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Abstract

The thesis study focuses on the innovative use of the Digital Image Correlation (DIC)
technique, particularly 3D image correlation (3D-DIC or stereo-DIC), applied to measur-
ing displacements, local deformation fields, and stresses in a sample during mechanical
tensile and bending tests. DIC provides a full-field measurement capability without con-
tact, unlike other Non-Destructive Techniques (NDT).

An experimental analysis was conducted to assess how the geometry of gear teeth affects
the deformation field and stress distribution near the tooth root. For this purpose, ded-
icated equipment was used to perform a bending condition in the elastic field, and the
deformations of the teeth of both standard and Thin-rim gears were monitored using the
3D Digital Image Correlation (DIC) technique.

Particular attention was paid to determining the most stressed point for both types of
gears since establishing the position of the most stressed point and the corresponding

equivalent stress value is essential for gear design.

A specific methodology was followed to perform a correct DIC analysis, proceeding with
several steps. First, the cameras were positioned symmetrically, maintaining a certain
distance between them. The angle formed between the cameras ensured a correct stereo
angle, leading to better results. Additionally, a blue light source was positioned facing

the sample to be analyzed.

This was followed by the preparation of the speckles, calibration with targets associated
with the sample dimensions, and the execution of the test with DIC measurements. Fi-

nally, the DIC images are processed using the VIC 3D software.

The Stereo Vision technique, which involves the use of two Correlated Solutions cameras
for 3D-DIC analysis, was more than sufficient to track the behavior of materials during a
mechanical bending test, overcoming alignment problems and compensating for any errors

during the calibration and images acquisition process.

Subsequently, this method was applied to examine residual stresses in gears subjected to

shot peening surface treatment. Generally, a gear that presents residual stresses following



shot peening could show slightly improved bending resistance.

The deformation fields due to bending, evaluated during the experimental process and
acquired using the digital image correlation technique, were compared with both the
results derived from a finite element model and a theoretical trend according to ISO
6336-3 Standard. This comparison allowed for a full understanding of the stress and

deformation conditions characterizing the material’s behavior.

In conclusion, the implementation of the Digital Image Correlation (DIC) technique has
allowed a thorough understanding of deformation maps and principal stresses in gears.
This study highlighted how geometric parameters can influence the position of the point
of maximum stress at the base of the tooth. These results, both reliable and accurate, lay
the groundwork for further research and applications in the optimization of gear design

and lifecycle.

Keywords: Digital Image Correlation;Residual Stress; Stereo Calibration;Shot peening;

2D analysis; 3D analysis
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Introduction

Residual stress analysis is a crucial step in the design of structural elements and in es-
timating their reliability. To predict the behavior of a system, the most commonly used
failure criteria involve stress, either individually or in combination with the geometric
parameters of the object.[18]

In the context of bending failure in gears, crack nucleation and propagation are influenced
by various factors that can be classified into geometric factors and load factors. Geometric
factors include parameters such as rim thickness, web thickness, and gear configuration.
Load factors include the effect of centrifugal loads. In the case of bending loading con-
ditions, lightweight gears exhibit a complex strain and stress distribution due to their
unique geometry. Understanding the position of the most stressed point and determining
the corresponding equivalent stress value is crucial, particularly during the design phase,
to predict the potential path of crack propagation reliably. By analyzing the stress and
strain fields, engineers can identify critical locations on the gear where crack nucleation
is likely to occur. This information helps in designing the gear with appropriate material
selection, geometry optimization, and load distribution to minimize stress concentrations
and reduce the likelihood of crack initiation. The equivalent stress value provides a mea-
sure of the maximum stress experienced at a specific location on the gear. This value
is essential in assessing the gear’s strength and determining its resistance to failure. By
comparing the equivalent stress with the material’s fatigue strength, it can estimate the
gear’s durability and predict its fatigue life under cyclic bending loads.|6]

Stiff or dynamic extensometers offer precise strain measurements but are limited to a 5%
strain measurement range. On the other hand, soft or static extensometers can measure
larger strains up to 50%, but with less precision compared to their stiff/dynamic coun-
terparts. One of the key assumptions of traditional extensometers is the uniformity of
deformation, meaning they can only measure the average strain within the gauge length
and do not provide information about strain distribution between two knife points. To
overcome these limitations, a digital image correlation (DIC) system has been employed.
DIC allows for the measurement of the full-range strain distribution at the macroscopic

level during a tensile test, which is not possible with conventional extensometers. DIC
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provides a point-by-point strain field, whereas traditional methods only provide uniform
strain measurements. DIC offers several advantages, including the ability to measure
displacement at thousands of points on the specimen’s surface. It also utilizes a normal
white light source instead of lasers, which can be considered a positive quality of the DIC
technique.|[21]

DIC (Digital Image Correlation) is a non-contact optical method used for measuring
full-field displacement and deformation. It enables the acquisition of a map or image
showing the distribution of displacements and deformations across the component being
examined. [12] DIC involves comparing digital images from the unloaded state to various
loading conditions, tracking surface patterns to evaluate displacement fields and obtaining
strain fields through differentiation. DIC can measure planar displacements and strains
(2D-DIC) using a single camera or obtain the full spatial field, including out-of-plane dis-
placements (3D-DIC), by using stereoscopic vision. DIC is versatile and can be applied
to different scales, from microscopic to macroscopic specimens (from 107 m to 10? m).|7]
DIC is part of the family of non-destructive techniques, which are used to investigate the
local behavior of a material without causing any alteration or removal from the structure
being examined. These techniques are primarily applied to identify the causes of failure in
solid components and to determine preventive measures to avoid such failures. The auto-
mobile industry has an increasing demand for lightweight components, improved product
performance, efficiency and increased safety. To meet these demands, it is crucial to op-
timize the design and manufacturing processes by accurately measuring critical material
properties such as strain limit, strength coefficients, and anisotropy coefficients. In the
modern manufacturing industry, there is a growing need for high-strength materials to
achieve more economical and lightweight products. These new materials require testing
to determine their material properties for production purposes. Tensile testing, which
includes measuring the stress-strain relationship, is crucial for various material processing
techniques like stretching, stamping, and bending. By employing DIC, manufacturers
can gain a deeper understanding of material behavior, optimize their designs, and make
informed decisions about material processing techniques. DIC offers a more comprehen-
sive and accurate assessment of strain and displacement, aiding in the development of
stronger, more efficient, and safer automotive components.|[17]

In the modern gear industry, the assessment of gear load capacity is commonly done us-
ing either standard rating methods or traditional design rules. This approach involves
computing nominal values to describe the stress field within the gear. These values are
then juxtaposed with limit values, which are derived from tests conducted on gears. The
evaluation of tooth bending strength typically employs a cantilever-beam model for the

determination of bending stress. This approach dates back to 1892, when the engineer
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Wilfred Lewis first computed the tooth root stress of spur gear teeth. This model remains
a fundamental basis for the standard calculation methods used in gear design today. Nev-
ertheless, the actual stress state, or the "true" stress, present in the tooth root fillet can
differ from the nominal values computed using this method. In essence, the computation
of the highest tensile stress at the tooth root is a complex three-dimensional issue. The
plane strain or plane stress model can be used without approximations only in the case

of infinite, or infinitesimal, face width.|5|

The thesis work focuses on validating the Digital Image Correlation (DIC) technique
for characterizing the behavior of materials. The methodology uses gears with different
geometries as samples and compares their theoretical behaviors with the experimental
ones obtained through DIC during bending tests. This comparison will allow assessing
the accuracy and reliability of the technique by characterizing some of the significant
geometric parameters in stress distribution due to bending. The CFR (Fiat Research
Center) provided the research group with a shot-peened gear and a non-shot peened gear
with the aim of finding a non-destructive technique to determine the maximum value of
RS with accurate results. These gears are unique because they are placed within the
automobile transmission system and are therefore subjected to high cycle fatigue, crack-
ing, fracture, plastic deformation, wear, scuffing. The main objective of the thesis is to
develop a practical, fast, and cost-effective method to assess the accuracy of DIC (Digital
Image Correlation). This includes defining accuracy evaluation metrics, creating a refer-
ence dataset for comparing DIC measurements and developing procedures for DIC system
calibration. Additionally, the thesis evaluates the effects of different data pre-processing
operations on the quality of measurements. These pre-processing operations include noise
reduction, lighting correction, image registration, and pattern quality. Through the anal-
ysis of these operations, it will be possible to understand their impact on the precision
and reliability of the results obtained with DIC.

The following chapters are organized in this way: first, the state of art of residual stress
measurement techniques, both destructive and non-destructive, will be described. A deep-
ening on DIC functioning is carried out, describing primary concepts like pattern, subset,
and matching, attentioning over all the 3D-DIC based on stereovision method. In the
second chapter, materials and methods will be presented more specifically: it includes
the equipment (cameras, lenses and DAQ Unit), softwares and the four types of sam-
ple used for the experimentation (standard gear, thin-rim gear, shot-peened gear and
non-shot-peened gear). Then, the experimentation will be described with a focus on the

experimental preparation with two fundamental steps such as speckle technique and sam-
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ple calibration. Subsequently, the bending test and experimental 3D-DIC analysis will
be shown. The third chapter focuses on the presentation of the collected data and the
discussion and critical interpretation of these results. In detail, local strain maps of four
loads for each type of studied gear will be presented, with a subsection that allows direct
comparison between standard and thin-rim gear on the fourth load. Furthermore, the
comparison with Finite Element Method (FEM) results will be highlighted. Finally in

the conclusion, future developments are proposed.
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1.1. Residual stress

The study of Residual Stress (RS) is a well-established field in engineering and research due
to its significant impact on the strength, hardness, fracture toughness, fatigue resistance,
and other material properties. Residual stress refers to the internal stresses present in a
material without the influence of external loading or thermal gradients. These stresses are
self-equilibrating, meaning they reach a state of balance within the material. However,
unlike live stresses, residual stresses are often the result of complex thermo-mechanical
or chemical inelastic processes. Consequently, residual stress can be considered a partial
reflection of the entire deformation history of the object. The study of residual stress
provides valuable insights into the mechanical behavior and performance of materials,
aiding in the optimization of design and manufacturing processes. The literature describes
three types of residual stress (Figura 1.1): macro RS, which develop in the body of a
component on a larger scale; micro RS, which vary on the scale of an individual grain;

and micro RS, which exist within a grain.

RS S o N5 A
a @ o+ o Ry

LA A
Micro Residual Stresses: range comparable to grain size — peak broadening

Tvpe Il (Gp):  single grain (Anisotropy or different phases)

Type III (G;):  within a grain (crystalline defects)

Figure 1.1: Types of Residual Stress (from biofotonica.it)
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Residual stress originates from various deformation processes such as heat treatment,
shape transformation, or changes in material properties. For instance, processes like
welding, machining, grinding, or wire drawing can introduce tensile residual stresses,
which are generally detrimental and often the leading cause of fatigue failure and stress-
corrosion cracking. Conversely, peening processes (such as shot peening, hammer peening,
laser peening, or ultrasonic peening) induce compressive residual stresses that are typically
beneficial. Compressive residual stresses help prevent the initiation and propagation of
fatigue cracks and enhance corrosion resistance.

Given these factors, it is essential to determine, analyze, and manage residual stress using

the approach known as Residual Stress Management (RSM). RSM consists of three stages:

1. Residual stress determination through measurement (destructive and non-destructive)

and computational methods;
2. Analysis of the effects of residual stress through experimental studies;

3. Modification of residual stress, if necessary, through changes in manufacturing/assembly

techniques or the application of stress-relieving methods. [18]

1.1.1. Shot peening’s impact on RS

Gear engineers play a crucial role in designing and improving gear systems by considering
various factors. Surface treatment, including shot peening, is an important aspect that
can significantly enhance the bending and contact fatigue properties of gears when imple-
mented correctly. By introducing residual compressive stresses through shot peening, the
gear’s fatigue resistance can be improved. Compressive stresses help to counteract the
tensile stresses that are generated during gear operation, especially under bending and
contact fatigue conditions. The presence of compressive stresses reduces the likelihood of
crack initiation and propagation, enhancing the gear’s fatigue life and durability. [4]

Shot peening is a mechanical surface treatment process that involves bombarding a metal
surface with small spherical particles, known as shot, at high velocities. The impact of
these shots induces compressive residual stresses in the surface layer of the material (Fig-

ure 1.2), which helps to improve its resistance to fatigue and other failure mechanisms. 8|
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How Peening Improves the Surface Layer
Residual
Surface stretched comgpressive
and flattend [ sI’r‘ess

| Yeum —

Figure 1.2: Shot peening process [§]

By subjecting gear teeth and other critical components to shot peening, the surface layer
is hardened and residual compressive stresses are introduced, which counteract the tensile
stresses that can lead to fatigue failure. New designs for agricultural machinery, speed
reducers, and gear motors are now incorporating shot peening into their initial design
stages. This trend is driven by the desire to improve the durability and reliability of
these components, especially when they are subjected to cyclic loading and high-stress
conditions.|8]

The stress distribution through the cross- section of a part can be shown as in Figure 1.3.

PEENED SURFACE
TENSION o COMPRESSION P'Y

e

RESIDUAL STRESS

Figure 1.3: Distribution of stress in a shot-peened beam with no external Load |§|

In [8] the author explains: «When a part that has been peened has an external load applied
to it, the off-setting tensile stress produced by the load will decrease the magnitude of the
compressive stress introduced by the peening. This compressive stress will be retained if
the part is loaded no more than 40 to 50 per cent of the ultimate tensile strength of the

material or below the elastic limit or yield point.»
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For example for a material with a hardness of Rc31, the part has the stress distribution

shown without an external load. Upon application of the load, the curve will shift as

shown in Figure 1.4.

Stresses in peened metal

Tension 0 Compression

Residual
subsurface
tensile
stress

Neutral axis —al

Residual surface
compressive stress
(110,000 psi for

)

Re

A. No external load

g

f Peened surface

Tension 0 Compression

- \ e

stress

Resultant

Applied
stress

load

B. With applied bending monent

\‘ Moment

Figure 1.4: Peening continues to protect the surface from fatigue as long as tensile stress

from applied load are less than residual stresses. 8]

The gear tooth is modeled as a cantilevered beam, hence a failure due to a cyclical load
occurs at the root of the gear. The most significant effects of shot peening are, in fact,

to improve the fatigue strength in the root fillet, and to increase surface fatigue life to

reduce pitting (Figure 1.5)

Fatbgpua
cracks
T

Fitting

Figure 1.5: Tensile and shear stresses cause pits and fatigue cracks.|8|
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1.2. Destructive Techniques

Destructive techniques involve disrupting the state of balance of residual stress in the
specimen after a deformation process. These techniques, such as sectioning, machining,
layer removal, or hole drilling, induce local strains that can be measured to determine the
residual stress field.

One commonly used destructive method is the hole drilling method. It involves drilling a
small hole in the sample and measuring the surface strain relief in the material surrounding
the hole using a strain gauge rosette. This method provides valuable information about
the residual stress distribution.

Another destructive method, similar to hole drilling, is the ring core method. Instead
of drilling a hole, a ring-shaped hole is created, and the measurements are taken on the
surface inside the ring. This method offers an alternative approach to assess the residual
stress state in a specimen. Both the hole drilling method and the ring core method are
effective in determining residual stress by analyzing the strain relief resulting from the

introduced disruptions in the material.[18]

Strain gauge Strain gauge
rosette rosette

Hole Ring core

Figure 1.6: Application of hole-drilling and ring core methods [18|
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1.3. Non Destructive Techniques

Non-destructive techniques (NDT) are another essential aspect of Residual Stress Man-
agement (RSM) that does not involve the destruction of the specimen. These techniques
allow for the investigation of the local behavior of a material without altering or removing
it from the structure being examined. As a result, NDT methods can be used for field
measurements and assessments. NDT techniques rely on establishing a relationship be-
tween physical parameters and residual stress to obtain valuable information about the

material’s internal stress state.[18]

1.3.1. X-ray and neutron diffraction methods

These methods are non-destructive testing (NDT) techniques that utilize lattice spac-
ing as the strain gauge. The x-ray method is the most commonly employed technique
for Residual Stress Management (RSM). However, it has limitations related to sample
geometry. Specifically, the measurement area must be accessible to x-rays, allowing for
diffraction to reach the detector without encountering any obstructions. X-ray diffrac-
tion offers a spatial resolution ranging from 1-2 mm down to tens of microns, and it can
penetrate a depth of approximately 10-30 pum depending on the material and the x-ray

source.[18]
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EETITILIILY
3000000 A0 0b 00 [0 10 10 )

Figure 1.7: Diffractometer

1.3.2. Thermoelastic stress analysis

When a specimen is subjected to cyclic stresses under adiabatic conditions (meaning
minimal heat exchange with the surroundings), it experiences a small cyclic temperature
change (AT). This temperature change can be related to the change in the sum of

principal stresses (A(oy + 02)) according to following equation:
AT = —(aTy/pcP)A(o1 + 02)

Here, a represents the coefficient of thermal expansion, T0 is the absolute temperature,
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p is the density of the material, and cP is the specific heat capacity at constant pressure.
This relationship assumes elastic stresses and isotropic material behavior, but it can be
modified to account for orthotropic materials. Adiabatic conditions are typically achieved
by cycling the stresses at frequencies ranging from approximately 10 to 25 Hz. The mag-
nitude of AT can be quite small, often requiring measurement resolutions on the order
of 0.001 °C. The temperature change AT results in the emission of infrared photons from
the specimen’s surface. This flux of photons is monitored using a highly sensitive infrared
camera, which acts as a photon detector, producing a corresponding voltage signal. The
change in the sum of principal stresses (A(o; + 02)) can be expressed in terms of the
camera signal (S) using the following equation:

Aoy + 09) = AS

The constant A in this equation combines various parameters such as detector responsivity,
system amplification, surface emissivity, etc., and can be determined through calibration.
Thermoelastic stress data can be obtained over a desired surface region to map the dis-
tribution of stress. Thermoelastic stress analysis has found applications in various areas,
including the determination of fracture mechanics parameters, detection and monitoring
of crack growth, and evaluation of adhesive joint quality. Different methods have been
developed to separate the individual principal stresses (o7 and 03) if desired. Additionally,
in practical scenarios, a mean value of stress may be present. Experimental studies have
shown that mean stress can influence the thermoelastic behavior of materials (Figure 1.8).
A theory has been proposed to explain this effect, considering the temperature depen-
dence of elastic constants such as the modulus of elasticity. If thermoelastic data can be
analyzed to determine the mean stress separately from cyclic stress, there is the potential
to evaluate residual stress (which can be considered a mean stress). However, the influence
of mean stress on thermoelasticity is relatively small, making it challenging to reliably de-
termine residual stresses using this technique (Figure 1.9). Research on the effect of mean
stress in thermoelasticity continues, but as of now, the ability to accurately determine

residual stresses through thermoelastic analysis remains to be demonstrated.|10]
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Figure 1.9: Thermoelastic response of a plate in uniaxia tension with a central hole [18§]
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1.3.3. Holographic interferometry

Holographic interferometry is a technique that allows for the measurement of surface dis-
placements ranging from tens of nanometers to tens of microns. In this method, a laser
beam illuminates the surface of a test object, and the scattered light is directed to a
location where a hologram is generated. Reference light also illuminates the hologram
location, and the interference between the reference and scattered light is recorded as an
intensity distribution using analog or digital means.

Once a hologram is recorded, it can be re-illuminated with reference light, and a recon-
structed image of the test object can be observed through the hologram, even if the object
is removed. When the object remains in place and is re-illuminated, any microscopic de-
formation of the object’s surface results in the combination of the reconstructed light and
the scattered light, creating optical interference fringes on the object’s surface as seen
through the hologram.

These interference fringes represent phase differences, with each fringe corresponding to a
phase difference of 27 relative to an adjacent fringe. By analyzing these phase differences,
surface displacements can be determined. Fringes resulting from in-plane displacements
are shown in Figure 1.10(b), while fringes resulting from out-of-plane displacements are
shown in Figure 1.10(c). The phase differences and displacement relationships differ for

in-plane and out-of-plane displacements.|[10|

tg'f"tt y beam
s : litter
object_° e

laser
- hologram

reference — D

light %

(a) camera

(b)
Figure 1.10: (a) Schematic of holographic interferometry set-up, (b) interference fringes
from in-plane displacements of a thin plate, stretched uniformly and (c) fringes from out-

of-plane displacements of a disc supported around its circumference and loaded by a force

normal to its surface and slightly off-center. [10]
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Digital holographic interferometry provides a digital alternative to analog holograms. It
involves recording holographic interference patterns using a CCD or CMOS camera and
storing them digitally. By numerically reconstructing the "before" and "after" holograms,

phase information can be retrieved and used to calculate surface displacements. [10]

1.4. Digital Image Correlation

Digital image correlation (DIC) is a non-contact optical method used for measuring full-
field displacement and deformation. As a prominent non-interferometric optical technique,
DIC has gained widespread acceptance and is commonly employed as a versatile tool for
surface deformation measurement in the field of experimental solid mechanics. The DIC
method was initially developed by a group of researchers at the University of South Car-
olina in the 1980s. Over the years, significant improvements have been made to the DIC
method, including reducing computation complexity, achieving high-accuracy deformation
measurement, and expanding its application range. The classical DIC approach, known
as 2D-DIC, utilizes a single fixed camera to measure the in-plane deformation of planar
object surfaces. Subsequently, the development of 3D-DIC enables the measurement of
objects with curved surfaces or three-dimensional deformations resulting from loading.
[15]

3D-DIC relies on binocular stereovision, involving two cameras, and it can measure dis-
placement fields and surface strain fields of any three-dimensional specimen. The ad-
vancements in DIC have made it a valuable tool for comprehensive deformation analysis,

offering a non-contact and full-field measurement approach in solid mechanics research.
[12]

1.4.1. Primary concepts

DIC (Digital Image Correlation) provides an alternative method to interferometric tech-
niques for determining surface displacements. In 2D measurements, a digital camera is
used to capture images of a surface region illuminated by ordinary light. The first step is
to acquire and digitize an initial image of the region, known as the reference image. This
image is then divided into smaller subsets, referred to as subsets, each of which should
have features suitable for tracking their movement under loading. If necessary, additional
features can be added, such as a random pattern of tiny black dots on a contrasting back-
ground (speckle).

After loading is applied, a second image is captured, and each deformed sub-set is matched

to its corresponding subset in the reference image using a correlation algorithm. This
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matching process allows for the determination of the displacements experienced by each
subset.

For 3D measurements, instead, a stereovision setup is used with two cameras placed at a
sufficient distance apart. The images acquired by these cameras enable the determination
of the 3D coordinates of surface locations through triangulation.

Commercially available 2D and 3D DIC systems incorporate computational algorithms
that track and match sub-sets, and subsequently calculate displacements and strains.
Prior to using a DIC system, calibration is necessary. Calibration involves accounting for
camera characteristics, such as distortion, and in the case of 3D DIC, the orientation of
the cameras relative to each other. (Figure 1.11)

Compared to interferometric methods discussed earlier, DIC relaxes the requirement for
stringent mechanical stability of the test setup, which is a significant advantage. However,
the displacement sensitivity of DIC may be lower than that of interferometric approaches,

depending on the specific implementation. [10]
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1.4.2. Pattern and subset

For the Digital Image Correlation (DIC) method to work accurately, the surface of the
specimen needs to have a specific pattern. The DIC technique relies on non-uniform light
reflection from the surface, which requires a pattern for tracking purposes. A uniform
surface without features or light gradients would not be suitable for DIC. Therefore, it
is necessary to have a random pattern on the specimen’s surface that is integral to the
material being observed and moves and strains with it.

In most cases, the test specimen does not naturally have a speckle pattern. To address
this, a speckle pattern is often applied to the specimen’s surface using an airbrush gun. A
high-contrast speckle pattern is preferred to minimize noise, so a black-on-white pattern
is commonly used.

In DIC, the pattern adheres to the surface and deforms with it. This means that as the
object undergoes translations and deformations, the pattern on the surface also trans-
lates and deforms accordingly. This characteristic of the DIC pattern is crucial because
it ensures that there is no loss of correlation between the reference pattern before de-
formation and the deformed pattern after deformation even under large translations and
deformations. The ability of the pattern to deform with the surface allows for accurate
tracking and measurement of displacements and strains across the entire field of view.[12]
The subsets are shifted until the pattern in the deformed image matches the reference
image as closely as possible; this match is calculated by the total difference in grey levels
at each point (Figure 1.12) [19]

Figure 1.12: Visualization of subset tracking during movement and deformation [19|

To provide good tracking information, the speckle pattern should possess the following

characteristics:
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1. High Contrast: The speckle pattern should have a high contrast, which means using
either dark black dots on a bright white background or bright white dots on a dark
black background. This contrast helps in distinguishing and tracking the speckles

accurately.

2. 50% Coverage: It is desirable to have approximately equal amounts of white and

black on the surface, meaning the speckles should be evenly distributed.

3. For instance, if the speckles are 5 pixels in size, they should be approximately
5 pixels apart from one another. This distribution ensures that there is enough

speckle coverage for reliable tracking.

4. Consistent Speckle Sizes: Ideally, the speckles should be 3-5 pixels in size to optimize
spatial resolution. However, the most crucial aspect is consistency in size throughout
the pattern. Speckles that are too small (less than 3 pixels) can lead to aliasing and

inaccurate tracking results.

5. Isotropic: The speckle pattern should not exhibit a bias or preference for any partic-
ular orientation. In other words, there should be no discernible directional pattern
in the arrangement of speckles. This isotropy helps prevent tracking errors that may

occur due to a biased pattern.

6. Randomness: It is important for the speckle pattern to be random. While it is
challenging to achieve a perfectly regular pattern that could cause false matching,
even repeating patterns can lead to irregularities. When using templates or stencils
with repeating dots, it is crucial that the paint seeping through the stencil is irregular

enough to avoid false tracking caused by a predictable pattern.|19]

Some examples of speckle patterns are shown in Figure 1.13.

Figure 1.13: Example of typical speckle patterns [12]

The process of 2D DIC (Digital Image Correlation) involves the following steps:

1. Selection of Reference Subset: A square subset of pixels centered at point P(x0, y0)
is chosen from the reference image. This subset has a size of (2M + 1) x (2M + 1)
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pixels, where M determines the size of the subset.

. Tracking the Corresponding Subset.

. Similarity Evaluation: To evaluate the similarity between the reference subset and

the deformed subset, a predefined correlation criterion is used. Common criteria
include cross-correlation (CC) and sum-squared difference (SSD) correlation. These
criteria measure the similarity of gray levels or pixel intensities between the two

subsets.

. Similarity Evaluation: To evaluate the similarity between the reference subset and

the deformed subset, a predefined correlation criterion is used. Common criteria
include cross-correlation (CC) and sum-squared difference (SSD) correlation. These
criteria measure the similarity of gray levels or pixel intensities between the two

subsets.

. Matching Procedure: The matching procedure involves calculating the correlation

coefficient or SSD value for different positions of the deformed subset in the de-
formed image. By searching for the peak position of the correlation coefficient or

the minimum SSD value, the position of the deformed subset is determined.

. Displacement Calculation: The displacement vector at point P is obtained by sub-

tracting the position of the reference subset center from the position of the target
subset center. This displacement vector represents the in-plane movement or dis-
placement of point P between the reference and deformed images. (Figure 1.14)
[16]

y Reference image

peaemin{C,. [ £ (x+%), 8 (x+w(&.p)) ]

Figure 1.14: Basic principle of subset - based on DIC method [16]
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1.4.3. Correlation Criterion

CC Criteria: CC stands for Cross-Correlation. Cross-correlation is a measure of similarity
between two signals or datasets. In the context of image analysis or signal processing,
cross-correlation is often used to compare two images or signals and quantify their sim-
ilarity. The cross-correlation coefficient, also known as the correlation coefficient (CC),
is a numerical value that ranges from -1 to 1. A value of 1 indicates a perfect match, 0
indicates no correlation, and -1 indicates a perfect negative correlation.

SSD Correlation Criteria: SSD stands for Sum of Squared Differences. In the context of
image analysis, the Sum of Squared Differences is a method to measure the similarity or
dissimilarity between two images. It involves calculating the squared difference between
corresponding pixel values in the two images and summing them up. A lower value of SSD
indicates a higher similarity between the images. So, in summary, CC criteria (such as
correlation coefficient) focus on measuring the correlation or similarity between reference
and deformed subsets, while SSD correlation criteria (like Sum of Squared Differences)
quantify the dissimilarity between two subsets based on pixel-level differences. (Figure
1.15) [16]

Performance CC criteria SSD criteria
Sensitive to all changes of the deformed Coc = Y. fig; Cssp =Y (fi — 35;‘2
subset intensity

Insensitive to offset changes of the deformed (Cppe = (fizi) i O, - [j; _ _?_]2

subset intensity

Insensitive to scale changes of the deformed Crnoe = —2=tii . 2

subset intensity VLR Crnssp =Y, (ﬁ = v,%-r)

Insensitive to the scale and offset changes of s S . " z

the deformed subset intensity VELLE Cznssp = 2. (7% = 7;—"_2)
=2 (1 — Cance)

Figure 1.15: Types of correlation criteria used in DIC [14]

1.4.4. Stereovision and 3D-DIC

Binocular stereovision is a technique used to extract the 3D structure of a scene by
capturing it from two different viewpoints. In this technique, two cameras are used,
each capturing an image of the scene In Figure 1.16 P(X, Y, Z) is the 3-D point to be
measured; pl(ul, vl) and p2(u2, v2) are its stereo projections in the images; C1 and C2

are the optical centers of the two cameras. [12]
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P(XY.Z)

Figure 1.16: Binocular Stereovision [12]

To compute the 3D coordinates of a point using binocular stereovision, certain assump-

tions are made:

1. The geometry of the stereo rig, which refers to the relative position and orientation
of the two cameras, is known. This information is obtained through an offline camera
calibration procedure, where the intrinsic and extrinsic parameters of each camera

are determined.

2. The image points pl and p2, corresponding to the same physical point P, are
matched. This process is known as stereo matching, and it involves identifying
the corresponding image points in the two images. Stereo matching algorithms are
used to establish the correspondence between image points based on their similarity

or disparity.
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By knowing the geometry of the stereo rig and establishing the correspondence between
image points, triangulation can be performed to compute the 3D coordinates of the phys-
ical point P. Triangulation involves calculating the intersection of rays projected from
each camera’s optical center to the corresponding image points. In a binocular stereo-
vision system, when a point pl in image 1 is matched with its corresponding point2 in
image 1, known as the stereo-correspondant, it is observed that it lies along a specific
line in image 2. This line is entirely determined by the coordinates of pl, the relative
position and orientation of the cameras, and their intrinsic parameters. This line is called

the epipolar line associated with pl (Figure 1.17). [12]

}J

epipolar line
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Figure 1.17: Epipolar plane [12]

The camera optical centers C1 and C2, the 3-D point P and its images pl and p2 lie in
common plane. This plane intersects each image plane in an epipolar line This geometric
constraint, known as the epipolar constraint, is a fundamental property of any stereo
imaging system. It simplifies the search for stereo-correspondence from a 2D search across
the entire image to a 1D search along the epipolar line. This significantly reduces the
computational complexity of finding corresponding points in the stereo images. In the
case where the cameras are perfectly aligned, the epipolar lines are parallel to the rows

of the images (Figure 1.18.)
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Figure 1.18: Epipolar line [12]

A rectified stereovision sensor: the epipolar lines are parallel to the image rows. This ideal
configuration further simplifies the search for correspondences because the corresponding
pixels lie on the same row in both images. In this configuration, the difference between the
column coordinates of the matched points is referred to as "disparity," which represents
the apparent horizontal shift between the points.

However, in practice, achieving perfect alignment of the cameras is challenging. To address
this issue, a rectification procedure is performed at the processing level. This procedure
involves applying a transformation, known as a plane-to-plane homography, to each im-
age of the initial stereo pair. This transformation generates a new pair of stereo images
that correspond to a virtual stereo rig with perfectly aligned cameras. The rectification
procedure utilizes the calibration parameters obtained during the offline camera calibra-
tion phase. It should be noted that the rectification process also corrects for optical lens
distortion, transforming the real distorted images into ideal distortion-free images.

The result of the rectification procedure is a pair of images that correspond to an ideal
stereo rig with distortion-free and perfectly aligned cameras. This greatly simplifies the
stereo-matching phase as the epipolar lines are now aligned with the rows of the rec-
tified images. Importantly, it should be noted that the rectified or undistorted images
themselves are not computed during the process. Instead, the computed rectification ho-
mographies and distortion parameters are directly used in the expression of the correlation
function to operate on the raw images.

This approach allows for achieving high matching accuracy by avoiding pixel interpola-
tions that are involved in distortion correction and image rectification. By directly using
the raw images with the applied transformation parameters, the highest level of matching

accuracy can be achieved in stereo-correspondence estimation.

The difficulty in stereovision lies in establishing correspondences between pairs of images.
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Over the years, various algorithms have been proposed to tackle this challenge, and they

can be broadly classified into two categories:

1. Feature Matching: Feature matching algorithms involve extracting distinctive prim-
itives from the images. These features are then matched between the views being
considered to establish correspondences. Feature matching methods are generally
fast since they operate on a subset of image pixels, but they may yield sparse dis-

parity maps with limited matches.

2. Template Matching: Template matching algorithms aim to correlate the gray levels
of image patches between the views being considered. The assumption is that similar
patterns or textures in the images will exhibit a high degree of similarity in their pixel
intensities. Template matching methods can potentially provide dense disparity
maps. However, they are more effective for relatively textured areas and image

pairs with small differences.

In experimental mechanics, the focus is often on the surface strain field, which can be
obtained by tracking the displacement of specific points on the surface of an object sub-
jected to mechanical or thermal loads. Stereovision techniques enable the measurement of
the 3D displacement field of an object undergoing 3D deformation. Using a pair of stereo
images acquired at time t0, it is possible to calculate the shape of the object at that time.
The same can be done using a pair of stereo images acquired at time t1. By matching the
corresponding points between the images taken at times t0 and t1 (temporal matching or
tracking), the 3D displacement of each image point can be computed.

When measuring 3D displacement fields using 3D DIC (Digital Image Correlation), a com-
bination of stereo-correlation (stereovision + correlation-based stereo matching) and pixel
tracking by correlation (DIC) is employed in the sequence of stereo images. This approach
provides 3D information and allows for the tracking of pixel displacements. In order to
achieve higher accuracy, an improved method has been proposed that combines temporal
tracking and stereo-correlation. This method operates simultaneously on both pairs of
stereo images, resulting in enhanced precision and reliability. By utilizing stereovision
techniques and incorporating the benefits of temporal matching and stereo-correlation, it
becomes possible to measure and analyze the 3D displacement field of objects undergoing

deformation, providing valuable insights into their mechanical behavior. [12]
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2 Materials and Methods

After a detailed examination of the relevant thematic area, we move on to the next phase
focusing on the review of tools used for experimental analyses. The general exposition on
how the tools work for conducting research with DIC instrumentation has been partially
discussed in previous chapters. We will focus on a concise recapitulation of the necessary
tools before moving on to describe those used in the experiments of this thesis. The
DIC machinery used during the research is housed at the Department of Mechanics and
Aerospace (DIMEAS). The following image provides a schematic view of the experimental

setup. (Figure 2.1)

Schematic Overview:
(Images / components may differ

depending on configuration) Ca mera(s)
Camera connection cable 12Pin Hirose connectiop
(FireWire 1394b, Gig-e, cable for Trigger / Powe
Cameralink) supply of camera(s)
Desktop / Laptop USB DAQ
USB cable
i ._~~"-.
et
USB dongle ‘
Power
o3 supply

Figure 2.1: DIC overview (from isi-sys DIC Setup Guide)
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2.1. Equipment

2.1.1. Cameras

The DIC setup is composed of two Basler ace ac4096-30um cameras (Figure 2.2).

The size of the optical sensor can be obtained from the technical specifications provided by
the manufacturer or calculated by knowing the sensor’s resolution and the size of a single
pixel. In the case of the Basler ace acA4096-30um, the sensor’s resolution is 4096 x 2168
pixels, and the size of a pixel is 3.45 x 3.45 pm. By multiplying the resolution by the size of

a single pixel, the sensor size is obtained as 14.1 x 7.5 mm. (https://www.baslerweb.com)

Figure 2.2: Basler ace ac4096-30um camera

The characteristics of its sensor are collected in the tables 2.3 and 2.4.
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Sensor

Sensor Vendor
Sensor

Shutter

Sensor Format
Sensor Type
Sensor Size
Resolution [HxV]
Resolution

Pixel Size [H x V)
Frame Rate

Maono/Color

29

Sony

IMX267

Global Shutter

1

CMOS

14.1 mm x 7.5 mm
4096 px x 2168 px
9 MP

3.45 pm x 3.45 pm
32 fps

Mano

Figure 2.3: Sensor Characteristics
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Figure 2.4: Camera Characteristics

The cameras have two image acquisition modes: standard and long exposure.

1. Standar mode: This is the default camera operation mode. It is suitable for most

operating conditions, that is, when parameters are not set to extreme values.

2. Long Exposure mode: is useful when capturing images with long exposure times to

optimize image quality.

To maximize the effect of this feature, it is recommended to provide heat dissipation,

increase the exposure time, and minimize the frame rate as much as possible.

If the
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application permits, it is advisable to operate the camera in single shot mode and acquire

only the images you need.

Hardware Triggering (Figure 2.5) is a triggering method that uses a pulse signal, just like
the Digital Pulse Capture feature, but instead by-passes the need for the data acquisition

device and connects directly from the signal generator to the cameras. (https://www.baslerweb.com)

R Vic-Snap - test
File | Images RealTime Windows Help
H & Capture Space

- O (]}

Capture Timed Capture Pause Triggers -~

- @ Timed Capture...

(@ Flex Capture...

IF TTL Capture...
Streaming Capture...

Sync Mode

’ Auto
souct e+ |, [

Ij Lock Exposures Software

Figure 2.5: Hardware triggering (from Application Note AN-1703 Triggering Methods)

To correctly connect the Basler ace acA4096-30um camera to the equipment or experi-
mental tools used, a C-Mount adapter will be required. The choice of adapter depends
on the compatibility between the camera, the equipment, and the object of study. It is
important to consider the size of the object you want to observe, the sensor size of the

camera, and the type of available equipment.

2.1.2. Lens selection and extension tubes

It’s crucial to emphasize that both the object’s size, the sensor’s scale, and the type of
adapter are all variables subject to limitations, stemming from the conditions of the avail-
able equipment and the characteristics of the sample we are analyzing. Similarly, there
are restrictions in the choice of lens; despite the software having a wide selection of lenses,
we will only have a few that are actually usable in our set. Specifically, we are limited to
using two Rodagon 80 mm lenses and two Rodagon 135 mm lenses, compatible with our

DIC - Correlate Solution equipment. The only element where we have some flexibility is
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the distance between the front portion of the lens and the sample (Free Working Distance,
FWD). We enter all the parameters into the Mach Vis software, choosing a 400 mm anal-

ysis field. Subsequently, the software provides the configuration and physical positioning

of our DIC device in relation to the sample we are examining.

ENCELITAS MachVis® OnlLine B Fie & tenses 8% eamts @ cavera Y [ioeiN
et D L Total I " " ns T Flan Flange F.D. o
Object Distance . Lens Name Remark  Focus Device T otal Freewp. o0t nage - o8 LensTo lange anée o
EFL wo. size size Value Range Camera Fo. Range of F
Free Working Distance -
Theory 108mm  eessmm  49000mm  40O0mm  10mm  -0390x 195 5mm

490 mm 1 Optem 0.4x: 0411 1xCT Afocal o Micro 490.0mm seemm  lomm 04 o4 50.00mm e
B —— 2 Optem 0.4x: 0.6xLL 1xCTm Alocal o Micro 490.0mm soemm om0 o4 50.00mm 0
Object Size 3 Rodagon135 [B) ‘Smart Focus 2 136.2mm 668.0mm 456.3mm 40.0mm 16.0mm -0388x -05t0-01 196.15mm 182.9mm 177.2-189.6mm 04

Object Size v 4 Rodagon 135 Moduar Focus 3 1362mm  seBomm  4Sh3mm 40mm  l60mm 030  -051-01  1961Smm  l82emm  17421992mm 04

Full Diameter . s Optom 0.4x: 0.6xLL 0.8CT Alocal 0 Micro 300.0mm soomm  lomm 04 o4 50.00mm 260

w0 mm
—_

Sensor Cholce Mode -

Image [sensor] size

Custom -
et oo vale Solution 3 Lens: Rodagon 135 [0701-398-000-40] O sunmary
[H: 7.6mm Ext:2¢ 7mm CBO:17.6mm) ngo: 177.2-189.6mm
1610 mm
Rodagon 135 Extension Tube [1x] Camera Adapter
Fullwidt 0701-388-00040 2408-021-111-00 2408-008-108-00
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Figure 2.6: Selection of lenses to be used through the Mach Vis software.
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Figure 2.7: Optical parameters of the Rodagon 135 mm lens

The software (Figure 2.6) has provided us with a configuration for using the Rodagon 135
mm lenses (Figure 2.7) with two extension tubes: 120 mm and 24 mm. We proceed with

the assembly of the cameras, Smart Focus and extension tubes as shown in Figure 2.8.
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Figure 2.8: Assembly of lenses, cameras and extensive tubes

2.1.3. DAQ Unit

The DAQ (Data Acquisition) devices (Figure 2.9) are configured to work with the Vic
software for Digital Image Correlation (DIC) provided by Correlated Solutions. These
devices are an essential component of DIC systems, serving the purpose of triggering the
cameras using a hardware trigger and simultaneously recording analog data. There are
three types of DAQ devices available, each offering different performance and features. For
this specific experiment, the DAQ-STD-8D Synchronization was utilized (Figure 2.10).
This device acts as a trigger mechanism, facilitating the operation of the High-Speed
module and providing power to the cameras. The hardware trigger is transmitted through
the 12-pin Hirose connectors located on the DAQ unit. Two of these connectors are

available, allowing for the connection of up to two cameras.

Figure 2.9: Control elements front layout of DAQ unit
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Figure 2.10: DAQ-STD-8D

The standard hardware trigger mode in Vic-Snap can be employed with the Transistor-
Transistor Logic (TTL) Capture method. This configuration enables the cameras to be
triggered using standard hardware triggering. The hardware trigger mode can be selected
within the Vic-Snap software. In our setup, there is no requirement to connect any TTL
signal to the PFI 13/Light connector. In the context of cameras, a TTL trigger can be
utilized to initiate the capture of an image or to synchronize the capture of images across

multiple cameras. The "trigger" refers to the event that initiates this action. (Figure 2.11)
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Figure 2.11: Schematic DAQ Operation (from isi-sys DAQ-unit)

2.1.4. Light Source

Light is a crucial and significant element in ensuring the accuracy of the acquisition system.

Therefore, the use of a blue light source is chosen to improve the lighting conditions of

the sample. [14]
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Figure 2.12: Schematic view of sample image acquisition through 3D-DIC [14]

The illumination of the specimen plays a fundamental role in achieving optimal results, as
it provides the following advantages: It allows for the unique identification of the pattern.
It enables the tracking of the speckle during the test. Various light sources can be used,
such as halogen light, white LED, or monochromatic LED. It is essential that the lighting
is as uniform and intense as possible. Intensity is necessary to adequately illuminate the
pattern on the object, thereby avoiding the formation of areas of uncertainty. Uniformity,
on the other hand, is important to prevent reflections that could cause differences in

lighting between the two cameras or areas where the pattern is not clearly visible. [13]

How can be observed in the Figure 2.13, that light is a significant factor in the accuracy

of the machinery, as it reduces noise levels and also minimizes systematic errors. |7|

(a) Random noise (b) Systematic error
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Figure 2.13: Improvements in terms of accuracy and precision of DIC [7]
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2.2. Software

The software that will be used for image processing is VIC 3D in its version 9.4. How it
can be observed in the Figure 2.14, the user interface is simple. The windows, such as
the AOI Editor and tracking windows, are grouped within a Workspace. The list view on

the left side of the main window provides a quick overview of image and data files.[20]
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Figure 2.14: Vic-3D Application Window [20]

It is initialized by creating a project as illustrated in the following figure.
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Figure 2.15: Vie-3D start page [20]

To add calibration images, you need to select Immagini (Images), then click on Immagini
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di calibrazione (Calibration images) from the menu bar, or click on the icon for calibration

images on the main toolbar (Figura 2.16).

UEEEEae | woseF o evoRCeXDX

Figure 2.16: The main toolbar [20]

There are two important panels to consider during the processing: the panel for captured
images and the panel for the calibration process.

The data panel for captures images shows the output data generated by Vic-3D as well as
any analog data acquired with Vic-Snap. The file names of the output files generated by
Vic-3D correspond directly to the image file names and differ only in the extension.(Figure
2.17)
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Images Data Calibration

v Speckle Images ~

* expansion-0000_0.tif

* expansion-0001_0.tif

* expansion-0002_0.tif

*  expansion-0003_0.tif

*  expansion-0004_0.tif

Bl expansion-0005_0.tif

* expansion-0006_0.tif

* expansion-0007_0.tif

* expansion-0008_0.tif

* expansion-0009_0.tif

* expansion-0010_0.tif

¥ Calibration Images

* gridcalibration-0000_0.tif
* gridcalibration-0001_0.tif
* gridcalibration-0002_0.tif
* gridcalibration-0003_0.tif
* gridcalibration-0004_0.tif
* gridcalibration-0005_0.tif
* gridcalibration-0006_0.tif
* gridcalibration-0007_0.tif
* gridcalibration-0008_0.tif
* gridcalibration-0009_0.tif
* gndcalibration-0010_0.tif hd

Figure 2.17: Data Panel [20]
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The calibration panel displays shows the current calibration information for the project.

The calibration panel does not permit editing the calibration values and merely displays

the results of the calibration process calibration process.(Figure 2.18)

Project

Images Data

Calibration

v Cameral

Type: Pinhole

Centerx: 598.663 picel
Center y: 600.168 pixel

Focal length x: 44%0.7 pixel
Focal length y: 4490.92 pixel
Skew: 0

Kzppa 1: -0.055773¢

Kappa 2: 0110888

Avg. mag.: 8.28414 pixel/mm
Min. mag.: 7.50591 pixel/mm
hax. mag.: 9.38886 pixel/mm

v (Camera 2

Type: Pinhole

Center x: 600.627 pixel
Center y: 598.253 pixel

Focal length s 4493.36 pixel
Focal length y: 4493.13 pixel
Skew: 0

Kappa 1: -0.0617571

Kappa 2: 0.48525

Avg. mag.: 8.30383 pixel/mm
Min. mag.: 7.51692 pixel/mm
Max. mag.: 9.27568 pixel/mm

v Transformation

Alpha: -0.361692 deg
Beta: -30.4333 deg
Gamma: 1,12659 deg
Toc 274.34 mm

Ty: 3.05628 mm

Tz 73.6835 mm
Baseline: 284.605 mm

Figure 2.18: Calibration Panel [20]

Intrinsic camera parameters are displayed for each camera:

1. sensor center
2. focal length (in pixels)

3. estimated magnification
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4. rotation angles alpha, beta (stereo angle) and gamma
5. translation components Tx, Ty and Tz between the cameras
6. baseline: distance between cameras (resultant of Tx, Ty, Tz) [20]

In the following Figures 2.19, 2.20, 2.21 are presented a wide range of output data obtained

during correlation and optional post-processing.

Always Present
® X [mm] - metric position along the X-axis (by default, the horizontal axis).
@® Y [mm)] — metric position along the Y-axis (by default, the vertical axis).
@® Z [mm] — metric position along the Z-axis (by default, the out-of-plane axis).

@ Sigma [pixel] — the 1-standard deviation confidence in the match, in pixels. 0 indicates a
perfect match; higher numbers indicate a noise, excessive gradients, or possibly a failed
match.

® U [mm] - metric displacement along the X-axis, from the reference image. For the reference
image, this value will always be 0.

® V [mm] — metric displacement along the Y-axis.

® W [mm] — metric displacement along the Z-axis.

@ x [pixel] — the X location, in the raw image, of the data point,
@ y [pixel] —the Y location, in the raw image, of the data point.

@ u [pixel] — the raw X-axis displacement between the reference image and a given image, in
pixels. This is an internal variable which feeds into the triangulation algorithm to generate
the 3D metric displacement data. Effectively, this variable is the output of a 2D correlation
between the reference camera 0 image and the deformed camera 0 image.

@ v [pixel] - the raw Y-axis displacement between the reference image and a given image, in
pixels.

@ q [pixel] — the raw X-axis disparity between the camera 0 image and camera 1 image, in
pixels. This is an internal variable which feeds into the triangulation algorithm to generate
the 3D metric shape data. Effectively, this variable is the output of a 2D correlation
between the reference camera 0 image and a given camera 1 image.

@ r [pixel] — the raw Y-axis disparity between the camera 0 image and camera 1 image, in
pixels.

® q_ref [pixel]- this is the same as the computed X-axis disparity but is reserved for the
software and cannot be edited by the user. This variable is used for retriangulation.

® r_ref [pixel]- the reserved Y-axis disparity.

Figure 2.19: Always present output [6]
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Strain Variables

@ exx [1] —strain in the X-direction. Positive numbers indicate tension; negative numbers
indicate compression.

® eyy [1] - strain in the Y-direction.

@ exy [1] —shear strain.

® el [1] - the major principal strain.

® e2 [1] - the minor principal strain.

® gamma [1] - the principal strain angle, measure counterclockwise from the positive X-axis.
Velocity Variables

® du/dt [1] - the rate of change of the U-displacement; that is, the velocity of a given point in
the X direction.

® dv/dt [1] — velocity in the Y direction.

@® dw/dt [1] - velocity in the Z direction.

® dExx/dt [1] - the rate of change of strain in X, or strain rate in X.
® dEyy/dt [1] - the strain ratein Y.

@ dExy/dt [1] - the shear strain rate.

@ Note: principal strain rates are not calculated because principal strains, by nature, do not
have a consistent reference frame from one image to the next.

Confidence Margins
* Sigma_X [mm]-the 1-standard-deviation (67%) uncertainty in the X-axis.
* Sigma_Y [mm]-the 1-standard-deviation (67%) uncertainty in the Y-axis.
* Sigma_Z [mm]-the 1-standard-deviation (67%) uncertainty in the Z-axis.
2D-Specific Variables

* X_C,¥Y_C, u_c, v_c - these variables appear in the extraction dialog. If a scale calibration is
present, they represent the scaled position and displacement. If no scale calibration is
present, they're equal to the pixel values.

Figure 2.20: Strain variables, velocity variables, confidence margin and 2D specific vari-
ables [6]

Deformed Variables (export only)

* Xp-the deformed X value, equal to X+U.This is an option in the export dialog and is added
for convenience.

* Yp-the deformed Y value, equal to Y+V.
+ Zp—-the deformed Z value, equal to Z+W.

Figure 2.21: Deformed variables [6]
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2.3. Samples

During the experimentation, four samples are analyzed: a standard gear, a thin-rim gear,
a non-shot-peened gear, and a shot-peened gear. At first analysis, two types of gears
with different geometries were used: Standard Gear and Thin rim Gear. During a static

bending test, these gears were subjected to four different loads:
e Load 1: 1920N
e Load 2: 3992N
e Load 3: 5980N
e Load 4: 7980N

Throughout the testing process, a DIC (Digital Image Correlation) machine captured
images of the deformation process caused by the different loads. These gears are made of

(C45 steel, without a thermal treatments.

2.3.1. Standard Gear

The technical drawing of a standard gear is shown in Figure 2.22.
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Figure 2.22: Technical drawings of standard gear [6]
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In table 2.1 are presented the geometric values of the standard gear:

Table 2.1: Standard Gear Geometry

Pitch diameter (dp) 96 mm

Face width (b) 20 mm
Number of teeth (Z) 32 mm
Modulus (m) 3 mm
Backup ratio (mb) 1
Web ratio (mw) 1
Gear blank factor 1

2.3.2. Thin-Rim Gear

The technical drawing of a thin rim gear is shown in Figure 2.23.

SECTION A-A

Figure 2.23: Technical drawings of thin-rim gear [6]

In table 2.2 are presented the geometric values of the thin-rim gear:
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Table 2.2: Thin-rim Gear Geometry

Pitch diameter (dp) 96 mm

Face width (b) 20 mm
Number of teeth (Z) 32 mm
Modulus (m) 3 mm
Backup ratio (mb) 0,3
Web ratio (mw) 0,1
Gear blank factor 0,63

2.4. Experimentation Preparation

2.4.1. Sample Preparation with Speckle Technique

In digital image correlation, the quality of the data often depends on the quality of the
speckle pattern. Having an optimal speckle pattern is crucial for reducing measurement
noise and improving overall results. Understanding the requirements of an ideal speckle

pattern and its proper application to a specimen is essential for using DIC effectively.

The purpose of speckle preparation is to ensure that the area to be analyzed is suitable for
recognition by the cameras and subsequent analysis. This area should have a flat surface
without roughness to avoid any issues during the analysis process. The entire surface
of the sample should be thoroughly cleaned to remove any residual materials that could
influence deformation results. The surface is then painted with a layer of white paint
followed by a layer of black paint. The speckle pattern, which consists of the black paint,
is created using an airbrush with a pressure of 2 Bar to achieve a uniform distribution
of patterns. The choice of pressure and airbrush settings is determined through tests to
obtain the desired pattern.

The speckle pattern should have specific characteristics, including a correct pixel size and
a uniform distribution across the entire surface of the material or sample. It is important
that the pattern remains fixed throughout the loading process, ensuring that the spatial
distribution of patterns is maintained across the sample’s surface.

The speckle distribution should ideally have a black percentage of 50-60%. This helps
achieve better results during analysis and result validation, enhancing accuracy and dis-

tribution. Each point can be uniquely identified during the material deformation process.
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Figure 2.24: Painted standard gear

Figure 2.25: Speckled standard gear
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Figure 2.26: Painted thin-rim gear

Figure 2.27: Speckled thin-rim gear
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Figure 2.28: Speckled non-shot-peened gear (a) and speckled shot-peened gear (b)

To assess the quality of the pattern, particularly the speckle size and black-on-white
contrast, a MATLAB code is used. This code determines the speckle size by identifying
black areas on white areas, confirming the creation of an excellent and "clean" pattern for
analysis. Specifically, a Matlab code allows for the identification of teeth with good speckle
distribution, favorable light conditions, and appropriate size, making them suitable for

analysis and providing more accurate results.

The following images and their corresponding data are extracted from the program that
allows understanding the size of the speckle and, therefore, the quality of the pattern
2.29- 2.30; 2.31 - 2.32; 2.35 - 2.34; 2.35 - 2.36.
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Figure 2.29: Photo of a speckled standard gear through DIC

thresholdvalue = 8.3412

numTotale = 28766

bwRatio = 40,5432

Figure 2.30: Resulting data from Matlab analysis of speckled standard gear

47
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Figure 2.31: Photo of a speckled thin-rim gear through DIC

thresholdvalue = 8.2353

numTotale = 685

bwRatio = 82.9751

Figure 2.32: Resulting data from Matlab analysis of speckled thin-rim gear
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Figure 2.33: Photo of a speckled shot-peened gear through DIC

49
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thresholdValue = ©.3668

numTotale = 21085

bwRatio = 71.2675

Figure 2.34: Resulting data from Matlab analysis of speckled shot-peened gear
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Figure 2.35: Photo of a speckled shot-peened gear through DIC

o1
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thresholdvalue = ©.352¢

numTotale = 15881

bwRatio = 77.9355

Figure 2.36: Resulting data from Matlab analysis of speckled non-shot-peened gear

2.4.2. Vertical Support and Punch

A crucial aspect of the experiment involves assembling a vertical support on which a gear
will be mounted. This vertical support has been specifically modified and created for the
purpose of conducting a bending test. The test involves applying stress to the gear placed
on top of the support and connected to the ISTRON standard testing machine.
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Figure 2.37: Side view of vertical support with mounted gear

Figure 2.38: Front view of vertical support with mounted gear
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This vertical support is a special device connected to a standard testing machine Istron.
The device is designed to hold the gears in place while applying a controlled loading of
bending stress. Gears, especially thin rim gears, are prone to bending stress due to the

forces applied during operation.

Figure 2.39: Vertical support permanently mounted on the apex of the Instron machine

The device incorporates a specialized punch that is capable of applying multiple loadings

to the gear tooth. The punch is designed to deliver these loadings along the tooth’s invo-
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lute profile, taking into consideration both the position and direction of the loading with
respect to the single contact point between the gear tooth and its mating component.(ISO
standards in [2], [3])

By applying loadings along the involute profile, the punch ensures that the gear tooth
experiences a range of loading conditions that mimic the actual operating conditions it
will encounter. This loading configuration allows for a comprehensive evaluation of the
tooth’s response to different load magnitudes, directions, and positions. The punch is
precisely positioned to align with the gear tooth’s involute profile, ensuring that the load

is applied accurately and consistently throughout the testing process.
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Figure 2.40: The punch that will apply different loads to Standard Gear during the
bending test
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Figure 2.41: Contact moment between punch and gear

2.4.3. DIC Assembly

The assembly of the DIC instrumentation is carried out following the procedure outlined

below:
e Connect the two cameras to a bar supported by a tripod.

e Add a blue light source for illuminating the sample.
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e The choice of lenses depends on the size of the sample being examined. To determine
the appropriate lenses, the sample is evaluated using the VIC Smat software. This
evaluation helps determine the necessary lenses, camera positions, lens-to-sample
distance, and depth of field.

e During the assembly, extension tubes can be added to improve visual space and

spatial resolution.

Based on the collected data, the analysis of the standard gear and the lightweight gear
utilizes 135 mm Rodagon lenses. Two extension tubes, one of 120 mm and another of 24
mm, are added. The DIC instrumentation is positioned at a distance of 49 cm from the
sample, with a depth of field (f) of 11 Hz.

The two cameras are placed at a distance of 50 mm from each other, while there is a 25
mm distance between the lenses. The cameras are nearly parallel, allowing for analysis
with a very small stereo angle of approximately 10 degrees. This parameter is significant

as it demonstrates the validity of the experiment and ensures the accuracy of the results.

2.4.4. Sample Calibration

The calibration of the sample involves placing a target at a specific distance, determined
by the software, to simulate the positioning of the sample during testing. By employing
rotational or tilting movements, various points on the target can be framed, establishing
a correlation between the target and the sample. The software converts the image into
a digital signal and performs a perspective transformation, linking an external three-
dimensional system to the reference system of the camera model originating from the
lens’s optical center.

As can be seen, the target has two different types of points: three black points with a
white center, which are used by the software to evaluate the target’s orientation, and a
grid of points, which are actually used for calibration. It is not important for all the grid
points to be contained within the image, but it is essential for the three points marked
with a white center to always be within it. The reference length of the measurements is
relative to the center of gravity between two points with a white center, as shown in the
Figure 2.42.
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Figure 2.42: Reference length of the measurements

The size of the target should be chosen so that it fills the field of view as much as possible.
For calibration, images of the target are acquired in different positions. Specifically, the
target is slightly rotated around its three axes to acquire images showing it in different
positions and orientations.

Once the images are acquired, with the help of the Vic-3D software, the detected points
are extracted, and the system is calibrated. At the end of the process, a score is obtained,
indicating the quality of the calibration achieved. Generally, a value between 0.03 and
0.05 pixels is acceptable (the lower the score, the better the calibration) (Figure 2.43).
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Figure 2.43: Main parameters of the target calibration

For this experiment, a 9x9 dot target with a diameter of 0.84 mm was utilized. A type C
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glass target with a pitch of 0.890 mm was selected, enabling better visibility of the dots
(Figures 2.44, 2.45). However, special care needs to be taken to maintain a clean surface

to ensure the calibration results are not compromised.

Grid Size (mm) Pitch (mm) Vic-3D settings for all grids:

A 14.929 1.780 Number of dots in X 9

B 10.720 1.340 Number of dots in Y 9

C 7.120 0.890 Offset in X 3

D 3.600 0.450 Offsetin Y 3
Length in X 3

Tolerances +/- 0.002 mm Length in Y 4

Figure 2.44: 4-in-1 Calibration Glass Target

Figure 2.45: Glass target Used during experimentation

A recommended practice is to reduce the aperture of the lens, thereby limiting the expo-
sure time, to prevent any movement of the target from being captured. In this particular
case, the analysis was conducted with a very short exposure time to achieve an optimal
depth of field (11 Hz) (Figure 2.46), During the calibration process, it is possible to adjust
the exposure time to ensure that there are no reflections or glare on the calibration target.
However, it is not possible to change the aperture of the lens, the focus, or the camera
position during this stage Once the calibration settings are finalized, image acquisition
for the calibration process begins. There is no fixed number of images required for gear
calibration, but 42 images are considered to yield satisfactory results for the calibration
procedure. The quality of the acquired images depends on crucial parameters such as

accurate focus, the absence of reflections, and good lighting conditions.
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a) Small aperture (high f-number):

Specimen

camera Focal plane

Depth-of-field

b) Large aperture (small f-number):

specimen

H] el

Camera

Focal plane

-—

Depth-of-field

Figure 2.46: Representation of depth of field (f): a) If the lens aperture width is reduced,
f has a high numerical value; b) If the lens aperture width is wider, f has a low numerical

value. [1]

2.4.5. Brightness and Focus

As discussed earlier, lighting is an important parameter for the accuracy of the DIC
machine. During the experiment, efforts were made to achieve optimal focus. Different
settings of the lens, such as aperture and exposure time, were adjusted to find the optimal
conditions for brightness and focus. In Figure 2.47, Figure 2.48, Figure 2.49, a close-up of
the focus of the two cameras in various DIC analyses can be observed. Using the Vic Snap
software, the color map representing an estimation of the expected noise is analyzed. As
can be seen, the closer the color tends to purple, the lower the expected noise, indicating

a better focus of the image.
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Figure 2.48: Brightness and Focus - Thin Rim Gear
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Figure 2.49: Brightness and Focus - Shot-Peened Gear

2.5. Experimental 3D-DIC - Bending Test

A bending test was conducted applying through a punch four loads of stress to the gear
tooth, following the ISO 6336 standars ([2], [3]). Each type of gear, namely Standard
Gear, Thin Rim Gear, Shot-Peened Gear, and Non-Shot Peened Gear, was subjected to
four approximate loads of around 2000N, 4000N, 6000N, and 8000N. During the execution
of this process, the DIC system captured images at a frame rate of 20 fps.|6]

The following Table 2.3 summarizes the experimental DIC settings and performance

adopted during the analysis. 6]
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Table 2.3: 3D Digital Image Correlation Parameters

Technique used

Subset size

Subset weight

Step

Investigated area
Shape function
Interpolation Function
Correlation criterion
Smoothing applied to the image
Displacement accuracy
Strain resolution
Differentiation method

Smoothing method

3D Digital Image Correlation
about 61x61 pixel?

Gaussian weight

11 pixel

about 9x9 mm?

Affine

Optimized 8-tap

Normalized squared differences

Low-pass filter image

1/100 of the field of view (in-plane rule-of-thumb)
100 p € (microstrain)

Lagrange

Lagrange - dimension 25

Figure 2.50: Images/Experimental analysis with Digital Image Correlation
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Figure 2.