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ABSTRACT We present a novel virtual multi-probe scanning system and a new error separation method for
the exact optical profile reconstruction. The system realized the multi-probe function by a single probe that
fixed on a flexible hinge stage. The flexible hinge stage has a millimeter-level travel range and driven by a
voice coil motor to realize the function of the multi-probe. In this work, a high accuracy profile measurement
with a high lateral resolution is realized under the errors of the straightness, zero-adjustment, and yaw. The
new method can obtain multiple sets of straightness error of the guideway in one scanning measurement. This
novel virtual multi-probe scanning system and its corresponding method has the following benefits: (i) using
a single probe to separate straightness error without reversal, and can accurately reconstruct the profile,
(ii) the reconstructed profile has a very high lateral resolution, depending on the lateral resolution (um
level) of the probe, (iii) the cumulative amplification effect of zero-adjustment error can be eliminated by our
method, (iv) the new method can obtain multiple sets of straightness error with higher reliability and accuracy
compared with only one set. These benefits are proved by theoretical derivation and simulation. Experiments

also prove that the new method can reconstruct the profile with high accuracy and lateral resolution.

INDEX TERMS Straightness, flexible hinge, multi-probe, error elimination.

I. INTRODUCTION
The performance of the high-precision optical system com-
posed of multiple spherical optical components is limited
by aberration. To overcome this limitation, aspheric and
freeform optical components are developed. Geometric aber-
rations can be effectively decreased or even eliminated. In the
meantime, the number of optical components required for the
optical system can be reduced, greatly reducing the dimen-
sion and weight of the optical system. Although freeform
surfaces can achieve high performance, the profile accuracy
must be close to submicron or less, which brings challenges to
optical manufacturing and measurement. With the continuous
development of freeform manufacturing technology, higher
accuracy measurement is the key to freeform manufacturing
and application.

In the field of optical profile scanning measurement, the
straightness of the scanning stage is the main factor affecting
the measurement accuracy. The earliest single-probe reversal
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method was used to eliminate the straightness error of the
scanning stage [1]-[3]. Later, to eliminate the straightness
error of the scanning stage more accurately and reliably,
the multi-probe scanning method is proposed to solve the
straightness error separation problem and has been developed
from the two-probe method and the three-probe method to the
multi-probe method. The two-probe method uses two probes
to eliminate the straightness error [4]—[8], the sequential two-
probe method (STP), the combined two-probe method (CTP),
and the generalized two-probe method (GTP) included. The
advantage is that the two-probe method does not contain the
zero-adjustment error of the multi-probe and can completely
separate the straightness error. However, the yaw error of the
scanning stage cannot be eliminated. To eliminate the yaw
error three-probe methods are proposed [9], [10], including
the sequential three-probe method (STRP), the combined
three- probe method (CTRP), and the generalized three-probe
method (GTEP). Although the three-probe methods can elim-
inate the yaw error, the zero-adjustment error between the
three probes will introduce a parabolic cumulative term in the
profile evaluation result, which is the largest error source for
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straightness measurement of the long workpiece profile [11].
Although the STP method of profile reconstruction doesn’t
have the zero-adjustment error and data processing error, this
method has the following disadvantages. Firstly, the lateral
resolution of the reconstructed profile is limited by the size
of the probe. Secondly, quite a lot of scanning steps will have
a longer scanning time. Although the sampling interval of
the GTP method and the GTEP is not limited by the size of
the probe. However, due to the distortion of higher harmonic
components, this method has data processing error. In theory,
the CTP method and the CTRP can obtain profile recon-
struction without data processing error at a higher lateral
resolution. But to adjust the relative position of multiple sets
of reconstruction points, it is necessary to take a completely
smooth known measurement profile. Therefore, it is difficult
for these two methods to achieve high accuracy profile recon-
struction and high lateral resolution in the meantime without
data processing error.

In recent years, in addition to using the error separation
method to eliminate the influence of the straightness of
the guideway, there are also high-accuracy reference guide-
way and independent error measurement systems. Taylor
Hobson achieves ultra-high straightness through the use
of a high-accuracy reference guideway, with a straight-
ness error of 80nm/200mm, and the measurement system
accuracy is 0.15um [12]. However, manufacturing ultra-
high-accuracy reference guideways are expensive and time-
consuming. A more widely used solution is online error
compensation, which is achieved by designing an indepen-
dent error measurement system. In the non-contact measure-
ment of freeform optical surfaces with nanometer accuracy,
LuphoScan and NANOMEFOS are two commercial Products
[13], [14]. The LuphoScan 420 profiler has a range of 420 mm
x 100 mm, and the system uncertainty is 50 nm (20). The
measurement range of NANOMEFOS is ¢500mm x 100mm,
and the measurement uncertainty is 30 nm (20). However,
designing an independent error measurement loop system
usually requires a large number of high-accuracy sensors and
is expensive, making the overall cost-prohibitive.

In recent studies, various methods have been continu-
ously proposed to solve the problem of data processing error
with high lateral resolution [15]-[18]. Zhai ef al. used the
interferometer as a multi-probe, developed a new transla-
tional rotation difference method to separate the straightness
error, yaw error, and zero-adjustment error, and achieved
profile reconstruction with high accuracy and high lateral
resolution [19], [20]. The 4-probe and 6-probe measurement
methods proposed by Chen et al. [21], [22] can eliminate
the straightness error, zero-adjustment error, and yaw error.
If the error of the probe itself is ignored, the exact profile
reconstruction can be achieved with a higher lateral res-
olution. Clemens Elster ef al. developed a new multi-probe
method [23], [24], which uses coupled multiple distance
sensors and an additional collimator to eliminate both scan-
ning stage errors as well as systematic sensor offset errors.
Eric H.K. Fung et al. proposed a new method using eight
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FIGURE 2. Schematic diagram of the scanning acquisition process.

probes to separate the straightness, yaw, and pitch error of
the guideway [25]. For the profile measurement of freeform
surfaces, since the motion error of six degrees of freedom per
axis must be considered, error separation is still challenging.
This means that very complex probe systems and related
reconstruction algorithms are necessary, but the increase in
complexity usually leads to an increase in the uncertainty of
the measurement results [26].

To simplify the multi-probe system and improve reliability,
obtain high measurement accuracy and lateral resolution.
Since the flexure hinge stage has extra high repeatability
[27], the probe positions can be detected with high accuracy
in real-time. Therefore, in this paper, we propose a virtual
multi-probe system and its corresponding new error separa-
tion method. The virtual multi-probe system is based on the
flexible hinge and collimator. The collimator is used to detect
the yaw error. By using the flexible hinge, a single probe can
realize and expand the multi-probe scanning measurement
function, which can separate the straightness error and the
zero-adjustment error and can reconstruct the measured pro-
file with high lateral resolution.

II. THE VIRTUAL MULTI-PROBE SCANNING
MEASUREMENT SYSTEM
A. THE STRUCTURE OF THE MEASUREMENT SYSTEM
As shown in Fig. 1, the measurement system mainly includes
a scanning stage, a flexible hinge stage, and a collimator. The
flexible hinge stage includes a flexible hinge, a voice coil
motor, an optical probe, and a linear encoder. The flexible
hinge stage fixed on the scanning stage to move together
along the scanning direction. The yaw error of the scanning
stage is measured by the collimator.

The system realized the multi-probe function by a single
probe that fixed on the flexible hinge stage. The flexible
hinge stage has a millimeter-level travel range and driven
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FIGURE 3. Schematic diagram of the flexible hinge stage.

by a voice coil motor to realize the function of multiple-
probe. The measurement process of the virtual multi-probe
scanning measurement system is shown in Fig. 1 and Fig. 2.
The scanning stage moved with equal interval d, and the
flexible hinge stage is sampled with equal interval dy in each
shear point of the scanning stage. Among them, d is the shear
length of the scanning stage, dy is the sampling interval of
the flexible hinge stage, n is the number of sampling points
of the flexible hinge stage each time, and it must be ensured
that the length of each sampling profile of the flexible hinge
stage is longer than d. The pitch angle of the scanning stage
is detected by the collimator.

Repeat the above two steps until the scanning of the entire
profile is completed, and the profile length of each scanning
of the flexible hinge stage is (n — 1) -dy. Due to the shear
length of the scanning stage is d < (n—1)-dy, the two
adjacent scans will have coincident sampling profiles. The
profile interval + — #; of the two adjacent scans is the same
profile, which should be equivalent in theory. According to
the coincident point of the profile to eliminate the straightness
error, zero-adjustment error, and reconstruct the profile.

B. DESIGN OF THE FLEXIBLE HINGE STAGE

The flexible hinge stage should have high accuracy and long
stroke, the stroke is designed to be longer than 1 millimeter.
To realize the long stroke of the stage, a flexible hinge struc-
ture with a multi-stage compound parallel blade bending is
designed. The design results are shown in Fig. 3. The flexible
hinge stage includes the flexible hinge, voice coil motor,
optical probe, and linear encoder.

As shown in Fig. 4(a), an experimental device for detecting
the straightness of the flexible hinge stage that uses a high
precision plane with a flatness of 30nm to detect the straight-
ness of the flexible hinge stage. To test the straightness of the
flexible hinge stage at sampling positions, the flexible hinge
moves 6 times in the position rang of £500m, and the probe
samples 20 points each time. Fig. 4(b) is the straightness error
of the flexible hinge stage after removing the linear trend of
the optical probe value. The value of the six sets of data all in
the range of [—30nm, 30nm]. Since the data itself contains
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FIGURE 4. Straightness and repeatability of the flexible hinge stage:

(a) the experimental device, (b) the straightness of the flexible hinge,
(c) the repeatability of height differences.

probe noise, the high accuracy flat (within 1mm) surface
shape error and the high precision plane profile error, the
straightness of the flexible hinge itself is better than +=30nm

As shown in Fig. 4(a), to measure the repeatability of the
flexible hinge stage at sampling positions, the flexible hinge
moves 6 times in the position rang of £500um, and the probe
samples 20 points each time. As shown in Fig. 4(c), the max-
imum probe deviation value of the 6 times is approximately
20nm, which close to the repeatability accuracy level of the
probe itself. So, it is obvious that the flexible hinge stage has
extra high repeatability.
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C. THE ELIMINATION OF STRAIGHTNESS,
ZERO-ADJUSTMENT ERROR
As shown in Fig. 2, the sampling interval of the flexible hinge
stage is dp, the scanning movement of the scanning stage is
d, the probe outputis m(i, x) (i = 0, 1, 2,..., N), i is scanning
stage sampling points. Define the measured profile of the
workpiece as f (x), the straightness error of the scanning stage
as Z (x), the pitch angle of the scanning stage as o;, and the
straightness of the flexible hinge stage ase,,,(j) = 0, 1,2,...,
n-1), n is the number of sampling points of the flexible hinge
stage each time, and «; is measured by the collimator.
Define the starting point of sampling as xg, then the output
equation of the probe during the first acquisition:
m (0, xo + jdo) = Z (x0) + f (xo + jdo)
+em () + jdosin(ocy)
+C ey
The output of the probe during the second acquisition:

m(1,x0 +d +jdo) = Z (xo +d) +f (xo +d +jd,)
+em () + jdosin(ocy)
+C 2)

Define xy = xo + Nd, xy—1 = xo + (N — 1)d.Similarly,
The output of the probe during the N+ 1th acquisition:

m (N, xy + jdo) = Z (xn)
+f (xn +Jdy)
+em () + jdosin(oy)
+C 3)

As shown in Fig. 2, since ¢t — #; samples the same profile,
it should be equal in theory, namely in (1) and (2):

d
f(xo+jd0)=f<xo+d+<j—d—>d>,
0

0

d
—<iji<n-—1 4
do_]_” 4

Simultaneous equations (1), (2), and (4), we can get:
d
Z (xo+d) —Z(x0) = M<1,XO+d+(1'— d—)do>
0
—m (0, xo + jdo)
d
—( — —-)dosin(oxy)
do
. . d
+jdosin(xg) — em( — =)
do

+em () &)

Similarly, the difference equation of the straightness during
the third acquisition is:

d
Zxo+2d)—Z(xp+d) = m<2,xo+2d+(i— d_)d0>
0
—m (1, x0 +d + jdo)
d
—( — —-)dosin(c)
do
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+jdpsin(ocy)
Cd .
e, (, _ %> Yenl) (6

Similarly, the difference equation of the straightness during
the N+ 1th acquisition is:

d
Z(xN)—Z(xN—1) =m (N,XN +(— d_o)d())
—m (N — 1, xy-1 + jdo)
d
—( - d_)dOSi”l(O(N)
)

d
+jdosin(oy_1) — em(j — d—)

0
+em () @)

The cumulative summation of the straightness difference
equations yields:

Z (xN) — Z (x0)
=3 m <i+ Lxo+ G+ Dd+(G— i)do)
1= dO

—m (i, xo + id + jdop)
d

—(] — d—)dosin(o<l~+1)
0

~+jdpsin(ox;)]

d
+ N+ 1) (em () — em (j - %)) ®)

Define Z (xg) = 0, (8) can eliminate the influence of the
straightness error of the flexible hinge stage after removing
the linear trend, and the straightness of the scanning stage
can be obtained.

N d
Za) =), Im <i+ Lxg+@+Dd+(— %)d0>
—m (i, xo + id + jdo)

N
U %)dosm(oqﬂ)

d
“+jdosin(og)], = <j<n-1 9
0

From (9), (n — d/dp) sets of straightness error (Z (xy))
of the scanning stage can be obtained, and the average of
multiple sets of data can suppress the influence of the noise,
and the measurement result is more reliable.

D. THE RECONSTRUCTION OF THE PROFILE
Define Z (xg) = 0, summing up and averaging the multiple
sets of straightness of (8):

Z (xn)

1 n—1 N
= DD
]=% i=0

- d
"%

d
[m<i+l,xo+(i+1)d+(i—d—)d0)
0
—m (i, x0 + id + jdo)

d .
—( — —-)dosin(Xi+1)
do
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N+1 n— d
Hdosin(oc)] + - Y L[em(i—%)—em(i)}

PR
(10)

Define % ',1__:1 [em(j — %) — e (j)] = (Cj, then:
dy “dy

1 n—1 N
XD a2,
]:% i=0

Z(xn) = v
=g

d
[m <i+ Lxo+@G+1)d+(G— d—)do)
0
—m (i, xo + id + jdo)
d .
-G - d—)d081n(0<i+1)
o
+jdpsin(ox;)] + Cq (11)

According to (11), after removing the linear trend in (11),
we can obtain the Z (xy) that not have the C.Then the output
of the N + 1th acquisition of the probe is:

d d
m (N,XN +(G— %)%) =f (XN +(G- %)do)
+Z (xN)
. d .
+ (J - —) dpsin(oy)
do

d
+e; (j— —) +C (12
do

After removing the linear trend in (12), we can obtain the
reconstructed profile f(x):

d d
f (XN +(G— %)d()) = m<N,XN +(G— %)do>
d
—Zxn)— (G — %)dosin(cxzv)

d
—em(j — %) (13)

In (13), the reconstructed profile contains only the error
en (x), but this error does not accumulate as the measure-
ment length increases. Since the designed flexible hinge stage
straightness error range is within £30nm, compared with the
sub-micron accuracy the influence can be ignored.

ill. SIMULATION

To prove and verify the new virtual multi-probe scanning
system and the method proposed in this paper, and to study the
reconstruction accuracy of the virtual multi-probe measuring
system under the main error influencing factors. An aspheric
profile is adopted as the simulation and measurement profile,
the equation expression is:

cr2

Z =br+ (14)
l—|—\/l—(l—(l+k)><c2r2)

In(14), r is the radial coordinates of aspheric surface, b is
the tilt of the asphere, Z is the sagittal height of the asphere,
c is the curvature of vertex, and k is the conic constant.
The values of parameters b, c, and k are 0, —0.00004, —0.4
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respectively. The aspheric surface length is 100 mm. Define
the sampling interval (d) of the scanning stage as 0.5 mm,
so the number of steps N+1 is 201, the sampling interval
of the flexible hinge stage (dp) as 50um, and the number of
sampling points n of the flexible hinge stage as 20. As shown
in Fig. 5, it is the simulated aspheric profile.

40t

2071

Profile Height(pum)

-50 0 50
Distance along Surface (mm)

FIGURE 5. Simulated aspheric profile.

Although the proposed new method can reconstruct the
surface profile accurately in theory. Due to the installation
error, position error, vibration and probe noise and other
errors in the actual system, we selected the non-parallel error
of the scanning stage and the flexible hinge stage, the position
error of the scanning stage and the flexible hinge stage, the
straightness error of the flexible hinge stage, the probe noise
and vibration, the collimator error as the main error factor to
study the influence.

As shown in Fig. 6(a), the installation non-parallel error is
set to 0.1°; As shown in Fig. 6(b), the straightness error of
the flexible hinge stage amplitude is set to +30nm random
error. As shown in Fig. 6(c), the yaw error is set according to
the collimator accuracy, and its amplitude is set to +2.5urad
random error; As shown in Fig. 6(d), the position error is set
according to the accuracy of the linear encoder, the position
error of the scanning stage is set to £0.5m, and the flexible
hinge stage amplitude is set to £0.1um random error; The
environmental vibration value is measured by experiment, the
probe noise is set according to its accuracy, and the vibration
and probe noise amplitude is set to £10nm random error.

Simulation step, step 1, the theoretical horizontal x coor-
dinate of the sampling point of the profile is (xo+id+4jd)
position, the position of the scanning stage plus the amplitude
40.5um random position error s, r1 is a random number in
the range of [0,1]. Due to the non-parallel error caused by
the installation, the position of the scanning stage must be
multiplied by cos@; The displacement of the flexible hinge
stage plus the random position error s; of amplitude £0.1m,
r2 is a random number in the range [0,1].

511201, 1] = r1[201, 1] —0.5 (15)
s5[1,20] = r2[1,20]-0.2 — 0.1 (16)

Then, the actual horizontal x coordinate of the sampling
point of the measured profile is:

Xg=xo+ (id+s1 [ + 1, 1]) * cos6+jdy+s2[1,j1 (17)

158731



IEEE Access

N. Chai et al.: High Accuracy Profile Measurement With a New Virtual Multi-Probe Scanning System

Z % Measured profile

Flexible hinge-stage

Linear guidee\
\

Scanning stage\

Scan direction

(@)

Straightness error(nm)
f=]

20
-500 O 500
Flexible hinge stage position{pm)
(b)
= ;
¢ (ks i
é IlF; b l llm il Fuil ]
: il i
g “ﬁ {' M! I\ “1,,., M [lﬂﬂ. Hllil’” i"
E
= \
Q -
“ 550
Scanning stage position(mm)
()
El
=1
:
g
E

Scanning stage position{mm)

z ol ;

=

o .

§ ol

=]

2

8 _01 !

& 00 0 500

Flexible hinge stage position(um)

(d)
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Then, the profile at the actual sampling point is:
=f ) +Z (xo + id) + jdosin(o;) — (18)

m (i, Xq)
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Step 2, the output of the probe plus the noise random error &
of amplitude +0.01m. Then, add the zero-adjustment error
(en) of the probe at each position on the flexible hinge stage.
The zero-adjustment error is a randomly assigned amplitude
of £0.03u m. Due to the extremely high repeatability of the
flexible hinge stage, the zero-adjustment error will remain
unchanged after distribution, and the probe output at this time
is:

m (i, xy) =f (xg)+Z (xo+id) + jdosin(x;)+h[i, j] + eml)j]
(19)

Step 3: The output value of the probe plus the random error
(oxe) of the amplitude of the collimator is £2.5urad. The
probe output at this time is:

m (i, Xa) = f (xa) +Z (xo + id) + jdosin(o¢;+ o [i])

+hli,jl1+enljl  (20)

Step 4: Use the coincidence point profile to eliminate the
straightness error and zero-adjustment error.

Step 5. The reconstruction of the profile

As shown in Fig. 7, under the condition of adding the
above error factors, the simulation error PV and RMS of the
profile reconstruction are 0.09 um and 0.014 um, respectively.
Without the influence of error, the profile reconstruction error
s 6 X 10_12nm, and the error is the calculation error caused
by the number of decimal points reserved by software.

IV. EXPERIMENT

The following experiment is conducted to verify the new
method. As shown in Fig. 8, we developed the virtual multi-
probe scanning measurement system. The measured surface
is the aspherical surface described in (14), and the flexible
hinge stage is fixed on the air-floating linear motion scanning
stage. The collimator measures the pitch angle of the scanning
stage in real-time. The measured workpiece length is 100 mm,
the sampling interval(d) of the scanning stage is 0.5 mm,
so the number of steps N + 1 is 201, the sampling interval
of the flexible hinge stage (dp) is 50um, and the number of
sampling points n of the flexible hinge stage is 20.

Fig. 9 shows the profile error measured by scanning
directly with a single optical probe without straightness error
separation. Due to the straightness error of the scanning
stage, the profile errors of the measured surface: 0.58um
(PV),0.12um (RMS), and 0.09 um (Ra).
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FIGURE 10. The profile reconstruction errors of the new method.
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FIGURE 11. The profile reconstruction error of the Taylor PGl 1240
profilometer.

Fig. 10 shows the measured results from the new method.
As shown in Fig. 10, the profile errors measured by the new
method are 0.25um (PV), 0.04 um (Ra), and 0.11m (RMS).
Fig. 11 shows the profile errors measured by the Taylor Hob-
son PGI1240 profilometer. The profile errors measured by
the PGI1240 are 0.33 um (PV), 0.04m (Ra). Fig. 12 shows
the profile error comparison between the new method and
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FIGURE 13. The deviation between the two methods (the new method,
and the PGI1240).

the PGI1240 that the profile measured results after leveling.
Fig. 13 shows the profile error deviation between the new
method and PGI1240 after leveling. From Fig. 12 and Fig. 13,
we can find that the results measured by the new method have
a very high consistency with the PGI1240 profiler, and the
deviation value is less than 0.08 um, which may be due to the
use of different probes (contact and non-contact) or caused
by installation errors during two measurements.

V. CONCLUSION

The new method proposed in this paper uses a single probe
to realize and expand the multi-probe scanning measure-
ment function through the flexible hinge stage. The exact
reconstruction of the profile with high lateral resolution can
be achieved under the conditions of zero-adjustment error,
straightness error, and yaw error. In theory, the straightness
error of the scanning stage can be completely separated, and
the cumulative amplification effect of zero-adjustment error
of the flexible hinge stage can be eliminated by this algorithm.
This new method has the advantages of the general multi-
probe method, and can also avoid various problems in the
existing measurement methods. The feasibility of the new
method is verified through theoretical analysis, simulation,
and experiment. Compared with the commercial PGI1240
profilometer, the measurement deviation of the proposed vir-
tual multi-probe scanning measurement system is less than
0.08um@ 100mm.
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