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Introduction :
I ~ LNE
Volumetric accuracy lureAn ¢ LNE [e Cnham

5-axis machine tool Kinematic Architecture
(Mikron UCP710 at LURPA)

&5, un

Swiveling axis |7

Gap between theoretical
o kinematic and real kinematic
ominal position an

orientation Geometric errors = ~ 70% - 90%
Thermo-mechanical phenomena
Environmental hazards

Dynamic forces
Systematic bias / \ Heats
/ ~ CNC [Mekid2012]
Bias  vVibrations [Schwenke2008]

Random bias
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Introduction :
' 7 LNE
Volumetric accuracy /\JFPA  LNE |eCcnam

Maximum range of relative deviations between actual and ideal position and maximum
range of orientation deviations in the volume concerned, where the deviations are relative
deviations between the tool side and the workpiece side of the machine tool [ISO230-

1,2012] axigeff — axi;nom 57"
= - ‘/xyz
Cregs = CLuom 6x1 0/ g1

Fabien VIPREY JRP-TIM: Final Workshop at PTB, May 18th, 2016 3




Introduction :
: 7 LNE
Volumetric accuracy lusen < LNE |e cham

Maximum range of relative deviations between actual and ideal position and maximum
range of orientation deviations in the volume concerned, where the deviations are relative
deviations between the tool side and the workpiece side of the machine tool [ISO230-

1,2012]:

ATLSeff — ATLSpom

Orientation
deviation

or

— = Vays

6x1 6x1

Orientation
deviation

Actual tool position and 1 .
orientation i Actual measuring
Ideal tool position and . ! system position and
orientation (CAM) deal measuring system || XIS orientation
L position and orientation |! aXiSeff
axiSeff (CAM) :
Surface Surface

Position
deviation
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Introduction ; 7

: LurPA ¢ LNE

Volumetric accuracy >A [ LNE e cham
Maximum range of relative deviations between actual and ideal position and maximum
range of orientation deviations in the volume concerned, where the deviations are relative

deviations between the tool side and the workpiece side of the machine tool [ISO230-
1,2012]: - -~
ATLScff — ALLSpom or

— = Vays

nom 6X1

Orientation Orientation
deviation

deviation

Actual tool position and .
orientation i Actual measuring
Ideal tool position and . ! system position and
orientation (CAM) Ideal measuring system || s orientation
L position and orientation : aXiSeff
axiSeff (CAM) i
Surface Surface

Position
deviation

Position
deviation

The aim of this study is to develop a novel material standard to identify motion errors:

- Usable on CMM, 3 or 5 machine tool, by on-line measurement, to insure
traceable and accurate results

‘ - With large field of its application: Metrology room or Manufacturing shop
%
h
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Introduction :

Ball plate
[Bringmann2009] 1

Hole plate
[Trapet1991]

V\UCRA Iﬁ e cnam

Hole Bar Ball Bar
[Lim2005] [Zhang1991]

‘ =
~Z 5

I3

Conventional method [ISO 230], [ISO 10360], [ISO
10791], [ISO 13041], [ISO 3070]

Fabien VIPREY

Laser Interferometry (On-line measurement)
[Schwenke2005], [Chen1999]
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Hole Bar Ball Bar

Hole plate _Ball plate [Lim2005] [Zhang1991]
[Trapet1991] [Bringmann2009] 1 3

Conventional method [ISO 230], [ISO 10360], [ISO Laser Interferometry (On-line measurement)
10791], [ISO 13041], [ISO 3070] Schwenke2005], [Chen1999]
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Hole-Bar lureA - LNE |e cham

Le progrés, une passion & partager

Actual Hole-Bar in litterature:

=» One linear positioning error E,, and
one horizontal straightness E,,

=» One linear positioning error E,, and
two straightnesses E,, and E,,

=>» maximization of the number of geometric errors to identify for each

" position of the Hole-Bar
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Development of a novel Hole-Bar with patterns




Outline lureA - LNE | cnam

Development of the Novel Hole-Bar
Principle
Technical attributes

Calibration
Reversal technique
Intercomparison

Application on Machine tool
Measurement process
Geometric model
Results

Conclusion
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Principle of the new Hole-Bar fNJypA Iﬁ e Cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)
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Principle of the new Hole-Bar LurPA Iﬁ e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

PL,

Nominal

| | PL,.. Geomet
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Principle of the new Hole-Bar %yp/\ LN_E e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

Integral real
surfaces
(Skin Model)

[1SO 5459:2011]
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Principle of the new Hole-Bar lureA - LNE |e cham

¢ progrés, une passion & partager

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

LU

<)

LOS

4’ , Extraction
(Skin model

[ISO 5459:2011]
shapes)

LOS
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Principle of the new Hole-Bar %yp/\ M e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

PLr,, Association

[ISO 5459:2011]
(Least square)
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Principle of the new Hole-Bar lureA - LNE |e cham

¢ progrés, une passion & partager

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

Datum
(Situation feature of
the associated

surface)

[1SO 5459:2011]
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Principle of the new Hole-Bar LurPA Iﬁ e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

Association
(Least square)
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Principle of the new Hole-Bar %yp/\ Iﬁ e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

Intersection
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Principle of the new Hole-Bar LurPA Iﬁ e cham

The design of the Hole-Bar consists in a repetition of a 3D pattern in one
direction (A)

/'\

.

( O (Xi, Yi, z)/>
\ /

Intersection

The identified points O, = (x; ,y; ,z;) offers 3 intrinsic geometric
parameters: 1 linear positioning and 2 straightnesses
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Technical attributes of Hole-Bar (Invar)’ lucea ~ LNE | cham
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Technical attributes of Hole-Bar (Invar)® turpa lﬁ e cham
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Technical attributes of Hole-Bar (Invar)’ tugea - LNE |¢ Cnam

Mistake-proofing
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Technical attributes of Hole-Bar (Invar)’ turea - LNE | cnam

= o
First mode of vibration
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Technical attributes of Hole-Bar (Invar)’ tugea - LNE |¢ Cnam

First mode of vibration

, Q \
@? O @? Setting-up on points of

@) @? 0 minimum deformation
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Technical attributes of Hole-Bar (Invar)’ tugea - LNE |¢ Cnam

D S

%2 43

First mode of vibration'

, Q \
@? O @? Setting-up on points of

@) @? 0 minimum deformation
Q Hole-Bar

Work holder

AL
Q‘ > Fabien VIPREY JRP-TIM: Final Workshop at PTB, May 18th, 2016 8






Technical attributes of Hole-Bar

O

(Invar)® turpa |LE e cham
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Coordinates of points of interest

Nominal coordinates (3D-CAD model)

X; G—1)XL
Yi € [[1 ; N]], Vi = 0
i Ryp 0 Ryp
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Coordinates of points of interest lurea - LNE |[c cnam

ogrés, une passion & partager

Nominal coordinates (3D-CAD model)

X; G—1)XL
Yi € [[1 ; N]], Vi = 0
i Ryp 0 Ryp

Real coordinates (real geometry)
X G-1)xXL +
14

Yie[l; N], |y 0 -
%) Rys 0 +
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Nominal coordinates (3D-CAD model)
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Coordinates of points of interest lureA ¢ LNE |€ Cham

=
progrés, une passion & partager

Nominal coordinates (3D-CAD model)

X; G—1)XL
Vi e [[1 . N]], Vi = 0
i Ryp 0 Ryp

Real coordinates (real geometry)
X i—1)XL +
14

Yie[l; N], |y 0 -
%) Rys 0 +

Calibration of the Hole-Bar on accurate
CMM =>» insures traceable
measurements on machine tool

The reversal technique and
substitution technique are applied to
assess the calibration.
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Coordinates of points of interest

Nominal coordinates (3D-CAD model)

LUrPA < LNE [c Cham

grés, une passi

X; i—-1)xL
Vie[l;N], |v| = 0
i Ryg 0 Ryp
Real coordinates (real geometry)
X; (i—1)xL
Vie[l; N], |yi| = 0
)R, 0

Calibration of the Hole-Bar on accurate
CMM =>» insures traceable
measurements on machine tool

The reversal technique and
substitution technique are applied to

Fabien VIPREY

assess the calibration.
V)
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Nlo-ll

National
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~108 Institutes

o108

Nigq (e.g. LNE) / Interferometers \
~107

iCMM: Coordinate Measuring Machinet
Manufast:turers MT: 3 or 5-axis Machine Tools

~10°
~10®
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:18: Users / Measurement of workpiece \
Relative uncertainty
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Calibration: Reversal technique lureA “ LNE e cnam

Le progrés, une passion & partager

ENR . us(i) (No Reversal)
i =Number of point of interest on Multi-Features Bar (HB)

Exx CMM(X)
X : Joint parameter of X-axis

0 —
xCMM
ny CMM(1) ny CMM(Z) ny CMM(3) ny CMM(4) ny CMM(5) ny CMM(6)
ENRyx HB(1) ENRyx HB(Z) ENRyx HB(3) ENRyx HB(4) ENRyx HB(5) ENRyx HB(G)
MUR(1) MUR(2) MYR(3) MYR(4) MUR(5) MU%(6)
Reversal
way
ER,x ue(i) (Reversal)
Exx cum(X) : -
- MEB calibration set-up on
0 Y CMM at LNE
CMM

ny CMM(1) ny CMM(2) ny CMM(3) ny CMM(4) ny CMM(S) ny CMM(G)
ERyx HB(1) ERyx HB(2) ERyx HB(3) ERyx HB(4) ERyx HB(5) ERyx HB(G)
M{(1) M5(2) M{(3) M{(4) ME(5) M{(6)
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Calibration: Reversal technique lurea - LNE | cnam

Le progrés, une passion & partage.

ENR . us(i) (No Reversal)
i =Number of point of interest on Multi-Features Bar (HB)

Exx CMM(X)
X : Joint parameter of X-axis

0 —
xCMM
ny CMM(1) ny CMM(Z) ny CMM(3) ny CMM(4) ny CMM(5) ny CMM(6)
ENRyx HB(1) ENRyx HB(Z) ENRyx HB(3) ENRyx HB(4) ENRyx HB(5) ENRyx HB(G)
MUR(1) MUR(2) MYR(3) MYR(4) MUR(5) MU%(6)
Reversal
way
ER,x ue(i) (Reversal)
E, X . .
oun(2) MEB calibration set-up on
0 Y CMM at LNE
CMM

ny CMM(1) ny CMM(2) ny CMM(3) ny CMM(4) ny CMM(S) ny CMM(G)

ERnyB(l) ERnyB(z) ERnyB(B) ERnyB(4) ERnyB(s) ERnyB(G)
MR(1) MR(2) MR(3) MR(4) MR(5) MR(6)
Linear positioning error along X E 5o ) M R + MDD =(i—=1XL—E
HB xxHB(l) - E X (l) + x(l) _(l_ )X - XXCMM_EZZCMM
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Calibration: Reversal technique lurea - LNE [e cnam

Le progrés, une passion & partager

ENR . us(i) (No Reversal)
i =Number of point of interest on Multi-Features Bar (HB)

Exx CMM(X)
X : Joint parameter of X-axis

0 —
XCMM
nyCMM(l) nyCMM(z) ny CMM(3) ny CMM(4) ny CMM(5) nyCMM(6)
ENRyx HB(1) ENRyx HB(Z) ENRyx HB(3) ENRyx HB(4) ENRyx HB(5) ENRyx HB(G)
MYR(1)  MMR(2)  MMR(3)  MMR(4)  MR(5)  MMR(6)
Reversal
way
ER,x ue(i) (Reversal)
Exx X . .
cum(X) MEB calibration set-up on
0 Y CMM at LNE
CMM
nyCMM(l) nyCMM(z) nyCMM(3) ny CMM(4) ny CMM(S) nyCMM(G)
ERyx us(1) ERyx us(2) ERyx us(3) ERyx ue(4) ERyx ue(5) ERyx ue(6) Linear positioning error
R R R R R R
MR(1) M3(2) M3(3) M7(4) My(5) My(6) Nominal along Zqym
Measuiment geometry \/ Random error
Linear positioning error along X E N MRy + MR '\1 L—E \j
HB xxHB(l) - E X (l) + x(l) _(l_ )X - XXCMM_EZZCMM
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Calibration: Reversal technique LUrPA Iﬁ e cnam

ENR . us(i) (No Reversal)
i =Number of point of interest on Multi-Features Bar (HB)

Exx CMM(X)
X : Joint parameter of X-axis

0
XCMM
nyCMM(l) nyCMM(z) ny CMM(3) ny CMM(4) ny CMM(5) nyCMM(6)
ENRyx HB(1) NRyx HB(Z) ENRyx HB(3) ENRyx HB(4) ENRyx HB(5) ENRyx HB(G)
MYR(1)  MMR(2)  MMR(3)  MMR(4)  MR(5)  MMR(6)
Reversal
way
ER,x ue(i) (Reversal)
E,x X . .
cum(X) MEB calibration set-up on
0 X CMM at LNE
CMM

nyCMM(l) nyCMM(z) nyCMM(3) ny CMM(4) ny CMM(S) nyCMM(G)

ERyx us(1) ERyx us(2) ERyx us(3) ERyx ue(4) ERyx ue(5) ERyx ue(6) Linear positioning error
MR(1 MR(2 MR(3 MR(4 MR(5 MR(6

\ geometry \/ Random error
N LN N \
Linear positioning error along Xz Exy,,(i) = > [M (i) + M (,)i (i—1)XL—Exx ... €770,
1
NR R
| Eysyn(D) = 5 [ M) = MED)| = erxenn
Straightness error along Yz and Z,5 1
. NR /- R/
Ezryy(i) = 5 [MY*0) = MED)| = €21,
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Calibration: Reversal technique lurea - LNE e cnam

Le pr ne passion & partage
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European Participants
for intercomparison ‘YA  LNE [e cham

Physikalisch
Technische
Bundesanstalt

\VAm CZECH
M vetroLoGY
INSTITUTE

Univerza v Mariboru

>
7
~« LNE
Along
Size of CMM U of CMM T in metrology the Signatory of
NMI Type of CMM (mm3) (Um=+L(m)xum) room (°C) CMM- Operator CIPM MRA
axis
LNE Renault Automotion 251310 2500 x 1300 x 1000 45+Lx4,0 20,26 + 0,03 Z-axis Fabien Viprey Yes
CMI SIP CMM5 710 x 710 x 550 0.8+Lx1.3 19,73 + 0,09 X-axis Pavel Skalnik Yes
UM Carl Zeiss UMC 850 1200 x 850 x 600 2,1+Lx3,3 20,39+ 0,03 Y-axis Mitja Mlakar Designated by MIRS
UPMC 850 CARAT 850 x 1200 x 600 0.8+Lx35 20,18 £ 0,04 X-axis Norbert Gerwien Yes
Renault Automotion 251310 2500 x 1300 x 1000 45+Lx4,0 20,04 + 0,03 Z-axis Fabien Viprey Yes
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Results:

. DRI G LNE
Linear positioning error along X,z luren ¢ LNE |e Cnam

(i-1)xL +
= 0 + Eyy,,, (1)
0 + E..,,(0)

I I I I
—LNE before intercomp

—+—CMI

—+—UM

—+—PTB

—+LNE after intercomp

40

(\|X\|Xo||XIIX||)(\|D(\|)(!|X!|X||)C||)
OO0 0O, O, 0O, O, O,

f'\
( >< >(||X||X||)< >C!|X!|X!|) DD

Point of interest number i

l:

)
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Results:
Straightness error along Y,z %ﬁp’\  LNE [e cnam

%?o X; (- 1)XL + E., ()
P Vie[1; N |y = 0 +[Eu,0)
o 0 Zi 0 E .
Rup T Loy ()
o 0 Rup
s <z
[0)
1
~1
0 5 T T T T T T T T T T
—+LNE before intercomp
——CMI
—+—UM
07 —PTB i
—+LNE after intercomp

T

-10

ADADADADADdDdDdDD

| )(
-1 @ /o) /) . m /) n /o) D (D) . @

1 S S Ny S5 S Sz g g . NA 4 2
1] \ DA,

)Cﬂ\)QJ!)CII)(\!)C||)C||)C|\)(| OCH

Point of interest number i
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Results:
Straightness error along Z,5

f

A SN

progrés, u

< LNE |e cChnam

rrrrrrrrrrrrrrrrrr

%?O X; (- 1)XL + E., ()
&80 Yie[l; N, |y = 0 + Eyy,,, (D)
[0) . :
e 5 o U0 Bl
Iy 5
50
0
Z
Yep | & - 30 1 1 1 w w w w w w y
—LNE before intercomp
é@ i o5 H——CMI i
2 Xie UM
20 H—PTB -
—LNE after intercomp
/K\\ T r |
=
n 10
| T
S
R 5
(0} -
5 |
e e el TolTolfe e ool ol o]
O1 O2 O O4 OS C)6 O? O8 OQ QO O1 O12
Point of interest number i
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Results:
; . < LNE
Straightness error along Z, 5 %ﬁp’\  LNE [e cnam
O X; (i—DXL + Ey,,(i)
5 2555 vie[i; N, [y,- | 0 +E.,G0
O 0 Zi RHB O + szB(i)
oy Oé% 9 E Rup
: } 5
30 I I I
——LNE before intercomp
o5 H—+—CMI |
—+UM
20 H—+—UM new measurement 3 _

—+PTB
15 H{—=+LNE after intercomp

1 2 3 4 5 6 7 8 9 10 11 12
Point of interest number i
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Real time plateform for

Identification of geometric errors /WA < LNE [e cCham

Real time probing layout

* lurpA LNE PREMIUM TIM - Traceable In Process Dimensionnal Measurement

Mikron UCP710

—

Probe status

- Time-reiated evoidion _ | @ euyox -
PrOblng Last probed points N* C:: ‘\ [ “Emor 1 Real tlme
trajectory 150 | W | O probing
\ Control Parameters ]
i (,I::'k \{; w Seee Pr—
i_'i‘""‘ - mjlr‘w‘i‘t-i.alisation Status
0
_________ ‘ RMI-Q Power ON (1) | RMI-Q status
""""" [F-a Power o (0 (S
o . 5_‘7"“" (1) Toum Hrete sieks
B R T T T R | Touch probe OFF (0) | 1
Developed end user interface
F=33,33 kHz
ES dSPACE
Resolution_z 10 nm MATILAB
U k=2) rMP600 = 0’2_5 Hm SIMULINK
V Udelay max at 240mm/min — 0,47um -
e : .
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Geometric model of 3-axis chain of th

investigated machine tools luren < LNE |e cham

0X = — Exx(X) — Exy(Y) — Exz(Z)
—(Epoz + Epx(X) + Epy(Y)) X G(x,y,2)
+(Ecoy + Ecx(X)) X F(x,y,2)
+Epz(Z) X Jz
—(Ecy(Y) + Ecz(Z2)) X Jy
1 0 0 01 0 0 X]J I —-Ecx  Esx  Exx
0o 1 o offo 0 0| Ecx 1 -Euxx  Epy
0 0 1 oln 0 1 0||-Epx  Euy 1 Egl ™
oo o tffo o o 1l o 0 0 1 §Y=—EYX(X)—EYY(Y)_E}’Z(Z)
Ty B ¥ Ty, Fmotion XTge
I —Ecoy O O[[1 0 0 O] | —Eey Esy Exy +(EAOZ+EAX(X)+EA}’(Y))XG(X:J’42)
Ecoy 1 o offo 1 0o ¥ I'._cy' |' —Eay l'.:yyx E 7 J
IR RN v ~Ear2) X Iz
P S +(Ecoy + Ecx(X) + Ecy(Y) + Ecz(Z)) X Jx
1 0 Egnyz opr 0 0 0
by by 1 3|3 S | Differential
0 0 0 o o o 1 d .
...... = S analysis 0Z = — Ezx(X) — Ezy(Y) — Ezz(Z)
P Sl | R Sl I —Eax(X) X F(x,y,2)
“Egy Exy 1 Egllo 0 1 -5 Jo| T
e o v rivoe b +(Es0z + Eay(Y) + Eqz(Z)) X Jy
Fonorion 2 T, Enom T T, Py
@ d g o —(Epoz + Epx(X) + Egy(Y) + Epz(Z)) X Jx
e hopylo |y
c f i p z
oo 0 Geometric errors effects on the joint
Ry Try, Puig,

parameters
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Identification procedure of %
: : “ LNE
motion errors of X-axis = ‘WA  LNE [e Cham
Application on Mikron UCP710 5-axis machine tool:

Exx s Evx » Ezx » Eax » Egx @nd Ey along the X-axis identified on the points of interest O, of the
Hole-Bar:
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Results of identification

In the shop floor “ LNE |e cham

Lo progrés, une passion & partager

LUraA

Eax: Egx, and Ecx in july

Fabien VIPREY
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Results

of identification
In the shop floor
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luraa - LNE e cham

Lo progrés, une passion & partager

Identified geometric errors
depend on the environmental
conditions
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Results of identification
In the shop floor

Exy (pm)

Eyyx et Egy (pm)

T=27+1°C

% T=20+1°C

lurea - LNE [ cham

Le progrés, une pastion & partage
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Eyx, and E,y in december
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Identified geometric errors
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Calibration using a Laser Tracer lurea - LNE |e cham

Lo progrés, une passion & partager

WI T I
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Calibration using a Laser Tracer lureA ““ LNE [ cham

Exx (pm)

Eax, Epy ef Egy (pm/m)

! i I I I I k 1 I 1
100 200 300 400 SO0 00 ) o 100 200 300 400 500 EO0 Too 800

Lo progrés, une passion & partager
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A variation between the results can be observed = definition of end-point reference straight
line (end-points), effects of the angular errors and boundary conditions
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Conclusion lureA - LNE | cnam

* Novel Hole-Bar made of thermo-invariant material (Invar) was defined and developed to
calibrate machine tool

 The design of the Hole-Bar involves several patterns, including cylindrical and plane
geometric entities, useful to extract 12 points of interests =» providing 3 geometric errors
(linear positioning error and 2 straightnesses) for each selected position

« The developed Hole-Bar was carefully calibrated on an accurate CMM, traceable to the
S| meter definition at LNE

« The reversal technique was applied to calibrate the Hole-Bar in order to separate the
motion errors of the CMM and the true intrinsic parameters of the Hole-Bar

* Anintercomparison was shuttled between 4 european NMls (PTB, CMI, UM, LNE)

* The Hole-Bar was used for the calibration of the Mikron UCP710 machine tool to
evaluate the efficiency
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Further works lureA - LNE |e cham

« Submission of a journal paper about the intercomparison
« Identification of the motion errors of the rotary axes using the Hole-Bar
« Application of a compensation

Orientation
deviation

Actual measuring
system position and

Ideal measuring system — . .
axiseff orientation

position and orientation
(CAM)

=4

axiSpom

Position Surface

CL nom deviation

Dissemination
2nd MacroScale International Conference, Wien (Austria), October 2014
Article submitted for publication in the journal: Precision Engineering

N

Novel multi-feature bar design for machine tools geometric errors identification
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