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Abstract Measurement of out-of-plane deformation is sig-
nificant to understanding of the deflection mechanisms of
the plate and tube structures. In this study, a new surface
contouring technique with color structured light is applied
to measure the out-of-plane deformation of structures with
one-shot projection. Through color fringe recognizing, de-
coding and triangulation processing for the captured images
corresponding to each deformation state, the feasibility of
the method is testified by the measurement of elastic de-
flections of a flexible square plate, showing good agreement
with those from the calibrated displacement driver. The plas-
tic deformation of two alloy aluminum rectangular tubes is
measured to show the technique application to surface topo-
graphic evaluation of the buckling structures with large dis-
placements.

Keywords Out-of-plane deformation· Surface contouring
· Color structured light· Plate deflection· Rectangular tube
buckling

1 Introduction

The out-of-plane deformation is mostly the major displace-
ments of bent plates, buckling tubes, and other thin-wall
structural members. The measurement of this kind of dis-
placement field is significant to evaluation of the deforma-
tion modes and understanding of the deflection mechanisms
of the structures. For instance, when a thin-wall tube is
subjected to axially quasi-static or impact load, large out-of-
plane displacement will appear in the normal direction to
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the tube surface, which offers various buckling modes of the
tubes with progressive axial folding [1,2]. In recent years,
these structures have attracted increasingly more attention
in the design of transportation systems due to their effective
capability to absorb kinetic energy during the performance
of plastic buckling, to meet increasing demands for using
lighter and low-cost aluminum alloy structures in the sys-
tems for energy saving and crushing protection [3–5].

Moiré techniques, especially the shadow moiré and
projecting moiŕe, are conventional methods to measure the
out-of-plane displacement field. For the cases of large dis-
placement, such as buckling deformation of the plates or
tubes, however, the patterns of shadow moiré are normally
blur in the deep caved areas due to the large gap between the
deformed surface and the grating [6,7]. This problem can
be avoided by using the projecting moiré without the trouble
of depth of field (DOF) problem. Recognition and process-
ing of the projected fringes, however, remains difficult for
a computer software to automatically identify those black-
and-white fringes without any specific optical characteris-
tics among them [8–10]. In recent years, the rapid develop-
ment of digital techniques promotes the applications of dig-
ital projection such as LCD or DLP projectors, which have
advantages of convenience for use and low cost. Meanwhile,
the structured light projections have been developed to pro-
vide new methods for surface profilometry and deformation
evaluations [11–15]. Apart from applications to online in-
spection of product quality [16, 17], recognition of robotic
sensing in mechanical engineering [18], chest-wall evalua-
tion for lung function estimations in biomedical engineer-
ing [19], structure light projection shows its convenience in
phase shifting without moving any hard parts of the projec-
tor, and easy change of fringe density to alter measurement
sensitivity [20].

In this study, a new technique of structured color light
is applied to measure the out-of-plane deformation of struc-
ture surfaces. During the tests, only one picture is needed
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to be captured for each deformation state so as to obtain the
surface profiles based on an imaging processing algorithm.
The color pattern is designed by encoding the stripes with
color sequences to ensure the formed fringe different from
others in the whole pattern, which avoids fringe confusions
by providing each stripe with a unique color composition
to be identifiable in the processing of the recorded image.
Meanwhile, the advantage of projecting moiré remains in the
digital projections so that everywhere covered by the pattern
can be recorded without DOF limitations, which is especially
useful for large displacement field measurement. To validate
the technique applicable to large deformation evaluation, an
elastic deflection field of a flexible square plate clamped at
four edges was measured to evaluate the experimental results
with the calibrated data. Moreover, plastic deformation of
two alloy aluminum tubes was measured to show the tech-
nique application to surface profile estimation of the buck-
ling structures under compression.

2 Experimental procedure

2.1 Optical system

Figure 1 shows the experimental configuration to record the
out-of-plane deformation of an object under load. The mea-
surement is based on the triangulation of the projection sys-
tem, which consists of a DLP projector (HP XB31) for color
pattern illumination and a digital camera (Canon 1000D) for
image recording. In this layout, the line connecting the cen-
ter (Op of the projector and the centerOc of the camera is
parallel to a reference plane or the initial plane of the speci-
men. When the object surface deforms under external force,
the projected light PointA on the reference plane moves to
the PointC on the deformed surface, which corresponds to
the PointB on the reference plane. The triangle∆ABC is
similar to∆OcOpC, where the sideAB corresponds to a rel-
evant shiftd on the image plane of the recording camera. By
measuring the in-plane image shiftd with d = AB/k (k is the
magnification of the camera), the surface height change or
the out-of-place displacementw is obtained by [21]

Fig. 1 Optical geometry of pattern projection and imaging for tri-
angulation measurement

w =
Hdk

dk+ D
, (1)

whereH is the distance between the reference plane and the
camera, andD is that between the projector and the camera.

2.2 Color structured pattern

A color pattern consisting of parallel straight fringes is uti-
lized to project on the specimen surface. The color form of
the whole pattern is encoded by a De Bruijn sequence [3],
using four colors (red, yellow, blue, green) with an order of
three in the sequence arrangement, as shown in Fig. 2. Un-
like the previous study of Chen [21], this system uses only
4 adjacent colors with a black strip at the edge to make up a
color fringe, which is unique by color symbols in the whole
pattern and the black strip makes each fringe edge sharply
recognizable from the others. Based on these color fringes
covered on the object surface, every point both on the refer-
ence plane of the un-deformed surface and on the deformed
specimen is easily identified, which provides the in-plane
shift d of the fringes on the pattern images recorded before
and after specimen loading, to obtain the corresponding out-
of-plane displacement components by using the triangulation
principle given above.

Fig. 2 The projection pattern encoded by 4 color symbols with
De Bruijn sequence and a black strip between the adjacent color
fringes

2.3 Color image processing

Before and after the loading acts on the specimen, the color
structured patterns projected on the object surface are cap-
tured by one-shot exposure of the camera for each defor-
mation state. The reference image and the deformed image
recorded are then processed to obtain the displacement field.

Post-processing is firstly carried out to segment the
color patterns by color space conversion. After apparent er-
rors and perturbations are eliminated through interception,
the image is transformed from RGB to HSV color space. In
the HSV color space, the value of hue is not affected by the
color brightness and saturation. Thus the second derivative
of brightness is used to binarize the brightness of the image,
given by
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f ′(i) =
R/2∑
j=1

[ f (i + j) − f (i − j)], (2)

where f is the original gray distribution of the projection
model, i is the element index, andR is the order of the lin-
ear derivation filter that should be less than the width of the
color stripes [22]. In other words, after calculating the sec-
ond derivatives for each row of the image, the points with
the values greater than 0 are put into the background and the
others are classified as the points in the stripes.

For the fringes line by line, the center locations of the
stripes are determined in the segmented regions by using a
normalized centroid algorithm,

Mcenter=

i∑
i∈E

I (i)x(i)
/ i∑

i∈E

I (i), (3)

where I is the gray function in the segmentation region,x
is the coordinate function,i is the pixel index, andE is the
normalized intensity. Meanwhile, the color fringes are iden-
tified by their code words. To eliminate the noise effect in
recognition, a mean threshold is computed by averaging the
hue values of the pixels

Hmean=

i∑
i∈E

I (i)
/ i∑

i∈E

I . (4)

Therefore, the spatial code words of each strip are decoded
for the color structured patterns. In this way, the position
differenced between the images of the deformed pattern and
the reference pattern is easily determined by matching the
code words of the fringes, which provides the measured data
to calculate the out-of-plane displacement field as the topo-
graphic change of the surface height.

3 Results and discussion

3.1 Displacement measurement of bent square plates

To validate the color structured light method, the deflection
field of a flexible plastic plate was measured. The four edges

of the square plate were fixed in a steel frame and the back
center of the plate was loaded by a mechanical driver with
calibration scale. The screw driver could produce the min-
imum calibrated displacement of 0.25 mm and the largest
movement distance of 30 mm. Before the force was ap-
plied on the plate, the color fringe pattern was projected on
the specimen surface to record the reference pattern as the
straight strips with uniform pitch. With the deformation of
the plate under lateral concentrated load, the distorted color
fringes were captured with one-shot recording for each load-
ing step. Figures 4a and 4b show examples of those pat-
terns with displacements of the driver at the plate center to be
4 mm and 8 mm, respectively. By using the image processing
mentioned above, the out-of-plane displacement contours are
obtained as shown in Figs. 4c and 4d, corresponding to the
color fringe patterns with mm as the displacement unit in the
maps.

In the image processing of the color structured patterns,
a 9× 9 (pixel) median filtering was performed to reduce the
salt and pepper noise involved due to the non-uniform light
reflection of the plate surface. As a comparison, a series of
deflection data along the central line of the plate are obtained
as shown in Fig. 5a, with the movement of the loading driver
from 2 mm to 8 mm step by step with 0.5 mm displacement
intervals. Moreover, the peak displacements measured at the

Fig. 3 Set-up for elastic deformation measurement of a bending
plate loaded at the center of the plate back

a b

Fig. 4 Projection patterns modulated by elastic deformation of the bent plate as the center displacements area 4 mm;b 8 mm;c andd the
corresponding contours of the displacement field
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Fig. 4 Projection patterns modulated by elastic deformation of the bent plate as the center displacements area 4 mm;b 8 mm;c andd the
corresponding contours of the displacement field (continued)

Fig. 5 aDisplacement profiles along the central line of the plastic plate with the increase of loading displacement from 2 mm to 8 mm;
b Comparison between peak deflection of the plate and calibrating movement of the driver scale

plate center are compared with the calibrating line from the
movement of the load driver, as given in Fig. 5b, showing
good agreement in the elastic deformation with a relative
mean error less than 2%. Although every step of load chang-
ing is under careful operation, errors are still inevitable dur-
ing manual adjustment of the screw driver and some are due
to systemic errors.

3.2 Deformation profiles of buckled tubes

An important application of this work is topographic estima-
tion of the deformed surface of aluminium alloy tubes buck-
led by compression. With advantages of light weight and
reasonable intensity, this kind of structure has satisfactory
properties of energy absorption by its performance of plas-
tic deformation and buckling under quasistatic and impact
loads. With development of the progressed buckles, the to-
pographies of the thin walls provide various buckling modes
for the analyses of the tubes under axial folding. In this
work, the largely deformed surfaces of two rectangular tubes

are evaluated by the color structured light technique. The
initial sizes of those tubes are presented in Table 1, whose
main differences rely on their cross sections. Under axial
compressions loaded by a test machine, the specimens were
progressively folded with plastic buckling of the thin walls.

Table 1 Basic information of the aluminum alloy tubes
(Unit: mm)

Tubes
Length

Width Height Wall thickness
before after

Type I 200 175 75 26 1.5

Type II 200 170 75 43 1.5

To compare the present method of color fringe projec-
tion with conventional techniques of moiré measurement, we
firstly give a black-white fringe pattern from shadow moiré
projection on a buckling tube, as shown in Fig. 6, where a
grating with a pitch of 1 mm per line is placed in the front
of the plastically deformed surface. As the superposition of
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the grating and its shadow, the fringes of shadow moiré in
the concave region with large distances between the grating
and the deformed surface present a blur pattern due to DOF
problem of imaging, as shown in Fig. 6, dedicated by the
dotted boxes.

Fig. 6 Black- and -white fringe pattern from shadow moiré pro-
jection on the buckling tubes, where the dotted boxes include blur
fringes caused by depth of focus problem

This kind of fringes brings much difficulty of pattern
recognition to image processing of computers, and produces
large errors for displacement measurement. By contrast, the
technique of structured color pattern projection avoids this
problem—the fringes on the deformed surface are all clearly
visualized, as shown in Figs. 7a and 8a, both on the rais-
ing parts and in the concave areas of the buckling surface.
Moreover, the color-encoded fringes are easily recognized in
image processing of computers, as the algorithms mentioned
above are utilized, which produce accurate full-contour of
the deformed surface.

Figure 7 shows the example result for the Type I tube,
where Fig. 7a gives the color fringe pattern projected on the
front surface of the deformed tube, Fig. 7b presents the con-
tour map of the bulked surface of the tube in that plastic de-
formation state, and Fig. 7c is the 3-D plot of the defor-
mation profile. Figure 8 gives similar results for the Type
II tube, showing the color strips spatially modified by the
bulked surface, and the out-of-plane distribution of the de-
formed surface. It is apparent that the fringes projected on
the folded tube are very clear without any problem of DOF
for image focusing, which is a big trouble for shadow moiré
method as the large distances between the deeply deformed
surface and the grating in the front of the specimen make
the fringes undistinguishable. With the help of the image
processing presented above, the color fringes are recognized
for every point on the illuminated surface, and the topogra-
phies of the deformed structure are obtained by solving the

distortion of the image fringes with the triangulation compu-
tations.

a b

Fig. 7 a Color fringe pattern projected onto the buckled surface
of Type I rectangular tube;b Deformation field represented by the
contour map;c 3-D topographic plot of the buckling tube

a b

Fig. 8 aColor structured fringes projected onto the buckled surface
of Type II rectangular tube;b Contours of the deformation field;
c 3-D topographic plot of the buckling surface
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Fig. 8 aColor structured fringes projected onto the buckled surface
of Type II rectangular tube;b Contours of the deformation field;c
3-D topographic plot of the buckling surface (continued)

4 Conclusion

This note demonstrates the applications of color structured
light method to the out-of-plane deformation measurement
of largely deformed structures. The color fringes are de-
signed on the basis of one-shot strategy of projection on the
deformation surface, consisting of the stripes encoded by
the color symbols with unique sequence in the whole pat-
tern. The black stripes involved in the adjacent color fringes
make the sharp-edged fringes recognizable in combination
with the color sequences. Using post-processing and triangu-
lation computations for the captured images, the feasibility
of the one-shot technique was testified by the measurement
of elastic deflection field of a flexible square plate fixed at
four edges. The results are in good agreement with those of
the calibrated displacement driver. The plastic deformation
of two alloy aluminum tubes with rectangular cross-sections
was measured to show the technique application to surface
topographic evaluation of the buckling structures with large
deformation. In fact, the one-shot technique not only pro-
vides the method of color light structured projection, simple
and convenient ways for the out-of-plane displacement mea-
surement, but also offers strong potentials with video-based
recording for the high speed measurement of dynamic struc-
tures under impact load. At present, the technique is appli-
cable to measure the out-of-plane displacements of initially
flat surfaces. The application to the curvature surfaces, such
as on the circular tubes under buckling, needs further stud-
ies to avoid the shadows of pattern projection and to develop
complicated algorithms for 3-D topographic reconstructions.
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