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Abstract: In general, the profile measuring machine usesdisplacement sensor attached on movable
mechanism in order to measure the object. It conddsure the object profile by the amount of movemen
of the displacement sensor and output of the digpfent sensor. When measuring the object,
metrological frame is important as a referencethié metrological frame has some profile errors, the
output of the displacement sensor includes theilprefror of the metrological frame. We proposed a
new method to distinguish the profile error of thetrological frame from the output of the displaeem
sensor. The proposed method requires two lineagestaand the displacement sensor. Two linear stages
are set and aligned in parallel; displacement seresal object are mounted on each stage. The owtput
the displacement sensor can be obtained by the icatidn of the position of the two linear stagebeT
object profile and profile error of the movable rhanism are determined by calculation using only the
output of the displacement sensor. The validitthefnew method was confirmed by the simulation and
experiment. It was confirmed to be possible to tansmetrological frame less thamrh.
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1. INTRODUCTION

. . . . X 5 Displacement sensor
Profile measuring machine can measure the prdfile o P

the object with high accuracy and widely used in
industry. In general, the profile measuring machises
the displacement sensor attached on movable meschani
in order to measure the object. It could measuee th F() m(x)
object profile by the amount of movement of the
displacement sensor and output of the displacement
sensor. When measuring the object, metrologicahdra
as a reference is important. If the metrologicanfe
does not have any profile errors as shown in Fig. 1 m(x): Output of the displacement sensor

where the amount of movement of the displacement f(3): Object profile

sensor is expressed & the relationship between the Fig. 1. Profile measuring machine consists of a displaceme

objeqt profilef(x) and output of the displacement sensor sensor and movable mechanism in case of movablbeanetn
m(x) is expressed as Eq. (1), without profile error.

f(x)=m(x)+alx+c, (1)

Object

between the profile of the object f(x) and outpéittiee

whereax + c is the slope and offset of the movable displacement sensor m(x) is expressed as Eqg. (2).
mechanism to the object. In these cases, it isilples®

measure the object profile because the output ef th f(x) = g(x) +m(x) +alx+c, @)
displacement sensor agrees with the object profile. ) i ,
However, when the metrological frame has some fgrofi whereg(x) is the profile error of the metrological frame.

errors as shown in Fig. 2, the output of the dispiaent So, it is necessary to distinguish the profile ewbthe
sensor includes both of the profile of the objed she movable mechanism from the output of the displaceme

profile error of the metrological frame. The rebatship sensor to measure the object profile more accyrgigl

The reversal method and multi-point method were

proposed as the method to measure the profile efror

the movable mechanism and the object profiles]21In
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m(x): Output of the displacement sensor
f(x): Object profile
a(x): Profile error of the displacement sensor axis

Fig. 2. Profile measuring machine consists of displacement
sensor and movable mechanism in case of movableanistn
with profile errors.
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Displacement sensor

m(v,w): Output of the displacement sensor

f(u): Object profile

g(v): Profile error of the displacement sensor axis
h(w): Profile error of the object axis

Fig. 3. The new method composed of two linear stages.

output of displacement sensor; a;-Islope of the linear

possible to separate the profile error of the mbvab o ; .
mechanism from the output of the displacement gensoStage to the object;-€ offset of the linear stage with the
and measure the object profile displacement sensor from the object.

However, the reversal method requires the As two linear stages are in parallel, the relatioms

complicated mechanism and the large scaled equilpmerli)ewveen the positions (_)flmear stages of the dcs_phent
to rotate either the object or the displacemensaerin sensor and the O.bJeCt Us=v ~w. The several (_j|ﬁerent
the multi-point method, the object profile is measuby outputs of the dlsp_lacement sensor are obtalnemhﬁt_
using some multi- sensors mounted on same stage a sitions of the displacement sensor and the abject

the object profile is determined from the relatioips
between the outputs of the multi-sensors. In ttases it
is possible to distinguish the profile error of tevable
mechanism from output of the object profile. Howeve

the multi-point method uses multi-sensors so it is

necessary to zero point adjustment of multi-sensibrs
the zero point of sensors is not adjusted, theutatled
profile includes the errors of the zero-point atijusnt.

The new method to distinguish the object profile an
the profile error of the movable mechanism from the

output of the displacement sensor is proposed, hwisic
not dependent on the issues of the reversal methdd
multi-point method. In this paper, the principle thie

proposed method to determine the object profile thed

profile error of the movable mechanism is showne Th
is evaluated by simulations and the

new method
experiments, and then the results are shown.

2. PRINCIPLE

The concept of the new method that distinguishes t
profile error of the movable mechanism from thepaoitit
of the displacement sensor is shown in Fig. 3. i&e
method requires two linear stages and one displasem
sensor. Two linear stages are set and alignedradi@ia
the displacement sensor and the object are mowoted
each stage. The object and the displacement seagor
move and locate with the movement of each linezgest
The

object profile f(u) can be expressed as Eq. (3).

f(u) =g(v) + h(w) + m(v,w) + alv+blw+c,

®3)

relationship between positions of object and
displacement sensor on each of movable stages, t

g.(3) is transformed to Eq.(3)'.
f(u)-g(v) - h(w)—alv-blw-c=mlv,w)
©)

In order to construct the matrix and the vectore Th
position u,v and w are discretized as Eq.(4).

u=iAu;
V= jAy; 4)
w = kAw.
Eq. (3) is expressed as Eq.(5).
f()-9g(j)-hk)-alj-blk-c=m(j,k). (5)

Eq. (5) is expressed as linear equation of Eq. (6).

AX =b, (6)

h where vectorx is vector of unknown parameters, which

is a set of the object profile, the profile errdrtloe stage
mounted with the displacement sensor and the profil
error of the stage mounted with the object at meaku
positions. The matrix A is Jacobian of left sidekaf.(5),
and the vectorb is a set of the outputs of the
displacement sensor at measured positions.
However, Eq. (6) cannot be solved because the rank
of matrix A is less than the number of the unknown
arameters. Therefore, the unknown parameters ¢houl
e reduced by the additional constraints.
The object profile, the movement axis of the
displacement sensor and the movement axis of tjezob
can take any posture with regard to coordinateesyst

where:g(v) is the profile error of the displacement sensor S0 €ven if both ends of the movement axis and objec

axis; h(w) — the profile error of object axisp(v,w) is the

profile can be cut off, e.g. they are set to z#e,profile
of the movement axis and the object profile carpkibe
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own profiles. As a result, it is possible to solimear 2
equation as Eq. (7) because the rank of matrix A is 5 "
consistent with the number of unknown parameters. g :! P F A
= ] Iy
1 205 ! o * »
x=(A'A)"AD. @ 2, rl 1 ,’n\ Ji = 'fi ¥ \ "o
: , _ _ Z 05 Oy i 18 izg L 30 o8 s
So, the object profile, the profile error of thejextt & L d o h 1 N Vo
axis and the profile error of the displacement sensis 5 1 LY, N.-"
can be calculated by Eq. (7). Finally, the objectfife -1.5 — @— generated profile errcrs
can be separated from the output of the displacemen 2 = % =result
sensor and calculated without the profile errordoth Measurement point
linear stages. a
7
3. SSIMULATION _ 13 A °
The simulation was performed to verify new method = ! 6% f. | o r
that separates the object profile and the profitereof g 05 i 4 ;ﬂ * * ] * ;-L i
movement axis. In the simulation, the object peofind s 0 L I = ',' . !
the profile errors of two linear stages are gemefat .5 ¢ " 104 @ 2 ‘ i} * ‘,h L& 50
arbitrarily. The generated object is set on onedirstage ? 1 i i 4 5
with the generated profile error, and the displazeim Z li ‘i

sensor is set on the other linear stage with géedra -k = ®— generated profile errors
profile error. After that, two linear stages movepsby = % - result
step independently, the output of the displacersensor
is calculated by the relationship between two linea b
stages. In this simulation, the number of points of
generated profile is shown in Table 1.

The simulation results are shown in Fig. 4. From th

fo in

Measurement point

H-I-:‘i

simulation, the calculation results are consisteittt the E
generated profiles. The difference between the rgéee 205 8
profiles and the calculated profiles is less thaml1The £ ¢ i W *3
end part of profile is lost because the end postiofithe 2050 o # 0 &0 = # 0
axes and object were set to zero as shown in ptedin -35 1 & :
this simulation, slope of each profile is removetc® s “ - ®— generted profile ﬂ
and revived by the recalculation. The calculatiesuits - — % —result
could be correct. From this simulation, the propose - .

Adeasurement point

error separation method is proved effective.
C

4. EXPERIMENT
Fig. 4. The generated profile and calculated profile in

4.1. Experimental Equipment simulation:a — profile error of the linear stage mounted with
The experimental equipment is shown in Fig. 5. Thethe displacement sensds;— profile error of the linear stage

experimental equipment consists of two linear agee ~ mounted with the object,— the object profile.

displacement sensor and the measurement object. Two

linear stages are set and aligned in parallel. pidsitions

of two linear stages are measured by the inneescal
The measurement principle of the displacement

sensor is the triangular method. The measuremgattob

is made of Duralumin and is processed by wire lat.

picture is shown in Fig. 6. Displacement
The displacement sensor is mounted on one stage ar sensor

the measurement object is mounted on the otheestag .

The specifications of the linear stage and the Object

displacement sensor are shown in Table 2.

Table 1
Condition of the simulation Linear stage
Profile Number of

M easurement Points
Profile of object: f(u) 99
Profile of axis for object: h(w) 50

Profile of axis for displacement 50 Fig. 5. Experimental equipment to measure the object stmsi
sensor:g(v) of two linear stages and the displacement sensor.
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Fig. 6. Measurement object used in the experiment.
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Table 2
Specification of the equipment _
Resolution 50 nm =
i Positioning accuracy 0.3um §
Linear stage Repeatability Less than pm ot
Range 20 mm =
Type Triangular 2-
Displacement Method é 06 —1st
sensor Resolution 500 nm - 2nd
Measuring range 6 mm 08 —3rd
Size 25 mm -1
Object Processipg method Wire cut Measurement point[um)]
Processing depth 1 mm
Ra 125
_ _ — o
The linear stages and the displacement sensor are — 3
controlled by personal computer. The positions vad t — 0:6 ——difference g
linear stages, i.e. the positions of the displacgreensor £05 El
and the measurement object, and the output of 2 04 6%’
displacement sensor are recorded. g £
At first, the stage mounted with the displacement 3 0.3 48’:53
sensor moves step by step and the output of the gm A

displacement sensor is recorded. After the stagented
with the displacement sensor reaches to the eritieof 0.1
moving range, it returns to home position and ttreo
stage moves by one step. This process is repeatéd u
the stage mounted with measurement object reatiges t
end of moving range.

The object profile, the profile errors of the stage c
mounted with the displacement sensor and measutemen rig 7. Three profile calculated as the experiment resuit:
object are calculated as shown in Eq. (7) using theprofile error of the linear stage mounted with digplacement

outputs of the displacement sensor. sensorp — profile error of the linear stage mounted with the
object;c— the object profile.

(3]

0 0
0 5000 10000 15000 20000
Measurement point[um]

4.2. Experimental method
In the experiment, the stage mounted with theproved that the repeatability is not good in 3 8meig.
displacement sensor moves by 100 steps and the othé@(b) shows the profile errors of the stages moumiitd
stage moves also by 100 steps. So, the objectadlyto the measurement object and Fig. 7(c) shows thecbbje
measured at 10000 measured points. The lengthobf ea profiles. In addition, Fig. 7(c) shows the maximum
step of the stages is 1,00. difference of object profiles at each point in &ébs
The profile errors of the stages are calculatetio@t  experiments. The maximum difference is abouph0
points and the object profile is calculated at p8ts. In the result of the profile errors of the stagt®
This experiment is repeated 3 times. maximum difference of the profile error of the stagith
the displacement sensor is smaller than that oktage
4.3. Result with the measurement object in 3 times experiments.
Fig. 7 shows the experimental result calculatednfro It is proved that the profile error of the stagehithe
the outputs of the displacement sensor and ther innedisplacement sensor can be measured more cortieatly
sensors of the stages based on Eq. (7). The exgetsm the profile error of the stage with the measurenobigct
are repeated 3 times. Fig. 7(a) shows the profiergof  and the profile of the measurement object from Fig.
the stages mounted with the displacement senser. It and Table 3.
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Table 3
The maximum difference of the calculation results
Profileerror of thelinear stage 0.1um
with the displacement sensor '
Profileerror of thelinear stage
with the obj ect 0.-2um
Object profile 4.0pm
1.5
1
05
= 0
Z.050 100
2 .1
.15
-2
225
Measurement point

Fig. 8. Difference between the object profile by calculatio
result and the output of the displacement sensor.

By the summation of Eq. (9) with w, Eq. (11) is
obtained.

> f(v=w) =3 (h(w) + m(v,w) +bw)

+(g(v) +alv+c) 1 (1)

The random error of profile error eg(v,w) is averdg
and should be zero in both cases, whereas the mando
error ofprofile erroreh(w) is left in the summation with
v. This is the reason why the profile error of tiiage
with the displacement sensor is smaller than tldahe
stage with measurement object in Fig. 7 and Table 3

5. SUMMARY

In this study, the new method of separating theactbj
profile from the profile error of the stage is pospd.

This method requires two stages and the displacemen
sensor. The displacement sensor is mounted ortage,s
and the measurement object is mounted on the other
stage. Both stages are in parallel. The positiorthef
stages and the output of the displacement sensor ar
recorded.

The simulation was performed to verify that the

The output of the displacement sensor and calallate Proposed method can separate the object profilettend

object profile are compared. The profile errortaf stage

profile errors of the stages. The calculation rssulere

is the Output of the disp'acement sensor minus thé:Ol’]SiStent with the generated pl‘Ofi|eS. The newhotbis

calculated object profile by Eqg. (3). Fig. 8 shothe
difference between the output of the displacemensar
and the calculated object profile at 99 pointsis firoved
that the profile error of the stages could be smpdr
from the object profile. But, there is a differenze2.1

confirmed to be effective.

The experiments were performed. As a result, it is
possible to separate the profile error of two stafgem
the output of the displacement sensor. The rep#ititab
of the calculation results of the profile errortbé stages

um at the maximum as shown in Fig. 8. This is largeris less than Lim. It is proved that the profile error of the

than the calculation result of the profile error thie
stages comparing with Table 3.

more moved stage is more precisely calculated than
of the other stage. As the difference of the calboh

This difference is caused by the random errors. Theesults of the profile error of the stage is lesant 1um,

output of displacement sensor and the profile sriadr

in the present environment, it is confirmed to lbegible

the stages have random errors. Considering randorf construct metrological frame less thamn.

errors, Eq. (3) should be express as Eg. (8).

f(u) = g(v) + h(w) + mlv,w) + alv+blw+c
+eg(v) +eh(w) +em(v,w),

(8)

whereeg(v), eh(w) andem(v,w) are random errors.

By the measurement procedure, the stage mounted

with the displacement sensor moves larger times tha

stage with the measurement object. Considering the

measurement procedure, Eq.(8) is expressed as)Eq.(9

f(u) = g(v) + h(w) + mlv,w) + alv+blw+c
+eg(v,w) +eh(w) + em(v,w).

9

In future, we will examine how large influence is
propagated by the random error.
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