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NEW APPROACH TO MODELING GEOMETRIC ERRORS
IN PRECISION MANUFACTURING MACHINES

Pawet Majda, Grzegorz Szwengier, Robert Jastkbski

Summary

This paper presents a new approach to modeling geometric errors in machine tools with linear rolling
guideways. Modeling was performed using a finite element method. The results of the modeling
were a visualization of deformations of a virtual milling machine with a cross table and with known
characteristics of guide geometric errors. The simulation results show that the machine table is
subject to a complex state of strain. This implies that the Abbe error during milling machine
measurements can assume values dependent on the location of metrological device elements on the
machine table. The calculation results were verified experimentally using real milling machines. The
predictions of the computer simulation were confirmed.
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Nowe podejscie do modelowania bledéw geometrycznych
precyzyjnych maszyn technologicznych

Streszczenie

W artykule przedstawiono nowe podejscie do modelowania btedow geometrycznych obrabiarek
wyposazonych w liniowe toczne potaczenia prowadnicowe. Modelowanie przeprowadzono z uzyciem
metody elementow skonczonych. Efektem modelowania jest wizualizacja odksztatcen frezarki
poziomej ze stotem krzyzowym, ktéra ma znane charakterystyki btedéw geometrycznych potaczen
prowadnico-wych. Analiza wynikdéw procesu symulacji wykazata, ze stot takiej obrabiarki podlega
ztozonemu stanowi odksztatcenia. Ma to istotne znaczenie praktyczne, poniewaz podczas
wykonywania pomiaréw btedéw geometrycznych obrabiarek — btad Abbego moze przyjmowac rézne
wartosci w zaleznosci od usytuowania przyrzadéw pomiarowych na stole frezarki. Wyniki obliczen
zweryfikowano doswiadczalnie na rzeczywistych frezarkach. Potwierdzono przewidywania symulacji
komputerowe;.

Stowa kluczowe: btedy geometryczne, obrabiarka, btad przestrzennego pozycjonowania, MES

1. Introduction

Guideway geometric errors are one of the causesdadsirable differences
between nominal and real positions and orientabba tool in relation to the
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workpiece. These differences, in the entire workepaf a machine are known
as volumetric errors — VE. The knowledge of VE &ed in off-line software
compensation of machine tool errors, thus incrgasitioning accuracy. The
efficiency of such a compensation is especiallg@fie for large machine tools
[1] (large machine tools tables are bigger than0X800 mm, medium sized
machine tools tables are smaller than 1200x600 rBm3[). One of the
characteristic properties of large machine toolghisir kinematic structure,
usually a portal/gantry type, where a tool pathsrimmany axes against a fixed
workpiece. In this case, regardless of the measmnmenmethod and
determination of VE, the fixed table on which therigpiece lies is also a
measurement datum for machine tool errors. VE terdened in relation to this
datum. A similar procedure is applied for mediumesi machine tools. The fact
that medium-sized machine tools usually have a tevable as a measurement
datum should also be taken into account.

In direct measurement [4] of machine tool errorg, by laser inferometer
or electronic level, the elements of the measusygtem are located on a
movable table. In indirect measurements [4] theasibn is similar, for example
in the method proposed by Yang, Kim, Park and 5¢eifi which a ball bar test
is used, with one end situated in different posiioon the table. The
methodology of measurements using a ball platdaatieused by Bringmann
and Knapp [6], and other material artefacts (Wod&iyjth, Hocken and Miller
[1]; Choi, Minb and Lee [7]), also requires the ddon of measuring system
elements on the table. Effective tools for mappitigusing a lasertracer system
(developed under the supervision of Schwenke [8al8b require the location of
the measuring equipment on the table. The commanacteristic of all these
mentioned methods is the measurement of geometdrseagainst the datum of
the table. Questions arises whether (i) a correddtermined measurement
datum exists and (ii) whether this situation maynegate errors in the
determination of VE.

Apart from the methodology of measurements, theraoy of the software
compensation of machine tools errors is very mutdceed by the manner and
accuracy of VE modeling. It is widely accepted thia¢ component of VE
resulting from geometric errors in the axis cannbadeled using a geometric
transformation of solids treated as rigid bodieg, [11]. The most commonly
used is the homogeneous transformation matrix 6, 18] or the Denavit-
Hartenberg notation [14-16]. It has been shown wically and confirmed
experimentally that typical movable milling machitebles may be subject to
deformation when changing position. So questiomseawhether (i) the rigid
body assumption is an acceptable simplificationvVi® modeling for milling
machines with movable tables and (ii) whether #mults of measurements of
kinematic error characteristics in the axis arelalble input parameters for the
VE model? The range of analytical and experimestadlies presented in this
paper should help answer these questions.
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Chapter 2 presents the main contribution of thipepalt describes, in
general terms, a new approach to the modeling athina tools with rolling
guideway geometric errors. A virtual machine toalswecreated to examine and
verify the assumptions used in VE determinatiore €haluation of the obtained
results identified the table of the machine toob&the component which was
subject to the most significant deformation resgltifrom the presence of
geometric errors in the system.

Chapter 3 contains the results of measurementswibeg performed to
verify the conclusions based on simulation studies.

Finally, conclusions and reflections on the errompensation of machine
tools with non-rigid bodies were addressed in Céraght

2. Modeling machine tools taking into account guideay
geometric errors

Machine modeling taking into account guideway getimeerrors was
performed using the finite element method (FEM)][1¥sing this method, it is
difficult to achieve - during the model discretipat stage — the assumption of
the representation of the real geometry of the atbj&his problem is of
particular importance because the calculationsparéormed for the variable
structure of the machine. The variable structuretks solutions for a variety of
positions of the machine body elements, i.e. féfedint mutual positions of the
tool relative to the workpiece (T-W). In such a eds is required that the
calculation model is characterized by a reasonalnheber of degrees of freedom
— it is desirable to keep it as low as possiblee Téalization of this assumption
allows solution of the computational model in arshione. However, in model
simplifications, one should bear in mind the basidterion of reliable
representation/mapping of the object's stiffness.

Simplification of the geometry of the machine toalsd guide connection
components is a stage which can be implementecpéamdently of the other
stages of modeling. The next stage is creating M Fibdel of the machine; at
this stage still not taking into account guidewapgetric errors. The input data
include: material constants, simplified geometryttegd machine tool, geometry
of guideway components, boundary conditions andfigaration of the
kinematic structure, i.e. the relative positionTe¥V. The result is, inter alia, the
spatial distribution and geometric data for contleiments that model rolling
elements. Such elements are geometrically non#ifwarking exclusively on
compressive strength) and physically non-linear n{lweearity of force-
displacement resulting from the Hertz theory) [18-2n addition, the input
parameter for the calculation is also the prelaaglp in contact elements.

The next stage includes the analytical descriptibshape and/or relative
arrangement of guide rails. In this study it wasuased that errors in these
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components are defined using a function where ¢hgth of the guide is the
argument of the function. The authors of this &tguggest mapping guide rail
geometric errors through the designation of prelead/or gap in contact
elements with values resulting from the adoptedvggdc error function. The
input data for the calculation include: the preloafdthe rolling elements,
arrangement of contact elements (depending orotiaion of the machine body
elements) and the functions describing the geomedrrors of individual
guideways. It should be emphasized that any chemtlpe configuration of body
elements will change the arrangement of contaanehts. After each such
change one should regenerate the calculation pseesndéor the contact
elements. This enables analytical examination eftésted machine for various
T-W configurations, including guideway geometricoes. Details of guideway
geometric error modeling according to the abovetioead concept are
presented in [21] and [22].

It should be emphasized that even without defiradditional excitations
(such as the concentrated force, gravity and thedwformation, etc.), the
model of the machine, in the form described abasesubject to kinematic
excitations resulting from the introduction of ip@ideway geometric errors into
the model. The results of the calculation includdat displacements, strains and
stresses of the analyzed structure.

The algorithm for modeling machines, including getma errors of rolling
guides, is illustrated in Fig. 1.

Geometric errors for the calculations were assuraegriori. In this
approach, a machine tool was modeled with arbiyreadopted guideway
geometric errors. Therefore, the calculation rescdin not be directly compared
with those presented in the final experimental .pdiiis approach can be
considered justified if the conclusions drawn frahe results of computer
simulations are used to assist and guide experahemtearch, and not to
describe the behavior of a particular machine.

Computational parameters for guideway blocks wdmpted for a dynamic
load of 22.8 kN, and a preload at 8% of dynamidldBhe machine tool was
modeled using a beam element. Figure 2a preseatslisicrete model of the
machine and Fig. 2b shows the visualization of gustlapes adopted for error
calculations. Fig. 2a also shows vertical, perfecitjid and weightless rods,
which are placed evenly and fixed to the machiietalhese rods are intended
to serve as markers that will help graphically eatd the effects of deformation
of the machine table after the solution of modelatimpns. The locations of these
markers in the real object is replaced by the wiedg or — in an examination of
geometric accuracy of the machine tool — by thenelgs of the measuring
apparatus. Therefore, by calculating the relativepldcement of the tool-
modelling node and the corresponding nodes belgngirthe markers can one
can directly determine the measure of spatial jpwséitg error, i.e. VE.
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Figure 3 shows an example of visualization of #&ultant displacement, as
a result of FEM modeling of machine tools includiggideway geometric
errors. The presented method of modeling allowdopming calculations for
different configurations of the mutual position ofachine body elements.
Therefore, Figure 3 shows the coordinates X, Y Amd the position of the tool
relative to the machine coordinate system for which computations were
performed. Visual assessment of results presentBiji 3 shows that guideway
geometric errors generate VE.

Fig. 3. Exemplary visualization of calculation ritsdor the displacement area of different
orientations of the machine body elements, taking account guideway geometric errors

Moreover, they can also cause significant deforomati of machine
components. This is particularly evident when assgsthe position of markers
that are intended to reflect the movement of thekpiece (or elements of the
measuring apparatus) situated on the machine tdidekers in the current
configuration of the machine are subject to disptaent, which is under-
standable given the assumptions. But they als@ugect to different rotations
(in different directions), indicating a complexatr state of the table. If the
phenomenon can occur in real objects, a very impbiquestion appears: what
measurement base should adopted in experimentatumsaent of effects
connected with the geometric accuracy of machirgsmovable tables?

All known (at least to the authors of this papegtinods of determining VE
require postitioning of measuring equipment onrtfahine table. If the table is
to be subject to a complex strain state, it mehasthe resulting measurements
(kinematic error characteristics) will depend oe tbcation of the measuring
apparatus on the table. Are the effects of defoilihalsignificant in experi-
mental measurements and do they have any effeitteoangular errors of pitch
and roll? These issues will be discussed furthevhe
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3. Experimental verification of computer simulations

One of the most interesting conclusions based errdbults of simulation
studies was a demonstration of significant dewafrom the assumption of the
perfect rigidity of the machine components. Thistipalarly concerns movable
machine tables, which under the influence of kinnexcitations resulting
from guideway geometric errors, may be subjectdmmex states of strain.
Effects of deformation effects on the charactersstof the machine table
kinematic errors were verified experimentally. Imetabsence of significant
deformation/strain, characteristics of angular srahould be independent of the
location of the measuring apparatus on the table.

For discussion not limited to one design solutiare examined three
different axial milling machines with the followinginematic structures and
types of guideways:

« Milling Machine # 1 — XYOZ kinematic structure,bla size 400 x 900
mm, rolling guides,

* Milling Machine # 2 — XZOY kinematic structure bla size 500 x 1750
mm, slide guides,

* Milling Machine # 3 — XYOZ kinematic structure,ble size 350 x 650
mm, rolling guides,

Among the studied milling machines, # 3 had thelwstaspacing of the
X-axis guides.

The examination concerned pitch and roll errorsasleements were made
by electronic spirit levels. Measuring spirit leveltere placed at the corners of
the table. A reference level was placed on a statioelement of the machine.
This approach enabled measurement of the tabldiawtaelative to the
stationary element. Figures 4, 5 and 6 show thengement of the measuring
instruments and measurement results. Error baregsept the intervals of
uncertainty (coverage factdt = 2) from budgeting repeatability (standard
deviation of a single measurement in the series) #re accuracy of the
indication level.

The above-mentioned results of measurements df pibel roll errors for
medium-sized machines with movable (translationtples indicate the
following:

« The results of measurements of angular errorsaiiows places of the
table confirmed the conclusions based on simulagioiies, i.e. tables in this
group of machines may be subject to a complexrstséate resulting from
guideway geometric errors as evidenced by the tatigkly and quantitatively
varied characteristics of angular errors. This ipaldrly concerns roll error,
which depending on the measuring site on the mactable, changes not only
its value but even the direction of increase — &Eggand Fig. 5c.
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Fig. 4. The results of measurements of angular&inothe X axis of milling machine # 1:
a) location of levels, b) pitch error, c) roll erro
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Fig. 5. The results of measurements of angular&imothe X axis of milling machine # 2:
a) location of levels, b) pitch error, c) the rettor

» Comparing the results of examinations of slidimidgways (Fig. 5) and
rolling (which had?) guideways (Fig. 4 and Fig.v&® observed a significant
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difference in the character of the measured angedaors. In machines with

sliding guideways these errors had a visible hgsisrin their plot. Such effects
were not observed for machines with rolling guidgsval he effect of hysteresis
was especially visible for pitch error in Fig. Sthe value of this error was one
order of magnitude higher than the values of dlleoterrors examined in this
study. This results from the construction of thechmae in which the table was
of a considerable size (mass). The displacemettieofable is accompanied by
the movement of the center of gravity and geneamatioa significant torque on

the guides Z axis. This torque results in the deédion of guides in line with

the direction of gravity, known as the “overhangha table”. Lack of symmetry
of this characteristics can be explained by thegintar weight distribution. On

the right side of the table there is a cast iromntimg element of the drive.

a)

Reference
instrument

Table size

350x650 mm Measuring

-X+Y instrument

(=2
-
3
)
-
»
]

;
k.
B

§ E
2 * E
: 7 ~S—1 5o \
X s 4 x5
° . ° \
E-m L XSV} - '// §° \7 =
; - XY P! ‘;ﬁ H o —— XA \
Sl Do XHY G 7 3 - XY
L —— XY &« V7 4 & 10 e XHY
- XY
20 15
o 100 200 300 400 500 ) 100 200 300 400 500

X axis travel [mm] X axis travel [mm]
Fig. 6. The results of measurements of angular @rrthe X axis of milling machine # 3:
a) location level, b) pitch error, c) the roll erro

» The aforementioned effects of qualitative variatiof angular error
characteristics in the milling machine # 3, weré ampronounced (Fig. 6) as for
the other machines. The values of its angular erame comparable with the
values obtained for the other machines. Milling hae # 3 had the smallest
length and width of table, with a similar thickne3ferefore, the table of this
machine is stiffer than in other machines, and tbester reproduces the
kinematics of a rigid body — which explains the tptd the angular errors
presented in Fig. 6.
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4. Conclusion

This paper presented FEM modeling of serial kin@&tuctures (such as
machine tools and/or measuring machines), takitmyancount rolling guideway
geometric errors. It helped clearly identify thesga of the variation of angular
error characteristics of machine tools. The metlagjomay in the future take
into account errors caused by thermal deformation a&utting forces.
Simulations using this model enabled analyticalngration of the effects of
strain in the body elements of a typical mid-simeitling machine. Predictions
based on simulations were experimentally confirmes, cross tables of real
machines are subject to deformation due to thectetié guideway geometric
errors.

The consequence of this phenomenon is the Abbe &8 the value of
which depends on the angle of rotation — which dgivalent with the
dependence of its value on the pitch and roll erexamined in this paper. Thus
Abbe errors occur during the measurement of ewbksnematic characteristics
of the machine. Its value will be different in therners and different in the
central area of the table. Thus, any method of areagerrors of machine tools,
which requires locating the elements of metroldgieices on the table, will be
affected by this phenomenon. This is of fundamempbrtance for the different
methods of measuring VE. Always measure the VE spexific configuration
for the location of items metrological devices be tachine table. This means
that the distribution of VE for a given configui@ti may be different from the
distribution determined for other arrangements efrological devices.

Significant deviation from the rigid body assumptie fundamental for the
accuracy of VE modeling with regard to machine goalith cross tables.
Commonly known VE modeling methods based on gedmetgid body
transformations (homogeneous transformation mairithe Denavit-Hartenberg
notation) are inconsistent with the assumptionth&r examined case — and so
they are inaccurate.

The effects of the examined deformations of mach#aides indicate that
they may be more vulnerable (especially to bendmglanes normal to the
surface of the table) than guideways. Such a gituatan be controlled by
providing an adequate ratio between the stiffndsthe table and guideways.
Therefore, one should consider a recommendationmiachine table designs.
Such a recommendation should enable, taking intowat the sustainability of
the guidway, selection of the table's stiffness/aich the guideways "will take
into account the effects of deformations of thesmogeometric errors.” This
conclusion should be regarded as the practicattedfethis present study.

Acknowledgments

The work was financed from the resources for Nati@ctience Centre as research
project no. N N504 670440.



www.czasopisma.pan.pl P N www.journals.pan.pl

N
S

New approach to modeling geometric errors ... 43

(1]

(2]
(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

References

B.A. WOODY, K.S. SMITH, R.J. HOCKEN, J.A. MILLER: Aechnique for
enhancing machine tool accuracy by transferringntie¢rology reference from the
machine tool to the workpiecdournal of Manufacturing Science and Engineering,
1292007), 636-643.
http://mtpselector.renishaw.net/en/vertical-maaiircentres--8458

M. NOWAK, D. JASTRZBSKI: Selection of kinematic structure for portable
machine toolAdvances in Manufacturing Science and Techngl8g@012)1, 33-
45.

H. SCHWENKE, W. KNAPP, H. HAITIEMA, A. WECKENMANN,R.
SCHMITT, F. DELBRESSINE: Geometric error measuretreamd compensation
of machines — An updat€IRP Annals - Manufacturing Technolqdy7(2008),
660-675.

S.H. YANG, K.H. KIM, Y.K. PARK, S.G. LEE: Error atgsis and compensation
for the volumetric errors of a vertical machiningntre using a hemispherical helix
ball bar test.Inter. Journal of Advanced Manufacturing Technolog$(2004),
495-500.

B. BRINGMANN, W. KNAPP: Machine tool calibration, @@metric test
uncertainty depends on machine tool performanBeecision Engineering,
33(2009), 524-529.

J.P. CHOI, B.K. MINB, S.J. LEE: Reduction of madhip errors of a three-axis
machine tool by on-machine measurement and ermpeasation systendournal
of Materials Processing Technolod8(2004), 155-156.

H. SCHWENKE, M. FRANKE, J. HANNAFORD: Error mappirgf CMMs and
machine tools by a single tracking interferome@RP Annals — Manufacturing
Technology54(2005), 475-478.

H. SCHWENKE, R. SCHMITT, P. JATZKOWSKI, C. WARMANNAON-the-fly
calibration of linear and rotary axes of machineltcand CMMs using a tracking
interferometerCIRP Annals — Manufacturing Technolo&y(2009), 477-480.
E.L.J. BOHEZ: Five-axis milling machine tool kinetita chain design and
analysisiInter. Journal of Machine Tools & Manufactu#2(2002), 505-520.

S. ZHU, G. DING, S. QIN, J. LEI, L. ZHUANG, K. YANIntegrated geometric
error modeling, identification and compensation @XIC machine toolsinter.
Journal of Machine Tools & Manufacturg2(2012), 24-29.

A.C. OKAFOR, Y.M. ERTEKIN: Derivation of machine ab error models and
error compensation procedure for three axes véntieehining center using rigid
body kinematicslnter. Journal of Machine Tools & Manufactyr)(2000).

CH. RAKSIRI, M. PARNICHKUN: Geometric and force ers compensation in
a 3-axis CNC milling machindnter. Journal of Machine Tools & Manufactyre
44(2004), 1283-1291.

K. ABDEL-MALEK, S. OTHMAN: Multiple sweeping usingthe Denavit-
Hartenberg representation meth@dmputer Aided Desigi31(1999), 567-583.
P.D. LIN, CH.S. TZENG: Modeling and measurementaofive parameters and
workpiece home position of a multi-axis machinel.tdoter. Journal of Machine
Tools & Manufacture48(2008), 338-349.



www.czasopisma.pan.pl P N www.journals.pan.pl

=
<
DEMIA

44 P. Majda, G. Szwengier, R. Jagtygki

[16] B. KUMAR JHA, A. KUMAR: Analysis of geometric errerassociated with five-
axis machining centre in improving the quality @t profile. Inter. Journal of
Machine Tools & Manufacturé3(2003), 629-636.

[17] O.C. ZIENKIEWICZ: The Finite Element Method, McGrawil, New York
(2977).

[18] D. JASTRZBSKI, P. PAWELKO, G. SZWENGIER: Modeling the effeof
geometric errors on the static characteristics wtlg rail systemsAdvances in
Manufacturing Science and Technolp8%(2010)4, 23-33.

[19] J.S. DHUPIA, A.G. ULSOY, R. KATZ, B. POWALKA: Expanental
Identification of the Nonlinear Parameters of adustrial Translational Guide for
Machine Performance Evaluatiodournal of Vibration and Control14(2008)5,
645-668.

[20] P. GRUDZNSKI: An analysis of normal contact deformationgtie basic model
of a roller guideway of machine tooAdvances in Manufacturing Science and
Technology33(2009)3, 27-40.

[21] P. MAJDA, G. SZWENGIER: Modeling and experimentasearch of machine
tool geometric errors. Proc. XIV Nat. and V Int&cientific and Technical Conf.
Metrology in production engineering, Warszawa—FaktR011, 208-213.

[22] P. MAJDA: Modelling of geometric errors of lineauigeway and their influence
on joint kinematic error in machine tooBrecision Engineering36(2012), 369-
378

[23] C. BRECHER, P. UTSCH, C. WENZEL: Five-axes accuramhancement by
compact and integral desig@IRP Annals — Manufacturing Technolo&g(2009),
355-358.

Received in February 2013



