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ABSTRACT

Shearography (speckle pattern shearing interferometry) is a non-destructive testing technique that provides full-field
surface strain characterization. Although real-life objects especially in aerospace, transport or cultural heritage are not
flat (e.g. aircraft leading edges or sculptures), their inspection with shearography is of interest for both hidden defect
detection and material characterization. Accurate strain measuring of a highly curved or free form surface needs to be
performed by combining inline object shape measuring and processing of shearography data in 3D. Previous research
has not provided a general solution. This research is devoted to the practical questions of 3D shape shearography system
development for surface strain characterization of curved objects. The complete procedure of calibration and data
processing of a 3D shape shearography system with integrated structured light projector is presented. This includes an
estimation of the actual shear distance and a sensitivity matrix correction within the system field of view. For the
experimental part a 3D shape shearography system prototype was developed. It employs three spatially-distributed
shearing cameras, with Michelson interferometers acting as the shearing devices, one illumination laser source and a
structured light projector. The developed system performance was evaluated with a previously reported cylinder
specimen (length 400 mm, external diameter 190 mmm) loaded by internal pressure. Further steps for the 3D shape
shearography prototype and the technique development are also proposed.

Keywords: 3D shearography, shape shearography, multiple viewing shearography, strain mapping, structured light
projection

1 INTRODUCTION

Shearography!? (speckle pattern shearing interferometry) is an inspection technique frequently used for non-destructive
testing (NDT) of advanced materials and structures. Unlike other interferometry techniques, such as electronic speckle
pattern interferometry (ESPI) that measures displacement), shearography has a direct sensitivity to surface displacement
gradient providing quantitative measurement of surface strain’. For a complete characterization of object surface strain,
the measurement of six components of strain tensor can be made with multicomponent shearography, using multiple
viewing or multiple illumination directions*>*°.

Although most real-life objects especially in aerospace, transport or cultural heritage are not flat, e.g. aircraft leading
edges or sculptures, their inspection with shearography is of interest for both hidden defect detection and material
characterization. Shearography inspection of highly curved or free form surfaces needs to be performed together with
inline object shape measuring®’. The shape information is required for correction of the shear distance within the field of
view? together with sensitivity vector correction®. Previous research has not provided a general solution. One approach
for shape measurement was realized by generating of interferometric carrier fringes and projecting them on the object to
perform profilometry®'2. For this a displacement of the laser source with a posterior revealing of carrier fringes and
determining the object shape from their analysis was also used. This approach results in a single optical path, but has
limited measuring performance because of fringe distortion and complicated processing of the acquired data. Further
research was devoted to the combination of shearography with ESPI to get inline shape information at wavelength
scale'3, however a measuring range in the mm scale is not possible with this technique.

Another direction of shearography development is the use of virtual reality techniques and strain data mapping onto 2D
surfaces (e.g. a canvas painting)'*, CAD models of objects or real surface profiles'>!>!6. The last of these developments
introduced a shearography setup with integrated multimedia projector for projecting phase maps onto the surface of the
sample!”!3, Although the 3D shape measurement approach was mentioned in a short report!® by the same authors, they
did not report the use of surface data for correction of shear or sensitivity vector.
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Shearography with precise mapping of the surface strain components onto curved objects has been reported®?%2!. The
drawbacks of the first approach’ employing the source translation technique are mentioned above. The second
approach?®?! was based on the assumptions that the location and shape of the object are known in advance and that the
shape can be defined parametrically. A simplification of symmetrical object curvature was also included. Therefore this
technique is not applicable to free form surfaces and objects with unknown location, without further development.

A comment has to be made about the 3D shearography term that is used in literature*?>?3. The “3D” term in these papers
is used to emphasize the 3D nature of the surface strain vectors and not the 3D shape of the object. Most of these 3D
systems were used to characterize flat objects. So a new term “3D shape shearography” is proposed in the current paper
to define shearography systems capable of measuring and precise mapping of the surface strain components onto curved
objects.

The aforementioned results in shearography, especially with single optical path are quite encouraging, but the flexibility
of those solutions for surface strain measurement of highly curved surfaces can be improved. The development of
modern digital light projectors provides the ability to use a relatively small device for inline object shape measuring
without significant additional system complication. This is a step back from the joint optical design or single optical path
approach, but the benefits that will be demonstrated in this paper are quite promising. Therefore, a 3D shearography
prototype was developed for this research, equipped with a structured light projector (LightCrafter™ DLP3000 by Texas
Instruments?¥) for shape measuring.

In this paper preliminary results of the integration of a structured light projector into the 3D shearography system are
presented. This includes an estimation of the actual shear distance, sensitivity matrix correction and a direct calculation
of the surface strain components for each point of the point cloud. For the experimental part, a system prototype with
three spatially-distributed shearing cameras, with Michelson interferometers acting as the shearing device, and one
illumination laser source was developed.

2 SHEAROGRAPHY THEORY

Shearography is based on laser speckle interferometry and provides a direct measurement of the surface displacement
gradients which give a quantitative estimate of in- and out-of-plane surface strain components'2. A speckle pattern is
produced by illuminating an object with an expanded laser beam. Speckle patterns are recorded with a camera with a
shearing device (Figure 1 (a)) in two or more surface states: before and after deformation. The object can be deformed by
thermal or mechanical loading. The shearing device duplicates the camera field of view (FOV), generating a sheared
image, where two surface points, P and Q (Figure 1 (b)), are combined at one point on the camera sensor. For a non-
planar surface, surface points P(x, y,z) and Q(x+dx, y +dy, z + dz) are separated by the shear distance d, which has three
orthogonal components, (dx, dy, dz), in the object local coordinate system (x,, y,, z,), where the subscript 1 refers to the
camera 1. For the initial surface state, reference interferograms are recorded and a phase-shift algorithm?® can be used to
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Figure 1. Schematic representation of shearography principle:
(a) optical paths in shearing device based on Michelson interferometer and (b) optical paths differences when the surface is deformed.

In practice if the surface strain growth is relatively slow, the shear in the x and y-directions, d,, and d , respectively, is

applied one after another and interferograms corresponding to each direction are recorded. More complicated optical
schemes can be used to obtain interferograms with a shear in both directions simultaneously?®.
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When the surface is deformed, points P and O move to their new positions, P* and Q’ respectively, and signal
interferograms are recorded to get the signal difference of phase ¢. The surface deformation changes the length of the
optical path between the laser located at S, the first camera located at C, and aforementioned surface points. For a small
amount of shear in the y-direction d (|dy]| 0 |Td| and |d yl| U |P—S|) the change in optical path length causes the phase
change Ag, where the subscript 1 refers to the camera 1. The phase change Ag,, can also be calculated as a function of
the surface strain components? (du/dy,dv/dy,dw/dy):

’ initial 2”

Ag, =g, - = 7(1@1 ou/dy +k,, dv/oy+k, ow/dy)d,,, (1)
where @ﬁi”“’ and ¢, are the reference and signal phase differences obtained at the camera 1 at the initial surface state and
after the load, respectively, 4 is the laser wavelength, (k,, k,, k,,) are components of the sensitivity vector &, of the
camera 1, that is the bisector between the illumination PS and viewing PC, directions:

— PS PG
kl =—+—" 2)
Ps| |pC)|
In order to isolate the surface strain components, a multicomponent shearography instrument with at least three viewing
directions (three cameras) needs to be used*®. The surface strain components (du/dy,dv/dy,dw/dy) for the shear d, in
the y-direction can be calculated®® by processing the phase changes Ag,; obtained at each camera j =1,2,3:

-1
au/ay A¢yl/dyl ﬂ, kxl kyl kzl A¢yl/dy1
av/ay =—EM‘1 A, Jd, ==k, k, k,| |Ag,/d,], 3)
ow/dy A¢y3/afy3 ko ko kg A¢y3/dy3

where M is a sensitivity matrix of sensitivity vector components for each camera. The surface strain components in the
x-direction (du/dx,dv/dx,dw/dx) can be calculated in the same way* replacing y by x in Equations (1) and (3).

3 3D SHAPE SHEAROGRAPHY

The proposed approach for surface strain measuring of curved objects by 3D shape shearography (Figure 2) is based on
transferring shearography data (incl. object-system coordinate relation, phase maps and shear distances) from the
shearography system with three shearing cameras to each point of the object surface in 3 main steps:

1. Inline object shape measurement (tasks 1.1-3, Subsection 3.1) to get a point cloud corresponding to the object
shape. This is a key step that matches the shape of the object together with the shearography system geometry.
This matching is used for sensitivity matrix correction, shear estimation and strain mapping.

2. Estimation of the actual shear maps for each shearing camera (tasks 2.1-2, Subsection 3.2) mapped onto the
curved surface required for accurate numerical interpretation of phase maps.

3. Conventional registration of the phase maps (task 3, Subsection 3.3) before and after surface deformation
including phase shifting, filtering, unwrapping and zero order fringe tracking subtasks.

These steps have to be done for each point P of the point cloud that is of interest for strain calculation in order to obtain
parameters needed for use in Equation (3).

It is important to mention that if the location of the object is fixed in relation to the system and the estimated shear
amount is used for interferogram registration, the point P coordinates, the sensitivity matrix and shear maps are constant
for each point, so the surface strain components depend only on the phase maps.

3.1 Cameras and projector geometric calibration and object shape measuring

In order to measure the shape of the surface, the cameras and the projector require geometric calibration. The well-

known Zhang’s camera model?’ can be used for this purpose together with commonly used toolboxes?®?. The projector

can be calibrated using the same model, but acting as an inverse camera’.
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Figure 2. The approach for surface strain measurement of curved surfaces with 3D shape shearography.

The 3D shape shearography system geometry can be calibrated based on the reference optical paths of shearing cameras.
The reference path is set by blocking the shutters in the shearing arm of each interferometer (Figure 1 (a)). The
calibration of reference paths is acceptable in practice because the shearography principle introduces coordinate
uncertainty within the shear distance. Also the orientation of the shear mirror is less stable than the reference one.

Once the cameras and projector geometric calibration is done (as shown in Figure 3), four matrices of intrinsic 4; and
extrinsic [R, | 7;] parameters for each camera and projector are known*”*’. They are used for coordinate transformation

from the homogeneous coordinates [x y z 1]” of the point P in the world coordinate system to the homogeneous

coordinates of a point p; in cameras image coordinate system [u v 11"

s,p; = AR, |T 1P, )
where R, and T, are rotation matrix and translation vector, respectively, s ; is a scale factor, j =1,2,3,4 are the cameras
and projector internal numbers.

One of the cameras, e.g. the camera 1 coordinate system (x,,, y,,, z,,) can be used as the shearography system master
coordinate system (x,, y,,z.). In this case, the relationship between the remaining cameras (j=2,3,4) coordinate
systems, the projector and the camera 1 coordinate system is®':

R —R'T
12.=131=L; ' f}e,. )

The object local coordinate system (x,, y,, z,) has to be defined by a rotation matrix R, and a translation vector 7, in
order to relate measured surface strain components to the object localised data (e.g. from strain gauges or numerical

modelling):

R T

P="" ""|P. ©)
0 1

A mechanical reference or some surface point of interest can be used as the origin of (x,, y,,z,) and the axes of
symmetry or other object feature as coordinate axes.
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Figure 3. Results of cameras geometry calibration together with
point cloud that corresponds to a cylinder specimen with projected fringe pattern.

The shape of the object can be measured with the common phase-shifting technique by projecting sinusoidal fringes onto
the object®? and presented as a point cloud of a data points in 3D space (Figure 3). Once the point cloud is generated and
the relationship between the coordinate systems is known, the correction of a sensitivity matrix (Equation (3)) can be
easily performed by simple use of coordinates for each point P, in (x,, y,,z,) and the system geometry>® using

Equations (2) and (3). Following this approach, a sensitivity matrix value has to be assigned as a property to each point
of the cloud.

3.2 Shear estimation

As reported before??!, the shear angle of a shearing device may be not uniform within the field of view because of
aberrations and possible misalignments, so the shear distance at a specific distance requires calibration. This task
becomes more complicated when the shear is mapped onto a curved object because of the arising z coordinate
component and difference in scale along z; (Figure 1). It is proposed here to estimate the shear distance for each data
point of the cloud by projecting it to each camera, identifying the shear in the image space of each camera and
reprojecting it back onto the surface as depicted in Figure 4. The detailed explanation is given below.

Cameraj Object: curved

world plane , V;; surface

xsj

Cameraj

image plane
u.

J
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Figure 4. Estimation of a shear map for existing 3D point cloud:
(a) shear projection and (b) intersection of the “sheared” ray with the object surface.

Known techniques for the estimation of the actual shear map by digital image correlation®® in the image space (v o Uy)
can be employed. A predefined speckle pattern can be projected onto the object by the projector. Three images for each
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camera have to be taken, respectively, through the reference mirror (shear mirror is blocked), and through the shear
mirror with shear applied sequentially in x and y-directions (reference mirror is blocked). Digital image correlation of
the reference image of the speckle pattern with speckle pattern images with shearing in the x and y-directions gives an
estimation of the shear distance for each pixel of each camera (e.g. pixel g, for pixel p; in Figure 4 (a)).

For each point P of the cloud the projection p, onto a camera j (j=1,2,3) can be identified using Equation (4)
(Figure 4 (a)). Assuming that p;q; is the shear amount in the image space for pixel p; estimated with digital image
correlation, a point O, can be defined in (x,, y,, z,) by inverting Equation (4) and performing an additional coordinate
transformation from the camera j coordinate system to the object local coordinate system (x,, y,, z,) (Equation (6)):

R T, ||R' -R'T || 4'sgq,
= o o J J J I 7

where s is an arbitrary nonzero value.

As the relationship between (x,, y,, z,) and (x,, y,, z,) is known (Equation (6)), ray C,Q, can be defined in (x,, y,, z,).
The intersection of ray C,Q,; with the object surface at O, can be found as the nearest to the ray point of the cloud (e.g.
D, in Figure 4 (b)), if the point cloud density is high. Other options to find O, are to triangulate the intersection®* within a

triangle D,D,, D,,, or to parameterise the surface and solve the task parametrically*>.

Once the intersection point O, is found for each point of the cloud for the shear applied in x and y-directions, the
projections of shear distance P—QJ on the x, and y, axes can be found. These projections, estimated for each point and
camera (d,,d,,,d,) and (d,,,d,,,d ), are required for the calculation of the surface strain components (Figure 2,
Equation (3)).

3.3 Phase maps registration and surface strain component calculation

Phase maps A¢ recorded before and after surface deformation have to be registered for shears applied in x and y-
directions for each camera as described in Section 2. This may be done in a conventional way, that has been reported in
details for 3D shearography systems with multiple viewing configuration>*29,

In order to get absolute values of the surface strain components, the absolute values of the phase map A¢ (Equation (1))
have to be determined. If the phase change exceeds the [0,27] or [-7, 7] ranges during loading, the phase map has zones
with phase jumps of 27. A phase unwrapping procedure has to be performed to remove these phase jumps?. However,
this may introduce multiple 27z components and cause the loss of the absolute phase value. So the zero order fringe (zone
of phase distribution corresponding to a zero surface displacement) has to be traced for absolute strain measurement3¢.

Once the absolute phase maps (A¢,,, Ad,,, Ad;) and (Ag,, Ad,,, Ag,;) for shear applied in x and y-directions are
processed for each camera, they have to be transferred to become a cloud of data point to complete the set of properties
that is required for the surface strain component calculation (Figure 2). The proposed approach for surface strain
measuring of curved surfaces with 3D shape shearography is based on the point cloud. So a point of interest for strain
characterisation P has to be projected to each camera using Equation (4) to identify the pixel coordinate p;(u,, v;) on the
camera sensor and to pick the values on the calculated phase maps A@,;(u,,v;) and A@, (u;,v,) (j =1,2,3) for this pixel
as the properties of the projected point. Once this is done, the surface strain components (du/dx,dv/dx,dw/dx) and
(du/dy ,dv/dy ,0w/dy) at the point P can be calculated using Equation (3).

4 EXPERIMENTAL EVALUATION
4.1 3D shape shearography system prototype

For the experimental evaluation of the proposed approach for surface strain measuring of curved surfaces, a 3D shape
shearography system prototype was developed (Figure 5). It was based on an earlier reported one®”*® with integrated
structured light projector (LightCrafter™ DLP3000 by Texas Instruments®*). Three spatially-distributed shearing
cameras, the laser with beam expansion optics and the projector were placed in a cross configuration using an Alufix
modular fixture system®. Shearing cameras consist of Basler Pilot piA2400 cameras with Linos MeVis-C 1.6/25
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imaging lenses and the shearing devices are based on Michelson interferometers**#!. The cameras and the projector were
calibrated in pairs as stereovision systems?®= in a volume of 200x150x150 mm (Section 3, Figure 3).

Alufix
frame
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— 7

:
ystem conﬁguratio [mm]

Xo Vo Z
Laser 11 5 550
Cameral -345 5 615
KQeollcr | S Camera2 7 393 507

Piezo

controller . Camera3 387 6 615
Figure 5. 3D shape shearography system prototype with calibrated configuration parameters.

As previously reported?®?!, the cylinder specimen, used as a test object, has a length of 400 mm and an external diameter
of 190 mm. The specimen was mounted in front of the system at a distance of 500 mm and was loaded by internal
pressure with a pump using oil. Several strain gauges were mounted on the specimen provide a reference values of the
surface strain components du/dx and dv/dy.

4.2 Experimental results

First, the shape of the specimen was measured as proposed in Subsection 3.1 with a five step Schwider-Hariharan phase-
shifting algorithm*?. Sinusoidal fringes were projected onto a flat reference surface placed at a distance of 500 mm and
the reference phase distribution was obtained through the reference optical path for each camera. Secondly, the fringes
were projected onto the object. The difference in phase of projected fringes revealed the height map of the object. With
regard to the system geometry (Figure 3), three point clouds for each camera-projector pair were generated and merged
into one. The object local coordinate system (x,, y,,z,) was defined as shown in Figure 5. Then the actual shear
distances were estimated for each point of the cloud as proposed in Subsection 3.2. The shear maps in the image space of
the cameras was estimated by projecting a predefined speckle pattern by the projector and processing of images taken
through the reference and sheared optical paths with 2D image correlation software*’. Further a simple criteria of the
nearest point of the cloud to each projected ray was used for estimation of the actual shear.

During the measurements the specimen was loaded by an internal pressure of 1.0+0.1 MPa in a sequential mode?® with
steps of approximately 0.1 MPa. Such small load steps correspond to a phase change of less than 2z for reliable tracking
of the zero order fringe. At each load step five phase shifted interferograms for shear x and y-directions were recorded
and processed to give the difference of phase at each pixel of each camera®?. After that the total phase maps were
calculated as a sum of all the steps. According to Subsection 3.3 six surface strain components were calculated for each
point of the entire point cloud (Figure 6 (a-f)). Each figure is a 3D plot of a point cloud with a gray level corresponding
to the local strain level. The measured area is close to 200x130 mm in the y x -plane. The measured surface strain
components du/dx and dv/dy that are commonly used for the assessment of stress-strain states are enlarged
(Figure 6 (e, f)). The comparison of the surface strain components measured with 3D shape shearography and strain
gauges is provided in Table 1.

Table 1. Comparison of experimental results obtained with 3D shape shearography and strain gauges.

Surface strain | 3D shape shearography, Strain gauges, Mean difference
component mean value mean value
ou/ox 83-10° 48-10°¢ 35-10°
ov/dy 278-10°° 203-10° 75-10°°
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The main experimental result is the uniformity of the surface strain components du/dx and dv/dy (Figure 6 (e, 1)). A
relatively high mean difference (Table 1) between 3D shearography and strain gauges may be explained by a low
absolute level of the measured strain and insufficient system calibration. Zones A (Figure 6 (e, f)) correspond to an area
where one of the strain gauges was placed. Zone B (Figure 6 (f)) has an evidence of a wrapped phase occurred during

one of the loading steps. Zone C (Figure 6 (f)) corresponds to a zone with a high specular reflection of the illuminating
laser to the camera 2.
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Figure 6. Surface strain components mapped onto the point cloud (a-f).

5 DISCUSSION

A new approach for the measurement of surface strain components of curved objects by 3D shape shearography has been

proposed. This approach can also be applied to a flat surfaces, especially when the surface is not normal to the system
and the shear distance changes due to difference in scale along the distance.

The proposed approach is based on a point cloud and particularly on a single point, that acts as a “carrier” of the
shearography data (see point properties in Figure 2). A triangulated mesh can also be used, with a vertex or a face acting
as the carrier, by following the same steps. Another option is to parametrically define the surface or use its CAD model.
In this case, inline shape measuring with the projector can be used for estimation of the object orientation in the
measuring system coordinate system. A realisation of the approach based on a multiple viewing shearography system

with three shearing cameras and one illumination source was presented. It can however be adopted to a higher number of
cameras or multiple illumination concept.

An assumption was made when the actual shear distance was estimated (Figure 4 (a)) and the chord P_Q] determined.

This is applicable in practice, as the error of shear estimation (difference in length between chord P—QJ and arc ﬁ'Q ) is

less than 5% when shear distance is 5 mm and local radius of curvature is 5 mm. In case of higher radiuses and smaller
shear amounts, the error of local surface flattening is almost negligible.
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6 CONCLUSIONS

This paper covers practical questions of 3D shape shearography system development. The approach is based on the
integration of a structured light projector into the 3D shearography system for inline shape measuring of the object. As a
result, the actual shear distance along the curved object can be estimated, together with a correction of the sensitivity
matrix for calculation of the surface strain components.

The proposed approach for surface strain measuring of curved objects by 3D shape shearography can improve the
performance of shearography technique. The new ability to perform inspection of 3D and free form surfaces may open
new applications and lead to practical solutions of new tasks in crucial fields such as aerospace (e.g. inspection of
leading edges and nose cone of aircrafts), energy (e.g. turbine blades) and cultural heritage (e.g. sculptures). At the same
time a higher accuracy of measurement of the surface strain components, mapped onto curved surfaces, may lead to
better characterization of materials and more reliable detection of inner defects.

Experimental results obtained with a cylinder specimen prove the applicability of the approach, however, some
improvements have to be done. The next steps of the research are to improve the calibration of cameras by pure multiple
view calibration and to employ an additional viewing direction for robust absolute phase and consequently, absolute
strain reconstruction®*#,
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