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1 Povzetek

V okviru sklopa A3.4 smo zasnovali in preizkusili modularni mobilni sodelujoči robotski
sistem, ki združuje mobilno platformo MiR100 in robotski manipulator UR5e z zamenlji-
vimi prijemali ter modularno senzorsko zasnovo. Cilj rešitve je omogočiti hitro prilago-
ditev različnih industrijskih nalog v okolju z visokim raznolikostjo in manjšimi serijami,
pri čemer sistem ostaja varen za sodelovanje s človekom in lahek za ponovno uporabo v
različnih postavitvah.

Rešitev smo predstavili skozi tri reprezentativne aplikacije: sestavljanje zobnikov, do-
stava in prevzem na delovni postaji ter robotsko vijačenje pri sestavljanju robotskih se-
gmentov. Prvi dve aplikaciji dokazujeta zanesljivo avtonomno navigacijo in pozicioniranje
z uporabo markerjev ter varno manipulacijo v deljenem prostoru. Tretja aplikacija (vi-
jačenje) pa demonstrira celoten potek od zaznavanja in poravnave objekta do natančne
izvedbe naloge z vijačnikom na robotski roki. Pri tem smo uporabili kombinacijo stacio-
narnih kamer na postaji in kamere na robotu, kar omogoča kompenzacijo negotovosti pri
pozicioniranju mobilne platforme in stabilno delovanje tudi ob variabilnosti lege obdelo-
vanca.

Za aplikacijo vijačenja smo v laboratorijskem okolju izvedli razčlenjeno vrednotenje
zaznavanja, orientacije in končnega pozicioniranja orodja. Rezultati potrjujejo visoko
uspešnost izvedbe in ponovljivost pozicioniranja v območju primernem za industrijsko
vijačenje, pri čemer RGB-percepcija in kalibracija učinkovito nadomestita potrebo po
dražjih globinskih senzorjih. Celoten pristop je voden s principoma strojne in programske
modularnosti, zato ga je mogoče hitro prilagoditi drugim delovnim postajam, delom in
postopkom. Celoten pristop in njegovo validacijo smo predstavili v prispevku, ki je bil
objavljen v reviji Robotics and Computer-Integrated Manufacturing (prispevek je prikazan
v Dodatku).

S stališča senzorskih sistemov za mobilne robote, smo predstavili modularni multimo-
dalni senzorski sklop ter razvoj lastne metode kalibracije za LiDAR–kamera (MCO-Calib)
sisteme, ki povečuje zanesljivost združevanja podatkov. Metoda temelji na geometrijskih
značilkah enostavne tarče (ravan pravokotnik z mrežo krogov) in na optimizaciji, ki združi
informacije iz slike in oblaka točk. Preliminarne validacije na različnih LiDAR–kamera
konfiguracijah kažejo nizke rotacijske napake in znižane translacijske napake v primerjavi
z referenčnimi pristopi iz literature, kar potrjuje uporabnost metode v praksi.

2 Aktivnost, namen

RRp 3 obsega več različnih industrijskih raziskav s področja napredne sodelujoče robo-
tike za digitalni prehod. En izmed ciljev s tega področja, ki se obravnava v RRp 3, je
razvoj modulov za modularni sodelujoči robotski sistem, sestavljen iz mobilne platforme
in sodelujočega robota za uporabo v industriji in drugih okoljih. Splošni cilj RRp 3 je
olajšati učinkovito dokončanje nalog in brezhibno sodelovanje med človekom in robotom,
hkrati pa zagotoviti razširljivost sistema za različne zahteve aplikacij. Segment A3.4 se
ukvarja z doseganjem teh ciljev s pomočjo razvoja modularnega mobilnega sodelujočega
robotskega sistema.

A3.4 Modularni mobilni sodelujoči robotski sistem (ULFE-LR, RUD, YAS). Ti cilji
bodo doseženi z: 1) načrtovanjem vsestranskih, izmenljivih modulov za prilagajanje nalo-
gam pri operaciji sestavljanja in širše; 2) izboljšana mobilnost za navigacijo v kompleksnih
okoljih; 3) zasnova modularnega senzornega sistema, ki temelji na najsodobnejših tehno-
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logijah zaznavanja; in 4) sprejemanja ter izvajanje odločitev v realnem času in interakcija
človek-robot.

3 Uvod

Tradicionalni mobilni robotski sistemi so v zadnjih desetletjih doživeli pomembno razši-
ritev uporabe, zlasti v industrijskih okoljih. Prve implementacije so pogosto temeljile na
fiksnih in namensko grajenih platformah, ki so bile prilagojene točno določenim nalogam
in so imele omejeno možnost nadgradnje. V dobi Industrije 4.0 pa so potrebe po fleksi-
bilnih, rekonfigurabilnih in inteligentnih robotskih rešitvah spodbudile razvoj modularnih
pristopov tudi na področju mobilne robotike.

Modularni mobilni robotski sistemi predstavljajo prehod od standardnih fiksno dolo-
čenih mehatronskih zasnov k arhitekturam, kjer so ključne komponente – od mehanskih
pogonskih modulov in senzorskih sklopov do programske opreme – grajene kot zamen-
ljive in neodvisno nadgradljive enote. Takšna zasnova omogoča enostavno prilagoditev
različnim aplikacijam in operativnim okoljem, saj lahko posamezne module zamenjujemo,
kombiniramo ali nadgrajujemo brez potrebe po popolni prenovi sistema. Koncep modu-
larnosti se v mobilni robotiki lahko v grobem loči na dveh ravnih;

• Strojna modularnost vključuje zasnovo mobilnih platform, kjer so pogonski sklopi,
senzorski sistem in komunikacijski moduli zgrajeni kot ločeni standardizirani gra-
dniki. To omogoča hitro integracijo novih tehnologij, prilagoditev zahtevam spe-
cifičnih nalog ter zmanjšanje stroškov vzdrževanja, saj se zamenjuje le posamezni
moduli in ne celoten sistem [1].

• Programska modularnost se nanaša na arhitekture, v katerih so percepcija, lokali-
zacija, kartiranje, navigacija in nadzor ločeni v jasno definirane programske sklope,
ki komunicirajo preko standardiziranih vmesnikov. Takšna zasnova omogoča za-
menjavo posameznih algoritmov (npr. metoda lokalizacije, strategija navigacije)
brez vpliva na ostale podsisteme, kar sistem naredi bolj robusten in pripravljen na
dolgoročne tehnološke nadgradnje [2].

4 Zasnova modularnega mobilnega sodelujočega robotskega sis-
tema

V Laboratoriju za robotiko na Fakulteti za elektrotehniko Univerze v Ljubljani smo za
razvoj mobilnega manipulatorja komercialno mobilno platformo nadgradili s sodelujočo
robotsko roko. Za mobilni manipulator smo izvedli tudi ustrezno vodenje za različne
industrijske aplikacije. Modularni mobilni robotski sistem je prikazan na sliki 1.

4.1 Zasnova sistema

Modularni mobilni robotski sistem je sestavljen iz komercialno razpoložljivih kompo-
nent, združenih v enem skupnem ohišju. Glavna robotska sistema sta mobilna platforma
MiR100 in robotski manipulator UR5e. Skupna masa mobilnega manipulatorja je 150 kg.
Nadgradnja platforme MIR100 omogoča namestitev manipulatorjev z maso do 50 kg, kar
zagotavlja združljivost z različnimi robotskimi manipulatorji.
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Slika 1: Modularni mobilni sodelujoči robotski sistem.

• Mobilna platforma
Mobilna platforma MiR100 ima nosilnost 100 kg in lahko doseže hitrosti do 1,5
m/s. Opremljena je z zunanjimi senzorji – dvema SICK S300 LiDAR sistemoma,
Intel RealSense 3D kamero in štirimi ultrazvočnimi senzorji. Poleg zunanjih ima
platforma tudi notranje senzorje – enoto IMU, motorne in kolesne enkoderje ter
pospeškometer. Senzorski sistemi so integrirani s sistemom vodenja, ki je zgrajen na
ogrodju ROS in deluje na internem računalniku platforme. To omogoči popolnoma
avtonomno delovanje platforme s sposobnostjo prilagajanja tako na statične kot na
dinamične ovire.

• Sodelujoč robotski manipulator
Robotska roka UR5e je šestosni sodelujoči industrijski robotski manipulator pod-
jetja Universal Robots (UR), namenjen prilagodljivi, enostavni in varni uporabi v
številnih robotskih aplikacijah. Tehta 20 kg, omogoča gibanje v šestih prostostnih
stopnjah (6 DOF), ima nosilnost 5 kg ter delovni doseg 850 mm, pri čemer do-
sega lege s ponovljivostjo ±0,03 mm. Opremljen je z senzorji za zaznavo sile in
trkov, poleg tega pa ponuja več nastavljivih varnostnih funkcij, ki omogočajo varno
sodelovanje z uporabniki in delovno okolico.

• Vmesni del nadgradnje (podstavek)
V podstavek robotskega manipulatorja smo vključili vse komponente, potrebne za
integracijo navedenih sestavnih delov v platformo za mobilno manipulacijo. Ohišje
je izdelano iz aluminijastih profilov in plošč, v njem pa se nahaja napajalni sistem,
ki ga sestavljata 24-voltna LiFePO4 baterija in inverter za pretvorbo enosmerne
napetosti 24 V v izmenično napetost 230 V. Baterija napaja robotski manipulator
in njegov krmilnik, nameščen na zadnjem delu ohišja. V notranjosti ohišja je tudi
krmilni računalnik, ki deluje kot centralni nadzorni sistem celotne robotske celice.
Računalnik je sestavljen iz Intel Core i7 procesorja, NVIDIA RTX 3060 grafične
kartice in 32 GB RAM spomina. Uporablja operacijski sistem Linux Ubuntu 20.04
in ogrodje ROS Noetic.

• Prijemalo
Glede na to, da je mobilni manipulator modularno zasnovan, je prijemalo zamen-
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ljivo glede na aplikacijo, ki jo mobilni sistem izvaja. Ker smo sistem preizkusili v več
različnih aplikacijah, kot so sestavljanje zobnikov, dostava in prevzem ter robotsko
vijačenje, smo morali uporabiti različna orodja. V prvih dveh aplikacijah je bilo na
robotski manipulator nameščeno prijemalo Robotiq 2F-85. Prijemalo ima čeljusti
premera 85 mm z pozicijsko ločljivostjo 0,4 mm. Omogoča prijemanje s prilago-
dljivo silo 20–325 N in prilagodljivo hitrostjo 20–150 mm/s. V primeru aplikacije
robotskega vijačenja pa smo uporabili lastno modularno orodje, sestavljeno iz in-
dustrijskega vijačnika Kolver PLUTO 6CA, industrijske kamere Basler ace 2A ter
industrijskega LED-osvetlitvenega obroča LRLW100 (Wenglor GmbH). Obe različici
mobilnega sistema sta razvidni na sliki 2.

Basler ace 2A camera in
osvetlitev

Kolver  PLUTO 6CA 
industrijski vijačnik

MiR 100

UR 5e

Robotiq 2F-85

Slika 2: Sestavni deli modularnega mobilnega sodelujočega robotskega sistema.

5 Razvoj industrijskih aplikaciji v raziskovalnem okolju

S ciljem prikaza uporabnosti razvitega mobilnega robotskega sistema za izpolnjevanje pr-
vega cilja v sklopu naloge A3.4 (načrtovanje vsestranskih, izmenljivih modulov za prilaga-
janje nalogam pri operacijah sestavljanja in širše) ter četrtega cilja, ki zahteva sprejemanje
in izvajanje odločitev v realnem času, smo razvili in predstavili tri testne aplikacije. Te
aplikacije ponazarjajo realistične scenarije, ki se lahko izvajajo v industrijskem okolju.

V našem primeru je bil koncept delovanja za raziskovalne namene razvit in predsta-
vljen v laboratorijskem okolju, pri čemer je bil poudarek na tem, da sta tako aplikacija kot
eksperimentalno okolje čim boljša aproksimacija dejanskega industrijskega okolja. Pred-
stavljene aplikacije so:

• aplikacija sestavljanja zobnikov,

• aplikacija dostave in prevzema ter
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• robotsko vijačenje pri sestavljanju robotskih segmentov.

Med izbranimi aplikacijami smo pri prvih dveh izvedli integracijo in kvalitativno pred-
stavitev delovanja ter rezultatov, pri aplikaciji robotskega vijačenja pa smo poleg kvalita-
tivne analize izvedli tudi kvantitativno vrednotenje delovanja in celotnega sistema.

5.1 Aplikacija sestavljanja zobnikov (IFAM 2024)

V sklopu projekta smo razvili demonstracijsko aplikacijo, ki prikazuje delovanje mobilnega
manipulatorja pri natančnem sestavljanju dveh zobnikov na os. Glavni namen te demon-
stracije je bil poudariti zmogljivost mobilnega robotskega manipulatorja pri učinkovitem
in natančnem izvajanju zahtevnih sestavljalnih nalog. Postopek sestavljanja, prikazan
na sliki 3, vključuje prevoz zobnikov na delovno mesto, njihovo natančno namestitev na
osi ter zagotovitev pravilne poravnave zob, kar omogoča nemoteno delovanje mehanskega
sklopa.

Demonstracijska aplikacija prikazuje postopek sestavljanja kompleta dveh zobnikov.
Mobilna robotska platforma prenese zobnike na delovno mesto, kjer jih je potrebno na-
tančno namestiti na osi. Za dosego pravilne poravnave je treba drugi zobnik rahlo zavrteti.

Glavni izzivi pri sestavljanju zobnikov z uporabo mobilnega manipulatorja so povezani
z omejitvami glede ponovljivosti in točnosti sistema. Proizvajalec MiR navaja točnost po-
zicioniranja mobilne platforme brez uporabe 3D markerjev kot približno ±50 mm, medtem
ko naše meritve določajo ponovljivost vrha mobilnega manipulatorja na okoli ±40 mm.
Ti vrednosti ne zagotavljata zadostne natančnosti za takšno aplikacijo, zato je na mani-
pulator nameščena kamera za zaznavanje osi. Točnost zaznavanja znaša približno ±2 mm,
kar še vedno ne zadostuje zahtevam aplikacije. Za uspešno izvedbo naloge je manipulator
dodatno opremljen s senzorjem sile in navora, ki omogoča fino poravnavo zobnikov na
osi. Z integracijo kamere za zaznavanje osi ter senzorja sile in navora za natančno porav-
navo sistem učinkovito kompenzira netočnosti pri pozicioniranju in doseže visoko stopnjo
natančnosti pri sestavljanju zobnikov.

5.2 Aplikacija dostave in prevzema

Aplikacija prikazuje vodenje mobilnega manipulatorja pri izvedbi naloge dostave in pre-
vzema obdelovanca – v našem primeru zobnika – na proizvodni liniji. Aplikacija poudarja
zmožnost združevanja prilagodljive, natančne in ponovljive navigacije z varnimi manipu-
lacijskimi sposobnostmi sistema. Potek je takšen, da se mobilni manipulator iz začetne
obdelovalne postaje, ki je v demonstracijskem okolju določena kot izhodiščna točka, samo-
stojno premakne do ciljne obdelovalne postaje, kjer se natančno pozicionira s pomočjo 3D
markerja. Robotski manipulator nato odloži zobnik na predvideno mesto na obdelovalni
postaji in zapusti delovno območje, kar mu omogoča izvajanje drugih nalog v vmesnem
času. Ko je obdelovanec ponovno pripravljen za prevzem, mobilni manipulator samo-
stojno navigira nazaj do obdelovalne postaje, se ponovno poravna glede na 3D marker in
z manipulatorjem prevzame zobnik. Nato ga odloži na predvideno mesto za transport ter
nadaljuje proti naslednji obdelovalni postaji.

Aplikacija prikazuje izvedbo naloge dostave in prevzema brez uporabe dodatnih sen-
zorjev ali naprav. Mobilni manipulator izkorišča zmogljivosti mobilne platforme MiR100
za prilagodljivo navigacijo do ciljne lokacije, kjer se s pomočjo 3D markerja natančno pozi-
cionira v vnaprej določeno točko. Sistem se lahko enostavno prilagodi dinamičnim oviram
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Slika 3: Izvedba aplikacije sestavljanja zobnikov (predstavljenjo na IFAM 2024 (Interna-
tional trade for automation and mechatornics)).

ali spremembam dostavnega mesta, saj je to definirano zgolj z eno referenčno točko. Ta-
kšna integracija demonstrira tudi tretji cilj zastavljen v A3.4, ki se nanaša na izboljšani
mobilnosti za navigacijo v kompleksnih okoljih. Potek celotne aplikacije je predstavljen
na sliki 4.

5.3 Aplikacija mobilnega robotskega vijačenja pri sestavljanju robotskih se-
gmentov

Vijačenje je en izmed glavnih korakov pri številnih industrijskih procesih. Klasična avto-
matizacija rešuje takšnega problema s fiksnimi robotskimi celicami, ki so natančne, ampak
hkrati drage in toge, kar omejuje uporabnost v okoljih z veliko raznolikostjo izdelkov in
majhnimi serijami. Zaradi tega, z združitvijo mobilnosti in manipulacije mobilni mani-
pulatorji ponujajo pot do prilagodljive in rekonfigurabilne avtomatizacije, skladne s cilji
Industrije 4.0 [3]. Mobilni manipulatorji lahko servisirajo več delovnih postaj in se prila-
gajajo raznolikosti izdelkov, vendar morajo ostati robustni na variabilnost in spremembe
[4, 5] ter delovati varno v človeku osredotočenih okoljih [6]. Čeprav so industrijski pristopi
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Slika 4: Potek aplikacije prevzema in dostave v laboratorijskem okolju.

robotskega sestavljanja dobro raziskane, je mobilno vijačenje na podlagi robotskega vida
v prilagodljivi proizvodnji še vedno razmeroma slabo raziskano.

Vključevanje mobilnosti pa v sistem vnese negotovosti na ravni celotnega sistema, ki
so pri natančnih nalogah, kot vijačenje, ključne: napake pri lokalizaciji in pozicioniranju
mobilne platforme se preko kinematične verige prenašajo do končnega prijemala in poslab-
šajo poravnavo med okoljem in orodjem. Če na to pogledamo iz vidika modularnosti, ti
izzivi spodbujajo integracijo razčlenjene arhitekture, v kateri so navigacija/pozicioniranje,
razumevanje okolice, korekcija lege in izvedba naloge jasno ločeni in zamenljivi moduli.
Strojna modularnost (npr. kombiniranje senzorjev na postaji in na roki) ter program-
ska modularnost (npr. segmentacija, ocena lege in registracija na osnovi CAD kot ločeni
moduli) omogočata, da sistem brez ponovnega načrtovanja preusmerimo na nove dele in
ga ponovno razmestimo na različnih delovnih postajah. Znotraj takšnega modularnega
okvira mobilne manipulacije lahko RGB-percepcija – skupaj z ustrezno kalibracijo in po-
ravnavo – kompenzira neporavnanost mobilne platforme in variabilnost lege objekta, kar
omogoča natančno vijačenje v polstrukturiranih okoljih ob hkratnem ohranjanju ponovne
uporabnosti in razširljivosti celotnega procesa.

Ker predstavljena aplikacija zajema skoraj vse zastavljene cilje v sklopu A3.4 in jih
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smiselno povezuje v enoten sistem, si jo bomo v nadaljevanju poglavja podrobneje ogledali
ter predstavili ustrezne rezultate, dosežene pri njeni validaciji. Podrobna predstavitev
in rešitev problema, pa je dostopna v obliki članka objavljenega v reviji Robotics and
Computer-Integrated Manufacturing (članek je priložen v Dodatku).

5.3.1 Predstavitev sistema

V raziskavi uporabljamo modularni mobilni manipulator predstavljen zgoraj. Na vrhu
robota (ang. end-effector) je industrijski vijačnik Kolver PLUTO 6CA in industrijska
kamera Basler ace 2A z okrog objektiva nameščeno krožno LED osvetlitvijo (Wenglor
LRLW100), ki omogoča homogeno osvetlitev pri zajemu slik za natančno zaznavo lu-
kenj. Na delovni postaji sta nameščeni dve RGB kameri Logitech C922 Pro z dodatnima
LED panelima ter pnevmatskim prijemalom, v katerega operater ročno vloži sestavni del.
Omrežna arhitektura temelji na glavnem usmerjevalniku znotraj mobilnega manipula-
torja: UR 5e in obdelovalni računalnik sta povezana prek Ethernet, na delovnem mestu
pa Raspberry Pi 5 brezžično upravlja kameri (USB) in osvetlitev (Bluetooth). Manipula-
tor in delovna postaja sta predstavljeni na sliki 5.

UR 5e

Basler ace 2A camera with 

additional artificial light

Kolver PLUTO 6CA 

screwdriver

MiR 100

Logitech C922 Pro 

cameras

Pneumatic gripperAssembly object

Slika 5: Pregled komponent: MiR100 + UR 5e z vijačnikom Kolver PLUTO 6CA, kamero
Basler ace 2A in krožno LED; delovna postaja z dvema Logitech C922 Pro, LED paneloma
in pnevmatskim prijemalom.

5.3.2 Potek aplikacije

Za obravnavo izziva robotskega vijačenja na različnih delovnih postajah je bil razvit celo-
vit pristop za vodenje mobilnih manipulatorjev z vizualnim zaznavanjem. Glede na to, da
cilj 4 pri A3.4 predvideva sprejemanje ter izvajanje odločitev v realnem času in interakcija
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človek-robot, v našem pristopu, predstavljen na sliki 6, omogočamo zaporedno sodelovanje
človeka in robota na varen način, kjer operater najprej ročno namesti obdelovanec v pri-
jemalo postaje, nato pa robot samostojno izvede nalogo. Čeprav fizična interakcija med
človekom in robotom ne poteka hkrati, so zagotovljeni visoki varnostni standardi. Plat-
forma MiR100 je opremljena z varnostnimi laserskimi skenerji, ki ob zaznavi prisotnosti
človeka v neposredni bližini takoj zaustavijo gibanje ali manipulacijo.

Robot deluje v predhodno kartiranem prostoru, ki se sproti posodablja z zaznavami
senzorjev in služi kot osnova za lokalizacijo in navigacijo. Za vsako nalogo robot prejme
ciljno lego delovne postaje ter samostojno izvede navigacijo in natančno poravnavo s
pomočjo fizičnega markerja.

Za prepoznavo in poravnavo obdelovanca se uporabita dve kameri, nameščeni na de-
lovni postaji. Ker operater obdelovanec ročno vstavi, so njegova lega in nagib med cikli
spremenljivi. Zato se slike obdelajo z algoritmom za zaznavanje nagiba in višine, kar
omogoča natančno določitev orientacije obdelovanca.Ti podatki se nato prenesejo v ro-
botski krmilnik, ki izvede fino poravnavo z ravnino obdelovanca. Takšni podatki so ključni
za pravilno izvajanje naloge in omogočajo robotu prilagajanje ter izvajanje odločitev v
realemu času.

Ko je poravnava dosežena, kamera na vrhu robota zajame sliko za detekcijo lukenj.
Njihove natančne koordinate se določijo z ujemanjem slike in CAD-modela, na podlagi
česar robot izvede postopek vijačenja.

Prerequisites

Navigation towards 

workstation
Precise docking

Object identification 

and segmentation

Object pose 

estimation

S

Robot pose 

correction

Robot 

manipulator 

initial pose

Screw-driving holes 

detection

Screw-driving 

position estimation

A priori CAD 

knowledge

Perfrom screw-driving 

Slika 6: Potek pristopa: navigacija → precizno pozicioniranje v končni legi → (vzpore-
dno) identifikacija, segmentacija in ocena nagiba/višine → korekcija lege → zajem slike s
kamero na vrhu robota → detekcija lukenj in CAD-poravnava → vijačenje.
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5.3.3 Algoritmi računalniškega vida na podlagi modularnega senzorskega sis-
tema

Naši algoritmi za zaznavanje so razdeljeni v dva glavna sklopa. Prvi sklop se osredotoča na
uporabo slik, zajetih s stacionarnimi kamerami, za prepoznavo objekta ter natančno oceno
njegove lege. Drugi sklop vključuje kamero, nameščeno na robotu, ki zajema sliko ravnine
objekta, na kateri robot izvaja postopek vijačenja. Iz teh slik se nato zaznajo in določijo
položaji izvrtin. V nadaljevanju poglavja je predstavljena metodologija, uporabljena pri
razvoju teh algoritmov.

Identifikacija predmeta ter ocena lege

Predlagani algoritem izračuna naklon in višino objekta iz zajete slike z uporabo postop-
kov zaznavanja robov in aproksimacije po metodi najmanjših kvadratov. Metoda je se-
stavljena iz petih glavnih korakov: zaznavanje objekta, določitev območja zanimanja,
lokalizacija robov, ocena naklona in izračun višine, kot je prikazano na sliki 7.

V prvem koraku se uporabi detektor YOLOv8 [8], ki iz slike pridobi oznako razreda
objekta, omejitveno območje (ang. bounding box ) in masko. Na podlagi teh podatkov se
iz slike izreže območje zanimanja, v katerem poteka nadaljnja obdelava. V naslednji fazi
algoritem s postopkom iskanja sprememb intenzitete določi robove objekta. Na podlagi
zaznanih robnih točk se nato s prilagajanjem premice oceni naklon objekta, rezultat pa
se kalibrira glede na referenčne vrednosti. Višina se določi z analizo izbranega navpičnega
prereza in pretvorbo povprečne lege roba v dejansko višino z uporabo kalibracijskih para-
metrov. Rezultat algoritma sta ocenjeni naklon in višina objekta, ki predstavljata ključne
geometrijske značilke za nadaljnjo obdelavo.

Segmentation and 
identification netowork

Edge Localization Least-Squares 
Line fitting

Average height 
estimation

Slope Estimation

Image acquisition

Captured images

Binary segmentations

Slika 7: Potek algoritma za identifikacijo objekta in ocena njego lege v prostoru..

Detekcija lukenj in CAD-poravnava

Za zaznavanje in določitev položaja izvrtin za vijačenje se iz zajete slike najprej izvede
detekcija krogov, s katero pridobimo središča in polmere izvrtin v 2D prostoru. Zaznane
točke se nato poravnajo z ustreznim CAD-modelom z uporabo prilagojenega algoritma
Iterative Closest Point (ICP) [7], ki vključuje vnaprej znane geometrijske značilnosti iz
CAD-podatkov. Ustrezni CAD-model se samodejno izbere glede na razred objekta, dolo-
čen v prejšnji fazi s pomočjo detektorja YOLOv8 [8].

11



Slika se najprej pretvori v sivinsko različico, binarizira in zgladi z Gaussovim filtrom
za zmanjšanje šuma. Krožne oblike (izvrtine) se zaznajo z metodo Houghove transfor-
macije [9]. Na tej osnovi se iz CAD-modela pridobi referenčni niz izvrtin, nato pa ICP-
postopek postopno izračuna rotacijo in translacijo, s katerimi se doseže optimalna po-
ravnava med zaznanimi in referenčnimi točkami. Po konvergenci transformacija preslika
CAD-koordinate v slikovni prostor, kar omogoča pretvorbo slikovnih koordinat v realne
dimenzije (v milimetrih) na podlagi znanega merilnega faktorja.

Postopek je prikazan na sliki 8, kjer je prikazan celoten tok obdelave: od predobdelave
slike in detekcije krogov, do iterativne poravnave s CAD-modelom in pretvorbe v fizični
koordinatni sistem.

Correspondences
matching

Captured image Prepocessed image

Holes detection

CAD model

Image acquisition

Iterative 
alignment Aligned points

Slika 8: Detekcija lukenj in CAD-poravnava: detekcija krogov → vzpostavljanje ujemanj
→ iterativna afina poravnava → metrična pretvorba.

5.3.4 Kalibracija

Za zagotavljanje natančne poravnave med različnimi koordinatnimi sistemi smo izvedli dva
postopka kalibracije: (1) kalibracijo kotnega odmika med kamerami in delovno postajo ter
(2) kalibracijo prostorske transformacije med kamero in vijačnikom. Pregled transformacij
uporabljenih pri obeh postopkov so prikazani na sliki 9.

Kalibracija kotnega odmika

Cilj postopka je določiti kotni odmik, potreben za pretvorbo kotov iz koordinatnih sis-
temov kamer v koordinatni sistem delovne postaje (CSWS). Ker sta levi in desni pogled
zajeta v lastnih koordinatnih sistemih (CSC1 in CSC2), je bilo potrebno izračunati ko-
rekcijski faktor, ki omogoča uskladitev izmerjenih kotov z referenčnim sistemom delovne
postaje.
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Slika 9: Prikaz vseh relevantnih koordinatnih sistemov (CS) in prostorskih transformacij
(H), ki se uporabljajo pri kalibraciji sistema in izvajanju nalog. Koordinatni sistemi so
določeni na naslednji način: CSB predstavlja osnovni koordinatni sistem robotskega ma-
nipulatorja, CSM osnovni koordinatni sistem mobilne platforme, CSF koordinatni sistem
robotske prirobnice, CSC koordinatni sistem kamere, nameščene na robotu, CSTCP koor-
dinatni sistem orodja na delovni točki (TCP) vijačnika, CSWS lokalni koordinatni sistem
delovne postaje, ter CSC1 in CSC2 koordinatna sistema kamer, nameščenih na delovni
postaji. Pripadajoče transformacije so opredeljene na naslednji način: FHC predsta-
vlja transformacijo med koordinatnima sistemoma robotske prirobnice in kamere, FHTCP

transformacijo med prirobnico in orodjem (TCP), ter BHF transformacijo med osnovo
robota in njegovo prirobnico. Dodatne transformacije so definirane po analogiji, kjer je
to ustrezno.

Za ta namen je bilo zajetih več slik objekta v različnih legah, pri čemer so bili hkrati
izmerjeni tudi referenčni koti z digitalnim inklinometrom visoke ločljivosti (0,1°). Kotni
odmik za posamezno kamero je bil izračunan kot povprečna razlika med meritvami v obeh
koordinatnih sistemih:

δj =
1

N

N∑
i=1

(
αWS,i − αCj ,i

)
, j ∈ {1, 2}, (1)

kjer αWS,i predstavlja referenčni kot glede na delovno postajo, αCj ,i pa kot, izmerjen
v posamezni kameri. Na ta način dobimo korekcijski vrednosti δ1 in δ2, ki omogočata
pretvorbo vseh kotov v skupni koordinatni sistem, uporaben za robotsko vodenje.

Kalibracija med kamero in vijačnikom

Za natančno izvajanje vijačenja je ključna določitev prostorske transformacije med kamero
in vijačnikom. Začetni podatki o njihovem razmerju so bili povzeti iz CAD-modela orodja,
vendar so bili dopolnjeni z eksperimentalno kalibracijo, ki temelji na optimizaciji statičnih
transformacij. Postopek poteka tako, da se v delovnem prostoru določi niz kalibracijskih
točk, ki so hkrati vidne kameri in dosegljive z vijačnikom. Za vsako točko se zabeleži
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položaj v obeh koordinatnih sistemih, nato pa se z optimizacijo minimizira razlika med
transformiranimi in izmerjenimi točkami.

Transformacija med koordinatnima sistemoma kamere in vijačnika je definirana kot:

CHTCP =
(
FHC

)−1 · FHTCP , (2)

kjer FHC in FHTCP predstavljata znani transformaciji med robotskim vrhom (CSF ) ter
kamero in orodjem. Parametri transformacije se nato numerično optimizirajo z metodo
najmanjših kvadratov (Levenberg–Marquardt), dokler razlika med izmerjenimi in izra-
čunanimi točkami ne pade pod vnaprej določen prag. Rezultat kalibracije je natančno
določen transformacijski model, ki zagotavlja usklajenost med senzoriko in orodjem ter
omogoča zanesljivo izvajanje robotskega vijačenja.

5.3.5 Eksperimenti

Za ovrednotenje delovanja predlaganega sistema smo izvedli več skupin eksperimentov
na dveh testnih objektih, Objekt 1 in Objekt 2, prikazanih na sliki 10. Čeprav je število
preizkušenih objektov omejeno, sta bila izbrana zaradi različnih geometrijskih značilnosti
in praktičnih zahtev pri vijačenju, kar omogoča preverjanje splošne uporabnosti razvite
zaznavne in kalibracijske metode v okoljih z veliko raznolikostjo izdelkov.

Prva skupina eksperimentov se osredotoča na oceno segmentacije, ki predstavlja zače-
tni korak v zaznavni verigi. Njena natančnost je ključna za nadaljnjo obdelavo, zato smo
zmogljivost ocenjevali z metriko prekrivanja (ang. Intersection over Union (IoU)).

Druga in tretja skupina eksperimentov uporabljata sistem za zajem gibanja OptoTrak
Certus, s katerim smo preverjali natančnost algoritma za oceno kota in celotne vijačne
verige. V drugem sklopu smo ocenjevali natančnost izračunanih kotov glede na referenčni
koordinatni sistem delovne postaje (CSWS), medtem ko je tretji sklop meril skupno na-
tančnost in ponovljivost celotnega postopka vijačenja. Ta pristop omogoča oceno končne
točnosti sistema, ki združuje vplive zaznavnih napak, kalibracijskih odmikov in kinematič-
nih negotovosti robota. Poleg kvantitativnih metrik smo izvedli tudi zaporedne preizkuse
z naključnimi legami objektov, da smo določili uspešnost nalog.

Merilna postavitev in postopek

Za drugo in tretjo skupino eksperimentov smo uporabili merilni sistem OptoTrak Certus,
ki omogoča tridimenzionalno sledenje infrardečim markejem z natančnostjo pod 0,2 mm.
Sestavljata ga dva sklopa linearnih CCD kamer, postavljena pravokotno, kar omogoča na-
tančno zajemanje prostorskih položajev. Zaradi optične geometrije je natančnost manjša
v globinski osi (zopt), kar je bilo upoštevano pri interpretaciji meritev.

Sistem markerjev je bil nameščen na robotu, delovni postaji in obeh testnih objektih.
Za določitev referenčnega koordinatnega sistema delovne postaje smo na pnevmatsko
prijemalo namestili štiri markerje (M1–M4), ki so omogočili validacijo ocenjenih kotov.
Pri tretjem eksperimentu, kjer smo merili skupno natančnost vijačenja, smo industrijski
vijačnik zamenjali s kontaktno sondo OptoTrak Certus, opremljeno s štirimi markerji
(M15–M18), ki omogočajo stalno sledenje položaja kontaktne točke. Postavitev merilnega
sistema in razporeditev markerjev sta prikazani na sliki 10.

Validacijske metrike za oceno orientacije

Natančnost ocene orientacije vrednotimo z odklonom med normalkami ravnin, definiranih
z markerji na objektu in delovni postaji, ter referenčnim koordinatnim sistemom, prido-
bljenim iz znanih postavitev markerjev (glej Sl. 10). Za robustnost uporabimo dve ravnini

14



M5

M1

M2

M3

M8

M7

M6 M10

M9

M13
M11

M14

M12

M15 M16

M17 M18
M4

12

Slika 10: Merilni sestav z OptoTrak Certus in označitvijo markerjev na delovni postaji,
objektih in tipalu.

(npr. iz tripletov M6−M8 in M5−M10), s čimer zmanjšamo vpliv šuma ali delnih okluzij.
Normali projiciramo na lokalni osi in iz projekcij izračunamo referenčne kote, nato jih
primerjamo z izračunanimi koti percepcijskega algoritma. Absolutni kotni napaki glede
na osi x in y sta

∆θx = |θcal,x − θref,x|,
∆θy = |θcal,y − θref,y|.

(3)

Validacijske metrike za oceno translacije

Uspešnost celotnega postopka vijačenja ocenimo po ISO 9283 [10] z natančnostjo po-
ložaja (odmik baricentra doseženih pozicij od referenčne) in ponovljivostjo (razpršenost
doseženih pozicij okrog baricentra). Meritve izvajamo v lokalnem koordinatnem sistemu,
pritrjenem na objekt, da zagotovimo primerljivost skozi cikle z različnimi legami objekta
(lokalni sistem vzpostavimo z markerji M6, M7, M8). Natančnost položaja je bila izraču-
nana kot:

∆L =
√
(x− xc)2 + (y − yc)2 + (z − zc)2, (4)

kjer (x, y, z) označuje baricenter doseženih pozicij, (xc, yc, zc) pa referenčno točko Oc.
Ponovljivost položaja pa kot:

r = D + 3SD, (5)
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D =
1

N

N∑
j=1

Dj,

Dj =
√

(xj − x)2 + (yj − y)2 + (zj − z)2,

SD =

√∑N
j=1(Dj −D)2

N − 1
.

(6)

Protokol vrednotenja

Vrednotenje obsega tri sklope:

• Segmentacija (IoU): 60 poskusov (30 na objekt); avtomatske maske primerjamo z
ročno označenimi.

• Ocena kotov: 40 poskusov; 15 naključnih leg za objekt 1 in 25 za objekt 2. Vredno-
teno je bilo glede na zgornje metrike za orientacijo.

• Celotna naloga vijačenja: 20 zaporednih poskusov; ocenimo natančnost in ponovlji-
vost, kot definirani zgoraj. V vseh poskusih je bila masa orodja 0,850 kg, hitrost
premika med luknjami 50 mm/s, objekt pa v vsakem ciklu v naključni legi.

5.3.6 Rezultati in diskusija

Ta razdelek združuje glavne rezultate in interpretacijo preizkusov, izvedenih za oceno
natančnosti in zanesljivosti predlaganega sistema za avtomatizirano privijanje vijakov.
Rezultati sledijo strukturi eksperimentalnega protokola in vključujejo oceno zaznavanja,
orientacije, pozicioniranja vijačnika ter celotno uspešnost izvedbe.

Zaznavanje in segmentacija

Uspešnost segmentacije je povzeta v Tabeli 1, ki prikazuje povprečni IoU in standardni
odklon za oba preizkušena objekta ter kameri. Model je bil uporabljen brez dodatne
prilagoditve za posamezne pare, kar potrjuje njegovo robustnost. Rezultati kažejo vi-
soko skladnost z referenčnimi podatki (IoU nad 0.94), kar potrjuje zanesljivo ločevanje
objektov. Vendar analiza robnih območij razkriva manjše odklone v konturah pri šibkem
kontrastu ozadja, zato segmentacija služi predvsem kot vhod za nadaljnjo obdelavo, med-
tem ko natančna lokalizacija robov in orientacije poteka z gradientno in linearno metodo
prilagajanja.

Tabela 1: Povprečni IoU in standardni odklon (SD) za vsak par objekt–kamera.

Objekt Kamera 1 (IoU ± SD) Kamera 2 (IoU ± SD)

1 0.973 ± 0.004 0.944 ± 0.008
2 0.969 ± 0.007 0.985 ± 0.002

Ocenjevanje orientacije

Rezultati v Tabeli 2 prikazujejo povprečne napake v oceni orientacije okoli osi x in y.
Metoda, zasnovana na detekciji robov in prilagajanju premic, dosega natančnost pod 0.2°,
kar potrjuje njeno ustreznost za aplikacije, ki zahtevajo podstopinjsko točnost. Napake
ostajajo stabilne med različnimi geometrijami objektov.
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Tabela 2: Povprečna napaka orientacije in standardni odklon okoli osi x in y.

Objekt ∆θx / ° ∆θy / °

1 0.07 ± 0.06 0.13 ± 0.07
2 0.09 ± 0.07 0.20 ± 0.12

Natančnost in ponovljivost pozicioniranja vijačnika

Natančnost translacijskega pozicioniranja in ponovljivost pozicije vijačnika sta prikazani
v Tabeli 3. Dosežena natančnost se giblje med 0.21 mm in 0.50 mm, ponovljivost pa okoli
1.5 mm. Na sliki 11 so prikazane projekcije ponovljivosti v ravnini xy, kjer večina meritev
leži znotraj kroga s polmerom 0.5 mm.

Tabela 3: Pozicijska natančnost (∆L) in ponovljivost (r) za osem lukenj za privijanje.

Luknja 1 2 3 4 5 6 7 8

Natančnost ∆L / mm 0.47 0.39 0.36 0.50 0.21 0.34 0.24 0.41
Ponovljivost r / mm 1.55 1.37 1.41 1.44 1.56 1.66 1.68 1.55
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Slika 11: Ponovljivost translacijskega pozicioniranja vijačnika v ravnini xy za luknje 1–8.

Skupna uspešnost in razprava

Celoten sistem je bil preverjen v 50 neodvisnih eksperimentih (400 poskusov vstavljanja
vijakov) in dosegel 100 % uspešnost brez ročnih posegov. Rezultati potrjujejo, da lahko
kombinacija mobilnega manipulatorja in zaznavno vodenih popravkov natančno kompen-
zira negotovosti pri lokalizaciji in dinamiki delovnega okolja. Integracija več RGB kamer
omogoča hkratno zajemanje in obdelavo slik, kar zmanjša čas cikla in ohranja natančnost.
Izbira izključno RGB senzorjev se je izkazala kot ustrezna alternativa globinskim kame-
ram, saj s tem zmanjšamo stroške, kompleksnost in težave pri zajemu odbojnih kovinskih
površin.
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Omejitve se pojavljajo pri zaznavanju objektov z močno ukrivljenimi površinami, kjer
linearno prilagajanje robov ni zanesljivo. V takih primerih bi bila možna razširitev z
metodo CAD-ICP registracije obrisov, kar je usmeritev prihodnjih raziskav. Kalibracija
med kamero, orodjem in delovno postajo se je izkazala za stabilno skozi čas, brez po-
trebe po pogostem ponovnem merjenju, kar potrjuje uporabnost v industrijskem okolju.
Rezultati natančnosti (0.21–0.50 mm) ustrezajo zahtevam standarda ASME B18.2.8 za
vijake M4–M5 pri “loose fit” toleranci, kar potrjuje zadostno pozicijsko točnost sistema za
industrijsko privijanje.

Analiza ponovljivosti razkriva nekoliko večji raztros po osi x, kar deloma pripisujemo
omejitvam optičnega merilnega sistema in kotnim odklonom med objektom in senzor-
jem. Kljub temu glavnina meritev ostaja znotraj 0.5 mm, kar potrjuje stabilnost izvedbe.
Metoda registracije lukenj, zasnovana na ena-na-ena ujemanju med detekcijami in CAD
referenco, je bila v našem primeru zanesljiva zaradi dobro ločenih konfiguracij. V bolj
kompleksnih scenarijih bi robustnejše metode (npr. RANSAC ujemanje) lahko še izbolj-
šale delovanje in posplošljivost.

Skupno rezultati dokazujejo, da zasnovani sistem dosega visoko natančnost, zaneslji-
vost in ponovljivost v realnih industrijskih pogojih ter predstavlja stroškovno učinkovito
rešitev za precizno privijanje vijakov z mobilnim manipulatorjem.

6 Zasnova modularnega multimodalnega senzorskega sistema

6.1 Uvod in zasnova sistema

Integracija senzorjev v modularen sistem omogoča večjo prilagodljivost, saj je mogoče po-
samezne enote enostavno zamenjati ali nadgraditi glede na specifične operativne zahteve.
Združevanje podatkov iz različnih senzorjev zagotavlja robustno zaznavanje okolja, kar
pomembno prispeva k večji natančnosti in zanesljivosti navigacije mobilnih robotov.

V skladu s tretjim ciljem, definiranim v A3.4, v tem poglavju prehajamo od splošnih
načel modularnosti k modularnim multimodalnim senzorskim sistemom in sodobnim pri-
stopom njihove kalibracije. V naši raziskavi je poudarek na sistemih LiDAR–kamera in na
izzivu ekstrinzične kalibracije, ki je ključna za zanesljivo združevanje podatkov v mobilni
robotiki. Primer takšnega sistema je prikazan na sliki 12.

Multimodalni senzorski sistemi, kot so sistemi LiDAR–kamera, so ključni za napredek
avtonomne mobilne robotike, saj omogočajo združevanje podatkov iz različnih virov. Ti
sistemi povezujejo različne tipe senzorjev, od katerih vsak zagotavlja specifične, a kom-
plementarne informacije, kar izboljšuje sposobnost robota za zaznavanje in interakcijo
z okoljem. Integracija 3D LiDAR-ja z RGB-kamerami robotom omogoča, da si ustva-
rijo podrobno in zanesljivo večdimenzionalno predstavo o svojem delovnem prostoru. Ta
zmožnost je bistvena za izvajanje nalog od navigacije, SLAM in zaznavanja ovir do kom-
pleksnejših funkcij, kot sta okoljsko spremljanje in interaktivna asistenca [11]. Takšni
prsipevki so ključni za izpolnjevanje drugega cilja v A3.4 in to je izboljšana mobilnost za
navigacijo v kompleksnih okoljih.

Zaznavanje, ki temelji na enomodalnih podatkih, je po naravi omejeno s specifičnimi
omejitvami. Zato je združitev senzorjev za zaznavne naloge ključnega pomena. Vključitev
več senzorskih modalnosti v robotske sisteme prinaša pomembne prednosti, predvsem
v izboljšani percepciji okolja in zanesljivosti podatkov. 3D LiDAR senzorji, znani po
natančnosti merjenja razdalje, so posebej učinkoviti v okoljih s slabimi svetlobnimi pogoji,
kjer vidni senzorji pogosto odpovejo. Nasprotno pa RGB-kamere zagotavljajo visoko
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Slika 12: Primer multimodalnega senzorskega sistema, ki vsebuje 3D LIDAR in 2 globniski
kameri. Na sliki so označeni, še transformaciji med senzorji, ki jih probamo določiti s
pomočjo metode ekstrinzične kalibracije, ki jo razvijamo.

ločljivost barvnih in teksturnih informacij, ki so ključne za naloge, ki zahtevajo podrobno
vizualno identifikacijo, kot sta prepoznavanje objektov in semantično razumevanje okolice.
Kombinacija teh senzorjev omogoča izrabo robustnosti 3D LiDAR-ja na fizikalne razmere
ter podrobnih vizualnih vpogledov kamer, kar omogoča celovitejšo analizo prizora.

Kljub temu integracija metod združevanje senzorjev v avtonomne sisteme pogosto
naleti na izzive zaradi raznolikosti podatkov, ki jih posamezni senzorji ustvarijo. Eden
izmed glavnih izzivov je določitev prostorske transformacije med senzorji z ekstrinzično
kalibracijo. Ocena 6DOF toge transformacije med koordinatnimi sistemi LiDAR-ja in
kamere je nujna za združevanje njihovih komplementarnih informacij, pri čemer lahko že
majhne napake povzročijo opazna neskladja, kar vodi v nezanesljivo zaznavanje in degra-
dirano delovanje sistema. Predhodne raziskave ekstrinzično kalibracijo v grobem delijo
na tarčne (ang. target-based) in netarčne (ang. target-less) pristope. Tarčne metode
izluščijo značilke iz skrbno zasnovanih vzorcev, kot so šahovnice, krogi ali fiducialni mar-
kerji, razporejeni na ploskovnih tablah, kockah ali drugih strukturah. Včasih oba senzorja
opazujeta iste značilke, v drugih primerih pa se zanašata na različne, vendar vnaprej do-
ločene značilke. Nasprotno netarčne metode vzpostavljajo korespondence neposredno iz
podatkov scene, na primer z izkoriščanjem geometrijskih omejitev, kot so ravne črte, ali
z maksimiranjem medsebojne informacije med modalnostmi. Velika prednost netarčnih
pristopov je zmožnost delovanja online brez dodatnih pripomočkov. V zadnjem času
so bili uvedeni tudi pristopi globokega učenja, ki dodatno izboljšujejo rezultate. Kljub
temu se tudi ti pristopi pri učenju in evalvaciji še vedno naslanjajo na tarčne kalibracijske
vrednosti kot referenčno informacijo, kar omejuje njihovo končno natančnost. Ta odvi-
snost poudarja trajen pomen napredka tarčnih metod, saj izboljšave na tem področju
neposredno zvišujejo zgornjo mejo dosegljivosti netarčne kalibracije.
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6.2 Metodologija

V našem primeru smo se odločili za tarčno metodo, kjer smo uporabili tarčno znanih
dimenzij in znanega vzorca. V nadaljevanju tega poglavja predstavimo tarčno in opišemo
problem, perdstavimo razvite kocepte izločevanja značilk ter predstavimo optimizacijsko
metodo.

6.2.1 Kalibracijska tarča in opis problema

Cilj je določiti togo prostorsko transformacijo med LiDAR-jem in kamero, tako da lahko
točke iz LiDAR-ja ustrezno preslikamo v slikovni prostor in obratno.

Kalibracijska tarča

Uporabimo eno samo ravninsko tablo znanih dimenzij z asimetrično mrežo krogov (7×5).
Asimetrija odpravlja nedoločenosti v legi vzorca in izboljša natančnost ter ponovljivost
detekcije. Geometrija table (robovi, odmiki mreže in vogali) je natančno definirana, kar
omogoča zanesljivo lokalizacijo v obeh senzorjih. V implementaciji uporabimo tablo ve-
likosti 1200× 900 mm z znanimi odmiki in razmiki med krogi, kar zagotovi konsistentno
zaznavanje v LiDAR-ju in kameri.

Podatki pri pozameznem zajemu

Za vsak sinhroniziran par slike in LiDAR oblaka točk s kamero najprej zaznamo asime-
trično mrežo in z metodo PnP ocenimo lego table v koordinatnem sistemu kamere. Iz
tega dobimo: (1) projekcijo robov table v sliko (poligon) in (2) orientacijo ter lego ravnine
table v koordinatnem sistemu kamere. Sočasno iz LiDAR-ja izločimo točke, ki ležijo na
površini table, posebej pa vzorčimo točke na njenih fizikalnih robovih. Ti geometrijski
opisi iz obeh senzorjev tvorijo vhode optimizacije. Shema izločenih podatkov je prikazana
na sliki 13.

Oblikovanje problema

Transformacijo LiDAR→ kamera ocenimo z minimizacijo neskladij med modalnostmi
skozi več različnih pogledov na tarčo. Uporabimo dve dopolnjujoči se geometrijski ome-
jitvi: (i) razdaljo med projekcijami LiDAR-jevih robnih točk in zaznanimi robovi table v
sliki ter (ii) skladnost LiDAR-jevih točk na ravnini z ravnino table, ocenjeno iz slike. Z
združevanjem informacij iz več nekolinearnih in različnim pogledom (pozicij in orientacij)
dobro omejimo problem, kljub temu da gre za ravninsko tarčo. Optimizacija je robustna
in teče čez vse okvire, rezultat pa je globalno skladna ocena zunanjih parametrov med
LiDAR-jem in kamero.

Pregled celotnega kalibracijskega cevovoda je prikazan na sliki 14.

6.2.2 Izločanje značilk iz slikovnih podatkov

Za vsak sinhroniziran posnetek kamere in LiDAR-ja je cilj določiti lego ravninske kali-
bracijske table v koordinatnem sistemu kamere ter iz slikovnih podatkov pridobiti njene
robove, ki bodo uporabljeni pri optimizaciji.

Najprej v RGB sliki zaznamo asimetrično mrežo krogov, pri čemer so središča krogov
natančno določena do podpikselne ravni. Ta 2D središča nato povežemo z njihovimi
znanimi 3D položaji na tabli, kar nam omogoča oblikovanje 2D–3D ujemanj. Na podlagi
teh ujemanj s standardnim algoritmom PnP ocenimo lego table v koordinatnem sistemu

20



Slika 13: Podatki pri posameznemu zajemu uporabljeni za optimizacijo. Za vsak sinhro-
niziran par najprej (zgoraj) iz oblaka LiDAR izluščimo planarno tablo in robne vzorce,
nato pa (spodaj) iz slike zaznamo mrežo krogov in ocenimo pozo table v koordinatnem
sistemu kamere.

kamere. Iz te lege nato izračunamo tudi orientacijo ravnine (normalo) in razdaljo do
kamere, s čimer dobimo enačbo ravnine v slikovnem prostoru.

Nato določimo položaj štirih vogalov table v sliki, in sicer tako, da projiciramo njihove
znane 3D koordinate glede na robne odmike na tabli. Dobljeni poligon natančno opisuje
obris table v sliki in služi kot osnovno geometrijsko značilko za nadaljnjo obdelavo.

Da bi zagotovili stabilnejši in proti šumu odporen opis robov, poligon rasteriziramo
v konturo in iz nje izračunamo tako imenovani zemljevid razdalj do roba (ang. distance
transform). Ta zemljevid določa, kako daleč je posamezna slikovna točka od idealnega
roba table, pri čemer so manjše vrednosti bližje dejanskemu robu. Kasneje ga uporabimo
za oceno skladnosti projekcij LiDAR-jevih točk z robovi v sliki.

Za vsak obdelan okvir hranimo podatke o legi table, ravnini v koordinatnem sistemu
kamere, slikovnem poligonu in pripadajočem zemljevidu razdalj. Ti elementi predstavljajo
ključne vhodne podatke za optimizacijo, kjer se kombinirano uporabljajo pri ocenjevanju
robnih in ravninskih napak med kamero in LiDAR-jem.

6.2.3 Izločanje značilk iz 3D LiDAR-ja

Za vsak zajet LiDAR-jev oblak točk je cilj izločiti ravninsko kalibracijsko tablo in pridobiti
zanesljiv nabor 3D točk, ki ležijo na njenih fizičnih robovih. Vsi postopki potekajo v
koordinatnem sistemu LiDAR-ja.

Najprej oblak točk razdelimo v koherentne skupine s pomočjo metode OPTICS [12],
ki temelji na gostotnem gručenju. Ta pristop omogoča ločevanje posameznih površin tudi
v prisotnosti šuma ali bližnjih objektov. V bolj kompleksnih okoljih dodatno uporabimo
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Slika 14: Pregled predlaganega kalibracijskega postopka LiDAR–kamera. (Zgoraj) iz
oblaka točk z gručenjem in oblikovnim filtriranjem izluščimo planarno tablo in robne
točke. (Spodaj) v sliki zaznamo asimetrično mrežo krogov in ocenimo pozo table. (De-
sno) optimizator združuje slikovne in prostorske geometrijske omejitve skozi več pogledov
ter vrne transformacijo LiDAR→ kamera.

metodo DBSCAN [13] za natančnejše razmejevanje in ohranimo največjo podskupino, ki
ustreza kalibracijski tabli.

Za vsako pridobljeno skupino ocenimo ravnino z metodo najmanjših kvadratov. Nato
preverimo stopnjo ravninskosti in dimenzijsko skladnost s pričakovanimi merami table.
Le skupine, ki znotraj dovoljenih toleranc ustrezajo znani velikosti in obliki tarče, obrav-
navamo kot veljavne kandidate.

V naslednjem koraku analiziramo strukturo točk znotraj izbrane ravnine. Oblak točk
razdelimo na ozke vzdolžne pasove in v vsakem iz njih poiščemo prevladujočo premico, ki je
sestavljena iz točke lidarskega žarka, ki so padle na kalibracijsko tarčo. Za večjo robustnost
uporabimo statistične filtre in prilagodljive prage za odstranjevanje odstopajočih točk. Na
ta način v posameznem pasu določimo dve končni točki premice, ki opisujeta del robne
geometrije.

Z združevanjem vseh končnih točk iz posameznih pasov tvorimo nabor robnih vzorcev,
ki natančno opisujejo fizične robove table. Ti robni vzorci predstavljajo glavni izhod
postopka izločanja iz LiDAR-jevih podatkov in služijo kot vhod za fazo poravnave, kjer
se združijo z informacijami iz kamere za izračun zunanjih parametrov.

6.2.4 Poravnava in optimizacija LiDAR–kamera transformacije

Namen tega koraka je izračunati togo prostorsko transformacijo med LiDAR-jem in ka-
mero, ki opiše njun relativni položaj in orientacijo. Transformacija se določi z optimizacijo
šestih parametrov, ki opisujejo translacijo in rotacijo med obema senzorjema.

Za vsako sinhronizirano kombinacijo slike in oblaka točk izračunamo tri komplemen-
tarne geometrijske napake, ki jih nato združimo v skupno optimizacijo:

• Razdalja do robov v sliki – meri, kako blizu projekcija LiDAR-točk pade glede na
rob table, izračunan na osnovi razdaljnega zemljevida slike.

• Razdalja do segmentov – preverja skladnost projekcij LiDAR-točk s štirimi robnimi
linijami table, ki so določene iz kamere.

• Skladnost z ravnino – ocenjuje, kako dobro transformirane LiDAR-točke ležijo na
ravnini, ki jo kamera zazna kot površino table.
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Vsaka vrsta napake je izražena v skupni enoti in tehtana glede na razdaljo kamere do
tarče, tako da bližji pogledi prispevajo več k skupni oceni.

Vsi podatki iz več zaporednih posnetkov se združijo v skupen nabor napak, ki jih
optimiziramo z metodo najmanjših kvadratov (metoda Levenberg–Marquardt). Optimi-
zacija uporablja natančne odvodne približke in stroga konvergenčna merila, kar omogoča
zanesljivo in ponovljivo oceno zunanjih parametrov.

Pred končno optimizacijo izvedemo geometrijsko začetno poravnavo. Na podlagi za-
znane lege table v kameri in znanih dimenzij plošče določimo položaj njenih vogalov v
3D prostoru kamere. Na LiDAR strani iz vzorca točk, ki opisujejo robove table, ocenimo
pripadajočo ravnino in na njej ustvarimo pravokotnik enakih dimenzij. Vse možne po-
vezave med LiDAR-jevimi in kamerinimi vogali preverimo z metodo rigidne poravnave
(Kabsch), pri čemer izločimo rešitve z napačno orientacijo ravnine ali slabo projekcijo.
Najbolj skladna začetna rešitev se nato uporabi kot začetna vrednost optimizacije, ki v
zadnjem koraku privede do končne ocene transformacije med LiDAR-jem in kamero.

6.3 Esperimenti in protokoli testiranja

V tem poglavju opišemo načrt validacije predlagane metode na sintetičnih in realnih po-
datkih. Sintetični podatki omogočajo natančno (točno) določene referenčne vrednosti
(GT) za transformacijo med senzorjema in s tem strogo kvantitativno ocenjevanje na-
pak, medtem ko realni podatki služijo prikazu uporabnosti in robustnosti v pogojih blizu
delovanja v realnem času.

6.3.1 Valdiacijske metrike

Kvantitativno poročamo translacijsko in rotacijsko napako med ocenjeno ekstrinzično
transformacijo in referenco (GT). Naj bosta CRest

L , CtestL oceni po metodi in CRgt
L ,

Ctgt
L refe-

renčne vrednosti. Translacijska napaka (v mm) je

et =
∥∥ CtestL − Ctgt

L

∥∥
2
, (7)

rotacijska napaka (v stopinjah) pa je kot zasuka med rotacijama

er =
180

π
arccos

(
trace

(
(CRgt

L )
⊤ CRest

L

)
− 1

2

)
. (8)

Za vsako konfiguracijo poročamo opisne statistike čez vse ponovitve/poskuse.

6.3.2 Nabor validacijskih podatkov

Sintetični podatki

Generiramo pare slika–točkovni oblak s kontroliranimi legami tarče in znano transfor-
macijo CHgt

L . Po potrebi spreminjamo šum v meritvah, delež izhodov iz slike in razpon
razdalj do tarče, da pokrijemo zahtevnostne stopnje. Podatki so generirani tako za našo
metodo, kot tudi za ostale SOTA (ang. state-of-the-art) metodo s katerimi primerjamo
naš pristop.

Realni podatki

Zajem izvedemo z različnimi LiDAR–kamera konfiguracijami v laboratorijskih in/ali re-
alnih okoljih. Primerjava z referenčnimi vrednostmi (GT) se izvede glede na razpoložljivo
referenco ali visoko-natančno postopek umerjanja.
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Tabela 4: Translacijske in rotacijske napake za tri različne konfiguracije LiDAR–kamera
sistemov (povprečje in standardni odklon).

Poza Konfiguracija senzorjev Zhou [14] Beltran [15] MCO-Calib (naša)

et [mm] er [◦] et [mm] er [◦] et [mm] er [◦]

P1
VLP16–Camera 20.30 (11.27) 0.43 (0.28) — — 20.40 (5.00) 0.23 (0.08)
HDL32E–Camera 22.28 (24.35) 0.21 (0.16) 21.87 (15.72) 0.27 (0.29) 8.10 (2.60) 0.28 (0.04)
HDL64E–Camera 12.30 (3.39) 0.11 (0.04) 26.03 (23.51) 0.31 (0.45) 8.20 (2.10) 0.19 (0.04)

P2
VLP16–Camera 23.71 (12.03) 0.44 (0.31) — — 16.20 (2.20) 0.13 (0.08)
HDL32E–Camera 16.94 (5.61) 0.23 (0.12) 15.70 (5.68) 0.18 (0.06) 11.70 (2.67) 0.12 (0.05)
HDL64E–Camera 13.83 (3.21) 0.11 (0.05) 15.05 (11.36) 0.24 (0.05) 9.00 (2.20) 0.21 (0.04)

6.3.3 Protokol in zasnova poskusov

Eksperimente razdelimo v tri sklope; v vseh sklopih so lege tarče spremenljive glede tran-
slacije in rotacije in vsak eksperiment ponovimo N-krat za statistično relevantnost.

Sklop A: Uporabniški scenarij, več leg (20/eksperiment). V posameznem
eksperimentu zajamemo 20 različnih leg tarče; vse lege uporabimo za ka-
libracijo. Celoten postopek ponovimo N -krat. Namen je oceniti natanč-
nost v realističnem poteku umerjanja, kjer imamo na voljo več opazovanj.

Sklop B: Krivulja konvergence (1 → 20 poz). Eksperiment izvajamo v kora-
kih, kjer za kalibracijo uporabimo k ∈ {1, . . . , 20} leg tarče. Za vsak k
postopek ponovimo N -krat (naključni izbor in/ali permutacije leg). Ana-
liziramo, kako hitro posamezen algoritem konvergira (kolikšno število leg
je potrebno, da et in er padeta pod izbran prag).

Sklop C: Kalibracija iz ene same lege. Za vsako ponovitev naključno izberemo
eno lego tarče in izvedemo kalibracijo iz enega opazovanja. Postopek
ponovimo večkrat (različne lege, N ponovitev) za oceno robustnosti v
minimalnih pogojih.

Vsak sklop poskusov izvedemo čez več senzorskih konfiguracij (različni LiDAR-ji, raz-
lične kamere) in čez več prostorskih razmerij med senzorjema (različni translacije in orien-
tacije). S tem preverimo vpliv ločljivosti in geometrije na identifikabilnost ter stabilnost
ocene CHL.

6.4 Preliminarni rezultati

V tem razdelku predstavljamo preliminarne rezultate validacije za Sklop A, kjer smo
primerjali predlagano metodo MCO-Calib z dvema referenčnima pristopoma iz literature:
Zhou [14] in Beltran [15]. Eksperimenti so bili izvedeni na treh različnih LiDAR–kamera
konfiguracijah (VLP16–Camera, HDL32E–Camera in HDL64E–Camera), pri čemer smo
uporabili več različnih leg tarče in sistem je bil testiran pri dveh različnih postavitev
senzorjev (P1, P2).

Iz Tabele 4 izhaja, da MCO-Calib v večini primerov doseže najnižje translacijske
napake (5/6 konfiguracij); izjema je P1 z VLP16, kjer je rezultat primerljiv z Zhou [14].
Pri konfiguracijah z višjo ločljivostjo (HDL32E/HDL64E) je znižanje et tipično v razponu
∼ 30–65% glede na najboljši izmed primerjanih pristopov. Rotacijska napaka ostaja v
vseh primerih ≤ 0.28◦; pogosto smo najboljši ali izenačeni, z znano izjemo HDL64 (rahlo
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slabše od Zhou [14]). Opažena je tudi manjša razpršenost rezultatov: standardni odkloni
et pri MCO-Calib so praviloma nižji (približno 2–5mm) kot pri primerjavah (pogosto
6–24mm), kar kaže na boljšo ponovljivost.

Preliminarni rezultati kažejo, da metoda MCO-Calib dosega primerljivo ali boljšo na-
tančnost kot sodobni pristopi, obenem pa ohranja visoko ponovljivost med različnimi
senzorji in konfiguracijami. Posebej izrazite so izboljšave pri sistemih z večjim številom
laserskih kanalov, kjer boljša prostorska pokritost omogoča natančnejšo rekonstrukcijo ro-
bov. Nadaljnji sklopi eksperimentov (B in C) bodo namenjeni analizi hitrosti konvergence
in robustnosti pri manjšem številu opazovanj ter preverjanju delovanja metode v realnih
okoljih.
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 A B S T R A C T

Flexible manufacturing demands automation that is both precise and adaptable. However, tasks such as 
screwdriving are typically automated using costly, rigid robotic cells, making this approach impractical for 
low-volume, high-mix production. As a scalable solution, mobile manipulators offer a flexible alternative, 
but achieving the required precision for screwdriving remains challenging due to localization uncertainties. 
This paper addresses these limitations by presenting a vision-guided mobile robotic manipulation system that 
performs high-precision screwdriving using only monocular RGB imagery. The proposed pipeline integrates 
stationary and onboard cameras with perception algorithms for object identification and segmentation, pose 
estimation, and CAD-based screw hole localization, compensating for base misalignment and object placement 
variability. Experimental validation using ISO 9283 standard’s metrics demonstrates a translational accuracy 
between 0.21 mm and 0.50 mm across multiple screw positions. Additionally, the system achieves angular 
estimation errors as low as 0.07◦ to 0.20◦, verifying its capability for sub-degree precision in orientation 
estimation. In 50 independent experiments involving a total of 400 screw insertions, the system achieved a 
100 % success rate, confirming its reliability in practical conditions. These results confirm the feasibility of 
using RGB-only vision for precision screwdriving and highlight the mobile manipulation system’s scalability 
for real-world semi-structured manufacturing environments.

1. Introduction

Screwdriving is a fundamental component of every assembly process 
in manufacturing [1,2]. Traditionally, these operations have relied on 
manual labor, which is prone to inconsistencies in torque application 
and alignment errors — factors that can compromise manufacturing 
quality. To address these issues and enhance precision, efficiency, 
and consistency, manual operations have increasingly been replaced 
by automated approaches. Despite the benefits of automation, con-
ventional robotic solutions are typically confined to fixed cells with 
dedicated workstations, offering limited flexibility while still incurring 
high costs. However, with the advent of Industry 4.0, the robotics field 
is experiencing a paradigm shift through the emergence of systems 
that integrate mobility with manipulation capabilities [3]. These mo-
bile manipulators represent a transition from traditional mechatronic 
systems to more autonomous and cognitively advanced solutions. Such 
solutions enable automation in manufacturing sectors that produce a 
diverse range of products in low volumes, where the cost of traditional 
automation would otherwise be prohibitively high [4,5]. However, 
automating low-volume production poses significant challenges, since 
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solutions must remain adaptable and robust to unexpected changes [6]. 
By combining the mobility of mobile robots with the dexterity of 
robotic arms, they can perform complex manipulation tasks in diverse 
and dynamically changing work environments. Furthermore, their de-
sign prioritizes safe operation in human-centric settings [7], align-
ing with the broader goals of smart manufacturing and collaborative 
robotics. Especially in flexible, high-mix low-volume manufacturing 
environments, collaborative interaction between humans and robots 
can take multiple forms, including direct cooperation or collaboration, 
spatial coexistence, and sequential task sharing. These scenarios often 
require dynamic task allocation and physical workspace reuse, where 
the boundaries between human and robotic operations are less rigid 
than in traditional fixed automation. As such, ensuring safe and reliable 
operation becomes a fundamental requirement, even when direct phys-
ical collaboration is not present. Modern mobile manipulation systems 
must therefore integrate appropriate safety mechanisms tailored to the 
intended form of interaction, particularly when operating in dynamic or 
partially shared environments. While general robotic assembly strate-
gies have been extensively surveyed [8], few works have addressed 
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the specific challenges of mobile, vision-guided screwdriving in flexible 
production environments.

The integration of mobility to robotic arms introduces a set of 
challenges that extend beyond traditional fixed-base systems [9]. Such 
challenges can be especially prominent in tasks that require precise 
manipulation, where the manipulated object is being perceived and 
grasped given the task requirements [10–12]. For example, in mobile 
manipulation, precise alignment between the robot’s end-effector and 
its environment is often compromised by inherent positioning errors 
of the mobile platform [13]. These errors can lead to deviations from 
a consistent spatial pose, meaning that even when the robot is in-
tended to align with a workstation or part, its actual base may be 
misaligned relative to the fixed world coordinate system. This mis-
alignment complicates the transformation from the robot’s base frame 
to the end-effector’s tool frame, resulting in errors that directly affect 
tasks requiring high precision, such as screwdriving or fine assembly. 
To mitigate these challenges, it is essential to integrate advanced per-
ception and calibration modules that can compensate for these errors, 
ensuring that the end-effector maintains the accuracy necessary for re-
liable manufacturing operations. Such needs highlight how perception 
sensors represent a core component for precise mobile manipulation in 
industrial assembly task.

On that note, we propose a vision-guided mobile robotic manip-
ulation system for performing screwdriving operations in assembly 
processes that require high degree of precision. We demonstrate and 
evaluate the practical applicability of mobile manipulation in real-
world use cases, such as screwdriving, which remains a prevalent 
manual operation requiring high precision and is often distributed 
across multiple workstations — making it a natural candidate for 
automation through mobile robotic systems. The main contributions of 
this paper are as follows.

• We present a comprehensive pipeline for addressing screwdriving 
tasks using mobile manipulation, offering flexibility to accom-
modate variations in the pose of assembly objects to a certain 
extent.

• By integrating a perception algorithm for vision-guided control 
solely based on RGB data, we tackle the challenge of low pose 
repeatability in mobile robots, which inherently arises from local-
ization limitations. While depth sensors have gained popularity 
in robotic perception tasks, our system deliberately adopts a 
monocular RGB-based approach due to its better suitability for 
high-precision screwdriving on metallic parts. RGB cameras offer 
greater flexibility in optical configuration and are not affected 
by depth sensing artifacts common on reflective surfaces. Ad-
ditionally, they enable higher spatial resolution at lower cost, 
supporting the sub-millimeter and sub-degree accuracy required 
for our application.

• The proposed methodology is thoroughly evaluated in terms of 
accuracy and repeatability using standardized metrics. To the best 
of our knowledge, such a comprehensive validation has not been 
previously reported in the context of screwdriving applications.

2. Related work

The related work is categorized into two main segments. Section 2.1 
reviews systems designed to address robotic screwdriving across di-
verse applications, while Section 2.2 examines vision-based methods 
employed to guide robotic screwdriving operations.

2.1. Robotic screwdriving approaches

The challenge of automated robotic screwdriving has long been a 
subject of research [14]. Researchers have approached the problem 
from diverse perspectives, proposing a range of different methodologies 
to address its complexities.

With advancements in robotic hands and their dexterous designs, 
several studies have been presented that explore the manipulation of 
hand-held screwdrivers for performing screwdriving operations [15–
17]. The authors in [17] proposed a backward-chaining force con-
trol strategy for a robotic arm-hand system executing screwdriving. 
Their methodology involved sequential estimation of the screwdriver’s 
pose and applied wrench using visual and kinematic feedback, then 
mapping these parameters through a grasp matrix to achieve precise 
closed-loop control. Another approach where manipulation of a manual 
screwdriver was proposed is [18], where a robotic arm mounts a 
rigidly attached screwdriver onto a pre-installed screw and it tightens 
it. The approach features a two-phase process: a sliding and rotating 
search of the screwdriver tip aided by impedance control to prevent 
slippage, followed by hybrid position/admittance control during screw 
turning. In contrast, automated assembly methods that rely on in-
dustrial screwdrivers have also been developed. The research in [19] 
presented a flexible assembly approach using a 6-DOF robotic arm and 
an intelligent automatic screwdriver, relying on calibration and image-
based part detection for accurate positioning. Meanwhile, [20] focused 
on an unscrewing operation where the robot locates and aligns with 
screws along metal beams, enabling fully automated removal through 
a continuously adaptable learning model. Complementing these ef-
forts, [21] integrate force sensing with a sensor-equipped screwdriver 
to achieve high success rates in automated screw removal from lap-
tops, demonstrating that even under variable conditions, a coordinated 
sensor fusion strategy can deliver reliable performance.

Most of the previously mentioned approaches focus on controlled 
environments, where the uncertainty in the position of threaded holes 
is minimal due to fixed spatial relationships between the robot and 
the workstation. In such setups, both the robot and the parts to be 
manipulated remain static or follow predictable patterns. However, in 
more dynamic scenarios where screwdriving across multiple worksta-
tions is required, the use of mobile manipulators has gained increasing 
attention. Addressing this, authors in [22] proposed a position-based 
visual servoing architecture that synchronizes platform and arm motion 
to perform accurate screw-fastening on moving parts. In addition to 
control-focused approaches, [23] introduced a physics-informed learn-
ing framework that improves screwdriving robustness under hole pose 
uncertainties, emphasizing adaptability in less structured settings. In 
a more application-specific context, authors in [24] developed the 
Autonomous Prism Target Maintenance Robotic System (APTMRS), 
which leverages mobile manipulation for autonomous prism screwing 
and maintenance on large-scale scientific equipment, demonstrating the 
broader potential of mobile manipulators in screw-related tasks beyond 
traditional manufacturing.

While significant research has focused on specific screwdriving 
strategies, less attention has been given to comparing automation 
frameworks in terms of deployment cost and operational efficiency. 
Traditional automation frameworks, such as [15–21] are often built 
around stationary robotic cells, each operating on a dedicated worksta-
tion. While this setup can be highly efficient for large-batch production, 
it becomes cost-inefficient and rigid in low-volume manufacturing 
scenarios, where workstations may remain idle for long periods [25,
26]. In contrast, mobile manipulation frameworks, such as [22–24], 
enable a single robotic system to service multiple workstations, sig-
nificantly improving equipment utilization and amortization of capital 
investment. Moreover, mobile manipulation frameworks can be rapidly 
reconfigured for new additional tasks, such as material transport, 
enhancing both flexibility and cost-effectiveness. These characteristics 
make mobile manipulation a particularly suitable approach for scalable 
automation in modern manufacturing settings with limited production 
volumes and diverse assembly requirements.
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2.2. Vision guidance for screwdriving tasks

Recent advancements in robotic screwdriving increasingly leverage 
advanced computer vision algorithms to detect screw positions and es-
timate precise hole locations for successful insertion. These approaches 
generally fall into two categories: look-and-move, where the robot 
observes the scene, computes a target pose, and then moves without 
further visual feedback, and visual servoing, which uses continuous 
visual feedback to guide the robot in real time during the task.

For look-and-move methods, when the screwdriving operation is 
performed in planar setups, the problem of screw hole estimation 
becomes two-dimensional and is therefore easier to tackle. A few 
approaches have addressed this using standard computer vision tech-
niques to detect and estimate hole positions. For instance, the au-
thors in [21,27] employ vision-based strategies to localize fasteners for 
robotic manipulation. Each method utilizes edge detection and shape 
analysis – hexagon detection in one case and circular hole detection in 
the other – to extract precise target positions.

However, addressing the problem using look-and-move methods be-
comes more challenging in complex scenarios, where environments are 
dynamic and assembly objects do not maintain fixed poses. Such cases 
require the estimation of the full pose of screw holes or screws. To this 
end, most approaches leverage 3D point clouds in combination with 
registration techniques, such as Iterative Closest Point (ICP) [28]. In 
this context, the authors in [24] proposed a method that combines RGB 
and depth data to segment the target object and extract corner features. 
These features are mapped to 3D space for coarse registration using 
random sampling, followed by fine-tuning with ICP to achieve accurate 
and robust pose estimation. Similarly, in [29], the authors proposed 
a vision pipeline that estimates the 6D pose of bolts by combining 
deep learning-based segmentation of both real-world and pre-scanned 
point clouds with a coarse-to-fine registration process to align the full 
motor model to the observed scene. Bolt positions are extracted via 
Density-Based Spatial Clustering of Applications with Noise (DBSCAN) 
clustering [30], which groups spatially dense clusters of points based 
on proximity and minimum neighbor criteria, while labeling sparse 
regions as noise. The orientations are inferred using normal alignment 
and prior knowledge of motor geometry to enable precise robotic 
disassembly. In contrast to point cloud-based approaches, the method 
in [31] uses a binocular vision system to estimate the 6D pose of 
threaded holes directly from image-space ellipses, leveraging a special 
chord of the projected circle to infer position and orientation without 
requiring 3D reconstruction or prior model fitting.

In the context of visual servoing for precise industrial automa-
tion, several notable approaches have been reported in the literature. 
In [22], the authors propose a position-based visual servoing archi-
tecture that coordinates both platform and arm motions to enable 
accurate screw fastening on dynamically moving parts. Complementing 
this, the work in [32] presents a visual servoing strategy for detecting 
and correcting misalignment during screw fastening with a 4-DOF 
robotic system. Similarly, the authors in [33] introduce an image-
based visual servoing framework that incorporates screw detection and 
robotic assembly into a unified and structured workflow.

3. System overview

The robotic system employed in this research consists of several 
components designed to facilitate automated screwdriving and assem-
bly tasks. Built on a mobile robotic platform, the system integrates 
various sensing and actuation elements to ensure precise operation. At 
the core of the mobile manipulator is the MiR 100, an autonomous mo-
bile robot that serves as the primary base for the robotic manipulator. 
Mounted on this platform is the UR 5e, a six-degree-of-freedom (6-DOF) 
robotic arm used for precise manipulation tasks. The robot’s end-
effector, responsible for the screwdriving operation, consists of a Kolver 
PLUTO 6CA industrial screwdriver, paired with a Basler ace 2 A camera 

equipped with an industrial ring-shaped LED light (LRLW100, Wenglor 
GmbH) mounted around the lens to ensure uniform illumination during 
image acquisition. This vision system enables precise hole detection, 
facilitated by a custom computer vision pipeline, described in detail 
in Section 4.2. The mobile manipulator is equipped with an additional 
control computer featuring an Intel Core i7 processor, an NVIDIA RTX 
3060 GPU, and 32 GB of RAM, ensuring sufficient computational power 
for real-time processing. The entire system operates within a dedi-
cated network, to which the workstations involved in the manipulation 
process are connected.

At the workstation where the screwdriving operation takes place, 
a pneumatic gripper is used to grasp the assembly object, which is 
manually placed by the operator. As precise pose estimation of the 
object is critical, two additional Logitech C922 Pro cameras have been 
integrated into the workstation, supplemented with adjustable LED 
panel lights mounted near the cameras to maintain consistent and 
controlled illumination conditions. The synchronization and operation 
of the workstation are managed by an embedded processing unit, 
which is connected to the manipulator’s network, ensuring seamless 
coordination between onboard and on-station components. To support 
this coordination, the system employs a layered communication archi-
tecture centered around a main router inside the mobile manipulator. 
The onboard processing computer and the UR 5e robotic arm are 
both connected via Ethernet to this router, enabling direct TCP/IP 
communication between them. The same router establishes a wireless 
TCP/IP connection to the embedded Raspberry Pi 5 controller on the 
workstation, which interfaces via USB with the on-station cameras and 
via Bluetooth with the LED lighting system. Additionally, the UR 5e and 
the MiR100 base exchange control signals over Ethernet through the 
MiR’s internal router. The representation of the mobile manipulation 
system and the workstation is presented in Fig.  1.

To ensure real-world applicability, the system was designed with 
deployment efficiency and hardware modularity in mind. Once as-
sembled, the pipeline supports rapid re-deployment thanks to pre-
configured software modules. In practical terms, this means that, fol-
lowing hardware mounting and a short calibration process, the system 
can typically be re-deployed within a single working day. Hardware 
choices were informed by practical deployment needs, including me-
chanical compatibility, computational demands, and workspace acces-
sibility. For instance, regular RGB cameras on the workstation and 
the industrial RGB camera with interchangeable optics were chosen 
to ensure consistent performance under variable lighting and reflective 
surfaces — where depth sensors underperform. Likewise, the use of an 
NVIDIA RTX 3060 was dictated by the need to support real-time image 
processing with minimal size constraints, making the system suitable 
for compact mobile platforms. The choice of the screwdriving tool was 
also influenced by geometric constraints, as the selected screwdriver 
needed to provide sufficient clearance to maneuver within the target 
assembly objects without colliding with nearby surfaces or obstructing 
the robot’s motion.

4. Methodology

In this section, we present our overall algorithmic approach for 
vision-guided mobile robotic screwdriving. We first frame the problem 
and outline the pipeline’s main stages — including navigation, object 
identification and segmentation, pose estimation, and screw-hole lo-
calization (Section 4.1). We then detail the perception algorithms for 
slope, height, and hole detection (Section 4.2), followed by the required 
coordinate transformations and calibration procedures to align camera 
and robot frames (Section 4.3).
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Fig. 1. Overview of the components of the proposed system used for addressing the screwdriving problem through mobile manipulation. On the left side of the 
figure is the mobile manipulation system, consisting of a MiR100 mobile platform upgraded with a collaborative UR 5e manipulator. The manipulator is equipped 
with a Kolver PLUTO 6CA industrial screwdriver, a Basler ace 2 A camera, and a Wenglor LRLW100 ring-shaped LED light. On the right side, the workstation 
components are presented, comprising two Logitech C922 Pro RGB cameras, LED panel lights, and a pneumatic gripper holding the assembly object.

4.1. Problem overview

To address the challenge of screwdriving across various worksta-
tions, we propose a comprehensive framework for vision-guided mobile 
manipulators. In the following section, we define the problem and 
outline the overall structure of our framework. An overview of this 
mobile manipulation pipeline is shown in Fig.  2. In the proposed 
deployment scenario, the interaction between the human operator and 
the mobile robot follows a sequential coexistence model, rather than 
physical human–robot collaboration. Specifically, the assembly object 
is manually placed into a workstation gripper by an operator prior to 
the robot’s arrival. Once the object is positioned, the operator vacates 
the area, and the robot autonomously executes its task. Although no 
concurrent physical interaction occurs, robust safety measures are still 
necessary. For this reason, the MiR platform is equipped with 2D safety 
laser scanners, which are configured to immediately halt navigation or 
manipulation in case of unexpected human presence in the vicinity — 
whether during transit or operation.

The robot operates within a well-characterized environment that 
has been previously mapped as an occupancy grid 𝐺 ∈ {0, 1}𝑚×𝑛, where 
each cell indicates whether a location is occupied (1) or free (0). This 
grid is continuously updated using sensor data from newly observed 
scenes and serves as the primary basis for the robot’s localization. 
The robot’s pose at any time is defined relative to the map’s global 
coordinate frame as 𝐩(𝑡) = [𝑥(𝑡), 𝑦(𝑡), 𝜃(𝑡)]⊤, where 𝑥(𝑡) and 𝑦(𝑡) rep-
resent the position coordinates and 𝜃(𝑡) represents the orientation. At 
the start of each operational cycle, the robot receives a goal pose 𝐩goal, 
corresponding to the workstation where the screwdriving task will be 
executed. Once the goal is set, the robot begins its autonomous navi-
gation toward the designated target pose. As it approaches the vicinity 
of the workstation, the robot initiates a precise docking maneuver by 
leveraging an integrated physical marker mounted on the workstation.

Simultaneously, to improve cycle efficiency, two on-station cameras 
capture images to identify and segment the assembly object designated 
for screwdriving. Since the object is manually placed by an operator 
in the pneumatic gripper on the workstation, its pose is inherently 
uncertain and variable across cycles, meaning that even small estima-
tion errors can compromise the precision required for the screwdriving 
process. To address this, the segmentation output 𝑆 combined with 
the object identification data is used to refine the pose estimation. In 

particular, a tilt estimation algorithm is applied along two orthogonal 
axes (roll and pitch), yielding tilt angles 𝛼 and 𝛽. Additionally, a height 
estimation is performed to accurately determine the object’s vertical 
position. These measurements – tilt angles 𝛼 and 𝛽 and height ℎ – 
are then communicated to the robot’s control system, enabling precise 
alignment with the object’s plane on which the screwdriving operation 
is being executed.

Once the refined pose data is received, the robot adjusts its initial 
pose to achieve precise alignment with the object’s plane. With this 
alignment in place, the robot’s end-effector camera acquires an image of 
the object. Image processing techniques are then applied to detect the 
screw holes intended for the screwdriving task. The metric locations 
of these holes are estimated by aligning the acquired image with 
the information from object’s CAD model, which serves as a priori 
geometric information. Once the locations of the holes are provided to 
the robot, the robotic manipulator performs the screwdriving operation.

4.2. Perception algorithms

Our perception algorithms can be categorized into two main sec-
tions. The first focuses on utilizing images captured by stationary 
cameras to identify and estimate the precise pose of an object. The 
second involves the on-robot camera, which captures image of the 
object’s plane where the robot performs the screwdriving operation. 
From this image, we detect and estimate the positions of the holes. In 
the following section, we will present the methodology behind these 
algorithms.

4.2.1. Object identification and pose estimation
The proposed algorithm estimates the slope (𝜃) and height (ℎ) of 

an object from an image 𝐼 ∈ R𝐻×𝑊  using edge detection and least-
squares fitting techniques. The method consists of five main steps: 
object detection, region-of-interest extraction, edge localization, slope 
estimation, and height computation, as presented in Fig.  3.

As outlined in Algorithm 1, we first apply a YOLOv8-based detec-
tor [34] to the input image 𝐼 , which returns the identified object’s class 
label, a bounding box 𝐵, and a binary mask 𝑀 . The class label will later 
be utilized in the CAD-model registration step. Next, we use 𝐵 to crop 
𝐼 and extract the region of interest 𝐼ROI, effectively isolating the object 
for all subsequent analyses.
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Fig. 2. Overview of the proposed mobile manipulation pipeline for robotic screwdriving tasks. The process begins with navigation of the mobile manipulator 
toward the workstation based on the goal position and grid map. Upon arrival, it performs precise docking. In parallel with navigation and docking procedures, 
object identification, segmentation, and pose estimation are performed using the on-station camera setup. The estimated object pose parameters are used for 
robot manipulator pose correction. The manipulator’s on-arm camera then captures images of the assembly object for detecting screw holes. These detected hole 
positions are registered with the a priori CAD model of the object to obtain precise screwdriving locations. Finally, the robot executes screwdriving operations 
at the calculated positions.

Next, edge localization is performed to determine the object’s 
boundaries. The algorithm processes scan lines within 𝐼ROI (either hor-
izontally or vertically) and evaluates the intensity function 𝐼(𝑝) along 
each scan line. The gradient 𝐺(𝑝) is computed to identify significant 
intensity changes, and the position of maximum gradient, denoted as 
𝑝∗, is recorded as an edge coordinate (𝑥𝑖, 𝑦𝑖). This process is repeated 
across multiple scan lines, producing a set of detected edge points 
{(𝑥𝑖, 𝑦𝑖)}𝑁𝑖=1.

To estimate the slope of the object, a least-squares line fitting 
method is applied to the detected edge points (𝑥𝑖, 𝑦𝑖). This fitting 
process determines the optimal slope (𝑚∗) and intercept (𝑐∗) of the best-
fit line. The slope is converted into an angle (𝜃), which is further refined 
by applying a calibration offset 𝛿cal to obtain the final calibrated slope 
𝜃cal.

For height estimation, the algorithm selects a vertical slice (𝑆) near 
the center of the bounding box (𝐵). For each column 𝑥 ∈ 𝑆, the 
same gradient-based edge detection approach is used to determine the 
corresponding edge position (𝑦∗𝑥). The average edge position, 𝑦̄, is then 
computed and mapped to a physical height using predefined calibration 
parameters 𝑘1 and 𝑘2) and a reference coordinate (𝑦ref ).

Finally, the algorithm outputs the estimated calibrated slope (𝜃cal) 
and height (ℎ), providing key geometric information about the detected 
object. Visualization of the algorithm is presented in Fig.  3. The process 
of obtaining the calibration offset is presented in Section 4.3.

To reduce the manual annotation burden during training of the 
segmentation model, we introduce a one-click label-propagation tool 
that enables rapid dataset generation. A detailed description of this tool 
is provided in Appendix.

4.2.2. Holes detection and position estimation
To address the detection and pose estimation of screwdriving holes, 

we first apply circle detection to the captured image, extracting 2D 
hole centers and radii. These detections are then registered to the 

Algorithm 1 Slope and Height Estimation Algorithm
1: Input: Image 𝐼 ∈ R𝐻×𝑊 , configuration parameters 𝛩 (e.g., 
calibration offsets, edge direction) 

2: Output: Estimated slope 𝜃 and height ℎ
3: Step 1: Object Detection 
4:  𝐿,𝐵, 𝑀 ← Detector(𝐼) (where 𝐿 is the class label, 𝐵 is the 
bounding box, 𝑀 is a binary mask)

5: Step 2: Region of Interest Extraction 
6:  𝐼ROI ← 𝐼[𝐵]
7: Step 3: Edge Localization via Gradient Analysis 
8: for each scan line in 𝐼ROI do 
9: Convert to grayscale if needed, then define intensity function 𝐼(𝑝)

10: Compute the gradient: 𝐺(𝑝) = |𝐼(𝑝 + 1) − 𝐼(𝑝)|, 𝑝 ∈ scan line
11: Find the max gradient position: 𝑝∗ = argmax𝑝 𝐺(𝑝)
12: Record edge coordinates (𝑥𝑖, 𝑦𝑖) at 𝑝∗
13: end for
14:  (Let {(𝑥𝑖, 𝑦𝑖)}𝑁𝑖=1 be the collected edge points)
15: Step 4: Slope Estimation (Least-Squares Line Fitting) 
16: Solve: min𝑚,𝑐

∑𝑁
𝑖=1(𝑦𝑖 − (𝑚𝑥𝑖 + 𝑐))2

17: Compute 𝜃 = arctan(𝑚∗)
18: Apply calibration: 𝜃cal = 𝜃 + 𝛿cal
19: Step 5: Height Estimation 
20: Define vertical slice 𝑆 near the center of 𝐵
21: for each column 𝑥 ∈ 𝑆 do 
22: Repeat gradient analysis to find 𝑦∗𝑥
23: end for
24: Compute average edge position: 𝑦̄ = 1

|𝑆|
∑

𝑥∈𝑆 𝑦∗𝑥
25: Convert to physical height: ℎ = 𝑘1(𝑦ref − 𝑦̄) + 𝑘2
26: return 𝜃cal, ℎ
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Fig. 3. Overview of the stationary-camera pose estimation pipeline. Starting from RGB images captured by the on-station cameras, a YOLOv8-based detector 
segments and identifies the object, then extracts a bounding box and mask. Within this region of interest, scan-line gradient analysis localizes edge points, which 
are then fitted with a least-squares line to compute the object’s tilt angle 𝜃. Finally, a vertical slice near the bounding-box center is processed via gradient detection 
to find the mean edge position, which is converted — using calibration parameters — into a height estimate h.

corresponding CAD model via a modified Iterative Closest Point (ICP) 
algorithm that integrates CAD-derived priors. The appropriate CAD 
reference is automatically selected based on the object’s class label 
output by the YOLOv8 detector in the previous stage of the pipeline.

The input image is first converted to grayscale and binarized, and 
then a Gaussian blur is applied to reduce noise. The circular features 
(i.e., screwdriving holes) are detected using a Hough transform-based 
method [35]. The detected circles are represented by their center 
coordinates in the homogeneous form 𝐩̃𝐢 = [𝑥𝑖, 𝑦𝑖, 1]𝑇  and radii 𝑟𝑖. 
Corresponding to the object used in the ongoing cycle, a set of reference 
hole coordinates is extracted from a pre-stored CAD model, augmented 
to homogeneous coordinates, defined as 𝐪̃𝐢 = [𝑥𝐶𝐴𝐷𝑖 , 𝑦𝐶𝐴𝐷

𝑖 , 1]𝑇 .
The ICP alignment stage refines the initial correspondence between 

the detected hole centers and the CAD model points through iterative 
affine transformations. In the implementation, the moving (detected) 
points are first pre-transformed using a scaling factor and translation to 
approximately center them in the image domain. Specifically, a scaling 
and a translation corresponding to the image center are applied: 

𝐩̃(0)𝑖 = 𝐓𝐢𝐧𝐢𝐭 ⋅ 𝐩̃𝑖, (1)

where 𝐓𝐢𝐧𝐢𝐭 denote the initial transformation used.
The iterative process then follows few steps. First, for each iteration, 

a bijective correspondence is established between the reference CAD 
points {𝐪̃𝑖} and the current set of moving (detected) points {𝐩̃(𝑘)𝑖 } by 
minimizing the squared Euclidean distance, 

𝑗(𝑘)𝑖 = argmin
𝑗

‖‖‖𝐪̃𝑖 − 𝐩̃(𝑘)𝑗
‖‖‖
2
, (2)

where 𝑗(𝑘)𝑖  denotes the index of the moving (detected) point that is 
closest – in the least-squares sense – to the 𝑖th CAD reference point 
at iteration 𝑘.

Once a pair is matched, its distances are set to infinity to enforce 
a one-to-one mapping. Next, using the established correspondences, an 
affine transformation 𝐓(𝐤) is computed. This transformation comprises 
rotation, scaling, translation, and shear, and is estimated by computing 
the centroids

𝐜𝑞 =
1
𝑁

𝑁∑
𝑖=1

𝐪̃𝑖, 𝐜(𝑘)𝑝 = 1
𝑁

𝑁∑
𝑖=1

𝐩̃(𝑘)𝑖 ,

estimating the rotation angle 𝜃 from the average angular difference 
between the vectors 𝐪̃𝑖 − 𝐜𝑞 and 𝐩̃(𝑘)𝑖 − 𝐜(𝑘)𝑝 , determining a uniform scale 

factor 𝑠 by comparing the mean distances from the centroids as: 

𝐬 =
1
𝑁

∑𝑁
𝑖=1

‖‖‖𝐩̃𝑖 − 𝐜𝑝
‖‖‖

1
𝑁

∑𝑁
𝑖=1

‖‖‖𝐪̃𝑖 − 𝐜𝑞
‖‖‖
, (3)

and computing the translation as 𝐜𝑞 − 𝐜(𝑘)𝑝 . Thus, the estimated transfor-
mation matrix can be written as 

𝐓(𝑘) = 𝐓trans ⋅
(
𝐓back ⋅ 𝐑(𝜃) ⋅ 𝐓to-center

)
⋅ 𝐓scale, (4)

where the individual matrices are constructed from the estimated pa-
rameters as follows:

• 𝐓𝐬𝐜𝐚𝐥𝐞: the scaling matrix, which applies independent scaling fac-
tors along the 𝑥 and 𝑦 axes,

𝐓scale =
⎡⎢⎢⎣

𝑠𝑥 0 0
0 𝑠𝑦 0
0 0 1

⎤⎥⎥⎦
,

where 𝑠𝑥 and 𝑠𝑦 are estimated from the ratio of average distances 
of the moving and reference points to their respective centroids.

• 𝐓𝐭𝐨−𝐜𝐞𝐧𝐭𝐞𝐫 : the translation matrix that shifts the coordinate system 
so that the rotation is performed around the centroid (𝑥𝑐 , 𝑦𝑐 ),

𝐓to-center =
⎡
⎢⎢⎣

1 0 −𝑥𝑐
0 1 −𝑦𝑐
0 0 1

⎤
⎥⎥⎦
.

• 𝐑(𝜽): the rotation matrix, which rotates the points by an angle 𝜃
(computed as the average angular difference between correspond-
ing vectors),

𝐑(𝜽) =
⎡⎢⎢⎣

cos 𝜃 − sin 𝜃 0
sin 𝜃 cos 𝜃 0
0 0 1

⎤⎥⎥⎦
.

• 𝐓𝐛𝐚𝐜𝐤: the inverse translation that repositions the points back to 
the original coordinate system after rotation,

𝐓back =
⎡⎢⎢⎣

1 0 𝑥𝑐
0 1 𝑦𝑐
0 0 1

⎤⎥⎥⎦
.
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• 𝐓𝐭𝐫𝐚𝐧𝐬: the translation matrix that applies an overall translation 
(𝑡𝑥, 𝑡𝑦) to the points,

𝐓trans =
⎡⎢⎢⎣

1 0 𝑡𝑥
0 1 𝑡𝑦
0 0 1

⎤⎥⎥⎦
.

The moving points are then updated by applying the computed trans-
formation:

𝐩̃(𝑘+1)𝑖 = 𝐓(𝐤) ⋅ 𝐩̃(𝑘)𝑖 ,

and the alignment error is quantified as the root mean square (RMS) 
difference between the corresponding point pairs: 

e(𝑘) =

√√√√ 𝑁∑
𝑖=1

‖‖‖𝐪̃𝑖 − 𝐩̃(𝑘)𝑖
‖‖‖
2
. (5)

If the incremental change in the affine transformation (evaluated by 
comparing 𝐓(𝐤) with the identity transformation) is below a specified 
threshold 𝜖 yet the error remains high (e.g., e(𝑘) ≥ 100), a corrective 
rotation is applied around the current centroid using an angle of 2𝜋𝑁  to 
help overcome local minima. The iterative loop terminates when either 
the change in transformation parameters falls below 𝜖 or the maximum 
number of iterations is reached. All computed transformation matrices 
are compounded as 

𝐓𝐟 𝐢𝐧𝐚𝐥 = 𝐓𝐢𝐧𝐢𝐭 ⋅
𝐾∏
𝑘=1

𝐓(𝐤), (6)

yielding the final affine transformation. Finally, a distance matrix is 
computed between the transformed reference points and the moving 
points. If any correspondence exhibits a sum of absolute differences that 
exceeds a threshold (based on the mean plus an offset), that point is 
considered an outlier and removed. The ICP process is then recursively 
re-applied on the reduced set of correspondences to further refine the 
transformation.

After convergence, the final transformation 𝐓𝐟 𝐢𝐧𝐚𝐥 is applied to the 
CAD points. The result is a set of transformed points in pixel coordi-
nates: 
𝐪trans𝑖 = 𝐓𝐟 𝐢𝐧𝐚𝐥 ⋅ 𝐪̃𝑖. (7)

A scale factor is computed by comparing a known inter-point dis-
tance in the CAD model with the corresponding distance in the trans-
formed image domain. This factor converts the pixel measurements to 
real-world dimensions (in millimeters): 

𝑓 =
dCAD
dpixels

, (8)

so that the final pose in millimeters is given by 
𝐪mm𝑖 = 𝑓

(
𝐪trans𝑖 − 𝐜img

)
, (9)

where 𝐜img denotes the image center.

4.3. Transformations and calibration procedures

To formally describe the transformations between coordinate frames 
and the calibration procedures for specific system components, we 
provide Fig.  5, which defines the reference frames and the associated 
transformations. For the calibration process, two critical calibrations 
must be performed with high precision to ensure accurate system 
operation.

4.3.1. Calibration of the angular offset
The calibration procedure involves determining the angular offset 

required to transform angles from the camera coordinate frames to the 
workstation coordinate frame. When the side cameras capture an image 
and compute the angle using the methods described in Section 4.2.1, 
the resulting angle is expressed in the local frame of either CS𝐶1 or 
CS𝐶2, depending on the camera. However, to be meaningful for the 

robot manipulator, this angle must be represented in the workstation 
coordinate frame CS𝑊𝑆 , which has been pre-taught to the robot.

To estimate the angular offset, we capture 𝑁 images of the object, 
each with a distinct pose. For these 𝑁 instances, we also measure the 
corresponding angles relative to CS𝑊𝑆 using a high-precision digital 
inclinometer with angular resolution of 0.1◦. Let 𝛼𝐶𝑗 ,𝑖 be the angle 
measured in the 𝑗th camera’s coordinate frame (𝑗 ∈ {1, 2}) and 𝛼𝑊𝑆,𝑖
the angle measured in CS𝑊𝑆 for the 𝑖th image. The calibration offset 
for camera 𝑗, denoted 𝛿𝑗 , is then calculated as the average difference 
across all 𝑁 measurements: 

𝛿𝑗 =
1
𝑁

𝑁∑
𝑖=1

(
𝛼𝑊𝑆,𝑖 − 𝛼𝐶𝑗 ,𝑖

)
for 𝑗 ∈ {1, 2}. (10)

This procedure yields two distinct calibration offsets, one for each 
camera, ensuring that angles derived from either CS𝐶1 or CS𝐶2 can be 
accurately transformed into the workstation’s coordinate frame CS𝑊𝑆 .

4.3.2. Calibration of the transformation between the camera and the screw-
driver

Accurate knowledge of the transformation between the camera and 
the screwdriver is essential for precise operation. While initial estimates 
were obtained from dimensions in the CAD model of the tool interface, 
this method is inherently prone to error. In tasks such as screwdriving, 
even minor inaccuracies in the transformation can significantly de-
grade system performance. To address this issue and enhance precision, 
we propose a calibration method based on the optimization of static 
transformations.

We define 𝐹𝐇𝐶 , 𝐹𝐇𝑇𝐶𝑃 ∈ 𝑆𝐸(3) as shown in Fig.  5, representing the 
static transformations from the robot’s flange frame 𝐶𝑆𝐹  to the camera 
frame 𝐶𝑆𝐶 and the tool center point 𝐶𝑆𝑇𝐶𝑃 , respectively. Since both 
the camera and the screwdriver are rigidly attached to the end-effector, 
these transformations remain constant during operation.

The transformation from the camera frame to the screwdriver frame, 
denoted 𝐶𝐇𝑇𝐶𝑃 , can be computed as: 
𝐶𝐇𝑇𝐶𝑃 = 𝐹𝐇 −1

𝐶 ⋅ 𝐹𝐇𝑇𝐶𝑃 . (11)

To calibrate this transformation, a set of target points is selected within 
the robot’s workspace such that they are visible to the camera and 
reachable by the screwdriver. For each calibration instance 𝑖, two data 
points are recorded: 𝐩(𝑖)𝑐 ∈ R3, the point expressed in the camera frame, 
and 𝐩(𝑖)𝑇𝐶𝑃 ∈ R3, the corresponding point in the screwdriver’s frame, 
obtained through touch-based positioning.

The objective is to optimize the transformations 𝐹𝐇𝐶 and 𝐹𝐇𝑇𝐶𝑃
such that the points observed in the camera frame, when transformed 
into the screwdriver’s frame, align as closely as possible with their 
corresponding measured positions. To achieve this, we introduce a 
scalar cost 𝐽 and write the estimation in a single optimization: 
( 𝐹𝐇𝐶 , ̂𝐹𝐇𝑇𝐶𝑃 ) = arg min

𝐹𝐇𝐶 , 𝐹𝐇𝑇𝐶𝑃
𝐽
(𝐹𝐇𝐶 ,

𝐹𝐇𝑇𝐶𝑃
)
,

𝐽
(𝐹𝐇𝐶 ,

𝐹𝐇𝑇𝐶𝑃
)

=
𝑛∑
𝑖=1

‖‖‖‖‖
𝐹𝐇−1

𝑇𝐶𝑃 ⋅ 𝐹𝐇𝐶 ⋅
[
𝐩(𝑖)𝑐
1

]
−

[
𝐩(𝑖)𝑠
1

]‖‖‖‖‖

2

.
(12)

This optimization minimizes the discrepancy between the predicted 
screwdriver positions and the ground-truth measurements. The trans-
formation parameters are estimated using a nonlinear least-squares 
solver based on the Levenberg–Marquardt method.

5. Experiments

To evaluate the performance of the proposed pipeline, we cate-
gorized the experiments into several groups and carried them out on 
two test objects — Assembly Object 1 and Assembly Object 2 — both 
depicted in Fig.  6. While the number of evaluated objects is limited, 
Assembly Objects 1 and 2 were deliberately selected to reflect different 
geometric features and practical screwdriving constraints commonly 
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Fig. 4. Overview of the pipeline for screw-hole detection and CAD-based position estimation. The end-effector camera image is first preprocessed (grayscale, 
binarization, Gaussian blur) and then analyzed with a Hough-transform circle detector to yield 2D hole centers and radii. A corresponding set of reference 
hole coordinates is extracted from the part’s CAD model. These detected and reference points undergo an iterative affine alignment – establishing one-to-one 
correspondences and solving for rotation, scaling, and translation at each iteration – until convergence. The final composite transformation maps CAD hole 
locations into image space, enabling conversion to real-world coordinates via a computed scale factor.

Fig. 5. Definition of all relevant coordinate systems (CS) and spatial transformations (𝐇) used for system calibration and task execution. The coordinate systems 
are defined as follows: CS𝐵 denotes the base frame of the robot manipulator, CS𝑀 the base frame of the mobile platform, CS𝐹  the robot’s flange frame, CS𝐶 the 
camera mounted on the robot, CS𝑇𝐶𝑃  the tool center point (TCP) of the screwdriving tool, CS𝑊𝑆 the local frame of the workstation, and CS𝐶1 and CS𝐶2 the frames 
of the cameras mounted on the workstation. The associated transformations are defined as follows: 𝐹𝐇𝐶 represents the transformation from the robot’s flange 
to the camera frame, 𝐹𝐇𝑇𝐶𝑃  the transformation from the flange to the tool’s TCP, and 𝐵𝐇𝐹  the transformation from the robot’s base to its flange. Additional 
transformations are defined analogously where applicable.

Robotics and Computer-Integrated Manufacturing 98 (2026) 103148 

8 

35



A. Stefanov et al.

encountered in high-mix, low-volume production. Both objects require 
screwdriving operations but differ significantly in terms of physical 
layout and hole placement. These variations allowed us to validate the 
generality of the proposed perception and calibration pipeline across 
distinct object geometries. As such, this evaluation serves as a rep-
resentative principle toward broader applicability in diverse high-mix 
scenarios.

The first set of experiments focuses on assessing the segmentation 
capabilities of the perception algorithm. Since segmentation is the 
initial step in the perception pipeline, its accuracy is critical for the 
overall success of the system. Therefore, we evaluate the segmentation 
performance using the Intersection over Union (IoU) metric.

The second and third groups of experiments involve the use of the 
OptoTrak Certus motion capture system. The second group aims to 
assess the accuracy of angle estimation algorithm described in Sec-
tion 4.2.1. The third group evaluates the overall performance of the 
complete pipeline by measuring the overall accuracy of the screw-
driving task. Since this evaluation targets the end-to-end execution 
accuracy of the entire system, it inherently reflects the combined influ-
ence of various upstream factors (such as perception errors, calibration 
offsets, and uncertainties in the robot’s kinematics) without performing 
a separate analysis of how each factor individually contributes to the 
overall error. Specifically, we assess how accurately and repeatably 
the screwdriver reaches the target locations (the holes to be screwed). 
The evaluation metrics used for this purpose are described in detail in 
Section 5.3. In addition to these quantitative accuracy and repeatabil-
ity metrics, we conducted consecutive screwdriving experiments with 
randomized object poses to record the task success rate.

The remainder of this section is structured as follows: the exper-
imental setup is presented in Section 5.1, followed by the transla-
tional evaluation metrics in Section 5.3, the orientation evaluation 
metric in Section 5.2, and finally, the evaluation protocol is detailed 
in Section 5.4.

5.1. Measurement setup and procedure

For the second and third sets of experiments, we employed the 
OptoTrak Certus motion capture system. In our system, we used two 
sets of linear CCD cameras positioned orthogonally to each other to 
track the 3D positions of infrared markers with submillimeter precision 
(±0.15mm 1D error at a distance of 2.25 m). However, it needs to be 
noted that the OptoTrak system exhibits reduced accuracy along its 
optical depth axis (denoted 𝑧opt), particularly when the tracked markers 
are tilted relative to the camera plane. This characteristic must be 
considered when interpreting measurements in configurations where 
markers are viewed at non-perpendicular angles, as it can introduce 
anisotropic error distributions in the recorded 3D positions. In our 
case, the markers were attached to the robot, the workstation, and the 
assembly objects.

The second set of experiments focused on evaluating the accuracy of 
the angle estimation algorithm and was conducted using two different 
assembly objects equipped with markers, as shown in Fig.  6. Since the 
angles are estimated relative to the workstation’s coordinate system 
(CS𝑊𝑆 , see Fig.  5), it was necessary to define this reference frame for 
evaluation. To achieve this, we mounted four infrared markers (𝑀1, 
𝑀2, 𝑀3, 𝑀4) on the pneumatic gripper. These markers enabled us 
to define coordinate frame CS𝑊𝑆 , thereby providing a reference for 
validating the estimated angles.

For the third set of experiments, which aimed to evaluate the overall 
accuracy and repeatability of the complete screwdriving pipeline, only 
Assembly Object 1 was utilized. Assembly Object 2 was excluded due 
to physical constraints, as the screwdriving surface was located within 
a recessed area, leaving less than 1 mm of clearance for the Opto-
Trak Certus touch probe. This made it nearly impossible to maneuver 
the probe without risking collisions with the object’s vertical walls, 
thus preventing accurate and repeatable measurements. To assess the 

accuracy of the screwdriving process, the industrial screwdriver was 
replaced with an OptoTrak Certus touch probe. This probe estimates 
the position of the contact point using four integrated infrared markers 
(𝑀15, 𝑀16, 𝑀17, 𝑀18), as shown in Fig.  6. Based on the four markers, 
calibration was performed in order to constantly and accurately track 
the pose of the contact point.

5.2. Orientation evaluation metrics

To evaluate the orientation accuracy of the angle estimation
pipeline, we compute the angular deviation of planes defined by 
groups of markers affixed to both the object and the workstation. The 
evaluation procedure was carried out using both objects illustrated in 
Fig.  6. Orientation evaluation is based on estimating the normal vectors 
of these marker-defined planes and comparing them against a reference 
coordinate system derived from the known marker layout.

The setup involved markers 𝑀1 to 𝑀14, as shown in Fig.  6. Since 
data was recorded over an entire cycle and the affixed markers re-
mained static during the experiments, the mean position 𝑀𝑖 of each 
marker was computed to mitigate the impact of noise and ensure robust 
positional estimates: 

𝑀𝑖 =

(
1
𝑁

𝑁∑
𝑘=1

𝑥(𝑘)𝑖 , 1
𝑁

𝑁∑
𝑘=1

𝑦(𝑘)𝑖 , 1
𝑁

𝑁∑
𝑘=1

𝑧(𝑘)𝑖

)
, (13)

where 𝑁 is the total number of recorded frames.
These averaged marker positions were then transformed into a local 

coordinate frame defined by markers 𝑀1, 𝑀2, and 𝑀3, using the 
procedure described in Section 5.3. This results in a local reference 
frame with axes 𝐱̂, 𝐲̂, and 𝐳̂.

The following explanation focuses on object 1, with object 2 being 
processed analogously using a different set of markers. Two planes are 
defined using triplets of markers: the first plane is formed by 𝑀6, 𝑀7, 
and 𝑀8, and the second by 𝑀5, 𝑀9, and 𝑀10. Although the definition 
of a single plane suffices for evaluation, two planes are used as a 
redundancy to account for possible noise or occlusion affecting some 
markers.

For each plane, we calculate two vectors from a central marker, and 
then compute the cross product to obtain the normal vector: 

𝐯7→8 = 𝑀8 −𝑀7, 𝐯7→6 = 𝑀6 −𝑀7, 𝐧678 = 𝐯7→8 × 𝐯7→6. (14)

An analogous procedure is applied to the second plane to compute 
𝐧5910. To evaluate the orientation of these planes with respect to the 
local 𝐱̂ and 𝐲̂ axes, we project the normal vectors onto vectors encoding 
the reference directions. The projections are computed as: 
𝑝𝑟𝑜𝑗𝑥 = 𝐧678 ⋅ 𝐝𝐱 ,
𝑝𝑟𝑜𝑗𝑦 = 𝐧678 ⋅ 𝐝𝐲 ,

(15)

where 𝐝𝐱 = [1, 0, 𝑥̂𝑧] and 𝐝𝐲 = [0, 1, 𝑦̂𝑧] represent the local reference 
directions with respect to the 𝑥 and 𝑦 axes.

From these projections, the angles between the normal vector and 
the reference axes are calculated as: 

𝜃𝑟𝑒𝑓 ,𝑥 = cos−1
(

𝑝𝑟𝑜𝑗𝑥
‖𝐧678‖‖[1, 0, 𝑥̂𝑧]‖

)
,

𝜃𝑟𝑒𝑓 ,𝑦 = cos−1
( 𝑝𝑟𝑜𝑗𝑦
‖𝐧678‖‖[0, 1, 𝑦̂𝑧]‖

)
.

(16)

The resulting angles 𝜃𝑟𝑒𝑓 ,𝑥 and 𝜃𝑟𝑒𝑓 ,𝑦 represent the ground truth 
orientation with respect to the 𝑥 and 𝑦 axes, respectively. These are 
compared to the angles 𝜃𝑐𝑎𝑙,𝑥 and 𝜃𝑐𝑎𝑙,𝑦 obtained from the perception 
algorithm described in Section 4.2.1. The absolute angular errors are 
computed as: 
𝛥𝜃𝑥 = |𝜃𝑐𝑎𝑙,𝑥 − 𝜃𝑟𝑒𝑓 ,𝑥|,
𝛥𝜃𝑦 = |𝜃𝑐𝑎𝑙,𝑦 − 𝜃𝑟𝑒𝑓 ,𝑦|.

(17)
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Fig. 6. Measurement setup using two OptoTrak Certus acquisition systems positioned orthogonally to capture the 3D positions of infrared markers with high 
precision. Marker placement was as follows: 𝑀1–𝑀4 on the pneumatic gripper mounted on the workstation, 𝑀5–𝑀10 on Assembly Object 1, 𝑀11–𝑀14 on Assembly 
Object 2, and 𝑀15–𝑀18 on the OptoTrak Certus touch probe.

5.3. Translation evaluation metrics

To evaluate the overall success of the screwdriving pipeline we as-
sess the accuracy and repeatability of the end-effector position between 
the reference position and the attained position of the end-effector in 
each experiment. The performance metrics were assessed according 
to ISO 9283 standard (Manipulating industrial robots — Performance 
criteria and related test methods) [36].

The position accuracy is defined as the deviation between the 
reference position and the mean value of the attained positions when 
the end-effector touches the screwdriving hole. The position accuracy 
is determined by the distance between the reference position and the 
barycenter of the cluster of attained positions. The position accuracy is 
then expressed by the following equation 

𝛥𝐿 =
√

(𝑥 − 𝑥𝑐 )2 + (𝑦 − 𝑦𝑐 )2 + (𝑧 − 𝑧𝑐 )2, (18)

where (𝑥, 𝑦, 𝑧) are the coordinates of the cluster barycenter, obtained 
by averaging the 𝑁 measurement points, assessed when repeating 
the motions into the same reference position 𝑂𝑐 with coordinates 
(𝑥𝑐 , 𝑦𝑐 , 𝑧𝑐 ).

For the same series of measurements, we calculate the position 
repeatability. The position repeatability expresses the closeness of the 
positions of the 𝑁 attained positions when repeating the robots mo-
tion into the same reference position. The position repeatability is 
determined by the radius of the sphere 𝑟 whose center is the cluster 
barycenter. The radius is defined as 

𝑟 = 𝐷 + 3𝑆𝐷, (19)

where, 𝐷 and 𝑆𝐷 are defined as 

𝐷 = 1
𝑁

𝑁∑
𝑗=1

𝐷𝑗

𝐷𝑗 =
√

(𝑥𝑗 − 𝑥)2 + (𝑦𝑗 − 𝑦)2 + (𝑧𝑗 − 𝑧)2

𝑆𝐷 =

√∑𝑁
𝑗=1(𝐷𝑗 −𝐷)2

𝑛 − 1
.

(20)

In the OptoTrak Certus system, each pose of the touch probe is 
expressed in a global (world) coordinate frame defined within the 
system’s field of view. However, because the assembly object changes 
its position and orientation in each experiment, the probe’s global 
pose will not match the original global reference pose. To evaluate 
the metrics – which require the robot’s end-effector to consistently 
reach the same reference point in each experiment – it is necessary to 
transform both the newly acquired pose and the reference pose into 
a local coordinate frame that remains fixed to the moving assembly 
object. This transformation is essential, as it is the only way to ensure 
meaningful comparison and reliable assessment of the application’s 
accuracy and repeatability.

In order to establish a local coordinate frame for evaluating the 
screwdriving precision, three markers affixed to the assembly object 
(markers 𝑀6, 𝑀7, 𝑀8) were utilized. Each marker is represented by its 
global coordinate vector 𝑀⃗𝑖 = [𝑥𝑖, 𝑦𝑖, 𝑧𝑖]𝑇  for 𝑖 = 6,7,8. The local 𝐱̂-axis 
is defined as 

𝐱̂ =
𝑀⃗6 − 𝑀⃗7

‖𝑀⃗6 − 𝑀⃗7‖
. (21)
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With utilization of the obtained 𝐱̂ axis, we consequently define the local 
𝐲̂ and 𝐳̂ axis as follows 

𝐲̂ =
(𝑀⃗8 − 𝑀⃗7) × 𝐱̂

‖(𝑀⃗8 − 𝑀⃗7) × 𝐱̂‖
, 𝐳̂ = 𝐱̂ × 𝐲̂. (22)

For the origin of the coordinate frame, we choose 𝑡⃗ = 𝑀⃗7. Thus, the 
homogeneous transformation matrix that converts coordinates from the 
local to the global frame is 

𝐓 =
[

𝐑 𝑡⃗
𝟎1×3 1

]
,𝐑 =

[
𝐱̂ 𝐲̂ 𝐳̂

]
. (23)

The established matrix 𝐓 is then utilized for transforming the global 
points into the local coordinate system as 

𝐩local = 𝐓−1𝐩global. (24)

5.4. Evaluation protocol

The evaluation is structured into three sets of experiments, each 
targeting a specific aspect of the proposed pipeline.

The first set focuses on assessing the segmentation performance of 
the perception algorithm by computing the Intersection over Union 
(IoU) metric. A total of 60 experiments were conducted – 30 per
object – where the segmentation masks generated by the algorithm 
were compared against manually annotated ground truth masks.

The second set of experiments evaluates the accuracy of the angle 
estimation algorithm, based on the orientation metrics described in 
Section 5.2. A total of 40 experiments were performed, with 15 ran-
domized object poses evaluated for object number 1 and 25 for object 
number 2.

The third and final set of experiments assesses the overall per-
formance of the complete pipeline by measuring the accuracy and 
repeatability of the screwdriving task, as defined in Section 5.3. This 
evaluation comprises 20 consecutive experiments. In each experiment, 
the entire pipeline is executed as outlined in Section 4.1, with the object 
placed in a randomized pose for every cycle. During the experiments, 
the payload was fixed at 0.850 kg, and the end-effector’s point-to-
point velocity between holes was maintained at 50 mm/s. This setup 
simulates realistic operator behavior in practical applications.

6. Results

In this section, we present the outcomes of the evaluation proce-
dures described in Section 5. The results follow the structure of the 
experimental protocol and address the key components of the proposed 
screwdriving pipeline. Each subsection highlights the performance of 
individual system modules — ranging from perception to execution — 
and demonstrates the accuracy and consistency of the overall system 
in real-world scenarios.

6.1. Segmentation performance

The segmentation performance is summarized in Table  1, which re-
ports the average Intersection over Union (IoU) along with the standard 
deviation for each camera–object pair. To complement the quantitative 
results, we also provide a figure (Fig.  7) illustrating representative seg-
mentation examples for each pair. Each example includes the ground 
truth, the predicted segmentation, and the resulting difference. The 
selected samples are those whose IoU scores are closest to the mean 
values reported in Table  1, thereby offering a visual representation that 
best reflects the typical performance. The segmentation was performed 
using the same trained model for all camera–object combinations, 
without any additional tuning or adaptation.

Table 1
Average Intersection over Union (IoU) and standard deviation 
(SD) for each object–camera pair.
 Object Camera 1 (IoU ± SD) Camera 2 (IoU ± SD) 
 1 0.973 ± 0.004 0.944 ± 0.008  
 2 0.969 ± 0.007 0.985 ± 0.002  

Table 2
Average orientation error along with the corresponding 
standard deviation for rotations around the 𝑥 and 𝑦 axes 
(Δ𝜃𝑥, Δ𝜃𝑦), reported separately for each of the two tested 
objects. 
 Object Δ𝜃𝑥/◦ Δ𝜃𝑦/◦  
 1 0.07 ± 0.06 0.13 ± 0.07 
 2 0.09 ± 0.07 0.20 ± 0.12 

6.2. Orientation estimation accuracy

The results of the experimental pipeline for evaluating orientation 
estimation accuracy, as described in Section 5.2, are summarized in 
Table  2. The table presents the average orientation error along with 
the corresponding standard deviation for rotations around the 𝑥- and 
𝑦-axes, reported separately for each of the two tested objects.

6.3. End-effector accuracy and repeatability

The results of the experiments described in Section 5.3, which 
evaluate the accuracy and repeatability of the end-effector’s transla-
tional positioning, are presented in Table  3. Since each hole defines 
a distinct local reference pose used for metric estimation according 
to the standard, the results for both accuracy and repeatability are 
reported separately for each hole. To provide a clearer representation 
of the repeatability metric, an additional figure (Fig.  8) is included, 
illustrating the deviations in the 𝑥 and 𝑦 directions from the estimated 
barycenter. Only 𝑥 and 𝑦 deviations are shown, as they are more 
relevant to the task and exhibit greater variability, making them more 
significant to the overall analysis.

6.4. Overall task success rate

To evaluate the reliability of our complete screw-driving pipeline, 
we performed 50 independent experiments, each requiring insertion 
of screws into 8 target holes (totaling 400 insertion attempts). An 
experiment was deemed successful if the screw was fully inserted into 
the threaded hole without misalignment or any manual intervention. 
Across all 400 attempts, the system achieved a 100% success rate.

7. Discussion

The adoption of a mobile manipulator, rather than fully robotizing 
each workstation, introduces unique challenges such as localization 
uncertainty and dynamic workspace configurations. Our experimental 
results directly demonstrate that these challenges can be effectively mit-
igated through perception-driven compensation strategies. Specifically, 
the integration of stationary and onboard cameras enables sufficient 
pose correction to perform precision screwdriving, as reflected by the 
sub-millimeter accuracy and 100% success rate reported in Section 6.

Our second contribution centers on the design of a perception 
stack based entirely on monocular RGB cameras, in contrast to most 
mobile manipulation pipelines that rely on RGB-D or stereo vision 
systems. The approach supports operation using only a single RGB 
camera mounted on the robot, which sequentially acquires images 
from different viewpoints as needed. This configuration enables sub-
stantial cost savings and reduces system complexity when compared 
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Fig. 7. Representative segmentation examples for each pair. Each example includes the ground truth mask (yellow), the predicted segmentation mask (purple), 
and the resulting difference (black).

Fig. 8. Repeatability of end-effector translational positioning in the 𝑥𝑦-plane for Holes 1–8. Each sub-figure shows individual deviations 𝛥𝑥 and 𝛥𝑦 from the 
estimated barycenter, and the dashed circle in each panel denotes the projection of the sphere with radius 𝑟 (in mm) associated with that hole’s local reference 
pose repeatability.
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Table 3
Position accuracy (Δ𝐿) and repeatability (𝑟) for the eight screw-driving holes.
 Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Hole 8 
 Accuracy Δ𝐿/mm 0.47 0.39 0.36 0.50 0.21 0.34 0.24 0.41  
 Repeatability 𝑟/mm 1.55 1.37 1.41 1.44 1.56 1.66 1.68 1.55  

to setups that rely on industrial depth cameras, which are not only 
more expensive but also less reliable on reflective materials such as 
metal — our primary object type. In our implementation, we employ 
three RGB cameras to improve the system’s execution time. Specifically, 
two additional stationary cameras are used to capture and preprocess 
visual information while the robot navigates toward the workstation. 
This parallelization ensures that perception data is already available 
by the time the robot arrives, thereby optimizing cycle time. The 
system remains fully compatible with a single-robot-mounted camera 
configuration, offering flexibility to balance between cost-efficiency 
and operational speed based on application requirements. While RGB-
D and stereo vision systems are widely used in robotic perception, 
our choice of a monocular RGB-only pipeline was guided by prac-
tical requirements for precision, adaptability, and robustness. In our 
testing, cost-efficient depth sensors frequently produced incomplete or 
noisy depth maps when imaging reflective metallic surfaces, leading 
to unreliable geometry representation. Our observations are consistent 
with previous studies, which have shown that reflective materials 
such as metal interfere with depth sensing methods, causing specular 
reflections, invalid depth values, and surface voids [37]. These artifacts 
can significantly affect downstream processes such as 3D point cloud 
registration, where voxel downsampling can amplify inconsistencies 
and further degrade alignment accuracy. Similar issues were reported 
by [38], where metal objects often yielded point clouds with out-
liers and missing regions, directly impairing registration performance. 
In addition to structural artifacts, typical off-the-shelf depth sensors 
used in robotic applications provide limited depth accuracy, which 
poses a significant challenge for tasks requiring sub-millimeter and 
sub-degree precision, such as screwdriving. The accumulated noise 
and error in the depth channel can propagate through the perception 
pipeline and ultimately compromise pose estimation quality. Moreover, 
RGB-D cameras typically have fixed optics and lower spatial resolution 
compared to industrial RGB sensors with interchangeable lenses. This 
limits their adaptability for tasks involving fine object details, such as 
detecting small screw holes or adapting to varying object scales. These 
considerations make monocular RGB a more appropriate choice for the 
precision and flexibility demands of our application.

The effectiveness of the RGB-only setup is assessed through the 
performance of the key perception modules, beginning with object 
segmentation and pose estimation. In our approach, object orientation 
is estimated along two axes (roll and pitch) using a gradient-based 
scanline method on grayscale images, followed by least-squares line 
fitting. Experimental results demonstrate that this technique yields sub-
degree estimation accuracy, with errors ranging from 0.07◦ to 0.20◦, 
as reported in Table  2. Table  1 shows that our segmentation model 
performs strongly in terms of IoU, suggesting that the masks are highly 
consistent with ground truth. Given the high IoU scores, one might 
consider using the segmentation output directly for edge localization 
and orientation estimation. While the IoU scores are indeed high – 
and sufficient for general object detection tasks – a closer inspection 
(Fig.  7) reveals that the predicted masks tend to be imprecise along 
object boundaries. This is especially true in regions with low con-
trast or variable background, where slight deviations in mask contours 
are common. Because our application demands sub-degree angular 
precision, such edge inconsistencies become problematic. In earlier 
iterations of the pipeline, we evaluated orientation estimation using 
the segmentation mask alone, and found that angular errors frequently 
exceeded 1◦, which was not acceptable for our task. Consequently, 
the segmentation model is used mainly for object identification and 
region-of-interest selection. The fine-grained geometric cues required 

for precise orientation estimation are then extracted via dedicated 
gradient-based edge localization and line fitting. This hybrid use of 
segmentation and classical image processing enables us to preserve 
both robustness and precision in the estimation process.

Nevertheless, the approach is not without its constraints. Specifi-
cally, for objects with highly curved or irregular outlines, our gradient-
based edge detection followed by line fitting may fail to produce 
reliable orientation estimates. This is because the least-squares fitting 
method assumes that the detected edge points approximate a linear 
contour — which is not the case for curved geometries. In such sce-
narios, additional methods may be required. A potential extension of 
our current framework would be to apply the CAD-based ICP regis-
tration not only to the end-effector view, but also to the side images 
captured by the fixed cameras. Instead of relying on point-to-point 
registration, the algorithm could perform outline-to-outline registration 
to recover orientation from complex contours. However, this limitation 
did not affect our current application, as the experimental objects fea-
tured predominantly linear edges, which made them well-suited for the 
gradient-based line-fitting approach and enabled accurate orientation 
estimation using our current pipeline. From a practical deployment 
standpoint, the system exhibits robustness to moderate variations in 
ambient lighting, owing to the use of dedicated LED ring illumination 
and on-station LED panel lighting, which contribute to uniform and 
stable illumination conditions. The perception pipeline is also capable 
of reliably estimating object orientation even under significant angular 
deviations, making it resilient to imperfect placement. However, at 
the execution stage, limitations arise from the magnetic screwdriver, 
which does not mechanically secure the screw. As a result, excessive 
tilt can cause misalignment with the insertion axis due to gravity. This 
is a hardware-specific issue, not a limitation of the pose estimation 
pipeline. Future implementations with screw-stabilizing tools could 
address this and broaden tolerance to orientation errors caused by 
operator placement.

The final component of the RGB-only perception pipeline involves 
the detection and position estimation of screw holes via CAD-based 
registration. This module plays a critical role in the overall pipeline, 
serving as the final bridge between perception and execution. Its ef-
fectiveness is fundamentally enabled by the accurate calibration proce-
dures described in Section 4.3, which ensure reliable spatial alignment 
between the robot’s end-effector, the mounted camera, and the ob-
ject’s pose as observed from the on-station cameras. In practice, these 
calibrations remain valid over time and typically require no repe-
tition unless mechanical changes occur — such as re-mounting the 
sensors, transport of the workstation, or replacing the screwdriver tip. 
Moreover, since the calibration methodology relies on standard static 
transformation estimation, it can be directly extended to other rigidly 
mounted tools, such as glue dispensers or welding nozzles, further 
enhancing the system’s adaptability and generalization of the camera-
to-tool calibration approach. The effectiveness of this module is directly 
assessed through the evaluation of standardized metrics. This leads us 
to the third contribution, as defined in the Introduction, concerning 
system accuracy and repeatability. Despite its relevance, such detailed 
validation based on standardized metrics is rarely reported in related 
screwdriving literature. Many existing works, such as [21] for example, 
tend to report success rates or similar simplified metrics, which, while 
informative, offer limited insight into the precision and consistency 
of the system’s behavior. In contrast, our evaluation follows the ISO 
9283 standard metrics, measuring both the accuracy and repeatability 
of the robot’s end-effector positioning during screwdriving. This allows 
for more precise quantification of system performance, particularly 
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important in industrial applications where millimeter-level errors can 
lead to failure.

If we first consider the accuracy of the system, as presented in 
Table  3, we observe that the achieved positional accuracy ranges from 
0.21 mm to 0.50 mm, based on validation using our optical measure-
ment setup. To place these results into context, we evaluate them in 
light of the ASME B18.2.8 standard [39], which specifies recommended 
clearance hole sizes for bolts, screws, and studs ranging from M1.6 to 
M100. The standard defines three classes of clearance – close, normal, 
and loose fit – each with different tolerances suited to various assembly 
requirements.

Based on this standard, we can define the maximum allowable 
misalignment (𝛥MAX) that a robotic system can tolerate when aligning a 
screw with a pre-drilled hole, without causing jamming or interference 
during insertion. This tolerance can be calculated as: 

𝛥MAX =
𝐷ℎ −𝐷𝑠

2
, (25)

where 𝐷ℎ is the hole diameter and 𝐷𝑠 is the nominal screw diame-
ter. Considering the ASME B18.2.8 standard, our system’s measured 
accuracy – ranging from 0.21 mm to 0.50 mm – is sufficient for 
handling M4 screws and larger under a loose fit classification. This 
fit type is commonly employed in general machinery applications 
due to its allowance for greater positional tolerance. For normal fit 
scenarios, our accuracy meets the requirements for M5 screws and 
above. In our experiments, M4 screws were used in conjunction with 
chamfered holes featuring an outer diameter of 5.1 mm, aligning with 
the ASME B18.2.8 specifications for a loose fit for M4 screws. This 
configuration provides a maximum allowable misalignment (𝛥𝑀𝐴𝑋) of 
approximately 0.55 mm, which comfortably encompasses our system’s 
measured positional errors. The presence of the chamfer likely facili-
tated smoother screw insertion, compensating for minor misalignments 
and contributing to the observed high success rate. The adequacy of 
our system’s accuracy is further substantiated by a 100% success rate 
in screwdriving tasks performed with an industrial screwdriver.

When it comes to repeatability, the results in Table  3 show slightly 
higher values across all screw hole positions compared to absolute 
accuracy. A closer inspection of Fig.  8 reveals that the majority of 
the recorded end-effector positions fall within a 0.5 mm radius from 
the barycenter of each hole. Only a small number of measurements 
lie outside this range, which disproportionately affects the overall 
repeatability value. It is important to emphasize that these deviations 
are not necessarily indicative of poor system performance. In fact, the 
measured deviations along the 𝑦 axis remain consistently within the 
±0.5mm threshold across all screw holes. The slightly larger spread 
observed along the 𝑥 axis – also visible in Fig.  8 – is not expected 
from the standpoint of the robotic implementation, where no axis-
dependent limitations are present. Instead, these deviations may be 
partially attributed to limitations in the optical measurement setup 
used for validation. As explained in Section 5.3, the measurements 
are expressed in a local coordinate system defined on the object using 
markers 𝑀6, 𝑀7, and 𝑀8, with the 𝑥 axis aligned between markers 
𝑀6 and 𝑀7. Throughout the screwdriving experiments, the normal 
of the plane defined by the touch-probe markers 𝑀15 to 𝑀18 was 
parallel to this local 𝑥 axis — and coincident with the optical axis of 
the capturing unit. As mentioned in Section 5.1, the OptoTrak Certus 
system provides the highest accuracy in its 𝑥opt𝑦opt plane but exhibits 
reduced accuracy along the depth direction (𝑧opt), especially when 
markers are tilted. Our analysis indicates that the largest deviations 
occurred in experiments where the object was more tilted, increasing 
the angle between the touch probe and the optical camera system. This 
geometric configuration likely impaired measurement precision along 
the 𝑧opt axis, manifesting as increased error along the local 𝑥 axis in 
the recorded data.

Reflecting on potential limitations in screw hole registration, our 
method uses greedy one-to-one matching between detected hole cen-
ters and CAD references, which can be sensitive to local minima or 

overlapping detections. In our setup, this risk is mitigated by the 
Hough-based circle detector, which enforces a minimum separation 
between candidates, and by iterative refinement with outlier rejection 
(Section 4.2.2). As a result, no misalignment issues were observed 
in our experiments with well-structured hole configurations (Fig.  4). 
Nonetheless, for more cluttered or noisy scenes, incorporating robust 
alternatives such as RANSAC-based matching could enhance resilience 
and generalization. This presents a promising direction for future work, 
particularly in less controlled industrial environments.

8. Conclusion

In this work, we have demonstrated that a perception-driven mobile 
manipulator can achieve industrial-grade precision in high-mix, low-
volume screwdriving tasks, successfully fulfilling each of the three 
contributions outlined in the Introduction.

First, we introduced a comprehensive mobile manipulation pipeline, 
integrating autonomous navigation, precise docking, and robust percep-
tion algorithms for object segmentation and accurate pose estimation of 
both assembly objects and their screw holes, thus effectively addressing 
localization uncertainty in dynamic assembly environments. Second, 
by relying solely on monocular RGB imagery, we demonstrated sub-
millimeter translational and sub-degree angular precision, providing 
the accuracy necessary for reliable screwdriving, as evidenced by our 
100% insertion success rate. Third, rigorous validation according to 
ISO 9283 standard’s metrics confirmed the accuracy and repeatability 
of our approach, further underscoring its suitability for deployment in 
industrial settings.

Two key architectural properties of our system are generalizability 
and scalability. Built around standard and well-established perception 
modules (e.g., gradient-based edge detection, ICP-based registration), 
the pipeline is readily transferable to new objects and assembly config-
urations. The only part-specific component is the YOLOv8 segmentation 
model, which requires retraining upon the introduction of new objects. 
To minimize the associated overhead, we introduced an automatic, 
one-click label-propagation tool leveraging the static camera setup to 
efficiently propagate annotations (see Appendix). Additionally, scala-
bility is enhanced by the parallelization of perception tasks with robotic 
navigation and execution, enabled by a shared network infrastruc-
ture, significantly facilitating deployment in larger and more complex 
multi-station environments. Importantly, system redeployment to new 
workstations or objects can be performed rapidly, as the robot does 
not require re-teaching and the core perception and control algorithms 
remain fully automated and object-agnostic, enabling fast adaptation 
with minimal software intervention.

Overall, our results highlight that combining mobility with high-
precision, RGB-only perception is both feasible and advantageous for 
flexible manufacturing scenarios, making high-precision robotic ma-
nipulation more accessible and economically viable. While this work 
focused on screwdriving, the modular design of the pipeline, with 
its general-purpose perception and calibration components, enables 
adaptation to a variety of other robotic tasks. Examples include glue 
dispensing, inspection, or tool-based pick-and-place, where precise pose 
estimation and tool alignment are equally critical. In future work, 
we also plan to explore the transferability of these algorithms to 
such tasks, building on the generalization potential outlined above. 
Additionally, we aim to extend the pipeline to handle more complex 
geometries through advanced CAD-based registration methods, and val-
idating the pipeline’s implementation across multiple workstations to 
evaluate additional industry-relevant metrics such as cycle time, overall 
throughput, and robustness under varying operational conditions.
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Appendix. Automatic labeling: one-click label-propagation tool

To alleviate the burden of manual polygon annotation across large 
datasets, we adopt a one-click, class-wise auto-labeling methodology 
based on point-prompted segmentation. The core idea relies on the 
assumption that all instances of a given object class share similar visual 
and semantic characteristics, allowing the segmentation to be guided 
by a single click per class. Specifically, the method begins by parsing 
filenames to infer both the class label and the intended data split (train-
ing, validation, or testing), thereby enabling automatic partitioning 
without external metadata. For each unique class, one representative 
image is displayed to the annotator, who provides a single 2D click 
indicating the approximate location of the object. This click is used as 
an input prompt to a foundation segmentation model (Segment Any-
thing Model 2, SAM2), which then propagates the segmentation across 
all images containing that class. The output mask with the highest 
confidence is selected and its external contour is extracted as a polygon. 
Each vertex is normalized with respect to the image dimensions to 
conform to standard annotation formats such as those used in YOLO-
based detectors. The resulting labels, along with their corresponding 
images, are systematically organized into structured directories for 
downstream training. A complete description of this pipeline, including 
implementation details is provided in Algorithm 2.

Algorithm 2 One-Click Auto-Labeling Algorithm
Require: Image set  = {𝐼𝑘}𝑁𝑘=1, SAM predictor  , scale factor 𝑠
Ensure: Normalized polygon annotations in YOLO format
1: Step 1: Class Discovery and Click Collection 
2: Parse filenames to extract class labels  = {𝑐1,… , 𝑐𝑀}
3: for each class 𝑐 ∈  do 
4: Select a representative image 𝐼𝑐 for class 𝑐
5: Downscale 𝐼𝑐 by factor 𝑠 and display to annotator 
6: User clicks on object 𝐩𝑐 = (𝑥𝑐 , 𝑦𝑐 )
7: Rescale: 𝐩𝑐 ← 𝑠 ⋅ 𝐩𝑐
8: end for
9: Step 2: Segmentation and Mask Extraction 
10: for each image 𝐼𝑘 ∈  do 
11: Extract class 𝑐𝑘 and split 𝑠𝑘 from filename 
12: Set 𝐼𝑘 as input to SAM predictor 
13: Predict masks  ← (𝐼𝑘,𝐩𝑐𝑘 )
14: Select best mask 𝑀∗ ← argmax𝑀∈ score(𝑀)
15: Step 3: Polygon Extraction and Normalization 
16: Extract outer contour  = {(𝑥𝑖, 𝑦𝑖)} from 𝑀∗

17: Normalize: (𝑥′𝑖 , 𝑦′𝑖) ←
(

𝑥𝑖
𝑊 , 𝑦𝑖

𝐻

)

18: Step 4: YOLO Annotation and Packaging 
19: Write annotation file as:

  <class_idx> 𝑥′1 𝑦′1 𝑥′2 𝑦′2 …
20: Move image and label to images/𝑠𝑘/, labels/𝑠𝑘/
21: end for
22: Generate data.yaml with class-to-index mapping

Data availability

The authors do not have permission to share data.
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