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EVALUATION AND REPRESENTATION OF MACHINE
TOOL DEFORMATIONS

This paper presents a novel test concept for th&iation of the accuracy of NC machine tools. Thaeation
of machine tools deformations is performed by hal@ device similar to the double ball bar (DBB}twthe
difference that an adjustable load generated bylévice can be applied between spindle nose andingatool
table. This load eliminates the play existing inchiae tool joints, thus reproducing the testingditians that
exist during machining. Collected data are usegléd diagrams displaying characteristic aspectsnathine
tool performance and a number of key figures suhtatic stiffness may be determined. The dataatsnbe
used for trend analysis; to predict any accuracyiadiens, and further to conduct preventive maiatere
instead of emergency calls. The determined staiabiour could also be used to improve digital n®der
process simulations and compensation of errorsatfeataused by deflection.

1.INTRODUCTION

The major performance factors of any machining agen, productivity and accuracy,
are determined by the static and dynamic stiffnefls¢he machining system. One way
of increasing the efficiency of a production systieno continuously improve, and develop
new tests and evaluation methods of the machinysges. This is especially important
when the goal is to produce a specific part colydor the first time, in the quickest and
most cost effective way. In this regard, new or rowed test methods help to gather
information about system status and can be storetigital machine tool models used for
analysis and optimization [1]. New improved virtuahachine tool models need
experimental data for validation and optimizatidinerefore, the main objective of this
paper is to contribute to improving machining sgstdeformation evaluation methods.

1.1.NEEDFORMACHINE TOOLTESTMETHODS

The costs of unplanned disturbances are increabet Vean and agile production is
implemented on the shopfloors. It is becoming naoré more important to detect emerging
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problems at an early stage. There is a need for mashine test methods to be able to
perform regular diagnoses of sensitive equipmedttarperform preventive maintenance in
order to avoid unplanned disturbances. By usingog@rdest methods, the performance
of major interacting parts inside the machine tcah be surveyed. Over the years machine
tool testing has become increasingly importanniachine tool builders and end users.

For the machine tool builders it provides a recegdimean for checking the machine
against its design specification. For the macho@ tiser, capability testing offers both
a mean of measuring production performance, andewauation aid for machine
maintenance. The industry’s requirements have lpeeinto a certain degree by the wide
availability of modern metrology equipment aime@dfically at machine tool testing. This
has provided the means for accurate measurememachine tool errors. Extensions
of national and international standards to coveagpects of machine accuracy and testing
have increased the awareness and need for madstegt [2],[3]. Testing standards are
essential if machine capability is to address theds of both the machine tool builders and
the end users. To meet these needs, the standard® & certain extent, a compromise.
Economic considerations mean that machine non-gtogu time must be kept to
a minimum, while quality considerations mean tha talibration should be detailed
enough to provide meaningful results. To find thgimaum between the two factors is
a crucial issue when developing or improving testhads.

The relation between the time required performimg tests and the use of captured
data is an important parameter when choosing teshads. In this context, mainly two
categories of test methods during the lifecycla ahachine tool; named quick test (Q test)
and complete test (C test), are relevant for acgursspection as shown in Fig. 1.

Q- and C-test C-test C-test Q-test Q- and C-test
Evaluation of a Acceptance and Warranty Regular check of the Diagnosis of
new unknown verification ofa checkofa condition during problemsand
Machine new machine new machine operationand fault causes
preventive maintenance
Before purchases Warranty 0 — 24 months Normal operation 1 - 8 years 8—-10 years

End of lifecycle
Fig. 1. Machine testing during the lifecycle of aghine tool

The Q test is a quick method (less than an houndaitor the overall performance
and to give early warnings of dangerous trendsrdemto prevent unplanned expensive
disturbances. This kind of test could be perforraederal times a year. Examples of test
methods that can be included in a quick test ambl@ ball bar (DBB), vibration
measurements of spindle unit, and checking spstdééghtness.

The C test could, if necessary, take several days f@as the special purpose
of analysing the status in detail before a decigdaken to buy or accept new machines, to
repair, renovate or replace used machines. Thid &intest is normally done a few times
during the lifecycle. The C tests are mainly doyespecialists and are normally done in
investment projects or when serious problems haweecup. Condition tests according to
type Q test for preventive maintenance are not comm industry. The main reasons are
lack of practical tools and methods, lack of stadid&d routines at the company, and lack
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of knowledge. There are a lot of test methods ab&l for machine tools [4]. Some can be
used for Q tests but the majority of tests takeloog to be performed and can therefore not
be considered Q tests. However, a new test methased on circular test [5], [6] is
introduced in this paper. Detailed understandingtatél geometric error in machining
requires measurement of axes in simultaneous maveamgl applied load on the machine
tool structure. These conditions are achieved iasueement using the loaded double ball
bar system [7],[8].

2.LOADED DOUBLEBALL BAR (LDBB)

By combining the traditional DBB test and the cdligbto generate a load on the
machine tool structure, valuable information carob&ined. A device that combines these
two capabilities is called loaded double ball lzdnreviated LDBB. The device can be used
as an ordinary double ball bar system when no isagplied to the structure. The device is
primarily of interest as a certification instrumeot new machines, for testing machines
after they have been moved or renovated, and@d &t preventive maintenance.

The basic design of the LDBB (see Fig. 6) looksyv@milar to the traditional DBB
system. The difference is that a pneumatic actuatbuilt inside the detecting probe. The
detecting and loading instrument is attached betwe® steel balls, which are connected
via special fasteners to the machine tool structume to the spindle and one to the machine
table. When air pressurised is injected into tHeadgr a resulting force is generated, which
the machine tool structure deflects by a certaiowarhthat depends on its static stiffness.
The change in distance between the two balls isctkd by a length gauge located inside
the instrument. The measuring range is 1 mm dred dystem is designed to have
an accuracy of + 0.pm.

2.1.DEFLECTIONIN TABLE AND TOOLJOINT

To accurately evaluate the machine tool's perforeanith the LDBB it is important
to investigate the deformation of the device itdetfdifferent magnitudes and orientations
of the applied load.. The resulting deflection bedw the ball and the attachment bar
depends on both the force magnitude and the ahgthieh the force is applied.

To determine the maximal deflection in joints, dilration fixture was developed.
The maximum deflection of the attachmenf,=14 um occurred when the force was
Fra=741 N Pna=6 bar) and orthogonally applied to the ball. Thesuits from the
measurements showed that the deflections were idedcby either a sfifv) or co$(v)
function, whereav is the angle between the force direction and trezbntal axis trough
the table and spindle ball.

Two major machine tool configurations are considenehen calculating the
deflection. The first configuration correspondsteertical machining centre and the second
configuration corresponds to horizontal machiniegtoe. Each measured value is sampled
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at the corresponding angein a right shifted coordinate system, counted @aoanter clock
wise (CCW) direction. For X-Y plane the angle ispioe from X to Y axis, in a Y-Z plane,
positive from Y to Z axis and in a Z-X plane, postfrom Z to X axis.

2.2.HORIZONTAL MACHINE TOOL DURING MEASUREMENTIN Y-Z PLANE

In this type of machine tool configuration the é@etions occurs in both spindle and
table joints. If we assumes that the table batkistred in origo (0, 0) and the spindle ball is
positioned inY, z), then the unloaded (i.e. when no force is applieagthL of LDBB is

L=(y +2')!" (1)
When the forcé- is applied to the system, the length of the LDBBecomes, (see Fig. 2)

L' = (((y +F Tcos(@))? +(z +F kGEin(g)? )
L'=(y> +F [k’ [dos(@) +2 [y [F [k [dos(@) + z° + F° [k* [8in’ (@) + (2)
+2 2 [F [k Ein(g))"

whereg is the angle between the LDBB and axis of invesgtoyn. Eq. (1) in Eq. (2) and
(sir? + cog) = 1 gives

L' =(* +F [k +2[F [k(y [Bos(@) + z [Sin(@)))"' (3)
however
y =Llcos(@),z = LIsin(®)
=1'=( +F* [&° +2[F (L [dos (@) +L EBin’ (@) (4)
this gives
L'=(?+F’ & +2[F & D)2 (5)
where
l'=L+Flk (6)
l.e. the compensation
L'-L=Flk (7)
Eq. (7) can be written as
' —L=F [R[&in* (@) +F [k [dos’ (@) (8)

whereF [k Gin?(¢) and F [k [tos*(¢) are the deflection in the table and spindle joint
respectively.
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(0,—F -k -sin(p))

Fig. 2. Horizontal machine tool: deflection in sgilieand table joint during measurement in Y-Z plane

2.3.VERTICAL MACHINE TOOL DURING MEASUREMENTIN Y-Z PLANE

If we assumes that the table ball is centred igmi(0, 0) and the spindle ball is
positioned inY, 2), then the unloaded (when no force is appliedytleh of LDBB is

L=(y*+2°)"" 9)

=

< /L'/ (y+F-k-cos(p),2)

(=F -k - cos(p),0)

Fig. 3. Vertical machine tool: deflection in spiadind table joint during measurement in Y-Z plane.
When the force- are applied to the system the new length(Fig. 3) can be calculated
accordingly Eq. (9)

L' =((y +F [k [dos(p) +F [k [dos(@)) +2°)"/* =

=((y+2F [k [os(@)) +2°)"/* =(y* + 4 [F° [X* [dos’ (@) + (10)

+4 [y [F [k [dos(@) + 2°)"/
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L' =((y +F [k [Bos(@) + F [k [dos(¢))* +2°)*/* =
=((y +2F [k [dos(@))* +2°)*/? =(y* +4[F* [k* [Bos’ (@) +
+4 [y [F [k [dos(g) + z*)*/?

simplified
L'=( +4F [k* [dos’ (@) + 4 [y [F [k [dos(@))"? (11)
wherey = L[dos(¢) in Eq. (11) gives
L' =(’+4[D[F [k [dos’ (@) +4 B [k’ [dos’ (@) (12a)
and
L' =( +4[F [k [dos’ (@) (L + F (k)" (12b)

The unloaded length of the LDBB is 150 mm and the maximum deflectfit =14
um. This (>>FK) gives the possibility to replacef [k with the smaller term

4 [F [k* [dos’ (@) in equation (12b)

L' =(1* +4[F [k [dos (@) +4 (B [k [dos*(¢4))"? (13)
which is
L' =((L+2[F [k [dos’(¢))*)"> (14)
L'=(L+2[F [k [dos’(@)) (15)
The compensation for the deflection can be wridgen
' -1 =2[F [k[dos*(¢) (16)

The load is always assumed to act along the LDB&igitudinal axis as shown in Fig. 4
below.

(F -k-cos(p)

Fig. 4. Deflection in spindle and table ball
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2.4, HORIZONTAL MACHINE TOOL DURING MEASUREMENTIN X-Y PLANE

Considering the table ball joint is centred ingori(0, 0) and the spindle joint ball
is positioned inX, y), then the unloaded (when no force is appliedytieh of LDBB is

L=(x>+y*)"? 17)

(X +F-k-cos(p),y + F -k-sin(¢))

(—F -k -cos(¢),0)
-~

Fig. 5. Horizontal machine tool: deflection in slie and table joint during measurement in Y-X plane

The angled between the unloaded lendthof the LDBB and the loaded length (Fig. 5)
obtained due to elastic deformation of the tablei®aet to zero.

L' =((x +2[F [k [dos(@)) +(y +F [k Bin(@)))"? (18)
L' =(x* +4[F? [k* [dos* (@) + 4 [x [F [k [dos(@) +
+y? +F? [k* Bin’(¢) +2 Iy [F [k Bin(g))"/?
L' = (1 +F? [k* (4 [Gos* (@) +sin* (@) +2 [F [k (2 (¥ [dos(@) + y Bin(g)))"> (20)
where x=L@osg) andy =L Gin(g)together withsin?+cos =1gives
L' =( +F* [k* QU +3[dos*(¢)) +2 [F [k [ [ [dos? (@) + L BEin* ()2 =
= (1 +F? [&* [[1 +3 [dos?(¢)) + 2 [F [k (I(1 +cos?(¢)))*2

As the length of the unloaded LDBB=150mm is much bigger than the maximum
deflection FIk=14 pum gives the possibility to replacé [k with the smaller term

4 [F* [k* [eos* (@) In EQ. (21)
L' =( +F? & [l +2 [dos* (@) + cos* (@) + 2 (B [k L 1 +cos’(¢)))"/* =
=( +F* [&k* [l +cos’ (@) +2 [F (kDL +cos’(¢)))*

(19)

(21)

(22)

L'=((L+F RO +cos’())f)" (23)
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Eqg. (23) can be simplified by removing the squarat-to obtain

L'=L+Fk[1+cos’(¢@)) (24)
The deflection is then calculated using Eq. (25)
L'—L=Fk1L+cos’(¢)) (25)

3.IDENTIFYING LDBB:S MODAL PARAMETERS

Unlike many other types of mechanical systems, mactool structures, due to their
high accuracy requirements, are dimensioned wipeet to static and dynamic deflection,
and corresponding design criteria of stiffness niestapplied. Therefore, a machine tools
elastic structure is over-dimensioned in termsti@ngth. As a consequence of high rigidity
of structural members of a machine tool, contadifnsss is one of the principal
characteristics in machine tool building due to phesence of many moving or fixed linked
joints. The emphasis on contact stiffness in thegieof a machine tool structure makes the
use of analytical computation methods difficulycg the real contact conditions depend on
many internal and external factors. The valueshef ¢oefficient of contact compliance
depend considerably upon initial pre-stress, dinogiss and accuracy of manufacturing
of the joints. A computational model can be useadsimulation and identification of basic
characteristics such as modal parameters of th&tielatructure: tool, tool holder and
spindle. The results from simulations can be used ol for interpreting the results from
experimental methods e.g. experimental modal aisaliZA).

3.1.COMPUTATIONAL MODEL

To investigate the influence of LDBB on the machioel structure, a computational
model was developed. The purpose of the computdtimodel was to identify the natural
frequencies and mode shapes of the elastic stejctapl-tool holder-spindle and compare

Fig. 6. EMA was performed by measuring the respamséx positions (1 to 6) on LDBB, table joint asgindle joint



Evaluation and Representation of Machine Tool De#dions 113

them to results from EMA. The model is a combinatid elementary mass, spring and bar
elements representing the spindle-spindle bearitogs, holder and the tool. The varying
force applied between table and spindle is simdlabteough the variation of the spring
stiffnessk .s; representing the behaviour of LDBB.

The EMA set-up is illustrated in Fig. 6. The resporwas measured in six different
positions on LDBB and spindle. The results from ations and EMA are displayed
below, and they show the frequency response fum¢E&F) in position 4.

In the absence of the LDBB the dynamic characteridtthe spindle is represented in
Fig. 7. The third mode shape is the tool mode asdxpected, is the most flexible.

1.0E-01

— Tool mode

1.0E-02

1.0E-03

displacement (dB)

1.0E-04

1.0E-05

0 400 800 1200 1600 2000
200 600 1000 1400 1800

frequency (Hz)

Fig. 7. Simulated FRF representing the first foatunal frequencies in spindle-spindle bearingd, hotder and tool
system when no load is applied on structure

By varying the spring stiffness representing theBH) the corresponding system’s
dynamic receptance is varying too (see Fig. 8). ekpected, the third mode shape,

representing the tool, changes significantly. Témme behaviour was noticed in EMA of the
real system (see Fig. 9).

1.0E-01

Mode shape no stiffness
corrsponding to tool 100k [N/m]
o< 250k [N/m]

X 550k [N/m]
850k [N/m]

1.0E-02 z

1.0e-03 §

displacement (dB)

1.0E-04

1.0E-0S

0 400 800 1200 1600 2000
200 600 1000 1400 1800

frequency (Hz)

Fig. 8. Simulated FRF representing mode shapesgmonding to spring stiffne&sygs. The figure shows change
in displacement as a function of stiffness incremen
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Fig. 9. FRF: EMA mode shapes corresponding ton&# change in LDBB

Table 1. Mode shape change due to increased stifingool

K pes Natural frequency Natural frequency
[N/m] Standard tool stiffness Enhanced tool stiffness
[HZ] [HZ
MS1 MS2 MS3 MS4 MS1 MS2 MS3 MS4
10k 8 37 855 1101 8 38 997 1724
100k 8.5 41 874 1107 8.5 41 1000 1736
350k 9 47 918 1124 9 49 1004 1767
850k 9 55 976 1178 9 60 1011 1828
Infinite 9 80 - 1047 9 128 1072 -
1.0E-02 T
m?:pzzzfr; totool 4 A N
100k [N/m};:;,’ % f\
250k [N/m]___— 1
850k [N/m] }
%\ 1.0E-03 I
H
g
8
8.. 1.0E-04
2
1.0E-05

200

800 1200
1000

frequency (Hz)

1600
1400

2000

1800

Fig. 10. Simulated mode shapes corresponding tcstofted from approximately 800 Hz to about 1708 H
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To investigate how the tool stiffness is affecting mode shapes of the system, the
spring stiffness corresponding to the tool wasrattein the computational model. By
increasing the stiffness, the natural frequencyheftool increased and as can be seen in
Table 1 and Fig. 10, the modal frequency moves frapproximately 800 Hz to
approximately 1700 Hz.

4. MEASURING DEFORMATIONIN X-Y PLANE

A series of experiments were carried out with t@pe of showing that static stiffness
could be determined by measuring the deflectioa machine tool with the LDBB system.
Fig. 6 illustrates the experimental set-up for itggtthe static stiffness in X-Y plane
in a vertical machining centre.

Deflection [um]
@
o

0 100 200 300 400 500 600 700 800
Load, Force [N]

F=742N)

(F=616N)

@
3

(F=469N)

(F=364N)

Deflection [pm]
3

&

(F=238N)

3

(F=112N) |
S — st e s ] ()
0 90 180 270 360

Angle [°]

o

Fig. 11. LDBB measurement result plotted in pofgrgnd Cartesian grid (b), (c) maximum deflectyn, and
minimum deflectiorR,,. Counterclockwise circular interpolation on 150 madius with feed rate of
2000 mm/min. LoadP (1-7) = {36; 112; 238; 364; 490; 616; 742} N

A 3-axis milling machine tool, Mazak with a 5000mpspindle was used in the
experiments. The tool joint was fastened in a siethdSO 50 taper in the machine spindle.
To prevent the spindle from rotating due to extemavement or the applied load, the
spindle was locked by the servo. The table joins Westened in the centre of the machine
tool table. The circular interpolation feed in X{Mane, with a radius of 150 mm and
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a counter clock wise sweep of 360 degrees, wersecthat 2000 mm/min and the load was
altered in steps of 1 bar (1bar=112N) to maximur@ Rdbeginning with 36 N (0.4 bar).
The minimum force required for holding the instrurnen the right position between
spindle and table joint was determined as 36 N.

For 7 different force magnitudes the deflectionfasction of direction in a 3-axis
milling machine tool are given in Fig. 11.The inmécle, see Fig. 11a (1), is displaying the
obtained motion trace with a load of 36 N, the selcoircle, see Fig. 11a (2), is illustrating
the obtained motion trace with a load of 112 N, aodtinuing to the outer circle, see
Fig. 11a (7), which is displaying the obtained la&d42 N.

By subtracting the motion trace obtained for 3G bimalized deflection curves can be
plotted, see Fig 11b. By this a correct comparisetwveen the deflections of any two curves
can be performed. By using data from the deflectiGagram the static stiffness can be
calculated. The relationship between deflection apglied force on the machine tool
structure can be seen in Fig. 11c. As expected,sthecture deflection is nonlinearly
increasing with the force. This behaviour can bplared by the play in joints, contact
characteristics and lost motion because of theiegpbad on the machine tool structure.
Another explanation could also be the fact thatribelity is lower than the preload added
to the ball screws and, as a result, when the figsre@plied the structure is compressed and
bent. Analysing values from the deflection diagréinearity between values are apparently
for higher force values. For low force values (abb0 to 150 N) the slope of the curve
changes.

The static stiffness is calculated by using actjoised data from the deflection
measurement and the force value for each run.

5. CONCLUSIONS

This paper describes a new test concept for theigwan of the deformations of the
machine tool, and a computational model to studylibhavior of the testing device. The
geometric error analysis by loading the structuith &n adjustable static force provided by
the LDBB equipment. Static error evaluation methedmproved by using the LDBB
system due to its ability to load or unload thecture.

The LDBB measuring method results in evaluatingstiffness of the machine tool
in different directions. The machining system s&f$s depends on all elastic elements in the
closed structural loop machine tool — machiningcpss.

ACKNOWLEDGEMENTS

We are grateful for research support and contribntifrom Sven Hjelm (Scania) and Sverker Johans&i (
Johansson/Hexagon). This work was funded by VINNOWA Swedish Governmental Agency for InnovatiateB)s)
and has been supported by KTH DMMS and XPRESatiniifor excellence in production research)



Evaluation and Representation of Machine Tool Deftions 117

REFERENCES

[1] VON EULER-CHELPIN A.,Information modelling for the manufacturing systémcycle 1st ed. Stockholm,
Sweden: KTH Royal Institute of Technology, 2008DRhesis.

[2] 1SO230-4,SO 230-4 Test code for machine tools Part 4: Gactests for numerically controlled machine taols
ISO, 1996.

[3] ANSI/ASMEB5.54-1992Methods for performance, evaluation of computer exigally controlled machining
centres: ANSI/ASME, 1992, vol. reaffirmed 1998.

[4] ARCHENTI A., Machining system testing — static and dynamic asialyockholm, Sweden: KTH Royal Institute
of Technology, 2007.

[5] KNAPP W., "Circular test for three-coordinate maasy machines and machine toolBfecision Engineering
1983.

[6] KAKINO Y., IHARA Y., SHINOHARA A., Accuracy inspection of NC machine tools by doublelar method
1st ed. Munchen, Germany: Carl Hanser Verlag, 1993.

[7] HIELM S., "New test method for Industrial Robotsl &umerical Controlled equipment,” iSR vol. 33, 2002.

[8] ARCHENTI A., A Computational Framework for Control of Machiningsggms Capability — From Formulation to
ImplementationStockholm, Sweden: KTH Royal Institute of Tectogy, 2011, PhD thesis.



