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Abstract Current systems for photogrammetry analysis re-
ly mainly on two-dimensional visualization methods, par-
ticularly Scanning Electron Microscopy (SEM). The
absence of three-dimensional information prevents the de-
termination of important quantitative features such as local
roughness and precludes a deeper comprehension of the
failure mechanisms. This paper describes a new multi-
scale stereo-photogrammetry system for inspection of frac-
ture surfaces based on SEM images. The system facilitates
the reconstruction of complete 3D fracture surfaces and
provides interactive visualization of the multi-scale struc-
ture, thus offering better insight into fracture surfaces at
different levels of detail. In particular, a new method has
been developed for geometric reconstruction of a 3D tex-
tured mesh from SEM stereo images. The mesh is repre-
sented as a 3D geometric multi-resolution structure. The
sampled images are represented in the form of a multi-
scale hierarchical textured structure. Thus, the global shape
of the sample is represented by a 3D mesh, while its micro
details are represented by textured data. This multi-scale and
hierarchical structure allows interactive multi-scale naviga-
tion of the 3D textured mesh. The Regions of Interest (ROI)
can actually be inspected interactively at different scales by
means ofopticalor digital zooming. Thus, the digital model
can be visualized and the behavior of the 3D material can be

analyzed interactively. The contributions of this research
include: (a) a new 3D multi-scale reconstruction method
for SEM stereo images; (b) a new visualization module for
multi-scale inspection, modeling and analysis of micro-
structures for a variety of materials; and (c) 3D insight into
and better understanding of fracture phenomena for material
micro-structures. The feasibility of the proposed method is
demonstrated on samples of different materials, and a per-
formance analysis is applied on the resulting multi-scale
model. The roughness calculation was verified against
roughness calculation applied to the optical profilometer.
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Introduction

Fracture mechanismshave been examined and studied for
about two centuries in an attempt to optimize the toughness
of engineering materials. Over the years, techniques for
assessing fracture surfaces have evolved considerably, par-
ticularly with the development of microscope technologies
such asScanning Electron Microscopy (SEM). Today, high
magnifications at high resolutions enable scientists and
engineers to visualize fracture surfaces at a resolution of
1±20 nm that allows for detailed assessment of the tough-
ening vs. weakening failure micro-mechanisms. Neverthe-
less, very few research studies have utilized fracture images to
generate full 3D textured surfaces with multi-scale geometric
representation. Moreover, utilizing a multi-scale approach for
analysis of fracture surfaces overcomes the difficulty of ac-
quiring high resolution images that cover the entire area of a
surface. With this approach, lower resolution images can
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represent an entire area, while high resolution images repre-
sent only a few Regions of Interest (ROI). The availability of
full 3D pictures can pave the way for the assessment of
quantitative features such as local roughness on a large spatial
scale, a capability that is currently unavailable. Moreover,
such images can provide better qualitative comprehension of
the crack path and its relation to the micro-mechanisms of
failure.

This paper describes a new multi-scale stereo-photogrammetry
system for inspection of fracture surfaces from SEM
images. It includes a new method for modeling fracture
surfaces that reconstructs 3D multi-scale textured meshes. The
resulting model allows better understanding of a fracture
surface and its material characteristics. The method incorpo-
rates knowledge and algorithms from interdisciplinary fields,
e.g. stereo-photogrammetry, multi-resolution mesh recon-
struction, texture mapping and multi-scale analysis. The state
of the art for these techniques is described in the following
section.

Overview

Multi-scale Material Structure

Materials are characterized by complex multi-scale structur-
al geometry and complex behavior and exhibit different
architectures at different levels of hierarchy [1, 2]. In the
micro-structures of fracture surfaces, the material architec-
ture and texture differ significantly with respect to shape,
texture and direction, depending on the surface site. More-
over, due to heterogeneous characteristics, the mechanical
properties of a material may vary significantly at different
micro-scale levels, even in a small area. Therefore, visuali-
zation of 3D multi-scale micro-structures can serve as a
basis for analyzing the behavior and exploring the properties
of different materials. The following section summarizes
various visualization techniques.

Visualization of 3D Multi-Scale Micro-Structures

Fracture Surface AnalysisSurface roughness, a common
mechanical property, can be analyzed either via different
material cross-sections or through statistical analysis of the
entire tested sample area. One of the state-of-the-art meth-
ods for profile analysis is the FRASTA method [3], which
makes it possible to analyze the mechanical behavior of a
surface through a predefined profile. Nevertheless, the lack
of explicit 3D information requires assumptions and inter-
pretations about the missing data. A significant advance in
surface analysis [4] focuses on 3D reconstruction of fracture
surfaces. However, this method reproduces only a global
shape of the surface, and ignores the fine details of the

fracture surface. Therefore, a method that includes simulta-
neous representation of global features and fine details
is needed for reconstructing textured meshes from SEM
images.

Stereo-Matching on SEM ImagesSeveral methods can be
used to generate stereo-photogrammetry of 3D fracture sur-
faces from SEM images [3±9]. These 3D reconstruction
methods can be used to extract profiles and examine rough-
ness, local toughness, fracture energy and critical crack tip
opening. This approach has provided good results for com-
plex textures characteristic of fracture surfaces. In this paper
we apply matching on SEM images to find the best similar-
ity between patterns (Fig.3(b)).

Reconstruction of 3D MeshesStereo-photogrammetry
yields a cloud of 3D points from which a mesh is recon-
structed [10, 11]. Mesh construction can be difficult, espe-
cially in complex real 3D cases where the resulting mesh is
not unique and well defined [12, 13]. Nonetheless, because
stereo-photogrammetry is a 2.5D problem, an object can be
projected in 2D without loss of information. Thus, meshing
is much simpler than in 3D and can be handled as a terrain
mapping problem [14]. The two classical meshing
approaches are Delaunay triangulation [15] and grid-based
meshing [16]. In the current study, a grid-based method is
used to reconstruct the quad mesh.

Texture Mapping on MeshesTexture mapping, required for
realistic visualization of 3D surfaces, involves applying a
2D textured image on the reconstructed 3D mesh. Texture
mapping, one of the leading techniques in high quality
image synthesis [17], can enhance the fine details of scan
images while requiring only a relatively small increase in
computation. Mapping a 2D texture onto a 3D surface
requires parameterization of the polygonal mesh [11]. In
the proposed method, a given image of the micro-structure
surface is mapped on the 3D mesh to yield a 3D represen-
tation. Though texture mapping is considered a complex
problem, in this case the problem is simplified because the
geometry of the samples has 0-genus and is 2.5D. The
resulting textured mesh contains both global information
of the 3D shape and fine micro structure details.

Multi-Scale ModelingMulti-scale modeling is applied in
mechanical computations such as finite element analysis to
create models with more details and to acquire information
at previously unavailable scales and sub-scales. The use of a
multi-scale approach for analysis of fracture surfaces over-
comes the time and space complexities of acquiring high
resolution images for an entire surface area of the sample.
Lower resolution images are acquired for the entire area,
while high resolution images are used only for a few
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Regions of Interest (ROIs) that can be changed dynamically
in space and scale. In this study, the entire model is initially
reconstructed and visualized at a lower scale level. When a
higher scale is required for specific ROIs, the system seam-
lessly switches to a higher resolution model. In cases where
high resolution information partially overlaps the ROI area
at the lower resolution, a fusion of different resolutions can
be visualized.

Multi-Resolution Geometric Data StructureThe multi-
resolution approach is used for decomposition of geometric
models at hierarchical levels of details [18]. A multi-
resolution representation comprises a hierarchy of interme-
diate geometric models. This approach facilitates: (a) rapid
model compression and simplification; (b) fast, progressive
and view-dependent rendering; (c) data transmission; and
(d) level of detail control. The method described in [19]
utilizes a Hierarchical Space Decomposition Model
(HSDM) based on an octree data structure [20], where the
set of original points in each voxel is replaced by a repre-
sentative vertex that is later used for connectivity graph
calculation and further mesh reconstruction. The position
of the representative vertex is defined as a centroid of the
sampled points for each cell, and the operation can be
considered as low-pass filtering of the input data. Thus,
the process becomes more robust and stable with respect
to sample noise. The HSDM resolution can be changed
during visualization, showing the scanned sample at differ-
ent levels of details. As the resolution becomes lower,
reconstruction and visualization get faster.

Multi-Scale Texture MappingSimilar to one-scale texture
mapping (section 2.3), multi-scale texture mapping is re-
quired for realistic 3D surface visualization of the recon-
structed multi-scale mesh [21]. For an ROI that is directly
reconstructed from scanned SEM images, the texture is
defined by one of these images. In cases where an ROI is
calculated from 3D meshes at a lower scale, digital zooming
is applied and the texture is up-scaled according to the
required ROI resolution.

Multi-Scale Material AnalysisMaterial properties analyses
are used to examine the multi-scale surface behavior of the
explored material [22]. Surface roughness can be analyzed
either through different material cross-sections or by statis-
tical analysis of the entire tested sample area. For some
materials, surface architecture and texture differ significant-
ly at different scales with respect to shape, texture and
directionality. Therefore, a multi-scale structure is crucial
for analyzing material behavior and exploring material prop-
erties at different sites and different scales.

Approach

The objective of this research has been to develop an auto-
matic 3D system for inspection that creates multi-scale
models from SEM stereo images. A schematic representa-
tion of the proposed system is depicted in Fig.1. The
feasibility of the system is demonstrated on several fracture
surfaces scanned by a SEM.

The proposed algorithm is based on the following
stages:

a. Reconstructing a 3D multi-resolution mesh with multi-
scale texture. The reconstruction algorithm is applied on
stereo images at different scales from a variety of sites to
compute the 3D clouds of points and reconstruct the 3D
ROIs meshes. Then, a multi-resolution mesh is comput-
ed that integrates the ROIs meshes. Finally, multi-scale
texture mapping is applied on the multi-resolution mesh.

b. Generating intermediate levels in the hierarchical
structure.

c. Navigating via the scales and visualizing the fracture
surface at different ROIs. The multi-scale textured mesh
enables visualization of the surface behavior at different
scales. Moreover, the user can interactively select ROIs
by zooming in/out interactively. The zooming can be
optical or digital.

The proposed SEM-based inspection system allows automatic
and high-precision inspection of fracture surfaces at sub-micro

Fig. 1 The proposed system for
multi-scale stereo-
photogrammetry inspection of
fracture surfaces
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levels to provide material and mechanical engineers with
improved understanding of fracture phenomena and feedback.
The inspection process is demonstrated in Fig.2.

In this paper, the proposed multi-scale method has been
evaluated as follows:

Stage 1 SEM stereo image acquisition
Sets of stereo images are sampled for recon-

structing the 3D meshes. These sets include dif-
ferent materials in order to test system robustness
and performance.

Stage 2 Calculating the correlation between patterns - the
matching process

Stereo images are processed to detect pattern
similarities, thus providing the basis for matching

[23] each individual pixel in the SEM images
acquired in previous stage. In our system, each
pixel is represented by a region that includes it.
Similarity between the representative regions is
calculated. Three main parameters were used in
this process: pattern-window, searched window
and features location on SEM image (Fig.3).
The resulting data represents the 3D surface
points.

Stage 3 Calculate the meshes from the 3D points
Once 3D surface points have been created for

each individual scale, 3D meshes are calculated
out of these 3D points. Then, the texture has been
applied to each created mesh. The texture is need-
ed in order to receive visually realistic-looking
surfaces.

Stage 4 Reconstruction of 3D multi-scale model
A hierarchical multi-resolution model is recon-

structed from the resulted meshes. The resulted
meshes are represented in a hierarchical grid-
based data structure, e.g. octree [20]. Stereo
images for different scales are stored in a hierar-
chical multi-scale data structure. The images are
mapped onto the multi-resolution mesh using tex-
ture mapping.

The feasibility of the proposed inspection
method is demonstrated on sets of SEM stereo
images taken for different materials and at var-
ious regions of interest. The inspection system
has been tested for robustness, sensitivity to
different fracture surfaces and degree of detail
on the textural and structural levels. Fractogra-
phy experts can use the interactive interface to
analyze the performance of the multi-scale in-
spection system. This analysis module includes
verification of reconstruction, quality and preci-
sion, multi-scale system behavior and detection
of fine details.

Implementation

The implementation stage includes the following steps:

a. Extracting 3D points from stereo images.
b. Computing 3D meshes from the SEM stereo images.
c. Texture mapping of the images on the resulting meshes.
d. Multi-scale modeling of fracture surface.

Extracting 3D Points from Stereo Images

3D points are extracted from stereo images by applying
stereo matching [24]. The stereo images are defined as theFig. 2 Proposed inspection system from SEM images
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source imageand thetarget image. A pattern-windowof
the source imageis defined according to texture behav-
ior, i.e. levels of detail and irregularity.The pixel of
interest is located in the middle of thepattern window.
Features with a high level of detail are correlated to a
small pattern-window. Increasing the window size pro-
duces a higher level of smoothing and matching, which
is less accurate and less sensitive to sharp changes in
the surface. Thesearched-window of the target image
contains thepattern-window,and therefore should be
larger than thepattern-windowand also defined accord-
ing to the texture behavior.

In pattern recognition,cross-correlationis a measure
of pattern similarity between atemplateand an image.
In our case, thetemplate is defined as thepattern-
window, while the image as thesearched-window. The
cross-correlation will be high where thetemplate and
image regionsare highly similar. The cross-correlation
algorithm for images is described in [25, 26]. We used
Matlab R2009a [27] for calculating the cross correla-
tion. The time complexity of the cross-correlation

algorithm is O(n2), where n2 is the number oftemplate
pixels. Therefore the template should be as small as
practicable. For image-processing applications in which
the brightness of the image and template can vary due
to lighting and exposure conditions, the images can be
first normalized.

Figure 3 schematically depicts the reconstruction pro-
cess. The matching featurespattern-windowis denoted
by a green frame within thesearched-window, denoted
by a red frame (Fig.3(b) and (c)). These parameters are
important for the matching process. Point M has two
projections (M1 and M2) from two different directions
of projection (or ªviewº). If these two points and the
angle 2! between the views are known, computing the
depth ªz-valueº of point M is straightforward. In the
scanning process, the tilt axis should be located in the
middle of the image to minimize image aberrations and
distortion effects. Otherwise, the aberrations produced
by SEM scanning should be taken into consideration
during stereo matching computation. The output is a
cloud of 3D surface points [11].

Fig. 3 The stereo matching onearth magmamaterial: (a) and two SEM images (b)±(c) with marked matching features-pattern-windowdenoted by
green frame within thesearched-windowdenoted by red frame
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The normalized cross-correlation function is defined as
follows:

g u; v! " #

! u$ N=2
i# u%N=2

! v$ N=2
j# v%N=2 Imagei;j %Imageu;v

" #
Templatei%u;j%v! " %Templateu;v

" #

! u$ N=2
i# u%N=2

! v$ N=2
j# v%N=2 Imagei;j %Imageu;v

" #2
Templatei%u;j%v! " %Templateu;v

" #2
$ %0:5

here

& Imageu;v is the mean ofthe imagein the region that
overlaps thetemplate

& templateis the mean of the template
& N±Template size

Reconstruction of a Mesh from Cloud of Points

Mesh reconstruction is difficult, especially in complex real
3D cases where triangulation is not unique and well defined
[12, 28]. Nonetheless, because stereo-photogrammetry is a
2.5D problem, an object can be projected in 2D without loss
of information, and the meshing can be handled as a terrain
mapping problem [14]. Figure 4 depicts reconstruction of
the quad mesh.

In the case of outliers, filtering is applied on the 3D
mesh. As a result, isolated sharp peaks are eliminated,
and the mesh is smoothed and assumes the behavior of a
topographic map. The filtering process is demonstrated in
Fig. 5.

Texture Mapping on a Mesh

After the 3D mesh is reconstructed, the image of the micro-
structure surface can be mapped to form a 3D representation
of the textured mesh. The new 3D model contains both
global information about the 3D shape and fine details of
its micro-structure in the form of texture. Figure6 shows an
example of a reconstructed fracture surface, Fig.7 depicts
the surface of biological material and Fig.8 illustrates a
fracture surface for high purity alumina material.

Multi-scale Modeling of Fracture Surface

The reconstruction process is applied on each sampled
region scanned by a SEM, and a 3D mesh is created for
each ROI. The ROIs are defined in a variety of sizes, sites
and scales according to material analysis requirements. Af-
ter that, the multi-scale meshes are integrated into a single
multi-resolution mesh. Intermediate levels can be calculated
for regions in which the transition between two consecutive
levels is not sufficiently smooth. Such intermediate levels

Fig. 4 A quad mesh recon-
structed from 3D points

980 Exp Mech (2012) 52:975±991



are processed as digital reconstructed scale levels (analo-
gous todigital zooming) and are an inherent part of the
multi-resolution mesh. In our system a hierarchical multi-
resolution structure in the form of a tree has been defined.
The multi-scale concept and an example are depicted in
Figs.9 and10.

The main stages of the multi-scalezooming-inoperation
are as follows:

& Mark the zooming-in areaand the zooming-in
magnification.

& For each ROI that is included in thezooming area:

± If the ROI magnificationis higher than or equal to
thezooming magnification, replace the mesh of the
ROI with the current mesh, in the overlapped area.

± Otherwise, apply the digitalzooming-into thezoom-
ing magnification.

The main stages of the multi-scalezooming-outoperation
are as follows:

& Mark the zooming areaand the zooming-out
magnification.

& For the minimal ROI that contains thezooming area:

± If the ROI magnificationis lower than or equal to
thezooming magnification, replace the mesh of the
ROI with the current mesh, in the overlapped area.

± Otherwise, apply the digitalzooming-outto the
zooming magnification.

The resulting structure is composed of meshes at different
resolutions. The algorithm should preserve C1 continuity.

Profile Analysis

Profiles contain explicit information (e.g. roughness) about
the physics of the fracture. A profile can be computed in any
desired direction to analyze the roughness of a surface. The
profile is obtained by computing the intersection of the
surface with a given plane. Its curvature can then be ana-
lyzed, and subsequently the profile itself can be analyzed.
Extracting a profile from a surface is straightforward in our
case because the surface is in 2.5 dimensions. Figure11
shows an example of profile extraction following a specific
direction.

Examples and Performance Analysis

The proposed method has been demonstrated on several
samples. The performance of the resulting multi-scale model
has been analyzed for each sample on each scale separately.

In the examples, we decided to compromise by using the
smallest tilt angle possible to process the data (5 deg is
adequate for that purpose), since larger angles will result
in a loss of focus and/or depth of field. While this can be
corrected on most SEMs, we did not want to induce this
kind of optical preconditioning to the raw data.

The Error Functions

The following error functions were evaluated:

a. Depth error (z value) with respect to tilt angle;
b. Depth error (z value) with respect to image disparity:

The following parameters are defined:

& The tilt angle! [in radians].
& The pixel disparityPixel_disparity[in pixels].
& The pixel sizePixel_size[in mm].

Fig. 5 A colored depth map of the mesh: (a) with outliers; and (b)
after filtering and smoothing
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& The height Zij of each computed 3D point Pij [in mm].
& The height error! z [in mm]

Depth error with respect to tilt angle:
Zij can be computed from the following equation:

Zij !a" #
Pixel disparityij &Pixel size

2 sina

Then the! z can be calculated:

dz!a" # Pixel disparityij &Pixel size
2 sina tana da

" z # dz
z # da

tana

In our case," 05! and "! 00.5! (8.73e±3[rad]).
Substituting in the above equations, the height error#z is

10%.

Fig. 6 Reconstruction of the
model: (a) the SEM image. (b)
3D textured-mesh; and (c) the
quad mesh (arbitrary units)
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Depth error with respect to image disparity:
The disparity error resulting from image resolution is

assumed not higher than one pixel. Due to different
tested scales used in fracture SEM analysis, typical
pixel-sizevalues vary between 1$/pixel and 0.005$/pixel.
Typical tilt angle is "5ë. Therefore the depth error is given as
follows:

0:03# ' dz!Pixel disparity" ' 5:7#

The low boundary of the depth error relates to the high
scale (0.005$/pixel) and the high boundary of the depth
error relates to the low scale (1$/pixel). It is important to
note here that the distortion error caused by SEM imaging
system was disregarded.

Examples: Multi-scale Textured Mesh

The proposed multi-scale approach was tested on several
material samples, and the fractographic images were gener-
ated at different scales. Samples ofductile broken steeland
brittle materialwere scanned at zooms of x800, x1600 and

x3200. The dark areas refer to the optical zooming of the
SEM, while the light areas refer to the digital zooming.

Figure 12 shows the images forductile steel, with a
smooth transition between the areas of the optical and the
digital zooming. As expected, the optical zooming provides
more details than the digital zooming. The features can be
identified clearly at different scales.

Figure 13 presents the 3D textured meshes forductile
steel. In 3D as well, there is a smooth transition between the
areas of the optical and digital zooming, though this is not
guaranteed and should be handled in the future by the
reconstruction algorithm that integrates the multi-scale
meshes. The 3D features can be identified clearly at differ-
ent scales.

Figure 14 presents the typical fracture surfaces and the
corresponding 3D textured meshes forductile steelat a
zoom of x3200. The meshes (red lines) are shown on the

Fig. 7 Biological material (X18): (a) SEM image; (b) the recon-
structed surface

Fig. 8 Fracture surface of high purity alumina (X800): (a) a SEM
image; and (b) 3D surface
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Fig. 9 Hierarchical image data
structure: (a) tree concept; (b)
image-based multi-scale repre-
sentation of fracture surface.
Dashed window depicts the se-
lected Region of Interest (ROI)

Fig. 10 Multi-scale representa-
tion of 3D fracture surface of
high purity alumina material: (a)
top view of high-magnification
(X200)- (selected ROIs) and
low-magnification (x100)- tex-
tured meshes; (b) 3D of high-
magnification (X200)- (selected
ROIs) and low-magnification
(X100)- textured meshes; (c) top
view of high-magnification
(X400)- (selected ROIs) and
low-magnification(X200)- tex-
tured meshes. (d) 3D of high-
magnification (X400)- (selected
ROIs) and low-magnification
(X200)- textured meshes
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textured surface. When the images and the meshes shown in
Figs. 12(c) and 13(c) are enlarged, the smooth transition
between the areas of the optical and digital zooming is
clearly evident. Again the 3D features can be easily
identified.

Figure15(a)shows images froma brittle material. Again
there is a smooth transition between the areas of the optical
and the digital zooming. As expected, the optical zooming
provides more details relative to the digital zooming. The
features can be identified clearly at different scales. Figure15

Fig. 11 Magma material x500- a textured mesh and an extracted profile

Fig. 12 Ductile steel fractured
surface: Zooming of an image
(a)±(c)
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(b) and(c) show the image and the 3D textured mesh of
brittle material at a zoom of x800. Figure15(d) and (e)

show the image and 3D textured mesh ofbrittle steelat
a zoom of x1600. In this example as well, there is a

Fig. 13 Ductile steel fractured surface- Zooming of the textured mesh (a)±(c)

Fig. 14 Ductile steel fractographs x3200. The light and the dark areas represent the digital and optical zooming respectively: (a)±(b) The image
and textured mesh with the digital and optical zooming; (c)±(d) The mesh (red grid) is demonstrated on the image and the textured mesh with the
digital and optical zooming
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Fig. 15 Brittle steel fractographs: (a) Image zooming - x800 and x1600; an image and a textured mesh: (b)±(c) x800; (d)±(e) x1600
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smooth transition between the areas of the optical and
digital zooming, and the 3D features can be identified
clearly at different scales.

Examples: Profiles Extracted from Textured Meshes

Extraction of a profile from a textured mesh in a given
direction was tested on several material samples, and the
images were scanned at different scales. The method is
demonstrated on samples ofbrittle steel(x1600), Tungsten
heavy alloy (x800), Magma (x500) and 99.5% aluminum
(x400). Figures15, 16, 17, 18 and 19 show the textured
mesh and a plane (upper figure), where the plane represents
the pre-defined direction. The resulting profile is obtained
by intersecting the plane and the textured mesh (lower
figure). With the proposed system the direction of a profile

can be defined interactively. Verification of the digital profile
with a measured profile is beyond the scope of this paper.

The proposed method has been demonstrated on several
samples. The performance of the resulting multi-scale model
has been analyzed for each sample on each scale separately.

In our examples, we decided to compromise by using the
smallest tilt angle possible to process the data (5 deg is
adequate for that purpose), since larger angles will result
in a loss of focus and/or depth of field. While this can be
corrected on most SEMs, we did not want to induce optical
preconditioning of that kind to the raw data.

Fig. 16 Brittle steel x1600: (a) a textured mesh and the profile plane;
(b) the profile

Fig. 17 Tungsten heavy alloy x800: (a) a textured mesh and the
profile plane; (b) the profile

Fig. 18 Magma x500: (a) a textured mesh and the profile plane; (b)
the profile

Fig. 19 99.5% aluminum x400: (a) a textured mesh and the profile
plane; (b) the profile
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Fig. 20 Roughness results measured using multi-scale photogrammet-
ric SEM system. Each sub-figure shows the reconstructed surface, the
reconstructed surface with the plane fitted (used for detilting) and the
detilted surface (used for roughness calculation): (a) roughness results
calculated for Alumina Ra0.8 specimen with x400 magnification; (b)
roughness results calculated for Alumina Ra0.8 specimen with x1600
magnification

Fig. 20 (continued)
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Verification: Estimation of the Accuracy of Roughness
Measurements

In order to validate the roughness results measured on
Multi-scale Stereo-Photogrametric SEM System, we per-
formed roughness measurements for the analyzed specimen,
using optical profilometry (Wyko NT1100 optical interfer-
ometer, Veeco, USA) on a polished alumina sample. The
surface roughness Sa measured in optical profilometer was
Sa00.8 $. In Multi-scale Stereo-Photogrametric SEM, two
scales were used for the evaluation, namely x400 (300#
300$ field of view on specimen) and x1600 (70#70$ field
of view on specimen). Since, some tilt to the specimen was
introduced to the tested specimen during measurement, the
reconstructed 3D surfaces wereªde-tiltedº by subtracting a
fitted plane to the resulted 3D surface. Then, the roughness
Sa was subsequently calculated according to the following
formula:

Sa #
1
n

&n

i# 1

yi( (

A comparison of the results is shown in Fig.20. For the
lower magnification, we obtained Sa00.8851$, while for
the higher magnification, we measured Sa00.8395$.

It is important to note in passing that a crucial limitation
of the optical profilometer is that it cannot perform rough-
ness measurement on fracture surfaces, while the presented
method allows for such measurements, for which no direct
comparison is possible at that stage.

The results of this comparison show an excellent match
for the roughness values measured using contact profilom-
etry and the proposed non-contact method. These results,
albeit of a preliminary nature, indicate the proposed method
is sufficiently accurate to provide reliable surface roughness
estimates.

Summary and Conclusions

A new system for inspecting 3D fracture surfaces has been
developed to visualize and analyze fracture surfaces. The
main advantages of the proposed system can be summarized
as follows:

& The proposed 3D multi-scale model enables analysis
and visualization of fracture surfaces at different resolu-
tions and scales (levels of detail).

& The intermediate structural levels allow seamless transi-
tion between desired levels.

& The proposed multi-scale method adaptively provides a
highly detailed model suitable for qualitative and quan-
titative analyses, e.g. finite element analysis.

& The proposed inspection system creates a new interac-
tive 3D digital and virtual environment by applying data
fusion between the real multi-scale images and the dig-
ital computed 3D mesh.

& The profilometric analysis can be applied interactively
on the textured meshes in any given direction and the 1D
profiles can be subsequently analyzed.

& The 3D model will yield better insight about fracture
surfaces and provide reliable and valuable feedback for
engineers and scientists.

& The system roughness measurements were shown to be
similar to optical profilometer roughness measurements.
In addition, the system is able to conduct roughness
measurements not only on polished surfaces but also
on fracture surfaces.

The main limitation of the proposed system can be summa-
rized as follows:

& The tested surfaces must have multiple unique features.
Otherwise the correlation process may fail.

& High-scale surface areas are limited to small areas, since
their analysis requires laborious work.

& Some manual work is needed for reconstruction. In the
future, this process will likely be automated.
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