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Measurement of the RAM inclination (SAG) and the
column inclination due to RAM weight using a simple
Single Beam Laser Interferometer and 2 set-up only.
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Abstract

This article describe the measure and calculatfdheinclination, due to gravity of a protrudingig.(RAM) with the
use of a simple single beam interferometer andirlear position errors in simple and efficient wayd without limit of
range. Was also measured directly the error uslimgg heads and tools that works far from theibontal axis. Are
also analyzed the linear positioning errors andutated the angular errors (Pitch) and Straightrerrand evaluated
the measurement uncertainty and the time spetthéomeasurement.

1. Introduction

In the machine tools with vertical column and honital RAM it is normal to face with the axes bendgdthe weight
and that produces variable angular movement witisequent positioning error and posture of the vdwn both axis
length and tool length changes. Those errorslaresa difficult to be measured with the traditiomgometric methods
and it is especially complicated to measure themtlie whole travel extension in term of time andnptication
induced by the dimension of the reference artifadike proposed method utilizes a very compact leerferometer
that make possible perform , in very short timeasugements in different positions.

The method utilized is to measure the same Z axigement in different position in respect to thetieat axis and
calculate the Abbe error or sine error, or theedédhce of travel of two points of a rigid body tlgtsubject to an
angular movement during the linear motion. In phactical case, being the axis subject to the tydeice and not
able to move in a perfect straight line, the pdivat is vertically distant D (oAY) from the reference axis will have a
change of travelAZ proportional to the SAG angle and to thstashceA Y from the reference axis.

AZ=T ALY (1) T 5Z INY @)

whereAZ is the error respect to the reference, is the angle expressed in radiant, ald is the distance from the
reference.

In the specific case we are measuring the samenabrtiavel of Z at two different height, in differeY
position.

2. M easurement description
The measurement ids performed in 3 phases:

2.1 Measurement 1: The laser was positioned on a support in fronhéomachine and his beam aligned parallel to the
Z by the beam bender. A small retroreflector posied in the frontal part of the RAM, close to thangdle, is
illuminated by the laser beam. the Z axis or RABM positioned in a Y ( Y1, vertical position) pasit that we call
Position High, the exact position is read on theQCpanel an noted. Is than performed a linear mrsitmoving at
sequential steps along all the Z axis travel. Taout of the measurement and the measurementitsreme
represented in the picture and in the diagram shosow.

Position Error

mm

Fig.2 Linear positioning accuracy Diagram is the High
position. Are measured 1100mm with 200mm steps.

Fig.1 Measurement of the position error in the Position High, both
the laser than the axis are in the higher Y position.
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The linear positioning error, normalized by thetaafe at 20°C on a 1100mm travel is 0,014 mm at gbmmt
1100mm.

2.2 M easurement 2:

The laser is repositioned at a lower Y high thatoa# Position Low in order that the laser beamnilnate the small
retroreflector, that is not moved from his positimm the RAM, and the beam aligned parallel to thexi& movement.
The exact Y position is read on the CNC panel aotédh (Y2). Is repeated the linear position measergrexactly as
before, same total elongation and same numbeep§stThe measurement layout are illustratederfiture and in the
diagram shown below.

Position Error

Pastion(mm)

Position Emor  Max deviation= 0.000  Min deviation=-0.015

Machine 30 KCU 12000 S/N 76073 Date:16/03/11

File=F\LASER IVOW1 T_|aser asse Z concorr. 16-03-2011 tarlin - By ‘RIMM

Start Position: (-3153.27 243.17,0) End Position: (0,0,1200;

Tatal Travel = 1100mm  Points = 12 NoRuns= 1 Alpha = 12.006

Air Temp: 1914 Pressure 73426 Humidity: 50,00 Material Temp 1948 MTE = 1 000008

Fig.3 (Above) Linear positioning accuracy Diagram in the
Position Low. Are measured 1100mm with 100mm steps

The measured position error at 1100mm is now —2r@fn
with a variation of 0.026mm in respect to the measient
done 350mm above,

Fig. 4 Measurement of the position error in the Position applying the fprmula (2 = AZ JAY .We can .nOte an
Low, both the laser than the axis are in the Lower Y angular bending of the column of 74 micro radiant74
position. micrometer/meter at the end of travel (see par. 4.2)

2.3 Measurement 3:

The laser is kept in the same position of the sécon
measurement and the RAM axis is moved high at the
same High position for the first measurement. He t
small retroreflector is connected to a spacer tdngth
equal to the distance (D) between the position Kigh)

and Position Low (Y2) of the RAM and illuminateg b
the laser light. The distance D is reached wherabker
light reflected by the retroreflector re-enter hretlaser
aperture. The laser was not moved so it is already
aligned parallel to the Z axis movement. The
measurement of position error is again repeatedtigxa
as for the measurement done before. The measuremen
layout are illustrated in the figure and in thegiam
shown below.

Position Error

o

nm ,

Fig.6 Measurement of positioning accuracy with retroreflector
outreach. The laser his in the position Low, while the machine is

in the position Hight. The retroreflector is connected with a Fig.5 Diagram for linear positioning accuracy with
spacer bar to the RAM. retroreflector outreached

B
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The measured position error with the retrorefle@8@mm distant from the reference measurement.382hm , the
error measured with measuring 1 Pos High is 0.0d4he difference is

0.096 mm.  Applying the formula (2) ¢ = AZ /0D we can note an angular bending of the RéfM274
micro radiant or 274 micrometer/meter at the entfanfel (see par 4.3).

4. Calculation and analysis of the collected data.

4.1 Analysis software

For the data collection and for the analysis ofrdmults is
utilized the powerful software of the laser, Optoey
LDDM that easily combine the data of two linear

Impastaiana Rriglia

measurement done at a certain separation or destario Posizione Ef yy (%7
a single linear and angular measurement like was s

collected from two laser system at the same time
(Optodyne MCV-5000) or by a dual beam laser .:i
(Optodyne MCV2002). The procedure is as follow: is
analyzed the first measurement file up to obtaeehror

plot, than select from the “File” menu: “generate

[ B, Select Linear Files I&Jw .St';alghtness Foskionetom}
file”  (fig8) e :
File 1 03laser asse Z con corr. 16-03-2011 Iid and a d|a|og =
File 2 01T_laser asse Z con con. 16-03-201" ... | || windows will shown (Fig7), insert the file of theference measurement
Separazione teste mm and the file of the shifted measurement, indicateshift distance and click
OK. The software will generate a file with extemsibstr” that analyzed

M by the same analysis software allow to plot theubargerror and calculate

. the straightness.
4.2 Sag of the column
Analysing the data collected with the first and g # Ansisi- et 0 - WA

B. File [Selezione Dati | Analisi  Aito

measurement, the positioning error inn the Positiow and in [ .z

the Position High. First, the files are combinedsaen before|  sesmeno: e @
. . . Angolo
and the generated files analyzed calculating tteh@ingle, that | e RS da i Ve dRIE st Date 163

I:0)  Posizione Finale: (3153:611:1100) Sep. teste Laser: 368

in this case is due mainly to the sag of the colub@tause Of |~ retiinct: e 2 Noof corse= 1

e wnmonara0,00  Temp. Aria: 20.02  Temp Mat.: 19 58 MTE 1.000005

the weight combined with the outreach of the RAM. o Erre 9205 i Errore: 0.
The measuring unit is micro Radians, that is emjgivt = cisememgons o
to micrometer/m (or micro inch/inch) that allow gas - o
error calculation. - 7707
500,0 3,205
Second, is possible to select “Straightness” dred ot will
shows the movement in the forward direction of tbkimn due [
to weight. = o

The value of the movement hypothesized by the swéwnodel cannot be completely correct, becausetis
known the right pivot point.

Angle Measurement Straightness
o E ! ag L) 0 b 0 K B 1200 D“ L au E = a0 k: o o o 100 =)
°
S—
\ - e
T
\\
- Iz
yRad
Paosition(mm)
Position{mm;) Straighiness Max desdation= 0. Min deviation=-44 645
Machine 20 KCU 4000 S (76105 Date: 160311

Angle Measurement  Max deviation=-2.3 Min deviation=-72.7
Machine 20 KCU 4000 SN 75105 Date: 1803/11 B ey aemaitasn Sy Rl

Start Position: (3153,611,0) End Position: (3153,611,1100) Laser Head Sep. 368

File=F\LASER IVO\13e01dist368str By ‘RIMM Total Travel = 1100mm Points = 12 NORUNs=1_ Alpha = 12.006
Start Position: (3153,611,0) End Positon’ (3153,611,1100) LaserHead Sep 38 | e e A O Lisumieti 8060 WA stertol Tarm 1aRR MTE - 1 nanAns
Total Travel = 1100mm ' Poins =12 NoRuns= 1 Alpha = 12.006
Air Temp 2002 Pressure: 734.01  Humidity: 50.00 raatenawemp 1956 MTE = 1.000005 Retmmes(a corretta
o
The next selection will be “adjusted stra|ghtnegﬁ’h end Y S N

value shifted to zero.
Adiusted straiahtness
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All those type of measurements are not sensibbedss axes electronic compensation
that is not detected because obtained by an ang@lasurement.

43 RAM Sag

The sag of the RAM axis is evident with the combkora of the first and third measurements, RAM aadel in
Position High versus RAM in Position High with lase Position Low (and a bar on the retroreflectbitst is
necessary to combine the measurement, than thamgitk and the straightness are analyzed.
&~ Must be noted that the positioning error due to ¢bkuimn is common to the measurement done with the
‘o retroreflector positioned in the front face of thRAM and the measurement with the outreachhed
retroreflector, than are automatically cancelled.

Angle Measurement
0 w o ow ow 4 s o owm W w0 ww 1 Straightness

N

Hm 7

Positian(rmm)

Angle Measurement  Max deviation=03 Min deviation=197 6 Position{rm )
Machine :30 KCU 12000 S/N 76079 Date:1603/11
File=F\LASER IVO\01e 02 dis350.str By RIMM Straightness  Max devation= 0. Min deviation=-115.258

Start Position; (-3153.27 243.17 0] End Pasition. (©0,1200) Laser Head Sep: 350 Machine :30 KCU 12000 S/N 76073 Date: 16/03/11

Total Travel = 1100.mm  Points =12 No Runs=1  Alpha =12.006 File=FALASER VYO0 1e 02 dist3g0.str By RIMM

AirTemp: 19.14  Pressure 73426 Humidity: 5000 Material Temp: 19.48 MTE = 1 000006 Start Position: (-3153.27 24317 ,0) End Position: (0,0,1200) Laser Head Sep: 350

Tatal Travel = 1100mm  Paints = 12 NoRuns= 1 Alpha =1

AirTemp 1914 Pressure: 734.26  Humidity 5000 Material Temp 1948 MTE = 1.000006

Above the plot of the sag angle of the RAM and\bgical sag movement as function of the Z axis ement anfd in

the straightness plot. The adjusted straightreesstireported because the same as shown before.

&% As already noted an eventual electronically crossipensation is not shown because not detectedicdue

0‘ angular measurements. In case an electronic comepensation is applied to measure sag and stnaigghit is
necessary to use direct straightness measurertenQuad detector, Wollaston prism or tradition&ll djauge

end straight reference. The angular measuremerstidirvalid to put in evidence the effect ofoad) tool on a bending

turret or on a large tool.

5. Practical use of the collected data

It easy to note that the deviation due to the calgiag is much lower than the RAM sag. The efféthe two axes sag
are summed at the tool. The effect of the sageasip the gravity plane can be easily compensdtgdthe cross
compensation available on the more common moder@ @N can be compensated mechanically by non straigh
guideway end or by mechanical counterweight thange perpendicularity of the RAM, all the systeytd keep the
tool tip on an horizontal line. More difficult t8 compensate the angular movement of the tibefikis evidenced by
the use of a 90 deg head and with the use of loaig.t In this specific case a vertical tool wittheagth of 300 mm
may have an error of 0.1mm drilling holes at 1mtadise, while have no sensible error when the samis tis
horizontal.

6. Error Budget

The measurement accuracy is limited by machine atapdity and accuracy in the evaluation of meamen
separation (Abbe Offset). For instance in a maehiith repeatability of 3im

and Abbe offset of 600mm the accuracy of the amgukeasurement is 0,003/600 =0,000005 radn®m ) or 1 arc
Second that is good for the largest part of apfibo.

7. Time spent for the measurement

1- Laser Setup, optics alignment and warm up, t&@ gp, cable

connection and program initialization, witibe® measurement part

program, transfer it on the CNC and testRiart Program. 20 minutes
2- Run the fist measurement , 11 steps well timesBc 1 minute
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3- Reposition the Laser in the Lower position,

move the axis in the lower position, laser ggatent 3 minutes
4- Perform the second measurement 1 minute
5- Move the axis in the upper position and posittoa
retro reflector with extension. 2nonies
6- Data Analysis and generation of angular files 10 minutes
7-Various not calculated 15 minutes

Total 42 minutes

The total time used for the set of 3 linear measerd that have generated the Positioning errort@olSAG angle,
RAM SAG angle, RAM straightness is less than onarho

8. Utilized instrument

a- Optodyne LICS-100A Very compact interferometging LDDM technology.
b- LDDM Software for collecting data, analysis, anchgetion of angular files
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10.

W

1°Measurement
1°step:

RAM in position
High and Inside,
retroreflector
positioned close to
the spindle.

2°measurement
1%tep:

and retracted the
retroreflector is
positioned close to
the spindle.

I
|
|
|
2 1
|
|
RAM in position Low

RAM and COLUMN GRAVITY SAG -
sketch of 3 positioning measurement performed at two different heights

T colonna

1°Measurement 2°step:

Laser e RAM are in position high; with the Ram
inside, the retroreflector is illuminated by the
laser beam and the zero position is collected.
Than with the RAM fully extended, the
displacement indicated by the dotted red arrow
is measured. The total displacement is
composed by the Z axis travel plus the colum
movement due to the flexion . The Flexion
component is expressed by the formula :

Az1 = T +*p.

[ |¢—— Laser position High

2°measurement 2%tep:  Laser and RAM
in position Low, is measured the
displacement indicated by the continuous
red arrow that is mainly the Z axis travel.

Laser position low

Ram inside® = - -

anRoutside

The above figure show the 4 phases of the positioning measurement of the Z axis at 2 different hights

3°Measurement
1step:

RAM in position
high and retracted,
the retroreflector
is connected to
the RAM by an
extension bar.

Extension Bar

O

K

-

/

3°Measurement 25tep:

The RAM is in position High, while the laser is in
the position Low. With the RAM inside the
retroreflector is illuminated by the laser beam;
the retroreflector is connected to the ram by a
rigid extension bar, the Zero position is collected.
Than with the RAM fully extended is measured
the displacement indicated by the continues
arrow that is influenced by the bending of the
RAM, while the displacement indicated by the
red dotted line is not influenced by the RAM
bending. The column flexion is common to the
two measurement. The difference between the
two measurement is expressed by the formula:

AZ2=¢ <D

—

AN Laser position Low

Ram inside& - L

anRoutside

The above figure show the two phases for the position measurement of the Z axis with extension and in axes
collected the measure with extension previously measured with Laser and RAM in position High.




