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Abstract: A 3D scanner is a device that analyzes a real-world object or environment to collect data on its shape and
possibly its appearance (i.e. color). The collected data can then be used to construct digital three-dimensional models. 3D
laser scanning developed during the last half of the 20th century in an attempt to accurately recreate the surfaces of various
objects and places. The technology is especially helpful in fields of research and design. The first 3D scanning technology
was created in the 1960s. The early scanners used lights, cameras and projectors to perform this task. Due to limitations
of the equipment it often took a lot of time and effort to scan objects accurately. Collected 3D data is useful for a wide
variety of applications. These devices are used extensively by the entertainment industry in the production of movies or
virtual reality. Other common applications of this technology include industrial design, orthotics and prosthetics, reverse
engineering and prototyping, quality control/inspection and documentation of cultural artifacts.

1 Introduction coordinates relative to the scanner position can be easily

In modern engineering, the term “laser scanning' is usé@mputed. _

to described two related, but separate meanings. The first, Hand-held laser scanners create a 3D image through the
more general, meaning is the controlled deflection of laséfangulation mechanism described above: a laser dot or
beams, visible or invisible. Scanned laser beams are u$&g is projected onto an object from a hand-held device
in stereolithography machines, in rapid prototyping, i®nd a sensor (typically a charge-coupled device or position
machines for material processing' in laser engra\/ir@nsmve device) measures the distance to the surface
machines, in ophtalmological laser systems for théigure 1). _ .
treatment of presbyopia, in confocal microscopy, in laser The purpose of a 3D scanner is usually to create a point
printers, in laser shows, in Laser TV, and in barcoddoud of geometric samples on the surface of the subject.
scanners. These points can then be used to extrapolate the shape of

The second, more specific, meaning is the controlldhe subject (a process called reconstruction). If color
steering of laser beams followed by a distancéformation is collected at each point, then the colors on
measurement at every pointing direction. This metho#)e surface of the subject can also be determined [1].
often called 3D object Scanning or 3D laser Scanning, is This article is fOCUSiﬂg in presenting a brief look on the
used to rapidly capture shapes of objects, buildings, aRB laser scanners. In addition, it gives a general
landscapes. presentation about the 3D laser scanners’ history and

Since the early 1980's, the analytical stereo-compil@pplications.
has been the workhorse for broad-acre spatial data
acquisition tasks including exploration mapping, regular
mine planning and stockpile measurements (Byrne, 1997).

It has also played a lesser role in subsidence monitoring,
environmental lease statistics and infrastructure mapping.

Terrestrial laser scanning has already found its place
between the standard technologies for objects acquisition.

The laser scanner can be described as a motorized total
station, which measures automatically all the points in its
horizontal and vertical field. For each measured point, its
distance to the laser scanner together with the horizontal

and the vertical angles are recorded. So, the space s . )
Figure 1 3D lasser scanner Faro for industrial scanning
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2 History of 3D scanners - accurate,

3D laser scanning developed during the last half of thdast,
20th century in an attempt to accurately recreate thdruly three dimensional,
surfaces of various objects and places. The technology¢&pable of capturing color surface,
especially helpful in fields of research and design. The firs@nd realistically priced.
3D scanning technology was created in the 1960s. ] o )

The early scanners used lights, cameras and projectorsOne of the first applications was capturing humans for
to perform this task. Due to limitations of the equipment fhe animation industry. Cyberware Laboratories of Los
often took a lot of time and effort to scan Objectéﬂgeles developed this field in the eighties with their Head
accurately. After 1985 they were replaced with scanne®$anner as shown in figure (3).
that could use white light, lasers and shadowing to capture
a given surface. Next is a brief history of the 3D scanning
development.

With the advent of computers, it was possible to build
up a highly complex model, but the problem came with
creating that model. Complex surfaces defied the tape
measure as shown in figure 2.

e BT

Figure 3 Humans head scanning

In 1996, 3D Scanners took the key technologies of a
manually operated arm and a stripe 3D scanner - and
combined them in ModelMaker as shown in figure 3. This
incredibly fast and flexible system is the world's first
{s Reality Capture System.It produces complex models and it
Figure 2 Object tape measuring textures those models with color.

Color 3D models can now be produced in minutes. field

By the mid-nineties they had developed into a full bodjy the eighties with their Head Scanner as shown in
scanner as shown in figure. This is where 3D Scannéigure 4.
appeared.

In 1994, 3D Scanners launched REPLICA - which
allowed fast, highly accurate scanning of very detailed
objects. REPLICA marked serious progress in laser stripe
scanning.

Meanwhile Cyberware were developing their own high
detail scanners, some of which were able to capture object
colour too, but despite this progress, true three-dimensional
scanning - with these degrees of speed and accuracy -
remained elusive.

One company - Digibotics - did introduce a 4-axis i
machine, which could provide a fully 3D model from a F =
single scan, but this was based on laser point - not lasdrigure 4 Manually operated arm and strip 3D scanner
stripe - and was thus slow. Neither did it have the six
degrees of freedom necessary to cover the entire surfac&of 3D laser scanning application
an object, neither could it digitise color surface. A virtual reality application may be employed to create

While these optical scanners were expensivg, three dimensional virtual space from an existing
Immersion and Faro Technologies introduced lowcosirchitecture. The virtual reality space may then be used in
manually operated digitisers. These could indeed produgémputer simulations of various desired activities. Such
complete models, but they were slow, particularly when thgstivities could include a workflow or manufacturing line
model was detailed. Again, they could not digitise cologimulation [2].

surface. o _ The 3D virtual space may be used for entertainment,

By this time, 3D modellers were united in their questuch as animation or a movie action scene simulation,

for a scanner, which was: keeping even the stunt professions safe from harm.
~2~
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Transportation applications, such as a accidesbntact 3D laser scanning allows even malleable objects to
investigation. The scene of the accident could be 3D lad® scanned in a matter of minutes without compression,
digitized, and a simulation of an actual accident event which could change their dimensions or damage to their

"what if* scenarios explored. surfaces. Parts and models of all sizes and shapes can be
quickly and accurately captured. 3D laser scanning for
3.1 Applications reverse engineering provides excellent accuracies and

3D laser scanning is used in a variety of fields anfg€lPS to get products to market quicker and with less
academic research. It has benefited clothing and prod@&velopment and engineering costs. 3D Laser scanning
design, the automotive industry and medical science. Lag¥fvides the fast, accurate, and automated way to acquire
scanning can also be used to record buildings, especially3R digital data and a CAD model of part's geometry for
places that people may not be able to access due to saf§frsé engineering when none is available. Also, new
hazards. 3D Laser Scanning is used in numerofgdtures and updates can be integrated into old parts once
applications: industrial, architectural, civil surveying!h€ modeling is accomplished [Site 12]. A practical
urban topography, mining, reverse engineering, qualit nechanical and civil engineering application would be to
archaeology, dentistry, and mechanical dimensiongfSiSt in the production of "as built" data and
inspection are just a few of the versatile applications. 3@Pcumentation. Currently, many manufacturing or
laser scanning technology allows for high resolution arfgPnstruction activities are documented after the actual
dramatically faster 3D digitizing over other conventionafSSembly of a machine or civil project by a designer or
metrology technologies and techniques. Some veR9in€ering professional. 3D laser scanners could expedite

exciting applications are animation and virtual realifis activity to reduce man-hours required to fully
applications [3-5]. document an installation for legacy.

3.1.1 Material procesing and production 3.1.4  Mechanical applications _

Laser scanning describes the general method to Reverse engineering of a mechanical component
sample or scan a surface using laser technology. Sevdgguires a precise digital model of the objects to be
areas of application exist that mainly differ in the power deProduced. Rather than a set of points a precise digital
the lasers that are used, and in the results of the scanriiifgfl€! can be represented by a polygon mesh, a set of flat
process. Low laser power is used when the scanned surfdtecurved NURBS surfaces, or ideally for mechanical
does not have to be influenced, e.g. when it only has to $mPonents, a CAD solid model. A 3D scanner can be used
digitized. Confocal or 3D laser scanning are methods to g8 digitize free-form or gradually changing shaped
information about the scanned surface. Another low-pow&PmMpPonents as well as prismatic geometries whereas a
application are structured light projection systems that af@ordinate measuring machine is usually used only to
used for solar cell flatness metrology enabling streéietermine simple dimensions of a highly prismatic model.

calculation with throughput in excess of 2000 wafers pf€se data points are then processed to create a usable
hour. digital model, wusually using specialized reverse

engineering software [6-8].

3.1.2 Construction industry and civil engineering o o
- As-built drawings of Bridges, Industrial Plants, ancé-1.5  Civil applications

Monuments. Civil activities could be for a roadway periodic
- Documentation of historical sites. inspection. The digitized roadway data could be contrasted
- Site modeling and lay outing. to previous roadway 3D scans to predict rate of
- Quality control. deterioration. Thls data could be very he_lpful in estimating
- Quantity Surveys. roadway repair or replacement costing information. When
- Freeway Redesign. personnel accessibility and/or safety concerns prevent a

- Establishing a benchmark of pre-existingSta”dard survey, 3D laser scanning could provide an
shape/state in order to detect structural Changggcellent alternative. 3D Laser scanning has been used to
resulting from exposure to extreme loadings such erform accurate and efficient as-built surveys and before-

earthquake, vessel/truck impact, or fire. and after construction and leveling surveys [9].
- Create GIS (Geographic information system) maps
and Geomatics. 3.1.6 Gargoyle models

The combined use of 3D scanning and 3D printing
technologies allows the replication of real objects without

3.1.3  Reverse engineering . the use of traditional plaster casting techniques, that in
Reverse Engineering refers to the ability to reproduce . ) .

o . : .~ Many cases can be too invasive for being performed on

the shape of an existing object. It is based on creatm%)a

L . . : recious or delicate cultural heritage artifacts. In figure 5,
digitized version of objects or surfaces, which can later o .
) . : e gargoyle model on the left was digitally acquired by
turned into molds or dies. It is a very common procedure

which has diverse applications in various industries. Norlmj-smg a 3D scanner and the produced 3D data was

~3~
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processed using MeshLab software. The obtained digital - Saving travel costs.

3D model was used by a rapid prototyping machine to

create areal resin replica of original object as shown on tB1.9 3D photography

right of figure 5. 3D scanners are evolving for the use of cameras to
represent 3D objects in an accurate manner. Companies are
emerging since 2010 that create 3D portraits of people (3D
figurines or 3D selfies) (Figure 6) [10].

Figure 6 3D selfie

3.1.10 Law enforcement

3D laser scanning is used by the law enforcement
agencies around the world. 3D Models are used for on-
site documentation of:

- Crime scenes,

Figure 5An example of real object replication by Means - Bullet trajectories,
of 3D scanning and 3D printing - Bloodstain pattern analysis,
- Accident reconstruction,
3.1.7 Medical CAD/CAM - Bombings,

3D scanners are used in order to capture the 3D shape -  Plane crashes, and more.
of a patient in orthotics and dentistry. It gradually supplants
tedious plaster cast. CAD/CAM (Computer-Aided Desigid ~ Conclusion
ComputerAided Manufacturing) software are then used to 3D laser scanning equipment senses the shape of an
design and manufacture the orthosis, prosthesis or derdbject and collects data that defines the location of the
implants. object’s outer surface. This distinct technology has found
Many Chairside dental CAD/CAM systems andapplications in many industries including discrete and
Dental Laboratory CAD/CAM systems use 3D Scanngrrocess manufacturing, utilities, construction,
technologies to capture the 3D surface of a dentatchaeology, law enforcement, government, and
preparation (either in vivo or in vitro), in order to producentertainment. Laser scanning technology has matured and
a restoration digitally using CAD software, and ultimatelgleveloped in the past two decades to become a leading
produce the final restoration using a CAM technologgurveying technology for the acquisition of spatial
(such as a CNC milling machine, or 3D printer). Thénformation. Wide varieties of instruments with various
chairside systems are designed to facilitate the 3D scannggpabilities are now commercially available. The high-
of a preparation in vivo and produce the restoration (suguality data produced by laser scanners are now used in

as a Crown, Onlay, Inlay or Veneer). many of surveying's specialty fields, including
topographic, environmental, and industrial. These data
3.1.8 Design process include raw, processed, and edited dense point clouds;
Design process including: digital terrain and surface models; 3D city models; railroad
- Increasing accuracy working with complex partsand power line models; and 3D documentation of cultural
and shapes, and historical landmarks.
- Coordinating product design using parts from 3D laser scanners have a wide rang of applications
multiple sources, which applicable to very small object to a wide range areas.
- Updating old CD scans with those from more
current technology, Acknowledgement
- Replacing missing or older parts, This article was created by implementation of the grant
- Creating cost savings by allowing as-built desigrproject APVV-17-0258 Digital engineering elements
services, for example in automotive application in innovation and optimization of production
manufacturing plants, flows.

- "Bringing the plant to the engineers" with web
shared scans, and
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Abstract: The surface roughness, residual stresses and microstructure are main parameters that cause surface crack
initiation in theoretically porous free materials. Hence, the effect of the surface roughness on the crack driving force is
investigated regarding physically short stationary cracks in this paper. FE simulations show that mechanically short
stationary cracks have practically zero crack driving force and the orientation of the crack driving force will not support
crack growth. The crack driving force follows the material deformation around the crack tip in the opposite direction as

is the supposed crack extension.

1 Introduction monotonic loading; is defined as a path independent line

Real surfaces are never really flat. Chemicaintegral and equal to the energy release rate [16]:
electrochemical treatment and generally production
technology affect surface roughness [1] [2] [3] [4]. Surface ] = fr (Wdy — Ti%ds), (1)
roughness influences crack initiation and fatigue life of ox

various materials under various mechanical and thermal ... . is the strain energy density; is the traction
loading conditions [5] [6] [7] [8] [9] [10]. From the ector (component),u; is the disp;lacement vector

mechanical point of view, surface roughne;s acts gener mponent) ands is length increment on the contdur
as a stress concentrator and influences fatigue life [11] [1

[13] [14]. From the fracture mechanics point of view
physically short cracks (further denotes only as shoﬁ FE Model ,

cracks) are substantially larger than the scale of the local 1"€ FE plane stress model has a size of 100x100x10
plastic deformation with characteristic microstructurat™M- Mesh element size 1 pm is used in the whole model.
dimension usually smaller (in lengths) than 1-2 mm an'&h_e f|x_ boundary conditions are prescribed in the bottqm
they grow faster than physically long cracks (further onl@ints in the FE model, see Figure 1. The Force F with

as long cracks) [15] — the threshold value is small@pagnitude 0.01 N is prescribed to the points in upper part
compared to long crack [15] [16] [17]. of the Model. Scheme of the FE model is shown in

The effect of the surface roughness on short crack figure 1.

investigated by means of FE simulation. The simple plane
stress FE Model evaluates crack driving force for three Rough surface
crack lengths and arithmetic surface roughness Ra. The F F= 0.01N / 10° \ F=0.01N
Model does not take into account any crack closure ", kgl -
mechanisms (review can be found in [18]). However, cracl
closure mechanism is not present, if crack starts to grov
from small processing or metallurgical defects in form of
pre-existing crack-like defect [19]. Explicitly is assumed
that long cracks are not influenced by surface roughnes
and they are not investigated in the paper; the crack i
modelled as a stationary crack (no crack extension i
simulated).

Crack driving force concept is introduced in Chapter 2.
FE Model is described in Chapter 3, results are presente
in Chapter 4 and discussed in Chapter 5. Ay

50 um

100 um

Fix B.C.

2 Crack driving force s e

The J-Integral is a crack driving force concept valid for | X 100 pm T
nonlinear (and linear) material behaviour subjected

Figure 1 Scheme of the FE Model

~7 ~
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One straight crack with length of 10, 20, 30 um is -0.5 p T T
embedded to the upper surface in the model. The crack h. _ -
a wedge like geometry with opening angle of 10°. Thefg -1.0 —— 10pm
crack is located either in the middle of the upper surfact = . | | | _ .| —— 20um
(X=50 pm) assuming a flat surface or approximately in the ' '
middle of the upper surface, see “Crack initiation” in £ —1.5
Figure 2. o

The arithmetic mean roughness Ra is modelled by th  _5 41 . S —
probability density function with the normal distribution in 1 2 3 4 5 6
Python 3.6 (numpy library) with mean distribution of 3.2, Integration contour [-]
6.3 um respectively; both with standard deviation 1 um.Figure 3 Contour dependency of the computed crack driving
The generated surface roughness is shown in Figure. force (J-Integral) for three crack lengths (10, 20, 30 pm). Flat

Generated points are imported to Ansys 16 and the rough SUrface is assumed-&nd higher contour is numerically
surface is created independent and will be used in further simulations

*— 30 um

J-Integra

i The computed values are negative (related to the local

NN B W coordinate system of a crack) - cracks have no tendency to
1ef ~ N\ A M\, NeAnplY H—7 growth. This phenomenon will be discussed in the next
IR =i Hm - chapter.
,,,._.\at]m. | _ | 3.2 HmM
S 103 | ! — 6.3 um
& i | [, ] 4.2  Effect of the crack length and the surface
[ | |/ inttiation ' roughness on the crack driving force
1004 L I ! ! : Figure 4 shows effect of the crack length and surface
0 20 40 60 80 100 roughness on the crack driving force. Results for the 3
X [um] integration contour are plotted. The longest crack (30 pm)
Figure 2 Arithmetic mean roughness Ra with marked crack has highest negative values — the crack has the smallest
initiation position. Crack initiation position is chosen tendency to grow. The shortest crack (10 pm) has the

approximately in t.he “roughness wedge” at the middle of the “highest tendency to grow* — the values are in every
upper surface in order to reduce effect of the boundary Jnvestigated case negative. The material motion to the
condition in the FE model. Crack initiation on the flat surface ( K ti b di but th h
um) is located at X position 50 pm. crack tip was observed in [20] but the context of the paper
differs significantly from the presented one. The

A linear-elastic material model is used in the simulatioHiSpL""CQment field (material motion) will be discussed later
n Chapter 4.3.

with following parameters: Young's Modulus E=200 GPa!"
Poisson numbev=0.3. The local coordinate system of a

crack is located at the crack tip. Mode | component (inth¢  —s, «——"
Y direction in global coordinate system) is evaluated. 'E
«— 10
S-10 20 i:
4 Results o o g —— 30 um
4.1 Numerical investigation 2-15 —1s
Figure 3 shows contour dependency of the compute = e
crack driving force (J-Integral) for three crack lengths 10, _79le—"" | |
20, 30 um. Flat surfaces is assumed in the simulation: 0 2 4 6
Results show stabilization of the computed crack driving Surface roughness Ra [um]

force since B contour. Crack length of 10 um Figure 4 3% integration contour of J-integral for three crack
demonstrates other trends of the computed crack driving  engths (10, 20, 30 um) over surface roughness Ra.

force for F'integration contour than crack lengths 20 and . )

30 um, see Figure 3. The reason is irregular mesh for crack The surface roughness shifts negative values of crack
length of 10 pm created by automated mesh generatigﬂvmg force. toward positive values but values are _stlll
(soft meshing) in FE Software that influence result§egative (Figure 4). The computed results confirm
significantly; the mesh around other crack lengths Rbservations that the crack propagation (and initiation) is
meshed regularly. Generally, it is not recommended usagiéPPorted by surface roughness [9] [12] [21] [22].
of crack tip (¥ integration contour) as a valid integrationFiowever, the continuum mechanics approach used in this
contour due to numerical accuracy [16]. THer@egration Paper has to be critically assessed regarding to short

contour will be used in the further investigations. (stationary) crack, micromechanical approach and
threshold values; more details can be found for instance in

the review paper [23].
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4.3 Displacement and stress field around the 5 Discussion
crack The computed results are in accordance with two well

Figure 5a shows displacemen{ With marked non- observed phenomes. Firstly, the shortest crack (10 pm)
deformed geometry and Figure 5b shows scopedould grow faster than longest cracks (20 and 30 um) —the
perpendicular stresses on the cragk Scale 100 is used threshold value of small crack is smaller than longer cracks
in Figure 5. The results are shown for crack length of Ja5] [16] [17] [23] but clear distinction between
pm and Ra=3.2 um. microstructurally and physically small crack is not known.

The crack is moved in the up (Y) direction (a) andFor instance, in [17] was for pearlitic steel chosen as the
opened in crack Mode | (b). The maximugx Stresses are largest microstructural barrier 20 um. This paper is focus
approximately 400 MPa around the crack tip (wittonly on physically short stationary cracks and the results

prescribed force 0.01 N in the FE model). should be assessed cautiously. Secondly, the high surface
roughness leads to earlier crack initiation and smaller
Uy [um] S, [MPa] fatlgue_ life than low surfac_e roughness [9] [12]_[_21_] [22]
— = but this paper does not investigate crack initiation or
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