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For the three-dimensional analysis of the shape of human body surface and its changes
during motion, the moiré interferometry has been introduced and proved to be a feasible
technique in the field of biostereometrics. It has an advantage that it could be accom-
plished by inexpensive procedure with ordinary black and white films and photographic
papers, and the light used is no harm to the subjects examined. One of the disadvan-
tages, however, was the difficulty in deciding ups and downs at the time of analyzing
moiré fringe patterns, especially for the surface with unknown undulations. The pur-
pose of the present presentation is to describe the principles of our new technique of
deciding ups and downs in moiré photographs and also to demonstrate some of its ap-
plications on the moving part of body surface.

Principles

The original grating is a structure composed of close equi-distant and parallel lines.
The grating is placed so that its surface is parallel to the standard plane of the object
(Fig.1). The original grating is illuminated by collimated light with an incidence angle
6, and its projected shadow on the object is used for a master grating. Two lines ga
and gp of the original grating are arbitrary, and so are points A and P on these lines.
The Cartesian coordinate is set up, so that the x-y plane corresponds to the standard
surface of the object. The x-axis is perpendicular to the direction of lines of the ori-
ginal grating, which surface is parallel to the x-y plane. The z-axis is perpendicular to
the x and y axes, and is along the direction of the view from the camera. The sign of the
x-coordinate is plus, when it is directed toward the side of the light source, and that of
the z-coordinate is plus, when it is directed toward the camera.

Without any deformation, that is, when the whole x-y surface of the object is smoothly
flat, the line ga on the original grating is projected to the standard surface as a line gb
and that of gp as gq. The point A is projected as B and the point P is projected as Q
on the flat surface. = When two deforming structures, a hill and a valley, are built on
the standard surface of the object as in Fig.1, the image of ga is deformed as a curve gc
on the hill, and that of gp as a curve gr at the bottom of the valley. Also the point A is
projected as C on the hill, and the point P is projected as R on the base of the valley.

The object is observed by a camera which is placed in direction of the z-axis, that is,
perpendicular to the x-y plane.  Now, the point C is seen from the camera as if it is lo-
cated at the point D on the x-y plane. In other words, the point B is displaced on the
standard plane to D and the projected curve gc is transferred to a curve gd due to the
existence of the hill. Also the point R is seen from the camera as if it is located at the
point S on the x-y plane. Due to the presence of the valley, the point Q is displaced to
S and the curve gr is transformed to a curve gs on the standard plane.

The displacement of the point B to D is on the x-axis, and is a component of Ux. It has
a plus (p ) sign, since it is directing from the line gb toward the side of light source.
The displacement of Q to S, on the contrary, has a minus (—) sign, because its direc-
tion is opposite. When the displacement on the x-axis is toward the direction of the
light source, that is, if the sign of Ux is plus, the displacement along z-axis is always to-
ward the direction of the camera, that is, the sign of Uz is always plus (+).
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Camera

Fig.1. Grating projection system.

As shown in Fig 1, the shape of the deformed surface can be judged as CONVEX with
plus z-coordinate, when the sign of displacement on the x-axis is plus. And it is
judged as CONCAVE with minus z-coordinate, when the sign of x-displacement is
minus. The displacement components on z-axis at points D and S are expressed as UzD
and UzS, respectively, and their values are given by

U= DC=BD-tan 0 ................... (1 a)

UsS= SR=QS-tan 0 .................. (1 b)
where D and S are the points projected from C and R perpendicular to the x-y plane.
The values of Ux-displacement component + BD and — QS are obtained directly by
measuring the distance from the curved grating lines on the x-y plane using a

comparator. However, they may be obtained by superimposing the master grating on
the curved grating patterns, and are given by

BD= + ND-P.oovovore (2 a)

where P is the pitch of the master grating, ND and NS are fringe orders at points D and
S, respectively. If we substitute equations (2 a) and (2 b) into equations (1 a) and

(1 b),

U=+ NDP-tan b ................. (3 a)
UzS= — NSP-tanf................. (3 b)

When the angle 6 is45° , tan € is1. And it follows,
U=+ ND-P .. . .. g4a)
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It should be emphasized that the values of displacement component are obtained simul-
taneously at the time of judging convex or concave nature of the structure on the artbit-
rary standard surface.

convexi concave

Fig.2. The deformed grating patterns.

Arrows indicate the direction of light from the light source.
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Fig.3. The patterns of deformed grating together with moiré fringes
obtained by superimposing the master grating on Fig.2.
Arrows indicate the direction of light from the light source.

Experimental KExamples

The master grating was projected on an object with a hill and a valley on its surface,
where the deformed surface on the left side is convex and that on the right side is con-
cave, respectively.

The grating lines of the original grating are projected on the up and down surface of the
object and their deformed image is shown in Fig.2 as a curved grating. The deformed
lines curving toward the side of the light source indicate that the direction of the Uz is
away from the standard surface, that is, the area is determined as convex. The reverse

is true on the deformed lines at the area on the right side, which is determined as
concave.

When the image on Fig.2 is superimposed by the master grating, moiré fringe patterns
are obtained as shown in Fig.3. The pitch of the grating is 1. 50 mm., and the fringe
order at point D is 4.5 and that at point Sis5.5. Accordingly it follows that

Us2b= -+ ND-P= + 4.5 X 1.5 = + 6.8 (mm)
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Uss= — NS-P= — 55X 1.5=— 83 (mm)

In applying these equations, the plus or minus sign is determined by the shape of the
sinuosity of the deviated grating lines in relation to the position of the light source, that
is, the grating lines are curved toward (+) or away from (=) thedirection of the light.

The above-mentioned procedure was applied to the moving area of the human body. An
experimental region was at the lower half of the face of a young male student, especially
around the upper and lower lips.  As shown in Fig.4, the projected image of the grat-
ing is deforemed according to the movement of the lips at the time of opening the
mouth or smiling. The situation in Fig.4-a is supposed to be the standard pose without
movement. The pictures were taken at the rate of 5 frames per second with a still
camera installed with a motor drive attachment. When these photographs are superim-
posed by the original grating, the moiré fringes along with the information of + & -
signs are visualized as in Fig.5. The displacement component on the z-axis, in other
words, the amount of the ups and downs can be easily obtained by counting the number
of fringes.

Next,the relief changes made by a motion can be analyzed as follows: When the Fig.4-b
is superimposed by Fig.4-a, and Fig.4-¢ by Fig.4-a or Fig.4-d by Fig.4-b, the amount of
displacement component on the z-axis made by opening the mouth widely, is obtained as
in Fig.7. Here, the quantity of relief changes as well as information on the ups or
downs are obtained. The perspective diagrams are also shown in F'ig.6 to facilitate the
concept of these changes by motion. The Fig.8 represents the quantitative distributions
of dynamic displacement, obtained from Fig.7.
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Fig.4. The deformed grating patterns projected onto the face.
6 = 45.0° (angle of incidence)
P = 2.42 mm. (pitch of the master grating)
Arrows indicate the direction of light from the light source.
Timing of photography: a (0. 0—~0.2 second), b(0.2~0.4 second)
¢{0.4~0.6 second), d(0.6~0.8 second)
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Fig.8. Quantitative distributions
of dynamic displacement, obtained from Fig.7.
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