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ABSTRACT

Optical 3D scanning is widely applied in mechanical engineering for the digitization of
physical components, particularly in reverse engineering, quality control, and technical
documentation of existing parts. The suitability of a scanning method for an industrial
application is determined not only by measurement accuracy, but also by surface coverage,
mesh quality, operational complexity, acquisition time, and post-processing requirements.
This thesis compares selected professional structured-light and laser triangulation systems
with more accessible and consumer-grade methods, including iPhone LiDAR and
photogrammetry. The experimental comparison is performed under laboratory conditions
using representative automotive components, namely a steering knuckle and a car wheel. The
results indicate that professional optical scanners provide the most reliable data for accurate
reverse engineering of mechanical components. Semi-professional scanning methods may be
applicable for less demanding geometry acquisition, while smartphone-based approaches are
mainly suitable for approximate shape and scale capture and visual documentation.

KEYWORDS

3D scanning, optical 3D scanning, structured-light scanning, laser triangulation, LiDAR,
photogrammetry, mesh quality, surface deviation, automotive components, reverse
engineering

ABSTRAKT

Optické 3D skenovani je Siroce vyuzivano ve strojirenstvi pro digitalizaci fyzickych soucasti,
zejména v oblasti reverzniho inZenyrstvi, kontroly kvality a technické dokumentace
existujicich dilti. Vhodnost skenovaci metody pro primyslovou aplikaci neni uréena pouze
pfesnosti méfeni, ale také pokrytim povrchu, kvalitou sit€, provozni naro€nosti, dobou
akvizice dat a poZadavky na nasledné¢ zpracovani. Tato prace porovnava vybrané
profesiondlni systémy zaloZené na strukturovaném svétle a laserové triangulaci s
dostupnéjSimi a spotiebitelskymi metodami, vcetné iPhone LiDAR a fotogrammetrie.
Experimentalni porovnani je provedeno v laboratornich podminkach na reprezentativnich
automobilovych soucéastech, konkrétné na t&hlici kola a automobilovém kole. Vysledky
ukazuji, Ze profesionalni optické skenery poskytuji nejspolehlivejsi data pro presné reverzni
inZzenyrstvi mechanickych soucasti. Poloprofesionalni skenovaci metody mohou byt
pouzitelné pro méné€ narocnou akvizici geometrie, zatimco metody zaloZené na chytrém
telefonu jsou vhodné predevSim pro piiblizné zachyceni tvaru a méfitka a pro vizualni
dokumentaci.

KLiCOVA sLovA

3D skenovani, optické 3D skenovani, skenovani strukturovanym svétlem, laserova
triangulace, LiDAR, fotogrammetrie, kvalita sit¢, odchylka povrchu, automobilové
komponenty, reverzni inZenyrstvi.
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ROzZSIRENY ABSTRAKT

Digitalizace fyzickych objektl predstavuje v souCasném strojirenstvi dilezity ndstroj pro
ziskavani geometrickych dat realnych soucasti. Umoznuje pievést redlny objekt do digitalni
podoby, ktera muze byt déle vyuzita pro reverzni inzenyrstvi, kontrolu kvality, rozmérovou
analyzu nebo pfipravu dat pro aditivni vyrobu. Vyznam 3D skenovani roste predev§im v
ptipadech, kdy neni k dispozici CAD model, take pokud je potieba ovéfit skutecny stav
vyrabéné nebo provozované soucasti, ptipadné kdyz ma byt existujici geometrie upravena nebo
znovu vyrobena.

Hlavni vyhodou 3D skenovani je schopnost rychle zachytit i tvarove slozité objekty. Na rozdil
od tradi¢nich méficich metod, umoziiuje 3D skenovani ziskat rozsadhla plosnd data. 3D
skenovani neni zalozeno pouze na jedné univerzalni technologii. Existuje mnoho typi skenert,
které se lisi predevsim principem méfeni, dosazitelnou piesnosti, rozliSenim, rychlosti snimani,
narocnosti obsluhy a pofizovaci cenou.

Profesionalni pramyslové skenery, naptiklad systémy se strukturovanym svétlem nebo
laserovou triangulaci, jsou uréeny pro pfesnéjsi technické a metrologické aplikace. Vedle
profesiondlnich systému jsou stale dostupnéjsi také méné nakladné alternativy. Patfi mezi né
hobby 3D skenery, chytré telefony s integrovanym LiDAR senzorem nebo fotogrammetrie
zalozend na sad¢é fotografii pofizenych dostupnymi fotoaparaty, které jsou dnes jiz béznou
soucasti chytrych telefonti. Tyto metody jsou vyrazn€ dostupnéjsi a obvykle jednodussi na
pouziti. Jejich vyuzitelnost pro technické aplikace vSak zavisi na tom, zda dokézou poskytnout
dostatecn¢ presna, uplna a kvalitni data pro konkrétni u€el. Prakticka volba vhodné skenovaci
metody nemuze byt zaloZzena pouze na deklarované presnosti zafizeni, ale pro technické pouziti
je dilezité také to, zda vysledny digitalizovany model obsahuje mezery, Sum, artefakty nebo
deformace, které¢ mohou omezit jeji vyuziti pii tvorbé CAD modelu nebo pii porovnani s
referencni geometrii.

Prace je zamétena na optické 3D skenovani, protoZe tento typ méfeni umoziiuje bezkontaktni
ziskavani geometrie povrchu a je bézn¢ vyuzivan v technické praxi. Vybrané optické metody
skenovani jsou hodnoceny z hlediska jejich pfesnosti, dostupnosti, prenositelnosti a provozni
naroc¢nosti. Hlavni pozornost je vénovana vyuZitelnosti téchto metod pro reverzni inZenyrstvi v
oblasti automobilovych soucasti a dilti souvisejicich s aplikacemi v oblasti prevodovych tstroji.
Porovnavany jsou profesionalni systémy pouzivané na Ustavu automobilniho a dopravniho
inZenyrstvi a dostupnéj$i alternativni metody. Smyslem porovnani je posoudit, za jakych
podminek mohou méné nakladné metody nahradit nebo doplnit profesionalni skenery a kde
jsou jejich technickd omezeni ptili§ vyznamna.

Popis FeSeni prace

V teoretické Casti jsou popsany zakladni principy vyuZzivané v ramci optickych skenovacich
metod. Jednd se, zejména o strukturované svétlo, laserovou triangulaci a technologii LiDAR.
Kwvalitu ziskanych dat pomoci 3D skenovani ovliviiuje cela fada faktortii. Patii mezi né€ vlastnosti
svételného zdroje, vinova délka, zplisob vypoctu hloubky, geometrie snimaného objektu, stav
povrchu, okolni osvétleni, teplota, vibrace a zpiisob prace obsluhy. Optické skenery potiebuji,
aby se dostatecné mnozZstvi svétla odrazilo zpét do snimaciho systému. Matné a difuzni povrchy
jsou proto obecné vhodnéjsi nez povrchy lesklé, tmavé, prahledné nebo poloprithledné.
Vyznamné omezeni vznikaji také u hlubokych otvori, izkych drazek a ostrych hran, kde mtze
byt povrch Castecné nebo Uplné skryty z pohledu projektoru nebo kamer.
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V préci jsou porovnavany metody s rozdilnou urovni technické trovné. Profesionélni troven
reprezentuje strukturovany opticky skener ZEISS ATOS Q a rucni laserovy skener ZEISS T-
SCAN Hawk 2. Tyto systémy jsou ur¢eny pro metrologické pouziti a umoznuji nejpiesnéjsi
zaznamenani geometrie. Jako dostupnéjsi alternativy jsou zatrazeny také skenery Creality CR-
Scan Raptor a EinScan Pro HD. Zastupce nejdostupnéjsi technologie piedstavuje iPhone
LiDAR spolu s fotogrammetrii realizovanou za pomoci vyuziti bézného chytrého telefonu.
Zarazeni téchto metod umoznuje porovnat nejen presnost, ale také praktickou narocnost,
rychlost a vhodnost pro riizné typy technickych tloh.

V metodice srovnani jednotlivych metod bylo cileno primarné pro oblast reverzniho
inzenyrstvi. Pro experimentalni porovnani byly zvoleny dvé automobilové soucasti: téhlice kola
a automobilové kolo. T¢hlice ptedstavuje tvarové slozity dil s kombinaci funkénich ploch,
otvorli, zaobleni, pfechodovych ploch a obtizné¢ piistupnych oblasti. Automobilové kolo
dopliiuje porovnani o vétsi rotaéné symetrickou soucdst s otvory, hranami a odliSnymi
povrchovymi vlastnostmi. Tyto dily byly vybrany tak, aby provéfily schopnost jednotlivych
metod zachytit funkéni geometrii, celkovy tvar, mensi detaily i rozsahlejsi povrchové oblasti.
Skenovani bylo provedeno v laboratornich podminkéach. Pfed méfenim byly dily podle potieb
technologii skenovani pfipraveny. U lesklych povrchii byl nanesen matovaci nastiik, a pro
nckteré skenery na dily byly umistény referencni znacky vhodné velikosti, které umoznily
vzajemné zarovnani jednotlivych skend.

Jako referen¢ni systém byl pouZzit 3D skener ZEISS ATOS Q, ktery ma z porovnavanych
zafizeni nejvyssi metrologickou uroven a poskytuje vysokou hustotu skenovanych bodi.
Vysledné sité¢ z ostatnich skener byly porovnavany s referenénimi daty v softwaru ZEISS
INSPECT. Hodnoceni bylo zaloZzeno na povrchovych odchylkach, uplnosti zachyceni
geometrie, kvalité¢ polygondlni sité, pfitomnosti dér a artefaktli, schopnosti zachytit funkéni
plochy a celkové naroc¢nosti pracovniho postupu. Soucasti hodnoceni byl také ¢as potiebny k
ptipravé, vlastnimu skenovani a néslednému zpracovani dat. Pfi hodnoceni tak nebyla
posuzovéana pouze geometrickd odchylka od referenéniho modelu. Pro praktické pouZiti je
dilezité také to, zda jsou ziskand data dale realn¢ vyuZitelnd. Polygonalni sit’ miZe mit
pijjatelnou lokalni odchylku, ale pokud obsahuje rozsdhlé mezery, deformace nebo ztracené
funkéni prvky, miiZe byt jeji vyuZiti pro reverzni inZenyrstvi omezené. Diiraz byl kladen na to,
zda dana metoda dokaze poskytnout pouzitelny digitdlni model pro reverzni inZenyrstvi.

Zhodnoceni vysledki

Tato prace porovnava presnost a komplexnost nékolika optickych metod 3D skenovani pro
aplikace reverzniho inZenyrstvi, od primyslovych metrologickych systémi aZ po spotiebitelska
zatizeni. Ziskané vysledky potvrdily, Ze vykonnost skeneru siln¢ zavisi nejen na samotném
principu méteni, ale také na vztahu mezi rozliSenim skeneru, méficim objemem, dostupnosti
geometrie a optickymi vlastnostmi skenovaného povrchu.

Teoreticky ptfedpoklad, ze primyslové metrologické skenery piekonaji poloprofesionalni a
nejdostupnéjsi systémy v rozmérové presnosti a kvalit¢ rekonstrukce, byl potvrzen. Vysledky
vSak zéroven ukazaly, Ze samotnd nomindlni pfesnost skeneru nestaci k zajiSt€ni Gspésné
rekonstrukce vSech geometrickych prvki, a proto by neméla byt pouzivéna jako jediné
vybérové kritérium. Schopnost skeneru zachytit drobné geometrické detaily, jako jsou zkosenti,
radiusy, zaobleni nebo obrobené hrany, zavisi na nékolika faktorech, v¢etné zdroje projekce,
naptiklad LED nebo laseru, hustoty bodi a méficiho objemu. Volba skeneru by proto méla
vychazet také z poZzadovaného rozliSeni geometrickych prvki, zejména pokud je nutné piesné
rekonstruovat drobné geometrické detaily. VSechny hodnocené metody vykazovaly
systematickou tendenci zaoblovat ostré vnéjsi hrany a ztracet zaobleni s malym polomérem.
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Praktickym disledkem je, ze pouze ZEISS ATOS Q vytvofil sité, z nichz bylo mozné
rekonstruovat zkoseny profil Cepu s technicky pouzitelnou vérnosti. Zkoseni v oblasti dosedaci
plochy naboje kola o délce vétsi nez 4 mm byla dobie zachycena vSemi skenery kromé iPhone
LiDAR a fotogrammetrie, coZ potvrzuje existenci minimalni hranice rozliSitelné velikosti
prvku.

Meéfici objem ve vztahu k velikosti souCésti se ukazal jako kriticky faktor zejména u
spottebitelskych a poloprofesiondlnich skenerti. Kviili men$imu zornému poli (FOV)
vyzadoval Creality CR-Scan Raptor pii skenovani kola znacny pocet dodatecnych referencnich
znatek a opakovanych skenovacich prichodt. Presto k uplnému pokryti rafku a nebyl
zaznamenan ani centrani otvor kola. Tim se prokazalo, ze tento skener je vhodnéjsi pro
soucasti velikostné srovnatelné s téhlici kola, kde jeho vysledky byly srovnatelné se skenerem
EinScan Pro HD.

EinScan Pro HD sice umoznil jednodussi ziskani dat, nez Creality CR-Scan Raptor, ale projevil
se u n¢j jiny typ selhani. Bily LED zdroj strukturovaného svétla se ukdzal jako citlivejsi na
mirné odrazivy povrch vnitini ¢asti kola nez modrd LED u ATOS Q. EinScan v ru¢nim rezimu
vytvofil sit’ kola s vét§imi mezerami na rafcich nez skener Creality Raptor. Na vnitini ¢asti kola
bylo pozorovano Sirsi rozlozeni odchylek bodi, coz miize souviset s driftem skenu pfi ru¢nim
rezimu. Na zéklad¢ téchto vysledkl lze predpokladat, Ze skener EinScan se strukturovanym
svétlem pracoval v ruénim rezimu méné efektivné nez ve stacionarnim rezimu. Vysledky
mohou rovnéz naznaCovat vysSi citlivost na svételné podminky a odrazy povrchu,
pravdépodobné¢ v disledku pouziti bilého strukturovaného svétla namisto modrého
strukturovaného svétla.

Nejdostupnéjsi metody hodnocené v tomto porovnani nesplnily pozadavky na rozmérovou
ptesnost pro reverzni inZzenyrstvi mechanickych soucasti. iPhone 16 LiDAR vykézal odchylky
piiblizné £2,5 mm tcéhlici a £11 mm na kole. Vysledné sité vykazovaly vyznamné tvarové
deformace, zejména na rota¢né symetrickych plochéach, coz je ¢inilo nevhodnymi pro néslednou
rekonstrukci CAD modelt. Neoc¢ekdvanym zjisténim bylo, Ze fotogrammetrie vykazala vyhodu
na geometricky slozitych plochéch svislého cepu, kde jeji presnost =1 mm byla lepsi nez £2,5
mm u iPhone LiDAR, a také ve schopnosti rozlisit obrysy zkoseni ndboje kola. Fotogrammetrie
vSak neptfekonala iPhone LiDAR konzistentné na vnitini ¢asti kola a na Cepu, kde odlesky
zpusobily Uplné selhdni rekonstrukce, zatimco iPhone LiDAR v téchto oblastech nasnimal
povrch alespont ¢aste¢né. Na zdklad€ vysledki dosazenych v této praci je vSak nutné
konstatovat, ze ani jedna z téchto nejdostupnéjSich metod se nejevi jako vhodna pro jakoukoli
kvantitativni technickou aplikaci nad rdmec hrubého zachyceni tvaru s naslednym spravnym
Skalovanim pfi post-processingu.

Z hlediska pouzitelnosti jednotlivych metod pro oblast pfevodovych ustroji vysledky ukazuji,
ze volba skeneru musi byt zalozena piedev§im na zamyslené technické uloze. Naptiklad pro
skenovani skiin€ pfevodovky se jevi jako vhodny skener ZIESS T-SCAN Hawk a EinScan a to
v oblastech vné&jSich a ¢aste¢né vnitinich ploch, pficemz ATOS Q je nezbytné vyuzit v§ude tam,
kde je vyzadovana rozmérova navaznost. Zadna z optickych metod skenovani v tomto
porovnadni neni dostate¢na pro detailni reverzni inZenyrstvi nebo kontrolu profilii ozubeni,
ackoli ATOS Q by mohl byt potencialné schopen zachytit zakladni profil zubti a pocet zubii. U
hiideld by bylo mozné pomoci metrologickych skenertt ZEISS potencialné zachytit jejich
celkové usporadani, stupiovité praméry a relativni polohu funkénich prvka.

Je rovnéz nutné uvést n€kolik omezeni predloZzené metodiky. Porovnani bylo zalozeno pouze
na dvou reprezentativnich automobilovych soucastech a jako referencni geometrie byl pouzit
sken ziskany ze skeneru ZEISS ATOS Q namisto ptivodnich CAD modelt. Vnitini ¢ast kola
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byla zdmérn¢ ponechdna bez povrchové upravy, avsak toto rozhodnuti vneslo do porovnani
skenerti dal§i proménnou. Dale byla pro kazdou metodu provedena pouze jedna skenovaci
relace, takze nebylo mozné kvantifikovat vliv zkuSenosti obsluhy ani opakovatelnost
jednotlivych skenti. Budouci prace by meéla zahrnovat opakovand meétfeni za shodnych
podminek, aby bylo mozné urcit statistickou spolehlivost uvedenych hodnot odchylek. Praci by
bylo mozné dale rozsifit o dalsi experimenty se soucastmi s riznymi prumyslové relevantnimi
povrchy, napiiklad korodovanymi, lakovanymi nebo eloxovanymi, a s riznymi svételnymi
podminkami. To by poskytlo jesté komplexnéjsi pochopeni praktickych omezeni optického 3D
skenovani ve strojirenskych aplikacich.

KLICOVA SLOVA

3D skenovani, optické 3D skenovani, skenovani strukturovanym svétlem, laserova triangulace,
LiDAR, fotogrammetrie, kvalita sité, odchylka povrchu, automobilové komponenty, reverzni
inZenyrstvi.
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INTRODUCTION

INTRODUCTION

3D scanning has become an important and widely used tool in modern engineering, because it
enables the geometry of physical objects to be captured and converted into digital form. The
resulting digital model can be used for a wide range of applications, including dimensional
inspection, quality control, reverse engineering, wear analysis, and preparation of models for
additive manufacturing.

The main advantage of 3D scanning is its ability to capture complex shapes much faster than
traditional measurement methods. A wide range of 3D scanning technologies is currently
available with different data acquisition and operational methods. Some systems are automated,
while others require manual operation. Some are based on contact measurement, whereas others
use optical principles. These technologies differ significantly in their measurement principle,
accuracy, resolution, acquisition speed, operational complexity, portability, and cost. The
selection of a suitable scanning method therefore depends on the intended application. A
method suitable for rapid visual documentation or rough reverse engineering may not be
sufficient for dimensional inspection of functional surfaces. In contrast, a professional
metrology scanner may provide unnecessary accuracy for simple shape acquisition while
requiring more time, preparation, and financial resources. For practical use in an engineering
environment, it is therefore necessary to compare not only accuracy, but also scanning time,
workflow complexity, post-processing effort, surface coverage, and the overall suitability of
the obtained model.

This thesis focuses on the comparison of selected optical 3D scanning methods due to their
wider availability. Professional 3D scanning systems used at the Institute of Automotive
Engineering are compared with more accessible alternatives, including consumer-grade
scanning methods. The aim is to evaluate whether these alternative methods can provide results
suitable for engineering applications, particularly for reverse engineering of automotive
components and parts related to gearbox applications. In addition to measurement accuracy, the
thesis also considers the complexity of use, scanning workflow, and post-processing
requirements. The purpose of this comparison is to support the selection of a suitable scanning
method for a particular part, application, and set of scanning requirements.
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1 KEY CONCEPTS OF THE 3D SCANNERS

This chapter establishes fundamental concepts and terminology necessary for understanding 3D
scanning technology, covering basic definitions, operating principles, and factors affecting
scanning accuracy and data quality across optical scanning systems.

1.1 BASIC DEFINITIONS IN 3D SCANNING

3D scanners are devices that capture an object’s geometry and produce a digital model of it:
Depending on the system, they may also capture color or texture.

The working principle of a scanner is determined by how it captures geometry. Based on the
method of detecting surface points, 3D scanners can be divided into three main groups:

e Optical (non-contact) systems emit electromagnetic (EM) waves, usually in visible or
infrared spectrum, onto an object and register reflected rays to determine surface point
coordinates.

o Contact systems use a tactile probe to acquire geometry by physically tracing the surface
and capturing a series of 2D profiles, while the position and orientation of the scanner
head are monitored. Both parts of the system are used to produce a precise 3D data set
of all points measured. [1]

e Hybrid systems combine contact probing with optical scanning. For example, a robotic
arm can carry both a tactile probe and an optical device, allowing switching between
precision measurements and high-speed surface capture without repositioning the
system.

To ensure a meaningful comparison, all devices examined in this thesis belong to the same
group - optical 3D scanners. This allows differences in accuracy and complexity to be attributed
to the scanning method itself rather than to fundamentally different measurement principles.

All optical 3D scanners operate on the same general measurement principle. They acquire
surface geometry by analyzing how light interacts with the object. The scanned part is fixed in
aplace to limit the movement. Ideally the full 360° of the surface is observable, if not the object
is then repositioned and captured again. Depending on the underlying technology, the system
projects LED light or a laser beam in specific patterns onto the surface. Those patterns are
deformed by the object’s geometry and are reflected back to the scanner to compute width,
height and depth. Lastly scanner’s software uses all of the acquired data to produce a 3D model
of the scanned part. It is typically in the form of a point cloud or a polygonal mesh.

Point cloud is a dataset generated by 3D scanning equipment (Fig. /). It is a 3D image composed
of a multitude of small dots. Each dot represents the X, y, z coordinate of a distinct point on a
scanned surface. Points are given either a grayscale or color value for ease of visual recognition.
A single scan typically contains more than a million surface points. [1]
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!

Fig. 1 Point cloud of a steering knuckle in ZEISS INSPECT software

Polygonal mesh is a dataset created by 3D scanning equipment to represent a solid 3D surface
(Fig. 2). It is formed by connecting groups of three or more points from the point cloud into
polygons. These polygons create the planes and edges that define the object’s shape. The result
is a collection of many small, interconnected surface elements, usually triangles or other
polygonal shapes. The outcome is usually in STL or OBJ format. [1]

Fig. 2 Polygonal mesh in ZEISS INSPECT software

Raw point cloud or mesh produced by the scanner is typically not the final deliverable. The
scan data is exported to dedicated software for further processing. For dimensional inspection,
meshes are imported into metrology software such as ZEISS INSPECT, where they are
compared to Computer-Aided Design (CAD) models. For reverse engineering, meshes are
processed in tools such as Geomagic Design X or CATIA to reconstruct CAD surfaces. It is the
most time-consuming and important step. For rapid prototyping, the mesh may be exported
directly in STL format for 3D printing, often after minor repairs such as closing holes or
smoothing artifacts.

Optical 3D scanners form a broad family of devices, so classification by light source is useful
for narrowing the scope of this thesis. The choice of principle largely determines the achievable
accuracy and measurement range. These aspects are explained in detail in Section 1.2 and 1.3.
The main categories of optical 3D scanners are:

e Structured-light scanners (SLS) have an LED light source and project fringes or
grids onto the object and use one or two cameras to compute depth by mathematical
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method called triangulation (see Section 1.2). They offer high point density and are
widely used in industrial metrology. Price ranges from mid to high depending on
the target application.

e Laser scanners project a laser line or points onto the object and observe its
displacement with a camera, also computing depth using triangulation (see section
1.2). They achieve high accuracy and are well suited for automated industrial use.
They are typically in the mid-to-high price range.

e LiDAR (Light Detection and Ranging) scanners emit pulses of infrared light and
measure the time each pulse takes to return from the surface, calculating distance
directly. They range from low-cost consumer-grade sensors integrated into
smartphones to high-cost professional systems used in construction, surveying, and
geosciences. Accuracy varies widely across this range, but is generally lower than
that of structured-light and laser scanners.

e Photogrammetry reconstructs 3D geometry from multiple overlapping 2D
photographs using software with feature-matching algorithms. Photographs could
be taken on a smartphone as well as a professional camera, depending on the
requirements. It is commonly found in low-cost applications, including smartphone
augmented-reality systems.

In addition to the main features, the form factor of the scanner affects its practical use. This
distinction determines portability, repeatability, and the types of objects that can be scanned
efficiently:

e Handheld optical scanners integrate both projector and detector of the light into a
compact device that operator moves around during scanning.

e Stationary optical scanners mount both the projector and detector on a fixed base.
The scanned object is often placed on a turntable (rotary stage), or the scanner’s
head position is changed manually during scanning.

e Hybrid optical scanners could be used both handheld and stationary.

1.2 LIGHT SOURCES AND DEPTH CALCULATION IN OPTICAL 3D SCANNERS

The type of light source determines key properties of the projected pattern, such as coherence,
wavelength, and beam geometry, which in turn affect the scanner’s resolution, noise
characteristics, and suitability for different surface types. Optical scanners characterized by the
type of light source:

e Coherent light sources, usually LASERs (Light Amplification by Stimulated Emission
of Radiation). These devices produce monochromatic, highly coherent, highly
collimated beams of light with high energy density, in a visible or infrared spectrum.

e Non-coherent light sources such as LED (Light-Emitting Diode) based devices. They
emit non-coherent EM waves in a narrow band (typically 20—30 nm wide), not a single
wavelength, and usually are in a visible spectrum.

Unique limitations that each source imposes are described on the example of scanners used in
this thesis: Structured-light and LiDAR with non-coherent light sources in sections 2.3 and 4.3
respectively, LASER in section 3.4.

While the light source defines what is projected onto the object, the depth calculation method
determines how the reflected signal is used to compute three-dimensional coordinates. Different
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computation methods are suited for different measurement ranges and accuracy requirements.
Optical scanners characterized by the method of calculating point coordinates:

e Time-of-flight devices measure the time it takes for a pulse of light to reflect off a target
and return to the transmitter. For example, LiDAR scanner in iPhone used in this thesis.
They can capture data over hundreds of meters, but have worse accuracy on small
distances compared to other methods.

e Phase-shifting devices emit a constant laser/light beam which is set in multiple phases.
The phase shift of the retuning beam is recorded by the system to calculate the distance
traveled. Phase-based units have a shorter range than time-of-flight units. Their strength
lies in providing a faster scanning time and denser array of points returned. [1]

e Triangulation in optical 3D scanning is a geometric method that determines the 3D
coordinates of a surface point by forming a triangle between a light projector, the object
point, and sensor, which are separated by a known distance. The scanner captures the
pattern of projected light as it deforms across the surface, and from the known geometric
constants computes depth for each measured point [2]. For example, ZEISS ATOS Q
structured-light scanner and ZEISS T-SCAN HAWK a laser triangulation scanner.

1.3 WAVELENGTH AND ACCURACY OF OPTICAL 3D SCANNERS

The light sources described in section 1.2 can emit electromagnetic waves in different parts of
the electromagnetic spectrum, depending on the application and required accuracy. The most
common wavelength bands are:

e Visible-light scanners use wavelength around 380-750 nm, which is visible to the
human eye.
e Infrared scanners operate at wavelengths above the visible range.

Before describing the relationship between wavelength and accuracy of the scanners, it is
important to define what is meant by measurement accuracy.

“Measurement accuracy is closeness of agreement between a measured quantity value and
a true quantity value of a measurand” [3]. For example, industrial structured-light scanners can
achieve measurement accuracy on the order of 0.01-0.05 mm, while consumer-grade devices
such as smartphone LiDAR typically operate with accuracy in the range of 1-10 mm [1].

Dependence of accuracy on wavelength. Shorter wavelengths provide higher accuracy, and
longer wavelengths sacrifice this resolution, but offer better performance over longer ranges
and lower sensitivity to ambient visible light [1]. It is explained by diffraction of light. The
smallest distance between two surface features that the scanner can still distinguish (spatial
resolution) is limited by diffraction. The minimum resolvable feature size is approximately:

2
d~ (1)
where A is the wavelength and NA is the numerical aperture (how much light a system can
gather) of the imaging optics. Shorter wavelengths therefore resolve finer details. As an
example, blue light (~450 nm) can distinguish features roughly twice as small as near-infrared
(~940 nm) for the same optical system [1][4]. In LED-based scanners, shorter wavelengths also
produce sharper fringe patterns, improving the precision.
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Ambient light is a fundamental limitation of optical scanners, because the sensor cannot fully
distinguish the projected pattern from environmental light. Three main factors determine how
strongly ambient light interferes with the measurement: intensity, wavelength and the camera’s
light filtering. As an example, structured-light scanners (SLS) reconstruct depth of the points
from projected pattern brightness variations [4]. The higher the contrast between the projected
and ambient light at the sensor, the more reliably the data could be read. Direct sunlight is
typically much brighter than the projected pattern, therefore SLS are not suitable for outdoor
conditions — projected pattern is barely or not visible. Laser scanners on the other hand with
higher light intensity could tolerate stronger ambient conditions. Wavelength determines
whether the projector competes with the brightest parts of the ambient light spectrum. When
projector and ambient sources overlap spectrally, both reach the sensor, and the unwanted
component creates noise that reduces effective contrast. Infrared-based systems generally
perform better in uncontrolled lighting conditions and artificial light contains limited IR
radiation [5]. Among visible-light scanners, blue-light sources perform better than white-light
under typical indoor warm-lit conditions, since there’s less light in blue wavelengths. Lastly, a
bandpass filter mounted in front of the camera transmits only wavelengths close to the
projector’s emission band. A blue LED source camera would capture a band of light of approx.
450-470 nm and block the rest, which significantly reduces the amount of noise. For these
reasons, ambient lighting must be controlled during scanning. Natural light is typically blocked.
Artificial lighting is kept diffuse and moderate in intensity to avoid sensor saturation, reduced
pattern contrast, and sharp cast shadows on the scanned surface.

Material Absorption and Wavelength. Absorption characteristics of the scanned object vary
widely across the electromagnetic spectrum and depend on the material’s molecular structure
and pigment composition. Dark or carbon-rich materials may absorb strongly in specific visible
or infrared bands, diminishing the amount of reflected light available for measurement and
potentially introducing noise or reconstruction gaps [1]. Temporary surface coating might be
required.

1.4 THE EFFECT OF SURFACE AND GEOMETRIC PROPERTIES OF THE SCANNED
OBJECTS

The limitations described in this section apply to all optical 3D scanners regardless of the
measurement principle. They arise from how projected light interacts with the object's surface
finish and geometry, and they directly affect what each scanner can and cannot measure.

Surface properties are an important factor. For any optical scanner to measure a surface point,
enough of the projected light must reflect toward the camera sensor. How much light returns
and in what direction depends on the surface finish. Ideal surface finishes could be divided in
two extremes [1]:

o Diffuse surfaces scatter reflected light approximately equally in all directions (Fig.
3). Matte and rough finishes behave this way. These are ideal for scanning because
the camera receives a usable signal regardless of its viewing angle.

e Specular (mirror-like) surfaces reflect light in a single concentrated direction (Fig.
3). Glossy, polished, or metallic finishes behave this way. Very little light reaches
the camera unless it happens to be positioned exactly in the reflection path.
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a) Specular reflection b) Diffuse reflection

Fig. 3 Types of reflection: a) specular reflection, b) diffuse reflection [1]

Real surfaces exhibit a combination of both behaviors. A machined metal part, for example,
may have diffuse regions where the tool marks scatter light and specular regions on polished
faces.

Highly specular surfaces cause the scanner to receive either no signal (gaps in the point cloud)
or an oversaturated signal that distorts the fringe pattern, producing artifacts such as ripple noise
or depth spikes. Transparent and translucent materials present a similar problem, where light
passes through rather than reflecting [1]. In practice, these surfaces are treated with a temporary
matte coating before scanning. Common options include titanium dioxide powder (coating
thickness below 1 pum), developer spray for penetrant testing (~5—6 um), or sublimating sprays
such as AESUB that evaporate after scanning and require no cleaning [6]. The coating creates
a uniform diffuse layer that reflects reliably at any angle. The trade-off is that any coating adds
material to the true surface, introducing a small systematic dimensional error proportional to
the coating thickness [6].

Geometric limitations are one of the biggest factors for optical scanners. Even on surfaces with
good reflective properties, the geometry of the object itself can prevent accurate measurement.
The key factor is the angle at which the projected light strikes the surface relative to the camera's
viewing direction. Two angles define this relationship at every surface point [1]:

e Angle of incidence — the angle between the incoming light ray and the local surface
normal (Fig. 4).

e Detection angle — the angle between the reflected ray reaching the camera and the
local surface normal (Fig. 4).

Incident Reflected
ray Normal ray

Mirror reflection

Fig. 4 Angle of incidence and reflected ray [1]
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As the angle of incidence increases, projected dots stretch into ovals and lines thicken. This
deformation reduces precision. The best measurement quality is achieved when the light strikes
perpendicular to the surface (angle of incidence = 0°). This is especially relevant for handheld
scanners such as the T-SCAN Hawk described in this thesis, where the operator directly
controls the scanning angle and must consciously maintain near-perpendicular orientation [1].

Three specific geometric situations cause systematic errors:

e Sharp external edges split the projected beam. As a result, only a fraction of light reflects
back, causing the system to register the point at an incorrect depth, typically farther from
the scanner than the true surface [1].

e Internal edges cause light to reflect from two adjacent surfaces simultaneously. The
detector averages the two returns and records a point above the actual surface, closer to
the scanner than the true geometry [1].

e Line-of-sight occlusion occurs when surrounding geometry blocks either the projected
light from reaching a surface area or the reflected light from reaching the camera [1].
The result is missing data (voids) in the point cloud. Deep cavities, undercuts, and
closely spaced features are typical causes.

1.5 OTHER ENVIRONMENT RELATED ISSUES AFFECTING SCANNING

3D scanning results are affected by environmental factors such as vibrations, temperature,
humidity and ambient light (see section 1.3). All measurements in the practical part are done
under the controlled environment conditions, that are specified in Chapter 7. Although it is
impossible to compare in this work different methods that manufacturers use to minimize
effects from certain factors, most significantly affecting scanning are:

e Vibration of the setup degrades measurement. Scanners/objects must be at rest
during acquisition. Some systems include stabilizing features. [1]

e Temperature of both scanner and the scanned object is one of the biggest factors.
Geometrical properties of scanned parts are normally referenced to a standard
temperature of 20 °C, therefore scanner, object and environment should be allowed
to reach thermal equilibrium or corrected for thermal expansion.

1.6 INDUSTRIAL APPLICATIONS AND RESULTING SCANNER REQUIREMENTS

In order to meaningfully compare 3D scanners in this thesis, it is first necessary to establish
what the scanning output should achieve. It allows to determine which technical parameters and
features matter most. Four representative application areas from mechanical engineering were
selected for this purpose, each placing distinct demands on the scanning system. The
requirements derived below draw on published studies and international standards, and they
form the basis for both the comparison matrix and the selection of test parts used in the practical
part. In every case, the scanners must be evaluated under conditions representative of the actual
measurement task, rather than relying solely on manufacturer specifications.

Dimensional inspection and quality control requires the tightest metrological performance. The
scanner measurement uncertainty must be a small fraction of the part tolerance being verified,
ideally one-fifth or less, following the principle of ISO 14253-1 [7]. For a typical machined part
tolerance of £0.1 mm, the scanner should demonstrate uncertainty below 0.02 mm on a
calibrated artefact. Performance must be verified per VDI/VDE 2634 or ISO 10360-13 for
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traceability [8; 9]. The scanner must be evaluated against the specific GD&T tolerance types
present on the part (size, form, position), since sensors that perform well on one tolerance type
may show larger errors on another [10][11]. Demonstrated accuracy on representative surface
finishes (not only on calibration artefacts) is essential, as optical scanners show degraded
performance on rough, dark, or reflective surfaces [12; 13].

Wear analysis prioritizes repeatability over absolute accuracy, because the method compares
successive scans of the same object to detect progressive geometry changes. The scan-to-scan
repeatability must be smaller than the smallest wear increment to be detected, typically below
0.05 mm for tooling applications [14; 15]. The scanner must support volumetric comparison
(material loss and material gain) by registering successive scans to a common coordinate
system. Accessibility to the measurement location is critical, since wear is often measured on
tools that are difficult to reposition, favoring portable scanners. Robustness to shop-floor
conditions (temperature, vibration, surface contamination) is also required [16; 17].

Reverse engineering demands as much surface coverage as possible and sufficient point
density. The main purpose of the resulting meshes is to help reconstruct CAD models in the
post-processing. The scanner accuracy must exceed the required tolerance of the final model,
and point density must resolve the smallest relevant features such as fillets, chamfers, and thin
walls [18][1][19]. The scanning strategy and operator skill have been shown to affect accuracy
as much as the hardware itself [20][19].

Rapid prototyping requires accuracy matched to the additive manufacturing process tolerance.
For stereolithography (SLA) verification (process tolerance approximately +0.15 mm), scanner
uncertainty should be below 0.05 mm; for selective laser sintering (SLS) (£0.3 mm), below 0.1
mm; for fused deposition modeling (FDM) (£0.5 to 1.0 mm), below 0.2 mm [21; 22]. The
scanner must perform reliably on additive manufactured surface textures including layer lines,
partially sintered powder, and translucent resins, which differ from conventional machined
surfaces [23; 24]. For scan-to-print workflows, the output mesh must be watertight and of a
resolution matched to the printer's minimum feature size. Over-resolved meshes needlessly
increase file size and slicing time, whereas under-resolved meshes introduce faceting artifacts
below the printer's capability.
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2 WORKING PRINCIPLES OF ZEISS ATOS Q

ZEISS ATOS Q is a structured-light scanner manufactured by ZEISS (Fig. 5). It is designed
for high-precision industrial metrology applications such as dimensional inspection, quality
control and wear analysis. In addition, it is well suited for reverse engineering of small
removable parts, although its capabilities exceed the requirements for rapid prototyping. The
system consists of a projector and two cameras, a powerful desktop PC or laptop, a stand to
mount the sensor on. Although ATOS Q is mounted on a stand during measurement, it is
classified by the manufacturer as a mobile system because it can be relocated between
measurement sites. For automated multi-view acquisition of small parts, the system can be
combined with a motorized rotary table (Fig. 5). ATOS Q projects precise fringe patterns
(alternating light and dark stripes) onto the surface of the object, which are captured by two
cameras. The projection uses narrow-band blue LED light (see Section 1.3), allowing ambient
light interference to be filtered out during image acquisition [25]. The technical principles
underlying this measurement process are described in the following sections.

Fig. 5 ZEISS ATOS Q scanner

2.1 STRUCTURED-LIGHT SCANNING AND TRIANGULATION PRINCIPLE

Structured-light scanning gets its name from the organized patterns of light, such as stripes,
grids or dots, projected onto an object's surface. It is an optical measurement method based on
the triangulation principle.

ZIESS ATOS Q computes 3D surface coordinates using the triangulation principle. The sensor
head contains a central digital projector and two cameras arranged in a fixed configuration,
separated by a known baseline distance (Fig. 6a). During scanning, the projector emits a rapid
sequence of fringe patterns onto the object's surface in both vertical and horizontal directions.
Both cameras simultaneously capture images of the deformed patterns from different viewing
quality control quality control angles (Fig. 6b).
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a) b)

Fig. 6 Triangulation principle of the ATOS Q: a) stereo camera
configuration, b) fringe projection setup [41]

The 3D coordinate computation relies on the stereo disparity principle. Cameras measure pixel
positions. A point in 3D space lands on a specific pixel (u, v) on each camera sensor. When
both cameras observe the same surface point, it appears at pixel uL in the left camera and uR
in the right camera. The difference is called disparity: d = uL — uR. This horizontal pixel shift
is related to the depth of the surface point by the equation:

_Ib
z=L2 (1)
where Z is the depth, f'is the camera focal length, b is the baseline distance, and d is the disparity
[26]. Once the depth Z is determined, the remaining coordinates X and Y are calculated from
the pixel positions and the known camera parameters [26].

The projected fringe patterns are used to establish which pixel in the left camera corresponds
to which pixel in the right camera. When a striped pattern is projected onto a surface, each
camera pixel records a specific brightness value (Fig. 7). On a flat surface the stripes appear
evenly spaced, but wherever the surface has depth variation, the stripes shift - and this shift
encodes the local height. By projecting several phase-shifted versions of the pattern and
recording how the brightness changes at each pixel, the system computes a unique value (called
the phase) for that point on the surface. Patterns at multiple frequencies are combined so that
every pixel across the field of view receives a unique identifier [27]. Because the projector is
digital, the projection consists of many discrete pixels and can generate many different fringe
patterns in both vertical and horizontal directions, providing significantly more information
than an analog projector, whose fringes run in one direction only [28]. This dense, unambiguous
encoding allows the two cameras to be matched with sub-pixel precision.
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Fig. 7 Simplified example of the pixel brightness values in the ZEISS ATOS
O scanner [30]

2.2 PARAMETERS OF ZEISS ATOS Q

Before comparing ZEISS ATOS Q with the other scanners evaluated in this thesis, it is
necessary to understand how its key parameters influence measurement results. Unlike
handheld or mobile scanners where the operator freely controls the scanning distance and angle,
ATOS Q operates within a precisely defined measuring volume that determines the achievable
point density, spatial resolution, and measurement accuracy for each scan. The choice of
measuring volume therefore directly affects which application the scanner is suited for. A small
volume with fine point spacing is needed for dimensional inspection of tight-tolerance parts,
while a larger volume may be sufficient for reverse engineering (see Section 1.6) [25][29]. The
key technical parameters of ATOS Q are summarized in 7ab. 1.

Tab. 1 Technical parameters of ZEISS ATOS Q [25]

Technical Parameters ATOS Q 12M
Light Source LED
12 million

Points per scan

Measuring area [mm?] 100 x 70 — 500 x 370

Point spacing [mm] 0.03-0.12

Working distance [mm] 490

Measuring volumes 100, 170, 270, 350, 500

Cable length [m] 10

The fixed working distance of 490 mm defines the optimal measurement plane (Fig. 8), the flat
plane at which the fringe pattern is sharpest, and the calibration is most accurate. Points closer
to or farther from this plane are still measured, but with slightly reduced accuracy (Fig. 9).

BRNO 2026 27



WORKING PRINCIPLES OF ZEISS ATOS Q

During setup, the scanner is positioned so that the center of the scanned object sits
approximately at this distance from the sensor head. Since real parts have depth, different
features of the part protrude at different distances, not every surface point lies exactly at 490
mm. This is accounted for by the measuring volume.

Fig. 8 Optimal measurement plane and measurement volume [30]

The measuring volume (MV) is the three-dimensional space that the scanner captures in a single
acquisition (Fig. §). Changing the measuring volume in ATOS Q is done by swapping the lens
kit on the scanner. For example, MV 270 (270x200%200) covers 255x185x180 mm in length,
width and depth [30]. Points anywhere within this depth range are measured, though accuracy
decreases toward the edges. A smaller volume such as MV 100 concentrates the sensor's pixel
resolution on a smaller area, yielding higher point density and accuracy. A larger volume such
as MV 500 covers more surface area but with lower point density, since the camera sensor
always has the same number of pixels - 12 million (7ab. ). The trade-off between coverage
and resolution is inherent to all camera-based triangulation systems [1; 25; 29]. It is important
to differentiate measuring volume from the field of view (FOV). The latter refers only to the
two-dimensional area visible to the cameras at the working distance [29].

Fig. 9 Scanner positioned at optimal and non-optimal measuring distances
[30]

2.3 LIMITATIONS AND SOURCES OF ERROR

ATOS Q uses narrow-band blue LED light (wavelength approximately 450-470 nm) as its
illumination source. The shorter wavelength of blue light provides higher spatial resolution
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compared to infrared-based systems (see Section 1.3) and is generally well suited for the indoor
illumination. LED source does not provide enough light intensity for the outdoor use.

ATOS Q achieves high accuracy within its calibrated measuring volume, but several limitations
become apparent when compared to handheld and consumer-grade scanners. The most
fundamental constraint is the fixed measuring volume. Each lens kit defines a specific field of
view and working distance (490 mm), meaning the scanner cannot adapt to varying part sizes
without physically swapping lenses and recalibrating. Parts larger than the selected measuring
volume require multiple measurement series, which introduce alignment uncertainty that
accumulates in the final mesh. This lack of portability is the primary practical disadvantage
relative to the T-SCAN Hawk and consumer-grade methods [25; 20].

Surface reflectivity and material properties impose significant constraints. Mirror-like,
transparent, or translucent surfaces cannot be reliably measured without temporary anti-
reflective coating, which adds a finite thickness to the measured geometry (systematic error).
Dark or colored surfaces, particularly red materials, reduce fringe contrast and degrade
accuracy. Semi-transparent polymers such as SLA resins cause subsurface light scattering that
distorts depth measurements. In practice, most industrial parts require surface preparation
before scanning with the ATOS Q, adding time and introducing coating-thickness uncertainty
that is particularly problematic for high-tolerance dimensional inspection [1; 23].

Geometric accessibility is limited by stereo camera configuration. Deep cavities, narrow slots,
undercuts, and internal channels may be occluded from one or both cameras, producing gaps in
the point cloud. External edges can cause fringe aliasing (incorrect depth values), and internal
edges produce averaged readings above the true surface [1].

Environmental sensitivity and workflow rigidity present additional disadvantages in
comparison. ATOS Q requires a vibration-free setup, thermal equilibration of both the scanner
and the part, and controlled ambient lighting. The calibration procedure is multi-step and time-
consuming and must be repeated whenever the measuring volume is changed. Scan time per
part is relatively long because the system acquires one field of view per exposure and requires
repositioning between views. Jacobs et al. (2023) showed that reducing scan positions from 15
to 5 doubled the standard deviation of the measurements, confirming that the ATOS Q demands
a careful, time-intensive scanning strategy to achieve its specified accuracy [25; 20].
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3  WORKING PRINCIPLES OF ZEISS T-SCAN HAWK 2

ZEISS T-SCAN Hawk 2 is a handheld blue laser triangulation scanner designed for portable
3D measurement (Fig. 10). Unlike stationary systems, it allows the operator to move freely
around the object, making it suitable for scanning large parts, objects in fixed installations, or
geometries that are difficult to reposition onto a turntable. The scanner weighs less than 1 kg
and connects to a laptop via a lightweight 10 m cable [31]. The following sections describe the
laser triangulation principle used by T-SCAN Hawk and how it differs from the structured-light
approach of ATOS Q, the tracking system that replaces the fixed measuring volume, the key
technical parameters, and the practical limitations relevant to the comparison in this thesis.

it

Fig. 10 ZEISS T-SCAN hawk 2 scanner

3.1 LASER TRIANGULATION PRINCIPLE

ZEISS T-SCAN Hawk 2 uses laser triangulation as its measurement method, which differs from
ZEISS ATOS Q structured-light approach in both the illumination strategy and the data
acquisition mode. Instead of projecting a rapid sequence of fringe patterns in a single capture,
T-SCAN Hawk projects narrow blue laser crosses onto the object surface for the whole duration
of scanning. The scanning process is therefore continuous, which attributes to faster capture
time than that of ATOS Q. In addition to the blue measurement lasers, a smaller red laser cross
is projected onto the surface to help find the optimal measuring distance. The scanner contains
two integrated cameras in a stereo configuration similar to ATOS Q (see Section 2.1) that
capture the projected pattern from slightly different viewpoints. The laser crosses deform across
the surface geometry, and each camera records the position of the deformed line on its sensor.
The system computes the 3D coordinates of points along each line using the known geometric
relationship between two cameras and the surface point [2; 31].

The triangulation geometry of T-SCAN Hawk 2 is based on the two-camera baseline, which
follows the principle of ATOS Q (see Section 2.1). The difference is that the relation between
the cameras’ views is established by narrow blue laser lines instead of fringe patterns. The blue
laser crosses function as a high contrast structured cue that makes corresponding points easy to
identify in both camera images. This principle allows the system to operate with continuous
projection rather than a sequence of phase-shifted patterns [30].
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3.2 TRACKING AND COORDINATE SYSTEM

ZEISS T-SCAN Hawk 2 must continuously determine its position and orientation in space. This
is achieved by detecting reference point markers placed on or around the part prior to scanning.
Before scanning the reference point field is created. In this mode scanner doesn’t project
patterns but is moved around as the cameras identify visible reference markers and create a
point field. In the scanning stage the system tracks its position by identifying at least three
reference points from that field. New markers could be added during scanning, as long as three
known are visible. The system can orient each new scan sweep relative to all previous data.
This approach replaces the fixed measuring volume of ATOS Q with a dynamically expanding
coordinate system that grows with each new scan pass [31].

Alternatively, the scanner can operate without reference markers by relying on geometric
feature matching (markerless mode). In this mode, the software matches overlapping surface
geometry between sweeps to maintain registration. This is faster to set up and works best on
parts with sufficient geometric variation. Large flat or featureless surfaces may cause tracking
loss [31].

3.3 PARAMETERS OF ZEISS T-SCAN HAWK

The key parameters of T-SCAN Hawk are summarized in 7ab. 2. Unlike ATOS Q, where the
measuring volume is selected by swapping lens kits, T-SCAN Hawk does not have a fixed
measuring volume. Its effective measurement range is determined by the scanning distance
maintained by the operator and the distribution of reference markers that define the global
coordinate system.

Tab. 2 Technical parameters of ZEISS T-SCAN Hawk 2 [31]

Technical Parameters ZEISS T-SCAN Hawk 2
Laser class (IEC 60825-1:2014) Class 2 (eye-safe)
Point spacing [mm)] 0.05-10
Scan area [mm] Up to 600 x 550
Volumetric accuracy 0.02 mm + 0.015 mm/m
Weight < lkg
Cable 10m (ultra-light)

T-SCAN Hawk has a fixed measuring volume and a flexible depth of field. During scanning
set up the preferred resolution (point spacing) is picked in the software. It defines how much
depth of the measuring volume can be used (Fig. //)[30]. The system derives a range of
working distances from this (7ab. 3). T-SCAN Hawk incorporates a radar that continuously
measures the scanner-to-object distance and projects a red laser cross to help identify it. When
scanner head is closer to the surface, horizontal cross line moves up and when further, moves
down (Fig. 11). As soon as red laser lines stop intersecting, the scanner is outside the working
range. This feature helps create continuous measurements without checking software
indications, significantly improving scan time. T-SCAN Hawk operates in a flexible range,
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unlike ATOS Q with a fixed optimal working distance, allowing scanning surfaces at varying
depths with no need to recalibrate or change lenses. The practical benefit is that complex

geometries with significant depth variation can be captured in a single continuous scan session
[31].

(3]

Fig. 11 ZEISS T-SCAN Hawk 2 usable depth of the measuring volume from
30% to a 100% depending on the set resolution [30]

Volumetric accuracy is specified as 0.02 mm + 0.015 mm/m, which consists of a fixed base
accuracy component and a distance-dependent component that accumulates with the size of the
measurement volume [31]. For example, scanning within a 1 m volume gives a maximum
expected error of 0.02 + 0.015 x 1 =0.035 mm. For a 3 m volume: 0.02 + 0.015 x 3 = 0.065
mm. This linear error growth contrasts with ATOS Q, where accuracy is fixed for a given
measuring volume and does not degrade with part size within that volume.

Tab. 3 ZEISS T-SCAN Hawk measuring areas [30]

nlj:;ll?:;;gfatiz Resolution [mm] Worki[nnig;stance Scan area [mm]
1 0.05-0.19 240-330 300 x 300
2 0.20-0.49 240-480 450 x 430
3 0.50-10.00 240-700 610 x 560

The deep pocket scanning capability uses a single blue laser line mode that concentrates the
measurement beam into a narrow strip [31]. Because the laser line can project into confined
spaces where a wide fringe pattern would be partially occluded, T-SCAN Hawk can reach into
cavities, narrow grooves, and recessed features that ATOS Q cannot access with its stereo
camera configuration. The scanner head is compact (under 1 kg) and can be physically
maneuvered into tight spaces. This capability is particularly relevant for wear analysis on
forging dies with deep impressions and for reverse engineering of parts with internal features.
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3.4 LIMITATIONS AND SOURCES OF ERROR

T-SCAN Hawk shares the fundamental surface-interaction limitations of all optical scanners
(see Section 1.4), but is more susceptible to specular reflection and subsurface scattering effects
than ATOS Q (see Section 3.1). The blue laser light used by T-SCAN Hawk operates at
approximately 450 nm wavelength, providing the same advantages of shorter wavelength as
ATOS Q blue LED: higher spatial resolution compared to infrared systems and the ability to
filter out ambient light interference through narrow-band optical filtering on the cameras.
However, because the illumination is a coherent laser source rather than an incoherent LED, T-
SCAN Hawk is susceptible to speckle noise, a granular interference pattern caused by coherent
light reflecting from rough surfaces [32]. The scanner mitigates this through multiple laser
crosses and averaging algorithms, but the effect cannot be eliminated entirely, particularly on
very rough or grainy surfaces [28][32].

In a single acquisition, the point density achievable with T-SCAN Hawk is lower than with
ATOS Q, because laser-line triangulation samples the surface along projected lines rather than
across the full field of view simultaneously. Although the handheld scanner can accumulate
high overall density through sustained sweeping, coverage tends to be less uniform, and fine
surface details (small fillets, shallow engravings, subtle curvatures) may be resolved less
faithfully in regions the operator swept quickly.

Meana et al. (2024) showed that laser triangulation sensors produce less accurate points near
the edges of spherical surfaces, where the laser beam hits the surface at nearly tangential angle.
These outliers need to be filtered out, and the optimal filter setting depends on both the sensor
and the scanned material [12].

T-SCAN Hawk introduces more operator-depending error sources than stationary scanners. The
scanner accuracy depends on maintaining correct working distance, appropriate scanning speed
and near-perpendicular scan angle. The exposure time must be matched to the standoff distance
to minimize errors [33]. Although environmental sensitivity is lower than ATOS Q (no
vibration-free setup required), the reference point field must remain stable throughout the scan,
and any movement of markers between passes introduces registration error into the final mesh
[31].
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4 WORKING PRINCIPLES OF IPHONE LIDAR

The Apple iPhone (models 12 Pro and later) integrates a LIDAR sensor (see Section 1.1) on its
rear camera module. Originally designed for augmented reality applications, LiDAR can also
be used for 3D scanning through third-party applications such as Polycam, 3D Scanner App, or
Scaniverse. This makes the iPhone the most accessible and lowest-cost option among the three
scanners compared in this thesis.

4.1 TIME-OF-FLIGHT PRINCIPLE

The iPhone's LiDAR operates on the time-of-flight (ToF) principle and consists of an infrared
light emitter and a receiver. The source contains 64 vertical-cavity surface-emitting laser
(VCSEL) cells, and the 64 laser pulses are multiplied by a 3 X 3 diffraction optical element
(DOE) into 576 pulses (Fig. 12). These reflect off the target and are detected by a single-photon
avalanche diode (SPAD), which measures the round-trip travel time of each pulse [34]. The
576 depth points are then fused with RGB data from the wide-angle lens to generate a denser
depth map. According to Krauskova et al. (2025), the resulting depth map has a resolution of
256 x 192 pixels (roughly 49,000 points per frame) and can be produced at frame rates of up to
60 Hz depending on the scanning application [35]. The depth Z for each point is computed from
the relationship:
ct
gy )
where c is the speed of light and t is the measured time of flight of the emitted ray. Unlike
triangulation-based systems, ToF does not require a baseline between projector and detector,
which makes it inherently more compact but also limits its achievable depth resolution at close
range [34].

Fig. 12 The 3 x 3 grid of 64 laser emitters each is defined by the
dashed red lines [34]
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4.2 PARAMETERS OF IPHONE LIDAR

Apple does not publish formal metrology specifications for the iPhone LiDAR scanner. The
parameters relevant to comparison were taken from independent evaluations and cited
accordingly.

The iPhone’s LiDAR scanner has a specified range of approximately 0.2—5 m. Published
evaluation reports absolute accuracy of approximately £1 cm for objects with side length
greater than 10 cm, with precision degrading for smaller objects [36]. The sensor is factory-
calibrated, leading to non-adjustable measuring volume, no calibration procedure, no control
over calibration quality and the accuracy is not traceable to any metrology standard. The quality
of the 3D output depends heavily on the scanning application used, since each implements
different SLAM algorithms [37].

A critical aspect of iPhone LiDAR scanning is the use of SLAM (Simultaneous Localisation
and Mapping) for 3D reconstruction. Unlike the ATOS Q and T-SCAN Hawk, which use
physical reference markers or calibrated geometric relationships to determine scanner position,
the iPhone relies on a software algorithm that combines LiDAR depth data with visual-inertial
odometry (VIO estimates local position, orientation and velocity) from the cameras and the
inertial measurement unit (IMU containing gyroscope and accelerometer). As the scanner is
moved around an object, the SLAM algorithm continuously estimates the device position by
matching current observations to a map built from previous frames. This approach eliminates
the need for reference markers or calibration but introduces drift error. Inaccuracies accumulate
over time and distance, producing a progressive distortion of the 3D model. SLAM drift is
visible as split surfaces, displacement errors, and surface duplication at locations where scan
paths overlap [37; 38].

4.3 LIMITATIONS AND SOURCES OF ERROR

For dimensional inspection and wear analysis iPhone LiDAR is fundamentally unsuitable.
Luetzenburg et al. (2021) established an absolute accuracy of approximately £1 cm for objects
larger than 10 cm and showed that both accuracy and precision degrade for smaller objects. The
limit of detection for objects is around 5 cm [36]. Tondo et al. (2023) further identified an
optimal working distance of 0.30-2.00 m, with significant noise degradation outside this range
[34].

The point cloud density is approximately 49000 points per frame, with each application for
scanning slightly affecting the number [35]. When compared to 12 million for the ATOS Q it’s
producing a much worse spatial resolution, that cannot capture fine geometric features such as
fillets, chamfers, threads, or small holes. The infrared wavelength (approx. 940 nm) provides
roughly half the spatial resolution of blue light (approx. 450 nm) for equivalent optics. iPhone
LiDAR could be used outdoors, although the sensor is still susceptible to interference from
direct sunlight and the accuracy decreases in poorly illuminated conditions [34]. LiDAR has
difficulty with highly absorptive (dark black) and highly reflective surfaces [34; 36].

SLAM drift is the characteristic error source that fundamentally limits the iPhone for all
engineering applications. As the device moves during scanning, errors accumulate
progressively, producing global distortion of the model. Askar et al. (2023) observed split
surfaces and displacement errors that varied significantly between scanning applications
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running on the same hardware, demonstrating that software processing affects results as much
as the sensor itself [37]. This means the iPhone LiDAR cannot produce metrologically traceable
measurements for mechanical parts under any conditions.

For reverse engineering and rapid prototyping iPhone LiDAR can produce usable results only
for geometrically simple objects where centimetre-level accuracy is acceptable, such as rough
form-factor mockups or large-scale spatial documentation. The coarse mesh resolution means
small features are smoothed over or lost entirely. For scan-to-print workflows, a printed
reproduction will differ from the original by approximately =10 mm in every dimension,
acceptable only for the roughest conceptual prototyping [36]. For print verification, the scanner
cannot distinguish between a correctly printed part and one with gross dimensional errors, since
the measurement noise dominates over any printing deviation for all common AM processes
(FDM £0.50 mm, SLS £0.30 mm, SLA +0.15 mm) [21].
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5 Comparison matrix and scanned parts

In the following chapter predictions of the scanners’ performance are estimated and the test
parts are selected. The predicted values serve as predictions to be validated in the practical part.
The comparison (7ab. 1Tab. 4) is derived from the four application areas defined in Section
1.6. and presumes the performance of each scanner across those areas, based on the technical
specifications and limitations identified in Chapters 2, 3, and 4.

Tab. 4 Comparison matrix

o iPhone 16
Application Parameter ATOS Q T-SCAN Hawk LiDAR
Dimensional Ac_curacy on
. . calibrated reference 0.01-0.03 0.02 +0.015/m Approx. 10
inspection [mm]
Point density . .
[ptslem2] Very High High Very low
GD&T capability Full Full None
(size/form/position)
. Scan-to-scan Good (operator
Wear analysis repeatability Excellent dependent) Poor
Volumetric deviation Yes (ZEISS Yes (ZEISS Limited (app-
capability INSPECT) INSPECT) dependent)
Accessibility to . High (handheld, Very High
measurement Low (stationary) wired) (handheld,
location wireless)
Reverse Surface coverage 85-95 (occlusion 70-90 (SLAM
c ] o e 90-95
engineering completeness [%] limits) gaps)
Resolution (Point 0.03-0.15 (MV- (.)'05-10 .
omeii) Famm] Aepedla) (adjustable in Uknown
pacing P software)
Mesh quality
(watertight, defect- Very High High Low
free)
Rapid Accuracy vs. SLA Exceeds (10x Meets (3-5x Fails (noise >
. tolerance (£0.15 . .
prototyping mm) margin) margin) tolerance)
Performance on AM Good (may need Good (subsurface
. . . Unknown
surface textures coating) risk on resin)
STL mesh suitability
for printing Exceeds (needs Good (adequate Poor (coarse,
simplification) density) defects)
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Based on the predicted performance in the matrix (7ab. 4), the following test parts are selected
to validate the theoretical comparison. Each part targets specific parameters where the three
scanners are expected to differ most significantly, ensuring that the practical measurements can
confirm or refute the predictions above.

Direct validation of the accuracy row of the dimensional inspection category

Calibrated gauge block or reference standard. This part tests absolute dimensional accuracy
against a known reference value. ATOS Q is predicted to achieve deviations below 0.03 mm,
T-SCAN Hawk below 0.05 mm, and iPhone LiDAR deviations of several millimeters.

Validation of geometric accessibility and minimum resolvable feature size

Component with deep pockets, undercuts, and fine geometric features, such as small radii, thin
walls, and sharp edges. This part tests the ability of each scanner to capture difficult-to-access
geometry and small details. T-SCAN Hawk is predicted to achieve the best surface coverage
due to its handheld operation and deep-pocket scanning mode, while ATOS Q is expected to
show occlusion gaps in deeper areas. iPhone LiDAR is expected to fail in resolving small
geometric features.

Validation of sensitivity to surface properties

Component with mixed surface finishes, including matte, glossy, dark, and translucent regions.
This part tests how different optical scanning methods respond to surface reflectivity,
absorption, and translucency. All scanners are expected to be affected by specular reflections,
while T-SCAN Hawk may show errors caused by subsurface penetration on translucent
materials, and iPhone LiDAR 1is expected to lose signal on dark surfaces.

Validation of rapid prototyping inspection capability

3D-printed test specimen with known CAD geometry, such as an SLA or FDM printed object
with holes, cylinders, flat surfaces, and curved features of different sizes. This part tests the
ability of each scanner to verify additively manufactured geometry by comparing the acquired
scan with the original CAD model. It also evaluates mesh quality and suitability for scan-to-
print workflows.

Validation of reverse engineering workflow

Complex automotive component requiring full surface coverage. This part tests surface
coverage completeness, mesh quality, scan time, and the practical effort required to produce a
complete digital model. T-SCAN Hawk is predicted to achieve faster full coverage, while
ATOS Q is expected to provide higher point density per scan. iPhone LiDAR is expected to
show SLAM drift artefacts on complex geometry.

Two test parts were selected for the practical comparison: a steering knuckle (rear axle left, cast
aluminum) and a car wheel (Fig. 13). The steering knuckle combines features that challenge all
scanners simultaneously: functional surfaces on all sides (ball joint taper, wheel bearing bore,
brake caliper mount, tie rod attachment), freeform transitions between features, and deep
pockets that test geometric accessibility. The car wheel complements this selection by providing
a large-diameter rotationally symmetric geometry with both matte and glossy surface regions,
fine details (bolt holes, valve hole, spoke edges), and a size that requires multi-scan registration
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for ATOS Q while remaining within a single scan session for T-SCAN Hawk. Together, these
two parts expose the key differences predicted by the comparison matrix. ATOS Q is expected
to have an advantage in point density and accuracy on accessible flat surfaces, T-SCAN Hawk
should excel in surface coverage on complex geometries through handheld freedom, and the
iPhone LiDAR should show inability to resolve fine features and its SLAM drift on large
objects.

Fig. 13 Test parts: (a) steering knuckle; (b) car wheel
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6 TESTING METHODOLOGY

In the practical part additional scanners are included for a broader comparison. As a more
accessible alternative to ZEISS ATOS Q, the white structured-light scanner EinScan Pro HD is
selected. Similarly, for ZEISS T-SCAN Hawk 2, a more accessible device is represented by the
blue laser scanner Creality CR-Scan Raptor. Photogrammetry with Android camera is
considered as another consumer-grade scanning method, alongside iPhone LiDAR.

Based on the comparison matrix, the practical part of this thesis focuses on the reverse
engineering application area. This choice reflects the primary requirements of the laboratory at
the Institute of Automotive Engineering, where 3D scanning is most frequently used for
digitizing existing components for CAD modelling, design modification, and documentation.
Reverse engineering also provides the most comprehensive comparison, as it tests all scanners
across multiple evaluation criteria simultaneously.

The main evaluation criterion is based on a surface-to-surface comparison of the 3D models
produced by each scanner. It quantitively expresses the deviation of each mesh to the reference
model in millimeters. Since CAD models of the selected parts are not available, ZEISS ATOS
Q is used as the reference system. This is due to its highest metrological grade among the
evaluated scanners and the fact that its structured-light measurement principle is the most
established in industrial metrology. Comparison is done in ZEISS INSPECT Optical 3D pro
software, where meshes from all scanners are imported in STL format. Fully repaired meshes
from ZEISS ATOS Q serve as the reference dataset and are converted to CAD models using
ZEISS INSPECT mesh-to-CAD tool (Section 8.3). to enable the use surface-to-CAD
comparison tool. Meshes of compared scanners then are aligned to the ATOS Q CAD model
using best-fit registration. Surface deviations are analyzed using color-coded deviation maps.

For a valid mesh comparison, it is necessary to define which surfaces of the test parts are used
as the basis for accuracy evaluation. Reverse engineering of mechanical components prioritizes
functional surfaces that define the part's fit, together with the overall external geometry that
affects clearance and assembly. Therefore, quantitative deviation analysis is limited to these
functional regions, while the remaining surfaces, being geometrically complex, are evaluated
only for mesh defects and surface coverage completeness. Surface coverage is determined by
importing a fully repaired ATOS Q mesh in STL format into software Creo Parametric and
measuring its total surface area. This value is taken as 100% coverage, although in practice it
does not represent absolute completeness. The corresponding meshes from the other scanners
are imported in their untreated state, retaining all the mesh defects and gaps, with only reference
markers holes filled, since they don’t contain any meaningful data.

Surface-to-surface dictation is calculated using surface comparison on CAD function in ZEISS
INSPECT software. Only functional surfaces that were completely captured by the ATOS Q
system were quantitatively evaluated. For the steering knuckle, the evaluated surfaces included
the spindle, mounting faces, and suspension attachment surfaces. For the wheel, the evaluated
features included the central bore, lug hole seats, and hub mounting surface. In addition to
geometric accuracy, the selected scanners areas compared based on technical parameters and
operational complexity. These include setup time, scanning duration and the time required for
post-processing. The complexity of the scanning workflow and software usage is described in
the individual sections for each scanner and summarized in the final comparison. Together,
these parameters provide a more nuanced basis for selecting an appropriate scanner under
specific conditions. All the results are presented in Chapter 14.
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7 PART PREPARATION AND SCANNING CONDITIONS

Reference
markers

Fig. 14 Steering knuckle with coating and reference markers

All scanning sessions were conducted under controlled laboratory conditions at the Institute of
Automotive Engineering. The ambient temperature was maintained within the range of
2442 [°C]. All scanners were allowed to reach thermal equilibrium for at least 20 minutes
before calibration and scanning. Artificial lighting in the laboratory was kept constant and
indirect. Direct sunlight was excluded by covering windows.

Fig. 15 Car wheel with reference markers

Before scanning, both test parts required surface preparation. Glossy and reflective surfaces of
the steering knuckle are coated with a thin layer of anti-reflective matting spray (Fig. 14). For
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this purpose, titanium oxide TiO; (titanium powder suspended in ethanol) is used. Car wheel is
not coated as it has small enough reflective areas in the places that aren’t sufficient for
comparison. White 1.5 mm reference markers are placed on both parts only for ZEISS scanners
(Fig. 14; Fig. 15). The marker size is chosen to suit both ATOS Q and T-Scan HAWK
measuring volume and resolution. The marker layout is arranged to ensure that at least three
markers are visible from every scanning position [30]. For Creality CR-SCAN Raptor and
EinScan Pro HD white markers are later replaced by reflex 3.0 mm reference markers in the
same places. Additionally, Creality scanner required placing markers on the table during wheel
scanning, because measuring area was too small to keep tracking at certain angles. The iPhone
LiDAR and photogrammetry do not use physical markers, but require surface coating.
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8 SCANNING WITH ZEISS ATOS Q

ZEISS ATOS Q scanning complexity is more demanding and time-consuming compared with
handheld or consumer-grade scanning methods. Effective use of the system ideally requires
operator training and familiarity with ZEISS workflow, because it involves lens selection,
multi-step calibration, surface preparation, object positioning, and repeated acquisition from
suitable angles. Despite the complexity, the practical use of ZEISS ATOS Q system was highly
effective and enabled the acquisition of high-quality mesh data even when operated by an
inexperienced user following ZEISS workflow guidelines.

Among the evaluated scanning methods, ZEISS ATOS Q provided the highest metrological
accuracy and the most reliable reconstruction quality. The resulting scans captured functional
surfaces, fillets, chamfers, and the overall geometry with high fidelity, producing dense and
consistent polygonal meshes. Due to this superior accuracy and mesh quality, the ATOS Q
results were used as the reference data for comparison with the other scanning methods.

8.1 CALIBRATION

Full calibration procedure for ZEISS ATOS Q needs to be done every time the lens for the
different measurement volume is changed. It follows six sequential steps.

First, for sufficient scanning of both parts, the MV 270 lens configuration is selected with 1.5
mm reference markers. The sensor was positioned facing perpendicularly a flat surface of the
laboratory floor at the ideal working distance of 490 mm. Laser pointers (mounted between the
cameras and the projector) were adjusted so that their beams converge at this distance. The laser
pointers themselves do not affect measurement, as their red wavelength is invisible to the blue-
light-filtered cameras.[30]

Second, the camera focus was adjusted. Both camera apertures were opened fully to produce
the shallowest possible depth of field, and the focus of each camera was then set to be sharpest
at the ideal measuring distance.[30]

Fig. 16 ZEISS ATOS Q fringe pattern calibration

BRNO 2026 43



SCANNING WITH ZEISS ATOS Q

Third, the projector focus was adjusted so that the fringe patterns were as sharp as possible at
the same working distance (Fig. 16). The cameras evaluate the sharpness of the projected
fringes during this step, so the camera focus must be set first.[30]

Fourth, both camera apertures are closed down to the correct setting for the selected measuring
volume, which defines the usable depth range over which the fringe patterns remain sufficiently
resolved.[30]

Fifth, the actual sensor calibration was performed (Fig. /7). The sensor was pointed toward a
certified calibration plate whose dimensions correspond to the selected measuring volume.
Then the current ambient temperature was manually entered. The software uses this temperature
value to compensate for thermal deformation of the calibration object relative to the reference
state in which it was originally certified. A series of measurements of the calibration plate in
multiple prescribed orientations was performed, guided by the software. The result displayed
two green check marks, the calibration was successful.[30]

Fig. 17 ZEISS ATOS Q sensor calibration

8.2 SCANNING WORKFLOW

ATOS Q scanning workflow consists of four main phases: preparation of the measuring part,
positioning, data acquisition, and finalization. The entire process is managed through ZEISS
INSPECT Optical 3D software, which provides guided workflows, real-time feedback, and
self-monitoring capabilities.

In the preparation and positioning phases, the sensor head was positioned at approximately the
ideal working distance of 490 mm. The distance was verified using both the laser pointers and
the software's distance indicator, which projected a pattern and displayed the measured distance
on screen [30]. The scanning template was configured with the highest quality settings,
measurement temperature at the time of scanning and exposure time was set to automatic. Only
one measurement series was used for each part to ensure the least amount of error.

During data acquisition, the ATOS Q system captures reference points on the part and assigns
each a unique identifier. For subsequent scans, the scanner must detect at least three previously
identified reference points to ensure proper alignment. Both parts were positioned to maximize
the number of reference points captured during the initial scan. ATOS Q workflow also allows
the addition of new reference points during the scanning session. This functionality was utilized
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due to an insufficient number of markers placed during the preparation phase. The outcome of
the acquisition phase is point cloud.

b)

Fig. 18 Steering knuckle on the rotary table: (a) initial position;
(b) flipped position

The steering knuckle was placed on the automated rotary table (Fig. /8a), with 12° rotation
increments set in the software. The sensor head was adjusted to a near perpendicular angle to
the surface of the steering knuckle. After manual initiation of the first scan, the scanner
automatically scanned the part at each increment until a full 360° pass was complete. The part
was then flipped to expose the opposite side and scanned using the same parameters (Fig. 18b).
Finally, the scanner head was manually repositioned to acquire a scan of the deep cavity.
System's self-monitoring features continuously checked for vibration during a scan, calibration
status, ambient light changes, temperature drift, transformation errors, and missing reference
points [30].

Ia)‘ . e

Fig. 19 Car wheel poitioning: (a) initial positioning; (b) transitional positioning

The preparation phase of the steering knuckle, including reference point placement, coating,
and positioning, took approximately 1 hour. The full scan was completed in under 30 minutes
and could ideally be performed even faster by a skilled operator, as the selected measuring
volume was well suited to the size of the steering knuckle. The main challenges were selecting
appropriate scanner head angles and ensuring that the scanner always had enough reference
points from the previous scan. The holes could not be scanned completely due to occlusion.

Scanning workflow of the car wheel required more steps than the steering knuckle. Due to its
size, it could not be positioned on the rotary table. The wheel placed with its rotational axis
perpendicular to the table surface (Fig. /9a) and manuly rotated in approximately the same
angular increments as the steering knuckle. Each scan was initiated manually and its quality
controlled in the software. After scanning spokes, lug holes and central bore, scanner’s head
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was repositioned to scan barrel of the wheel, and increments repeated. For the inside of the
wheel a few transitional scans were captured using reference points on the rim (Fig. 15). The
wheel was repositioned as shown in the Fig. /195 and fixed still. Reference points on the rim
were scanned to transition to the other side of the wheel (Fig. 15). After that the wheel was
placed upside down from the initial position, incremental scans repeated. In total more than 70
scans were performed, which is comparable to the steering knuckle scan.

Preparation phase of the car wheel took nearly 2 hours without coating, including only reference
points placement and positioning. Challenges were primarily associated with the large
dimensions of the wheel relative to the small size (1.5 mm) of the reference markers. It
complicated their accurate placement to ensure a robust and continuous scanning workflow.
Complete scan was accomplished in 1 hour. Main contributing factor to the complexity of
scanning was repeated repositioning of the wheel and scanner head, while ensuring appropriate
working distance and optimal scanning angles.

8.3 RESULTS

In the finalization phase, the acquired raw point cloud must be polygonized into a mesh. For
this purpose, the polygonization function in ZEISS INSPECT software was used with the
maximum quality settings, while holes and reference markers were left unfilled (Fig. 27/a). The
mesh processing took approximately 2 hours in total. The software was intuitive and easy to
use, and it performed the required function effectively.

Fig. 20 ZEISS ATOS Q section of the steering knuckle's mesh with gaps in
the bore of the spindle

Post-processing of the steering knuckle mesh included removal of the scanned table surface
(background), closure of mesh discontinuities caused by reference markers, noise filtering, and
repair of poorly captured regions. Due to occlusion effects, the scanner showed limited
capability in capturing hole geometries, resulting in visible gaps in the mesh. ATOS Q’s
incomplete bore mesh is shown in (Fig. 20). All critical geometric features, including chamfers,
fillets, functional planar and cylindrical surfaces, were accurately captured and did not require
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further correction. The resulting mesh contains 8 960 738 points and had a total surface area of
89 265 323 mm?, measured in Creo software (see Chapter 6).

AA

Fig. 21 ZEISS ATOS Q mesh of the steering knuckle: (a) untreated mesh;
(b) mesh after post-processing.

Post-processing of the wheel mesh followed a similar procedure to that used for the steering
knuckle, although it required more extensive repair due to a greater number of mesh gaps caused
by the uncoated surface of the wheel (Fig. 22a). These defects were not on the functional
surfaces and are therefore repaired only to improve the quality of the reference model. The
central bore and lug holes were captured almost completely, because they were accessible for
the angled scanner cameras to capture accurately. The wheel geometry consisted primarily of
conical and cylindrical surfaces, as well as fillets, which exhibited minimal mesh inaccuracies.
The resulting mesh contained 61 623 773 points and had a total surface area of 480 073 402
mm?, as measured in Creo Parametric (see Chapter 6).

Fully repaired meshes were converted into CAD geometry using the mesh-to-CAD
functionality in ZEISS software. These CAD models serve solely as reference geometry and
are not included in the surface-to-surface deviation evaluation (see Chapter 6).

o

Fig. 22 ZEISS ATOS Q mesh of the car wheel: (a) untreated mesh;
(b) mesh after post-processing.
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9 SCANNING WITH ZEISS T-SCAN HAWK 2

On the tested parts, ZEISS T-SCAN Hawk 2 produced results that were very close to the ATOS
Q reference data. The overall geometry and main functional surfaces were captured with high
accuracy, and the generated polygonal meshes exhibited a high level of completeness and
required only minimal post-processing. However, the scanner did not resolve small geometric
features with the same level of detail as the ATOS Q, especially in areas containing fine
chamfers, small radii, and sharp transitions.

ZEISS T-SCAN Hawk 2 in comparison with the stationary ATOS Q system, its use is more
flexible because the operator can move freely around the scanned object and continuously
capture surfaces from different angles. The workflow is less dependent on a fixed measuring
volume, since the scanner operates within an adjustable working range and uses reference
markers or geometry tracking to maintain its position. However, the method is still operator-
dependent. Correct scanning distance, scanning speed, angle of incidence, and stable reference
marker visibility must be maintained throughout the measurement. Therefore, although the
setup is generally faster and more flexible than ATOS Q, good results still require careful
handling and practical experience.

9.1 CALIBRATION

T-SCAN Hawk calibration is designed to be fast and field-portable, unlike the ATOS Q, which
requires a multi-step procedure (see Section 8.1 The T-SCAN offers two calibration options,
and the faster one was selected for this work. HyperScale recalibration is a one-shot procedure
that re-establishes the scanner’s geometric calibration from a single measurement position. It
allows to compensate for thermal drift before each measurement without performing a full
calibration [33]. The procedure uses a HyperScale scale bar (Fig. 23), which is held horizontally
in front of the sensor at the optimum measuring distance. The scanner detects the reference
markers along the bar and the software re-scales the system based on the certified bar length.
This procedure takes less than 2 minutes to complete and was performed once for the steering
knuckle and once for the wheel.

Fig. 23 T-SCAN Hawk 2 with HyperScale scale calibration bar
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9.2 SCANNING WORKFLOW

Preparation phase of the scanned parts is described in Chapter 7. Before data acquisition, the
scanning template was configured to a resolution of 0.2 mm, which restricts the usable
measuring volume to a working distance of 240-480 mm and a scan area of 450 x 430 mm
[30]. The optimum standoff was maintained using a red laser cross (Fig. /1) projected onto the
part, which indicates the position within the depth of field.

Data acquisition is started by scanning the reference markers, allowing the system to create a
reference point field. After that, the background plane is scanned. Additional markers are placed
on the table to define the position of plane, that could later be automatically deleted in the
software. This was an advantage compared to the ATOS Q workflow, which resulted in less
post-processing time.

During scanning, the scanner head was moved in an arched, “umbrella-like”” motion around the
part, as recommended in the instructions [30]. The whole scanning procedure is controlled using
the trigger buttons on the front of the scanner. T-SCAN Hawk 2 projects diagonal intersecting
laser lines, which allows faster surface coverage and scanning from more angles. The system
also tracks the sensor position in real time, indicating it with red laser cross (Fig. /1), making
it easier to keep the scanner in the correct position.

For both the wheel and the steering knuckle, the scanning procedure consisted of two
measurement series, unlike the single measurement series used with the ATOS Q. This
eliminated the need for transitional scans. After capturing one side, the part was flipped, the
markers on the supporting plane were re-acquired to transfer the coordinate system, and the
other side was scanned. The two acquired point clouds were then combined into one using a
dedicated function in ZEISS software.

During acquisition, the deep pocket function was activated for both parts to improve the
scanning of holes. Despite the absence of a rotary table, the complete acquisition took
approximately 40 minutes for the wheel and 25-30 minutes for the steering knuckle. However,
since the scans were performed by an inexperienced operator, several additional attempts were
needed to complete the full workflow. As a result, the total time required was approximately 3
hours.

9.3 POST-PROCESSING

After the scanning process is finished, two measurement series are merged into one point cloud
and then polygonised. For this function maximum quality settings are used, holes and reference
markers are left unfilled. Scanned table, defined in the acquisition as a background plane, is
automatically removed by software. Mesh processing required approximately 2 hours. The
software was intuitive and responsive, and it performed the required functions effectively.
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a)

Fig. 24 T-SCAN Hawk 2 mesh of the steering knuckle: (a) untreated mesh;
(b) mesh after post-processing.

b)

The untreated mesh of the steering knuckle required only minor post-processing, mainly filling
the gaps left by reference markers and removing noise around the part. Even with the deep scan
function activated, the scanner showed similar limitations to the ATOS Q when capturing holes
Central bore of the spindle was maximally captured to nearly 20 mm depth (Fig. 25). Chamfers,
fillets, and functional surfaces were fully captured and did not require additional treatment.

Fig. 25 T-SCAN Hawk 2 section of the steering knuckle's mesh
with gaps in the bore of the spindle

Post-processing of the wheel was similar, but required more work compared to the steering
knuckle, as the mesh contained more gaps due to the uncoated surface (Fig. 26). These defects
were not located in the functional areas of the wheel. They were repaired, but they were not
included in the comparison. Central bore and lug holes were captured almost entirely and
required only minor repair. The barrel of the wheel had small gaps in the mesh because the laser
was more sensitive to the slightly reflective surface than the ATOS Q.
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Fig. 26 T-SCAN Hawk 2 mesh of the steering knuckle untreated mesh

9.4 RESULTS

Surface deviation of the steering knuckle’s spindle is £0.05 mm. External and internal edges
caused the scanner to register points at an incorrect depth (see Section 1.4) with the maximum
of +0.10 mm on the fillet between the spindle and the mounting surface (Fig. 27a). This
deviation is also visible in the section view of the model (Fig. 27b), where the fillet captured
by the T-SCAN Hawk 2 has a larger radius than the reference model. This indicates lower
accuracy in this area. External fillets showed similar behavior, with deviations ranging from -
0.05 to -0.09 mm on all functional surfaces (Fig. 27a; Fig. 28). Chamfers of the spindle had
showed the same tendency at the edges. Functional surfaces on both top and bottom have small
deviations of 0.00 to +0.02 mm (see Appendix 1, Fig. 45).

The car wheel surface deviation is £0.05 mm (Fig. 28), similar to the steering knuckle. Sharp
edges showed deviations between -0.03 and -0.05 mm, while the flat functional surface of the
hub had deviations of 0.00 to +0.02 mm. These results follow the same trend as those observed
on the steering knuckle. The lug holes showed a maximum deviation of +0.06 mm, which could
be attributed to an insufficient scanning technique. The rim surface was captured with higher
variation, ranging from -0.05 mm to +0.05 mm. This was possibly caused by slight surface
reflectivity and the higher sensitivity of the laser to reflective surfaces. However, most of the
rim surface was still captured close to the ATOS Q reference, with an average deviation of 0.01
mm (see Appendix 2, Fig. 46).
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Fig. 27 T-SCAN Hawk 2 spindle surface deviations: (a) surface deviations;
(b) fillet scanned by T-SCAN Hawk 2 and ATOS QO

Fig. 28 T-SCAN Hawk 2 wheel hub surface deviations

Overall, ZEISS T-SCAN Hawk 2 captured the parts within its specified accuracy. Higher
deviations were mainly observed on sharp machined edges. The cast shape was captured
accurately, with only a few outliers in non-critical areas caused by post-processing.
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10 SCANNING WITH IPHONE 16 LIDAR

The iPhone 16 LiDAR represents the most accessible and user-friendly scanning method
evaluated in this thesis. In contrast to metrological scanners, it does not require calibration,
reference markers, or a complex setup procedure. The scanning process is performed directly
through a mobile application, which makes the method fast, portable, and simple to operate
even without previous scanning experience. The final result depends strongly on the scanning
application, device movement, lighting conditions and scanned surface properties. Therefore,
although the iPhone LiDAR offers the easiest workflow, its technical reliability is limited
compared with professional optical scanners.

iPhone 16 LiDAR showed limited dimensional accuracy compared with the professional
scanning methods. The acquired data can therefore be used mainly for understanding the
general shape and scale of the scanned object, not for detailed reverse engineering or
quantitative evaluation. The scanning outcome also depends strongly on the application used
for data acquisition and processing, while this thesis evaluates only one selected application -
Scaniverse.

10.1 SCANNING WORKFLOW

The workflow is guided by the selected scanning application. In this case, Scaniverse Pro was
used. The application allows the user to choose a scanning mode depending on the size of the
part: small, medium, or large. For the steering knuckle, the small mode was selected. For the
wheel, the medium mode was used, because the small mode caused too many shape errors in
the mesh.

For the steering knuckle, the scanning depth was set to 0.4 m. This setting blurs the background
outside the depth of field and uses an augmented reality feature to show which areas still need
to be scanned. The software did not provide clear instructions on how the part should be
scanned, so several scanning techniques were tested, and the method with the best result was
selected. During scanning, the best results were achieved by performing one continuous 360-
degree scan around the object, without repeating areas or pausing the scan. The steering knuckle
was tested in different positions, including being suspended in the air. However, the best results
were achieved when the top and bottom sides were scanned separately. This approach
complicated the comparison, as the two sides could not be merged into one complete model
within the time frame of this thesis. For the wheel, the scanning depth was set to 2.5 m, and the
same scanning movement was used. The wheel was captured while positioned on its side (Fig.
19b). All models were polygonized directly in Scaniverse. They were then exported in STL
format for comparison and in OBJ format for texture visualization.

10.2 POST-PROCESSING

Produced meshes were exported in both STL and OBJ formats. The OBJ format also included
textures (Fig. 29a,b). The hub area of the wheel followed only general shape with high
dimensional inaccuracies. Fillets and chamfers were not captured (Fig. 29c). The circular shape
of lug the holes and central bore was not accurately captured. Meshes needed to be scaled x100
times to match scans from atos. The meshes had to be scaled by a factor of 100 to match the
scans from the ATOS system. This was done in the free third-party software CloudCompare.
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The wheel mesh contained significant gaps due to reflections. Similarly, the spindle area of the
steering knuckle had a deformed region (see Appendix A3, Fig. 47).

Fig. 29 iPhone LiDAR mesh: (a) steering knuckle with texture; (b) car wheel with texture;
(c) car wheel's hub mesh

Post-processing required deleting the scanned background and applying noise filtering. Minor
mesh defects were repaired automatically by the Scaniverse software. The models of both the
wheel and the steering knuckle could not be properly aligned to the ATOS reference scans due
to the limited quality and completeness of the models. Therefore, 3-point alignment was used.
This influenced the results, so they should not be considered precise, but rather only
approximate.

10.3 RESULTS

Fig. 30 iPhone LiDAR steering knuckle spindle’s surface deviations

The results followed the theory described in Section 4.3. The wheel showed deviations above
11 mm (Fig. 31), while the steering knuckle of approximately 2-5 mm. Significant shape
distortions were observed in both models. Grey regions indicate deviations greater than 5 mm
on the steering knuckle (Fig. 30) and greater than 15 mm on the wheel. The cast body of the
steering knuckle was captured reasonably well, although the deviations had a large variance,
meaning that the surface appeared uneven. In general, this area was closer to the reference
model, with deviations ranging from -0.05 mm to +1 mm.
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Fig. 31 iPhone LiDAR car wheel's hub surface deviations

The rim area of the car wheel was captured with deviations greater than 11 mm in some regions
(see Appendix 3, Fig. 48), which means that it could not be reconstructed accurately in CAD.
The conical and cylindrical surfaces of the barrel were generally captured, but they showed
irregular surface deviations, making further reconstruction unreliable. The hub of the car wheel
did not preserve its conical shape, and the central bore lost its cylindrical shape, with deviations
greater than 11 mm (Fig. 31). The lug holes were only slightly visible.

The analysis shows that the scanner failed to reconstruct flat surfaces accurately, as they
appeared uneven and distorted. Holes were not properly captured and were only partially
visible. Fillets and chamfers were also not fully visible. Therefore, the reverse engineering
process could not be carried out, because the critical surfaces could not be reconstructed with
sufficient accuracy. The general dimensions could only be used as an approximate indication
of the object’s scale.
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11 SCANNING WITH CREALITY CR-SCAN RAPTOR

Creality CR-Scan Raptor represents a more accessible scanning method compared with
professional metrological systems (7ab. 5). Its workflow is simpler than ZEISS ATOS Q, since
it does not require calibrated measuring volumes or a complex metrological setup. However,
the scanning process still requires careful preparation, especially the placement of reference
markers, suitable surface conditions, and stable scanner movement around the part. During the
scanning of larger geometry, such as the car wheel, the smaller field of view made the workflow
more demanding and required a higher number of scanning passes. Therefore, although the
scanner is more accessible, its practical use is still strongly dependent on correct scanning
strategy and operator handling.

Creality CR-Scan Raptor produced usable results for less demanding reverse engineering tasks,
especially on parts with a size comparable to the steering knuckle. On the tested parts, its results
were less accurate and less complete than ZEISS metrological scanners, but still significantly
more suitable for technical geometry acquisition than smartphone-based methods. The scanner
was less effective on the larger car wheel, where the limited field of view led to incomplete rim
coverage and missing geometry in the central hole. Therefore, the method can be considered
suitable for approximate engineering use on smaller components, but not as a replacement for
metrological scanning where high accuracy, full surface completeness, and reliable capture of
small features are required.

Tab. 5 technical characteristics of Creality CR-Scan Raptor [39]

Scanning Mode 7 blue parallel laser lines
Accuracy* Up to 0.02mm @ 100mm
Point spacing 0.02-2
[mm]
Single Capture 270x170 @ 300

Range [mm]

Working 150-400
distance [mm]

*Accuracy is evaluated in laboratory conditions
(measurement object is 100mm sphere pair) and accrual
results may be affected by operating environments such as
temperature, vibration, and other factors

11.1 SCANNING WORKFLOW

Setting up the scanner with the wiring and laptop, excluding the application of reference
markers described in Chapter 7, was straightforward and took approximately 10 minutes.
Creality scanner has its own software CrealityScan which was used during the acquisition part.
The Creality scanner has its own software, CrealityScan, which was used during the acquisition
phase. A new project was created with the same point distance of 0.2 mm as used for the T-
SCAN Hawk. The Creality scanner followed a similar workflow to the T-SCAN Hawk (see
Section 9.2). For both the wheel and the steering knuckle, the reference points were scanned
first, and the background plane was then defined. The short length of the cable connecting the
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scanner to the PC required more careful setup and could be a limitation in less flexible
conditions, such as outdoor scanning or scanning larger parts.

For the wheel, the same procedure as with the T-SCAN Hawk was used. The two sides of the
wheel were scanned separately and then combined by the software. This handheld laser scanner
has a smaller field of view than the ATOS Q, which required more reference points to be added
both to the part and to the table. In addition, there was no laser pointer to indicate the correct
scanning distance. Instead, this was shown by a small LED on the scanner handle, which
blinked in different colors depending on the distance. The software also showed the scan
acquisition in real time, including the scanner position and whether the distance was correct.
As a result, it was necessary to frequently look between the laptop and the wheel during
scanning.

Creality Raptor projects vertical laser lines, which requires slower scanning and repeated passes
over the same regions from different angles. Its laser intensity was also lower than that of the
T-SCAN Hawk. Under the same lighting conditions, the scanner sometimes did not provide
enough contrast, so the lighting had to be reduced slightly. This adjustment was minor and was
not expected to significantly influence the results. The full setup and scanning process for the
wheel took approximately 3 hours. With previous knowledge of the workflow and its
limitations, this time could likely be reduced to around 1.5-2 hours.

The steering knuckle was scanned using a different setup. The part was suspended in the air to
allow access to all sides, so only one scan session was required. This took significantly less
time than the wheel and required only a few additional markers on the part. However, acquiring
the markers before scanning took several attempts, which increased the total scanning time to
approximately 50 minutes.

Fig. 32 Creality’s untreated mesh: (a) steering knuckle; (b) car wheel

Post-processing involved closing mesh gaps caused by insufficient scanning. These repaired
regions were not included in the analysis of the steering knuckle, as they were not located on
functional surfaces (Fig. 32a). The car wheel had significant gaps on the rim surfaces (Fig. 32b)
due to the scanner’s sensitivity to reflections, smaller field of view, and difficult scanning
angles. The central bore was not captured for the same reason, as the scanner was not able to
track enough reference points in this area. This issue might be improved with a better tracking
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algorithm. Because of this, the central bore could not be included in the comparison. Both
models also had holes that were not fully captured.

11.2 RESULTS
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Fig. 33 Creality steering knuckle's spindle surface deviations

Surface deviation analysis of the steering knuckle showed a relatively uniform distribution
within £0.12 mm (Fig. 33). The car wheel had a wider deviation range, with an overall span of
approximately +£0.18 mm (Fig. 34). Slightly visibile grooves appeared on the spindle due to the
laser projection method. This area required slower scanning and more repeated passes, which
were not fully performed.As a result, the surface showed deviations of up to +0.11 mm.
Properly scanned functional surfaces on both the steering knuckle and the car wheel showed
deviations of approximately +£0.04 mm.

Sharp edges showed similar behaviour to the results from the T-SCAN Hawk. On the steering
knuckle, internal fillets had deviations of up to +0.14 mm, while external edges showed
deviations down to -0.12 mm. The wheel hub had larger chamfers with more rounded edges,
resulting in smaller deviations of approximately -0.05 mm. In comparison, sharper edges of the
hub showed deviations of up to -0.17 mm.

The rim areas were poorly captured (see Section 11.1), and therefore could not be fairly
compared. These areas showed an average deviation of +0.08 mm, with maximum and
minimum deviations of +0.18 mm and -0.18 mm. Only a few well-scanned regions had
deviations of approximately 0.02 mm.
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Fig. 34 Creality wheel hub surface deviations
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Analysis shows the limitations of the selected measuring volume for the car wheel and the need
for an improved scanning algorithm or more careful scanning technique for the steering

knuckle. This would likely result in longer scanning time.
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12 SCANNING WITH EINSCAN PRO HD

EinScan Pro HD represents a more accessible structured-light scanning method that can be used
in both stationary and handheld modes (7ab. 6). It produced usable meshes for reverse
engineering, especially when the scanned part was suitable for stationary scanning. On the
steering knuckle, the deviations were relatively close to the specified scanner accuracy and the
point distribution was concentrated within a narrow range. In handheld mode, however, the
scanner was more sensitive to the slightly reflective wheel surface, producing larger gaps on
the rim areas and wider deviation distribution in the wheel barrel.

Preparation of EinScan Pro HD was relatively quick and combined elements of ZEISS ATOS
Q and T-SCAN Hawk workflows, including the application of reference markers, scanner
warm-up, and a short software-guided calibration. Compared with the Creality CR-Scan
Raptor, the acquisition process was easier and the post-processing was more automated, as the
software was able to close many small holes in the mesh. However, the final result still
depended on the selected scanning mode, surface condition, and stability of the handheld
acquisition.

Tab. 6 Technical characteristics of EinScan Pro HD [40]

Scanning Mode | Handheld HD Scan | Fixed Scan without Turntable

Scan Accuracy up to 0.045 mm 0.04 mm(single shot accuracy)
Volumetric 0.3 mm/m (Markers

Accuracy* Alignment)

Point Distance 0.2 mm-3 mm 0.24 mm

Single Scan

Range 209*160 mm-310*240 mm
Depth of Field +100 mm

Distance 510 mm

Light Source White LED

Texture Scan Yes (with Add-on: Color Pack)

*Volumetric accuracy refers to the relationship between 3D data accuracy and object
size; the accuracy is reduced by 0.3mm per 100cm.

The conclusion is obtained by measuring the center of sphere under marker alignment.

12.1 SCANNING WORKFLOW

Preparation for scanning was relatively quick and combined steps from both the T-SCAN Hawk
and ATOS Q workflows. The EinScan requires reflective reference markers to be applied to the
objects, followed by a 20-minute scanner warm-up and a simple calibration procedure. The
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calibration takes approximately 5 minutes and is guided by the software. During this procedure,
the reference board is slowly scanned in the handheld mode.

The parts were scanned using different modes to achieve the best possible results. The steering
knuckle was scanned in stationary mode, with the rotary table turned manually (not guided by
the software), as it was not connected to the software. For the wheel, handheld mode was
selected in order to capture the larger volume.

Post-processing required less work than with the Creality scanner and was mostly automated.
The software closed many small holes in the mesh, most of them smaller than 1 mm. The
steering knuckle had a significant gap on the spindle caused by erased coating. This region was
repaired, but it was not included in the evaluation. Even though the scanning process was
performed correctly, the untreated mesh contained small spikes and ripples, which were also
not evaluated. The central bore of the car wheel was captured completely and was included in
the comparison. However, the rim areas of the wheel had major gaps and could not be evaluated
(Fig. 35).

Fig. 35 Creality car wheel untreated mesh: (a) inside rim; (b) outside rim
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12.2 RESULTS

The steering knuckle was scanned in stationary scanner mode, which has a specified accuracy
of 0.04 mm. The analysis confirms this specification, with a minimum deviation of -0.01 mm
on the functional surfaces (Fig. 36) and an average of +0.04 mm. Although the scanner uses
structured-light technology, it still had difficulties capturing sharp edges. Internal fillets with
up to +0.14 mm deviations and external up to -0.14 mm. Overall, the point deviation values
were closely distributed, with deviations within approximately +0.12 mm.
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Fig. 36 EinScan steering knuckle spindle surface deviations

The car wheel was scanned in handheld HD mode, which has a stated scan accuracy of up to
0.045 mm and a volumetric accuracy of 0.3 mm/m. Compared to the steering knuckle, the point
deviation values were more evenly distributed across the full range, with overall deviations of
approximately +0.60 mm (Fig. 37). The extreme values in the distribution were mainly caused
by repaired regions on the rims, which were not fully captured during scanning. The slightly
reflective wheel barrel showed higher deviations. One side of the barrel had an average
deviation of approximately -0.25 mm, while the opposite side of approximately +0.25 mm. The
repaired rim areas showed the highest deviations, with minimum and maximum values of
approximately £0.60 mm. This behavior was likely caused by drift in handheld mode.
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On the functional surfaces of the hub, the point distribution was relatively uniform. The hub
had an average of 0.10 mm, with a minimum deviation of -0.04 mm on the outer chamfer and
a maximum deviation of +0.23 mm on the mounting surface (Fig. 37). The chamfer edges on
the wheel hub did not show the same behavior as the sharper edges on the steering knuckle.

Fig. 37 EinScan car wheel's hub \surface deviations
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13 SCANNING USING PHOTOGRAMMETRY

Photogrammetry represents one of the most accessible 3D reconstruction methods, since it
requires only a set of overlapping photographs and suitable reconstruction software. However,
the practical workflow proved to be more demanding than expected. Free third-party software
Meshroom was initially tested for mesh generation. Its use was highly hardware-demanding,
and the available workflow guidance was not detailed enough for reliable troubleshooting. In
most cases, the software failed to generate usable meshes, and the reason for these failures could
not be clearly identified due to the lack of sufficiently specific guidelines. The only successfully
generated wheel mesh from Meshroom was compared with the result obtained in another free
third-party software RealityCapture, which produced a higher-quality reconstruction. In
addition RealityCapture also provided a more user-friendly interface. The workflow was easier
to control, reconstruction settings were more accessible, and the processing stages were clearer
compared with Meshroom. For these reasons, RealityCapture was selected as the preferred
photogrammetric reconstruction software in this thesis.

The accuracy of photogrammetry was limited and strongly dependent on image quality, surface
texture, lighting conditions, camera parameters, and the reconstruction software used. In this
work, the smartphone camera could not be further optimized for the given conditions, which
limited the quality of the input photographs and consequently the final reconstruction (7ab. 7).
The use of a camera system with higher optical resolution, lower image noise, and greater
manual control over exposure, focus and aperture would likely improve the quality of the
photogrammetric reconstruction, particularly under the given laboratory lighting conditions.

The method was able to capture the general geometry of the scanned parts and, in some areas,
produced better local detail than iPhone LiDAR. However, it did not provide consistent or
metrologically reliable data for reverse engineering, especially on reflective surfaces, where
reconstruction errors and missing geometry occurred. The acquired data can therefore be
considered suitable mainly for approximate shape documentation and visual comparison.

Tab. 7 Smartphone camera's parameters for photogrammetry

Focal Shutter ]
length Aperture speed ISO Exposure | Resolution DPI
5.249mm /1.75 1/125 sec 1250 0 2976x3968 72

13.1 SCANNING WORKFLOW

The steering knuckle was captured from the top and bottom sides separately. The wheel was
fixed in position on its side and captured in one setup. Photographs were taken around the parts
at approximately 10-degree increments, creating a full 360-degree circle with overlapping
images (Fig. 38). Each surface region was visible in at least two images. The image sets were
then processed in the free software RealityCapture, which generated textured 3D meshes in
OBJ format. The meshes were exported with textures (Fig. 39) and then scaled in the third-
party software CloudCompare. The exporting format is changed to STL for comparison.
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Fig. 38 Photos taken around the steering knuckle in RealityCapture software

The untreated models contained significant ripples and spikes caused by noise. Areas where the
camera captured reflections, such as the steering knuckle spindle and the wheel barrel, were not
reconstructed properly in the mesh (see Appendix 4, Fig. 49). Compared to the iPhone scan,
the photogrammetry model captured the outlines of fillets and chamfers on the steering knuckle
more clearly. The larger chamfers on the wheel were also captured better, although they were
still not accurate enough for reconstruction.

Fig. 39 Photogrammetry textured models: (a) steering knuckle; (b) car wheel

Unlike the iPhone scans, the models of both the wheel and the steering knuckle could be aligned
to the reference models. The steering knuckle was aligned using pre-alignment, while the wheel
required 3-point alignment followed by a local best-fit alignment on the hub. This alignment
method influenced the results, so the comparison should not be considered precise, but rather
approximate.

13.2 RESULTS

Photogrammetry produced results comparable to the iPhone LiDAR scan. The overall point
distribution showed high variance due to noise (Fig. 40; Fig. 41). Functional flat and round
surfaces showed different behavior. On flat surfaces, the deviations ranged from -0.84 mm to
+0.98 mm, with some points being close to the reference at approximately +0.04 mm. Roughly
the flat surfaces are visible (Fig. 40). On round cylindrical surfaces, the noise caused much
larger deviations. As a result, these areas did not accurately represent a round shape, both on
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the steering knuckle spindle (see Appendix 4, Fig. 49a) and on the wheel barrel (see Appendix
4, Fig. 49c). The bottom side of the steering knuckle, including its complex transitions, was
reconstructed with an accuracy of approximately 3 mm (see see Appendix 4, Fig. 50). In the
areas that were successfully captured, the top side of the steering knuckle showed deviations of
approximately =1 mm, with the distribution slightly shifted towards negative values. The
bottom side showed deviations of approximately +2.5 mm.

Fig. 41 Photogrammetry steering knuckle functional surfaces deviations

The car wheel hub had a more accurate shape than in the iPhone scan. However, the surface
was still uneven, with deviations ranging from -0.01 mm to +1.65 mm (Fig. 47). The
circumference of the central bore had a clearer outline than in the iPhone scan and could
potentially be reconstructed. In contrast, the rim and barrel areas showed such high deformation
that they could not be properly evaluated. Overall, the wheel showed deviations of
approximately £2.5 mm with a distribution close to normal, but it also contained many spikes
with deviations greater than 5 mm, which were not included in the evaluated range.
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Fig. 40 Photogrammetry car wheel's hub surface deviations
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14 USE OF OPTICAL 3D SCANNERS FOR AUTOMOTIVE
GEARBOX APPLICATIONS

To evaluate the practical applicability of the compared scanning methods a 1-speed
transmission unit OMH (rear axle) of the Audi Q4 e-tron (Fig. 42), was selected as a case study.
This gearbox without a shifting mechanism represents a simplified but dimensionally
demanding design, making it appropriate for generalization to broader gearbox families.

Fig. 42 Components of the 1-speed transmission unit OMH (Audi Q4 e-tron)

For the purposes of this analysis, gearbox components are grouped into following functional
categories:

e Housing and casing of the transmission, typically an aluminum alloy or cast-iron with
complex geometry. It includes flanges, coolant passages and bearing seats. The outer
surfaces are geometrically variate, but mostly accessible, while internal bearing bores
and oil channel geometry presents significant occlusion limitations for optical scanning
methods.

e Helical and spur gears have gear teeth with complex shapes and highly precise profiles.
Tolerances being in the range of a few micrometers to tens of micrometers, depending
on the quality grade. The tooth may be superfinished, resulting in surfaces with very
low roughness and high specular reflectivity.

e Shafts and rotating elements with keyways, threaded features and bearing seats. These
components have high dimensional precision, rotational symmetry, and highly
reflective surface finishes.

e Bearing assemblies, seals, and fasteners are standardized components identifiable by
catalogue designation rather than geometric scanning and are not typically subject to

reverse engineering by optical methods.

Gearbox housing is suitable for reverse engineering for laser and SLS scanning methods. iPhone
LiDAR and photogrammetry are capable of capturing only general dimensions and shape,
requiring proper scaling, but with deviations insufficient for reverse engineering. Handheld
laser and structured-light scanners compared in this thesis are well suited for capturing both
external and internal features. Also having access to the site is an advantage against structured-
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light stationary ATOS Q and, which would require more re-positioning to capture holes. For
the most accurate reconstruction of the sharp edges and fillets ZEISS ATOS Q remains the only
choice.

Gear elements are the most challenging components for all optical scanning methods. None of
the evaluated scanners can be considered adequate for reverse engineering of gears. Complex
tooth geometry is difficult to access optically. The flank area of the tooth, especially the
dedendum region, cannot be reliably scanned, because it is not visible to the scanner. In
addition, reflections tend to occur in these regions, further reducing reconstruction quality. The
necessary coating adds micrometer level surface deviations, which in case of high precision
gears is relevant. Tight tolerances are only reproducible by ZEISS ATOS Q, which might be
able to scan the base circle and the number of teeth with sufficient accuracy.

Shafts present challenges analogous to those described for gear elements. High surface
reflectivity, keyways and spline teeth with tight dimensional tolerances. The cylindrical form
itself is in principle well-handled by structured-light scanning, although out of compared
scanners only ZEISS ATOS Q being a viable option. The T-SCAN hawk 2 can acquire the
cylindrical shape of the shaft but will exhibit significant deviations on chamfers and fillets,
especially for bearing seats. The resulting data might be used for the documentation of shaft
layout, step diameters, and relative positioning of functional features.

68 BRNO 2026



DISCUSSION

15 DISCUSSION

Accuracy of the chosen scanning methods

All deviation scales were unified to the same range of =1.00 mm for both the car wheel (Fig.
43) and the steering knuckle (Fig. 44). The corresponding histograms show the point
distribution for each scanner. All scanners exhibited narrower deviation fields and smaller
deviations on the steering knuckle than on the car wheel. The laser scanners produced more
uniform and accurate results than the other 3D scanning methods, excluding ZEISS ATOS Q,
which served as the reference scanner and was therefore more accurate than all compared
devices. The consumer-grade methods exceeded the selected comparison scale and therefore
could not be directly compared with the semi-professional and professional alternatives. For
detailed surface deviation results for each scanner, see the corresponding results sections.
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As shown by the histograms, where the distributions are shifted to the left from zero, the
scanners tended to capture points slightly closer to the scanner than the reference surface. Only
ZEISS T-SCAN Hawk 2 showed a similar distribution for both the car wheel and the steering

BRNO 2026 69



DISCUSSION

knuckle. The semi-professional scanners exhibited various errors that resulted in different
distribution shapes for each part. EinScan HD histograms for the car wheel also show that the
structured-light scanner introduced more errors in handheld mode (Fig. 43) than in stationary
mode (Fig. 44). Both LiDAR and photogrammetry showed higher deviations on the lower part
of the steering knuckle, mainly due to occlusion.
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Compared with ZEISS ATOS Q, the most accurate scanner was ZEISS T-SCAN Hawk 2, with
surface deviations of approximately +£0.05 mm on both scanned parts and the highest surface
coverage (see Chapter 6), reaching up to 99.60% (7ab. 8). The second most accurate scanner
was Creality CR-Scan Raptor, with deviations of £0.10 mm for the steering knuckle and
+0.18 mm for the car wheel (7ab. 8). EinScan Pro HD was ranked third, with deviations of
+0.12 mm on the steering knuckle and +£0.60 mm on the car wheel, however, achieving slightly
higher surface coverage for both parts than the Creality Raptor scanner (7ab. 8).

The iPhone LiDAR achieved an approximate accuracy of £3 mm for the steering knuckle and
+11 mm for the car wheel. Photogrammetry showed smaller deviations of approximately
+1 mm and £2.5 mm, respectively. For the asymmetrical steering knuckle, photogrammetry
captured the overall shape more closely to the reference model, but the resulting mesh contained
a significant amount of noise and distortion. Although the photogrammetry for the car wheel
showed smaller numerical deviations, the reconstructed mesh of the wheel barrel contained
substantial mesh distortions and failed to represent even the general shape of the part. In
contrast, the iPhone LiDAR results at least preserved the overall form of the wheel barrel and
rims. Both consumer-grade methods failed to capture the top and bottom of the steering knuckle
within a single measurement series or merge them into one point cloud. Therefore, the part had
to be divided into two separate models. Nevertheless, these methods still achieved
approximately 70-80% surface coverage.

Tab. 8 Comparison of the accuracy of chosen 3D scanning methods

P . ZEISS ZgngT' iPhone 16 Ccl;eis‘l“y EinScan | o .
arameter ATOS Q LiDAR -Scan Pro HD otogrammetry
Hawk 2 Raptor
Blue White Photogrammetry
Scanner type Structured- Blue Laser LiDAR Blue Laser Structured- with Android
light light camera
Knuckle top: Knuckle top:
Knuckle: +2.5 Knuckle: Knuckle: +1
Susl;lf:g c:.O 0 +0.05 Knuckle bottom: +0.10 +0.12 Knuckle bottom:
L. (Reference) Wheel: +3 Wheel: Wheel: +1
deviation [mm] £0.05 Wheel: £0.18 +0.60 Wheel:
+11 +2.5
Knuckle top: Knuckle top:
Surface Knuckle: 80.61% Knuckle: Knuckle: 91.52%
coverage 100% 97.52% Knuckle bottom: 87.30% 91.46% Knuckle bottom:
completeness (Reference) Wheel: 78.74% Wheel: Wheel: 83.05%
[%] 99.60% Wheel: 93.62% 97.63% Wheel:
88.32% 97.25%
Knuckle top: Knuckle top:
Knuckle: Knuckle: 65936 Knuckle: Knuckle: 25142
Number of 8960 731 935324 Knuckle bottom: 3004413 2920910 Knuckle bottom:
points Wheel: Wheel: 41309 Wheel: Wheel: 65 899
61623 793 3401 762 Wheel: 10 686 038 16 157 336 Wheel:
54278 81797
Small to Sm;ll to
Substantial shape moderate mo ergte Substantial shape
The presence Small Small distortions, moderate | gaps, minor gapds, ntl}llnor distortions and
of mesh defects matl gaps mall gaps depth spikes, small depth spikes, sp?llzes depth spikes,
to big gaps minor minor, small to big gaps
ripples .
ripples
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Complexity of the chosen scanning methods

Complexity of the scanning methods was evaluated based on the time required to complete the
full scanning procedure, including post-processing. The fastest method was iPhone LiDAR, as
it only required opening the scanning application and positioning the part (7ab. 9). However,
its post-processing stage took substantially more time, making the total time consumption
comparable to that of ZEISS T-SCAN Hawk 2. The most time-consuming methods were ZEISS
ATOS Q, due to its multi-step calibration procedure, and photogrammetry, due to the nuanced
acquisition process (7ab. 9).

Tab. 9 Comparison of the complexity of chosen 3D scanning methods

ZEISS ZEISS T- iPhone 16 | Creality CR- .
Parameter ATOS Q SCAN LiDAR Scan Raptor Einscan Photogrammetry
Hawk 2 can Bapior | pro HD
Blue White Photogrammetry
Scanner type Structured- Blue Laser LiDAR Blue Laser Structured- with Android
light light camera
Time to set up a ) 05 -5 min 0.5 0.5 1-2
scanner [hour]
Knuckle: Knuckle Knuckle:
Knuckle: Knuckle: Knuckle: ~1 (stationary): 0.5-3 (depends on
Time of ~0.5-1 ~0.5 ~15-30 min Wheel: ~1 operator)
scanning [hour] Wheel: Wheel: Wheel: ~2-3 Wheel Wheel:
~2-3 ~0.5 ~15-30 min (handheld): 0.5-3 (depends on
~20 min operator)
. Knuckle: Knuckle: ~2-10 (depends on
TI::_I:)i:stg?gSt ) ) 3.4 ~1 ~0.5 software and
Wheel: Wheel: experience)
[hO ur] ~3-4 -3
Easy to follow Easy to High, no explicit
guidelines, but follow guidelines and
Moderate Easy with Easy with and high guidelines, software
Complexity with software software without experience but moderate
guidelines guidelines guidelines factor in experience
scanning factor in
scanning
None for
Software for ZEISS ZEISS . . acquisition,
scanning INSPECT INSPECT Scaniverse CrealityScan ExScan Pro RealityCapture for
mesh generation
STL STL, OBJ OBJ (has to be
Mesh format STL STL STL, OBJ converted to STL)
Handheld, Handheld, ~2 Hybrid, ~3 m Handheld, wireless
e . Handheld, 10 .
Portability Stationary wireless m cable cable (smartphone)
m cable
(smartphone)

The easiest method to use was iPhone LiDAR, followed by ZEISS T-SCAN Hawk 2 and the
EinScan Pro HD. The Creality CR-Scan Raptor required a more experienced operator,
particularly with regard to sufficient marker placement and proper scanning technique. Without
adequate preparation, the scanning process required multiple attempts and readjustments, even
for the smaller steering knuckle.

The iPhone LiDAR software, Scaniverse, did not provide detailed guidelines, however it was
simple and intuitive enough for the scanning process. ZEISS software required familiarization
with its workflow and guidelines, but it was well structured and provided the best overall
scanning experience. It clearly indicated whether the part was overexposed or underexposed,
whether the part was moving during acquisition, the quality of each scan, and the real-time
position of the scanner relative to the reference-point field. The Creality and EinScan software
packages were more user-friendly than ZEISS software and provided a simpler workflow.
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However, they were less stable and offered fewer options for parameter adjustment. In
particular, the Creality software occasionally froze during scanning, which interrupted the
workflow. These software packages also did not visualize the scanning process during
acquisition as effectively as ZEISS software, which made the scanning process less fluent.
Nevertheless, both software packages were sufficient for the intended comparison.

Photogrammetry required the use of third-party software and was the most complex method in
terms of both image acquisition and mesh generation. The photographs had to be captured under
specific lighting conditions and from appropriate angles to ensure sufficient image overlap and
reconstruction quality. Two free third-party software packages were used for mesh generation.
Meshroom was utilized for that purpose first, but it proved to be very time-consuming and
inefficient for this application. RealityCapture was then used as a more practical, faster, and
more user-friendly alternative, which also produced higher quality meshes.
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Conclusion

This thesis compares accuracy and complexity of several optical 3D scanning methods for
reverse engineering application, ranging from industrial metrology systems to consumer-grade
devices. The obtained results confirmed that scanner performance strongly depends not only on
the measurement principle itself, but also on the relationship between scanner resolution,
measuring volume, accessibility of the geometry, and optical properties of the scanned surface.

The theoretical prediction that industrial metrology scanners would outperform semi-
professional and consumer-grade systems in dimensional accuracy and reconstruction quality
was confirmed. However, the results also showed that nominal scanner accuracy alone is not
sufficient to guarantee successful reconstruction of all geometric features and should therefore
not be used as the only selection criterion. The scanner’s ability to reliably reconstruct fine
geometric details, such as chamfers, radii, fillets, or machined edges, depends on several
factors, particularly the type of projection source, point density, and measuring volume..
Therefore, scanner selection should be based on the required feature resolution, particularly
when small details must be accurately reconstructed. All evaluated methods showed a
systematic tendency to round sharp external edges and lose small-radius fillets. As a practical
consequence, only ZEISS ATOS Q produced meshes from which the chamfered spindle profile
could be reconstructed with engineering fidelity. Wheel hub chamfers longer than 4 mm were
captured well by all scanners except iPhone LiDAR and photogrammetry, confirming the
presence of a minimum resolvable feature threshold.

The measuring volume in relation to the size of the part was identified as a critical factor,
particularly for consumer-grade and semi-professional scanners. Due to its smaller field of
view, the Creality CR-Scan Raptor required a substantial number of additional reference
markers and repeated scanning passes on the wheel. Although still resulting in incomplete rim
coverage and uncaptured central bore. Ultimately it demonstrated that it is better suited to parts
comparable in scale to the steering knuckle, where its performance was competitive with
EinScan Pro HD.

EinScan Pro HD, despite easier acquisition, introduced a different failure, the white LED
structured-light source proved more susceptible to the slightly reflective wheel barrel than the
blue LED of ATOS Q or the blue laser of T-SCAN Hawk. The EinScan in handheld mode
produced car wheel mesh with bigger gaps on the rims than the Creality Raptor scanner. A
wider point-deviation distribution was observed on the wheel barrel, which may be associated
with scan drift in handheld mode. A wider point-deviation distribution was observed on the
wheel barrel, which may be associated with scan drift during handheld operation. Based on
these results, it can be assumed that the evaluated structured-light scanner performed less
effectively in handheld mode than in stationary mode. The results may also indicate greater
sensitivity to lighting conditions and surface reflections, possibly due to the use of white
structured light rather than blue structured light.

The most accessible methods evaluated in this comparison did not meet the dimensional
accuracy requirements for reverse engineering of mechanical components. The iPhone 16
LiDAR produced deviations of approximately +2.5 mm on the steering knuckle and £11 mm
on the wheel. The resulting meshes showed significant shape distortions, particularly on
rotationally symmetric surfaces, which made them unsuitable for CAD reconstruction. The
unexpected finding was that Photogrammetry showed an advantage on geometrically complex
surfaces of the steering knuckle, where its 1 mm accuracy was better than £2.5 mm of the
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iPhone LiDAR, and its ability to resolve the chamfer outlines of the wheel’s hub.
Photogrammetry did not consistently outperform iPhone LiDAR on the wheel barrel and
spindle, specular reflection caused complete reconstruction failure, while the iPhone LiDAR
produced at least a partial mesh in those regions. However, based on the results obtained in this
thesis, it must be stated that neither of these methods appears suitable for any quantitative
technical application beyond rough shape acquisition followed by correct scaling during post-
processing.

For gearbox applications the results demonstrate that scanner selection must be based primarily
on the intended engineering task. For example, for scanning a gearbox housing, ZEISS T-SCAN
Hawk 2, EinScan Pro HD and Creality CR-Scan Raptor appear to be suitable for external and
partially internal surfaces, whereas ZEISS ATOS Q is required wherever dimensional
traceability is needed. None of the optical scanning methods compared in this study is sufficient
for detailed reverse engineering or inspection of gear tooth profiles, although the ATOS Q could
potentially capture the basic tooth profile and number of teeth. For shafts, ZEISS metrological
scanners could potentially capture their overall layout, stepped diameters, and the relative
position of functional features.

Several limitations of the presented methodology should also be acknowledged. The
comparison was based on only two representative automotive components and used ZEISS
ATOS Q as the reference geometry instead of original CAD models. The wheel barrel was left
uncoated, but this decision introduced an additional variable into the scanner comparison.
Furthermore, only a single scanning session per method was performed, meaning operator skill
variability and scan-to-scan repeatability could not be quantified. Future work should include
repeated measurements under identical conditions to determine the statistical reliability of the
reported deviation values. Future work could include additional experiments involving
components with a variety of industrially relevant surface conditions (e.g. corroded, painted or
anodized surfaces) alongside varied lighting conditions would provide a more comprehensive
understanding of the practical limitations of optical 3D scanning in mechanical engineering
application.
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LIST OF USED ABBREVIATIONS AND SYMBOLS

2D Two-Dimensional

3D Three-Dimensional

CAD Computer-Aided Design

DOE Diffraction Optical Element

EM Electromagnetic

FDM Fused Deposition Modeling

FOV Field of View

GD&T Geometric Dimensioning and Tolerancing
HD High Definition

IMU Inertial Measurement Unit

IR Infrared

ISO International Organization for Standardization
LASER Light Amplification by Stimulated Emission of Radiation
LED Light-Emitting Diode

LiDAR Light Detection and Ranging

MV Measuring Volume

NA Numerical Aperture

RGB Red, Green, Blue

SLAM Simultaneous Localization and Mapping

SLA Stereolithography

SLS Structured-Light Scanners

SPAD Single-Photon Avalanche Diode

ToF Time-of-Flight

VCSEL Vertical-Cavity Surface-Emitting Laser
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LIST OF USED ABBREVIATIONS AND SYMBOLS

Verband der Elektrotechnik, Elektronik und Informationstechnik

VDE (Association for Electrical, Electronic & Information Technologies)
VDI Verein Deutscher Ingenieure (Association of German Engineers)
VIO Visual-Inertial Odometry

b [m] baseline distance

c [m-s™] speed of light

d [px] disparity

f [px] focal length

NA -] numerical aperture

Plres [min!] resonance speed of the first mode shape

Mores [min'] resonance speed of the second mode shape

t [s] measured time of flight of the emitted ray

Vo [m-s™] flow velocity of an incompressible liquid

Z [m] depth

Ap [Pa] pressure difference

K -] harmonic order

A [m] wavelength

p [kg'm™] density
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Fig. 45 T-SCAN Hawk 2 steering knuckle surface deviations:
(a) top; (b) bottom
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Fig. 46 T-SCAN Hawk 2 rim surface deviations: (a) outer rim,
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c)

Fig. 47 iPhone LiDAR mesh: (a) steering knuckle top, (b) steering knuckle bottom;
(c) car wheel outside; (d) car wheel’ hub
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Fig. 48 iPhone LiDAR car wheel's rim surface deviations: (a) outer rim, (b) inner rim
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Fig. 49 Photogrammetry mesh: (a) steering knuckle top, (b) steering knuckle bottom,
(c) car wheel barrel; (d) car wheel hub
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Fig. 50 Photogrammetry steering knuckle bottom surface deviations
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APPENDIX

APPENDIX 5

I critically verified the outputs of generative Al checking factual claims in primary sources and
based on my own judgement. Below is an overview of the individual uses of generative Al.

Language proofreading and stylistic reformulation of my text:

Period: 2026-03-01-2026-05-17

Tool: Claude (Anthropic); model/version: Opus 4.6; URL: https://claude.ai/
How the output was used: for inspiration/support only

Where in the thesis: Thesis text (paragraphs in chapters)

Extent: Medium

Prompt/input: “Check for grammatical and stylistic mistakes and suggest corrections’

Prompt/input: “Suggest a different formulation, do not change the meaning”

Translation of English and Czech:

Period: 2026-03-01-2026-05-17

Tool: Claude (Anthropic); model/version: Opus 4.6; URL: https://claude.ai/
How the output was used: for inspiration/support only

Where in the thesis: Thesis text (paragraphs in chapters)

Extent: Limited

Prompt/input: “Translate to English”

Prompt/input: “Translate to Czech”
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