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1 Povzetek

V okviru sklopa A3.3 smo razvili in preizkusili sistem za zaznavanje ovir v bližini robota,
ki združuje ToF (Time-of-Flight) senzorje in digitalni dvojček v okolju ROS/Gazebo.
Namen sistema je sprotno spremljanje delovnega prostora robota in pravočasno zaznavanje
potencialno nevarnih situacij.

Fizični del sistema vključuje ToF senzorje, nameščene na 3D-natisnjen nosilni obroč,
pritrjen na segment robotske roke UR5e. Ti senzorji merijo razdalje v smeri delovanja
orodja in s tem tvorijo lokalno varnostno polje okoli aktivnega dela robota. Nadgra-
dnja sistema z zmogljivejšimi senzorji Broadcom AFBR-S50 je omogočila višjo merilno
frekvenco in gostejšo prostorsko zaznavo okolice.

Vzporedno s fizičnim sistemom se na računalniku izvaja digitalni dvojček, ki temelji
na virtualnem modelu robota UR5e v simulacijskem okolju Gazebo. Digitalni dvojček v
realnem času prejema podatke o sklepnih kotih in hitrostih robota ter izvaja simulacijo
senzorjev, ki generira umetne razdalje glede na geometrijo in materiale objektov v okolici.
S primerjavo realnih in simuliranih meritev sistem omogoča zaznavanje odstopanj, kot so
neznani objekti ali spremembe v okolju, kar predstavlja osnovo za preventivni varnostni
odziv.

Za zagotavljanje realističnega delovanja simulacije smo izvedli eksperimentalno ana-
lizo senzorjev, pri kateri smo preučevali vpliv geometrije, materialov in vidnega polja na
natančnost meritev. Rezultati nam pomagajo doseči čim boljšo skladnost med simulira-
nimi in realnimi podatki. Razviti postopek obdelave združuje 32×32 simulirane meritve
v eno vrednost, primerljivo z izhodom realnih senzorjev, pri čemer povprečna razlika med
obema znaša približno 17 mm.

2 Aktivnost, namen

Digitalni dvojček za dinamična varnostna območja robota (ULFE-LR, LTEK) Senzorji
ToF bodo uporabljeni za laboratorijsko izvedbo, ki bo omogočila natančno zaznavanje oko-
lice robota v realnem času. Uporabljen bo digitalni dvojček sodelujočega robota, skupaj
z varnostnim observatorjem, ki nadzoruje dvojčka glede na morebitne zaznane nevarnosti
v okolici. Predvidena sta razvoj in implementacija algoritmov za podporo odločanju, ki
lahko prepoznajo in klasificirajo dinamično okolje robota, zaznajo in obravnavajo nepred-
videne ovire ter te algoritme integrirajo v nadzorni sistem za omogočanje odzivov na nove
situacije.

3 Uvod

Sodelujoči roboti so zasnovani za varno delo v bližini človeka. Njihova varnost je običajno
zagotovljena s kombinacijo omejitev hitrosti, navora in sile, ter z zunanjimi varnostnimi
elementi za nadzor skupnega delovnega prostora. Takšni pristopi pa pogosto omejujejo
učinkovitost robota, saj zahtevajo dodatno razdaljo ali upočasnitev gibanja tudi v prime-
rih, ko neposredne nevarnosti ni.

Za izboljšanje prilagodljivosti in varnosti sistema je bil razvit pristop, pri katerem so
na robot nameščeni ToF (ang. Time of Flight) senzorji. Ti senzorji so usmerjeni v smer
delovanja orodja in omogočajo oblikovanje dinamične varnostne cone okoli aktivnega dela
robota. Sistem s tem zazna potencialno nevarne interakcije v neposredni bližini orodja in
omogoča pravočasno reakcijo robota, še preden pride do stika.
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ToF senzorji delujejo na principu merjenja časa preleta, ki ga svetlobni impulz po-
trebuje, da potuje od oddajnika do objekta in nazaj do sprejemnika. Vsak senzor ima
infrardeč oddajnik ter sprejemnik, sestavljen iz več SPAD (Single Photon Avalanche Di-
ode) področij, ki zaznavajo odbite fotone. Na podlagi izmerjenega časa povratka in jakosti
signala sistem določi razdaljo do objekta. Tak način omogoča natančne meritve tudi pri
zelo kratkih razdaljah ter zanesljivo delovanje v različnih svetlobnih pogojih, saj uporablja
infrardečo svetlobo izven vidnega spektra.

4 Programska oprema in zasnova sistema

V tem poglavju je opisana programska arhitektura razvitega sistema ter povezava med
realnim robotom in digitalnim dvojčkom. Predstavljeni so komunikacijski tokovi, upora-
bljena programska orodja in tehnične značilnosti uporabljenih ToF senzorjev.

Razviti sistem združuje fizični in virtualni del, ki skupaj tvorita celoto za zaznavanje
okolice robota in preverjanje skladnosti njegovih gibanj z varnostnimi zahtevami. Fizični
del sestavljajo ToF senzorji, nameščeni na 3D-natisnjenem nosilcu v obliki obroča, ki ga
je mogoče namestiti okoli izbranega segmenta robotske roke. Senzorji so usmerjeni vzdolž
segmenta oziroma v smer delovanja orodja, kar omogoča nadzor območja, kjer pride do
interakcije z objekti v delovnem prostoru. Tiskano vezje s procesorjem zbira senzorske
podatke in jih posreduje na računalnik.

Poleg realnega sistema se podatki o gibanju robota posredujejo v digitalni dvojček,
kjer se v realnem času izvaja simulacija senzorjev. Simulirane vrednosti se nato primerjajo
z realnimi meritvami ToF senzorjev. Prikaz celotnega sistema je viden na Sliki 1. Sistem
temelji na odprtokodnem okolju ROS 1 (Noetic), ki modularno povezovanje vse kompo-
nente in izmenjavo podatkov med realnim in simuliranim delom sistema. Za simulacijo
digitalnega dvojčka je uporabljen program Gazebo, z kinematičnim 3D modelom robota,
statičnim modelom delovnega okolja in simulacijo ToF senzorjev.

Vrednosti sklepnih kotov in hitrosti robota UR5e se v realnem času prenašajo prek
RTDE (Real-Time Data Exchange) v ROS vozlišče, ki jih pretvori v ROS teme, upora-
bljene za pogon virtualnega modela v Gazebu. Tako je zagotovljeno sinhrono gibanje med
realnim in simuliranim robotom.

Podatke iz realnih ToF senzorjev sprejema programski modul, napisan v jeziku C++,
ki prek TCP/IP povezave komunicira z mikroprocesorsko ploščo. Modul je optimiziran
za največjo hitrost prenosa in minimalno zakasnitev. Obdelava, analiza in primerjava
meritev so izvedene v programskem jeziku Python 3.10, kot tudi vsi ostali ROS moduli.
Simulirane meritve iz Gazeba se pretvorijo v enak format kot realne meritve, kar omogoča
neposredno primerjavo in izračun razlik.

4.1 Uporabljeni ToF senzorji

V začetni fazi razvoja je sistem temeljil na uporabi štirih ToF senzorjev STM VL53L4CD,
ki so omogočali merilno frekvenco do približno 100 Hz na senzor (sistem skupno 90 Hz).
Njihov efektivni doseg je znašal do 1,2 m, z vidnim poljem 18° × 18°. Senzorji so bili
prek I²C povezani na tiskano vezje (razvito v sodelovanju s podjetjem L-Tek), na kateri je
mikroprocesor. Prenos podatkov na računalnik je bil izveden prek serijske povezave USB,
za enostavno integracijo in zajem podatkov. Vsak senzor poda eno razdaljo kot povprečje
znotraj svojega vidnega polja. Takšna konfiguracija je omogočala osnovno prostorsko
zaznavo okolice robota v smeri delovanja orodja.
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Slika 1: Levo: zajem ToF meritev prek SPI na mikroprocesor in prenos prek TCP/IP
na računalnik; hkrati RTDE prenos sklepnih stanj robota. Desno: simulacija v Gazebu
(robot, okolje, senzorji) ter primerjava simuliranih in realnih meritev z izračunom razlike
in analizo za prepoznavo nevarnosti.

V naslednji fazi je bil sistem nadgrajen z zmogljivejšimi Broadcom AFBR-S50 senzorji,
pri katerih lahko posamezen senzor deluje do 3 kHz. Ti senzorji imajo efektivni doseg
do 10 m in vidno polje 5,4° × 12,4°. Poleg ene same meritve lahko vsak senzor poda
tudi matriko 8 × 4 točk, kar zagotavlja bistveno večjo količino informacij o prostorski
porazdelitvi objektov v vidnem polju. Zaradi večje količine podatkov je bila komunikacija
zamenjana za SPI med senzorji in procesorsko ploščo, medtem ko prenos podatkov na
računalnik zdaj poteka preko Ethernet (TCP/IP) povezave. Dodali smo lokalni vmesnik
za nastavitev merilne frekvence. Slika 2 ponazarja geometrijo vidnih polj uporabljenih
senzorjev.
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Slika 2: Levo: obe konfiguraciji Broadcom senzorja (5,4° in 12,4°). Desno: STM VL53L4
z 18° vidnim poljem.

5 Raziskava zaznavnih lastnosti ToF senzorjev

Da bi bolje razumeli, kako različni tipi ToF senzorjev zaznavajo okolico, je bila izvedena
eksperimentalna raziskava, ki je podrobno opisana v znanstvenem članku, objavljenem v
MDPI [Sensors] - Special Issue SPAD-Based Sensors and Techniques for Enhanced Sen-
sing Applications. Namen raziskave je bil pridobiti poglobljen vpogled v odziv senzorjev
pri zaznavanju različnih geometrijskih oblik, velikosti in materialov objektov, kar omogoča
natančnejše modeliranje realnih meritev v digitalnem dvojčku.

5.1 Eksperimentalna zasnova in potek meritev

V tem poglavju je predstavljena eksperimentalna analiza delovanja uporabljenih ToF sen-
zorjev. Podan je opis izvedbe meritev in prikaz rezultatov. Na koncu so povzeta glavna
opažanja.

Za eksperimentalno ovrednotenje zaznavnih lastnosti ToF senzorjev je bil zasnovan
preizkusni sistem, ki je omogočal ponovljive meritve v nadzorovanem laboratorijskem
okolju. V raziskavi sta bila uporabljena oba tipa ToF senzorjev STM VL53L4CD in
Broadcom AFBR-S50, ki se razlikujeta po merilnem dosegu, vidnem polju in ločljivosti
izhodnih podatkov. Oba tipa senzorjev sta bila nameščena na robotsko roko UR5e, pri-
kazano na Sliki 3, ki je služila kot nosilna platforma za izvedbo meritev. Senzorji so bili
pritrjeni na 3D-tiskan obročni nosilec in usmerjeni vzdolž osi segmenta, da so zajemali
objekte v delovnem prostoru. Meritve so bile izvedene za vsako konfiguracijo senzorjev
posebej (senzor Broadcom je bil rotiran za 90°, da smo testirali tako 12,4° in tudi 5,4° na
predni strani). Robot je sledil linearni poti z enakomerno hitrostjo, kar je zagotavljalo
ponovljivost meritev. Na ta način je bilo zagotovljeno, da so vsi senzorji merili enake
objekte pod enakimi pogoji.
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Slika 3: Postavitev senzorskega obroča na robotu UR5e. Na obroču so nameščeni Broad-
com AFBR-S50 senzorji in procesorska tiskanina.

Testni objekti so bili različnih geometrijskih oblik (kvadri, valji, klančine) ter iz raz-
ličnih materialov – plastike, lesa, lakiranega lesa in aluminija. Izbrane oblike in materiali
se pogosto pojavijo v realnem delovnem okolju robota.

Zbrani podatki so bili samodejno zajeti in sinhronizirani z gibanjem robota. Za vsako
meritev so bili shranjeni čas, identifikator senzorja in izmerjena razdalja. Po zajemu so
bili podatki obdelani in poravnani glede na referenčne razdalje objektov. Za kvantitativno
primerjavo so bili uporabljeni RMSE, MAE, standardni odklon in površinska razlika. Ti
kazalniki omogočajo objektivno vrednotenje natančnosti posamezne konfiguracije senzor-
jev.

5.2 Rezultati meritev in ugotovitve

Rezultati eksperimentalne analize so pokazali, da ima vidno polje (FoV) ključno vlogo pri
natančnosti in zanesljivosti meritev ToF senzorjev. Senzor z ožjim vidnim poljem (5,4°) je
zaznal ostrejše prehode, natančnejše obrise in manjša odstopanja pri zaznavanju objektov.
Senzorji s širšim vidnim poljem (12,4° in 18°) so imeli večje prostorsko povprečenje, zato
so bili prehodi mehkejši, izmerjene višine pa krajše od realnih.

Ta vpliv je posebej razviden pri meritvah razmaka med sosednjimi objekti (Slika 4).
Senzor z ožjim FoV je jasno zaznal ločene objekte že pri razmiku 10 mm, medtem ko je
senzor s širšim FoV zaznal posamezne objekte šele pri razmiku 50 mm.
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Slika 4: Vodoravno zloženi kvadri dimenzij 45 × 45 mm z različnimi razmaki. Šest grafov
prikazuje meritve za različne širine razmaka: 0 mm (zgoraj levo), 10 mm (zgoraj desno),
20 mm (sredina levo), 30 mm (sredina desno), 40 mm (spodaj levo) in 50 mm (spodaj
desno). Vsaka barvna črta ustreza drugi konfiguraciji senzorja, črna črtkana črta pa
prikazuje realne razdalje.

Poleg geometrije so rezultati pokazali tudi izrazit vpliv sestave in odbojnosti mate-
riala na natančnost meritev (Slika 5). Difuzne površine, kot sta plastika in neobdelan
les, so zagotavljale stabilne meritve z nizkim šumom. Nasprotno pa so odsevne površine
(npr. aluminij in lakiran les) povzročale nepravilnosti, skoke in krajše razdalje, zlasti pri
senzorjih z ožjim FoV. Vzrok za to je nasičenje sprejemnika zaradi močnega povratnega si-
gnala, ki popači obliko povratnega impulza in vodi do napačne interpretacije časa preleta.
Senzorji s širšim FoV so kazali večjo robustnost, saj se svetlobni tok porazdeli na širšo
površino, s čimer se zmanjša tveganje za nasičenje, vendar to poteka na račun natančnosti
in kontrasta robov.
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Slika 5: Štirje kvadri dimenzij 75 × 75 mm, izdelani iz različnih materialov: aluminij
(zgoraj levo), plastika (zgoraj desno), lakiran les (spodaj levo) in nelakiran les (spodaj
desno). Vsaka barvna črta ustreza drugi konfiguraciji senzorja.

Analiza je potrdila, da ožji FoV senzorji dosegajo manjše napake, medtem ko širši
FoV deluje stabilneje pri odbojnih površinah. Kljub temu je odziv ožjih FoV senzorjev z
varnostnega vidika ugodnejši. Njihova težnja k podcenjevanju razdalje pomeni, da sistem
oviro zazna prej, kar sproži varnostni odziv. Nasprotno bi precenjena razdalja lahko
povzročila prepozno zaznavo in s tem večje tveganje za trk.

6 Digitalni dvojček

V tem poglavju je predstavljen digitalni dvojček. Podan je opis njegovih glavnih kompo-
nent, pristopa k simulaciji ToF senzorjev ter postopka prilagoditve simuliranih meritev
za primerjavo z realnimi podatki.

Digitalni dvojček v realnem času sledi kinematiki robota in simulira odzive senzorjev
znotraj virtualnega delavnega okolja, kar omogoča primerjavo med realnimi in simulira-
nimi meritvami. Sistem je zasnovan v odprtokodnem simulacijskem programu Gazebo, ki
deluje znotraj programskega okolja ROS (Robot Operating System). Realni robot UR5e
prek RTDE pošilja sklepne kote in hitrosti v ROS teme, ki vodijo gibanje virtualnega
modela v Gazebu. Na ta način je gibanje simuliranega robota sinhronizirano z realnim z
minimalnim časovnim odmikom.

6.1 Simulacijsko okolje

Simulacijsko okolje v Gazebu vključuje virtualni model sodelujočega robota UR5e, ki je ge-
ometrijsko in kinematično usklajen z dejanskim robotom. Model je zgrajen v URDF/Xacro
formatu, kar omogoča natančno definicijo sklepnih povezav, koordinatnih sistemov in vpe-
njalnih točk.

Na model robota je nameščen enak nosilni obroč kot v realnem sistemu. Na njem so
pozicionirani štirje simulirani ToF senzorji, katerih usmeritve natančno posnemajo realno
konfiguracijo. Vsak senzor ima vidno polje skladno z njegovimi fizikalnimi lastnostmi.
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S spremembo parametrov vidnega polja je mogoča enostavna zamenjava tipa senzorja
(npr. iz Broadcom AFBR-S50 v STM VL53L4). Ustrezni algoritem obdelave je opisan v
naslednjih poglavjih.

Poleg robota je v simulacijo dodan celoten delovni prostor, vključno z orodjem, obde-
lovanci in ostalimi objekti. Ti so modelirani kot statični elementi (ang. collision / visual
model), kar omogoča preverjanje interakcij senzorjev z okoljem brez nepotrebne dinamike,
ki bi povečala računsko zahtevnost. Primer simuliranega okolja je prikazan na Sliki 6.

Slika 6: Virtualni model robota in njegovega delovnega prostora v simulacijskem okolju
Gazebo. Na robotu so štirje ToF senzorji, prikazani kot snopi žarkov.

6.2 Simulacija ToF senzorjev

V simulacijskem okolju Gazebo so ToF senzorji implementirani kot točkasti viri žarkov,
ki merijo razdaljo do prvega objekta, ki prekine pot posameznega žarka. Vsak senzor
je predstavljen kot matrika 32 × 32 žarkov, kar omogoča gosto vzorčenje prostora zno-
traj definiranega vidnega polja. Rezultat vsakega senzorja je matrika razdalj, kjer vsaka
vrednost predstavlja oddaljenost točke zadetka od izhodišča žarka.

Za zmanjšanje računske zahtevnosti je največja dolžina žarkov omejena na 2 m. Simu-
lacija ne vključuje večkratnih odbojev žarkov (ang. ray tracing), saj bi to močno povečalo
obremenitev procesorja in onemogočilo delovanje v realnem času.

Simulirane meritve se pošiljajo v ROS temah naprej v program za obdelavo podatkov.
Vsaka meritev vsebuje informacijo o času, identifikator senzorja ter matriko izmerjenih
razdalj. Simulirane vrednosti se prilagodijo, združijo in pretvorijo v obliko, primerljivo z
meritvami realnih senzorjev.
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6.3 Procesiranje simuliranih meritev in primerjava z realnimi meritvami

Podatki, pridobljeni iz simuliranih ToF senzorjev, predstavljajo matriko 32 × 32 točk,
kjer vsaka vrednost določa razdaljo do najbližjega zaznanega objekta. Ker realni senzorji
(VL53L4 in Broadcom AFBR-S50) vračajo eno samo meritev na cikel, je bilo potrebno
razviti postopek združevanja simuliranih podatkov, da bi jih lahko neposredno primerjali
z realnimi rezultati.

V okviru razvoja smo preizkusili več pristopov združevanja podatkov, ki temeljijo na
različnih načinih obdelave 32×32 matrike:

• minimalna razdalja,

• povprečna razdalja celotne matrike,

• povprečna razdalja po biniranju (8×4), ki približa delovanje realnega senzorja.

Primerjava med posameznimi pristopi je prikazana na Sliki 7, kjer modra črta predsta-
vlja realne meritve, zelena minimalne simulirane vrednosti, oranžna povprečno razdaljo
celotne matrike in rdeča povprečno razdaljo po biniranju. Krivulji povprečenja se skoraj
popolnoma prekrivata in najbolje sledita realnim meritvam.

Metoda najmanjše (minimalne) razdalje zelo dobro sledi površinam objektov, kar pa
ni zaželeno, saj realni senzorji površin ne zaznavajo tako natančno in njihovi rezultati
vključujejo vpliv širšega območja vidnega polja. Metodi povprečenja sta dali skoraj enake
rezultate, bližje realnim meritvam. Zato je bila izbrana preprostejša metoda povprečenja
z nižjo računsko zahtevnostjo.

Slika 7: Primerjava različnih metod obdelave simuliranih meritev z realnimi podatki. Mo-
dra črta prikazuje realne meritve, zelena minimalno razdaljo, oranžna povprečno razdaljo
celotne matrike, in rdeča povprečno razdaljo po biniranju.
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7 Testiranje digitalnega dvojčka

V tem poglavju so prikazani preizkusi digitalnega dvojčka na realnem robotu v laborato-
rijskem okolju. Najprej je predstavljen scenarij tipične pick-and-place naloge, kjer so bili
v delovni prostor dodani različni predmeti in naključne ovire. Nato je prikazan preizkus
vijačenja na kovinskem obdelovancu z dodatkom modela človeške roke, ki simulira nevaren
poseg v delovno območje. V obeh primerih so prikazane realne in simulirane meritve ter
odziv sistema na nepričakovane objekte.

Eksperiment je bil izveden z robotom UR5e, opremljenim s štirimi ToF senzorji Bro-
adcom AFBR-S50. Slika 8 prikazuje primer meritev enega izmed senzorjev, ki je imel
največ interakcij z ovirami. Slika 8A prikazuje realno robotsko okolje. Delovno okolje
je vsebovalo objekte, vključene v simulacijo (označene zeleno) ter neznane ovire, ki so
bile prisotne le v realnem okolju (označene rdeče). Slika 8B prikazuje graf, na katerem je
prikazana primerjava simuliranih (oranžna) in realnih (modra) meritev ter njuna razlika
(zelena).

Slika 8: A: delovno okolje robota z znanimi objekti (zeleno) in tujimi ovirami (rdeče).
B: graf simuliranih meritev (oranžno) in realnih meritev (modro) ter ter razliko (zeleno).
Rdeče puščice označujejo izrazita odstopanja od pričakovanih (simuliranih) vrednosti za-
radi ovir, črna puščica pa območje povečanega šuma zaradi zelo odbojne površine.

Rdeče puščice označujejo zaznane ovire, pri čemer se razlike v obliki in širini odstopanj
ujemajo z lego in dinamiko objektov v realnem okolju. Ko je bil robot ustavljen nad
oviro, je bila zaznava izrazitejša in širša, medtem ko so kratkotrajne zaznave (npr. druga
rdeča puščica) nastale, ko je senzor objekt zaznal le za približno pol sekunde, vendar
ostanejo jasno ločljive od naključnega šuma ali refleksijskih anomalij. Četrta rdeča puščica
prikazuje primer, ko je bil objekt le delno v vidnem polju senzorja; odstopanje je približno
30 mm in je dovolj izrazito za zanesljivo prepoznavo. Črna puščica označuje območje, kjer
je senzor prehajal nad odbojno površino, kar je povzročilo povečan šum in večje odstopanje
od realne razdalje.

V nadaljevanju smo digitalni dvojček preizkusili še v scenariju vijačenja, ki je bil
zasnovan na dejanskem kovinskem obdelovancu iz industrijskega obrata. Robot je bil
opremljen z vijačnim orodjem, s katerim je sledil vnaprej določeni trajektoriji nad kovin-
skim kosom ter v vsaki luknji izvedel simuliran postopek vijačenja. V različnih scenarijih
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so bile v okolico delovnega kosa dodane ovire in model človeške roke, s čimer smo ustvarili
realistično situacijo, kjer lahko pride do nevarnega posega v delovno območje.

Slika 9 prikazuje primer, kjer je bil model človeške roke postavljen na obdelovanca,
tako da je bila v neposredni bližini luknje za vijačenje, eno pa prekrivala.

Slika 9: A: Scenarij simuliranega vijačenja z repliko človeške roke na kovinskem obde-
lovancu. B: Odziv senzorja, ki je imel roko v vidnem polju – jasno vidna so trajna
odstopanja med realnimi (modro) in simuliranimi (oranžno) vrednostmi. C: Odziv sen-
zorja, ki roke ni imel v vidnem polju. Simulirane in realne meritve se večinoma ujemajo,
manjša odstopanja pa izhajajo iz razlik v zaznavi robov odprtin.

Na Sliki 9A je prikazano delovno okolje, kjer je konica vijačnika neposredno nad člove-
ško roko, kar predstavlja nevarno situacijo. Graf na Sliki 9B prikazuje meritve senzorja,
ki je imel roko znotraj svojega vidnega polja. Takoj po vijačenju prve luknje, kjer se re-
alne in simulirane meritve še ujemajo, pride do izrazitega in konstantnega odstopanja, kar
nakazuje na prisotnost nepredvidenega objekta v okolju. Graf na Sliki 9C prikazuje odziv
drugega senzorja, ki pa roke ni zaznal. Simulirane in realne vrednosti se v tem primeru
dobro ujemajo, razlike pa so vidne le pri prehodih nad večjimi odprtinami v kovinskem
delu, kjer realni senzor zazna rob odprtine nekoliko prej kot simulirani.

Dodatna razlika med realnimi in simuliranimi meritvami izhaja iz poenostavljenega
vidnega polja v simulaciji. Realni ToF senzorji nimajo idealno stožčastega vidnega polja.
Občutljivost ni enaka v vseh smereh in senzor v robnih primerih zazna del objekta (ali
odprtine) tudi, ko je ta samo delno v območju merjenja ali bližje robu vidnega polja. V
simulaciji je vidno polje ostro omejeno in žarki se obnašajo binarno (zazna / ne zazna).

Primerjava med simuliranimi in realnimi podatki je pokazala povprečno napako pri-
bližno 17 mm, pri čemer so bile simulirane razdalje praviloma daljše od realnih. Napake
so se povečale pri kompleksnejših geometrijah in robnih točkah vidnega polja, kjer realni
senzor še zazna objekt, medtem ko ga simulacija ne. Prav tako so močno reflektivne
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površine povzročale večji šum in lokalna odstopanja, medtem ko simulacija ostane gladka
in brez šuma. Rezultati potrjujejo, da je digitalni dvojček sposoben zaznavati spremembe
v okolju in razlikovati realne ovire od merilnih napak.
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Abstract

Time-of-flight sensors have emerged as a viable solution for real-time distance sensing
in robotic safety applications due to their compact size, fast response, and contactless
operation. This study addresses one of the key challenges with time-of-flight sensors,
focusing on how they perceive and evaluate the environment, particularly in the presence
of complex geometries and reflective surfaces. Using a Universal Robots UR5e arm in
a controlled indoor workspace, two different sensors were tested across eight scenarios
involving objects of varying shapes, sizes, materials, and reflectivity. Quantitative metrics
including the root mean square error, mean absolute error, area difference, and others were
used to evaluate measurement accuracy. Results show that the sensor’s field of view and
operating principle significantly affect its spatial resolution and object boundary detection,
with narrower fields of view providing more precise measurements and wider fields of
view demonstrating greater resilience to specular reflections. These findings offer valuable
insights into selecting appropriate ToF sensors for integration into robotic safety systems,
particularly in environments with reflective surfaces and complex geometries.

Keywords: direct ToF; reflectivity; robotic safety; sensor evaluation metrics; sensor field of
view; shape detection; single-point ToF; surface material effects; time-of-flight sensor

1. Introduction
Time-of-flight sensors have been increasingly used in such various fields as consumer

electronics, industrial automation, and autonomous systems thanks to their compact, cost-
effective, and efficient method of depth measurement. Their small size and low power
consumption make them a practical choice for modern devices that require fast and accurate
spatial data. They are becoming especially useful in robotics, where rapid and precise depth
sensing is very critical for safe and efficient operation. With robots increasingly entering
our daily lives and operating in shared environments alongside humans, ToF sensors may
enhance safety and promote further human–robot collaboration.

ToF sensors estimate distance from signal round-trip time, and are commonly grouped
into indirect ToF (iToF) and direct ToF (dToF) variants [1]. iToF sensors infer depth from the
phase shift of a modulated optical carrier, whereas dToF sensors measure the arrival time
of a nanosecond pulse. Commercial iToF modules offer low <10 mW power usage while
delivering centimeter-level accuracy at ranges up to 3 m @ 30 fps, whereas recent SPAD-
based dToF sensors extend precision beyond 5 m and suppress multipath artifacts [2,3].
Both types are widely used in robotics for navigation and object detection as well as
increasingly in safety-critical tasks such as collision avoidance.

Sensors 2025, 25, 4385 https://doi.org/10.3390/s25144385
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As collaborative robots leave fenced cells [4] and robots and humans begin to share
workspaces, safety sensing has progressed from fixed guards to volumetric depth devices
such as safety-rated 2D LiDAR scanners and stereo/iToF cameras for workspace monitor-
ing [5]. While these devices deliver rich point clouds, they do so at an order-of-magnitude
higher cost and compute load than single-point ToF modules [6]. These sensors provide
discrete one-dimensional distance measurements from a compact module, allowing for
high sampling rates. When several of these 1D sensors are arranged in a ring or strip
directly on robotic arms, it enables the acquisition of real-time proximity data crucial
for implementing rapid responses and adaptive speed control to prevent collisions [7].
The protective capabilities of such ToF-based systems can be effectively augmented by
complementary sensor modalities; for instance, capacitive sensors offer enhanced near-
field detection capabilities [8], while inductive sensors can provide definitive contact
confirmation [9]. A commercial example is SICK’s End-of-Arm-Safeguard, a ring-shaped
ToF array designed for robot flange mounting. With its specified 14° field of view and
110 ms response time, this system establishes a dynamic protective field that preemptively
halts robot motion before physical contact, significantly bolstering safety in collaborative
environments [10].

Performance degrades under high ambient illumination (more than 20 kilolux ), partic-
ularly sunlight, as the infrared content can saturate the sensor’s photo detector array. This
effectively raises the noise floor, making it difficult to distinguish the sensor’s returning
light pulse. As a result, the signal-to-noise ratio is lowered, which can shorten the usable
range or lead to inaccurate measurements. Performance is also affected by surface textures
and in self-occluded zones created by the arm geometry [11]. While some approaches in
the literature address such issues for standard cameras by analyzing color and texture
distortions [12], these methods are not applicable to ToF sensors, which do not capture this
type of information.

Self-occlusion, when the robot itself blocks the sensor’s view, can cause blind spots;
this can be addressed with simulations to optimize sensor placement [13] or by using
robot kinematics to detect and discount self-occluded areas via precomputed reference
distances [14].

In addition to occlusion, surface properties have a major effect on accurate data ac-
quisition. Highly specular targets can redirect the emitted beam away from the receiver,
producing depth voids or gross over-range errors. To counter this, combining shape-from-
polarization techniques with ToF depth data have been proposed [15]. Other studies have
applied mathematical correction models [16], AI-driven simulations for error correction,
or signal processing approaches such as adaptive filtering [17] and transient data transfor-
mations [18]. Combining multiple ToF sensors with varied integration times has also been
shown to reduce errors across surfaces of differing reflectivity [19] by using sensor fusion
to mitigate signal noise and improve accuracy.

In order to deploy ToF sensors in robust safety systems, it is essential to understand
how surface geometry and material properties affect their performance. For this purpose,
the sensors’ perception abilities need to be tested and evaluated under conditions that
closely replicate their intended operational environments by using common object shapes
and materials that they are likely to encounter. Despite their widespread use in robotics,
there is a lack of studies examining how ToF sensors perceive and interpret different
object geometries, shapes, and sizes in conjunction with material properties within robotic
workspaces. Most of the literature concentrates on how reflectivity alone affects range error;
in addition, shape-related work is almost always carried out with full 3D ToF cameras
rather than with simple point-range units.
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In this paper, we present a detailed study of how single-point time-of-flight sensors
perceive a robot workspace that contains objects of different sizes, shapes, and materials.
By evaluating the interaction between ToF sensor measurements and scene geometry,
including fundamental shapes such as cylinders which serve as a simplified approximation
for human limbs, we highlight key detection behaviors and limitations. This work provides
practical insight into time-of-flight sensor perception and offers guidance for improving
safety in collaborative systems where robots and humans share a workspace.

2. Methodology
To accurately evaluate and compare how the ToF sensors perceive the shape of the

environment, a reproducible test setup was designed to let each sensor measure the same
scenes under controlled conditions. This setup enables systematic data collection, ensuring
that the results reliably reflect each sensor’s characteristics. In this section, we describe
the sensors used along with the measurement setup, data acquisition procedures, data
evaluation methods, and metrics employed to quantify sensor performance.

2.1. Sensors Description

Among the broad range of available ToF sensors, we selected two from different
manufacturers, with distinct operating principles and technical characteristics.

The VL53L4CD from STMicroelectronics, Geneva, Switzerland, is a single-pixel direct
time-of-flight sensor. It uses a Vertical-Cavity Surface-Emitting Laser (VCSEL) emitter at
a wavelength of 940 nm and a Single-Photon Avalanche Diode (SPAD) array detector. It
bins the returns from the SPAD array into a single range measurement per emission cycle,
enabling accurate distance readings from 1 mm to 1300 mm. The sensor provides a diagonal
field of view of 18° and operates at measurement frequencies up to 100 Hz [20].

The AFBR-S50MV85I from Broadcom Inc., Steinhausen, Switzerland, is a multi-pixel
ToF sensor module designed for rapid and accurate distance measurements. It uses a
VCSEL emitter operating at a wavelength of 850 nm and a 32-pixel SPAD-based receiver
array arranged in an 8 × 4 hexagonal grid, giving it a field of view of 12.4° × 5.4°. This
sensor has a measurement range of up to 10 m, which varies according to target reflectivity
and ambient conditions. It can reach measurement frequencies up to 3 kHz in a single-point
measurement configuration [21].

The two sensors were chosen for their comparable fields of view to allow for relevant
comparisons, as illustrated in Figure 1. Because one sensor features a rectangular field of
view, the experiments were conducted using three distinct setups, which will henceforth be
referred to as the 18° FoV, 5.4° FoV, and 12.4° FoV sensor configurations.

12.4◦

5.4◦

18◦

235 mm

75 mm

75 mm

11.6 mm 4.4 mm

7.7 mm 1 mm

1

Figure 1. Field of view representation of the different sensor configurations. The left side shows the
12.4° and 5.4° FoV sensor configurations, while the right side shows the 18° FoV configuration.
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2.2. Sensor Mounting and Configuration

All sensors were mounted on a robot arm. The 18° FoV sensor units were installed
using a custom circular ring mount capable of holding up to four sensors, positioned flush
with the mount surface and facing forward along the robot arm segment. To minimize self-
occlusion, the sensor mounts were extended outward from the arm’s central axis, as shown
in Figure 2. They connected via I²C to a PCB with an ARM Cortex M7 microcontroller
which managed sensor operations. The PCB communicated with a PC over a USB serial
interface. Preliminary tests showed no interference between sensors even with overlapping
fields of view. Nonetheless, measurements were triggered sequentially with an 11 ms cycle
to eliminate any potential interference. Results were aggregated into a single message per
cycle, which was transmitted to the PC at a final sampling rate of 90 Hz.

Figure 2. A ring of VL53L4 ToF sensors mounted on a UR5e robot.

The 12.4° and 5.4° FoV sensor configurations were mounted on a custom shield for
an STM Nucleo board, also connected to the PC via USB. A single sensor could reach
approximately 2 kHz when transmitting only depth data. To match the 18° FoV sensor
configuration, four sensors were integrated on the shield and sent individual depth readings
along with unique IDs and timestamps to the PC. Due to bandwidth limitations, the
combined sampling rate was reduced to 190 Hz. Under the laboratory lighting and timing
conditions used in this study, we did not detect any noticeable optical crosstalk between
the four sensors.

2.3. Robot and Workspace Configuration

Each sensor configuration was mounted individually, one at a time, onto a Universal
Robots UR5e collaborative robotic arm which served as the central component of the
experimental setup. Measurements were conducted sequentially, first with one sensor
configuration and then repeated with the other. Due to slightly different mounting positions
affecting the sensor heights, the robot’s linear trajectory was adjusted accordingly for each
configuration to ensure identical sensor-to-ground distances. Additionally, X-axis offsets
were accounted for during subsequent data alignment.

2.4. Calibration

Sensor calibration was performed after the units were fixed to the robot flange.
The robot moved to a hard-coded pose in which the sensors faced a white matte at
310 mm ± 0.1 mm. That reference distance was entered into each sensor’s vendor API,
which internally adjusts the timing offset. All calibration and subsequent measurements
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were taken in an indoor lab under constant lighting conditions; no daylight was present, so
the ambient illumination remained unchanged for the duration of the experiments.

2.5. Test Objects

To evaluate the way the ToF sensors see in realistic environments, objects with varying
shapes, sizes, and materials were placed in the work area and measured. Three primary
geometries were selected: cuboid, ramp, and cylinder, as presented in Table 1. The ramp
and cylinder objects were made of 3D-printed white plastic, while the cuboids varied in
material and included 3D-printed plastic, aluminum, unpolished wood, and polished wood
with a reflective coating. The aluminum and polished wooden surfaces introduced specular
reflection conditions to assess sensor responses under reflective scenarios. These materials
were specifically chosen to represent a sample of materials commonly found in industrial
settings where robotic arms typically operate alongside humans.

Table 1. Overview of the measured objects used in the experiments. For cuboids, the dimensions are
width (W), depth (D) and length (L); for cylinders, diameter (D) and height (H); for the ramp, width
(W), height (H) and length (L).

Name Shape Material Dimensions (mm)

Cuboid

uncoated wood
coated wood

plastic

aluminum

W: 75, D: 75, L: 150
W: 75, D: 75, L: 150
W: 75, D: 75, L: 150
W: 45, D: 45, L: 150
W: 75, D: 75, L: 150

Cylinder plastic

D: 100, H: 150
D: 75, H: 150
D: 50, H: 150
D: 35, H: 150
D: 25, H: 150

Ramp plastic W: 100, H: 45, L: 150

The dimensions of the test objects were also varied to assess sensor detection capa-
bilities across different object sizes, an essential aspect of evaluating their effectiveness in
safety applications. Multiple cylinders with varying diameters were included, and the
cuboid dimensions were altered by stacking several units both horizontally and vertically.
This approach enabled evaluation of sensor performance on objects commonly found in
the robot environment, whether tall and narrow or short and wide.

All test objects were placed flat on the workspace surface and oriented so that their
longest dimension (length) was perpendicular to the robot’s direction of travel. In this
way, measurements focused exclusively on the width and height of the objects within the
sensors’ field of view. All objects had lengths exceeding 150 mm, ensuring that the objects
fully extended beyond the sensors’ field of view, thereby eliminating any influence of object
length on the sensor data.

2.6. Measurement Combinations

This section describes the different object arrangements used in the experiments. The
first scenario evaluated how the sensors perceive increasing object width. Cuboids measuring
45 mm in width were placed one by one side-by-side without gaps. A separate measurement
pass was conducted for each configuration, starting with a single cuboid and adding one
more for each subsequent run, up to a total of five cuboids (225 mm total width).
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The second scenario focused on vertical stacking. Here, 45 mm wide cuboids were
stacked one by one on top of each other. Similar to the first scenario, a separate measurement
with the robot passing over the target area and objects was performed for each stack height,
starting with one cuboid on a flat surface and increasing to a maximum of four, reaching a
maximum height of 180 mm.

In the third scenario, the sensors were tested with cylindrical objects of varying
diameters (ranging from 25 mm to 100 mm) placed in the same location. This setup
combined variations in both object width and height to assess the sensors’ response.

In the sixth scenario, the impact of background color on sensor performance was tested
by repeating the shape differentiation setup (scenario five) with the workspace background
surface changed to black.

Finally, the seventh scenario considered different material types: 3D-printed plastic,
unpolished wood, polished wood with a reflective coating, and aluminum. All objects were
cuboids with a width and depth of 75 mm. This allowed for evaluating sensor accuracy
under varying reflectivity and surface textures.

2.7. Data Collection

Data samples from both sensor setups were recorded directly onto a PC using a Python
3.8.10 script and saved in CSV format. Each sample included the measured distance, a
sensor identifier, and a timestamp.

The robotic arm followed linear trajectories at predefined constant velocities across the
workspace containing the test objects, as illustrated in Figure 3. During each measurement
pass, the robot arm with the sensors moved over the test objects, which were placed on
a flat surface. All scenarios were first conducted using the sensor configuration with the
symmetrical 18° field of view (FoV), then repeated with the sensor configuration providing
the elliptical 12.4° × 5.4° FoV. Due to its asymmetric field of view, the latter was tested
in two orientations for each scenario: first in its default orientation (5.4° effective FoV on
horizontal scans) and again after being rotated by 90° (12.4° effective FoV on horizontal
scans). This procedure enabled a comparative evaluation of how the field of view’s shape
and orientation influence the sensor’s detection performance.

Figure 3. Diagram illustrating the data collection process, where the robot arm moves the sensors at a
constant velocity (V) over a series of test objects.

2.8. Synchronization

Synchronization of samples from either sensor was essential for accurate comparative
analysis. Initially, synchronization was performed using a robot-generated trigger signal
sent when the robot reached a constant predefined velocity. Some inconsistencies due to
timing jitters were observed; thus, the first samples of successive runs were captured a few
milliseconds apart, meaning that consecutive passes did not align perfectly. To address
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this, a thin plastic sheet covering the sensors’ fields of view was introduced at the starting
position at the beginning of each measurement, serving as a physical landmark. As the
robot moved forward, the sensors moved past this sheet, causing a distinct and sharp
change in sensor readings. This consistent landmark signal enabled precise alignment of
sensor data and ground truth distances across multiple measurements.

2.9. Data Processing

The acquired sensor data were grouped by scenario and aligned using the previously
described synchronization methods. Both recordings were re-sampled to a common fre-
quency of 200 samples per second using linear interpolation in order to standardize the
data length and sampling rates. This step ensured that the initial difference in hardware
sampling rates (90 Hz vs. 190 Hz) did not introduce bias into the final comparative analysis,
as all profiles were evaluated with an identical spatial resolution. For clarity, sensor read-
ings were plotted relative to the robot’s traveled distance. Synthetic ground truth signals
were generated for each measurement based on measured sensor–object distances, object
dimensions, spacing, and distance from the reference landmark.

Prior to comparative analysis, postprocessing normalization was applied to account
for differences in object size and recording length. Because measurement error was de-
fined as the difference between sensor readings and ground truth, extended sequences of
ground-level data introduced bias. Although such readings had consistent low noise, they
outweighed the object-related data and risked distorting the results. To avoid this, each
sequence was cropped to focus on the object region, beginning 50 mm before the leading
edge of the first object and ending 50 mm after the trailing edge of the last. Inspection of all
recordings showed that the sensor signal stabilised within roughly 35–40 mm on either side
of each object; therefore, a 50 mm margin was used to guarantee that the entire transition
zone was included without retaining excessive ground-level data.

2.10. Performance Metrics

Object measurements across all scenarios were quantitatively evaluated using sensor
data and corresponding ground truth values at each data point, applying several per-
formance metrics. These metrics capture different aspects of sensor behavior and are
commonly used in sensor performance evaluation [22].

The Mean Squared Error (MSE), a metric that inherently emphasizes larger errors, was
used to assess the average squared deviation between the sensor data and ground truth
values. Its square root, the Root Mean Square Error (RMSE), was also calculated to express
the typical magnitude of the error in the original measurement units, providing an overall
sense of how closely the measured signal follows the ground truth. The Mean Absolute
Error (MAE) provided the average absolute deviation, offering a general indication of signal
alignment that is less influenced by outliers compared to MSE. The Standard Deviation
(STD) of the error, computed around the mean error, was used to represent the variability
of the sensor readings, indicating their consistency [23].

The Absolute Sum of Errors (ASE) captures the total magnitude of all deviations
regardless of direction. Finally, the Area Difference (AD) reflects the net bias by indicating
whether the sensor tends to overestimate or underestimate the measured values.

To account for varying measurement lengths, the RMSE, MSE, and MAE were normal-
ized by the total measurement interval. The ASE and AD were normalized with respect to
the total area under the ground truth curve.
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The mathematical formulations for these metrics are as follows:

MSE =
1
N

N

∑
i=1

(
yi − ŷi

)2 (1)

RMSE =

√√√√ 1
N

N

∑
i=1

(
yi − ŷi

)2 (2)

MAE =
1
N

N

∑
i=1

∣∣yi − ŷi
∣∣ (3)

σe =

√√√√ 1
N

N

∑
i=1

(
ei − ē

)2 (4)

ASE =
N

∑
i=1

∣∣yi − ŷi
∣∣ (5)

AD =
∫ b

a

(
y(t)− ŷ(t)

)
dt. (6)

where for Equations (1)–(5):

• N is the total number of data points;
• yi is the ground truth value at data point i;
• ŷi is the sensor’s measured value at data point i;
• ei = yi − ŷi is the error at data point i;
• ē = 1

N ∑N
i=1 ei is the mean error;

and for Equation (6):

• y(t) is the ground truth signal as a function of t;
• ŷ(t) is the sensor’s measured signal as a function of t;
• The integral is taken over the measurement interval from a to b.

3. Results
This section presents the experimental results from a series of controlled scenarios

designed to assess how each of the two dToF sensors perceives object shapes, dimensions,
and surface materials in the context of robotic safety. The measurements cover horizontal
and vertical size variation using stacked cuboids, changes in object geometry using cylin-
ders of increasing diameter, and spatial separation through varying gap widths between
identical objects. Additional tests include the perception of different geometric shapes
at varying speeds and background contrasts as well as the influence of surface material
reflectivity on distance measurements. A broad set of measurements was collected during
testing; of these, only a selection of typical cases is presented in the following figures to
better illustrate the results and maintain clarity.

Each figure shows sensor measurements from the three primary field of view configu-
rations we evaluated, namely, the 5.4° FoV, 12.4° FoV, and 18° FoV configurations, plotted
against the robot’s traveled distance (x-axis, mm) and sensor readings (y-axis, mm). To im-
prove readability and provide a more intuitive interpretation of the distance measurements,
the y-axis is inverted; this places the origin effectively at the top left, meaning that greater
sensor-measured distances are plotted downwards, with the ground level (representing the
furthest detected distance) forming the bottom baseline of the graph and objects appearing
as topographical elevations from this baseline. A black dashed line represents the actual
object shape, serving as the synthetic ground truth.

The first scenario explored how the sensors respond to objects of increasing width.
This setup aimed to evaluate how well each configuration captures edge transitions and
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shape fidelity as the object’s horizontal dimension expands. As shown in the first row of
Figure 4, the sensor configuration with the narrow 5.4° FoV provided the clearest profile,
closely following the ground truth and exhibiting sharp transitions at object edges. In
contrast, both 12.4° FoV and 18° FoV configurations underestimated the object height when
measuring a single cuboid by around 5 mm and 10 mm, respectively. From two cuboids
onward, their measurements more closely approximated the expected levels, although the
transition zones remained broader.

Figure 4. Horizontally stacked 45 × 45 mm cuboids. Each subplot shows results from a different field
of view configuration: the top row corresponds to the 5.4° FoV sensor configuration, the middle row
to the 12.4° FoV, and the bottom row to the 18° FoV.

The second scenario focused on vertical stacking to observe how the sensors respond
to changes in object height while maintaining constant width. Figure 5 presents the dis-
tance profiles for each configuration as the stack height increases from one to four cuboids.
The narrow 5.4° FoV sensor configuration captures distinct plateaus at each height level
with well-defined transitions. In contrast, the wider 12.4° and 18° FoV configurations
show increasing alignment with the ground truth as the stack becomes taller; however,
the object edges appear more rounded and the transitions are broader compared to the
narrower FoV configuration.

Figure 5. Vertically stacked 45 × 45 mm cuboids. From left to right, the subplots correspond to the
5.4° FoV, 12.4° FoV, and 18° FoV configurations, respectively.

Cylindrical objects of varying diameter were used in the third scenario to observe how
each sensor configuration captures curved shapes with simultaneous changes in width and
height. Figure 6 shows the resulting measurements for cylinders ranging from 25 mm to
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100 mm in diameter. The 5.4° FoV configuration records distinct object boundaries and
follows the curvature of each cylinder, with peak measured heights closely matching the
ground truth. The 12.4° FoV configuration produces wider transitions and lower peak
heights, particularly for the smaller diameters. The 18° FoV configuration shows increased
profile smoothing and shape variation; the smallest cylinder (D: 25 mm) is only barely
captured, appearing as a small bump with substantial deviation from the expected contour.

Figure 6. Plastic cylinders with diameters ranging from 25 mm to 100 mm. From left to right, the
subplots correspond to the 5.4° FoV, 12.4° FoV, and 18° FoV sensor configurations, respectively.

The fifth scenario focused on how increasing separation between adjacent objects
is represented in the distance measurements. The goal was to observe how each sensor
configuration captures gaps of different widths and at what point individual objects become
distinguishable. Figure 7 shows cases of the recordings for gap widths ranging from 0 mm
to 50 mm. With no gap (0 mm), all configurations produce continuous profiles similar
to earlier measurements of horizontally stacked cuboids. At a 10 mm gap, the 5.4° FoV
configuration shows medium dips in the profile between cuboids, while the wider 12.4° and
18° FoV sensor configurations exhibit only slight reductions of less than 5 mm in top-level
readings. At a gap of 20 mm, a more distinct depression reaching to ground level appears
in the data from the 5.4° FoV configuration, while the wider FoV configurations begin to
show slightly deeper dips. For gaps of 30 mm and 40 mm, the separation between cuboids
becomes more prominent in all configurations, though the two wider FoV sensors never
reach the ground level. At 50 mm, all three configurations show complete dips to ground
level between the cuboids, with individual objects fully distinguishable.

Scenario six was designed to observe how movement speed affects shape representa-
tion in the distance profiles. The arrangement of multiple geometric shapes allows for direct
comparison between slow and fast traversal speeds. The top row of Figure 8 shows the
results for both speeds. At 60 mm/s, the 5.4° FoV configuration captures distinct profiles for
all three shapes, including clearly defined edges. The 12.4° configuration reflects the same
sequence but with visibly smoother transitions. The 18° configuration shows flatter profiles
with reduced contrast between shapes and limited visibility of the ramp. At 250 mm/s,
the general shape and order remain consistent for each configuration but the transitions
broaden slightly, particularly in the data from the 12.4° FoV configuration.

In a variation of the previous scenario, the background surface was changed to
evaluate the effect of background color on measured distances. The shapes remained
identical, allowing for a direct comparison of background influence. The bottom row
of Figure 8 shows that ground-level readings across all configurations are shorter on
the black surface. The reduction is approximately 5 mm for the 5.4° and 12.4° FoV
configurations, while the 18° FoV sensor configuration shows a larger shift exceeding
10 mm. Despite this offset, the profiles of the individual shapes remain similar in form,
with the 18° FoV configuration recording object heights that are closer to the expected
values than in the white background condition.
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Figure 7. Horizontally stacked 45 × 45 mm cuboids with varying separation distances. The
six subplots show measurements for different gap widths: 0 mm (top left), 10 mm (top right),
20 mm (middle left), 30 mm (middle right), 40 mm (bottom left), and 50 mm (bottom right). In each
subplot, the colored lines correspond to the different sensor configurations.

Figure 8. Sensor responses to three sequentially placed objects (a 100 mm wide, 45 mm tall plastic
ramp, a 75 × 75 mm plastic cuboid, and a 100 mm diameter plastic cylinder) under different conditions.
The top row shows measurements taken at two different travel speeds (60 mm/s and 250 mm/s)
with each colored line representing a different sensor configuration, while the bottom row shows
measurements taken at 60 mm/s over two different ground background colors (white and black).

The seventh and final scenario aimed to observe how changes in surface reflectivity
and texture affect the acquired data by using objects of identical shape and size made from
different materials. Figure 9 shows the measured profiles for aluminum, uncoated wood,
reflective-coated wood, and 3D-printed plastic across the three sensor configurations. The
uncoated wood and plastic objects produce consistent results across all sensors, with profiles
similar to those observed in earlier tests on diffuse surfaces. For the aluminum object, both
the 5.4° and 12.4° FoV configurations display increased variation in the signal, with the
12.4° configuration showing a noticeable hump in the profile. The 18° FoV configuration
remains comparatively stable, with broader transitions but no significant distortion. With
the reflective-coated wood, the the 5.4° and 12.4° FoV configurations show abrupt jumps
and irregularities in the measured profile, while the 18° FoV configuration again produces
a smoother output that is comparable to the results from the uncoated wood except for
slightly wider transitions.
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Figure 9. Cuboids with the dimension of 75 × 75 mm made of four different materials: aluminum
(top left), plastic (top right), coated wood (bottom left), and uncoated wood (bottom right). Each
colored line corresponds to a different sensor configuration.

4. Discussion
This section interprets the experimental results, emphasizing how dToF sensors per-

ceive object geometry under various conditions, including differences in shape, size, surface
material, and reflectivity. Key trends and anomalies are discussed in detail, supported
by visual and quantitative analysis. The goal is to highlight the practical implications of
these findings for informing the deployment strategies of dToF sensors in robotic safety
applications based on their perceptual characteristics.

From the results, it is evident that the sensor FoV significantly impacts shape acqui-
sition accuracy. Narrow FoVs, as exemplified by the 5.4° FoV configuration, consistently
deliver sharper transitions and more accurate shape profiles across various scenarios. In
contrast, wider FoVs such as those represented by the 12.4° and 18° FoV configurations
exhibit broadened transitions and reduced spacial accuracy due to averaging effects. This
trend was evident in the first two scenarios (Figures 4 and 5), where sensor configurations
utilizing wider FoVs initially reported lower object heights. This underestimation was
reduced when more objects were stacked horizontally, as the larger visible surface area
helped to counteract the averaging effect. The perceptual limitations imposed by wider
FoVs were further confirmed in the cylinder scenario (Figure 6). Here, the widest FoV
configuration tested (18°) failed to detect the smallest cylinders (25 mm), likely because the
object’s dimensions were small relative to the sensor’s large instantaneous field of view,
causing the return signal from the object to be overwhelmed or excessively diluted by
signals from the background. Additionally, in the fifth scenario (Figure 8) measurements
from the 18° FoV configuration showed that the perceived profiles of the cuboid and
cylinder became very similar, demonstrating how wider FoVs tend to round off distinct
geometric features.

This phenomenon of spatial averaging in dToF sensors not only degrades overall shape
fidelity but also critically limits their ability to detect fine environmental features such as
gaps between objects. In the gap detection scenario (Figure 7), the sensor configuration with
the narrowest FoV (5.4°) demonstrated the capability to clearly identify gaps as narrow
as 10 mm, fully resolving them (i.e., measuring down to the ground plane) at 20 mm.
In comparison, the configuration employing the widest FoV (18°) required the gap to
widen to approximately 50 mm before its signal registered the ground surface between the
objects. This illustrates how a larger FoV can effectively ’bridge’ or fail to discern smaller
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empty spaces due to averaging over a wider area. Such limitations become particularly
critical in safety-sensitive robotic applications when the specific safety concept mandates
the reliable detection of small obstacles or narrow passages, as their non-detection could
lead to hazardous operational failures. Similar challenges have been reported in other ToF
sensor studies, with wide-angle configurations being shown to reduce the ability to resolve
fine object features and edge details in structured environments [24].

The sensor’s perception of object geometry appeared to be only mildly influenced
by the tested movement speeds. A slight broadening of transitions at higher speeds was
observed in the measurements from the 12.4° FoV configuration (Figure 8). Changing
the background surface contrast (from white to black) had a more noticeable impact on
the perceived distances (Figure 8). Specifically, the measured distance to the ground
was consistently shorter for all tested configurations when the background was black.
This suggests that surface reflectivity, even of the background, can influence the baseline
distance readings of sensors. This effect of a shorter perceived ground distance was most
pronounced for the 18° FoV configuration. Interestingly, this shift in the perceived ground
plane also resulted in its object height readings (relative to this new baseline) appearing
closer to the actual object heights. In contrast, the configurations with FoVs of 5.4° and 12.4°
exhibited measurements that remained comparatively stable despite changes in background
color, indicating potentially different internal signal processing or optical characteristics
influencing their response to overall scene reflectivity changes under these conditions.

Surface material properties, particularly high reflectivity, were found to introduce
notable distortions in the perceived geometry. This was especially evident in the measure-
ments from the 5.4° and 12.4° FoV configurations when encountering specular reflective
surfaces (Figure 9). In particular, the 12.4° FoV sensor configuration exhibited a particu-
larly clear and consistent undershot in its measured profile when scanning these reflective
objects. This consistently appeared on the entry side of the object, and depended on the
direction in which the sensor moved across the surface. This undershot artifact was caused
by the high-amplitude return signal overwhelming the sensor’s electronics. The high-level
reflection can saturate the sensor’s linear dynamic range even after its Automatic Gain
Control (AGC) has stabilized at a minimum setting. This persistent over-driving of the
receiver distorts the return pulse shape, which is then misinterpreted as a shorter time of
flight, resulting in an erroneously short distance reading. These effects were not observed
with diffuse matte surfaces such as uncoated wood or plastic. Similar distortion artifacts
caused by reflectivity have been observed in prior work using ToF sensors and cameras [25],
where specular surfaces led to localized errors and depth inconsistencies.

Interestingly, the sensor configuration with the widest FoV (18°) yielded more stable
profiles when measuring the same reflective materials. Although its perceived transitions
remained wider than those recorded for matte surfaces (a characteristic consistent with
its wider FoV), this particular sensor configuration did not exhibit the same pronounced
localized shape distortions. This greater resilience is directly linked to the saturation
phenomenon. Its wider FoV spreads the emitted light over a larger area, resulting in a
lower power density. This produces a less intense return signal detection that is less likely
to saturate the electronics, effectively diluting the impact of the localized specular returns
that dominated the readings of the narrower FoV sensors.

To further investigate the impact of extreme surface properties, additional experiments
were conducted using a highly reflective mirror and a diffuse black fabric as the surface on
which the three geometric shapes were placed. The results are presented in Figure 10.

Because it is an extreme specular reflector, the mirror surface amplified the previously
noted issues for the two narrower FoV configurations. Readings from the mirror back-
ground showed strong deviations which diminished the sensors’ ability to reliably detect
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the objects. The transitions between the objects and the mirror also exhibited sharp spikes,
representing both under- and over-estimations of distance as the AGC struggled to keep
up with the fast reflectivity changes. In stark contrast, the performance of the 18° FoV
configuration was very stable and even improved its accuracy in object perception. On the
other hand, the diffuse black fabric showed results consistent with the black background
test from scenario six (Figure 8).

Figure 10. Sensor response to extreme surface conditions. The top subplot shows the measurement
of three plastic objects (a plastic ramp with 100 mm width and 45 mm height, a 75 × 75 mm plastic
cuboid, and a 100 mm diameter plastic cylinder) placed on a highly reflective mirror surface. The
bottom subplot shows the results for the same objects placed on a highly dissipative diffuse black
fabric surface.

To explore potential mitigation strategies for such reflectivity-induced perceptual
distortions in sensors, adjustments to the internal sensor gain control settings were investi-
gated using the 12.4° FoV sensor configuration. The influence of these changes is shown
in Figure 11. Higher static gain settings amplified measurement fluctuations, generating
spikes, while lower gain settings reduced fluctuations but compromised object height
accuracy. Given the safety-critical context, settings such as default gain that may lead to an
underestimation of true object distances (i.e., reporting objects as being closer than they
are) could be considered preferable in this instance. Such behavior would bias the system
towards safer ‘false positive’-type protective actions (e.g., a robot stopping earlier than
strictly necessary) rather than risking dangerous ‘false negative’ scenarios (e.g., failing to
detect an obstacle or detecting it too late).

In contrast to our dToF results, indirect Time-of-Flight (iToF) sensors infer distance
from the phase shift of a return signal. This reliance on phase makes them inherently
more susceptible to errors from multipath interference occurring when reflections from
multiple surfaces mix at the sensor as well as from specific surface properties of the target
such as material and color [26]. Therefore, the distortions we observed on specular objects
(Figure 9) would likely be far more pronounced with iToF sensors.
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Figure 11. A 75 × 75 mm aluminum block measured with the 12.4° FoV sensor configuration with
different gain settings. Each color graph represents a different gain configuration.

To further understand how different environmental conditions and object character-
istics affect the geometric perception accuracy of dToF sensors, the measurements from
each scenario were quantitatively evaluated. This was achieved by assessing each sce-
nario against a set of performance metrics (RMSE, MAE, MSE, standard deviation, and
area-based errors) in both absolute and normalized forms. The scenarios were then ranked
for each metric and these individual rankings were averaged to produce a single overall
performance score. Table 2 summarizes these evaluations by listing the five best- and
worst-performing scenarios for each sensor configuration based on this averaged ranking.
The results of this analysis indicate that, in general, dToF sensors achieve more accurate
geometric perception in scenarios involving relatively large and continuous surfaces, such
as horizontally stacked multiple cuboids (e.g., ‘Hor 5,’ ‘Hor 4’). Conversely, scenarios
presenting significant perceptual challenges included those involving sharp and substantial
height changes (e.g., ‘Vert 3’, with vertically stacked cuboids leading to narrow observable
top surfaces from a distance) or those with strong specular reflections (e.g., aluminum and
coated wood objects). These scenarios consistently resulted in less accurate geometric per-
ception across all tested configurations, requiring sensors to measure sharp and significant
height changes or to manage strong specular reflections, thereby amplifying measurement
errors despite similar transition zones. This general trend is further illustrated by the
aggregated error metrics in Figure 12 (normalized RMSE) and Figure 13 (normalized ASE).
These figures show how scenarios involving, for example, highly reflective materials or
geometries with small dimensions (e.g., narrow stacks or small diameter cylinders) tend
to yield higher errors. The magnitude of these errors can be influenced by specific sensor
characteristics, such as a wider FoV potentially being more susceptible to averaging errors
over complex small shapes or a particular sensor’s internal signal processing being more or
less robust to specular interference.

An aggregate perspective on the consistency and magnitude of geometric perception
errors across the different dToF sensor configurations we examined is provided by the Mean
Squared Error (MSE) distributions presented in Figure 14. The dToF sensor configuration
utilizing the narrowest FoV (5.4°) generally exhibited a lower median MSE and a more
compact error distribution. This suggests that a narrower FoV tends on the whole to
contribute to more consistent and lower average errors in geometric perception for the
tested conditions. The two configurations employing wider FoVs (12.4° and 18°) showed
broadly comparable median MSEs, which were generally higher than that of the narrowest
FoV configuration; however, the 12.4° configuration displayed a notably wider spread in its
MSE values, indicating greater variability in its measurement accuracy across the diverse
range of tested scenarios. Overall, these aggregated results reinforce the general observation
that dToF sensors designed with or operating in a mode that provides a narrower field of
view tend to demonstrate more stable and on average more accurate geometric perception
across the types of objects and environmental setups examined in this study, provided that
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other challenging factors such as extreme surface reflectivity are adequately managed by
the sensor’s design and processing.

Table 2. Scenarios ranked by overall performance for each sensor configuration, from best (top) to
worst (bottom).

5.4° FoV Configuration 12.4° FoV Configuration 18° FoV Configuration

Cylinder 35 Hor 4 Hor 5
Hor 5 Hor 5 Hor 4
Hor 4 Hor 3 Gap 0
Gap 0 Cylinder 25 Hor 3
Hor 3 Multiple Shapes Cylinder 25
...

...
...

Vert 3 Coated Wood Plastic
Plastic Gap 20 Vert 2
Vert 4 Vert 3 Aluminum
Coated Wood Vert 4 Vert 3
Aluminum Aluminum Vert 4

Figure 12. Graph showing the RMSE of all measurements normalized by the length of the measure-
ment interval.

Figure 13. Graph showing the absolute sum of errors for all measurements normalized by the total
area under the ground truth.
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Figure 14. Total mean square error distribution of all combined measurements for each of the
three sensors configurations.

5. Conclusions
The primary aim of this research was to deepen the understanding of how direct

time-of-flight sensors perceive their surroundings, with a specific examination of their
interpretation of geometric forms, the influence of surface material properties such as
reflectivity, and the impact of spatial arrangements. Through systematic experiments
utilizing dToF sensors with varied optical characteristics and operational parameters, this
work identified fundamental factors inherent to dToF sensing technology that significantly
influence the reliability and precision of environmental perception.

Key perceptual dependencies were identified, revealing that a sensor’s field of view
critically governs geometric accuracy. While narrower FoVs were observed to yield finer
detail in shape recognition and better gap resolution, wider FoVs inherently introduce
spatial averaging that, although smoothing features, sometimes increased stability against
certain specular reflection artifacts. Critically, surface reflectivity, especially from specular
materials, was found to introduce significant perceptual distortions, the manifestation of
which can be modulated by the sensor’s FoV and internal signal processing. Observed
variations in dToF perceptual capabilities extend beyond optical parameters such as FoV,
stemming also from underlying sensor architectures and internal signal processing, which
collectively dictate how environmental data is captured and interpreted.

These factors create inherent tradeoffs in dToF perception: enhancing geometric
resolution can increase sensitivity to surface artifacts such as specular reflections, while
achieving stability against such artifacts may reduce perceptual detail. Therefore, a
clear understanding of these dToF perceptual characteristics is crucial for selecting and
configuring sensors according to specific application requirements and environmental
challenges, particularly in robotic safety. The comprehensive evaluation presented here
can aid in designing safer and more reliable robotic systems through informed sensor
selection and integration strategies.

Looking forward, our future work involves implementing and validating a practical
robotic safety system. This system will be built upon the insights from this study, leveraging
a combined sensing strategy that capitalizes on the distinct characteristics of different FoV
configurations. The objective is to trigger appropriate robot behaviors in human–robot
collaboration scenarios, thereby demonstrating a direct application of this study’s insights.
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16. Zámečníková, M.; Wieser, A.; Woschitz, H.; Ressl, C. Influence of surface reflectivity on reflectorless electronic distance
measurement and terrestrial laser scanning. J. Appl. Geod. 2014, 8, 311–326. [CrossRef]

17. Ronchini Ximenes, A.; Padmanabhan, P.; Lee, M.J.; Yamashita, Y.; Yaung, D.N.; Charbon, E. A Modular, Direct Time-of-Flight
Depth Sensor in 45/65-nm 3-D-Stacked CMOS Technology. IEEE J.-Solid-State Circuits 2019, 54, 3203–3214. [CrossRef]

18. Gutierrez-Barragan, F.; Chen, H.; Gupta, M.; Velten, A.; Gu, J. iToF2dToF: A Robust and Flexible Representation for Data-Driven
Time-of-Flight Imaging. IEEE Trans. Comput. Imaging 2021, 7, 1205–1214. [CrossRef]

19. Baek, E.T.; Yang, H.J.; Kim, S.H.; Lee, G.; Jeong, H. Distance Error Correction in Time-of-Flight Cameras Using Asynchronous
Integration Time. Sensors 2020, 20, 1156. [CrossRef] [PubMed]

20. STMicroelectronics. VL53L4CD Time-of-Flight High Accuracy Low Power Proximity Sensor—Datasheet; Document ID: DS13812,
Rev 8; 2024. Available online: https://www.st.com/resource/en/datasheet/vl53l4cd.pdf (accessed on 23 May 2025).

21. Broadcom Inc. AFBR-S50MV85I Time-of-Flight Sensor Module for Distance and Motion Measurement—Datasheet; Document ID:
AFBR-S50MV85I-DS102; 2022. Available online: https://docs.broadcom.com/doc/AFBR-S50MV85I-DS (accessed on 23 May
2025).

22. Botchkarev, A. A new typology design of performance metrics to measure errors in machine learning regression algorithms.
Interdiscip. J. Inf. Knowl. Manag. 2018, 13, 45–76. [CrossRef] [PubMed]

23. Lambers, M.; Kolb, A. Quantified, Interactive Simulation of AMCW ToF Camera Including Multipath Interference and Noise.
Sensors 2018, 18, 13.

24. Yang, C.; Kang, J.; Eom, D.S. Enhancing ToF Sensor Precision Using 3D Models and Simulation for Vision Inspection in Industrial
Mobile Robots. Appl. Sci. 2024, 14, 4595. [CrossRef]

25. Zhao, Y.; Zhang, X.; Li, H. Deep Learning for Generating Time-of-Flight Camera Artifacts. Sensors 2023, 23, 4567.
26. He, Y.; Liang, B.; Zou, Y.; He, J.; Yang, J. Depth Errors Analysis and Correction for Time-of-Flight (ToF) Cameras. Sensors 2017, 17,

92. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Povzetek
	Aktivnost, namen
	Uvod
	Programska oprema in zasnova sistema
	Uporabljeni ToF senzorji

	Raziskava zaznavnih lastnosti ToF senzorjev
	Eksperimentalna zasnova in potek meritev
	Rezultati meritev in ugotovitve

	Digitalni dvojcek
	Simulacijsko okolje
	Simulacija ToF senzorjev
	Procesiranje simuliranih meritev in primerjava z realnimi meritvami

	Testiranje digitalnega dvojcka
	Dodatek

