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Moiré deflectometry for measuring 3D specular surface profiles is presented in this

paper. In this method, moiré phenomena produced by two pairs of Ronchi gratings are utilized to measure

the normal vector distribution of a surface under examination. Unlike conventional deflectometric

measurement systems that require complicated calibration, the proposed system only requires simple camera

calibration. Surface profiles of deeply curved mirrors with curvature from –20 to 20 m
–1

were successfully

measured using the proposed system. Moreover, part of a miniature vehicle body, which has a complex

curved specular surface, was also measured. Furthermore, it was confirmed that the system allows

measurement of a normal vector with an angular variation of 0.05 deg.

Moiré, Deflectometry, Moiré Deflectometry, 3D Shape Measurement, 

Specular Surface, Phase Measuring Deflectometry

1. Introduction

Optical 3D profilers, which are capable of fast

nondestructive acquisition of three-dimensional

profiles of physical objects, are becoming

indispensable for preparing CAD data of manufactured

products and for automatically detecting flaws on the

surfaces of objects. There are a lot of optical

methodologies for optical 3D profilers such as laser

triangulation,
(1)

fringe projection,
(2)

white light

interferometry,
(3,4)

classical interferometry,
(5,6)

and

deflectometry.
(7-18)

It is known that the effectiveness of

an optical 3D profiler is restricted by the surface

texture of the object under examination.
(19)

Especially,

it is difficult to measure specular objects with widely

used triangulation-based methods such as laser

triangulation and fringe projection. This fact is an

important issue from the viewpoint of a car production

because a variety of specular products are used in a car

such as body panels, window panes and bumpers.

Therefore, 3D optical profilers for specular objects are

highly desired.

Among the existing optical measurement methods,

interferometry
(3-5)

and deflectometry
(7-18)

are applicable

to the measurement of specular objects. Particularly,

interferometric sensors are capable of measuring

specular surfaces with high-precision. However, since

the sensors should be configured to probe the object at

normal incidence,
(4)

measurements of objects with

deeply curved surfaces and complex shapes are

time-consuming. On the other hand, deflectometric

sensors are now approaching the accuracy of

interferometry due to their extreme sensitivity to

gradient changes of a specular reflecting surface.
(8,9)

Deflectometric measurements are performed with a

computer-vision based system that consists of charge

coupled device (CCD) cameras and a liquid crystal

display (LCD), which allows the measurement of a

wide area of curved specular objects. Calibration,

which means obtaining the position relationships of

pixels in the LCD and CCD cameras in the world

coordinate system, is the key to improving the

accuracy of the deflectometric system.
(8-10)

Conventionally, one requires multi-step calibration to

obtain the calibration parameters of the deflectometric

system. However, this calibration is complicated and

is even the cause of systematic errors. Therefore, it is

important to reduce the complexity of the calibration

procedures for deflectometry to a level similar to that

of the triangulation-based method.

Moiré deflectometry,
(20-22)

which has been studied for

several decades, attracts attention as a powerful tool

for nondestructive optical testing. O. Kafri et al. first

reported a method using moiré deflectometry for

measuring the curvature of a specular surface.
(20)

In

this method, the object under examination is placed in

the path of a collimated laser beam followed by a pair

of transmission gratings located at a certain distance
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from each other. Although this method is also

applicable to measuring specular surfaces, the

measurement systems proposed in the past could only

measure a narrow area because of the low numerical

aperture of the collimated laser beam. Therefore, it has

been difficult to apply this to the measurement of

objects with a complex shape.

In this paper, moiré deflectometry with a computer-

vision system that consists of CCD cameras, Ronchi

gratings and white light illumination for measuring the

3D profile of specular surfaces is presented. Unlike

other deflectometric measurement systems that require

complicated calibration, the moiré deflectometry

proposed here only requires simple camera calibration.

Moreover, unlike the past moiré deflectometric system,

it has the potential for application to the measurement

of deeply curved objects because the proposed system

has a high numerical aperture due to the utilization of

a white light source, not a collimated laser beam, and

cameras.

2. Principle of Moiré Deflectometry

A schematic diagram of moiré deflectometry is

shown in Fig. 1. Two transmission gratings G1 and G2

are placed in front of the white light optical source.

The superposition of the gratings produces a moiré

fringe. The moiré fringe is reflected by the specular

surface of the object being measured, then captured by

the CCD camera. The camera lens in this system is

focused on the surface under examination.

Accordingly, the observed moiré fringe is defocused

because it is generated at distance from the surface.

When grating G1 is moved along the axis

perpendicular to the grating plane, the spatial

frequency of the moiré fringe is modulated. From the

viewpoint of pixel p1 of the CCD camera, the intensity

of the incoming light oscillates as a function of the

position  of grating G1. The intensity I is expressed

as

, · · · · · · (1)

where I0 is the magnitude of the intensity,  is the

distance of grating G1 from the fixed position of

grating G2,  is the aperture angle of the camera, is

the grating pitch, and is the angle between the

movement axis of the grating and the optical axis of

the emitted light from the white light source toward

the reflection point xr. Note that Eq. (1) ignores the

vertical displacement of the intensity oscillation of the

incoming light into pixel p1. Assuming that is

sufficiently larger than and is nearly zero, tan()

is approximated to be tan(. Consequently, I()

can be written as

.

· · · · · · · · · · · · · · · (2)

A schematic diagram of the intensity function I() is

shown in Fig. 2. The vertical axis shows the oscillating

intensity I(). The horizontal axis shows the position
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Fig. 1 Schematic diagram of the moiré deflectometry under incoherent illumination.
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of grating G1 with respect to G2. Note that the

wavelength of the oscillation is /tan(), and the

envelope of the intensity oscillation indicates a

minimum at the position = /.

Since the normal vector distribution of the object

surface is acquired by measuring the surface slope ,

a plane mirror is required as a reference surface in

addition to the object surface. The surface slope  is

calculated using the relation = (obj ref)/2, where

ref and obj are the measured angles for the reference

surface and the object surface, respectively. A surface

profile of the object is reconstructed by an integration

computation of the measured normal vector

distribution on the object surface under examination.

In the moiré deflectometry proposed here, the

distribution of angle , which is a ray deflection map

of the emitted light from the source, is measured by

obtaining the intensity oscillation I(). The intensity

oscillation depends only on the distance between the

moving grating G1 and the fixed grating G2. Therefore,

it is possible to place the grating pair G1-G2 in any

position as long as the moiré reflection is observable

with the CCD camera. It is noted that knowledge of

the coordinates of the grating pair in the world

coordinate system is not required. Consequently, this

method only requires camera calibration.

3. Measurement System

A schematic diagram of the proposed measurement

system is shown in Fig. 3. White light illumination of

5,000 K color temperature (Metaphase technologies

LED) was used as a light source. A pair of CCD

cameras (Basler ace-series A640-100gm/gc) was used

as a stereo camera, and was treated as a pair of pinhole

cameras in the world coordinate system.

When the surface profile of an object is written

as z = f(x, y), the normal vector n is expressed as

.· · · · · · · · · · · · · · · · (3)

In this manner, since the surface slope is represented

by two orthogonal components, orthogonally directed

gratings are required to detect slope variations. Thus,

two pairs of gratings orientated vertically and

horizontally were used. The gratings (Howa Sangyo

Co. Ltd.) had a grating period of 169 m and a size of

260 × 150 mm
2
. The grating pairs were placed so that

the grating directions were orthogonal to each other.

The intermediate gratings, G2 and G3, were placed on

a scanning stage (Sigma Koki, SGSP20-20) to carry

out scanning along the axis perpendicular to the grating

plane. Axial movements of the intermediate grating

pair G2 and G3 were made for 22 mm with 0.05 mm

Fig. 3 Schematic diagram of the measurement system.

Fig. 2 Intensity of the incoming light into pixel p1.



steps. The intensity oscillation of the incoming light at

a certain pixel of a CCD camera is written as a function

of the axial distance of grating G2 from the fixed

position of G1 as

, · · · · · · · (4)

where  is the distance of grating G2 from the fixed

position of grating G1, Ivert() is the intensity oscillation

with the vertically directed grating pair G1-G2,

Ihoriz(d1-4 + d2-3) is the intensity oscillation with the

horizontally directed grating pair G3-G4, d1-4 is the

distance between gratings G1 and G4, and d2-3 is the

distance between gratings G2 and G3. Figure 4

indicates an estimation of the intensity oscillation I()

calculated with the parameters of = 169 m,

= 57 × 10
–3

deg, vert = 8 deg and horiz = 1 0 deg,

where vert is the angle between the movement axis of

the vertical gratings and the optical axis from the light

source to the reflection point xr, and horiz is the angle

between the movement axis of the horizontal gratings

and the optical axis. The horizontal axis in Fig. 4

shows the relative position of G2 to G1. The vertical

axis shows the amplitude of the intensity oscillation

observed by the pixel in a CCD camera. It is shown

that the magnitude of the intensity gradually decreased

as the distance to G2 increased from 0 to 7 mm, due to

the contribution of the vertical grating pair. On the

other hand, the magnitude of the intensity oscillation

gradually increased as the distance to G2 increased

from 15 to 22 mm, due to the contribution of the

horizontal grating pair. In the intermediate region from

7 to 15 mm, the overlap of the intensity oscillation with

both grating pairs is shown. Thus the intensity

oscillation obtained as a function of the axial position

of G2 is clearly divided into the orthogonal

components. Consequently, both azimuths of the

normal vector can be easily determined. Additionally,

the intermediate grating pair is made to reciprocate

motion along the movement axis. The grating pair was

shifted 40 m in both the horizontal and vertical

direction parallel to the grating plane before backward

scanning to yield an additional intensity oscillation

measurement with a /2 phase shift. The angular

variation of the normal vector was obtained by

analyzing the intensity oscillations with and without

shifted phase.

Figure 5(a) shows a schematic diagram of the stereo

camera system used in the proposed method. Cameras

1 and 2 capture two different views of the moiré

reflection on the surface under examination. Stereo

matching, which finds a pixel p2 in Camera 2 that

20
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Fig. 5 Schematic diagram of the proposed system.

Fig. 4 Estimated intensity oscillation obtained by the

proposed system.



corresponds to a specific pixel p1 in Camera 1, is

carried out to obtain the coordinates of the reflection

point xr in the world coordinate system. The stereo

matching algorithm is based on the fact that the angle

 is equal to 1 + 2, where  is the angle between the

axes of the incoming light into pixels p1 and p2, and 1

and 2 are the angles between the movement axis of

the grating and the optical axes from the light source

which are the optical axes of the incoming light into

pixels p1 and p2, respectively. The angle  is obtained

as a result of the stereo camera calibration, and 1 + 2

is obtained as a result of the analyses of the intensity

function generated by the moving gratings. The single

camera system shown in Fig. 5(b) could not function

using the proposed method because the coordinates of

the reflection point of the object are not always

coincident with those of the reference surface. A gap

 between the coordinates of the reflection positions

of the reference surface and that of the object surface

is apparent from the inspection of pixel p1, where lights

reflected by the reference and the object surfaces are

incoming. The gap  causes an error in the position of

the normal vector of the object surface under

examination. If a deeply curved surface is measured,

the error associated with  could be particularly

significant.

For the experiment, the surface profiles of nine

mirrors with curvatures from –20 to 20 m
–1

(Sigma

Koki) were measured using the proposed measurement

system. In addition, a miniature vehicle body (StarTech

Service, Inc., STI Mini-D), called the "speed shape",

was also measured to demonstrate a possible

application of the proposed system. A picture of the

"speed shape" is shown in Fig. 6. Its surface was plated

with Cr to make it specular. The "speed shape" has a

length of 200 mm, a width of 90 mm and a height of

50 mm.

4. Experimental Results

Figure 7(a) shows pictures of the moiré reflection

on a convex mirror. The direction of the moiré fringe

varies continuously from vertical to horizontal as a

function of the position of grating G2. The intensity

oscillation at a specific pixel is shown in Fig. 7(b). As

expected, both of the contributions due to the vertically

and horizontally directed grating pairs are observed in

the intensity oscillation.

Figure 8(a) indicates the typical surface profile of a

convex mirror. The surface profile was integrated from

the normal vector distribution measured using the

proposed system using a computation proposed

by S. Ettl et al.
(23)

It is shown that the surface profile

was successfully reconstructed from the normal vector

distribution measured by the proposed system. Then

the curvatures of the reconstructed surface profiles of

the examined mirrors were evaluated. Figure 8(b)
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Fig. 7 Moiré reflection observed on a convex mirror under examination.

Fig. 6 Cr-plated miniature vehicle body "speed shape".



indicates the estimated curvatures of the examined

mirrors. Through linear regression analysis, the

relationship between the estimated and the actual

curvatures was determined to be

, · · · · · · · · (5)

where E is the estimated curvature and A is the actual

curvature of the examined mirrors. It is shown that the

estimated curvatures of the reconstructed surface

profiles measured by the proposed method are in good

agreement with the actual curvatures of the examined

mirrors.

Figure 9 shows the reconstructed surface profile of

the "speed shape" measured by the proposed system.

As can be seen from the figure, the measured part of

the "speed shape" was reasonably well reconstructed,

although a more quantitative investigation such as a

comparison between the 3D profile obtained with the

proposed system and that obtained using other

equipment is needed.

5. Discussion

The detection limit of the measurable angular

variation with the proposed system is estimated in this

discussion. A plane mirror tilted with an angular

variation of  is considered. In this case the variation

of the intensity oscillation I measured with the

proposed system can be expressed as

.

· · · · · · · · · · · · · · · (6)
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Fig. 8 Experimental results for the mirrors.

Fig. 9 Reconstructed surface profile of part of the "speed shape".



Assuming that  is nearly zero, tan(  ) is

approximated to be tan(. Accordingly, I is

rewritten as

.

････････････(7)

By utilizing trigonometric functions, Eq. (7) can be

expressed as follows:

.

･･･････････(8)

If a variable,  is small enough, sin( cos(

and 
2 

are approximated to be , 1 and 0,

respectively. Therefore, the following relationship is

obtained.

· · · · · · · · · · · · · · · (9)

Equation (9) indicates that the angular variation  is

measurable if the magnitude of I is larger than the

noise intensity IN. This condition is expressed by the

following relationships.

· · · · (10)

Here the scanning length  is assumed to be

sufficiently long, i.e.,   /. In addition, it is

possible to increase I0 to the maximal camera response

Vmax of the CCD cameras. If the noise intensity IN is

only due to the noise in the CCD camera system, IN is

replaced with VN which is the noise of the CCD

camera. Then the relationship between the noise VN

and the angular variation  can be written simply as

· · · · · · · · · · · · · · · · · · · · · (11)

Equation (11), using the expression of "dynamic

range", R, is rewritten as follows:

· · · · · · · · · · · · · · · · · · · (12)

where R = –20 log(VN/Vmax). Note that  is

independent of the grating pitch  and the aperture

angle  if the scanning length is longer than /2The

dynamic range R is generally 50-60 dB in a CCD

camera; thus,  is estimated to be 0.1-0.05 deg.

To confirm this estimation experimentally, the

normal vector distribution of a plane mirror tilted from

0 to 1 deg was measured. Figure 10 shows the

experimental results. The vertical and horizontal axes

show the estimated angular variation measured using

the proposed system and the actual angular variation

of the examined mirrors, respectively. The error bar of

each point indicates the standard deviation calculated

from the normal vector distribution in an area of

30 × 30 mm
2

on the measured plane mirror. The

average of the standard deviations over the whole plot

is 0.05 deg. This value is almost in agreement with the

estimation using Eq. (12). Consequently, it has been

verified that the proposed system can measure the

normal vector of an object surface with an angular

variation of 0.05 deg.

6. Conclusion

Moiré deflectometry with a computer-vision system,

utilizing a white light source, Ronchi gratings and

CCD cameras, for measuring the 3D shape of a
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Fig. 10 Comparison between the estimated and the actual

angles of the tilted plane mirror.



specular surface has been presented. The moiré fringe

is reflected by a specular object, and observed by a

calibrated stereo camera. The proposed system only

requires camera calibration. Therefore, it has the

potential to be developed into a 3D profiler for

complex specular surfaces. In the experiment, deeply

curved mirrors with curvature from –20 to 20 m
–1

were

successfully measured. Moreover, part of a miniature

vehicle body with a complex curved specular surface

was also measured. Furthermore, the proposed system

allows measurement of a normal vector with an

angular variation of 0.05 deg.
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