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Abstract

To improve the accuracy of the grating projection method of a surface shape measurement method
without contact, several attempts are proposed and verified. A whole-space tabulation method
(WSTM) is demonstrated to measure a translucent glittering metallic mesh of a parabolic antenna for
a radio astronomy satellite. A transparence method of the grating projection method is proposed to
measure a glossy polymer film often used in space structures. An extrapolation method is proposed
to measure a larger object than the reference planes. A pre-calibration can be used to adjust the
measured value to the real values. The extrapolation method and the pre-calibration are
demonstrated to measure a displacement of a wing of a developing airplane under loading.

Keywords: Surface Shape Measurement, Grating projection method, Whole-space tabulation method,

Translucent metallic mesh structure, Polymer membrane structure, Aircraft structure

1 INTRODUCTION

Precise large aerospace structures have been required
for future and contemporary aerospace mission.
Especially, space structures need to be measured in situ
on orbit precisely. Even in the case of the
development phase of them on the earth, they have to
be measured repeatedly within the rigorous accuracy
requirement. They are often membrane structures or
metallic mesh structures due to the requirements of
light-weight and compactness during the transportation.
Airplane surface also consists of flat planes and curved
planes, and the large surface shape and the
displacement under loading have to be measured easily
with high precision.
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A photogrammetric measurement using grating
projection method? is a prospective candidate to
satisfy such requirement. The grating projection
method can measure the three-dimensional coordinates
of an object by a pixel-to-pixel basis. So, the method
can provide the surface shape of the object with a
greatly high spatial resolution. The effectiveness is to
investigate by measuring several aerospace structures
in this paper.

2 MEASUREMENT PRINCIPLE

2.1 General principle of grating projection method
and Whole-space tabulation method used for mesh
measurement

Optical methods for performing surface profile
measurements have been extensively studied®¥. A
grating projection method is often used as a technique
to measure the shape of an object without contact.
Several phase analysis methods for grating projection
method have been proposed®”.

The calibration method is important for accurate
shape measurement. Therefore, several methods that
use a reference plane or planes for calibration have
been proposed for accurate shape measurement®-'?).
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Some of the authors also proposed a whole-space
tabulation method (WSTM)!?-!9 that uses reference
plane repeatedly. This method excludes lens
distortion and the intensity warping of the projected
grating in measurement results theoretically.

In this study, the authors applied the WSTM to
measure a translucent metallic mesh object. The
specimen is an extendible large-scaled antenna used for
radio astronomy satellite ASTRO-G, which is a space
radio telescope in Japan. A grating pattern naturally
transmits the translucent mesh object. The
unnecessary transmitted grating pattern is taken by the
camera, too. The transmitted grating pattern image
and the reflected grating pattern from the surface of the
object are superposed, and this causes measurement
errors. This chapter describes an optical setup that
avoids this problem.

Figure 1 shows the principle of the calibration of the
grating projection method. Figure 2 shows schemata
of the calibration tables of z coordinates from phase g,
used in the WSTM. The phase interval of the table
elements is chosen according to the required resolution
of the coordinates. The coordinate of each table
element is produced by interpolation.
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Fig. 1 Principle of the calibration method using
whole-space tabulation
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Fig. 2 Schema of calibration tables used to
z-coordinates from phase g

The phase shifting method using Fourier transform
(PSM/FT)' is useful for analyzing the phase of a
projected grating for the following reasons.

1) The phase can be obtained from the change in
brightness at a point regardless of the shape of a
3-D object.

2) The original pattern of an object does not influence
the phase.

3) The accuracy is high because of the elimination of
noise including that in high frequency components.

To expand measurable range, phases are applied

unwrapping method'®).

2.2 Optical setup of mesh object

Figure 3 shows the optical setup of the measurement
system. The distance from the camera to flat plane is
2,300 mm. The distance from the camera to the
projector is 1,300 mm. The backlight is a switch for the
fixed 2-D grating. When the switch is turned off, the
fixed 2-D grating disappears. When the switch is turned
on, the fixed 2-D grating appears. One of the
purposes of the experiments was to confirm the
measurement precision of the 90% light-permeable
object. Phases are obtained even if the coordinate is
out of measurable range on the back wall.
Distinguishing the thing from the range where phase
can be measured on the background is not possible.
Using these phase distribution, wrong coordinates
coexists with right coordinates. Figure 4 shows the
panel setting for measurements of translucent object.
The shadow of the panel avoids the background
associated with using the panel.
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Fig. 3 Optical setup



Surface Shape Measurement by Grating Projection Method in Aerospace Structures

— /
Measuring
D o~
ar

camera -

LCD R

projecto - Object

| 1
Panel Wall

Linear stage

Fig. 4 Panel setting for measurement of translucent
object

2.3 Shape measurement of mesh object with step
model

Figure 5 shows a sample mesh object with known
step distance. Figure 6 shows a step height
distribution of the step mesh model. The red
rectangular areas on each step in Fig. 6 are analysis
areas. Images are thinned out from a size of 1600 x
1200 pixels to a size of 400 x 300 pixels. The table
elements in the WSTM are divided into 1,200 elements,
each 125 mm in size. Table 1 shows height
distribution chart of the step mesh model. Table 1
shows the comparison of the z distribution at marker
position son the mesh surface measured by a laser
displacement meter. The translucent metallic mesh
can be measured by the grating projection method.

Fig. 5 Mesh model with known step
100 (mm)

Analysis area<g

0 (mm)

Fig. 6 Height distribution image of Fig. 5

Table 1 Comparison of height between proposed
method and a laser displacement meter

Grating Measuerd by
Projection Laser
Method with Dsiplacement
WSTM Meter
Ist 2nd Ist 2nd

Step Step Step Step

Average | o5 | 520 | 000 | 496
Height
Standard | o o 1 031 | 007 | 0.06
Deviation
Step
5.24 4.96

Difference

Unit[mm]

2.4 Shape measurement of mesh parabolic
antenna

A parabolic antenna used for a satellite is made of a
translucent metallic mesh. The precise measurement
of the profile irregularity of the parabolic antenna
surface is important.

The aim of this experiments is to measure the mesh
parabolic antenna. Figure 7 shows the mesh parabolic
antenna object. Figure 8 shows a gratings image of
the translucent and glittering metallic mesh parabola.
Figure 10 shows an analytical photographic image of a
parabolic mesh antenna. Figure 10 shows the phase
distribution of Fig. 8. This phase distribution was
obtained by PSM/FT with 10 and 16 pitches. Figure
11 shows a 3D model of the image featured in Fig. 8.
Figure 12 shows a height distribution image of Fig. 8
by color. Figure 13 shows height distribution shown
as lines A, B, C illustrated in Fig. 12. The x position
of the bottom line ranges from -750mm to 750mm.
The size of sample mesh and radio wave test model is
1.5m x 1.5m. Line A shown in Figs. 12 and 13 is
upper area of antenna. Line B shown in Figs. 12 and
13 is middle area of antenna. Line C shown in Figs.
12 and 13 is neat to the bottom of the antenna.
Measurement accuracy of this experiment is almost the
same as experiment of section 2.3. Because of the
optical setup of the measurement system is the same as
experiment of section 2.3. Figure 14 shows height
distributions comparison of a laser displacement meter
to WSTM of the mesh parabolic antenna object.
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Fig. 11 3D-model of Fig.7

256 (mm)
Fig. 7 Parabolic mesh antenna for radio wave test

model for ASTRO-G satellite

0 (mm)
Fig. 12 Height distribution coloring image of the
parabola
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Fig. 13 Height distribution along lines A, B, and C in
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Fig. 14 Height distributions compare laser
displacement meter and WSTM

Fig. 10 Unwrapped phase distribution
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3 TRANSPARENCE METHOD TO MEASURE
GLOSSY FILM

Surface shape measurement by an optical method
without contact should be applicable for a glossy
surface, because space membrane structures are made
of polymer film in many cases, and the surface is
generally reflective and lambent. Grating projection
method needs to light the measurement object by a
projector, and the reflected light is photographed, so the
gloss reflection of polymer film can be the cause of
measurement error. The trial to utilize the grating
pattern of the transmitted light through the object film
is named here as ‘transparence method’ as against the
normal ‘reflection method.’

A surface shape of a suspended rectangular
polyimide film is measured to utilize the transmitted
light to prevent the gloss effects for the measurement.
Polyimide is mostly used film material in space
structures.  Figure 15(a) illustrates the apparatus
set-up and the measurement result of the usual
reflection method, and figure 15(b) shows the apparatus
set-up and the measurement result of the proposed
transparence method. The induction of glossy part in
the reflection method is avoided and the whole area can
be measured successfully by the proposed transparence
method.

REFLECTION METHOD

y Reference Plane

¥

] g

(a) Usual reflection method

TRANSPARENCE METHOD

'

Object 7 T
/
J Reference Plane
]

Camera

(b) Proposed transparence method
Fig. 15 Measurement setup of glossy film

4 EXTRAPOLATION MENTHOD TO
MEASURE LARGE SUFFACE

In the case of a grating projection method, a
measurement object has to be set between two
reference planes, and the imaginary three-dimensional
coordinates arise between the reference planes. The
coordinate values are calculated by a linear
interpolation. Therefore, the size of the measurable
region is within the size of the reference planes. In
the case that a large space structure has to be measured,
the constraint condition that the reference plane must
be larger than the measurement object should be
prevented in the practical usage in orbit. The grating
projection method needs two reference planes in
principle, so an idea to put the measured object at the
back of the two reference planes, and the
three-dimensional coordinates of the object is
calculated in an extrapolative manner. The method to
measure the object larger than the reference planes by
arranging it at the back of the two reference planes is
called here as ‘extrapolation method,” and the method
of usual setup by arranging the measurement object
between the two reference planes is called here as
‘interpolation method.” The difference of the two
setups is illustrated in Fig. 16.

INTERPOLATION METHOD

Camera

Object |

Projector

\ \ Reference Planel

Reference Plane2

(a) Principle of interpolation method

EXTRAPOLATION METHOD

Camera

Projector

\ N Reference Planel

" Reference Plane2
Object

(b) Principle of extrapolation method
Fig. 16 Arrangement of grating projection method
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The extrapolation method will be suitable for
practical use in space to measure a large structure,
however, the measurement accuracy seems to be
degraded by the extrapolation. The proposition of the
extrapolation method should be accompanied by some
sort of accuracy improvement idea. Two
improvement strategies are put forward: a geometrical
calculation method of coordinate wvalues and a
pre-calibration method.

In the case of interpolation method, the coordinate
values are calculated by an assumption of linear
relation between the phase of the sinusoidal gratings
and the object position. This assumption is beneficial,
if the distance between the two reference planes is
small and the measurement object is set within the two
reference planes. The assumption, however, does not
hold good, if the linear extrapolation does not work
well.

xyzeE

Object

_dxl

Z:-I,=Z—-d:L, — =
L 2 L =L,

Fig. 17 Geometrical calculation of position of object
surface from phase of reflected gratings

A strategy to measure the object position precisely is
based upon the geometrical calculation according to the
strict definition of position. The coordinate value of
object can be determined geometrically, as shown in
Fig.17, without any approximation. This is true and
applicable even for the object between the two
reference planes as usual grating projection method,
although usually a linear interpolation calculation to
obtain the coordinate values is much easier than the
geometrically strict calculation, as long as the linear
interpolation can keep good accuracy.

A second improving strategy is thei% Flapplication
of pre-calibration. In the case of pre-calibration
method, each known position is preliminary measured
step by step, and the calibration table between the
measured values and true values is made. The

measured object surface is calibrated with reference to
the calibration table.

Figure 18 shows the correction degree of the
pre-calibration values and the geometrical calculation
in reference to the true values. The geometrical
calculation does not necessarily % #ineed the
pre-calibration even in the case of the extrapolation
method, according to the accuracy requirement. The
pre-calibration method, however, is easy to apply
without the rigorous geometrical calculation.

Projector 1600
Camera Z‘Eﬂj True value /e
1200 A
2 ical
1000 metrical
2 Calculation

800 /
600 e —
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200
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Measured Distance [mm]
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Flat Board D~
o 7 -

2400mm

&0
1500mm
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Fig. 18 Pre-calibration and the correction table
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Fig. 19 Measurement example of a large object by the
extrapolation method

Figure 19 shows the measurement example: the
displacement measurement of a main wing of an
aircraft under loading. The aircraft is Oowashi No.1,
which is a prototype under development aiming at
supersonic flight in Muroran Institute of Technology,
Acrospace Plane Research Center (APReC) as shown
in Fig. 20. The measured displacement is compared
with the true value measured by a slide caliper, as
shown in Figs. 21, 22 and table 2. The accuracy is
practically good enough.
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Oowashi No.1

Main Wing of Oowashi No.1

Fig. 20 Oowashi No.1 prototype aircraft

L : LOAINGD POINT
A,B : MEASURED POINTS BY VERNIER CALIPER

CORD LENGTH: 1390mm
WING SPAN:1610mm

Fig. 21 Measurement points of displacement on the
wing of an aircraft

DISPLACEMENT

SHAPE OF NO LOAD SHAPE AT LOADING

— o - e —
1220.00[mm)] 1180.00[mm)] —3.00[mm] 10.00[mm]

Fig. 22 Measurement results of displacement of a
wing under loading as a large plate structure by the
extrapolation method

Table 2 Comparison of displacement measurement in

Fig.22
DIAPLACEMENT | DISPLACEMENT | ERROR
BY GAUGE BY PROPOSED [mm]
[mm] METHOD [mm]
POINT A 9.96 9.36 —0.60
POINT B 5.53 4,94 —0.45

5 CONCLUTIONS

The grating projection method can provide high
accuracy to measure 3-D shape of even a translucent
In this study, the
WSTM was applied to measure precisely the shape of a

and glittering metallic object.

translucent metallic mash antenna of parabolic surface
used for a radio astronomy satellite. The effectiveness
of this method for shape measurement of such a surface
nature object was confirmed in high precision, although
the grating projection method was thought to be
inappropriate for such an object of a translucent and
glittering metallic mesh.

A surface shape of glossy polymer film often used in
space structures can be measured by using the proposed
transparence method of the grating projection method.

An extrapolation method was also proposed to
measure large space structures. The extrapolation
method can measure larger object than the reference
planes. In this case, two accuracy improvement
strategies are proposed. One is a pre-calibration
method, and a second is a geometrical calculation
method to get the coordinate values without
approximation. The extrapolation method, with the
geometrically strict calculation and the pre-calibration,
was applied to measure the displacement of a main
wing of an aircraft under loading.
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