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𝑆𝑡𝑜𝑐𝑘(𝑡) = [𝐼𝑛𝑓𝑙𝑜𝑤(𝑡) − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤(𝑡)]𝑑𝑡 + 𝑆𝑡𝑜𝑐𝑘(0)

𝑂𝑢𝑡𝑓𝑙𝑜𝑤(𝑡) = 𝐼𝑛𝑓𝑙𝑜𝑤(𝑡 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑒𝑙𝑎𝑦 𝑇𝑖𝑚𝑒)
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review

Factors in HRC 
systems

Variables definition 
for the model

Causal Loop 
Diagram design
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Literature 
review

Factors in 
HRC 

systems

Variables 
definition 

for the 
model

Causal 
Loop 

Diagram 
design and 
Stock and 
Flow Map 

design

Equations 
design

Policy 
Design 

Evaluation



 

 

𝑃𝑟 = 𝑊𝐼𝑃 𝐶𝑇⁄  .



 

 

𝑃𝑟 ∈  ℝ | 𝑃𝑟 ≥ 0 .

 

𝐶𝑇 = (𝐶𝑇𝑚 −  𝐶𝑇 ) ∗ 𝑒
∗

∗ 𝑃𝑖 .



 

 

 𝐿𝑟 = (𝑃ℎ𝐿 ∗ 𝑀𝐿) 𝑇𝐷𝐼 ⁄ .

 



 

 



 

 

 

 



 

 

 

 



 



 

 

 



 

 

 



 

 

 

 

 

 



 



 

 



 

 

 



 

 

 

 

 

 

 

 



 

 

Physical 
Risk 
Level 

Meaning 
RULA 
scores 

EAWS 
points 

NIOSH  
lifting 
index 

KIM-MHO  
points 

OCRA 
checklist 

NMQ  
Borg 
scale 

EMG 
% MVC 

I Acceptable risk 1 or 2 0 to 25 < 1 < 20 < 7.5 0 0 to < 1 

II Low risk 3 or 4 
26 to 50 

1 to < 2 20 to < 50 7.6 to 11.0 1 to 3 1 to < 10 

III Medium risk 5 or 6 2 to ≤ 3 50 to < 100 11.1 to 22.5 4 to 6 10 to ≤ 14 

IV High risk 7 > 50 > 3 ≥100 ≥ 22.6 7 to 10 > 14 

 

 



 

 

 

Mental 
Risk Level Meaning NASA-TLX  

overall workload 
SWAT 
value 

EDA 
EDR’s mean value 

I Low risk 0 to < 60 0 to < 60 Below 0.5 

II High risk 60 to < 100 60 to < 100 Above 0.5 

 

 

 

 

 



 



 

 

System 
Level of Collaboration 

0 1 2 3 4 

Safety and 
human 

support of 
a cobot 

(Cohen et 
al., 2021) 

Current 
workstation 

without 
cobot. 

ISO/TS 15066   
Safety-rated 

monitored stop. 

ISO/TS 15066  
Hand-guiding. 

ISO/TS 15066 Speed 
and separation 

monitoring. 

ISO/TS 15066 
Power and force 

limiting 

Cobot performs 
repetitive, and/or 
dangerous tasks, 

and sounds an 
alarm in an 
emergency. 

Cobot performs 
ergonomically 

challenging tasks: 
dirty, hot, humid, and 
noisy environment. 
Cobot issues safety 

warnings and suggests 
help only in 

emergencies. 

Cobot brings tools or 
parts next to the 

operator and takes 
them away. Cobot 
issues reminders, 

and draws attention 
to evolving 
situations. 

Cobot holds and/ 
or manipulates 

the tool or work 
piece. May initiate 
tasks: ‘let me hold 

it’. May suggest 
help in extreme 

cases. 

Mental Mental workload increases with the complexity of the task (Fruggiero et al., 2018; Pini et al., 2016). 

Physical Physical workload decreases when cobot assumes the tasks related with loads and repetitiveness (di 
Nardo et al., 2015; Rücker et al., 2019). 

Knowledge Knowledge of the task can assume different values depending on the specific workstation (Mattos et al., 
2019). 
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𝑊𝐹𝑃 = [𝑃𝐴𝑟 − 𝑃𝑆𝑟]𝑑𝑡 + 𝑊𝐹𝑃

𝑊𝐼𝑃 = [𝑃𝑆𝑟 − 𝑃𝑟]𝑑𝑡 + 𝑊𝐼𝑃

𝑃𝑟 =
𝑊𝐼𝑃

𝑀𝐶𝑇
 

𝑃𝑆𝑟 =
𝑊𝐹𝑃

PCt

𝐷𝑃𝑆𝑟 = DPr

 

 



 

AjWIP =
(DWFP − 𝑊𝐹𝑃)

𝑊𝐹𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒

DWIP = PSr ∙ PCt

DPr =
Available production time

Desired production

MCT = (𝐶𝑇𝐴𝑗𝑟𝑑𝑡) + 𝑊𝐹𝑃  

PAr = DPAr 

PCt =
Maximum work in process − WIP

DPr
 

CTAjrdt

=
MiCt − MCT

Time of percep. of meeting the goal ∙ 𝐼𝑃 

DPAr = AjWFP +  DPSr 

IP =
DPr

Pr

MiCt = f (KAj)

KAj =
KI

KR

CF =
1

MCT

PR = f (Level of Collaboration)

MO = f (Level of Collaboration)

PO = f (Level of Collaboration)

KR = f (Level of Collaboration)

EE = [Rr − Lr]𝑑𝑡 + EE

Rr =
EL

Return time

Lr =
MO

Time to disease incidence

EL = [Lr − Rr]𝑑𝑡 + EL

TK =
480

CF

KI = [LEr − LKr]𝑑𝑡 + KI

LEr =
KR − KI

TK 

LKr =
EE − Line employees

Time to disease incidence
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