1) a number of temperature sensors on the milling machine; 

2) the data that represent the positions along the machine axes; 

3) the motion controller task, which handles the correction data; 

4) the VDU update procedure, which makes the compensations available to 

the VDU (VDU: Video Display Unit). 

In figure 2.13 the decomposition of the experimental temperature compensation 

system is depicted. Processes 1, 2 and 3 are implemented in an ffiM-compatible 

computer, which handles the temperature dependent part of the temperature 

compensation. These processes will be implemented by TUE. The other processes 

will be implemented into the control system by Philips. This part handles the 

dependenee of the temperature compensation on the position of the machine's 

carriages. 
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Fig. 2.13 Decomposition ofthe experimental temperature correction system 

The compensation table is the interface between the processes running on the PC and 

the NC. It contains the coefficients for the computation by interpolation of the 

position dependent part of the temperature compensation. This table is updated by 

process 3 any 60 seconds to account for machine temperature changes. 
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The compensation table is read and split into a part that contains the dependenee of 
the X, Y and Z compensation on the Z position, a part that contains the dependenee 
of the X compensation on the X position, and a part that contains the dependenee of 
the Y compensation on the Y position. The latter two parts repcesent the 

contributions of the expansion of the X and Y measuring rulers to the X and Y 

compensations, respectively. Both the X and the Y rulers are provided with three 
temperature sensors; one on both edges and one in the middle. It is assumed that 

there is a linear gradient between two of these three sensors: this results in a 
compensation which is a quadratic function of the position between the two sensors 
(figure 2.14). Since the measurements of the temperature and Z dependenee were 
made at fixed positions for X and Y, the expansion with respect to these positions 
will be superimposed to the compensations, calculated dependent from the 

temperature and the Z position, at the X and Y measurement positions. 
Tempereture Mnaon 

MeuuriD& aeale 
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Fig 2.14 Compensation due to temperafure gradient along the Y measuring scale 
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Co"ection for geometrie errors 
For the cOITeCtion of the geometrie errors the mathematica! model, as developed by 
TUE, will be applied. With the known error sources, the cesuiting error, of the 

machine's tooi with respect to the workpiece, can be calculated at any position of the 

maclline's carriages. However, as the position of the carriages can change rapidly, the 

calculation of the correction tenns must be petformed every cycle of the control 

systerns set point generation. This implies that every 15 msec a new correction 

vector must be available to the motion controller. The hardware of the controller is 

not capable to evaluate the total model, within the given time conditions, despite the 

fast hardware, delivered by Philips. In fact, this hardware provides some limitations 

on the possible error correction methodology. These limitations can be summarized 

as: 

1) No evaluation of sine and eosine teems is possible due to lack of time; 

2) The orientation of the tooi can not be corrected due to the first reason and 

hardware limitation; 

3) A maximum of three correction functions, other than the correction for 

scale errors, can be applied; 

4) The correction functions are allowed to be dependent of only one axis; 
5) The correction values must be available to the control system in a look-up 

ta ble for speed purposes; 

6) The correction of the scale errors is treated separately in look-up tables. 

The last two conditions necessitate a description of the cesuiting error function in a 

look-up table with fixed grid points. The density and distribution of the grid points 

can be chosen freely so there is no large loss of infonnation by this transformation. 

Restricted by these limitations, the most significant contributions of an error 

component to the cesuiting error of the tooi, with respect to the workpiece, wil1 be 
determined and corrected. In the next period, Philips will imptement this preliminary 

error correction together with the first correction for the thennally induced errors. 

As the error correction for the geometrie errors is not satisfactory, Philips bas started 

a new development, in close cooperation with TUE. This concept will enable the 

error correction of all significant geometrie errors and the thermally induced errors. 

During the next period this concept will be elaborated by the partners involved. 
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3. Geometrie error model 

3.1 Introduetion 

One of the major influences that detennine the accuracy of multi axis machines are 

systematic errors in the movements of the carriages i.e. geometrie errors. The main 

problem in this field is to detennine a relationship that describes the systematic error 

in the location (i.e. position and orientation) of the tooi, in dependenee of the 

position of the machine's carriages. Many &1udies have assessed the problem of 

descrihing this relationship [36 - 42]. The applied methods range from correlation 

models, to trigonometrie analysis, to 'error matrix' representations. However, in 

recent reports a tendency towards the use of rigid body kinematicscan be observed. 

This metbod yields, in case of a three axis machine, a description of the location 

error of the tooi as a linear combination of 21 measurable geometrie errors. 

Before one can develop a geometrie error model, a definition for the geometrie errors 

bas to be chosen. In the next paragraph the chosen definition will be presented. Then 

a general methodology will be described for the construction of a model, which 

relates the various geometrie errors to the location error of the tooi. This 

methodology, developed by TUE [43, 44], will be applied to the five axis milling 

machine under research. With the etaboration of the general model to a machine 

specific model, a useful tooi is obtained for software error compensation. Therefore, 

this model will be used for the future development and implementation of a software 

correction. 

3.2 Definition fcr the geometrie errors 

In general machine tools, in particular milling machines, possess three perpendicular 

linear axes of movement. In addition to these three axes, rotary axes can be mounted 

on the machine tooi. The three linear axes form a cartesian coordinate system which 

allows the tooi to be positioned at any place within the range of the axes. Normally 

the linear movements along an axis of this system are perfonned by a carriage-guide 

system. In the ideal situation the spatial position of the tooi can be detennined by the 

positions of the carriages, presenteel by the regarding measuring systems. However, 

due to the imperfect geometrical shape of the guides of a machine tooi, the carriages 

will display erroneous movements. These erroneous movements will result in an 

error of the location of the tooi with respect to the workpiece. In order to classify 

these erroneous movements we first present some kinematic principles. 
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Basically a body possesses six degrees of freedom that detennine its location (i.e. 

position and orientation) inspace [45, 46]. These degrees of freedom are built up out 

of three translations and three rotations. Consequently a body can reveal six sourees 

of error which result in another position and orientation of the body than expected. 

As a caniage of a machine tooi is basically a body in space with five degrees of 

freedom suppressed, this theory does also apply to these elements. Application of this 

theory to a linear caniage-guide system implicates that, due to imperfections in the 

shape of the guide, the caniage will display straightness errors, rotations about all 

three axes and an error in the position along the guide. 

In figure 3.1 a linear caniage-guide system is depicted withits possible erroneous 

movements. 

Fig. 3.1 Carriage-guide system with possible geometrie e"ors. 

In order to avoid wrong interpretation of each geometrie error a definition is required 

of the nomendature of the erroneous movements. 
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In principle any definition suits the purpose but for unifonnity reasons all partners 

agreed to use the German standard,lied down in VDI 2617, Blatt 3 [47]. This 

standard uses three characters to identify the individual geometrie errors. Hereby the 

first, lower-case, character represents the axis of movement, for instanee "x" for the 

guide in figure 3.1. The second, lower-case, character represents the type of 

geometrie error i.e. translation or rotation. The last, lower-case, character represents 

the axis along which, or rotation about which, the geometrie error is acting. For 

example, if this notation is applied to the rotation of a carriage of the X-guide a bout 

the Y -axis, the geometrie error souree is denoted as "xry". 

It must be noted that the geometrie error of the carriage in the direction of movement 

(xtx, yty or ztz) does not find its cause in the guide but in the measuring system 

attached to the guide. Thereby, in principle, it is nota geometrie error. However, in 

this milestone report it will be treated as an error in the geometry for simplicity 

reasons. 

Also rotary elements are liable to erroneous movements. Similar to linear axes a 

definition of the individual errors is necessary. In figure 3.2 a rotary element is 

depicted with its geometrie errors. This definition is again accordingly to the German 

standard VDI 2617, Blatt 3. The identification of rotary axes of machine tools is 
defined in DIN 66217 and ISO 841 [48, 49]. According to this definition the rotary 

axis around the X-axis is denoted as the A-axis, around the Y-axis as the B-axis and 

around the Z-axis as the C-axis. In conjunction with the above presented definition 

of geometrie errors for linear axes, the geometrie errors of rotary axes are also 

denoted by three characters. Hereby the first, lower case, character represents the 

rotary axis of movement ("a", "b" or "c"), the second, lower-case, character 

represents the nature of the error (i.e. "t" or "r"). The last, lower-case, character 

represents the axis along which, or rotation a bout which, the geometrie error is acting 

(i.e. "x", "y" or "z"). As an example, the scale error of a rotary element, which 

provides the rotation around the Z-axis, is denoted as "crz". 
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As the coordinate frame rotates along with the rotary element, additional definitions 

of the direcdons of the X-. Y- and Z-axis are necessary. In this milestone report is 

chosen to let the direction of the X-axis of the coordinate frame attached to the 

rotary element, coincide with thè X-direction of the machine coordinate frame when 

the rotary element is at its zero position. If the rotary element starts its movement, 

the coordinate frame XYZ rotates along with the rotary element. This definition is 

necessary to avoid problems in the definition of direction if two serlal rotary 

elements are applied. 

Fig. 3.2 Rotary axis with its geometrie e"ors. 

3.3 The modelling system 

In the modeHing of the error structure of multi axis machine tools, severallevels can 

be specified. At the top of the modelling system (figure 3.3) stands the general 

model [50]. This general model relates errors in the location of the tooi, with respect 

to the workpiece, to errors in the location of coordinate frames attached to 

succeeding components of the machine (i.e. the geometrie errors). 

Etaboration of the general model for a machine tooi type yields the type dependent 

model This model contains the common properties of the error structures betonging 

to machine tools of the same type. Thereby the type dependent model must be placed 

below the general. In the optimal situation the type dependent model can be also 

used to store type dependent errors, for example finite stiffness effects and thermal 

behaviour. However, as the division into type dependent and individual errors is a 

complex problem, the practical significanee of this error classification is stilllimited. 
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The result of the modeHing methodology is the so-called individual model This 

model describes the error structure of an individual machine tooi at a certain time 

and place. With this model the machine's accuracy can be unambiguous assessed 

and, if desired, improved by software error corTeCtion. 

I General model I 
..._--+----1~ Structure of the machine I 

1---......... --~: Type dependent errors I 

I Type dependent model J 

1---......... ----tl lndividual errors I 

I lndividual model I 

Fig. 3.3 Modelling system of the geometrie e"or structure 

3.4 The general model 

The general model can be applied to multi axis machine tools, composed of rotary 

and linear elements in an arbitrary serlal configuration. It relates errors between the 

actual and nominallocation of the tooi (with respect to the workpiece), to errors in 

the location of coordinate frames attached to succeeding components of the machine. 

Such errors describe the difference between the nominal and actual geometry of 

machine parts enclosed by two frames. The number and position of the coordinate 

frames is chosen such that there is one kinematic element, i.e. carriage-guide system, 

between each two frames. This choice is adequate for application of this 

methodology to machine tools, coordinate measuring machine and robots. 
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Starting with the global coordinate system 0 attached to the machine tool's 

foundation. the orthogonal frames are successively numbered. As depicted in figure 

3.4. a prefix is added to this nwnber. This identifies the corresponding frame as 

being part of kinematic chain 'a' from foundation to toot. or chain 'b' from foundation 

to workpiece. This differentiation of the kinematic chain into two separate ebains is 

made for convenient assessment of the geometrie errors [51. 52]. Two additional 

frames 'wp' and 'tl' are introduced. which are attached to workpiece and tooi 

respectively. 

Drive System an 

Drive System al 

L 
Frame an 

11111 

L 
Frame al 

Machine Foundation 
(Body 0) 

Framebm 

11111 

Frame bl 

Fig. 3.4 Nomendature of the coordinate frames attached to a multi axis machine with 
n + m kinematic elements 
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Mathematica/ Denvation of the General Model 
The nomina! relation between the homogeneaus coordinates 1c:P and 1p of a point p in 

frames k and 1 respectively. can bedescribed by a 4 x 4 transfonnation matrix Ie: TI 

[53): 

[3.1) 

.. 
[ 

Ie:~ Ie: ti] 
0 0 0 1 

[3.2) 

= [3.3) 

In this transfonnation the 3 x 3 matrix Ie:~ describes the orientation of frame 1 with 

respect to frame k. The 3 x 1 vector 1c:\ contains the coordinates of the origin of 

frame 1 in frame k. 

The inverse transfonnation 1Tic: =(lc:T~1 ) can be expressed as: 

[3.4) 

= [3.5] 

For a multi axis machine. composed of n kinematic elements in chain 'a' and m 

elements in chain 'b'. successive application of these transfonnations yields the 

following expression for the nominallocation wpTd of the tooi coordinate system 'tl' 

in the workpiece coordinate system 'wp'. 

[3.6] 

[3.7] 
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Contrary to this ideal or nominal situation, an actual machine tooi p:>ssesses errors in 

the relative location of subsequent frames, as well as in the location of the tooi with 

respect to the last frame 'an' of the kinematic chain. Because none of the 

contemporary multi axis machines show an absence of Abbe offsets, the relevant 

errors in the relative location of two subsequent frames are not limited to those in the 

moving direction of the enclosed kinematic element (i.e. scale errors). 

Consequently all p:>ssible errors of a guide as defined in paragraph 3.2 have to be 

taken into account. For the location of frame k with respect to frame k-1 this implies: 

• 

• 

translational errors k-lekx' k-teky and k-lekz along the x, y and z axes of 
frame k respectively. 

angular errors k-tfkx• k-tEky and k-t Eu about the x, y and z axes of frame 
k respectively. 

In figure 3.5 an example of a two-dimensional carriage-guide system is depicted with 

the two coordinate frames and the related errors. 

r--- -rxk- 1 
I 
I __________________________ j 

Fig. 3.5 Carriage-guide system and possible errors 
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The nomenciatule of the individual errors in the general model differs from the 

definition as presenteel in paragraph 3.2. The reason for this departure are the lengthy 

formulas that arise in the process of developing a general description of an error 

structure. With the above presented notation, addition and multiplication of a 

variabie number of tenns becomes relatively easy to summarize. However, once the 

general model is worleed out for a particular machine tooi, the individual geometrie 

errors will be nominateel accordingly to the definitions of paragraph 3.2. 

In the analysis of the effect of angular errors on the machine tool's accuracy, 

linearisation is applied, i.e. cos(e)=l and sin(e)-=e. Since the absolute values of these 

errors are relatively small for the target group of machine tools, this approximation is 

va lid. Application ·of this approximation yields additive and commutative properties 

for the various errors. 

This condition results in the following relationship between the actual transformation 

Jc-1 Tak and its nominal Jc-1 Tk: 

Jc-1 ~ = Jc-1 Tk Trans[x, Jc.1eal · Trans[y, Jc.1eJ • Trans[z, Jc.1eu1 · 

where: 

Rot[x, Jc-1Ekx] • Rot[y, Jc-1EJ · Rot[z, Jc-1~ [3.8] 

[3.9] 

0 -Jc-1ekz Jc-1Bq Jc-1eJcx 

Jc-1ekz 0 -Jc-1 Eb Jc-1eky 
k-18I'k = 

-Jc-1 elcy Jc-1eJcx 0 Jc-1eJcz 
[3.10] 

0 0 0 0 

I : 4 x 4 identity matrix. 

Rot[x, Jc-1 ~: 

translation along the local x-axis by a distance 

Jc-1eJcx 

rotation about the local x-axis by an angle Jc-1Ekx. 
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Similarly, the actuaiiocation wp Tatl of the tooi coordinate system with respect to the 

workpiece coordinate system can be expressed as: 

wpTatl = wpTtl (I+ wp8ftl) [3.111 

0 - e wptlz e wp tly wpetlx 

wpetlz 0 - e e 
where: wp 8ftl • 

wptlx wp tly [3.121 
- e wpetlx 0 wpetlz. wptly 

0 0 0 0 

Here transformation wp 8f
11 

contains the errors in the Iocation of the tooi coordinate 

frame with respect to the workpiece. It consists of transiationai errors: 

T e.=[ e e e 1 wp-u wp tlx wp tly wp tlz , 

defined aiong the x-, y- and z-axis of the nominai tooiframe 'tl', and angular errors: 

T E..-[ e e e 1 
WJil1 - wp tlx wp tly wp tlz 

about the x-, y-, and z-axis. 

Successive application of reiation [3.91, yieids the following expression for the actuai 

Iocation wp Tatl of the tooi coordinate system with respect to the workpiece 

coordinate system: 

1 
[ bk~k-1] n1 [ ak-1Taak] wpTatl = wpTbrn 1T anTatl 

k•m 
[3.131 

1 
[(I- bk-18f._) blll*-1] • = T 1T wpbrn 

k•m 

n 

[ ak-lTak (I+ ak-18fak)] • 1T 
k•l 

an T tl (I + an 8ftl) [3.14] 
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Transformation an c5T d contains the errors in the location of the tooi with respect to 

the last frame 'an' of the kinematic chain. For metal cutting machine tools, errors 

such as spindie induced errors, tooi misalignment, tooi wear and thermal tooi 

expansion can be included in this transformation [54). 

Note that the transformation from frame bm to the workpiece frame <w.,Tbm) is 

separated from the error terms. This implies that errors between the workpiece and 

the machine toot are not taken into account The reason for this exclusion is that the 

workpiece coordinate frame is actually generateef in the machine coordinate frame, in 

case of a fully machined workpiece. For partial machining, the errors in the location 

of the workpiece frame are randomly distributed. Therefore no calculation and 

correction of the induced errors is carried out 

In the etaboration of relation [3.14], an approximation will be made by ignoring 

higher order effects, consisting of the product of a matrix c5T with one or more 

similar matrices. This approximation is valid, since the difference between the actual 

and nominal machine structure usually does not significantly change the active arm 

of angular errors and the direction in which the various errors act 

Combining relation [3.11] with relation [3.14] now yields the following expression 

for the errormatrix wp c5Ttl in the relative location between tooi and workpiece: 

1 

I ( bmTbk bk-lc5Tbk bkTan) anTd + 
k•m 

n 

tlTO I [ OTak ak-lc5Tak akTan] anTd + anc5Td 
k•l 

[3.15] 

A more convenient description, which also provides more intuitive insight in the 

basic error relationships, can be obtaincd by decomposing the error transformations 

of relation [3.15] into their basic errors e and e. This procedure requires extensive 

vector algebra [55], after which the angular and translational errors between tooi and 

workpiece, as fonnerly denoted in wpc5Td' can be summarized in the 6 • 1 vector 

wpEtl. This vector can be expressed as similarly denoted errors in the relative 

location between succeeding frames: 
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m a 

wpEtl = -I ( tlFbk bk-tF1.) +I ( tlF ak ak-1Eak) + aoEtl 
k•l k•l 

This vector represents the errors of the tooi with respect to the 

workpiece, defined in the tooi-frame. 

This vector represents the errors in the location of frame k with 

respect to frame k-1, i.e. the geometrie errors of the kinematic 

element k. 

= [ tlRk 
0 

] ( 6 x 6 ) matrix 
( tl~ x tlRk ) tlRk 

[3.16] 

[3.17] 

[3.18] 

[3.19] 

This matrix, the so-called F-matrix, denotes the effect of the errors 

k-l~' acting between the elements k-1 and k, on the resulting error 

between tooi and workpiece. 

Here ti\ x t11\ denotes a 3 x 3 matrix whose columns contain the 

vector cross product of vector t1\ with the respective columns of 

matrix~. 
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The errors wped in the relative position of the frames attached totooi and workpiece, 

areexpressedas a li.itear combination of the transformation of the errors k-lek in the 

relative position of two subsequent frames, and the effect of related angular errors 

k-IEle with active arm ktd. This active arm kt11 is determined by the structure and 

dimensional properties of the machine tooi. In the following section this will be 

elaborated for a specific machine tooi. 

The errors wped in the relative orientation between tooi and workpiece, are 
transformed to the tooi coordinate frame by a rotation d~· 

Finally error 
80

E,
1 

in the relative location of the tooi with respect tothelast frame 

'an' of the kinematic chain, is added. 

Note that the errors Ed are defined in the nominal tooi coordinate system. For wp . 
correction purposes it is necessary to transform these errors to the machine 

coordinate system. This can be implemented in relation [3.16], by either 

premultiplying each of the 3 x 3 sub-matrices of dFk with the appropriate orientation 

transformation wpRd, or by backtransformation of the resulting error to the direction 

of the machine's axes. 

NomiiUlllocation of the coordinate frames 
As already discussed, the chosen nominal location of the various frames seriously 

affects the efficiency of the final model. A generally useful model can be obtained 

by placing the frames in the centroid of the various kinematic elements, with one 

axis aligned with the respective axis of movement 

In the evaluation of the effect of geometrie errors, we note a difference between 

carriage-guide systems where the carriage moves on a fixed guide, and those where 

the guide moves on a fixed carriage. For a system where the carriage moves on a 

fixed guide, the position of the carriage bas no part in the active arm of the rotational 

errors. This in contrast with a system where the guide moves in a fixed carriage. 

Here the position of the guide is an integrated part of the active arm for rotational 

errors, induced in the carriage. 
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For the model this implies that a distinction bas to be made between kinematic 

etements whose corresponding frame moves with the caniage and those where this 
frame is fixed retative to the guide (figure 3.6). This can be incorporated into the 

model by introducing so-called shape and joint transformations. The shape 

transformation k-tS.C describes the relative nominallocation between frames k-1 and 

k, in case their respective kinematic elements are at home position. Joint 

transformation Jk describes the nomina! angular or translational movement of 

kinematic element k (qk).ln accordance with the characteristics of the respective 

kinematic etements, application of these transformations yields the following 

expression for the relative nominallocation k-1Tk between two succeeding coordinate 
frames: 

• Moving ---t Moving k-1Tk = k-1S.C Jk [3.20] 

• Moving ---t Fixed k-1Tk = k-1S.C [3.21] 

• F'l.xed ---t Moving k-1 Tk = 1t-1 k-1S.C Jk [3.22] 

• F'txed ---t Fixed k-1Tk = 1t-1 k-1S.C [3.23] 

qk 
yk 

xk 
Fixed frame 

Moving frame 

Fig. 3.6 Conneetion between two kinematic elements with a 'fued' and •moving• 
coordinate frame 
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3.5 Etaboration of the general model to the type dependent model 

The methodology described will be applied to the five axis milling machine under 

research (figure 3.7). 

·f· 
y 

Fig. 3. 7 Five axis milZing machine under research 

This machine tooi consists of one horizontal linear element and one rotary element in 

chain 'a' from foundation to tooi. Chain 'b' from foundation to workpiece consistsof 

two linear elements, one vertical and one horizontal, and one rotary element with a 

vertical axis of rotation. In the first stage of the rnadelling process, coordinate frames 

are located in the workpiece, the tooi and in the centroid of each joinl In figure 3.8 

the kinematic representation of this milling machine is depieteet 

Note that the length of the tooi is implementeef in the model by a variabie named 'L'. 
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The frames located in the various kinematic elements can be characterized as: 

• Frame wp : fixed 

• Frame tl : fixed • Frame b3 : fixed 

• Frame a2 : fixed • Frame b2 : moving 

• Frame al : fixed • Frame bl : moving 

The frame of the workpiece is thought to be at the same location as frame b3. 

660 

1245 

Yo 

Fig. 3.8 Kinematic representation of the jive axes milling machine under research 

Application of the above presented formulas. and abbreviation of 'cos(q)' and 'sin(q)' 
to 'cq' and 'sq' respectively. results in the expression of the nominal coordinate 
transfonnations between succeeding frames. As an example the transformation 
matrix from frame 'tl' to frame 'a2' can be calculated as: 
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• Fixed ----. Fixed • Ja2 a2stt 

[ 

cqa2 -sqa2 0 0 
sqa2 cqa2 0 0 

= 0 0 1 0 
0 0 0 1 

][

1000 ] 0 1 0 200+L 
0 0 1-140 
0 0 0 1 

[ 

cqa2 -sqa2 0 -(200+ L) sqa2 ] 
_ sqa2 cqa2 0 (200+ L)cqa2 
- 0 0 1 -140 

0 0 0 1 

[3.24] 

The calculation of all required transfonnation matrices is presented in Appendix A. 

These transformation matrices can be used to express the nominal position of the 

tooi-frame relative to the workpiece-frame. As the etaboration of equation [3.16] 

requires the construction of the F-matrices out of ttRac and ti\ for all kinematic 

elements, the first step is to calculate the dTk matrices. From these tiTk matrices, the 

required t1Rac and ti\ matrices can be extracted (see equation [3.2]). 
Application of expression [3.5] onto the obtained transfonnation matrices yields, for 

example [3.24], the following matrix: 

[ 
cqa2 sqa2 0 l 

= -sqa2 cqa2 0 , 
0 0 1 

= [ -(2~+L) l 
140 

[ 

cqa2 sqa2 0 0 ] 
-sqa2 cqa2 0 -(200+ L) 

0 0 1 140 
0 0 0 1 

[3.25] 

This procedure can also be carried out on all other transformation matrices 
(see Appendix A) and yields eventually the transformation from frame 'wp' to frame 

'tl': 

[ 

cqa2.cqb3 sqa2 cqa2.sqb3 
= -sqa2.cqb3 cqa2 -sqa2.sqb3 

tJTwp -sqb3 0 cqb3 
0 0 0 

305.sqa2 + qb1.sqa2 + (-350+qb2).cqa2 ] 
305.cqa2 + qbl.cqa2 - (-350+qb2).sqa2 - (200+L) 
310- qa1 

1 

[3.26] 



The next step is the determination of the F-matrices that describe the effect of the 

individual errors, between the coordinate frames, on the total error between tooi and 

workpiece. From the calculated transfonnation matrices we can deduce that 

(see equation [3.2]): 

[3.27] 

I
R contains the additional transfonnation of the rotary element b3. However, as 

twp 
we state that the error between frame b3 and frame wp is zero, the obtained term for 

equation [3.16] will automatically yield a contribution of nil. Therefore it is not 

necessary to calculate the tlF wp -matrix. 

For the etaboration of the relevant F-matrices the veetors ti\ need to be calculated. 

These calculation are fully described in Appendix A, underlying two examples are 
presented. 

[:~] ta2z 
[3.28] 

[ 

210.sqa2 ] 
= 210.cqa2 - (200+L) 

805- qa1 
= [

talx] taly 
talz 

[3.29] 

The matrix tiFk is defined as (see equation [3.19]): 

The vector cross product of the veetors ti\ and the matrix dl\ can be summarized 

as: 

[ 

tkz.sqa2 -tkz.cqa2 tky ] 
tkz.cqa2 tkz.sqa2 -tkx 

-tkx.sqa2- tlcy.cqa2 tkx.cqa2- tky.sqa2 0 
[3.30] 

with k = a2, al, bl, b2 b3 
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Implementation of this relation into expression [3.19] yields the following general 
F-matrix: 

cqa2 
-saa2 

tkz.sqa2 
tkz.cqa2 

(-tkx. sqa2- t ky .cqa2) 

sqa2 
caa2 

-tkz.cqa2 
tkz.sqa2 

(tkx.cqa2-t ky .sqa2) 

0 
0 
1 

tky 
-tkx 

0 

0 
0 
0 

cqa2 
-s3a2 

0 0 
0 0 
0 0 

sqa2 0 

da2 ~ 

[3.31] 

The index k indicates the conceming coordinate frame. i.e. a2. al, b1. b2 or b3 

Application of relation [3.16]. yields the following expression for the errors e 
1 
and wp I 

wpetl in the orientation and position of the tooi coordinate frame with respect to the 
workpiece coordinate frame: 

Orientation errors 
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Position errors 

wped = a2etl 

[ 

140. sqa2 -140. cqa2 -(200+L) cqa2 sqa2 0 

+ 140. cqa2 140. sqa2 0 -sqa2 cqa2 0 

(200+L) .cqa2 (200+L) .sqa2 0 0 0 1 

[ 

(805-qa1)sqa2 -(805-qa1)cqa2 

+ (805-qa1)cqa2 (805-qa1)sqa2 

(-210sqa2)sqa2- (210cqa2-(200+L))cqa2 (-210sqa2)cqa2-(210cqa2-(200+L))sqa2 

210cqa2- (200+ L) cqa2 sqa2 0 ] 
-210sqa2 -sqa2 cqa2 0 

0
E

81 
0 0 0 1 

[ 

(825-qa1)sqa2 

- ( 825-qa 1) cqa2 

-(632.5sqa2 + qb1sqa2)sqa2 - (632.5cqa2 + qb1cqa2- (200+L))cqa2 

- (825-qal )cqa2 

(825-qa1) sqa2 

(632.5sqa2 + qb1sqa2)cqa2 - (632.5cqa2 + qb1cqa2- (200+L))sqa2 

632.5cqa2 + qb1cqa2- (200+L) cqa2 sqa2 0 ] 
-(632.5sqa2 + qb1sqa2) -sqa2 cqa2 0 

0
Eb

1 
0 0 0 1 
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[ 

(685-qal)sqa2 

- (685-qal)cqa2 

-(700sqa2 + qblsqa2 + (-350 + qb2)cqa2)sqa2 -
(700cqa2 + qblcqa2 - ( -350 + qb2)sqa2 - (200+L))cqa2 

- (685-qal )cqa2 

(685-qal)sqa2 

(700sqa2 + qblsqa2 + ( -350 + qb2)cqa2)cqa2 -
(700cqa2 + qblcqa2 - ( -350 + qb2)sqa2 - (200+L))sqa2 

700cqa2+qblcqa2-(-350+qb2)sqa2-(200+L) cqa2 sqa2 0 

-(700sqa2+qblsqa2+(-350+qb2)cqa2) -sqa2 cqa2 0 

0 0 0 1 

[ 

(310-qal)sqa2 

- (310-qal)cqa2 

-(305sqa2 + qblsqa2 + ( -350 + qb2)cqa2)sqa2 -
(305cqa2 + qblcqa2 - ( -350 + qb2)sqa2 - (200+L))cqa2 

-(310-qal)cqa2 

(310-qal)sqa2 

(305sqa2 + qblsqa2 + (-350 + qb2)cqa2)cqa2 -
(305cqa2 + qblcqa2 - ( -350 + qb2)sqa2- (200+L))sqa2 

305cqa2+qblcqa2-(-350+qb2)sqa2-(200+L) cqa2 sqa2 0 

-(305sqa2+qblsqa2+(-350+qb2)cqa2) -sqa2 cqa2 0 

0 0 0 1 

[3.33] 
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4. Determination of the errors 

4.1 Introduetion 

In the preceding cbapter, a general model bas been postulated which relates errors in 

the actual location of frames attached to tooi and workpiece, to errors in the location 

of frames attached to succeeding components of a multi axis machine. 

Furthermore, this general model has been elaborated to construct the type dependent 

model, which describes this relationship for a certain machine. 
As a final step in the development of the individual model, the relation between the 

geometrie errors and the position of the calriages has to be obtained. This requires an 
extensive performance evalustion of the machine tooi. 

In this project, two different approaches will be investigated to detennine the errors 

of a machine tooi. First, a more or less conventional metbod is used, to measure the 
error components using laserinterferometer, levelmeters and displacement sensors. 

The results of this method, as investigated by TUE, will be presented in paragraph 

4.2. 
Secondly, the error components are determined with artifacts. One of these artifacts 
is a holeplate, developed by PTB. This holeplate metbod bas been applied by TUE 

and PTB to the Maho milling machine under research. The measurement setups and 
the accompanying results will be presented in paragraph 4.3. 

4.2 Acquisition of the error components with direct measurements 

In order to complete the individual model, which describes the error structure of an 

individual machine tooi at a certain time and place, the error components of the 

machine tooi have to be identified. These error components will be measured 
directly, using instruments as laserinterferometer levelmeters and displacement 
sensors. With these measurements not only the geometrie errors wilt be measured, 

but also the change in geometrie errors due to finite stiffness effects of the milling 
machine under research. The measurement setups and the obtained results, from the 
TUE experiments, will be discussed in this section. 
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One of the problems in the assessment of the geometrie errors is the physical 

impossibility to measure in the center of the elements, as accordingly to the 

definition of the position of the coordinate frames is required. This implies for the 

obtained translational errors that a correction to the center of the elements is 

necessary. The correction value is determined by the position of the measurement i.e. 

the influence of rotational errors on the measured displacement. In figure 4.1 a 

two-dimensional example is depicted for the measurement of xtx. In this case, the 

bare measurement data have to be corrected with the influence of the rotation e (i.e. 

e.D) in order to obtain the true error xtx, defmed in the center of the carriage. 

of meesurement 

D 
Defined frame in model 

Fig. 4.1 Example of a measurement of xtx and the effect of rotations 

Underlying the assessment of the bare measurement data wilt be discussed. As the 

machine tooi under research is placed in a temperature stabilized room with a 

temperature of 23 :1: 0.5 oC, this temperature is accepted as the reference temperature 

for all measurements. 

Software for automation of the measurements 
As the number of measurements, required for the purpose defined in this project, is 

very large, dedicated software is developed. This software bas basically two main 

tasks: 

1) Control of the position of the machine tooi; 

2) Collecting and storing of measurement results. 
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In order to perfonn task 1, an interface bas been accomplished with the milling 

machine under research. This interface uses the RS232 port of an mM-compatible 

computer for data transport. The communication with the milling machine runs under 

a specified protocol which is developed by Philips. With this interface the computer 

can control almost any feature of the machine tooi. This allows convenient 

programming of, for instance, the positioning of the axis for measurement purposes. 

The second task of the program is to gather the results from the installed 

measurement devices. As most modem instruments are available with an 

IEEE-488 interface, the communication and installation facilities have been 

developed for all necessary measurement devices as a laserinterferometer, electronic 

levelmeters, temperature measurement equipment and inductive displacement 

transducers. With this interface facility, the computer aided setup and read out of 

these instruments becomes relatively simpte. Besides the IEEE interfacing, the 

program is developed to have communication facilities through RS232 and keyboard 

input to accommodate any measurement situation that might occur. 

The program is completely menu-driven, which makes it convenient to use. A typical 

measurement definition consists of the following steps: 

• definition of the error to be measured, the instrument to be used, the 

interface type and interface address (IEEE); 

• software installation of the measurement instrument (if necessary); 

• definition of the initial position of the machine tooi; 

• definition of the measurement sequence: 

definition of the start-position of the measurement; 

defmition of the axis and range of the measurement, the 

required positions (linear steps back and forth, pelgrimstep or 

a number of random positions); 

definition of the number of repeats of the measurement 

sequence 

• definition of the file for data starage and the number of repeats of 

the measurement. 
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Alter the above described steps have been completed, a measurement will be canied 
out automaûcally, yielding a datafile and an accompanying measurement infonnaûon 
file. During the measurements all relevant infonnaûon is displayed on the screen to 

allow checking of incoming data. The program scans the reading of the measurement 
instrument unûl it remains within a specified range before taking the measurement 
reading. This procedure enables us to eliminate dynamic effects induced by 

posiûoning the machine tooi. 

In figure 4.2 a schematic overview is presented of the applied intelfaces and the used 

measurement instruments. 

All the underlying described measurements are canied out by applicaûon of this 
software package. 

5-AXIS IIILUNG IIACIDNE 

c z srx 
y 

Dlaplaeemenl lraaadueera ä 

laurialerf erometer 

I • m 

Fig. 42 Scheme with measurement instruments and interfaces 
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Measurements of the linear axes 
With the aid of the above presented program all 21 geometrie errors present in the 

system of the three linear axes have been determined. The measurement sequence of 

these measurements is defined over the entire range of the respective axis of 

movement with a measurement step of 10 mm. All measurements are carried out 

back and forth over the range of the axis. 

Underlying some measurement results are presented. First, the measurement of :xrz is 

a typical example of a measurement setup and obtained results. Secondly, a couple 

of measurements are discussed that give cause to further investigation. An overview 

of all measurement setups and accompanying results is presented in Appendix B. 

In the underlying graphs the bare measurement data are depicted. This implies that 

no correction is carried out for thermal expansion or, in case of translational enors, 

for the influence of rotations, as indicated in figure 4.1. 

All measurement equipment, used to determine the geometrie error components, is 

calibrated at Metrology Laboratory of Eindhoven University, which is certified by 

the Dutch Calibration Organisation [56]. The used instnunents are: 

• HP 5528 laserinterferometer with accompanying opties, air-sensor 

and tempersture sensors; 

• Wyler electrooie levelmeters; 

• Hilger Watts autocollimator; 

• Hilger Watts polygon; 

• Ceramic square; 

• Inductive displacement transducers; 

• Sipp rotary table. 

For the messurement of the rotation eiTOr :xrz a laserinterferometer is used. The 

measurement uncertainty associated with this instrument is less than 0.2 arcsec. 

The measurement setup for the rotation error :xrz is depicted in figure 4.3. The 

reference interferometer is mounted to the ram of the milling machine while the 

retroreflector is connected to the workpiece table, which perfonns the movement in 

X -direction. 
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Laserhead 

Workpiece table Angular interferometer 

Fig. 4.3 Measurement setup for xrz 

The results of this measurement are presented in figure 4.4. These results directly 

reflect the rotation error between the coordinate frames attached to the X- and Y -axis 

respectively. This rotation error is not only composed of the geometrie error of the 

X-guide, caused by the imperfect guide, but also of the finite stiffness effect of the 

guide. When the workpiece tableis moving from X•O to X=700 mm, the X-axis will 

bend (rotation around the Z-axis). This yields a rotadon error, almost linear 

dependent on the position of the X-axis (figure 4.4). 

Meesw-ement of xrz 

7 20 measurements 

6 

5 

3 

2 

1 

-1 

Position of the x-axis (mm) 

Fig. 4.4 Error xrz versus position ofthe X-carriage 
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For the messurement of the rotation error xrx a set of electronic levelmeters is 

applied. The messurement uncerainty of these electronic levelmeters is less than 

0.5 arcsec. 
The messurement setup for xrx is depicted in figure 4.5. The reference levelmeter is 

mounted on the ram, thereby eliminating the effect of rotation of the overall machine 
structure, while the messurement levelmeter is placed on the workpiece table, which 

perfarms the movement in X-direction. The rotation error does notdepend on the 

position of messurement, so the obtained results directly reflect the rotation error 

between the coordinate frames attached to the X- and Y-axis respectively. 

Reference levelmeter 

.à::: Meesure levelmeter 

'----------+-' Workpiece table 

Fig. 45 Measurement setup for xrx 

Execution of the described messurement yields the results that are graphically 
depicted in figure 4.6. In this graphall bare messurement data are depicted that are 

obtained by repeating the messurement 20 times. The rotation error of the machine is 

defined in arcsec (1 arcsec • 4.8e-6 rad). 

In the results of xrx, individual peakvalues of the measurand can be observed with 

magnitudes of the sameorder as the messured error. Plotting the messurement results 

sequentially revesls that the peak error repeats equidistant. In figure 4. 7 the 

messurement results of xrx are depicted together with a quasi timescale, which yields 
the conclusion that the peakvalues repeat every 30 minutes. From an inspeetion of 

the machine constants it appeared that the periodic peaks are induced by the 
lubrication pump of the machine tooi, that is activated every 30 minutes. 
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Measuremem of xrx 
2r-----~----T-----~----,-----~-----r-----, 

20 measuremems 

~~----~--~~----~----~----~----~~--~ 0 100 200 300 400 500 600 700 

Position of the x-axis (mm] 

Fig. 4.6 E"or xrx versus position ofthe X-carriage 

2 

1 

0 

-1 

-2 

-3 

~ 
0 

Baredata 

~ ~ ~ 

I 
I 

i 
1 2 

Measurement of xrx 

I I 

1 
, Help, scale . • • I • I . • I • • • • I • • • • 

3 4 

T'une (bours] 

5 6 

t 

7 8 

Fig. 4.7 Results of measurement of xrx sequentially and time indicator of 30 minutes 
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A laserinterferometer is also used to measure the scale errors of the milling machine. 

The measurement uncertainty of this instrument is less than 0.05 + O.S*L JUD 
(L in m). 

The measurement setup, to detennine the scale error of the Z-axis (ztz), is 

schematically depicted in figure 4.8. The interferometer is mounted on the wodcpiece 

table, while the retroreflector is connected to the ram of the machine tooi. The 
influences of the rotation zrx and ozry have to be eliminated from the obtained 
messurement results. This yields the error ztz of the coordinate frame positioned in 

the centroid of the Z-carriage. 

lnlerrerometer Retrorerleclor Workpiece lable 

Fig. 4.8 Measurement setup for ztz 

Execution of the described measurement yields the bare, uncorrected results that are 

graphically depicted in the first part of figure 4. 9. 
In the results of ztz a clear fonn of hysteresis can be observed. This is not caused by 

the hardware of the machine, but purely by a reproducing tempersture field over the 

Z-scale. In figure 4.10 the tempersture on three positions of the Z-scale is depicted. 
These temperatures were obtained during the measurement of ztz. The second graph 
in figure 4.9 represents the error ztz corrected for the effect of the changes in the 

temperature of the Z-scale. Clearly the hysteresis bas disappeared. 
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zTz bare data 
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Fig. 4.9 EmJr ztz versus position of the Z-carriage 

Tempenture of Z-scale during ztz measurements 
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Fig. 4.10 Temperature of the Z-scale during measurement of ztz 
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Analysis of the cause of the thennal problem yields the conclusion that the hydraulic 
installation wanns up the Z-scale by radiation. In order to avoid this problem it is 

therefore advisable to isolate the scale of the Z-axis. 

The straightness measurements are camed out with a ceramic square and inductive 
displacement sensors. The results of these measurements can be used for both the 
analysis of the straightness errors and the analysis of the squareness errors of the 
rnilling machine. The straightness error is defined as the difference between the 
actual data and its least-square. In figure 4.11 the result of a straightness 
messurement is depicted. after the measurement data are corrected for the error 
induced by the square. This result show that the machine has a very srnall 
straightness error. The other results are shown in appendix B. together with the 
squareness results. 
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Measurements of the rotary axes 
The Maho milling machine contains not only three linear axes, but also two rotary 

axes. In order to complete the individual model, also the geometrie errors induced by 

these two rotary table have to be detennined. 

For the measurement of the linearity error of the 8-axis, a optica! polygon and an 

autocollimator is used. The polygon bas a measurement uncertainty less than 1 

arcsec. The autocollimator introduces a messurement uncertainty less than 0.5 arcsec. 

The measurement is carried out by positioning the B-axis with a step that equals the 

angle between two succeeding planes of the polygon. With the autocollimator the 

difference between the orientation of the two planes is measured. Using a polygon, 

which bas 12 sides, tagether with the autocollimator, it is possible to measure the 

position error of the 8-axis over the whole range (360<>) with steps of 30<>. 

With the above presented messurement metbod it is possible to obtain the position 

error with steps as large as the angle between two succeeding planes of the polygon. 

In order todetermine the position error between these steps another method is used. 

A very accurate rotary table is placed upon the B-axis of the milling machine. this 

rotary table introduces an uncertainty less than 0.5 arcsec. In the center of this table 

a plane mirror is placed. The measurement sequence is carried out by rotating the 
B-axis of the milling machine a randomly chosen angle. Using the rotary table, the 

plane mirror is rotated back to the zero position, which is measured by the 

autocollimator. 

Both measurement methods are applied to the B-axis of the Maho milling machine. 

To measure the position error with the first metbod the polygon is place in the center 
of the B-axis, as depicted in figure 4.12. The autocollimator is placed outside the 

milling machine on a stabie tripoet In the same figure the measurement setup for the 

second method is depicted. Here a SIPP rotarytableis placed in the center of the 

B-axis. A plane mirror is placed upon this table. The autocollimator is also placed 

outside the milling machine. 
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polyeone 
plane mirror 

Fig. 4.12 Both the measurement setups for bry. 

The results of both measurements are depicted in figure 4.13. As these results are 

corrected for the systematic errors of the used instruments, they directly reflect the 

position error of the B-axis. The results show a randomly distributed position error 

smaller than 4 arcsec. As the resolution of the B-axis equals 3.6 arcsec, it can be 

concluded that the B-axis has an position error smaller than its resolution. 
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Fig. 4.13 Error bry versus position ofthe B-axis 
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Also the position error of the C-axis of the Maho milling machine is measured. As 
the C-axis rotates around the Z-axis of the milling machine, which is a horizontal 
axis, it was not possible to conneet the SIPP rotary table to this axis. Therefore this 

axis is only measured with the first method. In order to get more infonnation on the 

position error of the intermedia te positions the measurement was canied out with 

different start positions. 

The measurement setup for the position error crz is depicted in figure 4.14. The 

polygon is placed upon a rotation table, which is conneeteel to the C-axis of the 
milling machine. This rotation table is used for the different start positions. In order 
to create a suitable measurement setup, an optical square is placed on the table of the 

milling machine. The autocollimator is placed outside the milling machine on a 
stabie tripod. 

rotatien table 

autocollimator 

optical square 

Fig. 4.14 Measurement setup for crz 

The result of this measurement is presented in figure 4.15. This reswt directly 

reflects the position error of the C-axis. From this result, it can be concluded that the 

position error of the C-axis, which bas a resolution of 3.6 arcsec, is very small, 

conceming the range of this axis. 
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Fig 4.15 Error crz versus position ofthe C-axis 

Based on the, found, small position errors of rotation tables and the results from 

research carried out at other institutes [57] it can be concluded that rotation tables 

have a very high accuracy, compared to the other error sourees in generaland the 

geometrie errors of the linear axes in particular. 

Measurements of the fuzite stiffness effects 
With the above mentioned methods, all error components can be determined, caused 

by imperfect movements of the guides. In addition to these errors a number of forces 
act on the machine's structure. These forces cause the structure to defonn and 

consequently disturb the actual position of the tooi. While machining a workpiece 
three basic types of forces [58] are present: 

1) forces induced by the cutting process; 

2) gravity forces acting on the machines components; 
3) gravity forces acting on the workpiece (workpiece load). 
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E"ors due to forces of type 1 
The type 1 forces act directly between the tooi and the workpiece, causing the tooi 

holder to deflect and thereby introducing errors in the dimensions of the product. 

In order to calculate the magnitude of deflections caused by cutting forces, first these 

cutting forces have to be estimated. 

Allowing a roughness of the milled product with a maximum R.-value of 10 #Jffl, the 

geometry of the cutting tooi yields a maximum allowable feed per tooth of the cutter 

of 0.2 mm. The cutting forces induced under this condition and practical process 

parameters, have a magnitude of 500- 1000 N. Considering a machine tooi stiffness 

of 1()8 Nm-1, a maximum deflection of 10 1Jff1 may be expected, which equals the 

R,-value. To mill a product very accurate, not only the geometry of the product 

should be very accurate, but also the roughness of the milled surface should be very 

small. Taking into account that the stated Rcvalue is a theoretica! value, based on 

the tools geometry only (in practice the R,-value will be larger), it can be concluded 

that a correction for the deflection will not significantly improve the accuracy of the 

milled product, which is deteriorated by the bad surface roughness. 

Thus, taking into account the huge effort reqtiired to model the enors due to cutting 

forces and the relative low improvement of the workpiece's accuracy, the errors due 

to these forces will not be investigated any further during this project. 

Therefore. in order to achleve a very accurate product, it is advisable to mill a 

workpiece in at least two steps (strongly advised by Maho): 

1) Most of the material is removed during milling the workpiece with large 

deptbs of cut and a large feed; 

2) To achleve the desired dimensions, the workpiece is finished by milling 

with small deptbs of cut and a small feed. 

During the finishing process the static cutting force will be much smaller than the 

above made estimation. Combined with the high stiffness of the machine tooi, the 

cutting force will not cause a significant deflection. 
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Errors due to forces of type 2 
The type 2 forces are caused by movement of the large masses. e.g. of the workpiece 
table. As a result of the gravity forces acting on these masses. the geometrie errors of 
one guide are dependent of the position of one or more other guides. An example of 
this effect is depicted in figure 4.16. Therefore, if the machine type indicates a 
certain finite stiffness effect due to movement of masses, the messurement and 

model of the individual geometrie errors should be organized to comprehend these 

effects. 

Fig. 4.16 Possible effect ofthe movement of a caniage on the geometrie e"or of 
a guide due to fmite sti.ffness. 

The finite stiffness error of a axis, dependent on the position of the axis itself, is 
actually included in the model. This error is determined during the geometry 
measurements of the milling machine, but the geometrie error and the finite stiffness 
error are not separable. A separation, however, is not necessary as the resulting error 
can be modelled perfectly in the developed geometrie error model. This concept is 

similar to the "hardware-correction" practiced by many machine tooi manufacturers. 
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The finite stiffness error, as depicted in figure 4.16, can be detennined separate as 

this error is dependent on the position of another axis. The error yrz is measured, 
using the messurement setup as depicted in figures B.16 & B.17, with the workpiece 

table on the positions x .. o, X=350 and X•700. The messurement results showed no 

significant change in the geometrie error yrz due to finite stiffness. 

Although the presented modeland estimation techniques can cope with such errors, it 

was not necessary to include this error yrz for the studied machine. 

Errors due to forces of type 3 
The type 3 forces are dependent of the weight of the workpiece put on the machine 

toot. The effect of these forces is that the machine parts will bend and thereby cause 

a change in the geometrie errors. In order to investigate this change in geometrie 

errors a load is placed upon the table of the milling machine. During movement of 

the X-axis three rotations are measured, using laserinterlerometer (xry) and 
levelmeters (xrx, xrz) (figure 4.17). The results of this measurement are depicted in 

figure 4.18. 
relerenee levelmeter 

Angular retroreflector 

lead 

Workpiece table measure levelmeter 

Fig. 4.17 Measurement setup for xrx, xry and xrz 
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Cbange in geometrie errors of the X-axis, due toa load of 260 kg 

6 
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Position X-axis [rnm) 

Fig. 4.18 Rotation em>rs xrx, xry and xrz versus position ofthe X-carriage 

In order to detennine the effect on the rota ti on errors of the Y -axis, caused by a load 
of a workpiece, two rotations are measured with levelmeters (yrx, yrz) (figure 4.19). 

The results of these measurements are depicted in figure 4.20. This measurement is 

carried out on three different X-positions, todetermine the dependenee of the 

position of the X-guide on the errorcomponentsof the Y-guide (see also point 2). 
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load 

Workpiece table measure levelmeter 

Fig. 4.19 Measurement setup for yrx and yrz 
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Fig. 4.20 Rotation errors yrx and yrz versus position of the Y-carriage, on 
different X-positions 



In order to analyze the effect of these additional errors on the resulting inaccuracy of 

the machine tooi, simulations are carried out based on the finite stiffness errors. The 

results of these simulations are presented in paragraph 5.3. 

4.3 Acquisition of the error components using the holeplate metbod 

PTB is developing several methods to determine the geometrie components using 

artifacts, e.g. the workpiece method, presented in chapter 2. This research is based on 

the experience gained with another method: the holeplate. This holeplate is 

developed to calibrate coordinate measuring machines. In order to verify the 
geometrie error model, based on the direct measurements, this holeplate metbod will 

be applied to the Maho milling machine under research, by using the milling 

machine as a measuring machine. The metbod and accompanying results will be 

presented in this paragraph. 

The holepklte method 

In order todetermine the geometrie errors of a coordinate measuring machine. a 

2-dimensional reference object is developed. This artifact consists of a grid of holes, 

with an equal mutual distance. By measuring these holes, and knowing the deviation 

from the nomina! mutual distance, it is possible to evaluate the performance of a 

coordinate measuring machine, with respect to the geometrie errors. When this 

artifact is placed upon the machine, so that the different locations of the holeplate 

constitute the sides of a cube, and the holeplate is measured with different 

probe-styli, it is possible to determine all 21 geometrie error components of a 

machine consisting of three linear axes [64]. 

As stated before, the holeplate bas to be calibrated to be suitable for calibration of 

coordinate measuring machines. This calibration is carried out by PI'B with 

laserinterferometer measurements in two directions (linear) and a subsequent 

multiorientation messurement in at least three orientations. 
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These multiorientation measurements are canied out to eliminate virtually all 

systematic errors of the measuring instrument including (stationary) temperature 

effects andreduces drifts and random errors by at least a factor of 2.5 [64]. By using 

a laserinterferometer, the holeplateis directly traceable to the national standard of 

length (figure 4.21). 
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Fig 4.21 Traceability of the holeplate method to the unit oflength 

With both methods it is possible to detennine all 21 geometrie error components of a 

milling machine, consisting of three linear axes. But as the PrB metbod refers to 

another coordinate frame, direct comparison of the individual error components is 

not possible. Therefore it bas been decided to compare the actual holeplate 

measurements with simulations of these measurements, based on the individual 

model, developed by TUE. 
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In the next part, the holeplate measurements and accompanying results will be 

presented. This method, developed by PTB, is carried out by TUE and PTB on the 

Maho milling machine under research. 

Measurements and results of the ho leplate method 

PTB supplied a holeplate with a grid of 9 x 9 holes. The nominal elistance between 

two holes is 50 mm. The actual elistance is determined during a eaUbration at PTB. 

This holeplate is measured on the Maho milling machine, using an infrared 

probesystem, delivered and installed by Maho. 

Using the probesystem, the milling machine will detennine the location of each hole 

referred to the reference hole. As the actuallocation of these holes is known, it is 

possible to detennine the geometrie error of the milling machine within a certain 

plane. This error will not only consist of the geometrie error of the milling machine 

but also the tepeatability of the used probe system will be present in the measured 

error. In order to determine this repeatability of the probe system, a repeatability test 

is carried out with all probe configurations, as depicted in figure 4.22. 

Fig. 4.22 Used probe conjigurations, to measure the holeplilte 

The following repeatability is found for each probe configuration: 

Probe 1: 2Sxc • 0.63 pm; 2Szc = 0.84 pm 
Probe 2: 2Sxc • 1.1 pm; 2Syc = 0.80 pm 
Probe 3: 2Sxc • 1.8 pm; 2Szc = 1.3 pm 
Probe4: 2Syc • 1.8 pm; 2Szc = 7.5 pm 
Probe 5: 2Syc = 1.4 pm; 2Szc = 7.5 pm 
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These results show a large repeatability in Z-direction for probes 4 and 5. This is 

caused by the position of the probetip: not in the center beneath the switching probe 

system. 

It is possible to detennine the error components within a range of 400 mm with the 

available holeplate. As the machine bas a range of X=700 mm, Y=500 mm and 

Z=600 mm, the holeplate bas to be positioned on different locations within a certain 

plane. Therefore a total of 24 holeplate measurements have to be canied out to 

detennine all error components within the whole range of the milling machine. 

As the measuring scales and the holeplate will expand due to temperature changes, 

the temperature of these parts will be measured during the experiments, using the 

software as described in paragraph 4.2. 

Underlying the holeplate measurement in the YZ-plane is presented. An overview of 

all messurement setups with accompanying results is presented in Appendix C. 

The different holeplate positions in the YZ-plane are depicted in figure 4.23. For this 

measurement setup probe 4 and probe 5 are used. The milling machine is 

programmed to measure the outmost holes. 

position 1 position 2 

position 5 position 6 

position 3 posltion 4 

Fig. 4.23 Measurement setup for holepiale measurements in the YZ-plane 
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Before the measurement results can be compared with the simulations, the actual 

measurements have to be corrected for the expansion of the measuring scales of the 
milling machine and the expansion of the holeplate itself due to temperature changes. 
As it is not possible to perfectly align the holeplate along one of the axes of the 
milling machine, the measurement results will show an alignment error. This 

alignment error is eliminateel by a mathematically transformation of the measurement 
results, as the holeplate would be aligned along the axis, which is the lewest in the 

kinematic chain. 
In figure 4.24 the result of the holeplate measurement on position 5 in the YZ-plane 
is depicted, after correction for the above mentioned effects. 

-100 .____......_ _ _.._ _ __,_ _ ___._ _ ___,.___......._, 
-100 0 100 200 300 400 500 

Position Y - axis ( mm ) 

Fig. 4.24 Result of the holepiale measurement in the YZ-plane on position 5, after 

correction 

The location of each hole is detennined during a measurement fort and back. 
Figure 4.24 shows a large difference between these two measurements. This is 

mainly caused by the bad repeatability of the probe system in Z-direction. 
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During the experiments, the holeplate metbod turned out to be a very fast metbod for 

detennination of the geometrie performance of a milling machine, when equipped 

with a measuring facility. This metbod even turned out to be accurate, but this 

accuracy can be deteriorated extremely by the·necessary locations of the probe tip. 

The corrected results of the actual holeplate measurements, as depicted in 
figure 4.24, can now be used for direct comparison with sirnulations of the holeplate 
measurements. These simulations and accompanying results will be presented in the 
next chapter. 
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5. Simwation and validation of the error model 

5.1 ln1roductioo 

Before the general error model can be accepted as a tooi for software error 

correction, this model bas to be verified. Therefore, the general model bas been 

elaborated to the type dependent model (Maho milling machine type). Basedon this 

type dependent model the individual model can be detennined, by modeHing the 

geometrie error components. The used modelling technique and the resulting 

functions will be presenteel in this chapter. 

The individual model will be used to simulate the holeplate measurements, which are 

described in paragraph 4.3 and appendix C. The results of these simulations will be 

compared with the actual measurements of the holeplate. Basedon this comparison, 

conclusions will be drawn with respect to the developed model and the applied 

holeplate method. 

A simwation of holeplate measurements will also be carried out to determine the 

significanee of the change in the geometrie errors caused by finite stiffness effects 

due to the load of a workpiece. Further investigations will be defined using the 

results of the simulations. 

5.2 Moetelling the individual geometrie errors 

The measurements, described in chapter 4 and appendix B, yield datasets consisting 

of discrete measured errors. However, in the application of the individual model as a 

basis for software error compensation, it is preferabie to have a function based 

description of these error components. This implies that fitting techniques are applied 

to the datasets. 

Although most mathematica! functions can be applied to describe the general trend 

of an error, their use is limited for modelling the, often irregular, shape of the 

remainder. Tilat is, the behaviour of an error in one region of the domain may be 

totally unrelated to the behaviour in another region. Polynominals, along with most 

other mathematica! functions, have just the opposite property: their behaviour in a 

small region determines their behaviour everywhere. A group of functions that 

possesses this property to a lesser extent, are the so-called piecewise polynominals 

[65]. 
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Piecewise polynominals can be described as a set of polynominals defined upon 

limited continuous parts of the domain. The pieces join in the so-called knots, 

obeying continuity conditions with respect to the function value itself and an 

arbitrary number of derivatives. The number and degrees of the polynominal pieces, 

the nature of the continuity restrictions and the number and positions of the knots 

may vary in different situations, which gives piecewise polynominals the desired 

flexibility. 

Dejinition of piece-wise polynominals 
A straightforward mathematica! implementation of the continuity restrictions can be 

obtained by the use of truncated polynomials, or "+"- functions, as basicelementsin 

the piecewise polynominal models. The "+ "- function is defined as: 

• 
• 

u+ • u 

u = 0 + 

if u 

if u 

) 0 

0 [5.1] 

In general, with k knots tl, .... , tJc and k+l polynomial pieces each of degree n, the 

truncated power representation of a piecewise polynominal p(x) with no continuity 

restrictions can be written as: 

n k n j 

p(x> =I f30j ~ +I I Pij< x- ti>+ [5.2] 

j •0 i•l j •0 

Note that the presence of a term (!j{x- ti)j, allows a discontinuity at ti in the j-th 
+ 

derivative of p(x). Thus different continuity restrictions can be imposed at different 

knots simply by deleting the appropriate terms. Normally, it is sufficient to ensure 

that each model is continuous with respect to the function value and its first 

derivative. 



-83-

An inherent problem in constructing the individual model is the unknown nature of 

the errors to be described. The model's potential to accommodate irregular errors, is 

to an extensive degree determined by the number and position of the knots. If the 

position of these knots are considered variable, that is, parameters to be estimated, 

they enter into the regression problem in a nonlinear fashion, and all the problems 

arising in nonlinear regressionare present [65]. The use of variabie knot positions 

also carries the practical danger of overfitting the data, and makes testing of 
hypotheses, considering areas of structural change, virtually impossible. Unless prior 

information is available, we use a basic model which contains enough polynominal 
pieces with a fixed length and a maximum allowable degree of two, to accommodate 
the most complex error expected. 

In the parameter estimation process, a stepwise regression procedure is implementeel 

to remove statistically insignificant parameters from the model [65]. The reason for 
this removal is twofold: 

• including insignificant parameters hardly improves the model's quality of 

fit, but increases the varianee of the estimated parameters and response; 
• identification of structural parameters enhances the diagnostic properties 

of the individual model. 

Fitting the measurement results with piece-wise polynominals 
The data obtained from the measurements, as described in Appendix B, are averaged. 

A least squares fitting procedure bas been applied tothese data sets, using piece-wise 

polynominals. The piece-wise polynominals are defined by the position of the knots 

and the coefficients of the polynominal for each interval. An example of a result is 

graphically depicted in figure 5.1. An overview of all fitted data, and the 

accompanying coefficients of the polynominals, is presented in Appendix D. 
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Average zry and fined polynominals 
02~----~----~~----~----~~----~----~ 

-1.8 '------~-------~--------L-------''------L-------1 
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Position of the Z-carriage [mm) 

Fig. 5.1 Example of fitting with piece-wise polynominals on error zry 

In the graph depicted in figure 5.1, the dasbed lines represent the averaged results of 

a number of back and forth measurements. The solid line represents the fit through 

these averaged measurement data using piece-wise polynominals. 

This metbod yields a continuous description of each geometrie error, based on 

discrete measurements, and will be used for the simulations of the holeplate 

measurements. When the comparison of these simulations with the actual 

measurements yields satisfactory results, this information will also be used for the 

development of software error compensation. 
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5.3 Verification of the error model with simulations of the holeplate metbod 

TUE developed a dedicated software package, which enables the calculation of the 
error vector on any position within the range of the modelled machine, using the 

individual model. This error vector is calculated with respect to the workpiece 

coordinate frame, taking into account the dimensions of the tooi. In order to facilitate 

simulations, the error vector can be determined as a function of the position of all 

axes. Thus it is possible to evaluate the geometrie performance of the modelled 

machine, within its range. 

One of the possibilities of the software package is to evaluate the geometrie 
performance of the modelled machine in a plane. In figure 5.2 the error vector in the 

XZ-plane on Y =250 is depicted, using a tooi with a length of 150 mm. This error 

vector is calculated with respect to (X,Z) = (0,0) and as a function of the X- and 

Z-coordinates (the X- and Z-coordinates correspond with the X and Z positions of 
the axes of the milling machine). In figure 5.3 the V-component of the error vector is 

depicted as a function of the X- and Z-coordinates. 

This software package is used for the simulations of the holeplate measurements. 
Based on the location of the holeplate and the used probe the actual positions of the 

axes of the milling machine are calculated. Knowing these positions and the 

dimensions of the probe (defined as tooi dimensions), it is possible to calculate the 

error vector, with the above mentioneet software package. 
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To simulate the measurements of the holeplate, the difference between the error 

vector with respect to the reference hole and the error vector with respect to the 
evaluated hole is detennined. The program can calculate this error vector for each 

hole, as it would be measured by the milling machine. 

These simulations enable direct comparison with the actual measurements catried out 
on the Maho milling machine under research. But, before oomparing the results, the 

actual measurements have to be corrected for the expansion of the scales and the 
expansion of the holeplate. Also the alignment error of the holeplate along the axes 

of the milling machine bas to be corrected. 

After these corrections, direct comparison with the simulations is possible. This 
comparison bas been catried out for all holeplate measurements. Underlying a couple 

of comparison results are discussed that gave cause to further investigations. 

In figure 5.4 both the corrected measurement results and the simulations are 
depicted, for the holeplate measurement on position 1 in the XY-plane. In order to 

simplify the comparison, the residual between the measured result and the simwation 

is depicted in figure 5.5, together with the corrected measurement 
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Fig. 5.4 Result of the actual holeplate measurement and the simu/ation on 

position 1 (Z=292) in the XY-plane 
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Fig. 5.5 Result of the holeplate measurement. logether with the residual between 
measured result and simu/ation 

Before drawing eonclusions with respect to the made eomparison. the uncertainty of 

the residuals has to be calculated. 

First, the uneertainty associated with the simulations is estirnated. These simulations 

are based on the individual model, whieh is detennined by direct measurernents. 

Taking into account the uneertainty of the used instrurnents, an upper limit 

estimation of the simulated holeplate measurements yields: 

2Ssim = 6.3 #lfll· [5.1] 

This uneertainty is deterrnined by ealculati.9lg the positive square root of the varianee 

of the result, multiplied by a factor k = 2. The varianee of the result is given by 

adding the varianees corresponding to the different uneertainty eomponents, 

multiplied by the squares of relevant partial derivatives [66]. In order to get an upper 

limit estimation, the maximurn value for the partial derivatives is substituted, 

eonsidering the application. 
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Secondly, an estimation is made of the uncertainty introduced by the holeplate 

measurements. 

As presented in paragraph 4.3, the location of the holes is detennined during a 

calibration of holeplate, with an uncertainty of: 

2Splate • 0.7 Jlfll· [5.2] 

The holes are measured on the Maho milling machine under research. The probe 

system, together with the used probe configurations yield the following uncertainty: 

Probe 1: 2Sxcl • 0.63 pm; 2Szcl = 0.84 pm [5.3] 

Probe 2: 2Sxc2 = 1.1 Jllll; 2Syc2 = 0.80 pm [5.4] 

Probe 3: 2Sxc3 • 1.8 Jllll; 2Szc3 = 1.3 llDl [5.5] 

Probe 4: 2Syc4 = 1.8 Jllll; 2Szc4 11: 7.5 pm [5.6] 

Probe 5: 2Sycs = 1.4 pm; 2Szc5 = 7.5 pm [5.7] 

The measurements are corrected for the expansion of the scales of the milling 

machine and the expansion of the holeplate. The uncertainty of the used temperature 

sensors yield an upper limit estimation for the uncertainty of this correction of: 

2Sscate = 0.46 pm 

2Sp1ate = 0. 96 llDl 

[5.8] 

[5.9] 

The comparison of the simulations of the holeplate with the corrected measurement 

results, as depicted in figure 5.5, yield an upper limit estimation for the uncertainty 

of the residuals of: 

2S~dual = 6.8 llDl [5.10] 

Taking into account this upper limit estimation, it can be concluded that for the 

comparison, depicted in figure 5.5, there is no significant difference between the 

model and the actual error structure of the milling machine. However, the 

uncertainty associated with the squareness measurements is 1.5 arcsec, which yields 

a large contribution to the uncertainty of the residuals. 
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The comparison of the holeplate measurements with the simulations show a 

systematic effect in the residuals, which can be caused by a squareness error. 
Therefore, it can be concluded that more accurate squareness measurements probably 

wilt yield a better model. 

The results of another comparison between the simulation and the actual holeplate 
measurement in the XY-plane are depicted in figures 5.6 and 5.7. 

The residuals show also no significant difference between the model and the actual 

error structure of the milling machine, taking into account their uncertainty. 
However, at the end of the X-axis' range, the residuals show a systematic difference. 

Though within the range of the uncertainty, these residuals are not randomly 

distributed, which was to be expected. Therefore, the cause of this systematic 

difference is still subject of a study. 
As the residuals, at the remaining positions, are much smaller than the measured 
geometrie errors, a significant improvement of the accuracy of the milling machine is 

possible, using the developed model for software error compensation. 
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Fig. 5.6 Result of the actual holeplate measurement and the simu/ation on 
position 8 (Zc292) in the XY-plane 
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Fig. 5.7 Result ofthe holeplate measurement, rogether with the residuo.l between 
measured result and simu/ation 

The comparison of the holeplate measurements with corTesponding simulations is 

depicted in figw-es 5.8 and 5.9, for position 3 in the XZ-plane. Also for this 

comparison an upper limit estimation for the uncertainty associated with the residuals 

can be calculated: 

2S~esidual .. 6. 7 IJl1l [5.11] 

Taking into account this uncertainty, a significant improvement of the milling 

machine's accuracy would be possible for the geometrie error component in 

Z-direction. The difference between the simulations and the actual results in 

X-direction, which was also present in the simulation of the holepl.ate measurement 

on position 8 in the XY -plane, is also found bere. This effect is still subject of a 

study. 
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Finally, the results of the comparison for position 4 in the YZ-plane are depicted in 

the figures 5.10 and 5.11. Also for this comparison an upper limit estimation of the 
uncertainty of the residuals can be calculated, yielding: 

2SPesidual = 12.7 IJ!Tl 

This uncertainty is mainly caused by the bad repeatability of the used probe 
configuration (see paragraph 4.3). 

[5.12] 

Considering this uncertainty, the results of the comparison yield a much better 

similarity than to be expected from the estimated uncertainty. Therefore, it can be 

concluded that the residuals probably have a lower uncertainty as indicated by the 
upper limit estimation. But, therefore, the upper limit estimation is a very useful tooi 

to prove the significanee of the used modeHing technique. 
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position 4 (X=550) in the YZ-plane 
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The residuals between measured result and simulation (figure 5.11) are randomly 

distributed. Therefore, it can be concluded that no systematic effect is missing in the 

individual model. This result among the other results, is very promising when the 

developed individual model will be used as a toot for the final version of a software 

error compensation. 

5.4 Simulations of holeplate measurements based on the finite stiffness errors 

In addition to the geometrie enors, the actual position of the tooi can be disturbed by 

a number of forces acting on the machine's structure. In the chapters 2 and 4, three 

different basic types of forces are distinguished. However, it is only necessary to 

evaluate the significanee of the forces of type 3 (workpiece load), as forces of type 1 

will not cause a significant deflection during finishing (see chapter 2) and forcesof 

type 2 are not separable from the basic geometrie errors. 
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In order to analyze the effect of the change in geometrie error caused by the finite 

stiffness errors due to a workpiece load on the resulting inaccuracy of the machine 
tooi, simulations are carried out of a holeplate measurement. These simulations 
coincide with the simulations presented in paragraph 5.3, except for the used error 

model, which is only basedon the finite stiffness errors. 

In figure 5.12 the results of a holeplate messurement simwation is depicted on the 
same position as the simulations depicted in figures 5.4 and 5.5. It is obvious that the 

predicted deviation based on the finite stiffness errors (max. :1: 20 llfll) is larger than 

the predicted deviation basedon the geometrie errors sec (max. :1: l21lfll). 
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Fig. 5.12 Result of the holepiale measurement simu/ation on position 1 in the 

XY-plane 
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The same comparison is carried out for position 8 in the XY -plane (figures 5.6 & 

5.7). The predicted deviation (max. :t 25 JDD), depicted in figure 5.13, is of the same 
magnitude as the predicted deviation basedon the geometrie errors (max. :t 30 JDD). 

Camparing the simulations on position 3 in the XZ-plane and position 4 in the 
YZ-plane (figures 5.14 & 5.15), yields the conclusion that in these planes the finite 
stiffness errors have a smaller contribution to the resulting error of the machine tooi 

than the geometrie errors sec. 
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Fig. 5.13 Result of the holeplate measurement simu/ation on position 8 in the 
XY-plane 
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Considering above presenteel results, the finite stiffness errors due to a load on the 

workpiece table are significant, especially in the XY -plane, where they are larger 

than the geometrie errors sec. As workpieces can be placed upon the milling machine 

ha ving different weights, the change in geometrie errors will bedependentof the 

weight of these workpieces. The developed error model, however, is capable of 

modeDing the change in geometrie errors for different loads. In order to validate the 

error model, both simuiadons and verification measurements will be canied out for 

different workpieces. This validation will be canied out during next period of the 

projects duration. 

It turned out that the developed error model is very well capable of modeDing errors 

due to the fini te stiffness of the milling machine. Also the simwation program can 

evaluate the effect of the finite stiffness errors. Thus a software error correction will 

be developed for these kind of errors. The results of this error correction will be 

presented in the final project report. 
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6. Conclusions 

The main goal of this BCR-project is the improvement of the accuracy of a 

commercially available machine tooi. Therefore, the most influential error sourees 

will be investigated: basic geometrie errors, thennal behaviour of the machine's 

structure and finite stiffness effects. Based on this research a correction algorithm 

will be developed and implemented. In order to achleve these aims of the project 

several work.packages have been defined, including a time-schedule. 
Four workpackages are finished now (Aprill991), which corresponds with this 

time-schedule. 

First, bibliographical studies are carried out, to detennine the state of the research at 

other institutes. Basedon this research, the main goal of this BCR-project bas been 

defined: to improve the accuracy of a commercially available machine tooi. This will 

mainly be achieved by correction for thennally induced errors, which contribute, 

together with the geometrie errors, to more than seventy percent of the resulting error 

of a machine tooi. 

Secondly, a classification of multi-axis machine tools bas been developed. With this 

classification it is possible to distinguish different types of five axis milling machines 
that manifest the same kind of errors. With the knowledge of the type dependent 
errors the definition of a calibration setup and the error structure of the machine are 

significantly simplified. 
Thirdly, to make the exchange of information possible, a standani data fonnat bas 

been defined, measurement programs and interfaces have been developed. 

The last workpackage that bas been finished is the development and validation of the 

geometrie error model. This general model, developed by TUE, relates the errors in 

the location of the tooi, with respect to the workpiece, to errors in the location of 

coordinate frames attached to succeeding components of the machine. With this 
general model it is not only possible to model a specific machine tooi, like the Maho 

milling machine under research, but it can be applied to any multi axis machine, 

composed of rotary and linear elements in an arbitrary serlal configuration. 
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The general model has been elaborated to tbe individual model, which describes tbe 

geometrie error structure of tbe Maho milling machine. Therefore all geometrie error 

components have been measured, using tbe developed direct measuring techniques. 
These measuring techniques turned out to be a very accurate and flexible metbod to 

determirte all geometrie error components, but time consuming. 
Also tbe change in geometrie errors has been investigated, when a load (workpiece) 
is placed upon tbe table of tbe milling machine. Basedon this change in geometrie 

errors, simwations are canied out, using tbe developed simwation software. 
Considering tbe results of tbe simulations, tbe finite stiffness effects due to a load on 
tbe workpiece table cause a significant change in tbe resulting error of tbe tooi with 

respect to tbe workpiece. 

In order to verify tbe developed model, a totally different approach to determine tbe 

geometrie errors of tbe milling machine is applied. 

PTB developed a metbod to determine tbe geometrie performance of coordinate 
measuring machines, using a holeplate. This holeplate is applied to tbe Maho milling 

machine under research, using this machine as a measuring machine. As tbe actual 

location of each hole is known, it is possible to calculate tbe geometrie error induced 
by tbe milling machine. This metbod turned out to be a very fast metbod to 
determine tbe geometrie performance of a machine, which is able to measure tbe 

difference in tbe location of two holes. However, this metbod is very dependent on 
tbe repeatability of tbe used probe system and is limited in its use to machines with a 

relatively small range. 

The above mentioned holeplate metbod is simwated, using tbe individual model. 

During comparison of this simwation witb tbe actual measurements, it appeared that 
tbe simwations correspond very well witb tbe measurements. Therefore, it can be 

concluded that tbe used modelling technique, together witb tbe applied measurement 
techniques, prove to describe tbe error structure of tbe milling machine in a correct 

way. As tbe results are prornising, tbe developed model will be used as a basic tooi 

for software error compensation. 
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The final version of the software error correction will not only correct the geometrie 
errors of the milling machine, but also the thennally induced errors. Therefore, the 

research activities on this subject are already initiated. 

The first results of the statistica! approach, investigated at TUE are very promising 

for the final version of a software error compensation and therefore used by Philips 

for a first version of an error correction. 

PTB bas started the development of an analytical model to describe the 

thermomecbanical bebaviour of a milling machine. The first conceptsof these 

models are already discussed with the partners. 

Contrary to TUE, who uses direct measurement techniques, PTB will continue their 

investigations on the data acquisition using workpieces. These workpieces turned out 

to be a very suitable metbod todetermine the errorcomponentsof a milling 

machine. Thereby, they will be used for the validation of the final software error 

compensation and for the development of the analytica I thennomechanical model. 

During the first period, Maho supported all partners with practical information 

conceming the impravement of the accuracy of milling machines. They also 

delivered hard- and software to utilise the milling machine for dedicated research 

tasks, such as measuring the holeplate. They will continue this support during the 

next period. 

Using the available results of the research carried out by the partners, Philips bas 

started the development of a first version of a software error compensation. This 

error correction will correct the most significant contributions of the geometrie errors 

and the thennomecbanical bebaviour, using the first results of the statistica! 

approach. Based on the experience gathered with this research, the final version of 

the software compensation will be developed. 
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A. Etaboration of the general model to the type dependent model 

In paragraph 3.4 the following general equation is derived for the expression of the 

location error of the tooi as a function of the location errors of subsequent coordinate 

frames: 

m n 

wpEtl =-I ( dFbk bk-1~) +I ( tlF ale ak-lEak) + anEd [A.l] 

k•l k•l 

where· E = [ e e e e e e ] T • wp tl wp tlx' wp tly' wp tlz' wp tlx' wp tly' wp tlz 

This vector represents the errors of the tooi with respect to the 

workpiece, defined in the tooi-frame. 

[A.2] 

[A.3] 

This vector represents the errors in the location of frame k with respect 

to frame k-1, i.e. the geometrie errors of the kinematic element k. 

0 
] ( 6 x 6 ) matrix 

tlRk 
[A.4] 

This matrix denotes the effect of the errors le-l~' acting between the 
elements k-1 and k, on the resulting error between tooi and workpiece. 

Here d\ x tl~ denotes a 3 x 3 matrix whose columns contain the vector 

product of vector ti\ with the respective columns of matrix d~· 

Underlying this formula will be elaborated for the milling machine under research. Thereby 

the explanation of the different terms, as presented in paragraph 3.4, is supposed to be 

known. 



·f· y 

Fig. A.J Five axis milling machine under research 

The five axis milling machine, under research (figure A.l) consistsof one horizontallinear 

element and one rotary element in chain 'a' from foundation to tooi. Chain 'b' from 

foundation to workpiece consists of two linear elements, one vertical and one horizontal, 

and one rotary element with a vertical axis of rotation. In the ftrst stage of the modeHing 

process, coordinate frames are located in the workpiece, the tooi and in the centraid of 

each joint. In figure A.2 the kinematic representation of this milling machine is depicted. 

Note that the length of the tooi is characterized by introducing a variabie 'L'. 

The frames located in the various kinematic elements can be characterized as: 

• Frame wp: fixed 

• Frame t1 fixed • Frame b3 : fixed 

• Frame a2 fixed • Frame b2 : moving 

• Frame al fixed • Frame bl : moving 

The frame of the workpiece is thought to be at the sa me location as frame b3. 
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660 

1245 

Yo 

Fig. A .2 Kinematic representation of the jive axes milli'ng machine under research 

Application of the above presented formulas, and abbreviation of 'cos(q)' and 'sin(q)' to 'cq' 

and 'sq' respectively, results in the expression of the nominal coordinate transfonnations 

between succeeding frames as: 

82 Ttl = Fixed ----t Fixed = J 82 82stl 

= [ ~4:~ -~4=~ g g ] [ ~ ~ g gOO+L ] 
0 0 1 0 0 0 1 -140 
0 001 0001 

= 
[ 

cqa2 -sqa2 0 -(200+L)sqa2] 
sqa2 cqa2 0 (200+L)cqa2 

0 0 1 -140 
0 0 0 1 

[A.S] 
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al Ta2 = Fixed ___. Fixed = Ja2 a1Sa2 

· [ H ~ ~.1 ] [ g n ~~] 
0001 0001 

0 1 0 -210 
[

1 0 0 0 ] 

= 0 0 1 -665+qa1 
0 0 0 1 

[ 

1 0 0 350] 0 1 0 -95 
= 0 0 1 495 

0 0 0 0 

0Tbl = Moving ---t Moving = 0~1 Jbl 

_ [ Ö ~ g ~g~.5] [ Ö ~ g ~b1] 
- 0 0 1 515 0 0 1 0 

0 0 0 1 0 0 0 1 

[ 

1 0 0 350 ] 
- 0 1 0 327.5+qb1 
- 0 0 1 515 

0 0 0 1 

bi Tb2 = Moving ___. Moving =blsb2 Jb2 

= [g ~ n~s] [g n ~b2] 
0001 0001 

[ 

1 0 0 -350+qb2] 
0 1 0 67.5 

= 0 0 1-140 
0 0 0 1 

[A.6] 

[A.7] 

[A.8] 

[A.9] 
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[

1 0 0 0 ] - 0 1 0-395 
- 0 0 1 -375 

0 0 0 1 

[A.10] 

[A.ll] 

These transformation matrices can be used to express the nominal position of the 
tooi-frame relative to the workpiece-frame. As the etaboration of equation [A.1] requires 

the construction of the F-matrices out of ti~ and ti\ for all kinematic elements, the first 

step is to calculate the ti Tic matrices. From these ti Tic matrices, the required d~ and d\ 

matrices can be extracted (see equation [3.2]). 

Application of expression [3.5] onto expressions [A.5] to [A.ll] yields the following 

matrices: 

= d Ta2'a2Tal 

[ 

cqa2 sqa2 0 
_ -sqa2 cqa2 0 
- 0 0 1 

0 0 0 

- RT t 
al a2'al a2 = [ -2~0 ] 

665-qal 

210.sqa2 ] 
210.cqa2- (200+L) 
805-qa1 

1 

[A.12] 

[A.l3] 



[ 
1 0 0 ] = 0 1 0 • 
0 0 1 

.. dTO.OTbl 

[ 

cqa2 sqa2 0 
_ -sqa2 cqa2 0 
- 0 0 1 

0 0 0 

= dTbfblTb2 
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[ 
-350. ] = 95 
-495 

350.sqa2 + 95.cqa2 + 210.cqa2- (200+L) 
310- qa1 

-350.cqa2 + 95.sqa2 + 210.sqa2 ] 

1 

632.5.sqa2 + qbl.sqa2 ] 
632.5.cqa2 + qbl.cqa2- (200+L) 
825- qa1 

1 

[A.14] 

[A.15] 

[A.16] 

[ 

cqa2 sqa2 0 
_ -sqa2 cqa2 0 
- 0 0 1 

0 0 0 

700.sqa2 + qbl.sqa2 + (-350+qb2).cqa2 ] 
700.cqa2 + qbl.cqa2 - (-350+qb2).sqa2- (200+L) 
685- qa1 

1 

= dTb2'b2Tb3 [A.17] 

[ 

cqa2 sqa2 0 
_ -sqa2 cqa2 0 
- 0 0 1 

0 0 0 

305.sqa2 + qbl.sqa2 + (-350+qb2).cqa2 ] 
305.cqa2 + qb1.cqa2 - (-350+qb2).sqa2- (200+L) 
310- qa1 

1 

====t tiTwp = dTb3'b3Twp 

[ 

cqa2.cqb3 sqa2 cqa2.sqb3 
= -sqa2.cqb3 cqa2 -sqa2.sqb3 

-sqb3 0 cqb3 
0 0 0 

305.cqa2 + qbl.cqa2 - (-350+qb2).sqa2 - (200+L) 
310- qa1 

305.sqa2 + qb1.sqa2 + (-350+qb2).cqa2 ] 

1 

[A.18] 
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The next step is the detennination of the F-matrices that describe the effect of the 
individual errors, between the coordinate frames, on the total error between tooi and 

workpiece. From the above calculated transformation matrices we can deduce that 
(see equation [3.2]): 

dRwp contains the additional transformation of the rotary element b3. However, as we state 
that the error between frame b3 and frame wp is zero, the obtained tenn for equation [A.1] 

will automatically yield a contribution of nil. Therefore it is not necessary to calculate the 

,1F wp -matrix. 

For the etaboration of the relevant F-matrices the veetors d\ can be calculated as: 

1lta2 = [ -(gOO+L)] c [=] [A.20] 
140 ta2z 

[ 210.sqa2 ] [~IX] 
tltal = 210.cqa2 - (200+L) = taly [A.21] 

805- qa1 talz 

[ -350.cqa2 + 305.sqa2 ] [wx] 
tltO = 350.sqa2 + 305.cqa2 - (200+L) = tOy [A.22] 

310- qa1 tOz 

[ 632.5.sqa2 + qbl.sqa2 ] rblx] 
tt\1 = 632.5.cqa2 + qbl.cqa2- (200+L) = tbly [A.23] 

825- qa1 tblz 

[ 700.sqa2 + qbl.sqa2 + (-350+qb2).cqa2 ] 
= [=] [A.24] 

tl\2 = 700.cqa2 + qbl.cqa2 - (-350+qb2).sqa2 - (200+L) 
685- qa1 tb2z 

[ 305.sqa2 + qbl.sqa2 + (-350+qb2).cqa2 ] [~lx] 
tt\3 = 305.cqa2 + qb1.cqa2 - (-350+qb2).sqa2 - (200+L) • tb3y [A.25] 

310- qa1 tb3z 
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The matrix 
11

Fk is defined as (see equation [A.J]): 

The outproduct of the veetors tl~ and the matrix d~ can be summarized as: 

[ 

tkz.sqa2 -tkz.cqa2 tky ] 
tkz.cqa2 tkz.sqa2 -tkx with k = a2, al, bl, b2 b3 

-tkx.sqa2- tky.cqa2 tkx.cqa2- tky.sqa2 0 
[A.26] 

Implementation of this relation into expression [A.J] yields the following general F-matrix: 

cqa2 
-s3a2 

tkz.sqa2 
tkz.cqa2 

(-tkx. sqa2- tky .cqa2) 

sqa2 
c3a2 

-tkz.cqa2 
tkz.sqa2 

(tkx. cqa2- t ky .sqa2) 

0 
0 
1 

tky 
-tkx 

0 

0 
0 
0 

cqa2 
-sqa2 

0 

0 0 
0 0 
0 0 

sqa2 0 

~a2 ~ 

[A.27] 

The index k indicates the conceming coordinate frame, i.e. a2, al, bl, b2 or b3 

Application of relation [A.l], yields the following expression for the errors ed and e 
1 wp wpt 

in the orientation and position of the tooi coordinate frame with respect to the workpiece 

coordinate frame: 

Orientation errors 

[A.28] 
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Position errors 

[ 

140. sqa2 -140. cqa2 -(200+L) cqa2 sqa2 0 

+ 140. cqa2 140. sqa2 0 -sqa2 cqa2 0 

(200+L).cqa2 (200+L).sqa2 0 0 0 1 

[ 

(805-qal)sqa2 -(805-qal)cqa2 

+ (805-qal)cqa2 (805-qal)sqa2 

(-210sqa2) sqa2- (210cqa2-(200+L) )cqa2 (-210sqa2)cqa2- (210cqa2-(200+ L) )sqa2 

210cqa2- (200+L) cqa2 sqa2 0 ] 
-210sqa2 -sqa2 cqa2 0 

0
E

11 
0 0 0 1 

[ 

(825-qa1) sqa2 

- ( 825-qa 1 ) cqa2 

-(632.5sqa2 + qb1sqa2)sqa2 - (632.5cqa2 + qb1cqa2- (200+L))cqa2 

- (825-qa1 )cqa2 

( 825-qa1) sqa2 

(632.5sqa2 + qb1sqa2)cqa2 - (632.5cqa2 + qb1cqa2- (200+L))sqa2 

632.5cqa2 + qb1cqa2- (200+L) cqa2 sqa2 0 ] 
-(632.5sqa2 + qblsqa2) -sqa2 cqa2 0 

0
E1,1 

0 0 0 1 
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(685-qa1) sqa2 

( 685-qa1) cqa2 

-(700sqa2 + qb1sqa2 + ( -350 + qb2)cqa2)sqa2 -
(700cqa2 + qb1cqa2 - (-350 + qb2)sqa2- (200+L))cqa2 

- (685-qa1) cqa2 

(685-qa1)sqa2 

(700sqa2 + qb1sqa2 + ( -350 + qb2)cqa2)cqa2 -
(700cqa2 + qb1cqa2 - ( -350 + qb2)sqa2 - (200+L))sqa2 

700cqa2+qb1cqa2-(-350+qb2)sqa2-(200+L) cqa2 sqa2 0 

-(700sqa2+qb1sqa2+(-350+qb2)cqa2) -sqa2 cqa2 0 

0 0 0 1 

(310-qa1) sqa2 

(310-qa1 )cqa2 

-(305sqa2 + qb1sqa2 + ( -350 + qb2)cqa2)sqa2 -
(305cqa2 + qb1cqa2 - (-350 + qb2)sqa2- (200+L))cqa2 

-(310-qa1)cqa2 

(310-qa1) sqa2 

(305sqa2 + qb1sqa2 + ( -350 + qb2)cqa2)cqa2 -
(305cqa2 + qb1cqa2 - ( -350 + qb2)sqa2 - (200+L))sqa2 

305cqa2+qb1cqa2- (-350+qb2)sqa2-(200+L) cqa2 sqa2 0 

-(305sqa2+qb1sqa2+(-350+qb2)cqa2) -sqa2 cqa2 0 

0 0 0 1 

[A.29] 
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B. Acquisition of the geometrie errors with direct measurements 

Underlying the measurement setups for the geometrie errors and the obtained results are 

depicted. These measurement data are gathered using the software package described in 

paragraph 4.2. All data is available on floppy and therefore easy to assess for the software, 

used for fitting the measurement data. 

The results display the bare measurement data which implies that no correction for thermal 

expansion, nor for influences of rotations, is carried out. 

All measurement equipment, used to detennine the geometrie error components, is 
calibrated at Metrology Laberatory of Eindhoven University, which is certified by the 

Dutch Calibration Organisation [NK0-014]. The used instruments are: 

• HP 5528 laserinterferometer with accompanying opties, air-sensor and 

temperature sensors; 

• Wyler electronic levelmeters; 
• Hilger Watts autocollimator; 
• Hilger Watts polygon; 
• Ceramic square; 
• Inductive displacement transducers; 

• Sipp rotary ta ble. 

B.l Measurements of the X-axis 

For the measurement of the scale error xtx, a laserinterferometer is used with 

accompanying linear opties. The measurement uncertainty associated with this option of 

the laserinterferometer is less than 0.05 + 0.5*L Jlm (L in m). 
The measurement setup is depicted in figure B.l. The interferometer is mounted to the ram 

of the machine tooi, while the retroreflector is connected to the workpiece table, which 

performs the movement in X-direction. The influences of the rotatien xry and xrz have to 
be eliminated from the obtained measurement results. This yields the error xtx of the 

coordinate frame positioned in the centraid of the X-carriage. 

Execution of the described measurement yields the results as graphically depicted in 
figure B.2. The error in the position of the machine, in this case xtx, is defined as: 

Error = True displacement (laser) - Assigned displacement (machine) [B.l] 
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Laserhead 

Workpiece table Interf erometer 

Fig. B.l Measurement setup for XIX 

Measurement of xtx 
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Position of 1he x-axis (mm] 

Fig. B2 Error xtx versus position ofthe X-carriage 

500 600 700 

For the measurements of the rotation of the X-axis, the laserinterferometer, with 

accompanying angular opties, is used for determination of xry and xrz, while the error xrx 

is determined by a set of electronic levelmeters. This option of the laserinterferometer 

introduces an uncertainty less than 0.2 arcsec (1 arcsec • 4.8e-6 rad). The electronic 

levelmeters bas an uncertainty less than 0.5 arcsec. 
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The measurement setup for xrx is depicted in figure B.3. The reference levelmeter is 

mounted on the ram of the machine tooi, thereby eliminating the effect of rotation of the 
overall machine structure, while the measurement levelmeter is placed on the workpiece 

table, which performs the movement in X-direction. The rotation error does notdepend on 

the position of measurement, so the obtained results directly reflect the rotation error 

between the coordinate frames attached to the X- anrl Y -
1
axis respectively. 

Rëference feve meter 

a=== Meesure levelmeter 

.._ _______ +-__. Workpiece lable 

Fig. B.3 Measurement setup for xrx 

Execution of the described measurement yields the results that are graphically depicted in 
figure B.4. The rotation error of the machine is defined in arcsec. 

Meesurement of xrx 
2r-----~----~----T-----T-----T----T---~ 

20 measurements 

1 

-1 

~~---~----~--._ ___ ._ ___ ._ ____ ~ __ _____. 
0 100 200 300 400 500 600 700 

Position of the x-axis (mm] 

Fig. B .4 E"or xrx versus position of the X-ca"iage 
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In the results of xrx, peaks can be observed with magnitudes of the same order as the 
measured error. Piotting the measurements sequentially yieids to the conclusion that the 

peak error repeats every 30 minutes. In figure B.S the measurement results of xrx are 
depicted together with a quasi timescaie. From an inspeetion of the machine constants it 

appeared that the periodic peaks are induced by the Iubrication pump of the machine tooi, 
that is activated every 30 minutes. 
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Fig. B5 Results ofmeasurement ofxrx sequentially and time indicator of 30 minutes 

The measurement setups for xry and xrz are depicted in figure B.6 and B.7. The reference 

interferometer is mounted to the ram of the machine tooi whiie the retroreflector is 
conneeteet to the workpiece tabie, which performs the movement in X-direction. The results 
of these measurements are presented in figure B.B and B.9. Also these results directly 
reflect the rotation errors between the coordinate frames of the X- and Y-axis respectiveiy. 
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Laserhead 

Workpiece table Angular lnterferomeler 

Fig. B .6 Measurement setup for xry 

Laserhead 

Workpiece lable Angular inlerferometer 

Fig. B.7 Measurement setup for xrz 
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Fig. B.B E"or xry versus position of the X-ca"iage 
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Fig. B.9 E"or xrz versus position of the X-ca"iage 
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B.2 Measurements of the Y -axis 

For the measurement of the scale error yty the laserinterferometer is applied with 

accompanying linear opties. 

The measurement setup is depicted in figure B.lO. The interferometer is mounted to the 

ram of the machine tooi, while the retroreflector is placed on the worlcpiece table, which 

performs the movement in Y -direction. The influences of the rota ti on yrx and yrz have to 

be eliminated from the obtained measurement results. This yields the error yty of the 

coordinate frame positioned in the centroid of the Y -carriage. 

Laserhead 

Fig. B.JO Measurement setup for Y!Y 

Execution of the described measurement yields the results that are graphically depicted in 

figure B.ll. 
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Measurement of yty 
0.035 ....--.......--....--"""T"---,.----..----.,...--~-........ ---...--., 

0.03 

- 0.025 

1 
1 0.02 
8 
] 0.015 

I 

~ 0.01 

! 0.005 

20 measurements 

Position of the y-axis (mm) 

Fig. B.JJ E"or y{Y versus position of the Y-ca"iage 

Several instruments are applied to measure the rotation errors of the Y-axis. First. for the 

detennination of the error yrx. the laserinterferometer is applied. 

The setup for this measurement is depicted in figure B.12. The interferometer is mounted 

to the ram of the machine tooi. while the retroreflector is placed on the worlcpiece table. 

which performs the movement in Y -direction. The obtained results directly reflect the 

rota ti on error between the frame attached to the Y -axis and the machine coordinate frame. 

Laser he ad 

Fig. B.12 Measurement setupfor yrx 
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Execution of the described measurement yields the results that are graphically depicted in 
figure B.13. The rotation error of the machine is given in arcsec. 

Measurement d yrx 
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Position of the y-axis [mm] 

Fig. B.JJ E"or yrx versus position of the Y-ca"iage 

The measurement results of yrx show identical peaks as the results of xrx. This is also 

caused by the lubrication pump that operates every 30 minutes. 

The measurement setup for yry is depicted in figure B.l4. While this measurement cannot 

be canied out by a laserinterferometer nor a set of levelmeters. two straightness 

measurements are performed. The straightness measurement is performed by movement of 

a straight-edge. in this case a calibrated surface of a squareness reference block. along a 

displacement transducer. The reading of the transducer is a measure of the error ytz with a 
con tribution of yry. 
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Squareness reference 

Fig. B.14 Measurement setup for yry 

By choosing the setup as depicted in figure B.14 the effect of theenor yry in the 

measurement result will reverse sign between measurement 1 and 2. With the necessary 

displacement in X-direction between the measurements the change in active ann is known. 

The results of these measurements have to be corrected for the effect of the error xrx on 

the orientation of the straight-edge. This error results in a displacement Y*xrx which is not 

caused by the Y -axis. 

Taking the above procedure the error yry can be calculated as: 

ytz(2) - ytz(l) - Y•xrx 

yry = -----------------------------------------x(l)- x(2) 
[Rad] [B.2] 

with: - ytz(2) and ytz(l) are the uncorrected results of the straightness 

measurement; 

- x(l) and x(2) are the positions of the X-carriage during the 

respective straightness measurements; 

- Y is the position of the Y -carriage during the straightness 

measurements. 
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Execution of the described measurement yields the bare measurement results that are 

graphically depicted in figure B.lSa. In figure B.lSb the calculated error yry is presented. 

Two measurements of - -o.98,-----y----r-----.,....:..::=::;=:==;=..::::....z~--..----.----, 

lo.985 
J-o.99 
".995 

X=552.691 ! -1 
-1.005 ~ _ _,__ _ __._ _ ___..__ _ _,__ _ __._ _ ____. __ ...._ _ _.__--ll 

50 100 150 200 250 300 350 400 450 
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1~--y----r-----.~~~~J=w:la~t~~~~--...---....---~ 
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l -1 

~ 
-2 

-3 
Measurement not conect~ for xrx influence 

1o 100 150 200 250 300 350 400 450 500 

Position of the Y -carriage 

Fig. B.JSa Measured errors ytz on two positions ofthe X-carriage 
B.JSb Calculated yry from straightness measurements 

The measurement setup for yrz is depicted in figure B.16. The reference interferometer is 

mounted to the ram of the machine tooi, while the retroreflector is connected to the 
workpiece table, which perfarms the movement in Y -direction. Also these results directly 

reflect the rotation errors between the coordinate frame attached to the Y -axis and the 

machine coordinate frame. 
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Fig. B.16 Measurement setup for yrz 
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Fig. B.17 Error yrz versus position ofthe Y-carriage 
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B.3 Measurements of the Z-axis 

For the measurement of the scale error ztz. the laserinterferometer is applied with 

accompanying linear opties. 

The measurement setup is depicted in figure B.18. The interferometer is mounted on the 

workpiece table. while the retroreflector is connected to the ram of the machine tooi. The 

influences of the rotation zrx and zry have to be eliminated from the obtained measurement 

results. This yields the error ztz of the coordinate frame positioned in the centroid of the 

Z-caniage. 

Interferomeler Relrorerleclor Workpiece table 

Fig. B .18 Measurement setup for ztz 

Execution of the described measurement yields the results that are graphically depicted in 

figure B.19. 
In the results of ztz a clear form of hysteresis can be observed. This is not caused by the 

hardware of the machine, but purely by a reproducing temperature field over the Z-scale. 

In figure B.20 the temperature on three positions of the Z-scale is depicted. These 

temperatures were obtained during the measurement of ztz. The second graph in 
figure B.19 represents the error corrected for these thermal effects. Clearly the hysteresis 

has disappeared. 
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Fig. B.19 Error ztz versus position ofthe Z-carriage 
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Fig. B 20 Temperature of the Z-scale during measurement of ztz 
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Several instruments are applied to measure the rotation errors of the Z-axis. Fitst, for the 

determination of the error zrx, we applied the laserinterferometer with the angular opties. 

The setup for this measurement is depicted in figure B.21. The interferometer is placed on 

the workpiece table while the angular retroreflector mounted on the ram of the machine 

tooi. The obtained results directly reflect the rotation error between the machine coordinate 

frame and the frame attached to the Z-axis. 

Angular inlerferometer Workpiece table 

Fig. B21 Measurement setup for zrx 

Execution of the described measurement yields the results that are graphically depicted in 

figure B.22. The rotation error of the machine is given in arcsec. 
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Meesurement of zrx 
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Fig. B22 Error zrx versus position of the Z-carriage 

The measurement setup for zry is depieted in figure B.23. This measurement is also carried 

out by a laserintetferometer and angular opties. The same setup is used for the 

determination of zrx, exeept the opties are rotated about the Z-axis over ninety degrees. 

Angular inlerferometer Workpiece table 

Fig. B23 Measurement setup for zry 
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By choosing this measurement setup the results directly reflect the error zry. These results 

are graphically depicted in figure B.24. The rotation error of the machine is given in 

are sec. 

l 
! 

Measurement of 7Z'J 
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Fig. B24 Error zry versus position of the Z-carriage 

The measurement setup for zrz is depicted in figure B.25. The reference levelmeter is 
mounted on the workpiece table, while the measurement levelmeter is connected to the ram 

of the machine tooi. Also these results (figure B.26) directly reflect the rotation errors 
between the coordinate frame attached to the Z-axis and the machine coordinate frame. 
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Fig. B 25 Measurement setup for zrz 
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Fig. B26 E"or zrz versus position of the Z-ca"iage 
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B.4 Straightness measurements 
The straightness measurements are carried out with a ceramic square and inductive 

displacement sensors. The results of these measurements can be used for both the analysis 

of the straightness errors and the analysis of the squareness errors of the milling machine. 
The straightness error is defined as the difference between the actual data and its 

least-square. In figure B.27 the result of a straightness measurement is depicted, after the 

measurement data are corrected for the error induced by the square. This result show that 
the machine has a very small straightness error. 
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Fig. B.27 Straightness e"or ztx 

As the straightness measurements are carried out during the determination of the 

squareness errors, the results of these measurements will be presented in the next 

paragraph, tagether with the results of the squareness measurements. 
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B.S Detennination of the Squareness Errors 

The squareness error between the carriages is detennined by measurement of a ceramic 

reference block. This block is calibrated on a 3D measuring machine and possesses a 

squareness error of + 1. 7 arcsec. The measurements are carried out using inductive 
displacement transducers. 

To measure the squareness error two straightness measurements are carried out. To 

calculate the squareness error, the pure straightness error will be eliminated by 

Least-Square fitting. 

The squareness errors are included in the model as offsetsof rotation errors i.e. they will 

not be treated as separate geometrie errors in the model. 

Underlying the three different squareness measurements are described and the measurement 

results presented. 

Squareness e"or between the X- and Z-guide 
For this measurement the reference block is placed on the machine table. The block is 

supported on three points. The blockis aligned along the X-axis to secure that the 

displacement transducers remain intheir calibrated range (0-2 mm). F'trst, the displacement 

transducer is mounted on the ram of the machine tooi and the reference side of the block is 

measured, yielding the error xtz and the alignment error of the block (figure B.28 and 
B.29). 

x-o 

Fig. B28 Measurement setup ofxtz (top view of machine tooi) 
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Measurement of xtz 
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Fig. B29 Measurement results of xtz 

Secondly, the other side of the block is measured yielding the error ztx and an error that 

includes both the alignment error of the block, the squareness error in the block and the 

squareness error of the machine tooi (figure B.30 and B.31). 

Z-=800 

Fig. B.30 Measurement setup of ztx (top view of machine tooi) 
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Fig. B.31 Measurement results of ztx 

Out of.these measurement results the following conclusions can be drawn. The positive 

angle between the best fitteel line through of the measurement results and the X-axis is 

explained by an alignrnent error of the block, whereas the block is rotated a bout the Y -axis 

The measurements indicate an alignrnent error (a) of 0. 7 arcsec. 

The second measurement yields an alignrnent error ({3) of 2.1 arcsec. The total uncorrected 

out of squareness, defined as the actual angle included by the guides minus 90 degrees, is 

in this case calculated by: -(3-a, thus -2.8 arcsec. 

However, the squareness error of the block, i.e. 1.7 arcsec, must be added to this result to 

achleve the total squareness error of the Z-axis with respect to the X-axis. Applying this 

correction yields a squareness error between the Z-and the X-axis of -1.1 arcsec. 

Squareness e"or between the X- and Y-guide 
Again the reference blockis supported by the machine table and aligned along the X-axis. 

First, the displacement transducer is mounted on the ram of the machine tooi and the 

reference side of the block is measured, yielding the error xty and the alignment error of 

the block (figure B.32 and B.33). 
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Fig. B.32 Measurement setup of xty (front view of machine tooi) 
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Fig. B .33 Measurement results of xty 

Secondly, the other side of the block is measured yielding the error ytx and an error that 

includes both the alignment error of the block, the squareness error in the block and the 

squareness error of the machine tooi (figure B.34 and B.35). 
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Fig. B.34 Measurement setup of ytx (front view of machine tooi) 
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Fig. B.35 Measurement results of ytx 

From these messurement results the following conclusions can be drawn. The positive 

angle between the best fitted line through the messurement results and the X-axis is 

explained by an alignment error of the block wheress the block is rotated arround the 

Z-axis. 

The messurements indicate an alignment error (a) of -0.1 arcsec. 

The second messurement yields an alignment error ({3) of + 12.6 arcsec. The total 

uncorrected out of squareness is in this case calculated by: -(3-a, thus yielding -12.5 arcsec. 

However, the squareness error of the block, i.e. 1. 7 arcsec, must be added to this result, so 

the total squareness error of the Y-axis with respect to the X-axis is -10.8 arcsec. 
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Squareness e"or between the Y- and Z-guide 
Again the reference block is supported by the machine table. The block is now aligned 

along the Z-axis. First. the reference side of the block is measured. yielding the error zty 

and the alignment error of the block (figure B.36 and B.37). 

z-o 
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+Y 

Fig. B .36 Measurement setup of z{Y (side view of machine tooi) 
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Fig. B.37 Measurement results of z{Y 
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Secondly. the other side of the block is measured yielding the error ytz and an error that 

includes both the alignment error of the block, the squareness error in the block and the 

squareness error of the machine tooi (figure B.38 and B.39). 
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Fig. B.38 Measurement setup of ytz (side view of machine tooi) 
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Out of these measurement results the following conclusions can be drawn. The positive 

angle between the best fitted line through the measurement results and the Z-axis is 

explained by an alignment error of the block. The measurements indicate an alignment 

error (a) of -5.4 arcsec. 
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The second measurement yields an alignment error (/3) of -3.1 arcsec. The total uncorrected 

out of squareness is in this case calculated by: a-{3, thus yielding 8.5 arcsec. However, the 
squareness error of the block, i.e. 1.7 arcsec, must be subtracted from this result, so the 
total squareness error of the Y -axis with respect to the Z-axis is -4.0 arcsec. 

B.6 Measurements of the rotary axes 

The Maho milling machine contains not only three linear axes, but also two rotary axes. In 

order to complete the individual model, also the geometrie errors induced by these two 

rotary table have to be determined. 

For the measurement of the linearity error of the B-axis, a optical polygon and an 
autocollimator is used. The polygon bas a measurement uncertainty less than 1 arcsec. The 

autocollimator introduces a measurement uncertainty less than 0.5 arcsec. The 
measurement is carried out by positioning the B-axis with a step that equals the angle 
between two succeeding planes of the polygon. With the autocollimator the difference 

between the orientation of the two planes is measured. Using a polygon, which bas 12 

sides, together with the autocollimator, it is possible to measure the position error of the 
B-axis over the whole range (360o) with steps of 30o. 

With the above presented measurement metbod it is possible to obtain the position error 

with steps as large as the angle between two succeeding planes of the polygon. In order to 
determine the position error between these steps another metbod is used. 

A very accurate rotary table is placed upon the B-axis of the milling machine. this rotary 

table introduces an uncertainty less than 0.5 arcsec. In the center of this table a plane 

mirror is placed. The measurement sequence is carried out by rotating the B-axis of the 
milling machine a randomly chosen angle. Using the rotary table, the plane mirror is 

rotated back to the zero position, which is measured by the autocollimator. 

Both measurement methods are applied to the B-axis of the Maho milling machine. To 

measure the position error with the first metbod the polygon is place in the center of the 
B-axis, as depicted in figure B.40. The autocollimator is placed outside the milling 

machine on a stabie tripod. In the same figure the measurement setup for the second 

metbod is depicted. Here a SIPP rotary table is placed in the center of the B-axis. A plane 
mirror is placed upon this table. The autocollimator is also placed outside the milling 

machine. 



-148-

polygone 
plane min'or 

Fig. B.40 Both the measurement setupsfor bry. 

Measurement of bry 
3.---~----~-----r----~----~----~--~~---, 

'i 
i 
~ 

+ Polygon 

2 oSipp 

1 
0 

0 
0 

-1 0 

-2 • 
0 

-3 0 

-4 
0 50 

0 
0 

0 0 

0 00 

0 0 0 

0 

100 150 200 250 

Position of the B-axis (degrees] 

Fig. B.41 E"or bry versus position ofthe B-axis 

0 0 

0 

• 
0 

0 

300 350 



-149-

The results of both measurements are depicted in figure B.41. As these results are 

corrected for the systematic errors of the used instruments, they directly reflect the position 

error of the B-axis. The results show a randomly distributed position error smaller than 
4 aresec. As the resolution of the B-axis equals 3.6 aresec, it can be concluded that the 

B-axis bas an position error smaller than its resolution. 

Also the position error of the C-axis of the Maho milling machine is measured. As the 

C-axis rotates around the Z-axis of the milling machine, which is a horizontal axis, it was 

not possible to conneet the SIPP rotation table to this axis. Therefore this axis is only 

measured with the first method. In order to get more information on the position error of 
the intermediate positions the measurement was carried out with different start positions. 

The measurement setup for the position error crz is depicted in figure B.42. The polygon is 

placed upon a rotation table, which is connected to the C-axis of the milling machine. This 
rotation table is used for the different start positions. In order to create a suitable 
messurement setup, an optical square is placed on the table of the milling machine. The 
autocollimator is placed outside the milling machine on a stabie tripod. 

rotation table 

autocollimator 

optica} square 

Fig. B.42 Measurement setup for crz 
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The result of this measurement is presented in figure B.43. This result directly reflects the 

position error of the C-axis. From this result, it can be concluded that the position error of 

the C-axis is very small, concerning the range of this axis (12()o), which bas a resolution of 

3.6 arcsec. 
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Fig B.43 Error crz versus position of the C-axis 



-151-

c. Measurements and results of the holeplate metbod 

C.llntroduction 

In this appendix the measurements and accompanying results of the holeplate metbod 

will be presented. This method, developed by PTB, is applied by TUE and PTB on 

the Maho milling machine under research. PTB supplied a holeplate with a grid of 

9 x 9 holes. The nominal distance between two holes is 50 mm. The actual distance 

is detennined during a calibration at PTB. This holeplate is measured on the Maho 

milling machine, using an infrared probesystem, delivered and installed by Maho. 

Using this probesystem the milling machine will detennine the location of each hole 

referred to the reference hole. As the actuallocation of these holes is known, it is 

possible to calculate the geometrie error of the milling machine within a certain 

plane. This error will not only consist of the geometrie errors of the milling machine, 

but also the repeatability of the used probe system will be present in the measured 

error. In order to detennine this repeatability of the probe system, a repeatability test 

is carried outwithall probe configurations, as depicted in figure C.l. 

Fig. C.J Used probe conjigurations 

The following repeatability is found for each probe configuration: 

Probe 1: 2Sxc = 0.63 J.llll; 2Szc = 0.84 JJI1l 

Probe 2: 2Sxc = 1.1 J.llll; 2Syc z: 0.80 JJI1l 

Probe 3: 2Sxc = 1.8 J.llll; 2Szc = 1.3 JJI1l 

Probe 4: 2Syc = 1.8 J.llll; 2Szc c 7.5 JJI1l 

Probe 5: 2Syc = 1.4 JJI1l; 2Szc = 7.5 JJI1l 
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These results show a large repeatability in Z-direction for probes 4 and 5. This is 

caused by the position of the probe tip: not in the center beneath the switching probe 
system. 

lt is possible to detennine the error components within a range of 400 mm with the 

available holeplate. As the machine bas a range of X=700 mm, Yc500 mm and 

Z=600 mm, the holeplate bas to be positioneel on different locations within a certain 

plane. Therefore a total of 24 holeplate measurements have to be carried out in order 

to detennine all error components within the whole range of the milling machine. 

As the measuring scales and the holeplate will expand due to temperature changes, 
the tempersture of these parts will be measured during the experiments, using the 

software as described in paragraph 4.2. 

Underlying the measurement setups with accompanying results are presented. 
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C.2 Holeplate measurement in the XY -plane 

The different holeplate positions in the XY -plane are depicted in figure C.2. For this 
measurement setup probe 2 is used. The milling machine is programmed to measure 
the outmost holes. During this measurement the temperature is measured from the 
holeplate and the scales of the milling machine. 

position 2 
~·-__ .. : ..... ____ _ 

probe 2 ~~~ ' ----, 
_,, ,---: 
~ ,,'' : 

i --- -~-~~-±:r--:~:Q: . ~ 7 . ,' . , . ,' . , . "' . , :,= : ,," x --- .... __ : ,-' 
------.!/ position 1 

• 
posltion 4 

position 6 position 7 

Fig. C.2 Measurement setup for holepiale measurements in the XY-plane 

Before the measurement results can be compared with the simulations, the actual 

measurements have to be corrected for the expansion of the measuring scales of the 
milling machine and the expansion of the holeplate itself due to temperature changes. 
As it is not possible to perfectly align the holeplate along one of the axes of the 

milling machine, the measurement results will show an alignment error. This 

a ligrunent error is eliminated by a mathematically transformation of the measurement 
resuJts, as the holeplate would be aligned along the axis, which is the lowest in the 

kinematic chain. 
In figure C.3 the result of the holeplate measurement on position 1 in the XY -plane 
is depicted, after correction for the above mentioned effects. As the location of each 
hole is determined during a measurement back and forth, the results of both 

measurement sequences are depicted. 
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Fig. C.3 Result ofthe holeplate measurement in the XY-plane onposition 1 

In figure C.4 the result of the holeplate measurements in the XY-plane on position 8 

is depicted. 
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Fig. C4 Result ofthe holepiale measurement in the XY-plane on position 8 
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C.3 Holeplate measurement in the XZ-plane 

The different holeplate positions in the XZ-plane are depicted in figure C.S. For this 

measurement setup the probes 1 and 3 are used. Again the milling machine is 

programmed to measure the outmost holes. During this measurement the temperature 

is measured from the holeplate and the scales of the milling machine. 

Probe 1 

x 

position 7 

Fig. CS Measurement setup for holepiale measurements in the XZ-plane 

In figure C.6 the results of the holeplate measurement on position 3 in the XZ-plane 

is depicted, after correction for temperature and aUgrunent errors. As the location of 

each hole is determined during a measurement back and forth, the results of both 
measurement sequences are depicted. 
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Fig. C.6 Resulr of rhe holepiare measuremenr in rhe XZ-piane on position 3 

In figure C. 7 the result of the holeplate measurements in the XZ-plane on position 8 

is depictecl. 
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Fig. C 7 Resulr of rhe holepiare measuremenr in rhe XZ-piane on position 8 
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C.4 Holeplate measurement in the VZ-plane 
The different holeplate positions in the YZ-plane are depicted in figure C.S. For this 
messurement setup the probes 4 and 5 are used. The milling machine is programmed 

to measure the outmost holes. During this measurement the temperature from the 

holeplate and the scales of the milling machine is measured. 

position 1 

position 5 

position 3 

position 7~~~ 

pos1Uon 6 

, ....... , . ~ 

,• . 
,,'" : , . ,• . 

,• . 
~......... : . 
• • . . 

position 2 

position 4 

Fig. C.8 Measurement setup for holepiare measurements in the YZ-plane 

In figure C.9 the result of the holeplate measurement on position 4 in the YZ-plane 

is depicted, after correction for temperature and alignment errors. As the location of 

each hole is determined during a measurement back and forth, the results of both 

measurement sequences are depicted. 
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Fig. C9 Result ofthe holeplate measurement in the YZ-plane onposition 4 

In figure C.lO the result of the holeplate measurements in the YZ-plane on position 5 

is depieteet 
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Fig. CJO Result ofthe holeplate measurement in the YZ-plane onposition 5 
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D. Fitting measurement data with piece-wise polynominals 

D.lln1roduction 

The data obtained from the measurements. as described in chapter 4 and appendix B. 

are averaged. A least squares fitting procedure bas been applied to these data sets. 

using piece-wise polynominals. The piece-wise polynominals are defined by the 

position of the knots and the coefficients of the polynominal for each interval. 

Underlying an overview of all fitted data. and the accompanying coefficients of the 

polynominals. is presenteet The dasbed lines in the graphs repcesent the averaged 

results of a number of measurements. moving the carriage back and forth. The solid 

line represents the fit of the eiTOr expressed as a set of polynominals. All fitting 

procedures are performed with continuity restrictions in the knots for the functional 

value and its fitst derivative. using a maximum degree of two for the polynominals. 

This metbod yields a continuous description of each geometrie error. basedon 

discrete measurements. 

The shown coefficients are valid as polynominal coefficients for the specified 

interval. Thus. it is not necessary to evaluate the polynominal form the beginning of 

the axis. to calculate the error. 
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D.2 Fitting rotation errors of the X-axis 

Fit on xrx results 

Average xrx and fineet polynoaünals 
15~--~----~--~----~--~----~--~ 

1 

-25 '--__ _._ ____ ....__ __ _.... ____ ~ __ ___. ____ __._ __ --J 

0 100 200 300 400 500 600 700 

Position of the X-c:aniage (mm) 

Fig. D.J Fitting with piece-wise polynominals of e"or xrx 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) (/3i2) 

0 0-50 2.6653666e-02 -1.2821707e-02 1.3283682e-04 
1 50-100 -2.9574760e-01 7 .4343588e-05 3.8763151e-06 
2 100-200 -9.0841338e-01 1.2327659e-02 -5.7390263e-05 
3 200-300 1.4191505e+OO -1.0947979e-02 7.9883286e-07 
4 300-400 8.5840145e+OO -5.8713740e-02 8.0408434e-05 
5 400-500 1.1813129e+OO -2.1700232e-02 3.4141549e-05 
6 500-600 -1.6213337e+01 4.7878370e-02 -3.5437053e-05 
7 600-700 1.8482189e+01 -6.7773384e-02 6.0939409e-05 
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Fit on xry results 

Average xry and fitteel polynominals 
25~--~----~--~----~--~--------~ 

Position of the X-carriage (nun] 

Fig. D2 Fitting with piece-wise polynominals of error xry 

i Interval lntercept Linear coeff. I Quadratic coeff. 
({3i0) ({3il) (J3i2) 

0 0-50 3.2089850e-03 9.7264345e-03 8.6094786e-06 
1 50-100 -7.7039347e-02 1.2936368e-02 -2.3489854e-05 
2 100-150 -1. 7419198e-02 1.1743965e-02 -1.7527839e-05 
3 150-200 -1.2440987e+OO 2.8099691e-02 -7.2046928e-05 
4 200-250 4.4849416e+OO -2.9190712e-02 7.1179079e-05 
5 250-300 -2.9536438e+OO 3.0317971e-02 -4.7838287e-05 
6 300-350 1.1631050e+OO 2.8729796e-03 -2.0966336e-06 
7 350-400 -6.4643256e+OO 4.6458297e-02 -6.4361373e-05 
8 400-450 1.4273612e+OO 6.9998632e-03 -1.5038330e-05 
9 450-500 2.469n96e+OO 2.3668926e-03 -9.8905854e-06 
10 500-550 2.1132544e+01 -7.2284167e-02 6 .4760474e-05 
11 550-600 3.2451833e+01 -1.1344522e-01 1.0217961e-04 
12 600-650 -3.6838344e+01 1.1752204e-01 -9.0293103e-05 
13 650-700 8.5440266e+01 -2.5871984e-01 1.9912373e-04 
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Fit on xrz results 

Average xrz and fined polynominals 
7r---~----~--~----~--~----~--~ 

Position of the X-arriage [mm] 

Fi'g. D.3 Fi'tti'ng wi'th pi'ece-wi'se polynomi'nals of error xrz 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) ({3i2) 

0 0-100 8.7257197e-02 -2.3332349e-02 1.7172665e-04 
1 100-200 -1.3376748e+OO 5.1662904e-03 2.9233454e-05 
2 200-300 -4.5051846e+OO 3.6841389e-02 -4.9954292e-05 
3 300-400 -3 .4604628e-01 9.1138000e-03 -3.7416442e-06 
4 400-500 6 .1129477e+OO -2.3181170e-02 3.6627068e-05 
5 500-600 -1.0279880e+01 4.2390141e-02 -2.8944243e-05 
6 600-700 3.4250606e+01 -1.0604481e-01 9 .4751551e-05 
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D.3 Fitting the rotation errors of the Y -axis 

Fit on yrx results 

Average ync and fittèd polynominals 

Position of lhe Y -caniage (mm] 

Fig. D.4 Fitting with piece-wise polynominals of error yrx 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) ({3i2) 

0 0-100 2.0387357e-02 4.4505668e-03 -2.5270053e-05 
1 100-200 5.1428003e-01 -5.4272866e-03 2.4119215e-05 
2 200-300 -4.9628802e-01 4.6783939e-03 -1.1449867e-06 
3 300-400 2.3271713e+OO -1.4144668e-02 3.0226784e-05 
4 400-500 -2.2526300e+OO 8.7543381e-03 1.6030256e-06 



Fit on yry results 
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Average yry and fined polynominals 
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Position of the Y -<:aniage (mm) 

Fig. D5 Fitting with piece-wise polynominals of e"or yry 

i Interval Intercept Linear coeff. 
({3i0) (/3il) 

0 0-200 3.5633566e-01 -2.3516734e-03 
1 200-300 5.4969658e-Ol -4.2852826e-03 
2 300-400 1.2307508e+OO -8.8256438e-03 
3 400-500 3.6195998e+OO -2.0769889e-02 

Quadratic coeff. 
({3i2) 

-1.3036321e-05 
-8.2022982e-06 
-6.3502955e-07 
1.4295277e-05 



Fit on yrz results 
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Average yn and fitteel polynominaJs 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Position of the Y -carriage (mm] 

Fig. D.6 Fitting with piece-wise polynominals of e"or yrz 

i Interval Intercept Linear coeff. Quadratic coeff. 
(/3i0) (/3il) (/3i2) 

0 0-50 -6.0192545e-02 -2.4979935e-03 1.1587373e-04 
1 50-100 -4.8598660e-01 1.4533769e-02 -5.4443895e-05 
2 100-150 5.9626271e-02 3.6215112e-03 1.1739172e-07 
3 150-200 2.9524086e-01 4.7998334e-04 1.0589151e-05 
4 200-250 9.9975779e-01 -6.5651859e-03 2.8202074e-05 
5 250-300 -1.9902854e-01 3.0251048e-03 9.0214932e-06 
6 300-350 -2.8067771e+OO 2.0410095e-02 -1.9953491e-05 
7 350-400 -6 .4569270e~01 8.0610414e-03 -2.3119856e-06 
8 400-450 -9.1229708e-01 9.3940633e-03 -3.9782630e-06 
9 450-500 6.1703503e+OO -2.2084369e-02 3.099m3e-05 
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D.4 Fitting the rotation errors of the Z-axis 

Fit on zrx results 

Average zrx and fitteel polynomiDals 
2r-----~----~-----r----~----~~----, 

-14 .....__ ____ _.__ ____ _,_ ____ __._ ____ __._ ____ __..__ _ ___. 
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Position of the Z-carriage (mm) 

Fig. D.7 Fitting with piece-wise polynominals of error zrx 

i Interval lntercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) (/3i2) 

0 0-200 4.2438852e-02 -2.8687273e-02 3.0291477e-05 
1 200-400 -1.3818678e+OO -1.4444207e-02 -5.3161883e-06 
2 400-600 -2.2810698e+OO -9.9481968e-03 -1.0936201e-05 
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Fit on zry results 

Average 'lrY lftd fitteel polynominals 
02~--~~--~----~----~----~----~ 

-1.8 .__ __ ___...__ __ __. ____ __._ __ __._ ____ __,_ ___ __. 
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Fig. D.8 Fitting with piece-wise polynomina/s of e"or zry 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) (J3il) (J3i2) 

0 0-50 9.4483596e-04 -7.5277856e-03 5.3742963e-05 
1 50-100 -2.1854079e-01 1.2516393e-03 -3.4051286e-05 
2 100-150 1.1606583e+OO ~2.6332343e-02 1.0386863e-04 
3 150-200 -4.7631608e+OO 5.2651912e-02 -1.5941222e-04 
4 200-250 4.3596529e+OO -3.8576225e-02 6.8658117e-05 
5 250-300 -2.8906051e+OO 1.9425839e-02 -4.7346010e-05 
6 300-350 1.2193453e+01 -8.1134551e-02 1.2025464e-04 
7 350-400 3.3367775e+OO -3.0524974e-02 4.7955245e-05 
8 400-450 -1.9650782e+01 8.4412824e-02 -9.5717003e-05 
9 450-500 4.6201521e+OO -2.3457995e-02 2.4139463e-05 
10 500-550 -2.1035827e+01 7.9165920e-02 -7.8484452e-05 
11 550-600 3.9071620e+OO -1.1535857e-02 3.9717082e-06 



-168-

Fit on zrz results 

Average zn and fiued polynominals 
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Fig. D.9 Fitting with piece-wise polynominals of e"or zrz 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) ({3i2) 

0 0-100 5.3020751e-02 -3.8478754e-03 1.6913455e-05 
1 100-200 -6.5029502e-02 -1.4868704e-03 5.1084297e-06 
2 200-300 8.3114597e-02 -2.9683114e-03 8.8120322e-06 
3 300-400 1.4402002e+OO -1.2015549e-02 2.3890761e-05 
4 400-500 -4.4534548e+OO 1.7452726e-02 -1.2944583e-05 
5 500-600 -1.8508369e+OO 7.0422548e-03 -2.5341112e-06 
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D.S Fitting the scale errors 

The scale errors are defined in the centroid of the carriage. In practical situations it is 
impossible to obtain these errors directly. But. with a carefully administrated 

measurement position, it is possible to eliminate the influence of rotational etrors on 

the measured scale error. Underlying the bare messurement data, the determined 

influence of rotations and the calculated fit of the true scale error. is depicted. 

Fit on xtx results 
Note that these results reveal a clear periodic term in the error. In order to obtain a 
acceptable fit through the data, the general trend of the error is handled by 

piece-wise polynominals. whereas the periodic term is fitted separately and 

superimposed on the general trend. 
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Average xtx and fined polynomülals 
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Fig. D.JO Fitting with piece-wise polynominals of e"or xtx 

Results of the detennination periodic tenn ().. = 39.6 mm): 

Interval lntercept Linear coeff. Quadratic coeff. 

0 - 0.25 À O.OOOOOOOe+OO -3.8281222e-05 -1. 0115534e-05 
0.25 - 0.5 À 4.0750675e-03 -8.6152784e-04 3.1462612e-05 
0.5 - 0.75 À -1.7999748e-02 1.3682532e-03 -2.4845036e-05 
0. 75 - 1.0 À 7.0012844e-03 -3.1531928e-04 3.4979581e-06 

i Interval lntercept Linear coeff. Quadratic coeff. 
({3i0) ({3il) ({3i2) 

0 0-25 -1.3738992e-04 1.1255500e-04 1.7402203e-06 
1 25-50 -5.4648628e-03 5.3875283e-04 -6.7837363e-06 
2 50-75 1.8376648e-02 -4.1490759e-04 2.7528680e-06 
3 75-100 2.6256980e-03 5.1177384e-06 -4.7300870e-08 
4 100-200 3.9792780e-03 -2.1953863e-05 8.8057136e-08 
5 200-300 -1.5227189e-03 3.3066106e-05 -4.9492786e-08 
6 300-400 1.2529560e-02 -6.0615752e-05 1.0664364e-07 
7 400-500 -1.0791816e-02 5.5991125e-05 -3.9114952e-08 
8 500-600 3.1258289e-02 -1.1220929e-04 1.2908546e-07 
9 600-700 -5.7886128e-02 1.8493876e-04 -1.1853791e-07 
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Fit on y~ results 

Average yty and fined polynominals 
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Fig. D.JJ Fitting with piece-wise polynominals of e"or yry 

i Interval In te reept Linear coeff. Quadratic coeff. 
({3i0) (J3il) ({3i2) 

0 0-100 1.8122549e-04 1.1445715e-05 2.2173360e-07 
1 100-200 -3.3873480e-03 8.2817184e-05 -1.3512375e-07 
2 200-300 5.2508422e-03 -3. 5647176e-06 8.0831004e-08 
3 300-400 1.4465155e-03 2.1797461e-05 3.8560707e-08 
4 400-500 3.2514784e-02 -1.3354388e-04 2.3273738e-07 
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Fit on ztz results 

Average ztz and fitted polynominals 
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Fig. D.J2 Fitting with piece-wise polynominals of error ztz 

i Interval Intercept Linear coeff. Quadratic coeff. 
({3i0) (f3il) ({3i2) 

0 0-200 -7 .1077194e-04 3.1978343e-05 4 .4584063e-08 
1 200-400 -1.8833918e-03 4.3704542e•05 1.5268566e-08 
2 400-600 1.4866087e-03 2.6854539e-05 3.6331069e-08 


