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HXPDQ-URERW FROODERUDWLRQ LQ D UHSHWLWLYH 

DVVHPEO\ SURFHVV: D SUHOLPLQDU\ LQYHVWLJDWLRQ 

RQ RSHUDWRU¶V H[SHULHQFH DQG SURGXFW TXDOLW\ 

RXWSXWV. 
GHUYDVL, R.1), MDVWURJLDFRPR, L.1) DQG FUDQFHVFKLQL, F.1) 

 

1) DeSaUWmenW of ManagemenW and PUodXcWion EngineeUing (DIGEP), PoliWecnico di ToUino, TXUin, 

IWal\  

 

67R8C78RED AB67RAC7 

PXUSRVH ± HXman-RoboW CollaboUaWion (HRC) aimV Wo combine Whe VkillV of hXmanV ZiWh WhoVe of 

UoboWV, UeSUeVenWing a VolXWion Wo incUeaVe Whe TXaliW\ and UeconfigXUabiliW\ of manXfacWXUing 

SUoceVVeV. HoZeYeU, Wo fXll\ e[SloiW Whe benefiWV of HRC, hXman facWoUV, inclXding Whe oSeUaWoU'V 

SV\chological Zell-being, mXVW be conVideUed. To WhiV end, WhiV SaSeU SUoSoVeV an e[SeUimenWal 

VeWWing aimed aW e[SloUing hXman-UelaWed aVSecWV dXUing HRC. 

DHVLJQ/PHWKRGRORJ\/DSSURDFK ± In oUdeU Wo e[SloUe Whe effecWV of SUolonged HRC in a UeSeWiWiYe 

aVVembl\ SUoceVV, a noYel e[SeUimenWal VeWXS conceUning Whe SUodXcWion SUoceVV of a Wile cXWWeU iV 

SUoSoVed. Each SaUWiciSanW iV aVked Wo SeUfoUm WhUee aVVembl\ VhifWV: WZo in collaboUaWiYe mode ZiWh 

coboW VXSSoUW and one in manXal mode. The UeVSonVe YaUiableV collecWed in Whe VWXd\ inclXde Whe 

TXaliW\ of Whe inWeUacWion SeUfoUmed, ZoUkload, affecWiYe VWaWe of Whe oSeUaWoU and Sh\Viological 

indicaWoUV of VWUeVV (heaUW UaWe YaUiabiliW\ and elecWUodeUmal acWiYiW\). PUoceVV defecWiYeneVV iV alVo 

WUacked. 

FLQGLQJV ± PUeliminaU\ UeVXlWV VhoZ WhaW HRC VeVVionV Wend Wo geneUaWe moUe VWUeVV Whan manXal 

aVVembl\ VeVVionV. HoZeYeU, incUeaVing familiaUiW\ ZiWh Whe collaboUaWiYe WaVk WendV Wo UedXce WhiV 

effecW. TheVe UeVXlWV aUe confiUmed b\ boWh VXbjecWiYe and Sh\Viological UeVSonVeV. 

RHVHDUFK OLPLWDWLRQV/LPSOLFDWLRQV ± The eYidence foU Whe UeVXlWV foXnd iV limiWed b\ Whe nXmbeU of 

SaUWiciSanWV inYolYed. An e[SeUimenWal camSaign ZiWh a laUgeU nXmbeU of SaUWiciSanWV iV needed Wo 

confiUm Whe SUeliminaU\ findingV. 
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OULJLQDOLW\/YDOXH ± ThiV SaSeU SUoSoVeV a noYel e[SeUimenWal VWXd\ aimed aW UecUeaWing a ZoUk VhifW 

in a collaboUaWiYe aVVembl\ ZoUkVWaWion of a SUodXcWion SUoceVV. ThiV e[SeUimenWal VeWWing dUaZV 

aWWenWion Wo Whe need Wo inYeVWigaWe Whe imSlicaWionV of SUolonged HRC. In addiWion, a non-inYaViYe 

bioVenVoU iV imSlemenWed Wo inYeVWigaWe Whe VWaWe of hXmanV dXUing HRC.  

 

KH\ZRUGV: HXman-UoboW collaboUaWion, IndXVWU\ 5.0, UVeU e[SeUience, AVVembl\, ManXfacWXUing. 

 

PDSHU W\SH: ReVeaUch SaSeU 



PUoceedingV of Whe 5Wh ICQEM ConfeUence, UniYeUViW\ of Minho, PoUWXgal, 2022 
 

74 

IN7ROD87ION 

HXman-RoboW CollaboUaWion (HRC) UeSUeVenWV a VolXWion Wo incUeaVe Whe TXaliW\, fle[ibiliW\ and 

UeconfigXUabiliW\ of manXfacWXUing SUoceVVeV (VicenWini, 2020). HRC aimV Wo combine Whe VkillV of 

hXmanV ZiWh WhoVe of UoboWV, Zhile alVo enabling Sh\Vical inWeUacWion in Whe indXVWUial enYiUonmenW 

(GeUYaVi, MaVWUogiacomo, HW DO., 2020; ISO/TS 15066:2016, 2016).  

In oUdeU Wo effecWiYel\ imSlemenW HRC iV imSoUWanW Wo addUeVV Whe SUoblem ZiWh an holiVWic YieZ, 

conVideUing boWh Wechnical and hXman-UelaWed aVSecWV (GeUYaVi, DigiaUo, HW DO., 2020; GeUYaVi, 

MaVWUogiacomo, HW DO., 2020). OYeU Whe \eaUV, Whe focXV on hXman facWoUV iV becoming incUeaVingl\ 

imSoUWanW (GeUYaVi HW DO., 2021; GXalWieUi HW DO., 2021; VicenWini, 2020). WiWh Whe UecenW inWUodXcWion 

of Whe IndXVWU\ 5.0 conceSW, Whe need Wo make indXVWU\ hXman-cenWeUed haV been oXWlined (³IndXVWU\ 

5.0´, 2021). HXman facWoUV mXVW be Waken inWo accoXnW Wo enhance Whe SUoceVV TXaliW\. In HRC, 

hXmanV aUe conWinXoXVl\ e[SoVed Wo cloVe inWeUacWion ZiWh a UoboWic V\VWem, UeVXlWing in SoVVible 

VWUeVVfXl and XncomfoUWable ViWXaWionV (McColl HW DO., 2016; XX HW DO., 2015; YoXng HW DO., 2015). 

TheVe kindV of ViWXaWionV can XndeUmine Whe TXaliW\ of SUodXcWion SUoceVV leading Wo Whe SoWenWial 

geneUaWion of defecWV. 

In oUdeU Wo beVW VXSSoUW Whe oSeUaWoU'V Zell-being and imSUoYe Whe inWeUacWion, iW iV neceVVaU\ Wo fiUVW 

XndeUVWand Whe oSeUaWoU'V SV\choSh\Vical VWaWe dXUing HRC. To inYeVWigaWe WheVe aVSecWV, feedback 

fUom claVVic Velf-aVVeVVmenW WoolV (e.g., TXeVWionnaiUeV) iV ofWen anal\Ved. HoZeYeU, VXch WoolV do noW 

SUoYide Ueal-Wime infoUmaWion on Whe VWaWe of Whe oSeUaWoU. The inWUodXcWion of Sh\Viological meaVXUeV 

makeV iW SoVVible Wo comSenVaWe foU WhiV limiWaWion, Zhile alVo obWaining moUe objecWiYe meaVXUeV WhaW 

can eYen UeYeal a SeUVon'V XnconVcioXV VWaWeV oU UeacWionV (AUg\le HW DO., 2021; ChaUleV and Ni[on, 

2019). 

Some SUeYioXV ZoUkV haYe focXVed on eYalXaWing Whe oSeUaWoU'V VWaWe in YaUioXV HRC VeWWingV (AUai 

HW DO., 2010; K�hnlen] HW DO., 2018; KXliü and CUofW, 2007), hoZeYeU VWXdieV on e[SloUing Whe hXman'V 

VWaWe in a SUolonged inWeUacWion ZiWh a coboW in a manXfacWXUing conWe[W aUe lacking. The objecWiYe of 

WhiV SaSeU iV Wo SUoSoVe an e[SeUimenWal VeWWing aimed aW VimXlaWing a SUolonged inWeUacWion ZiWh a 

coboW dXUing a UeSeWiWiYe aVVembl\ SUoceVV. The main noYel elemenWV SUoSoVed in WhiV VWXd\ aUe Whe 

folloZing: 

(i) Whe e[SloUaWion of Whe oSeUaWoU VWaWe dXUing enWiUe ZoUk VhifWV WhoXgh Whe anal\ViV of boWh 

VXbjecWiYe and Sh\Viological UeVSonVeV, ZiWh SaUWicXlaU aWWenWion WoZaUdV VWUeVV and 

ZoUkload; 

(ii) Whe obVeUYaWion of SUoceVV defecWV WhaW can occXU dXUing SUolonged HRC; 

(iii) comSaUiVon of oSeUaWoU VWaWe beWZeen manXal and HRC aVVembl\ ZoUk VhifWV. 
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The SaSeU iV oUgani]ed aV folloZV. In Whe ne[W VecWion, a UeYieZ of Whe liWeUaWXUe on Whe XVeU e[SeUience 

in HRC iV SUoYided, ZiWh SaUWicXlaU focXV on Whe imSlemenWaWion of Sh\Viological meaVXUeV. Ne[W, 

Whe UeVeaUch meWhodolog\ iV SUoYided, deVcUibing in deWail Whe e[SeUimenWal VeWWing, Whe eTXiSmenW 

and maWeUialV XVed, and Whe e[SeUimenWal SUocedXUe. AfWeUZaUdV, SUeliminaU\ UeVXlWV of Whe 

e[SeUimenWal VeWWing imSlemenWaWion aUe SUeVenWed and diVcXVVed. Finall\, Whe conclXding VecWion 

e[SloUeV limiWaWionV and fXWXUe UeVeaUch diUecWionV. 

LI7ERA78RE RE9IE: 

HRC iV a SaUadigm chaUacWeUi]ed b\ VeYeUal aVSecWV, boWh UelaWed Wo Whe UoboWic V\VWem and hXmanV 

(GeUYaVi, MaVWUogiacomo, HW DO., 2020). The inWUodXcWion of collaboUaWiYe UoboWV haV alloZed Sh\Vical 

inWeUacWion ZiWh SeoSle, UemoYing baUUieUV beWZeen Whe hXman and UoboW ZoUkVSace. HoZeYeU, Whe 

UemoYal of WheVe baUUieUV alVo inWUodXced neZ SoWenWial ha]aUdV Wo hXmanV, UeTXiUing an eYolXWion of 

VafeW\ VWandaUdV. The inWUodXcWion of ISO 10218-1 and ISO 10218-2 SUoYided gXidelineV on 

ZoUkVSace deVign and imSlemenWaWion of indXVWUial UoboWV, idenWif\ing a liVW of VafeW\ ha]aUdV. The 

VXbVeTXenW ISO/TS 15066  e[Sanded Whe SoVVibiliWieV of HRC, alloZing foU Whe imSlemenWaWion of 

higheU leYelV of UoboW aXWonom\ in cloVe SUo[imiW\ Wo hXmanV.  

In oUdeU Wo fXll\ e[SloiW Whe SoWenWial of HRC, a caUefXl Slanning of Whe inWeUacWion iV alVo neceVVaU\. 

Wang HW DO. (2019) highlighWed Whe need foU inWelligenW and acceVVible collaboUaWiYe V\VWem, 

inWUodXcing Whe conceSW of V\mbioWic HRC. HRC VhoXld alloZ Whe commXnicaWion WhUoXgh naWXUal 

modeV, offeU an eaV\ and inWXiWiYe SUogUamming enYiUonmenW Wo inVWUXcW Whe coboW, and be moUe 

immeUViYe WhUoXgh Whe XVe of ZeaUable deYiceV (e.g., AR glaVVeV). InkXlX HW DO. (2021) SUoYided a 

UeYieZ on HRC, highlighWing Vome main challengeV and oSSoUWXniWieV. NaWXUal modeV of 

commXnicaWion (e.g., geVWXUeV and Yoice) alloZ inWXiWiYe inWeUacWion ZiWh UoboWV and SoWenWiall\ 

UedXce idle Wime, bXW WheVe UecogniWion meWhodV need Wo be made moUe UobXVW. PoZeU foUce limiWing 

WechniTXeV aUe XVefXl Wo efficienWl\ collaboUaWe ZiWh loZ-Sa\load UoboW, hoZeYeU Whe\ ma\ be noW 

VXiWable foU high-Sa\load and high-VSeed UoboWV Zhich UeTXiUeV Whe imSlemenWaWion of addiWional 

fle[ible VafeW\ meWhodV Wo alloZ collaboUaWion ZiWh hXmanV. MoUe UeVeaUch iV alVo needed on 

adYanced adaSWiYe UoboW V\VWemV Wo enhance a gUeaWeU UeconfigXUabiliW\ of SUodXcWion SUoceVVeV and 

UedXce SoWenWial SUodXcWion doZnWime. 

RecenWl\, incUeaVed aWWenWion haV been focXVed on hXman facWoUV inYolYed in HRC. Khalid HW DO. 

(2016) SUeVenWed an aSSUoach foU Whe deYeloSmenW of Vafe and c\beU-VecXUe HRC in Whe domain of 

heaY\ Sa\load indXVWUial UoboWV. PoWenWial ha]aUdV Wo be Waken inWo accoXnW ZeUe idenWified, inclXding 

Sh\Vical and menWal VWUain dXe Wo UoboW behaYioU oU collaboUaWiYe WaVk. Galin and MeVhcheU\akoY 

(2020) focXVed on hoZ Wo efficienWl\ imSlemenW HRC, leading Wo Whe idenWificaWion of Whe inflXencing 
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facWoUV foU boWh coboWV and hXmanV. The SeUceSWion of Whe UoboW b\ Whe hXman and emoWional and 

cogniWiYe aVSecWV ZeUe foXnd inflXenWial foU Whe effecWiYeneVV of HRC. 

In oUdeU Wo beWWeU XndeUVWand and VXSSoUW Whe oSeUaWoU dXUing HRC, cogniWiYe and SV\cho-Sh\Vical 

aVSecWV VhoXld alVo be Waken inWo accoXnW. ConceSWV like menWal ZoUkload, VWUeVV, demand, VWUain and 

faWigXe haYe been Zidel\ diVcXVVed in liWeUaWXUe, being SaUWicXlaUl\ inWeUeVWing foU Whe manXfacWXUing 

conWe[W (GaZUon, 2008; WickenV, 2008; YoXng HW DO., 2015). AVVeVVmenW of WheVe conVWUXcWV iV ofWen 

SeUfoUmed WhUoXgh Velf-UeSoUWing WoolV, VXch aV Whe NASA-TLX (HaUW and SWaYeland, 1988) and Whe 

SXbjecWiYe WoUkload AVVeVVmenW TechniTXe (SWAT) (Reid and N\gUen, 1988). HoZeYeU, WhiV kind 

of WoolV aUe SooUl\ VXiWed Wo conWinXoXV moniWoUing in naWXUaliVWic VeWWingV, VXch aV SUodXcWion lineV 

(MaUineVcX HW DO., 2018). In oUdeU Wo oYeUcome WheVe limiWaWionV, in UecenW \eaUV WheUe haV been an 

incUeaVing focXV on Whe imSlemenWaWion Sh\Viological meaVXUeV foU Whe comSUehenVion of Whe 

oSeUaWoU¶V VWaWe (AUg\le HW DO., 2021; BUadle\ and Lang, 1994). So faU, diffeUenW ZoUkV on WhiV WoSic 

haYe been SUeVenWed, hoZeYeU onl\ feZ of Whem aUe focXVed on indXVWUial HRC. KXliü and CUofW 

(2007) eYalXaWed Whe imSacW of an indXVWUial UoboW moWion on VXbjecWiYe and Sh\Viological UeVSonVeV 

(i.e., HeaUW RaWe VaUiabiliW\ (HRV) and ElecWUoDeUmal AcWiYiW\ (EDA)) ZiWh YaUioXV WUajecWoU\ W\SeV 

SUeVenWed Wo hXman SaUWiciSanWV. ReVXlWV UeYealed an incUeaVed menWal VWUeVV foU faVW and cloVel\ 

SaVVing moYemenWV, bXW Whe VcenaUio ZaV VWaWic in WeUmV of inWeUacWion ZiWh Whe UoboW. AUai HW DO. 

(2010) condXcWed a VimilaU VWXd\ ZiWh an indXVWUial maniSXlaWoU, eYalXaWing Whe imSacW of UoboW 

moYemenW aW diffeUenW VSeedV and diVWanceV fUom Whe oSeUaWoU on EDA. HoZeYeU, alVo in WhiV VcenaUio, 

SaUWiciSanWV ZeUe noW acWiYel\ inYolYed in Whe inWeUacWion ZiWh Whe UoboW. K�hnlen] HW DO. (2018) 

VWXdied Whe imSacW of diffeUenW WUajecWoU\ SUofileV of a VWandaUd indXVWUial UoboW on XVeUV¶ menWal VWUeVV, 

aVVeVVed WhUoXgh HRV and EDA. AlWhoXgh Whe SaUWiciSanW ZaV acWiYel\ inYolYed in Whe WaVk comSaUed 

Wo oWheU VWXdieV, WheUe ZaV VWill limiWed inWeUacWion ZiWh Whe UoboW. 

RE6EARCH ME7ODOLOGH< 

In Whe SUeVenW VWXd\, a collaboUaWiYe aVVembl\ WaVk haV been deVigned and imSlemenWed ZiWhin Whe 

³Mind 4 Lab´ (ManXfacWXUing IndXVWU\ 4.0 LaboUaWoU\) aW ³PoliWecnico di ToUino´ Wo inYeVWigaWe XVeU 

e[SeUience, oSeUaWoU affecWiYe VWaWe, ZoUkload and VWUeVV in SUolonged indXVWUial HRC. The 

collaboUaWiYe WaVk conViVWV in aVVembling a Wile cXWWeU and haV been deVigned Wo UecUeaWe a W\Sical 

ZoUkVWaWion of a SUodXcWion c\cle in an indXVWUial conWe[W XVing Whe coboW UR3e ZiWh a collaboUaWiYe 

gUiSSeU ( 

FigXUe 1). In oUdeU Wo UeSUodXce W\Sical ZoUking condiWionV of an indXVWUial conWe[W, a VeW of 4-hoXU 

VhifWV haYe been imSlemenWed. Each oSeUaWoU iV aVked Wo SeUfoUm WhUee aVVembl\ VhifWV: WZo in 

collaboUaWiYe mode ZiWh coboW VXSSoUW and one in manXal mode.  
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FigXUe 1 - CollaboUaWiYe UoboW UR3e (Mind 4 Lab, PoliWecnico di ToUino-DIGEP). 
 
 

E[SHULPHQWDO VHWXS 

The WaVk conVideUed in WhiV VWXd\ conceUnV Whe aVVembl\ of a Wile cXWWeU (FigXUe 2). FigXUe 3 VhoZV Whe 

Wen comSonenWV of Whe Wile cXWWeU and Whe fiYe bolWV ZiWh WheiU UeVSecWiYe idenWifieUV. BefoUe beginning 

Whe aVVembl\ WaVk, Whe comSonenWV aUe aUUanged on a WUa\ aV VhoZn in FigXUe 4 and When Whe WUa\ iV 

Slaced in Whe ZoUk aUea (FigXUe 5). The collaboUaWiYe WaVk laVWV aSSUo[imaWel\ 252V, leading Wo Whe 

SUodXcWion of aSSUo[imaWel\ 50 Wile cXWWeUV in a 4-hoXU VhifW. 

 

 

FigXUe 2 - Final aVVembl\ of Whe Wile cXWWeU (44 [ 14 [ 9 cm). 
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FigXUe 3 - Tile cXWWeU comSonenWV and bolWV ZiWh WheiU UeVSecWiYe idenWifieUV. 
 
 
 

Table 1 - LiVW of Whe Wile cXWWeU comSonenWV ZiWh WheiU UeVSecWiYe idenWifieUV. 

IGHQWLILHU CRPSRQHQW 
BaVe BaVe SlaWe of Whe Wile cXWWeU. 
C1a SXSSoUW foU Whe UailV of Whe Wile cXWWeU. 
C1b SXSSoUW foU Whe UailV of Whe Wile cXWWeU. 
B1a BolW foU fi[ing Whe Uail VXSSoUW Wo Whe baVe SlaWe. 
B1b BolW foU fi[ing Whe Uail VXSSoUW Wo Whe baVe SlaWe. 
C2 JoinW comSonenW beWZeen Whe UailV and Whe cXWWing mechaniVm. 
B2 BolW foU joining C2 ZiWh C3. 
C3 ComSonenW of Whe cXWWing mechaniVm. 
L1 WaVheU blade Wo cXW Whe Wile. 
B3 BolW foU joining Whe ZaVheU blade ZiWh C3. 
C4 ComSonenW Wo bUeak Whe Wile. 
B4 BolW foU joining C3 ZiWh C4. 
P1a Rail Uod of Whe Wile cXWWeU. 
P1b Rail Uod of Whe Wile cXWWeU. 
P2 Handle of Whe Wile cXWWeU. 
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FigXUe 4 - TUa\ ZiWh ZoUkSieceV of Whe Wile cXWWeU. 
 

 

FigXUe 5 - WoUk aUea ZiWh UefeUence SoViWionV XVed dXUing Whe collaboUaWiYe aVVembl\ WaVk. 
 

Table 2 conWainV Whe liVW of oSeUaWionV of Whe collaboUaWiYe aVVembl\ WaVk, Zhich can be decomSoVed 

in foXU main ShaVeV: 

PhaVe 1. In Whe fiUVW ShaVe, Whe coboW bUingV Whe baVe of Whe Wile cXWWeU cloVeU Wo Whe oSeUaWoU, Slacing 

iW in Whe aVVembl\ aUea, and When Whe oSeUaWoU aVVembleV Whe WZo Vide VXSSoUWV. When Whe 

oSeUaWion iV finiVhed, Whe coboW moYeV Whe baVe ZiWh Whe VXSSoUWV oXW of Whe aVVembl\ 

aUea.  

PhaVe 2. In Whe Vecond ShaVe, Whe oSeUaWoU aVVembleV Whe cXWWing mechaniVm ZiWh Whe VXSSoUW of 

Whe coboW, Zhich holdV Whe main comSonenW in an eUgonomic SoViWion.  

PhaVe 3. In Whe WhiUd ShaVe, Whe coboW bUingV Whe baVe ZiWh VXSSoUWV back Wo Whe aVVembl\ aUea and 

When Whe oSeUaWoU aVVembleV Whe cXWWing mechaniVm XVing Whe UodV.  

PoViWion 1

PoViWion 2

IniWial SoViWion (WUa\)
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PhaVe 4. In Whe laVW ShaVe, Whe oSeUaWoU VcUeZV Whe handle Wo Whe cXWWing mechaniVm, comSleWing 

Whe aVVembl\, and finall\ Whe coboW moYeV Whe Wile cXWWeU onWo Whe WUa\. 

 
Table 2 - OSeUaWion liVW of Whe Wile cXWWeU aVVembl\ WaVk. 

PKDVH OSHUDWLRQ AOORFDWLRQ EVWLPDWHG WLPH (V) 
PKDVH 1: AVVHPEOLQJ WKH EDVH KROGHUV 

(AVVHPEO\ A1).  
OS1: MoYing Whe BaVe fUom 
Whe WUa\ Wo aVVembl\ aUea 
(PoViWion 1). 

CoboW 9V 

OS2: AVVembling comSonenWV 
C1a and C1b Wo eiWheU Vide of 
Whe BaVe. ScUeZing ZiWh VofW 
WighWening of bolWV B1a and 
B2b (AVVembl\ A1). 

HXman 
 44V 

OS3: MoYing aVVembl\ A1 
oXW of Whe aVVembl\ aUea 
(PoViWion 2). 

CoboW 4V 

PKDVH 2: AVVHPEOLQJ WKH FXWWLQJ 

PHFKDQLVP (AVVHPEO\ A4). OS4: MoYing comSonenW C2 
Wo aVVembl\ aUea (PoViWion 1). CoboW 7V 

OS5: AVVembling comSonenW 
C3 ZiWh comSonenW C2 Yia 
bolW B2 (AVVembl\ A2). 

HXman 50V 

OS6: 180� UoWaWion of 
aVVembl\ A2. CoboW 3V 

OS7: AVVembling blade L1 
ZiWh comSonenW C3 Yia bolW 
B3 (AVVembl\ A3). 

HXman 24V 

OS8: AVVembling comSonenW 
C4 ZiWh comSonenW C3 Yia 
bolW B4 (AVVembl\ A4). 

HXman 35V 

OS9: MoYing aVVembl\ A4 Wo 
Whe WUa\ (IniWial SoViWion). CoboW 7V 

PKDVH 3: JRLQLQJ WKH FXWWLQJ PHFKDQLVP 

ZLWK WKH EDVH (AVVHPEO\ A6). OS10: MoYing aVVembl\ A2 
Wo aVVembl\ aUea (PoViWion 1). CoboW 9V 

OS11: MoYing aVVembl\ A4 
Wo aVVembl\ aUea (PoViWion 1). HXman 2V 

OS12: InVeUWing UodV P1a and 
P2b inWo holdeUV of aVVembl\ 
A4 (AVVembl\ A5). 

HXman 7V 
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OS13: InVeUWing Whe aVVembl\ 
A5 inWo Whe holdeUV of 
comSonenWV C1a and C1b of 
aVVembl\ A1. 

HXman 14V 

OS14: TighWening Whe bolWV 
B1a and B1b (AVVembl\ A6). HXman 13V 

PKDVH 4: CRPSOHWLQJ WKH WLOH FXWWHU 

(AVVHPEO\ A7). 

 

OS15: ScUeZing Uod P2 inWo 
Whe holdeU of comSonenW C3 
of aVVembl\ A6 (AVVembl\ 
A7). 

HXman 13V 

OS16: MoYing aVVembl\ A7 
Wo Whe WUa\. CoboW 11V 

 

ETXLSPHQW DQG PDWHULDOV 

In oUdeU Wo collecW Whe oSeUaWoU'V feedback on hiV e[SeUience dXUing Whe YaUioXV e[SeUimenWal VeVVionV, 

a VeW of Velf-UeSoUWing WoolV haYe been imSlemenWed. In addiWion Wo an iniWial TXeVWionnaiUe aimed aW 

collecWing demogUaShicV, Whe Velf-UeSoUWing WoolV conVideUed inclXde TXeVWionnaiUeV on Whe SeUceiYed 

TXaliW\ of inWeUacWion ZiWh Whe coboW, SeUceiYed ZoUkload, and affecWiYe VWaWe. 

The TXeVWionnaiUe on inWeUacWion TXaliW\ (Table 3) iV baVed on BaUaglia HW DO. (2016) and Hoffman 

(2019). The TXeVWionnaiUe iV comSoVed of 7 iWemV, Zhich collecW SaUWiciSanW¶V SeUceSWion of UoboW 

helSfXlneVV, inWeUacWion VafeW\ and naWXUalneVV, Weam efficienc\ and flXenc\, comfoUW, and UoboW 

WUXVWZoUWhineVV: 

Q1. RoboW helSfXlneVV UeSUeVenWV hoZ helSfXl Whe UoboW iV in accomSliVhing a ceUWain WaVk.  

Q2. InWeUacWion VafeW\ UefeUV Wo hoZ Vafe Whe HRC iV SeUceiYed.  

Q3. InWeUacWion naWXUalneVV conceUnV Whe eaVineVV of Whe inWeUacWion ZiWh Whe UoboW.  

Q4. Team efficienc\ UeSUeVenWV hoZ efficienW Whe collaboUaWion iV.  

Q5. Team flXenc\ UefeUV Wo Whe leYel of cooUdinaWion dXUing Whe collaboUaWiYe WaVk.  

Q6. ComfoUW UeSUeVenWV hoZ aW eaVe a SeUVon feelV dXUing HRC.  

Q7. RoboW WUXVWZoUWhineVV UeSUeVenWV hoZ Ueliable Whe UoboW iV SeUceiYed Wo be dXUing HRC.  

Each iWem iV eYalXaWed on a 7-SoinW LikeUW-Vcale (fUom ³VWUongl\ diVagUee´ Wo ³VWUongl\ agUee´) 

(FUanceVchini HW DO., 2007). 
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Table 3 - QXeVWionnaiUe foU inWeUacWion TXaliW\. 

IWHP NR. QXHVWLRQQDLUH LWHP DLPHQVLRQ 
Q1 The UoboW ZaV helSfXl in accomSliVhing Whe WaVk. RoboW helSfXlneVV 

Q2 I felW Whe inWeUacWion ZaV noW Vafe. InWeUacWion XnVafeW\ 

Q3 The collaboUaWion felW naWXUal. InWeUacWion naWXUalneVV 

Q4 The UoboW and I ZoUked efficienWl\ WogeWheU. Team efficienc\ 

Q5 The UoboW and I ZoUked flXenWl\ WogeWheU. Team flXenc\ 

Q6 I felW XncomfoUWable ZiWh Whe UoboW. DiVcomfoUW 

Q7 The UoboW ZaV WUXVWZoUWh\. RoboW WUXVWZoUWhineVV 

 

The commonl\-XVed NASA-TLX (HaUW and SWaYeland, 1988) haV been imSlemenWed Wo aVVeVV 

oSeUaWoU ZoUkload (FigXUe 6). IW decomSoVeV Whe ZoUkload in Vi[ dimenVionV:  

- MenWal demand, Zhich UeSUeVenWV Whe amoXnW of menWal and SeUceSWXal acWiYiW\ UeTXiUed b\ 

Whe WaVk.  

- Ph\Vical demand, UefeUUing Wo Whe amoXnW of Sh\Vical acWiYiW\ UeTXiUed b\ Whe WaVk. 

- TemSoUal demand, Zhich conceUnV hoZ mXch Wime SUeVVXUe iV SeUceiYed dXe Wo Whe WaVk Sace. 

- PeUfoUmance, UefeUUing Wo Whe degUee of VXcceVV and VaWiVfacWion ZiWh Whe UeVXlWV obWained in 

SeUfoUming Whe WaVk.  

- EffoUW, Zhich UefeUV Wo hoZ haUd one had Wo ZoUk (menWall\ and Sh\Vicall\) Wo achieYe a ceUWain 

leYel of SeUfoUmance.  

- FUXVWUaWion, UeSUeVenWing Whe amoXnW of iUUiWaWion, VWUeVV, and anno\ance felW dXUing Whe WaVk. 

Each dimenVion iV UaWed on a 0-100 Vcale ZiWh 5-SoinW VWeSV (Vee FigXUe 6), and Whe final ZoUkload 

VcoUe iV obWained b\ aYeUaging Whe dimenVion UaWingV. 
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FigXUe 6 - NASA-TLX TXeVWionnaiUe (HaUW and SWaYeland, 1988). 

 

The SAM (BUadle\ and Lang, 1994; Lang, 1980) iV a Zidel\ XVed image-baVed aVVeVVmenW Wool Wo 

meaVXUe Whe affecWiYe UeacWion Wo a ceUWain ViWXaWion oU eYenW. IW iV baVed on Whe PleaVXUe-AUoXVal-

Dominance (PAD) model, Zhich UeSUeVenWV affecWiYe VWaWeV on WhUee dimenVionV:  

- Valence (oU SleaVXUe), Zhich deVcUibeV Whe SoViWiYiW\ oU negaWiYiW\ of an eliciWed emoWion (e.g., 

feaU, angeU, oU boUedom Wend Wo be negaWiYe emoWionV, ZheUeaV Uela[aWion oU jo\ Wend Wo be 

SoViWiYe emoWionV).  

- AUoXVal, Zhich UefeUV Wo hoZ e[ciWed a SeUVon iV, UegaUdleVV of ZheWheU Whe e[ciWemenW deUiYeV 

fUom a SoViWiYe oU negaWiYe emoWion (e.g., boUedom and Uela[aWion aUe chaUacWeUi]ed b\ loZ 

aUoXVal, ZheUeaV eXShoUia, feaU, oU angeU Wend Wo haYe a high aUoXVal).  

- Dominance, Zhich deVcUibeV hoZ mXch one feelV in conWUol of a ViWXaWion, i.e., a feeling of 

conWUol and inflXence oYeU one¶V VXUUoXndingV and oWheUV (e.g., feaU oU an[ieW\ aUe XVXall\ 

chaUacWeUi]ed b\ loZ dominance, Zhile Uela[aWion oU angeU b\ a high dominance). 

FigXUe 7 VhoZV Whe oUiginal 9-SoinW Vcale SAM, Zhich haV been XVed in Whe VWXd\ Wo collecW 

affecWiYe VWaWe of Whe SaUWiciSanWV dXUing Whe e[SeUimenWal VeVVionV. 
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FigXUe 7 - Self-AVVeVVmenW Manikin (SAM) ZiWh iWV WhUee dimenVionV foU affecWiYe VWaWe: Yalence, 
aUoXVal, and dominance (BUadle\ and Lang, 1994). 

 
 
In addiWion Wo claVVical Velf-UeSoUWing WoolV, Whe EmSaWica E4 ZUiVWband (FigXUe 8) haV alVo been XVed 

Wo obWain a meaVXUe of Sh\Viological VWUeVV. ThiV non-inYaViYe bioVenVoU alloZV Wo collecW EDA daWa 

aW 4H], heaUW daWa WhUoXgh PhoWoSleWiVmogUam (PPG) aW 64H], and 3-a[iV acceleUomeWeU daWa aW 32H]. 

The deYice alVo SUoYideV Whe heaUW UaWe NN-inWeUYalV. PPG and EDA daWa aUe XVed aV aUoXVal and 

VWUeVV indicaWoUV, eYalXaWing HRV and aYeUage Skin CondXcWance ReVSonVe (SCR) in each 

e[SeUimenWal VeVVion. 

 
FigXUe 8 - The EmSaWica E4 bioVenVoU  (³EmSaWica´). 

 

 

EDA daWa aUe SUoceVVed XVing Whe MATLAB-baVed VofWZaUe ³Ledalab´. ConWinXoXV DecomSoViWion 

Anal\ViV (CDA) (Benedek and KaeUnbach, 2010) iV SeUfoUmed Wo decomSoVe Whe EDA Vignal inWo 

conWinXoXV VignalV of ShaVic and Wonic acWiYiW\. Tonic acWiYiW\ UefeUV Wo long-WeUm flXcWXaWionV in EDA 

WhaW aUe noW VSecificall\ eliciWed b\ e[WeUnal VWimXli and iV beVW chaUacWeUi]ed b\ changeV in Skin 
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CondXcWance LeYel (SCL). In conWUaVW, ShaVic acWiYiW\ UefeUV Wo VhoUW-WeUm flXcWXaWionV in EDA Zhich 

haYe been eliciWed b\ a XVXall\ idenWified and e[WeUnall\ SUeVenWed VWimXlXV. ThUoXgh Whe anal\ViV of 

Whe ShaVic acWiYiW\ Vignal, Skin CondXcWance ReVSonVeV (SCRV) (i.e., amSliWXde changeV fUom Whe 

SCL Wo a Seak of Whe UeVSonVe) can be idenWified. In WhiV VWXd\, Whe aYeUage SCR iV XVed aV an aUoXVal 

and VWUeVV indicaWoU in each e[SeUimenWal VeVVion. FUom heaUW daWa, HRV meaVXUeV can be deUiYed and 

XVed aV an aUoXVal and VWUeVV indicaWoU. In WhiV VWXd\, Whe RooW Mean STXaUe of SXcceVViYe DiffeUenceV 

beWZeen adjacenW NN-inWeUYalV (RMSSD) ZaV conVideUed aV meaVXUe of HRV dXe Wo iWV common XVe 

(Kim HW DO., 2018; YoXng HW DO., 2015). 

 

E[SHULPHQWDO SURFHGXUH 

FigXUe 9 UeSoUWV Whe floZchaUW of an e[SeUimenWal VeVVion. AfWeU e[Slaining Whe objecWiYeV of Whe VWXd\ 

and iWV SUocedXUe, Whe SaUWiciSanW iV VeaWed in Whe e[SeUimenW locaWion and Whe YaUioXV VWeSV of Whe 

aVVembl\ WaVk aUe SUeVenWed. AfWeUZaUdV, Whe EmSaWica E4 bioVenVoU iV fiUml\ Slaced on Whe 

SaUWiciSanW'V lefW ZUiVW and 15 minXWeV aUe ZaiWed foU Whe elecWUodeV Wo adheUe Zell Wo Whe Vkin and Wo 

obWain Ueliable EDA daWa. The SaUWiciSanW iV aVked Wo fill Whe iniWial TXeVWionnaiUe, Zhich inclXdeV 

demogUaShicV. Ne[W, Whe SaUWiciSanW iV inYiWed Wo Uela[ and Uemain VWill Wo UecoUd 2 minXWeV of 

Sh\Viological VignalV aW UeVW (i.e., Whe baVeline of Whe Sh\Viological VignalV). AfWeU WhiV ShaVe iV 

comSleWed, Whe SaUWiciSanW beginV Whe 4-hoXU VhifW of Whe aVVembl\ WaVk. In oUdeU Wo VimXlaWe UealiVWic 

ZoUking condiWionV, ZiWhin Whe VhifW a 10-minXWe bUeak iV SUoYided eYeU\ WZo hoXUV of ZoUk. DXUing 

Whe ZoUk VhifW, anoWheU oSeUaWoU VXSeUYiVeV each VeVVion b\ Waking noWe of occXUUing SUoceVV defecWV. 

AW Whe end of Whe ZoUk VhifW, Whe SaUWiciSanW UeSoUWV hiV affecWiYe VWaWe dXUing Whe WaVk WhUoXgh Whe 

SAM, fillV Whe NASA-TLX and Whe TXeVWionnaiUe on Whe TXaliW\ of inWeUacWion ZiWh Whe coboW. AW Whe 

conclXVion of Whe VeVVion, Whe SaUWiciSanW iV aVked foU geneUal XnVWUXcWXUed feedback aboXW Whe oYeUall 

e[SeUience. Each SaUWiciSanW SeUfoUmV WhUee aVVembl\ VhifWV: WZo in collaboUaWiYe mode ZiWh coboW 

VXSSoUW and one in manXal mode. In manXal aVVembl\, Whe inWeUacWion TXaliW\ TXeVWionnaiUe iV noW 

adminiVWeUed. 
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FigXUe 9 - FloZ-chaUW of Whe e[SeUimenWal VeVVion (4-hoXU VhifW). 

PRELIMINAR< RE68L76 

In oUdeU Wo WeVW Whe SUoSoVed e[SeUimenWal VeWWing, a SaUWiciSanW ZiWh no SUeYioXV e[SeUience 

inWeUacWing ZiWh a coboW ZaV inYolYed. The SaUWiciSanW SeUfoUmed WZo collaboUaWiYe aVVembl\ VeVVionV 

and one manXal aVVembl\ VeVVion. ThiV alloZed XV Wo comSaUe SoWenWial diffeUenceV in UeVSonVe 

YaUiableV beWZeen WZo HRC aVVembl\ VeVVionV and beWZeen a manXal aVVembl\ VeVVion ZiWh an HRC 

one. PUeliminaU\ UeVXlWV obWained aUe UeSoUWed in Whe folloZing VXbVecWionV. 

PURORQJHG HRC LQWHUDFWLRQ 

In oUdeU Wo e[SloUe Whe effecWV on SUolonged HRC aVVembl\ VeVVionV, WZo 4-hoXU VhifWV haV been 

caUUied oXW. FigXUe 10 VhoZV Whe VcoUeV obWained on Whe YaUioXV dimenVionV of Whe inWeUacWion TXaliW\ 

TXeVWionnaiUe. InWeUeVWingl\, in Whe fiUVW VeVVion Whe inWeUacWion ZiWh Whe coboW ZaV noW SeUceiYed aV 

SaUWicXlaUl\ flXid and naWXUal (3-"VomeZhaW diVagUee"), hoZeYeU Whe SeUceSWion of WheVe aVSecWV 

imSUoYed VignificanWl\ aW Whe end of Whe Vecond VeVVion leading Wo a SoViWiYe eYalXaWion. ThiV UeVXlW 

denoWeV a leaUning effecW inWUinVic Wo UeSeWiWiYe inWeUacWionV ZiWh Whe coboW. 
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FigXUe 10 - ComSaUiVon of inWeUacWion TXaliW\ UaWingV beWZeen Whe fiUVW HRC aVVembl\ VeVVion and 
Whe Vecond one. 

 
 

RegaUding Whe SeUceiYed ZoUkload, fUom FigXUe 11 iW can be noWiced a decUeaVe fUom Whe fiUVW HRC 

VeVVion Wo Whe Vecond one. ThiV iV mainl\ dXe Wo a VignificanW decUeaVe in Whe EIIRUW and FUXVWUDWLRQ 

dimenVionV, highlighWing a gUeaWeU familiaUiW\ ZiWh Whe collaboUaWiYe WaVk. A fXUWheU decUeaVe in 

SeUceiYed ZoUkload iV SUeVenW in Whe manXal aVVembl\ VeVVion. In WhiV caVe, Whe abVence of Whe UoboW 

incUeaVed Whe SeUceSWion of Sh\Vical effoUW, hoZeYeU menWal effoUW and fUXVWUaWion decUeaVed 

VignificanWl\. ThiV iniWial finding highlighWV a SoVVible SV\chological inflXence of Whe coboW on 

oSeUaWoU VWUeVV. 

 

FigXUe 11 - ComSaUiVon of ZoUkload VcoUeV of NASA-TLX beWZeen Whe WhUee e[SeUimenWal 
VeVVionV. 

 

FigXUe 12 VhoZV Whe affecWiYe VWaWe dXUing Whe WhUee VeVVionV. An inWeUeVWing decUeaVe in aUoXVal can 

be Veen beWZeen Whe fiUVW HRC VeVVion and Whe Vecond VeVVion Zhich VXggeVWV a SoWenWial decUeaVe in 
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VWUeVV. A fXUWheU decUeaVe in aUoXVal can be obVeUYed in Whe manXal aVVembl\ VeVVion. In addiWion, Whe 

abVence of Whe coboW alVo led Wo a gUeaWeU VenVe of dominance of Whe ViWXaWion b\ Whe oSeUaWoU. 
 
 

 

FigXUe 12 - ComSaUiVon of SAM dimenVionV UaWingV beWZeen Whe WhUee e[SeUimenWal VeVVionV. 
 
A confiUmaWion of WheVe effecWV can be foXnd in Whe Sh\Viological UeVSonVeV (HRV and EDA). FUom 

Whe FigXUe 13 a VimilaU WUend Wo WhaW of aUoXVal can be Veen foU HRV and aYeUage of SCRV. LoZeU 

heaUW UaWe YaUiabiliW\ (i.e., loZeU RMSSD) iV aVVociaWed ZiWh higheU oSeUaWoU VWUeVV, Zhile a higheU 

aYeUage of SCRV iV aVVociaWed ZiWh higheU oSeUaWoU VWUeVV. A conViVWenW decUeaVe in VWUeVV can be Veen 

beWZeen Whe fiUVW and Vecond HRC VeVVionV, highlighWing Whe imSoUWance of familiaUiW\ ZiWh Whe 

collaboUaWiYe WaVk. HoZeYeU, a fXUWheU decUeaVe in VWUeVV can be obVeUYed in Whe manXal aVVembl\ 

VeVVion, dXe Wo Whe abVence of Whe coboW in Whe WaVk. 

 

 

FigXUe 13 - ComSaUiVon of Sh\Viological VWUeVV indicaWoUV (RMSSD foU HRV and aYeUage of SCRV 
foU EDA) in Whe WhUee e[SeUimenWal VeVVionV. 

 

FigXUe 14 VhoZV an e[amSle of a 2-hoXU EDA Vignal dXUing Whe fiUVW HRC VeVVion. AV can be Veen, 

Whe acWionV of Whe UoboW haYe caXVed an inVWanWaneoXV incUeaVe in EDA and WhiV effecW haV VomeWimeV 

SeUViVWed oYeU Wime ZiWh a geneUal incUeaVe in Whe WUend of Whe Vignal. ThiV incUeaVe in WUend iV alVo 
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indicaWiYe of an incUeaVe in cogniWiYe effoUW on Whe SaUW of Whe oSeUaWoU. SXch ViWXaWionV ZeUe foXnd 

eVSeciall\ in HRC VeVVionV.  

FigXUe 15 illXVWUaWeV Whe SUoceVV defecWiYeneVV deWecWed dXUing Whe YaUioXV e[SeUimenWal VeVVionV. 

E[amSleV of SUoceVV defecWV inclXde falling WoolV, comSonenWV, VcUeZV oU nXWV, and incoUUecW Sicking 

oU aVVembl\ of comSonenWV ZiWh Velf-coUUecWion of Whe defecW. DXUing Whe fiUVW HRC VeVVion, Whe 

higheVW nXmbeU of defecWV ZeUe obVeUYed, mainl\ dXe Wo falling SaUWV oU incoUUecW aVVembl\ of 

comSonenWV. The loZeVW nXmbeU of defecWV ZaV obVeUYed in Whe manXal aVVembl\ VeVVion. IW iV 

SoVVible Wo noWe WhaW moVW of Whe defecWV ZeUe obVeUYed in Whe SUeVence of gUeaWeU oSeUaWoU¶V VWUeVV 

(FigXUe 13).  

 

 

FigXUe 14 - E[amSle of a 2-hoXU EDA Vignal dXUing an HRC VeVVion. The SeakV highlighWed (SCRV) 
can be aWWUibXWed Wo acWionV of Whe coboW WhaW geneUaWed VWUeVV in Whe oSeUaWoU. DaVhed YeUWical lineV 

VeSaUaWe Whe YaUioXV aVVembl\ WaVkV of Whe Wile cXWWeU. 

 

FigXUe 15 - ComSaUiVon of SUoceVV defecWiYeneVV beWZeen Whe WhUee e[SeUimenWal VeVVionV. 
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DI6C866ION AND CONCL86ION6 

In WhiV SaSeU, a noYel e[SeUimenWal VeWWing iV SUoSoVed in oUdeU Wo UeSUodXce a VeW of 4-hoXU ZoUk 

VhifWV of a UeSeWiWiYe collaboUaWiYe aVVembl\ WaVk. ThUoXgh Whe imSlemenWaWion of WhiV VeWWing, iW iV 

SoVVible Wo condXcW VWXdieV on Whe effecWV of a SUolonged inWeUacWion ZiWh a coboW on hXman VWaWe and 

SUoceVV defecW in a manXfacWXUing conWe[W. MoUeoYeU, WhankV Wo Whe inWegUaWion of non-inYaViYe 

bioVenVoUV, iW iV SoVVible Wo obWain objecWiYe infoUmaWion on Whe SV\choSh\Vical VWaWe of Whe oSeUaWoU 

ZiWhoXW inWeUfeUing ZiWh Whe WaVk. The objecWiYe iV Wo inYeVWigaWe oSeUaWoU e[SeUience and VWUeVV in 

UelaWion Wo HRC in UeSeWiWiYe WaVkV, aV Zell aV defecW geneUaWion. AV highlighWed in Whe conceSW of 

IndXVWU\ 5.0, Whe hXman being iV an inWegUal SaUW of SUodXcWion SUoceVVeV and Whe imSUoYemenW of hiV 

Zell-being and enhancemenW haV VignificanW imSlicaWionV on Whe TXaliW\ of SUoceVVeV and SUodXcWV. 

The SUeliminaU\ UeVXlWV obWained VhoZ Whe imSoUWance of familiaUiW\ ZiWh Whe collaboUaWiYe WaVk in 

oUdeU Wo SUeVeUYe hXman Zell-being and imSUoYe Whe TXaliW\ of inWeUacWion. HoZeYeU, iW haV alVo 

emeUged WhaW inWeUacWion ZiWh Whe coboW can inWUodXce moUe cogniWiYe VWUeVV Whan a claVVical manXal 

VeWWing, alWhoXgh iW lighWenV Whe Sh\Vical ZoUkload of Whe oSeUaWoU. ThiV fiUVW UeVXlW highlighWV Whe 

imSoUWance of alVo Waking inWo accoXnW SV\cho-cogniWiYe aVSecWV Zhen inWUodXcing a collaboUaWiYe 

UoboWic V\VWem in a ZoUkVWaWion in oUdeU Wo obWain Whe ma[imXm benefiW fUom HRC. IW coXld alVo be 

noWed WhaW incUeaVed oSeUaWoU VWUeVV UeVXlWed in moUe SUoceVV defecWV, hoZeYeU WhiV Shenomenon 

UeTXiUeV fXUWheU inYeVWigaWion. 

A limiWaWion of Whe SUoSoVed e[SeUimenWal VeWWing iV UeSUeVenWed b\ Whe Wime UeVoXUceV UeTXiUed foU iWV 

imSlemenWaWion; hoZeYeU, Whe\ SUoYe neceVVaU\ in longiWXdinal VWXdieV, eVSeciall\ Zhen inYeVWigaWing 

long-WeUm effecWV of HRC. A limiWaWion of WhiV VWXd\ iV Whe SUeliminaU\ naWXUe of Whe UeSoUWed UeVXlWV. 

FXWXUe VWXdieV Zill focXV on e[Sanding oXU findingV b\ incUeaVing Whe VamSle of SaUWiciSanWV and 

fXUWheU e[SloUing Whe Shenomena inYolYed. 
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