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EXECUTIVE SUMMARY 
The present document is a deliverable of the CoLLaboratE project, funded by the European 
Commission’s Directorate-General for Research and Innovation (DG RTD), under its Horizon 2020 
Research and innovation programme (H2020). This deliverable is a second edition of D2.1 
submitted at June 2019.  

D2.2 performs, in Chapter 3, an update of the description of the Challenges. The description of the 
challenges updates the state of description made in D2.1, and considers and describes eventual 
modifications due to adaptation occurred as a consequence of the design of the final workcell 
demonstrators. It is again important to underline that the description of the four reference use 
cases in Chapter 3 is limited to a PUBLIC confidentiality level. For all use cases, a detailed task 
analysis is made in the annexes. 

Following the deeper description of the challenges, an analysis of the more specific KPIs for each 
challenge has been made and represented in paragraph 2.3.Following this purpose, D2.2 makes a 
reprise of KPIs introductory concepts, elaborating further for the evaluation of the use cases, and 
assignment of numerical target values to the reference KPIs identified and further updates and 
deepens the description of the use cases provided in D2.1. Some text and concepts can be repeated 
from D2.1 for completeness and readability (in particular in the use cases description). 

In D2.2, besides some initial considerations on possible KPIs focused on the description and 
quantification of Human Robot Collaboration based applications, the description of KPIs is more 
focused on the specific KPIs at the base of the quantification of the specific challenges. For these 
KPIs, expected values are provided. 

Deliverable D2.2 includes also the update of the User Requirements with the final analysis and 
results, consideration further elaborated and the full User Requirements table in the Annexes. 
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1 INTRODUCTION 
This deliverable (D2.2: End-user requirements, use cases and industrial scenarios) is the final 
version of deliverable D2.1, sharing the same title. It is intended to define the industrial scenario 
in which the use cases of the project CoLLaboratE are defined, to perform an investigation and 
definition of the User- requirements and then to properly define the use cases of the project. The 
initial version of the deliverable (D2.1) has been regularly completed and delivered in due time. 
From the descriptions and definition in these two deliverables, the system specifications have 
been defined in detail together with the system architecture (D2.3: CoLLaboratE Detailed 
architecture & system specifications (preliminary) [12] and D2.4: CoLLaboratE Detailed 
architecture & system specifications [24]). The reason for having a double version of the 
deliverable is connected to the expected increase in the detailed description of the use cases. A 
further activity is foreseen in task T2.5: Evolutionary Requirements Elicitation and Innovations– 
(M10-M28), in order to deal with the continuous monitoring of initial requirements drafted in 
T2.1. As such T2.5 will elaborate and define the complete and final set of requirements related to 
use cases and technologies in the CoLLaboratE project. T2.5 will run in parallel with the core 
developments in WP3, WP4 and WP5 and after successful completion of the 1st validation phase 
(T6.3 - T6.6), the task will provide a refined set of requirements towards the final fine-tuning of 
the integrated framework (T6.1). Results of T2.5 will be documented in D2.10: Evolutionary 
Requirements Elicitation and Innovations [28]. 

Parallel to WP2 developments, WP6 will define, implement and support the realization of the use 
cases and of the challenges. In particular, Task 6.7 will monitor, evaluate and validate the use cases 
and their execution. In particular T6.7 will: 
1. define the evaluation objectives, methodology to be followed, evaluation phases, timing and 

expected results per activity 
2. define the technical indicators for performance assessment (KPIs) taking into account the 

ECOGRAI or similar methodology to design and implement KPIs for the evaluation of the 
envisioned solutions. 

3. define evaluation indicators for assessing the impact of CoLLaboratE on the robotics domain.  
4. develop instruments needed for the uniform collection of evaluation data. 

The results of the KPIs definition phases is expected to be in D6.7: CoLLaboratE consolidated 
evaluation and lessons learned (Preliminary) [28] and D6.8: CoLLaboratE consolidated evaluation 
and lessons learned [36]. 
 
One of the objectives of deliverable D2.2 is the identification of KPIs for the description and 
comparative validation of the use cases represented in the challenges. These KPIs are split into: 

1. KPIs describing the application in the use-case. Usually standard industrial KPIs used to 
describe the reference application. Each Challenge defines its own KPIs (described later in D2.2). 
2. KPIS describing the general performance of the CoLLaboratE system in the management 
of the applicative use cases (described in D6.7). 

The analysis on KPIs is performed in Chapter 2: KPIs. 
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1.1 USE CASES INTRODUCTION 
CoLLaboratE project application is validated in four distinct use cases. These use cases were 
already introduced in D2.1 and will be detailed later in this document. Since the content of the 
present deliverable is strongly related to the use cases, in the present paragraphs we shortly 
resume the use cases (see https://collaborate-project.eu/cases/). 

 

The subject of the 
collaborative process is 
the assembly of a part of 
the car starter, part of the 
process which comprises 
the insertion of copper 
sliding rings into metal 
pallets, which are then 
transferred to the 
molding machine. 
Currently, the process of 
inserting sliding rings 
into the pallet is 

performed manually and is considered hard to automate. The process is demanding due to the 
high flexibility and elasticity of the sliding rings. The vision of the project is to develop a robotic 
system that will assist the worker or even replace the worker when he will not be present. Thus, 
the worker and the robot will be both capable of executing the same operations, and the work-
sharing will be assigned dynamically. 

This use case addresses 
Human- Robot 
Collaboration (HRC) for a 
windshield assembly on a 
car chassis. The robot 
automatically picks and 
aids in the cooperative 
assembly with the 
operator, to mount 
customized sensors and a 
rear view mirror on the 
windshield. The robot 
then performs the 

assembly of the windshield on the car chassis, replacing human involvement in the manual 
assembly. The proposed system eliminates many passive components, minimizes work cell area, 
reduces lead time and specifically learns to personalize operator preferences based on good 
ergonomics. All key aspects of collision detection, collision avoidance, and ergonomics to ensure 
safe HRC are carefully addressed 
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This use case refers to the 
complex and rapidly 
changing assembly tasks 
of LED TVs. Picking & 
placing of the electronic 
cards and screwing of 
these cards will be 
completed by the 
collaborative robot 
system developed in 
CoLLaboratE. The robot 
and the human operator 
will share the same 

workspace while the robot brings the cards and the operator screws them on the TV. Continuous 
production line requires accurate conveyor tracking and part locating algorithms. Thus, advanced 
vision systems will be developed for these purposes. The entire interface will be flexible, thus 
whenever a new TV model is produced, operators will easily teach the new positions and 
orientations by demonstration. 

This use case is related to 
the assembly of 
aeronautical structures 
by riveting. The 
percussive riveting is a 
truly collaborative 
process involving two 
human operators. 
Although different 
robotic solutions have 
been proposed for the 
automatization of this 
type of riveting, it mostly 

remains a manual process, given the complexity of the technology and of the associated geometry 
on which it is applied. By replacing one human operator with a collaborative robot, the process 
becomes more efficient and ergonomic. As opposed to fully automated riveting processes, the 
collaborative riveting will also rely on a human operator for the decision making and quality 
assessment that can be difficult to automate. 
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1.2 FEEDBACK FROM ADVISORY BOARD 
Before the submission of D2.1 the CoLLaboratE project had a web meeting with the members of 
the project’s advisory group to present to them the D2.1 with the aim to have feedback to 
incorporate and consider. 

In the web meeting the deliverable and the use cases were introduced to three out of four of the 
members of the project’s advisory group. Considerations and discussions relevant to the current 
deliverable’s content are summarized below. 

Challenge 1: 
1. concerns were raised about the ability of the robot to handle the flexible objects and 

about the high precision required to place them on the fixture jig for molding. 
2. suggested to use as a KPI the reduced scrap after the mold injection process as a result 

of the increased accuracy from the robot.  
3. It was recommended to use a Methods-Time Measurement (MTM) analysis for this 

case in order to see if the robot can do the assembly while respecting the molding 
machine times. 

Challenge 2:  
1. It was highlighted the importance of applying CoLLaboratE technology on current 

industrial robots by adding safety devices (such as sensorised skin) so that they 
comply with the technical guidelines for human robot collaboration. 

2. It was highlighted the importance of using as a KPI the spaghetti chart for the 
personnel, since it can reduce the amount of walking and improve the takt time. 

3. It was suggested to place the input material in front of the operator in golden zone in 
order to improve ergonomics. 

4. It was asked why the use-case wasn’t fully automated, to which CRF replied that for 
the specific Takt time, the proposed solution appears to represent the best business 
case. 

Challenge 3:  
1. There is the possibility that it will be difficult for the robot to grasp the board from the 

pallet. It was suggested to take advantage of the robot to perform a quality control by 
checking somehow if the operator screws correctly the screws on the board after the 
robot places the board. 

2. It was noted that there might be problems because of the vibrations that might be 
appear on the vertical axis of the conveyor. 

Challenge 4: 
1. It was suggested to also include a helium detector to the robot that performs the 

riveting in order to check for leakages after the riveting, since this would increase the 
value of the process. 

2. Concerns were raised about how robot and the human will coordinate so that they 
identify in which hole the rivet is inserted. 

 
Received suggestions were integrated and considered when possible. In many cases they were 
related to reference process or final production application and cannot apply within the contest 
of the experimental validation within the CoLLaboratE project and will thus be considered during 
later exploitation stages. 
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2 KPIS FOR HUMAN ROBOT COLLABORATION EVALUATION 
All the developed use cases are based upon industrial use cases normally processed in the 
manufacturing plant of the four industrial partners. As such, their current evaluation is based 
upon reference KPIs that are normally used in the reference manufacturing practice and that are 
considered useful for the description and quantification of the use cases. With the same approach, 
the identification of the use cases to be analyzed have been performed according to industrial KPIs 
of daily use. In D2.1 a definition of industrial KPIs was made in the contest of the description of 
the industrial scenarios. Normally used KPIs in the current situation are defined and used since 
decades and represent a well-known standard fully describing the situations that can occur in a 
production plant. Many of the Reference KPIs (see for example all the ergonomics KPIs), are 
rationalized and described in many international ISO standards. 

Though Human-Robot Collaboration is a new technology that introduces different modes of 
interaction and new KPIs could be useful, it is fundamental to note that no new KPI is easily 
accepted by industries and standardization bodies in case it hinders the validity of the existing 
KPIs or completely modifies the procedures for the determination and calculus of the KPIs values. 

For all these reasons, it is fundamental to analyses the use cases according to the standard KPIs 
since it allows a proper and correct comparison of the As Is situation with the newly developed 
solution to the use-case.  

Nevertheless, it is evident that the Human-Robot Collaboration is introducing new work 
approaches for which the standard KPIs may not be sufficient. 

In the following, an analysis of KPIs will be made in relation to the 4 CoLLaboratE Challenges and 
considering three levels of description: 

1. KPIs used to evaluate and quantify the current reference workstations 
2. KPIs used or usable to identify and select the most suitable application to be adapted by 

HRC application 
3. KPIs usable to better evaluate the forthcoming HRC workstation during HRC operations 

CoLLaboratE also made an investigation in relation to public deliverables with public content of 
parallel European Projects related with Human Robot Collaboration in order to consider 
additional KPIs identified [26]. 

2.1 EVALUATION AND QUANTIFICATION OF EXISTING CURRENT REFERENCE WORKSTATIONS 
Human Robot Collaboration applications are normally applied as substitution of existing 
workcells. The most common situation is the technological upgrade of human operations, while a 
technological downgrade is rarer. The reason to substitute an existing workcell and related 
methodologies and tools is normally to increase some KPI of the workcell. The drivers that require 
workcell improvements by technological upgrades with the COBOT’s introduction are: 

o Safety,  
o Ergonomics,  
o Quality, 
o Productivity, 
o Cost reduction.  

 

These drivers can also be defined differently: for example in the “Sharework” deliverable “D1.6 
Key Performance Indicators (KPIs) for assessment - I” [26], the main drivers are clustered as: 
Productivity, Cost, Safety and Human Factors  
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In this clustering, the driver “human factors” has been added and it does not consider ergonomics 
as a main driver; ergonomics is considered only indirectly in the KPI “Workload”, but mainly 
Cognitive and People development KPIs. As a matter of fact, in different markets ergonomics 
mainly stands for heavy load carrying and parts picking up in golden zone and is considered only 
inside safety; but in intensive line production (e.g. automotive and white goods/electronics 
production) ergonomics is clearly one of the main drivers due to the high repetitiveness of the 
activities. More detailed considerations on this document will be delivered afterward. On the 
other hand, the “Human Factors“ driver includes aspects related to people development and 
cognitive effort. 

The specific KPI used for the evaluation of each application is market dependent, also considering 
the differences in layout throughput and other basic peculiarities of the manufacturing process. 
For this reason the present deliverable will not try to perform a systematic analysis of these KPIs, 
leaving the specific considerations separately to each Use-case. 

Few important considerations can be performed for each main driver in relation to the 
opportunity to adopt HRC in the specific application:  

 Quality: in some cases the use of robots solves quality issues. HRC has good opportunities 
to impact on the final product’s quality and as such, in case no other simpler lean solution is found, 
it is considered. 

 Productivity and cost: Benefit/Cost ratio is always the Key parameter to the decision to 
adopt any new technology. HRC, in comparison to other technologies, is characterized by many 
potential benefits with the additional cost of the robot, the integration and the maintenance. 
Nevertheless HRC can affect positively also Productivity parameters and production costs. The 
evaluation of B/C for HRC is not trivial and requires a deep analysis of each use case. 

 Safety & ergonomics are usually “no cost” drivers, meaning that, in case some specific 
application contains safety and ergonomics issues that are not solvable with different approaches, 
than the adoption of HRC should be considered regardless of the cost of the application itself. 
These are often the key drivers to many of the applications reported on the market 

2.2 KPIS FOR HRC APPLICATIONS 
Generic KPIs don’t usually fit at the best to Collaborative applications for each use-case and 
situation. This fact is related to different nature of the two original fields of applications: the 
Human and the Robot. 

In standard automation the robot, as any machine is characterized by the OEE (Overall equipment 
effectiveness) KPI. 

This parameter is defined as: 

OEE = Availability ×Performance × Quality Rate, with   

 

Its definition contains three main KPIs: the availability, the Performance (in productivity terms) 
and the Quality.  



D2.2 – End-user requirements, use cases and industrial scenarios 
Version: 1.0 

CoLLaboratE  17 

 

OEE can be used to indicate the overall effectiveness of robot inside a manufacturing line, both at 
single operation level and entire production line level. OEE measurement is therefore useful in 
identifying which aspects of a process can be improved and how this improvement will impact on 
the overall process performances. 

This KPI can be applied also to HRC with some adaptation and extension. Considering the 
Team=Human+Robot, as a single entity, its availability contains the combined availability of both 
the operator and of the robot. If the team is stopped, due to any reason originated by the team, the 
availability is reduced. In the evaluation of the Actual Run Time, also parameters like the usability 
or similar will have an impact (if the usability is poor, unplanned stops are likely to occur) 

Same reasoning can be applied to the performance, where any stop, (Planned/unplanned 
downtime speed loss, breakdown and so on) will reduce the overall system performance. In this 
parameter, for example, also slowdowns occurring in Speed and Separation Monitoring (SSM) 
mode due to a non-optimized sequence of operator’s action that cause an excessive number of 
“slow down” events, or idle wait time of the operator or the robot waiting for the partner, will be 
considered 

As for the quality the team’s collaboration, it becomes immediately relevant since the overall 
achieved quality in the workstation will describe the results of the team and won’t separate or 
isolate each player’s contribution. 

Similar considerations can be adopted almost for any KPI in the manufacturing environment, with 
the attention to consider the full Team characterization and/or measurement. 

It is important to note that in some cases the robot can be positioned to perform operations in 
multiple workcells (see Figure 1); in this cases KPIs should be evaluated differently according to 
“Team 1” / “Team2” metrics, or, for example Robot’s saturation, Availability, Performance, etc. 

The above generalization allows to apply most of the currently used KPIs to collaborative 
workcells. The specific use-case or application or workcell needs, anyway, a dedicated analysis for 
the identification of the most suitable Key Performance Parameter (in the following section 
dedicated KPIs for the use cases will be indicated). 

 

Figure 1: Representation of two nearby workstations sharing one collaborative robot 

In the contest of Human Robot collaborative application characterization, it is important to 
highlight also Human related factors. Again in the “Sharework” deliverable “D1.6 Key Performance 
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Indicators (KPIs) for assessment - I” [26], these factors are taken into account. The following table, 
taken from the deliverable represents a mapping of the main KPIs identified vs the main 
requesting driver. 

Table 1: KPIs correspondence to drivers in the Sharework project 

 

Productivity (P) and Cost (C) related KPIs are similar to the KPIs described in D2.1 and can be 
described with the approach described before to include the Team as target of the metric’s 
quantification rather than the equipment alone. Referring to the above list, which also includes 
KPIs related to Safety (S) and Human-Factor (H-F), some of the identified KPIs deserve attention: 

Training hours: In the context of HRC, human factors are fundamental. The training of the 
operators, for example can be part of the risk analysis of the workcell and can lower or even break 
existing psychological barriers in the operator to work with the robot. As such, it is important to 
consider the amount of training hours in the evaluation. This factor is anyway seen both as a 
positively impacting KPI for the Human factors driver and negatively impacting one for the cost 
impact. Furthermore, its evaluation refers to the desirability of application of the HRC solution 
and does not impact on the daily workcell or application performance (stated that the operators 
are formed to safely and efficiently perform all the required tasks) 

Trust, Situation awareness: both these KPIs are related to Human factors. They are two strongly 
correlated KPIs since without operator’s situational awareness there cannot be trust. Trust is 
strongly influenced by the cultural and experience background of the operator and is hardly 
quantifiable. As such, CoLLaboratE acts more on studies intending to enhance trust in the operator 
rather than on its quantification. Situation awareness has a dual aspect: from the operator point 
of view and from the system point of view. The improvement of Operator’s Situational awareness 
improves Trust, Attention level and Operator’s concentration and safety as a consequence. 

The system situation awareness is related to the system’s capability to understand the 
environment creating a reliable and precise image of the workplace actors and their 
interdependencies. 

Workload: is a KPI describing the difference between the amount of available processing 
resources and the amount required by a task. It is normally evaluated with many other KPIs as, 
for example, the robot and operator’s saturation. It normally contains indirectly ergonomics 
evaluations since the operator’s saturation in time is weighted by a coefficient related to the 
ergonomics of the operation, intending that the heaviest activities require additional time for 
partial resting and recovery. The consequences of wrongly evaluated Workload can bring to losses 
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(underuse of the equipment and of the Team in general) or ergonomics/safety and productivity 
impacts since, as a consequence line stops are cause by the required overtime. 

2.3 CHALLENGE’S USE CASES EVALUATION KPIS AND TARGET EXPECTED VALUES FOR 

EVALUATION  
In these paragraphs, a list is given of the main KPIs to which each industrial use-case refers to for 
the validation and performance evaluation. For each KPI we give a short description, the standard 
use mode and the values of the reference progress, the criteria for the optimization and the target 
KPI or relative improvement expected from the project’s development. 

It has to be highlighted that some reference current value of KPIs can be considered confidential, 
and as such only a relative target value improvement is provided. 

 Challenge 1: performing car starter assembly  

Standard KPIs of Kolektor’s production lines are measured by means of OEE. Since this challenge 
is somewhat different to classical approaches of measuring performance at Kolektor production 
facilities, additional KPIs need to be implemented to successfully quantify the indicators. The 
proposed KPIs are mostly targeted to the specific usage of the collaborative robot system used in 
challenge 1, where we want to have as much of an independent workflow from the worker, who 
only intervenes when necessary. The main objective of the challenge is to relieve the worker from 
his task of maintaining enough input material (copper sliding rings) and palletize the finished 
product (copper sliding ring after injection molding with plastics), so the production cell can work 
independently. 

Table 2: Challenge 1 

KPI:  Ease of Use 
Describes:  How easy it is to operate the collaborative robot system 
Used to Quantify the user experience with the system, derived from the user experience questionnaire.  
Current Optimum Target 
Currently not used  1 ≥ 0.5 
KPI:  OEE 
Describes:  Overall Equipment Effectiveness is a “best practices” metric that identifies the percentage of planned 

production time that is truly productive. 
Used to An OEE score of 100% represents perfect production: manufacturing only good parts, as fast as 

possible, with no downtime. 
Current Optimum Target 
≥80% 100% ≥80% 
KPI:  Autonomy 
Describes:  Autonomy is a metric used to define how many times an operator has to intervene and help the 

collaborative robot to successfully fulfil its task. 
Used to Describe how good a collaborative system really is in real production environment, where variables 

of the production process come into consideration. 
Autonomy is a metric used to define how many times an operator has to intervene and help the 
collaborative robot to successfully fulfil its task. It is calculated as following: 
 A=Nc/N∙100% [1] 
Where:  
A – Autonomy of the system 
Nc – Number of successful tasks executed by the collaborative system 
N – Number of total tasks 
It can be further divided to three subgroups: 
 Ap – Autonomy of the picking 
Ai – Autonomy of insertion 
Ae – Autonomy of packaging  
Since the most important of the three autonomy parameters is Ai it has a larger impact on the final 
metric. Therefore, a weight calculation is proposed: 
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 A=Ap∙Wp+Ai∙Wi+Ae∙We [1] 
Where:  
Wp = 0.30; Wi = 0.50; We = 0.20  
Perfect autonomy of the collaborative system is reached when “A” reaches 100%, for this application 
the goal would be 80% (similar to OEE). 

Current Optimum Target 
Currently not used. 100% ≥80% 
KPI:  Human operator’s acceptance 
Describes:  How well do the workers that use the collaborative system really accept the new “co-worker” 
Used to Subjectively describe the satisfaction of the workers using the collaborative system on daily basis.  
Current Optimum Target 
Currently not used. 1 ≥0.5 
KPI:  Cycle time 
Describes:  The total time from the beginning to the end of the production process of the work cell. 
Used to Any addition to the cycle time would have negative consequences on other KPIs as well. The cycle 

time is defined by the speed of the injection molding process.  
Current Optimum Target 
58s <58s 58s MAX. 

 

 Challenge 2: windshield visual quality check and preassembly 
In the reference workcell for Challenge 2 (Windshield visual quality check and preassembly) the 
standard evaluation is based (as for all FCA workcells) upon all the KPIs defined by the WCM 
(World Class Manufacturing) methodology. 

The main driver for the evaluation of any manufacturing process (i.e. a process that transforms 
raw goods, or semi-finished products, toward the final product according to the orders of the final 
consumer) is the reduction of losses and wastes with the aim to optimize the cost. Of course the 
optimization of costs has to fully respect legislative constraints and Health and Safety 
considerations. The existence of a possible positive business case has been evaluated a priori; for 
the specific use cases benefits are expected and desired in the specific field of ergonomics and 
cycle time/NVAA optimization. Because of this the identified KPIs are mainly describing these 
kind of parameters. The main reference KPIs for the reference workcell are listed in the table 
below. The main driver for the Use-case has been related to ergonomics (namely Spaghetti chart), 
while keeping and possibly improving performance and cost KPIs. The table below describes the 
KPIs that better fit to the evaluation of the specific use-case in the pilot. 

Table 3: Challenge 2 

KPI:  Spaghetti Chart 
Describes:  Distance travelled by an operator each cycle in the specific layout/application 
Used to It evaluates accumulated fatigue, it is related to acceptance and general wellbeing, as well as, to 

general ergonomics 
Current Optimum Target 
 Current value in the workcell is high due to the layout 
required from the use of traditional robotics 

To be minimized - 50 % of current 
value 

KPI:  Cycle time reduction (Operator’s Saturation) 
Describes:  Percentage reduction of the cycle time of the operator. Used as indicator of the Operator’s saturation 

which is the Percentage of operative time over TAKT time 
Used to Saturation is a sign of overborne, when too high and a sign of waste when too low. If high causes 

excessive workload for the operator and consequently stress.  
Current Optimum Target 
Saturation is related to the whole set of activities in the TAKT 
time. Challenge 2 analyses only a fraction of the whole cycle 
time. Details in MTM analysis. Cycle time and Saturation 
depend on the type of application and the ergonomics of the 
workstation. 

80%< saturation <90% 
Indicative values that can be 
often modified; Increasing it is 
not acceptable. 

Cycle time 
reduction <-20% 

KPI:  Non Value Added Activities (NVAA) 
Describes:  Percentage of Non Value Added Activities over Value Added Activities 
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Used to Determine the amount of non “value creating” activities. If high it can mean that the specific workcell 
is not optimized. 

Current Optimum Target 
Depends on the workcell and sometime is unavoidable, yet it 
can be indicating the presence of wastes. An optimized HRC 
planning usually reduces it. 

To be minimized - 15 % of current 
value 

KPI:  Quality of execution 
Describes:  Number of errors/quality issues generated during the operations (Man, Method and machine mode 

- not materials); It can be evaluated also in terms of cost for quality (cost of the equipment necessary 
to reduce the number of errors)  

Used to Evaluate human generated errors; modified to include robot (machine) and method influence. 
Current Optimum Target 
It can be evaluated only through analyses over many 
production cycles. Usually requires specific interventions to 
impede errors’ realization. 

Zero. Reduction always desired. N.A. out of a line 
production 

KPI:  Physical Ergonomics indicator 
Describes:  “traffic light” indicator deriving from the combined evaluation of different ergonomics methods 
Used to: Evaluate the exposure of the operator to risk of generating physical damages (in short, medium and 

long term). Factors like payload, positions, repetition rate, fatigue and others are evaluated in 
different ergonomics indexes. Ergonomics indexes used depend on the type of activity. Also Cognitive 
ergonomics should be considered, but no objective evaluation method exists at current SoA. 

Current Optimum Target 
Green Green Green 
KPI:  Awkward positions 
Describes:  Number of awkward positions that the operator has to keep in order to perform its tasks. Awkward 

positions are caused by unevenness of the equipment and the work cycles. In some cases no proper 
solution to avoid it is found and thus a replanning of the work cycle is planned to allow proper resting 

Used to: Describe workload and ergonomics related issues. It is not related to the standard ergonomics 
indicators  

Current Optimum Target 
It can be evaluated by observation and positions’ 
classification. 

Zero. Reduction always desired. Zero 

KPI:  Golden Zone 
Describes:  The zone into which arms’ movements are optimized. 
Used to: Describes workload and ergonomics related issues. It is not related to the standard ergonomics 

indicators. Usually it is a design target. The Real-time evaluation of the number of exposures to 
movements not in the golden zone supports the equipment adaptability. 

Current Optimum Target 
It can be evaluated by observation and positions’ 
classification. 

Zero. Reduction always desired. Zero 

 

 Challenge 3: performing LCD TV assembly  
Challenge 3 (LCD TV electronic card assembly), aims to develop reconfigurable and easy to teach 
collaborative assembly cell to increase both the efficiency and the ergonomics of the assembly 
task, which is done by two operators at the moment, totally manually. The objectives of the use 
case are; creating positive impact of industrial robots on employment, contributes collaborative 
robots working in the real life industrial environment with operators on the same operation, 
introduction of the collaborative robots and collaborative systems that brings new design 
constraints to the shop floors with improve workspace and job sharing between the collaborative 
robot and operator. Also, the communication between the COBOT and the operator needs to be 
seamless, any latency in the communication directly effects the entire production line. 

The main reference KPIs for the challenge are listed in the table below, which is mainly related 
with the safety and accuracy of the assembly operation, communication flow, quality, ergonomics, 
operators’ acceptance of robot and cycle time of the process. 
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Table 4: Challenge 3 

KPI:  Quality 
Describes:  The quality of the assembled LCD TV by the collaborative operation of robot and operator need to 

meet the final assembly requirement by the correct positioning of the PSU and chassis with screwing 
operation. 

Used to Ensuring the components are located properly and safely with meeting the assembly requirements 
Current Optimum Target 
Regarding the ensuring of the accuracy of the assembly, 
force, torque and etc. safety controls will be performed 
which are located on the used robot. Since the operator and 
the robot performed their operations collaboratively, the 
operator can have a chance to double-check the robot’s 
movements and actions to be sure that components are 
located properly and safely and after that, the operator 
performs screwing operation. If operator detect any 
misalignment, before the screwing operation this problem 
can be fixed. Also, regarding the safety side and ensuring that 
actions will not create any damage, robot with grasping 
components for performing assembly operation, will slowly 
release components especially when it comes too close to the 
assembly area to be sure that it will meet defined tolerances 
and perfectly fits the assembly area and meet the safety 
requirements by smoothing its movements. 

need to meet the final assembly 
requirement by the correct 
positioning of the PSU and 
chassis with screwing operation 

Meet the final 
assembly 
requirement by 
the correct 
positioning of the 
PSU and chassis 
and results Zero 
quality problems  

KPI:  Cycle time 
Describes:  The total time from the beginning to the end of the assembly process which is one of the key 

indicators especially in the production sector.  

Used to Any improvements on the cycle time will positively affect the efficiency of the assembly process 

Current Optimum Target 
At the end of the project, collaborative operations need to 
meet the cycle time which is currently 17,4 secs in current 
manual operation  

Cycle time of the operator and 
robots’ collaborative process 
need to be equal or smaller than 
total manual operation 
performed by operator which is 
17,4 sec.  (Targeted value: 
collaborative process ≤  17,4 
secs (manual operator process 
time)) 

 

Reduction or 
worst situation 
equality in the 
current cycle 
time; ≤ 17,4 secs 

KPI:  Communication flow 

Describes:  The communication between the COBOT and the operator needs to be seamless, any latency in the 
communication directly effects the entire production line. No latency is expected to provide 
continuous communication flow.   

Used to Any latency in the communication directly effects the entire production line 

Current Optimum Target 
Totally manual operation  No latency is expected to 

provide continuous 
communication flow.   

Zero latency 

KPI:  Work sharing between the operator and robot 

Describes:  With the scope of this use case, human-robot collaborative environment need to be successfully 
created so that as also mentioned in the objective of the project, it contributes collaborative robots 
working in the real life industrial environment with operators on the same operation. It will 
introduce the collaborative robots and collaborative systems to the shop floors.  
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Used to Contributes collaborative robots working in the real life industrial environment with operators on 
the same operation. It will introduce the collaborative robots and collaborative systems to the shop 
floors. 

Current Optimum Target 
Manual operation by operators  Fluent work sharing between 

the operator and robot, zero 
latency 

Zero latency 

KPI:  Safety and accuracy of the assembly 

Describes:  Accuracy of the assembly need to be ensured and force, torque and etc. safety controls need to be 
performed which are located on the used robot. 

 
Used to Ensuring the safety and accuracy of the assembly  

Current Optimum Target 
Regarding the safety side and ensuring that actions will not 
create any damage, robot with grasping components for 
performing assembly operation, will slowly release 
components especially when it comes too close to the 
assembly area to be sure that it will meet defined tolerances 
and perfectly fits the assembly area and meet the safety 
requirements by smoothing its movement. 

Safety and accuracy is always 
desired. 

Total safety 

KPI:  Ergonomics 

Describes:  The adaptability and usability of the developed system and gesture analysis in the real production 
environment. 

Used to Necessary to reduce physical workload, to improve working postures, facilitate instrument handling, 
and thus improves the quality of working life, reduce fatigue, maximize efficiency 
of production operators and to minimize human errors 

Current Optimum Target 
Gesture analysis Best-fit ergonomics analysis Best-fit 

ergonomics 
analysis – Green  

KPI:  Operators’ Acceptance of Robot 

Describes:  As one of the objective of this project, at the end of this developed system and integration, operators 
feel confident while operators working collaboratively with robots in the same task.  

Used to create positive impact of industrial robots on employment 

Current Optimum Target 
Questionnaires can be performed at the end of the project to 
be able to compare the results of the developed confidences 
of the operators while operators working collaboratively 
with robots in the same task. 

create positive impact of 
industrial robots (full 
confidence) 

Full confidence 

KPI:  Material handling operations 

Describes:  Since the number of cards within the box is counted, material handling operations can be more 
systematic at the end of this project.  

Used to Have an impact on performing the systematic operations with better tracking. 

Current Optimum Target 
Continuous loading of the components box can be performed 
by tracking the number of the available cards and better 
tracking can be achieved from the components handling 
point of view 

Systematic material handling 
operations 

Systematic 
material 
handling 
operations (no 
latency) 
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 Challenge 4: collaborative riveting  for  aircraft  parts  assembly 
It is only worth changing an assembly process if, and only if, the introduced change brings an 
improvement relative to the original process. The riveting process – the object of Challenge 4 – 
makes no exception. By replacing one human operator with a robotic system one targets an 
improvement of the process. It is the role of this paragraph to clearly identify the targeted 
improvement and to quantify it.  

Due to the particularities of the riveting process implemented in Challenge 4, the associated KPIs 
are, broadly speaking, different from the standard ones. A list of these KPIs is given in Table 5. A 
detailed description of these KPIs is provided in Appendix C. 

Table 5: Challenge 4 

KPI:  Ease of utilization 
Describes:  The degree of complexity of the robotic system used for riveting 
Used to Quantify how easy (or difficult) is the utilization of the system, from the human operator’s 

perspective 
Current Optimum Target 

Not applicable 1 ≥ 0.5 
KPI:  Standard deviation of the H/D parameter 
Describes:  The quality of the riveting process 
Used to Quantify whether the deformed rivets are compliant with the designer’s specification (confidential) 
Current Optimum Target 

𝜎    (to be calculated) 0 ≤ 0.9 𝜎  

KPI:  Standard deviation of the A/D parameter 
Describes:  The quality of the riveting process 
Used to Quantify whether the deformed rivets are compliant with the designer’s specification (confidential) 
Current Optimum Target 

𝜎    (to be calculated) 0 ≤ 0.9 𝜎  

KPI:  Degree of versatility 
Describes:  The ability of a robotic system to be used for riveting different types of structures 
Used to Quantify the number of structures (%) assembled by the company which are suited for being riveted 

with the robotic system 
Current Optimum Target 

Not applicable 100% 100% 
KPI:  Effectiveness 
Describes:  The property of a robotic system to perform riveting on the entire surface of a given structure (given 

the difficult access, the robotic solution might be used for riveting only a part of the structure) 
Used to Quantify the number of rivets that can be deformed with the robotic system, as a percentage of the 

total number of rivets of the structure.  
Current Optimum Target 

1 1 
1 – for the simplified structures 
0.8 - for the float model 

KPI:  Ergonomic improvement 
Describes:  The physical stress felt by the human worker performing riveting together with the robotic system 
Used to Quantify the improvement (or the degradation) of the physical stress felt by the human operator 
Current Optimum Target 

Not applicable 1 ≥ 0.5 
KPI:  Human operator’s acceptance 
Describes:  The degree to which the human operator is willing to accept to perform riveting together with a 

robotic system 
Used to Quantify the degree of acceptance of the robotic system by the human operator. 
Current Optimum Target 

Not applicable 1 ≥ 0.5 
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3 COLLABORATE USE CASES 

3.1 CHALLENGE 1: PERFORMING CAR STARTER ASSEMBLY  
The subject of the collaborative process is the assembly of a part of the car starter for the 
manufacturer Renault. This part of the process comprises inserting copper sliding rings into metal 
pallets, which are then transferred to the molding machine. Currently, the process of inserting 
sliding rings into the pallet is performed manually and is considered hard to automate. 

The purpose of the challenge is to automate a part of the production line that was considered too 
hard for implementation with current industrial technologies. With regard to description of the 
product the challenge can be further divided into three smaller challenges: 

1. Picking the part from the tray 
2. Placing the part into fixtures 
3. Picking up the finished part and placing them into the box 

The last (third) challenge is not mandatory for implementation but would improve the 
automation efficiency. Every aspect of this challenge should be implemented as proposed. 

 Collaborative Workspace 
The production line in question for the use case is in an active production environment in Kolektor 
ASCOM d.o.o. A general overview of the entire production cell (line) layout with the area planned 
for the Challenge 1 implementation is shown on the figure and described in the following 
description. 

The operator who inserts sliding rings in a pallet also performs other tasks on the same and other 
production lines. The sliding rings are distributed on a plate with random position and 
orientation, see Figure 2 center. During the insertion into the pallet (see Figure 2 right), the 
worker has to take care for the correct orientation of the contact ‘wings’ of the copper rings. The 
process is demanding due to the high flexibility and elasticity of the sliding rings. Previous 
attempts of automation failed for two reasons: 1) it was not possible to grasp the sliding rings, 
because they are often stuck together on the transport plate; 2) it was not possible to assure the 
required success rate of the insertion due to the flexibility and elasticity of the rings. 

 

Figure 2: Left: Finished part after mold injection. Center: Sliding rings on a transport plate. Right: Sliding rings 
correctly inserted into the pallet. 

The vision of the project is to develop a robotic system that will assist the worker or even replace 
the worker when he will not be present (see Fig 6.3.2 right). Therefore, the worker and the robot 
will be both capable of executing the same operations, while the work sharing will be assigned 
dynamically. The task of the worker will be to a) grasp the rings from the transport pallet and put 
them on the table, and b) to supervise the assembly and correct it if necessary. The worker will 
often leave the cell, since he will have to supervise also other production cells. Insertion of a sliding 
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ring can be divided into three phases: 1) grasping the part from the table, where the part position 
is not defined in advance 2) rough insertion of the part and 3) fine adjustment of the part. The 
benefit of this cooperative automation will be in a shorter cycle time. Moreover, the system will 
become more and more autonomous and hopefully would need less and less assistance from 
humans. Note that in a modern production, humans normally assist more than one work cells and 
it is less likely that humans would tightly cooperate with humans all the time. This use case will 
be the pilot case for many similar work-cells in “Kolektor” factory.  

 

Figure 3: Left: Current state of manual assembly. Right: Automated assembly in a collaborative way 

 

Table 6: CoLLaboratE Challenge 1 layout description 

Nr. Description Note 

 Open area accessible to workers Challenge 1 implementation area 

 Enclosed production cell area Safety feature for robot manipulation 

⓪ Worker / operator  

① Injection molding machine (IMM)  

② 
Feed robot with a customized gripper and 6DOF – 
feeding the IMM 

 

③ Pallet (empty) returning to the open area  

④ Tray of copper inserts  

⑤ Box of finished parts 
Once the box is full a new empty one is 
stacked on top of it. 

⑥ Pallet on the refilling station Stop position 

⑦ Circular conveyor belt track  

⑧ Pallet on the feeding station Stop position 

⑨ Finished products on a cooling conveyor belt  

⑩ Finished products, cooled and ready for packaging  
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Figure 4: Production cell layout and functions 

The workers task is to place 8 semi-finished copper inserts (4) into the pallet with specialized 
fixtures for parts. These fixtures are designed so that they hold the geometry of the part so the 
feed robot (2) can transfer them to the injection molding machine (1). Once full the worker 
presses a button which triggers the pallet to move forward on the circular conveyor belt track (7) 
to the buffer area.  

Once the pallet is in the feed position for the feed robot (2) it is automatically locked in position 
until it is empty. The injection molding machine has two cavities, so the robot takes two parts at 
a time from the pallet. 

 Human Operator planning – Task Analysis 
Gripper of the feed robot (2) is designed in such a manner, that it can hold two finished products 
and two copper inserts at a time. When it picks up the copper inserts it moves to the IMM (1), 
waits for the tool die to open, unloads the finished products and loads the copper inserts. Then it 
moves to the cooling conveyor belt (9) and unloads the finished product from the gripper. The 
cycle time for producing two parts is 58s. 

All the operations on the production line are buffered which means the worker can fill multiple 
pallets and clear out the finished product in a relatively short time. A much more detailed timing 
of the process is seen from the MTM diagram in the following chapter. 

The production is run 24/7 in three shifts. The capacity of the production line is 800.000 finished 
products per year at an estimated OEE of 80%. Any implementation and/or modification of the 
processes must be 100% reliable, so it does not interfere with projected production capacity. For 
this reason, testing in a simulation environment of the actual part of the production process that 
is proposed for integration of a collaborative work environment, must be implemented. 
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Figure 5: Feed robot gripper tool holding finished products on the left side and the copper inserts on the right 
side. 

3.1.2.1 Product description 
As previously described in chapter 3.1.1 the process is considered hard to automate. This is 
because the connection rods of the copper inserts are highly flexible. The entire assembly of this 
semi-product is composed from different materials, then injection molded, and spot welded 
together. The orientation of the part in the pallet fixtures is important and is distinguished by 
which sliding ring they connect to (length of connection rods). 

 

Figure 6: Copper sliding inserts 

 

Copper inserts are supplied on trays and are tightly packed as seen on Figure 2. They tend to get 
tangled with each other, therefore cannot be simply removed from the tray without movement in 
multiple degrees of freedom. 

 

Figure 7: Copper sliding ring inserted into the pallet fixture 
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Once removed from the tray they need to be mounted into the part fixtures on the pallets. On 
Figure 7 the representation of how precise the part must be inserted, due to the limitations of the 
feed robot gripper and the need for precise positioning in the injection molding machine. We 
estimate that the needed tolerance for positioning the part in the fixture is +/- 0.10 mm but will 
need to be experimentally proven based on the chosen approach. Part fixtures can also be 
modified to a certain extent to help the collaborative process of inserting the slide rings into the 
fixture. 

3.1.2.2 NVAA and VAA 
As the proposed challenge is set up, it cannot be broken down to individual segments and 
classified in terms of added value. The entire integration of the collaborative robot system is 
considered as a Value-Added Activity, since it relieves the worker of his normal tasks and 
therefore optimizes worker availability on other tasks. 

3.1.2.3 Ergonomics 
Ergonomics of the worker is not a priority of the challenge but will be considered in the design of 
the system. 

3.1.2.4 Spaghetti chart 
Spaghetti chart is not relevant in the proposed challenge since the only planned interaction of the 
collaborative system and the operator is in the teaching phase and/or in case of a situation that 
has not been previously observed by the system and therefore is not covered in the planned 
actions. The worker collaborates with the system full time, but only on the need-to basis. 

 MTM Task analysis for current state of production 
The nature of the production line with large buffers has already been optimized for minimal 
worker interaction within the production process, which is seen in the diagram. The worker 
serves several production lines and his time is effectively used. 

Details are represented and analyzed on the operators MTM diagram (Appendix A – use cases 
MTM Analysis at page 80) for the worker filling only one pallet. Depending on the number of 
production cycles past the last worker interaction with the production line this operation can be 
multiplied by 7 (only one pallet left at the feed robot position) because the line is buffered. In best 
case scenario, the production line can be unattended for approximately 27 minutes. In real world 
production this time is around 15 minutes. 

Detailed view of the MTM Analysis is shown in the Appendix. 

 HRC Collaborative Operating Methods 
The challenge of performing each of these challenges can be broken down further to specific sub-
challenges: 

1. Picking the part from the tray 
In current manufacturing process the worker picks up the copper parts by hand from the 
tray, and checks orientation before proceeding to the next task. This procedure is broken 
down to the following: 

a. Position and orientation of the tray 
b. Position and orientation of individual parts 
c. Strategy of picking up parts 
d. Robot gripper design for robust part grasping 

2. Placing the part into fixtures 
The workers place the copper parts into the fixture in correct orientation with special care 
on the correct insertion of the connection rods. This procedure is broken down to the 
following: 
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a. Position and orientation of the fixture 
b. Which nest of the fixture is currently still vacant? 
c. Insertion of parts into the fixture with high precision and fidelity 

3. Picking up the finished part and placing them into the box 
Once the parts have been injection molded with plastic, they are placed onto the cooling 
conveyor belt. Since the cooling cycle follows the production cycle the parts at the end of 
the conveyor are not cooled down enough to be placed into the final plastic package. For 
this reason, the workers use a handheld IR camera to check the temperature of parts in 
the buffer before packaging. This procedure is broken down to the following: 

a. Have the parts cooled down enough? 
b. Are the parts in position for grasping? 
c. Position and orientation of the finished product tray 

Final goal of the challenge is to eliminate worker intervention to a minimum and assure 
production independent of human intervention by means of human-in-the-loop learning of the 
collaborative work cell in all parts of the proposed challenge. 

3.1.4.1 Demonstrator setup 
Challenge demonstrator is being set-up at JSI. Since there is no option to disturb the ongoing 
production process this is a viable way to test the collaborative system in a laboratory 
environment. The implementation area as seen on Figure 8 will be replicated and used as a stand 
in.  

Table 7: Demonstrator components 

Nr. Description Note 

 Open area accessible to workers 
Challenge 1 implementation – collaboration 
area 

⓪ Worker / operator  

① Collaborative robot Franka EMIKA - Panda 

② Tray with copper inserts 
Position fixed relative to the tray, orientation 
unknown 

③ Pallet to be filled 
Fixture to be used without modifications (if 
feasible)  

④ Tray of finished products in a box 
Once the box is full a new empty one is stacked 
on top of it. 

⑤ Cooling conveyor exit (replica)  

⑥ Orientation station Backlight orientation detection 

 

The workflow of the demonstrator and subsequently the collaborative workflow changes the 
current process workflow to a point that the operator does not need to intervene, except for 
changing the entry tray (2) and replacing the box of finished products (4). Once this level of 
autonomy is achieved the operator only needs to tend the machine once every hour 
(approximately). 



D2.2 – End-user requirements, use cases and industrial scenarios 
Version: 1.0 

CoLLaboratE  31 

 

 

Figure 8: Demonstrator setup 

 Robot and related hardware identification 

3.1.5.1 COBOT 
In choosing the appropriate robot for implementation on the challenge we had to consider some 
physical limitations. Implementation area because of neighboring manufacturing lines is not large, 
limited to 2.0m x 1.5m and cannot be enlarged. The entire area needs to include all the 
components listed in Table 7 and have enough space available for the worker to support the robot 
in the teaching procedure.  

JSI has a Franka Emika robot available for testing and implementation on the demonstrator, 
therefore this collaborative robot will be used on Kolektor Challenge. 
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Table 8: Franka Emika basic information 

Description Value 

degrees of freedom 7 DOF 

payload 3kg (over entire working volume) 

sensitivity Torque sensors in all 7 axes 

maximum reach 855 mm 

repeatability +/-0.1 mm (ISO 9283) 

weight 18kg 

 

A 3kg payload limitation is something to be taken into consideration while designing the end 
effector gripper fingers and implementing the RGB(D) sensor. 

 

 

Figure 9: Franka EMIKA – Panda 

3.1.5.2 End-Effector 
Franka Emika Panda is equipped with a collaborative end-effector, on which only tool tips 
(gripper fingers) need to be customized to fit our application. These are to be designed based on 
the feed robot gripper, also shown on Figure 5. Also on the end effector, a mounting plate for the 
ADLINK camera will be added.   

 

Figure 10: Franka Emika - stock End-Effector 

Specifications of the end-Effector: 
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Description Value 

gripper parallel with exchangeable fingers 

grasping force 
70 N – continuous 
140 N – maximum 

travel 80 mm 

travel speed 50 mm/s (per finger)  

weight 0,7 kg 

 

In addition to the gripper a visual system is also implemented on the robot end effector (Adlink 
NEON – 0.54 kg). This lowers the overall “free lifting capacity” to approximately 1 kg, which is still 
sufficient for this application. 

 

Figure 11: Edge Camera - Adlink NEON 

 Safety System 
COBOT Franka Emika Panda, used in the application is fully ISO/TS 15066 compliant, including 
the gripper. The standard specifies safety requirements for collaborative industrial robot systems 
and the work environment. Since the gripper will be upgraded with customized fingers and 
holders for the visual system, and the insertion procedure of the copper rings has “shear areas”, 
some parts of the system may need to be re-certified to assure the safety of the production cell 
and its users. 

 Interactions and logistics 
The interaction between the Human and the Robot in challenge 1 is only observed in the teaching 
mode of the system. Procedure of inserting copper sliding rings into the fixture of the pallet is 
somewhat of an intuitive process, hence it will be taught to the system by an operator. This 
procedure will also be used when and if the system cannot recover from an unexpected situation 
automatically. Other inputs to the system may be made the interface. The technical details in this 
case are not yet fully defined. 

 Interfaces requirements & Information exchange (HMIs) 
At this point of the project HMI requirements are not yet fully defined. Once an initial setup of 
the demonstrator is built, the interface requirements will be defined based on the feedback of 
system users (operators, technicians, researchers).  
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3.2 CHALLENGE 2: WINDSHIELD VISUAL QUALITY CHECK AND PREASSEMBLY 
Initial details on the use case of challenge 2 have been described in D2.1. In the following context 
only details necessary for clarity will be here re-used with the addition of further details. 

The reference Use-Case is based on a mixed workstation for the assembly of windshield and rear 
mirrors on the chassis of a vehicle in a low JPH line. The use case for challenge 2 will only be based 
on the windshield assembly phases which are those that could take major advances from the 
application of Human Robot Collaboration. 

In Challenge 2 of the CoLLaboratE project the application will be based on the potential in-plant 
use case, but will be realized in a laboratory environment in a way such to show all the relevant 
outcomes of the HRC application. A new workcell is realized in which: 

1. a front windshield is picked up and manipulated; 
2. a visual check of the state of the product is performed to check cleanness, existence of cracks, 

etc. 
3. a series of manual assembly phases is performed on the windshield in a collaborative way 
4. the robot completes the assembly of the windshield on the chassis (gluing if necessary, 

positioning). 

The use case won’t perform experimental tests of the “As Is” situation in plant, but initial 
considerations and some constraints are based on the real in-plant workcell. The developed 
workcell is intended as a green field planning of the operation. 

As stated, the reference application is for low JPH. In these conditions the use of full tradition 
automation is not suitable given the high costs, and a mixed Human-Automation solution with a 
separate robot is used. 

There are strong requirements in the positioning, that affects both quality and safety. Considering 
the weight and dimensions of the windshield, a robot is always used for the final stages of the 
assembly. 

Challenge 2 aims at the active and intelligent improvement of the operator’s activities in terms of 
Spaghetti Chart, Ergonomics indicators and other indicators, while keeping the full compatibility 
with the productivity and quality requirements. This is enabled by the optimal use of the Human-
Robot Collaboration approach. 

 Reference activity and Collaborative Workspace  
In the reference workstation, the operator needs accessibility to the inner side of the windshield, 
so the windshield is positioned on a rotating table so that the operator accesses one side and the 
robot can access the other side after a rotation. Due to the automation present in the workstation, 
a Safety zone is introduced and monitored with laser scanners so that the operator cannot be 
nearby the windshield during the rotation phases and the movements of the robot. In order to 
further limit the accessibility to the dangerous zone, safety fences are positioned to create a 
corridor which is easily monitored for safety accesses. A safety visual advice is placed on the 
ground at the limit of the accessible zone (see Figure 12, left). 
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Figure 12: Tools and logistics set up in the reference layout (left) and Human operator inside the assembly 
station (right) 

With such layout the racks containing the windshield and all the logistics containers and gravity 
shelves are out of the safety delimited zone. A manipulator (mounted on an overhead rail) depicts 
the zero gravity material handling system which aids the operator to transfer the windshield from 
the rack to the rotating table system. These rails ensure the reachability from the source (rack) to 
the assembly station. 

An HMI monitor updates the operator with the current variant of the product to be assembled. 
The operator chooses appropriately the components to be assembled.  

 

Figure 13: Windshield before assembly and components to be assembled 

The rotating table acts as an interface between the human workplace and the robot workstation. 
The current layout is clearly depicting a traditional layout where humans and robots work in 
complete isolation, this leads to a very long layout consuming more factory space and also more 
energy expenditure for the operator to move from one point to another. 

As in Figure 13 there are 4 sensors and parts to be assembled; and a cable harness has to be placed. 
The operator cleans the windshield before every optical sensor assembly and picks up the sensors 
in a sequence. The coexistence of the safety zone and the quality requirements creates a Spaghetti 
chart which is extremely long (Figure 14). 
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Figure 14: operator’s Spaghetti chart 

From the ergonomics point of view the main issues are a long spaghetti chart, the anthropometrics 
limitations introduced by the fixed equipment, some awkward position that may occur depending 
on the anthropometry of the operator and the pushing/pulling actions performed on the 
manipulator that affect the overall operator’s fatigue but are not considered in the overall 
ergonomics indexes. 

The collaborative layout proposed is modeled to encapsulate all the elements of the original layout 
without limiting the JPH. The design of conveyor line is not altered (see following figure, also 
showing the analysis of the Spaghetti chart). 

  

Figure 15: Spaghetti chart of New Collaborative Workcell 

The new layout allows the operator performing all the operations with an optimized spaghetti 
chart and logistics positioning; furthermore, the robot is chosen to allow both the manual 
assembly on top of the windshield and the automatic assembly on the chassis (windshield and 
rear window), optimizing thus the overall workstation. We chose a COMAU NJ130, serial robotic 
arm to analyze this workcell concept. The robot decision was identified minimizing the speculated 
payload and the amount of human torque that would be exerted by the human operator during 
operation. 
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Any access to the rail and the gluing gun in the workstation is monitored for safety. The operator 
is only allowed to stand in front of the windshield and to safely manipulate it from the gripper in 
an advanced Hand Guiding mode which is further integrated by safety modes and Artificial 
Intelligence provided by the CoLLaboratE project. 

 

Figure 16: Challenge 2: Collaborative Layout 

 

 

Figure 17: Challenge 2: Collaborative Layout 

A dedicated rack is designed to enable grasping from the outer side of the windshield. This 
strategy ensures assembly on the chassis can be performed immediately after the operator 
assembles the windshield. The operator needs to disengage the clamps on the rack once before 
the assembly starts (once every 12 cycles); this is a quality/logistic requirement.  

Windows are placed as shown inside the blue border tape. By observation, we can understand 
that the distance traveled by the human operator is minimized. The operator manipulates the 
robot in a diagonal fashion. This architecture was chosen to ensure maximum manipulability 
within the collaborative region. An HMI screen is provided on the adjacent enclosure to update 
the current assembly variant. Also, a robot controller is provided as a backup and to manipulate 
the robot when collaboration is not happening.  
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Figure 18: Detail of the Collaborative Workspace, Blue (OWP), Yellow (RWP), Red (CWP) 

 Human operators planning – Task analysis 
The Task analysis of the application have been detailed with the description of the robotic phases 
and interfaces. It is based on a simplified and slightly modified version of the reference 
application. This modification is due to the fact that in the effective workstation the application is 
more complex and comprehends many other tasks that are not affected nor affecting the phases 
of interest for the CoLLaboratE application. 

For this reason a hypothetical task sequence has been defined in accordance with the reference 
layout and application macrocycle. For the defined task sequence a detailed analysis of the tasks 
has been made based on a design hypothesis of the activities and on a related MTM. 

In the CoLLaboratE challenge n° 2, all the operations performed in the traditional workstation are 
performed with an improved spaghetti chart, a more controlled ergonomics and without 
compromising the operator’s safety. The workstations’ cost is reduced thanks to the elimination 
of the rotating table and the manipulator; in addition the workstation footprint will be reduced. 
Last but not least the use of the same robot for the handling and assembly phases reduces the 
execution time.  

The selected approach is summarized as follows: 

Table 9: CoLLaboratE Challenge 2 main expected phases 

 ROBOT OPERATOR 

1 
Picks up one windshield and goes to an interactive position for the 
visual check 

Other operations on the workcell 

2 
Small movements, driven by the operator in HG or automatic after 
visual learning by the robot (CoLLaboratE mode) 

Performs the visual check 

3 
Goes to the assembly position (defined by anthropometric module 
in the CoLLaboratE mode) 

Goes to logistics containers 

4 
Stationary position or minimal adjustments offering counterforce 
to assembly operations in golden zone 

Picks up the first towel and sensor 

5 Cleans and performs the assembly 

 Goes to logistics containers 

6 Cyclic repetition (to completed assembly number 4 to 6) 
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7 
Stationary position or minimal adjustments offering counterforce 
to assembly operations in golden zone 

Releases the robot and exits the 
interactive zone 

8 Assembles the windshield to the chassis 
Performs other operations on the 
workcell 

 

A deeper analysis with the summarized task analysis for Challenge 2 was performed with all the 
details of the operations. The details of the analysis is shown in Appendix A – use cases MTM 
Analysis - Challenge 2: Windshield visual quality check and preassembly. From this analysis we 
extract all the information related to saturation, NVAA, VAA, Spaghetti chart as well as a 
preliminary functional analysis of interaction with the robot, required HMI moments and types.  

In the MTM graphs, the sequence of tasks is split into operator’s tasks and robot’s tasks. Besides 
the title of the tasks (representing a short summary of sub-tasks) the graph represent: 

 a generic classification of the type of action; 
 a simplified classification of operations for an high level analysis of VAA and NVAA activities; 
 the time graph of tasks (colors and letter on the graph reflect the previously listed 

information). 

The arrows from the operator’s graphs to robot’s one and vice versa indicate moments in which 
the execution from one actor (target of the arrow) is constrained from the completion of the 
execution from the other actor (origin of the arrow). Arrows indicate the dependencies and 
interrelation of operator and robot. At these moments an interaction is due and, as a consequence, 
an HMI is requested. In the Robot’s section, instead of the VAA/NVAA there is the classification of 
the interactive methods according to ISO 10218 part 2 and ISO/TS 15066. It is important to note 
that, for simplification’s sake, the tasks are not here detailed to a low level MTM nomenclature. 
Because of this, the classification of the VAA/NVAA is not precise and in the same task there can 
be a mixture on the two distinct types. In these cases the most relevant type is shown, usually in 
coherence with the type of action. 

A detail of the descriptions for the operator’s actions is also represented. Some further 
information are collected referred to the need of information exchange, which is generating the 
moment of interaction and the need of HMIs (intended as any Human Robot Interaction) some 
HMIs are considered passive, like signs on the ground, and do not require active HMIs to pass the 
information content. Finally, the description of the robot’s phases is detailed and represented. In 
the details there is a rough estimation of the Operator’s-Robot distance and of the information 
content that the robot transmits to the operator. 

It is important to note that this representation is a tool for the preliminary description of the 
interactions and not necessarily all the information exchange highlighted will be implemented. 

3.2.2.1 NVAA and VAA 
From the analysis performed on the tool previously introduced, the amount of NVAA in the original case is 
reduced by 20% with the use of HRC.  

3.2.2.2 Ergonomics 
In the AS IS situation the workcell is considered green. Nevertheless it is possible to note that 
some of the working positions of the operator can generate awkward positions in operators at the 
queues of the anthropometrics percentile distribution. The fixed table, currently used, is placed at 
a fixed position correspondent to the optimal position for the 50 percentile at a 0° angle from the 
ground. This factors generate a non-optimal position for many operator and the pushing angle 
doesn’t allow to exert the maximum pressure at the minimum possible fatigue. Similarly, the 
extensive use of the partner, requested for safety and for the extension of the warehouse with one 
full and one empty rack for both the windshield and the rear window, causes many push-pull 
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actions. It is a standard procedure to minimize these kind of actions, which on the other hand are 
not considered in the standard procedures for the determination of the ergonomics class. The use 
of the robot as an adaptive collaborative platform enables the full adaptability to the operator’s 
anthropometrics and, thus, strongly improves ergonomics in the work cell. 

As stated the reference workcell is a green workcell, and thus no ergonomics risk is existing if all 
the operations are performed in the planned way. Nevertheless, minor factors exist that can be 
further improved. The following table summarizes the situation related to the workcell and the 
planned operations in the reference case and in the CoLLaboratE collaborative workcell. It is 
evident that the ergonomics achieved by the use of the collaborative adaptable worktable is 
improved for all the main characteristics affecting the overall ergonomics performance. 

Table 10: Ergonomics improvements 

Specific metric Reference workcell CoLLaboratE HRC workcell 

Ergonomics 
classification 

Green Green 

Spaghetti Chart High -68% 

Awkward positions Depending on operator’s percentile Not existing 

Golden Zone  Depending on operator’s percentile Always obtained 

Workplace 
personalization 

Not Possible Allowed 

Parts insertion angle 
during assembly 

0° 45 ° (Optimal) 

Horizontal loads 
pushing/pulling 

Yes, due to the manipulator with high 
load 

Non existing 

The overall application and the end effector design are designed in order to reduce the ergonomics 
impact and optimize all operator’s activities. Details on the application and on the end effector 
design are given later. 

 

Figure 19: visual evaluation of golden zone persistence 

3.2.2.3 Spaghetti chart 
The total covered distance per cycle required for the operator (spaghetti chart) was reduced by 
68% using the collaborative workcell and the layout enabled by the new configuration. Further 
reduction in direct human involvement with a further reduction of the spaghetti chart and 
removal of potentially risky operations can be obtained by automating the windshield rack 
retainer mechanism.  
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 HRC Collaborative Operating Methods 
In Figure 62 (Appendix A – Challenge 2) there is the list of the planned robot tasks. For each robot 
task the proper collaborative mode is defined. 

The approach for the definition of the collaborative methodology has been based on the four 
collaborative methods as highlighted by the standard ISO 10218 part 2. As stated in the standard, 
any application can be split into a sequence of the four collaborative methods SSM, SMS, PFL and 
HG (see D2.1 for a detailed description of the 4 modes). 

The CoLLaboratE project is introducing an additional methodology in which the trajectories of the 
robot are imposed over the operator motion in order to obtain a safe correction of the requested 
Hand Guiding and Power Force Limiting phases. This method is achieved by the algorithms 
developed in the project. The overall behavior is focused on the operator’s safety and wellbeing 
and thus the method is considered similarly to the 4 modes defined, but is kept separated since it 
is based on a different logical approach. The behavior is compatible with a PFL mode, in the sense 
that the power and force of the robot are limited in any moment in order to keep a safe behavior, 
but the interaction with the operator is continuous and the robot itself acts as a HMI for 
continuous physical adjustments. In Challenge 2, the interaction between the human and the 
operator takes place through the physical contact with the handles on the gripper which are 
equipped with a fully sensitive skin and thus enable a tactile touch based interactivity. 

 Demonstrator’s set-up 
Challenge 2 is based on an in-line workstation, and the design of the application was made 
considering a potential substitution of the technology in-line. This analysis was made in order to 
define the proper sequence of tasks and to identify the main actors and layout considerations for 
the demonstrator set-up. 

The final setup will be made in CRF premises, adapting an existing robotic cell laboratory. As 
stated also in D6.3, Current Cell is equipped with two robot (COMAU NJ130 and COMAU SM40 
controlled by a single C4G controller in cooperative configuration). In the new workcell the two 
existing robot will be put aside, and the additional safe robot will be inserted for the collaborative 
operations under the CoLLaboratE project Controller. 

      

Figure 20: Final Layout in laboratory demonstrator 

During testing the old Robots won’t be used. The above figure represents the expected final layout 
of the workcell.  
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Figure 21: Main Actors in Challenge 2 workcell  

 

 

Figure 22: Demonstrator door’s usage  

Figure 21 shows the position of the most relevant elements and actors of the finally implemented 
system. 

 Robot and related hardware identification 

3.2.5.1 ROBOT 
The application requires a robot with the physical capability to handle heavy loads and allow the 
operator to exert forces during the assembly phases on top of the gripper. Considering the weight 
of the windshield to be on the order of 15 kg, a first hypothetical design of the gripper end-effector 
was made with a preliminary weight evaluation of 60-80kg. For this reason the robot was 
requested to be able to handle a payload > 130kg.  

The current application scenario involves heavy industrial size workpieces to be handled by the 
collaborative robot. Widely used Cobots from manufacturers such as Universal Robots and Omron 
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generally have a limited payload capacity, hence rather than selecting an off-shelf collaborative 
robot, we choose an industrial grade manipulator with safety feature which can handle heavy 
loads and add necessary components and features to make it a collaborative robot. Payload for 
the robot considers the mass of the windshield, weight of the gripper which holds the workpiece 
and expected loads from the human operator on the gripper during assembly operation. Based on 
payload requirement, manufacturers such as COMAU and KUKA were considered to select specific 
models such as NJ 130 from COMAU and KUKA KR 150- 2700, with in-built safety feature.  

The main criteria for the robots selection have been the payload, the reach and the integrated 
safety. Both robots are PLd Category 3 robots ensuring thus a safe control and stop capability. The 
end-effector is designed to allow the operator to perform a slight orientation of the windshield 
(namely ±20° of angle in most directions, while it is retaining it into a safe position ensuring a “no-
fall” behavior of the windshield itself. In the overall application, it is possible to achieve the 
required safety. 

The workcell will equip a new robot KUKA KR 150 R2700-2. This model has been chosen after the 
commercial tender, it has higher payload and reach than the COMAU NJ130 used to perform the 
initial simulations of the workcell. Any consideration made previously, based on the COMAU 
model performances, remain still valid. 

3.2.5.2 End-Effector 
A customized gripper is designed for this challenge. The final design has been achieved starting 
from the end effector used in the plant reference application with the addition of CoLLaboratE 
requested functional requirements and with the parallel simplification of unneeded features in 
the original design. Specifically the design has been made upon requests of lightness, operator’s 
safety, integration of CoLLaboratE advanced features (collapsible sensorized handles) and 
capability to handle the windshield, while the rear mirror has been considered only partially, not 

been useful for the CoLLaboratE objectives. 

. The robotic manipulator needs to pick the windshield from the 
rack and grasp it during the assembly and visual inspection check. 
For challenge demonstration purpose, the focus would be on the 
front windshield, hence a minimal 3 vacuum cup model is 
proposed.  

Further, due to the design of the rack shown in Figure 23, a near 
vertical handling of the vacuum gripper is proposed, where the 
robot with the gripper on its wrist approaches the windshield in a 
direction nearly perpendicular to the shop floor. Technical details 
on the gripper will be described in deliverable D6.4 which will 
detail the solutions identified in the Challenge realization and 

testing. 

The major characteristics for the functional requirement of the HRI handle depends on the two 
extreme positions: when the mechanism is in open position (deployed), and when in closed 
position (retracted). When the mechanism is in open position it is important to have:  

(i) An ergonomic position for the operator 
(ii) Must not be an obstacle to other assembly activities 
(iii) Be sufficiently strong to withstand operator manual forces and moments 
(iv) As a safety feature, in case of power failures, the mechanism should be in the open position 

 

 

Figure 23: CAD Model of Rack 
with windshields 
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Figure 24: Detailed view of the Custom Gripper 

 

Figure 25: Concept visualization of operator manipulating the windshield assembly 

 

As a first functional description of the Gripper that will be defined, it is important to highlight 
some core concept developments: 

 The structure of the gripper is made for modularity and lightweight construction according 
to standard requirements for industrial Body in White manipulation. To have a high strength-
weight ratio, the frames of the gripper are designed with carbon fiber tubes (-50% weight) 

 The gripper will equip two fixed suction cups and a flexible, variable profile suction cup 
patented by CRF and UNIGE. All three vacuum cups together will grasp a payload of 15 kg of 
the windshield. 

 Wedge shaped guides are provided as shown in both Figure 24 and Figure 25. These guides 
also provide passive support by constraining the windshield movement.  

 A handle like structure is proposed and designed as shown in Figure 24, Figure 25, and Figure 
26. The handles are assembled on actuators and are available only after pick up phases and 
during the human-robot collaboration stages. They are retracted to avoid collisions with the 
rack during extraction. 

 The handles also act as fixtures to hold the windshield during manipulation phases. They 
ensure Safe-Proof fixing of the windshield in case of compressed air failure. The deployable 
mechanisms are placed in an ergonomic positions as not to hinder the assembly operation 
for the operator and to ease the manipulation capability.  

 The gripper acts as a physical Human Machine Interface to reorient and position the gripper 
in hand-guiding phases. The collaborative solution is mainly enabled in this challenge using 
tactile feedback obtained through tactile sensors. Tactile sensors are mounted on the handle 
which deploys during the human interaction stage. An exploded view of the handle design is 
shown in Figure 26. 
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Figure 26: Exploded view: Tactile sensor handle 

  Through the handles, the processing methodology transforms measurements of pressure 
sensors (3D) into a convenient 2D representation of the contact shape (Figure 27) utilizing 
machine learning methods [27]. In this way it is possible to capture complex contact event 
between the robot and humans and it is possible to discriminate voluntary contacts from 
accidental ones.  

 

 

Figure 27: The image 3d tactile information to 2d data 

3.2.5.3 Gripper Architecture 
The gripper itself contains multiple devices and is, thus, considered as a single element with a 
local controller. The following figure summarizes the main acting parts in the gripper. The figure 
is based on an intermediate design of the gripper, but the list of elements and parts is common to 
the latest design. 

The gripper acts as interaction tools, HMI and end-effector for the Robot. The following picture 
represents a sub-system analysis of the gripper. 

 

a. Gripper Controller 
b. Suction cups for inherently flexible 
Actuation 
c. Retractable Rods Actuation 
d. Sensitized Handle Rods 
e. Torque sensor for additional safety 
f. Safety holding jigs 
g. Lightweight structures 

 

 

Figure 28: sub-systems representation of the gripper 
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3.2.5.4 Force-Torque Sensor 
The tactile sensor modules act as the major interface for human-robot interaction. But the sensor 
modules are placed in limited location where the major human-intent for contact is required. A 
Force-Torque sensor is introduced into the collaborative system to act as a substitute for the 
manipulation of the windshield and majorly as safety system to detect unintentional human 
contact. Since the robot manipulator is not a commercial collaborative robot, it is necessary to 
constantly monitor the end-effector collisions.  

Hence, the Force-Torque sensor is an added safety unit. Based 
on the total maximum estimated payload of 120-130 kg, and 
robot accelerating mostly at 1G (since human-robot 
collaborative application) and at-most 2G acceleration and 
humans exerting torques of around 350Nm, model FTN-Omega 
191. The force-torque sensor weighs an additional 10kg which 
is accounted for while selecting the robot manipulator. 
Preliminary load cell analysis to estimate the position where 
forces and moments are applied was carried out. 

Preliminary load cell analysis to estimate the position where forces and 
moments are applied was carried out. A mock-up gripper with 
approximate dimensions was designed and fabricated to conduct initial 
studies. The fabricated mock-up is shown in Figure 30. 

A similar but smaller version of Force-Torque sensor FTN-Theta SI-
2500-400 was used to conduct experiments for measuring forces and 
moments applied along the mock-up gripper. Application force points 
were estimated with good certainty along the positions where the 
tactile handles would be located on the gripper. This ensures that the 
force-torque sensor can be used as an effective substitute to the Cyskin 
module. Combination of both modules together and prioritizing the 
signal would be done during the experimental validation in CRF. 

 Safety System 
In the workcell the Safety EYE system from PILZ is included for a safe monitoring of the workcell. 
The Safety Eye is a commercial Safety system that monitors a volume in space using two 
redundant sets of stereo cameras placed on the ceiling. The System can run multiple Safe parallel 
programs that can be selected during the project execution. In the Use-case this is requested to 
ensure safe activities in the workcell by the researchers and will run “above” the CoLLaboratE 
system to monitor and ensure the safe coordination of the robots and the logic of the interlocked 
doors. 

Starting from the Safety zones, preliminary defined at the ground in three levels (yellow, orange 
and red) to identify two slow-down zones and one safe Stop zone. A possible implementation of 
the vision control zones with red (Safety Stop) and yellow/orange (Warnings) volumes have been 
analyzed as a function of the Safety Eye height from the ground. 

 
Figure 29: Force-Torque Sensor 

FTN – Omega 191 

 
Figure 30: Force-Torque 

Sensor simulated test 
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Figure 31: Safety zones in laboratory demonstrator – Ground Footprint safety zones 

Figure 32 represents the Safety volumes in the demonstrator with the Safety Eye positioned at 7 
meters from ground. 

 

Figure 32: Safety zones in laboratory demonstrator (Safety eye at 7m) 

 Interactions and logistics 
The collaborative robotic system is composed of two independent systems: (i) a collaborative 
robot manipulator: which directly interacts with the human operator to do the main visual 
assembly and inspection tasks, and (ii) mobile robot: which acts as a secondary unit to bring 
assembly components to the workcell.  

As specified in Section 2.6, the proper flow of product and its availability in the workstation is of 
prime importance. In Challenge 2, the product to be processed “Windshield” is constantly made 
available through a windshield rack and its position is pre-determined in advance, to make it 
easily accessible to the collaborative robot for manipulation and grasping. Hence, the robots can 
grasp with required precision and repeatability since the rack design are standardized. The 
assembly components such as the rear view mirror, wire harness and sensors are constantly 
supplied into the shop floor using a mobile robot. Hence the logistics ensures an ease of 
collaborative operation and tries to minimize the spaghetti chart of the human footprint. 

Figure 33 shows the ASTI AGV model that will be used in the demonstrator. 
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Figure 33: AGV for the supply of parts in Challenge 2 line application1  
 

 Interfaces requirements & Information exchange (HMIs) 
The interaction between the Human and the Robot in challenge 2 is mainly through the touch 
sense provided by the active handles on the gripper (see paragraph 3.2.5.2). Other input to the 
system may be made via the interpretation of the Human figure analyzed by external cameras 
(voluntary – Gestures; non voluntary – movements and positions). The technical details in this 
case are not yet fully defined. 

  

                                                             

1 https://www.astimobilerobotics.com/hubfs/Web/Datasheet/Ebot_350_datasheet-1.pdf?hsLang=en 
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3.3 CHALLENGE 3: PERFORMING LCD TV ASSEMBLY  
Third challenge within the CoLLaboratE is LCD TV electronic card assembly and screwing 
operation. The operation mainly consists of two parts, which are done manually by two different 
operators currently. First part of the assembly covers the picking of the electronic cards called 
power supply unit (PSU) and main board (chassis) from their boxes and placement of them on the 
TV; while the second part is the screwing of these cards on the TV by 7-8 screws. 

Related with this challenge, there exist more than 50 different TV models changing continuously 
every 6-8 months, which makes it makes it very hard to automate the assembly process. 

The challenge aims to develop reconfigurable and easy to teach collaborative assembly cell to 
increase both the efficiency and the ergonomics of the assembly task, which is done by two 
operators at the moment, totally manually.  The business impact and objectives of the use case 
are; 

• Creating positive impact of industrial robots on employment 

• Contributes collaborative robots working in the real life industrial environment with 
operators on the same operation.  

• Introduction of the collaborative robots and collaborative systems brings new design 
constraints to the shop floors  

• Improve workspace and job sharing between the collaborative robot and operator 

• The communication between the COBOT and the operator needs to be seamless, any 
latency in the communication directly effects the entire production line.  

• Gestures usages for high-level interaction.  

 

 Reference activity and Collaborative Workspace  
Electronic cards are the main components of the TV, consisting of all physical connection ports 
(USB, HDMI, VGA, AUX…), processors, power electronics layer and firmware. Due to their high 
costs and fragile design electronic cards require special attention during the assembly stage. 
There are two different electronic cards within each TV, the power supply unit (PSU) and the main 
board (chassis). PSU is responsible for power electronics operations, such as AC to DC conversion 
and voltage regulation; chassis on the other hand is the core element that contains the processor 
and runs the firmware and software of the TV. The examples of PSU and chassis as well as their 
locations on a TV are given in Figure 34 below. 

 

Figure 34: PSU and chassis 
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Both PSU and chassis are stored and transferred in special Electro-Static Discharge (ESD) 
protected half euro box sized containers within the factory. (See Figure 35) Electro-Static 
Discharge (ESD) is the most common reasons for electronic card failure, which happens during 
the handling of the cards by operators.  

 

Figure 35: ESD Box for electronic cards 

PSU and chassis are assembled in the same station on the production line. The station has two 
work cells, one on the right and one on the left side of the assembly line. The assembly line runs 
continuously, making any kind of automation harder. The overall layout and picture of the station 
is given in Figure 36 below.  

 

Figure 36: Layout of the card assembly station 

Electronic card assembly operation is done in two steps, first step is the placement of the cards 
on the TV and the second step is the screwing them on the TV. Both steps are repeated in the same 
order for each of the PSU and chassis. Operator 1 (OP1), the one on the right side of the line, is 
responsible for the electronic card placement; while Operator 2 (OP2) is responsible for the 
screwing operation. 

Operation steps and the cycle time analysis of the operators are given in Table 11: Operation steps 
and time analysis, below. 
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Table 11: Operation steps and time analysis 

 

The electronic card assembly operation is one example of many similar operations in TV 
production process. There are other operations such as taping, cabling and configuration that are 
done in a similar way to the electronic card assembly. All these operations require two operators 
working on the same workpiece at the same time. The solution to be developed within the 
CoLLaboratE project will be disseminated to these operations, as well. The human-robot 
collaboration methodology /blueprint will be applied to the other production plants of Arçelik for 
home appliances production. Starting with the operations that require two operators, 
CoLLaboratE outputs will be transferred to refrigerator, washing machine, dishwasher, cooker, 
dryer and electric motor factories of Arçelik worldwide. 

 

The technical challenges proposed with this specific use case are as follows: 

- Robotic automation on a continuous production line:  

Continuous production lines are not as suitable as the stop & go systems regarding to the 
automation projects. Precise conveyor tracking algorithms are required for the system to be 
developed. Back-up systems are required in case of any machine/robot failure in order not to stop 
the entire line. Advanced mechanical design skills are required to physically stabilize moving 
parts. 

- Work cell design for human-robot collaboration: 

The robot usage in the TV production was limited with the industrial robots so far. Introduction 
of the collaborative robots and collaborative systems brings new design constraints to the shop 
floors. The physical interaction between the COBOTs and a human operator depends on both the 
structural and electrical design of the work cell, which the collaboration takes place between two 
sides. The work cell designed within the scope of the CoLLaboratE project will be a blueprint for 
the further collaborative robot projects for Arçelik. 

- Workspace and job sharing: 

The proposed CoLLaboratE solution to the electronic card assembly operation requires a 
workspace sharing between the COBOT and the human operator. Both the COBOT and operator 
works on the same workpiece, TV. The communication between the COBOT and the operator 
needs to be seamless, any latency in the communication directly effects the entire production line. 
Hand gestures and body language will be used for this high-level interaction. Special algorithms 
for the shop floor environment need to be developed. Due to the consecutive nature of the 
operation, job sharing algorithms are also needed to optimize the process. 
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 Human operators planning – Task analysis 
 

The electronic card assembly operation is quite suitable to human-robot collaboration due to its 
workspace and job-sharing nature. The proposed solution by the CoLLaboratE project will consist 
of the following main steps: 

- Replacement of Operator 1 with a collaborative robot (KUKA LBR iiwa) so that operator 
and CoLLaboratE robot can work together, in a collaborative environment.  

- Integration of vision system to detect electronic cards within the boxes 
- ESD protected custom gripper design for electronic card handling: In TV assembly 

operations, instead of the need of multi-finger hand, to be able to grasp the TV 
components, specially designed gripper is suitable to perform the assembly operation 
which is similar to pick and place operations.  

- Conveyor tracking algorithm for card placement on the TV 
- Gesture recognition for seamless communication between the COBOT & operator & AGV 
- AGV adaptation for electronic card feeding, from warehouse to the assembly line 

 
 At initial step (t=0);  

o An operator(no1) with his/her electric screwdriver in front of a 49 inch TV base (on 
the conveyor, stationary) 

o KUKA on the other side of the conveyor, with a single box loaded with both chasis 
(green) and PSU(brown) 

o An operator(no2) in the warehouse, filling an empty box with new chasis and PSU’s 
o An operator(no3) in the lab, who will be responsible for the AGV un/loading in the 

robot cell (part-time) 
 Next step (t = 0.5); 

o Robot grasps a PSU inside the box and brings it towards the TV, places it on the 
dedicated position 

o Operator (no1) starts to screw 4 screws 
o Robot grasps a chasis inside the same box and brings it towards the TV, places it on 

the dedicated position 
o Operator(no1) starts screwing 4 screws, as soon as the previous ones are finished 
o Both cards are located via camera and the number of cards within the box is also 

counted by the same camera system. 
 Next step  (t = 1); 

o As soon as the number of PSU’s reached to a critical point, a new job order created for 
the AGV 

o AGV goes to the warehouse, where a manual loading operation takes place by Operator 
(no3) 

o AGV brings the full box, Operator(no2) takes care of the un/loading of the new and 
empty boxes to the station (Gesture controls for the AGV will be demonstrated ) 
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Figure 37: Illustration of the use case scenario 

 

3.3.2.1 NVAA and VAA 
 

 

Figure 38: NVAA/VAA Analysis based on operator’s cycle  

3.3.2.2 Ergonomics 
Ergonomic risk assessment of the current manual operation will also be analyzed to be able to 
measure the improvement after CoLLaboratE solution. Improving the overall operator health and 
safety is another aspect of the project. The layout for the planned solution is given in Figure 38.  
The REBA ergonomic risk assessment result for the operator 1 is given in Figure 39. 

 

Figure 38: Solution layout 
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Figure 39: REBA score for Operator 1 

Arçelik will work with ARMINES on the ergonomical analysis recordings at the real-production 
plant. Existing layout and the hardware that is used in the LCD TV assembly in the Arçelik factory 
is shared with partners. Together with ARMINES, ergonomics analysis recordings were taken 
from LCD TV production plant in Tekirdağ, Istanbul. Several operations with different 
ergonomical risk scores were analyzed. Feedbacks are given to the developments that ARMINES 
performed related with gesture analysis and more importantly, feedbacks are given on the 
usability of the developed system in the real assembly environment. 

 

3.3.2.3 Spaghetti chart 
Since the PSU and chassis are assembled in the same station on the production line by operators, 
spaghetti chart is not provided for this assembly process. During the assembly operation, the 
walking time from one activity to another for the performed tasks can be eliminated since process 
occurs in the same work station.  

 

 HRC Collaborative Operating Methods 
In Challenge 3, both the COBOT and operator work on the same workpiece, the TV. The 
communication between the COBOT and the operator needs to be seamless, any latency in the 
communication directly effects the entire production line. Hand gestures and body language will 
be used for this high-level interaction.  

The proposed solution by the CoLLaboratE project will consist of the following main steps: 

- Replacement of Operator 1 with a collaborative robot (KUKA) so that operator and 
CoLLaboratE robot can work together, in a collaborative environment.  

- Integration of vision system to detect electronic cards within the boxes 
- ESD protected custom gripper design for electronic card handling: In TV assembly 

operations, instead of the need of multi-finger hand, to be able to grasp the TV 
components, specially designed gripper is suitable to perform the assembly operation 
which is similar to pick and place operations.  

- Object tracking algorithm for card placement on the TV 
- Gesture recognition for seamless communication between the COBOT & operator & AGV 
- AGV adaptation for electronic card feeding, from warehouse to the assembly line. 
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 Demonstrator’s set-up 
 

Regarding the layout consideration; Arçelik will work on setup preparation. Layout is carefully 
determined and trials are performed related with the assembly operation steps to be sure that 
demonstration can be perfectly performed with all partners. All the required TV components, 
component boxes, cards, conveyor belt and etc. preparation is performed. Also, related with this 
demo, ROS Map Created by Arçelik’s AGV and to be scenario layout formed.  

 

 

Figure 40: ROS Map created to demonstrate layout of the workspace  

 

 Robot and related hardware identification 
 

Controller PC Specifications (should not consider on-board computer):  

Minimum PC Requirements  
Processor PC with ROS Kinetic & Ubuntu pre-installed 
RAM 8GB 
Hard disk capacity 100GB of Hard Drive and onboard GPU 

Network 
Wi-Fi Internet Access & Wi-Fi router for communication between 
devices 

 

Robotic Arm 

 Manufacturer and Model: KUKA, LBR iiwa7 R800 
              With Robot gripper (either 3D printed or machined out of Aluminum) 

Weight 23.9kg (with a payload capacity of 7 kg) 
Maximum Payload 7 kg payload 
Maximum Reach 800mm 
Precision 0.1mm 
Protection Level IP54 
DOFs 7 DOFs 
Type of control  Position, gravity compensation or compliance, safe torque sensor 
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Extra hardware (such as custom grippers, RGBD sensors, force sensors etc.): 

Customized robot gripper to handling chassis and PSU (either 3D printed or machined out of 
Aluminum). Instead of the need of multi-finger hand, to be able to grasp the TV components, 
specially designed gripper is suitable to perform the assembly operation which is similar to pick 
and place operations.  

Mechanical structure & TV parts (conveyor, boxes, station etc.) for setup 

Sensors (safety sensors, RGBD sensors, motion sensors, gesture sensors, force sensors etc.) 

 Safety System 
Regarding the ensuring of the accuracy of the assembly, force, torque and etc. safety controls will 
be performed which are located on the used robot. Since the operator and the robot performed 
their operations collaboratively, the operator can have a chance to double-check the robot’s 
movements and actions to be sure that components are located properly and safely and after that, 
the operator performs screwing operation. Also, regarding the safety side and ensuring that 
actions will not create any damage, robot with grasping components for performing assembly 
operation, will slowly release components especially when it comes too close to the assembly area 
to be sure that it will meet defined tolerances and perfectly fits the assembly area and meet the 
safety requirements by smoothing its movements.  

 Interactions and logistics 
AGV will be used in Challenge 3, as soon as the number of PSU’s reached to a critical point, a new 
job order created for the AGV. AGV goes to the warehouse, where a manual loading operation 
takes place by Operator. AGV brings the full box, Operator takes care of the un/loading of the new 
and empty boxes to the station.  
 
Mobile Platform 

Manufacturer and Model: ASTI (can be checked with ASTI for the correctness) 
Characteristics: 

Dimensions (LxWxH)  Length: 2000 mm. Width: 500 mm. Height: 230 mm. 
Weight  
Maximum payload Towing capacity: 2.000 Kg 
Automatic movement Bidirectional 
Speed range From 150 mm to 1000 mm/sec 
Manual movement Manual Movement control Pad 
Batteries Gel-AGM/ Lead Acid/Lithium 
Recharge method On-Board charger / External charger. Manual Battery interchange 

system. On line charging system 
Autonomy 24/7 
Safety elements 2x SICK S300 Safety Laser for internal environment + Safety PLC 
Environment Indoor 
Software interface  
Communication Radio Frequency system/WiFi system 
Connectivity SLAM navigation using 2 lasers SICK S300 (NEW) 
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Figure 37 : AGV Prepared by ASTI for Challenge 3 

 Interfaces requirements & Information exchange (HMIs) 
The developed system is built around the concept of a system capable of learning and executing 
assembly tasks demonstrated by a human either through computer vision or kinesthetically. The 
system learns assembly tasks, such as grasp and place, by observing the task being performed by 
a human instructor. Then the system will analyze the task and generate a corresponding assembly 
program. Aided by the human instructor, the robotic system will finally learn to perform the actual 
assembly task, relying on sensory feedback from the sense and perception module, as well as 
physical human robot interaction. 

The teaching from demonstration phase is the first phase of the CoLLaboratE HRI interface and 
consists of the visual teaching stage and the kinesthetic teaching stage. In the visual teaching stage 
the user-instructor defines and demonstrates the assembly to the system. To do that she first 
enters the assembly’s info, she then proceeds to demonstrating the assembly in front of the visual 
sensors and then refines the key-frames extracted by the system. The end of the first phase 
reaches the point of simulating the assembly in 3D space so the instructor can have a clear 
understanding of whether the system has everything it needs to perform the assembly or not. 

In the kinesthetic stage the user/instructor loads an already demonstrated assembly and can edit 
the trajectory of the robot’s arm indicating the new trajectory via physical Human-Robot 
Interaction (pHRI). 

The first part of the procedure addresses the demonstration of the assembly by the user. After 
logging into the system the user is presented with the first screen of the HRI where a new 
assembly entry can be created or an existing one can be loaded. If the user desires to create a new 
assembly, she first has to choose between the 4 CoLLaboratE use cases which have the required 
models and tools preloaded. After selecting the teaching mode (visual or kinesthetic), a new name 
should be inserted for the assembly for saving purposes in case of visual teaching or the user can 
select a demonstration that has been visually demonstrated in the past in case of kinesthetic 
teaching. In any case, Visual Teaching requires the creation of a new assembly whereas 
Kinesthetic Teaching requires the loading of an existing assembly program for editing. After 
submitting the aforementioned information, the system creates the appropriate fields in the 
MySQL database and sets up the simulation world with the required parts. LCD TV Assembly 
scenario is studied with this system. After the system has identified the loaded required models, 
the user proceeds to the demonstration of the assembly in front of the RGBD camera, which in our 
case requires two people. For this task we use a camera with both an RGB and a Depth sensor and 
employ a ROS node to stream the feed to the web. The system detects the skeletons of the users 
and if the detection is accurate, the user can record the demonstration of the assembly task and 
then review it by playing it back and choose to save it or discard it. If she chooses to save it, the 
system will later use the frames of the demonstration to extract the placement and movement of 
the parts to perform the assembly. The next part of the process is the key-frame extraction that’s 
interconnected with the Key-frame Extraction Module. After the assembly task has been 
demonstrated and the system has captured the frames of the process, it has to extract the most 
significant frames that demonstrate the movement of the parts during the assembly. A loading 
circle informs the user for the preparation of the frame processing by the system. The user can 
control the extraction process by adding or removing key-frames if she feels that the system's 
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extraction doesn't meet the assembly's needs. Semantic information can also be added to every 
key-frame for later use, when constructing the assembly program. The semantic information is 
related to the assembly parts’ state in relation to the assembly process.  

Currently for the LCD TV Assembly case the main states are the following: 

 Initial position (objects in the initial position, usually the first frame) 
 Grasping Pa (where the user grasps the first part) 
 Picking up Pa (where the user picks up the first part) 
 Moving (the default state, where the parts are generally moving) 
 Place Pa (where the user places the first part on the TV) 
 Secure Pa (where the other user screws the first part on the TV) 
 Grasping Pb (where the user grasps the second part) 
 Picking up Pb (where the user picks up the second part) 
 Place Pb (where the user places the second part on the TV) 
 Secure Pb (where the other user screws the second part on the TV) 

The system automatically identifies the interactions between the assembly parts in order to 
provide some feedback to the instructor. After the Key-frame selection is saved, the system can 
create the trajectory of the movement of the parts to perform the assembly task. 
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3.4 CHALLENGE 4: COLLABORATIVE  RIVETING  FOR  AIRCRAFT  PARTS  ASSEMBLY 
Challenge 4, as described in the proposal of the project consisted in “Preparing CNC tools for 
aircraft parts manufacturing”. Immediately after the start of the project, in October 2018, a 
modification in the consortium’s structure occurred. The partner responsible with the 
implementation of the 4th industrial use case (Challenge 4) – Pratt & Whitney Rzeszow Spolk A 
AKCYJNA (PWR) decided to withdraw from the project. ROMAERO SA (ROMAERO) was identified 
as an appropriate partner that replaced PWR by bringing to the project similar competences in 
the field of aerospace industry manufacturing and assembly.  

The activity proposed by ROMAERO for this industrial use case is the assembly of the float of the 
CL-415 aircraft – see Figure 41. The assembly is performed by riveting.  The riveting process 
involves a truly collaborative sequence between two human operators. Replacing one of the 
operators with an industrial robot is challenging, but extremely useful for the project’s needs. 

One float, identical to the ones produced by ROMAERO on a commercial basis is assembled 
specifically for the project. 

Figure 41: The aeronautical structure to be riveted in use case 4 

One thing worth mentioning is the non-repetitive character of the assembly process in ROMAERO, 
in particular for the float representing the object of Challenge 4. As opposed to the automotive or 
general goods industries, where the volume of the components to be assembled is large and, thus, 
the time of assembly is critical, in the aeronautical sector the assembly is performed on a limited 
number of structures. The activity is not continuous in time.  

Given the above, the dedicated team of operators specialized in assembly by riveting is flexible, 
being able to perform riveting on a variety of structures. Depending on the project that is active 
at any given moment in ROMAERO, the team of operators can be assigned to different assembly 
processes. It follows that flexibility is of critical importance for the aeronautical industry. 

 Collaborative Workspace (Layout considerations and constraints) 
The length of the complete manufacturing cycle for the float of the CL-415 aircraft is about 4 
weeks. Out of the 4 weeks, 2 weeks are reserved for manufacturing, one week for assembly and 
one week for quality checks and testing.  

Following the procurement of raw materials – sheet of aluminum alloy, different shapes and 
thicknesses, the component parts of the float are manufactured in house by a series of processes 
like heat treatment, mechanical stretching, press forming, bending and machining. The 
components are then transported to the assembly shop.  

At any given moment, there is only one float in the assembly and/or testing phase.  

The workspace in which the assembly is currently performed has a surface of roughly 50-60 m2. 
The assembly process has two steps, as described next. 
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Step 1: 

Mounting of the components on an assembly jig and assembly with a limited number of temporary 
fasteners – see Figure 42. These temporary fasteners, also called Cleco fasteners, are installed in 
pre-drilled holes to hold the materials in place; those same holes will 
later be used for the installation of permanent rivets, with the Cleco 
fasteners being removed prior to permanent rivet installation. 

This first step of the process is accomplished on a specially designed 
metallic assembly jig which holds in place all the major components. 
The components of the subassembly are progressively added to the 
float and fixed together with temporary fasteners. One or two 
technicians perform the following: clamp the new added parts, transfer 
the pilot holes, and install the temporary fasteners. 

Step 2: 

Full, permanent riveting of the structure. 

This step of the process consists in placing a large number of permanent rivets for connecting all 
the components together. This operation can be further divided into a series of smaller steps: 

- Step 2.1: a series of holes are performed on the to-be-assembled structure. After 
executing the holes, extra temporary fasteners are added to the structure to increase its 
stability, to maintain the right position and to ensure that no relative movement occurs 
between the components, as this would lead to misalignment of the holes. 

- Step 2.2: Clean the holes – remove the metallic debris resulting in the drilling process 
- Step 2.3: Place the sealant in each hole, before inserting the rivet 
- Step 2.4: Perform the permanent riveting 
- Step 2.5: Remove the temporary fasteners and replace them with permanent rivets 

During step 2, the position of the float is changed multiple times so that the workers have access 
to different regions of the float; the float is rotated around its axis so that it facilitates access. 

There are two assembly jigs that are used in the assembly of the float. The jig used in step 1 allows 
positioning the internal, parallel frames and attaching them to the external skin components, both 
with permanent and Cleco rivets. Once these components have been attached, the float is 
transferred to the second jig (the one used in step 2). This jig allows attaching the rest of the 
external skin parts and, most important, allows rotating the float around its axis to facilitate 
access.  

The process to be addressed in this project is 
the actual riveting – Step 2.4 mentioned 
above. Riveting requires a compressive, 
dynamic force to be exerted on the rivet, from 
two sides simultaneously: an active force on 
the rivet head and a passive, counteracting 
force, on the rivet pin. The regions where this 
counteractive force needs to be applied are 
difficult to reach. As a consequence, the 
workers that perform this job need to have 
strong, long arms and be able to work for long 
periods of time in uncomfortable positions. In 
addition, they are subjected to vibrations 
induced by the pneumatic hammer which can 
be damaging, especially if the exposure times are long.  

 

Figure 42: Temporary 
fasteners 

 

Figure 43: Operator performing riveting on the float 
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The collaborative workspace in which Challenge 4 is implemented is located in the same assembly 
shop where the commercial assembly of the float is performed. Although the operators involved 
in the project are the same operators that perform the commercial assembly of the float, there is 
no interference between the two activities. This is to avoid introduction of delays on the 
commercial assembly line, and to avoid subjecting the assembly of the CoLLaboratE float model 
to the same quality criteria as the real, commercial float.  

The project-reserved space has a 
surface of 48 m2 and contains 
only one assembly jig, similar to 
the jig used in Step 2, described 
above. The collaborative 
assembly setup is depicted in 
Figure 44. 

The assembly jig has a variable 
height. The upper part of the jig 
can be elevated or lowered 
manually. At least three human 
workers are required for 
performing this operation. Also, 
the jig allows manually rotating 
the float around its axis. This facilitates access both for the robotic arm and for the human 
operator performing the riveting.  

The robotic arm is installed on an autonomous mobile platform. This platform allows varying the 
x and y coordinates of the robot (in the shop floor plane) and also increasing the z coordinate 
(height above the shop floor). An accessibility analysis revealed that for increasing accessibility, 
the z coordinate variation allowed by the mobile platform is not enough. As a consequence, an 
elevating structure is inserted at the interface between the mobile platform and the robotic arm.  

It is highly probable that the robot will not be able to perform the riveting of the float from the 
first try. In order to “teach” the robot how to rivet, two simpler structures have been designed and 
manufactured. These are depicted in Figure 45. 

When performing riveting on the rectangular structure, the robot will “learn”: 

- how to correctly identify the hole in which the rivet was inserted 
- how to approach this hole 
- how to position the bucking bar perpendicular to a flat surface 

 

When riveting the cylindrical structure, the robot will “learn” how to position the bucking bar 
perpendicular to a curved surface, with a simple curvature (along one direction).  

Finally, when riveting the float model, the robot will “learn” how to position the bucking bar 
perpendicular to a curved surface with a complex curvature (along two perpendicular directions). 

 

Figure 44: Collaborative setup: assembly jig + float + robot + operator 
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The collaborative setup is completed with a set of optical sensors mounted above and slightly 
behind the human operator. These sensors will provide the robotic arm a first estimate of the 
position of the hole in which the operator is inserting the rivet. The robot will move the end 
effector towards this estimated position. When the end effector is in the proximity of the hole, the 
precision of the estimation is improved by a sensor mounted on the end effector. As a 
consequence, the robotic arm can determine, with high precision, the cartesian coordinates in 
which the bucking bar tip needs to be placed.  

 Human operators planning – Task analysis 
The riveting process, as currently implemented in ROMAERO (two human operators) is described 
in detail hereafter.  

3.4.2.1 NVAA and VAA 
The riveting process contains a 
sequence of operations that 
facilitate the collaborative work 
of the two technicians (although 
there is no visual contact 
between the two) for the 
matching of the positions of the 
riveting hammer and of the 
handheld bucking bar. This is a 
type of sensorial 
communication between the 
two workers which needs to be 
reproduced by the robot. As the 
robot replaces only one of the 
technicians, the behavior of the 
machine needs to closely follow the human behavior so that the remaining human technician can 
perform his activity in a condition as similar as possible to the current condition, when no robot 
is in the loop. The positioning of each worker in the sequence below, relative to the float’s wall, is 
given in Figure 46 – “current case” and in Figure 47. 

A breakdown of the basic activities composing the riveting process is given next.  

Step 2.4.1: Worker A inserts the rivet into the hole and gently presses the rivet until the flat side 
of the rivet head touches the surface of the metal. 

a. rectangular structure b. cylindrical structure 

Figure 45: Simplified structures for initial riveting 

Figure 46: The principle of collaborative riveting 
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Step 2.4.2: Worker A puts the head of the pneumatic hammer on the rivet’s head and gently 
presses on the hammer, thus exerting a constant, small force on the rivet. 

Step 2.4.3: Worker B brings the bucking bar close to the rivet pin, puts the bucking bar head in 
contact with the rivet pin and exerts a force slightly higher than the force exerted by worker A. 
This will cause the rivet to move towards worker A (towards the left side in Figure 47). 

Step 2.4.4: Worker A senses that the rivet is being pushed towards him and he/she increases the 
force exerted on the rivet head, until this force becomes higher than the force exerted by worker 
B. It follows that the rivet starts to move towards worker B (towards the right side in Figure 47), 
until the flat side of the rivet head gets in contact with the surface of the metallic part. 

Step 2.4.5: At this point, the two tools (pneumatic hammer and bucking bar) are in position. 
Worker B announces worker A by vocal command when to start the pneumatic hammer: he/she 
shouts “Go!!”. 

Step 2.4.6: When worker A hears the “Go!!” signal, he/she turns on the pneumatic hammer. This 
results in a round of high-frequency mechanical 
shocks that are transmitted to the rivet and 
gradually compress the rivet pin and flatten it.  

Step 2.4.7: Worker A stops the pneumatic hammer 
after less than one second, but keeps the hammer 
in contact with the rivet head. 

Step 2.4.8: When worker B hears that worker A 
has stopped the hammer, he/she removes the 
bucking bar from the rivet. 

Step 2.4.9: After removing the bucking bar from 
the deformed rivet pin, worker B visually verifies whether the riveting has been correctly 
performed or not, according to a technological specification imposed by the designer. If the visual 
test is passed, he/she announces worker A that the riveting was successful, and they proceed to 
riveting the next hole. 

Step 2.4.10: If the visual test is not passed, worker B announces worker A that an extra 
hammering session is required. 

Step 2.4.11: Worker B puts the bucking bar back on the deformed rivet pin. 

Step 2.4.12: Worker B starts exerting a force on the deformed rivet pin (a force similar to the one 
he/she exerted in steps 2.4.3 to 2.4.7) and immediately after exerting this force he/she announces 
worker A by vocal command when to start the pneumatic hammer. He/she shouts “Go!!”. 

Step 2.4.13: When worker A hears the “Go!!” signal, he/she starts the pneumatic hammer. This 
compresses the rivet pin and flattens it further.  

Step 2.4.14: Worker A stops the pneumatic hammer. The hammering time is shorter than the 
hammering time in Step 2.4.6, less than half the time. After stopping the hammer, he/she removes 
it from the rivet head. 

Step 2.4.15: When worker B hears that worker A has stopped the hammer, he/she removes the 
bucking bar from the rivet. 

Step 2.4.16: After removing the bucking bar from the deformed rivet pin, worker B visually 
verifies whether the riveting has been correctly performed or not. If the visual test is passed, 

Figure 47:  Principle of percussive riveting 
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he/she announces worker A that the riveting has now been successfully performed and they 
proceed to riveting the next hole. Otherwise, the sequence is repeated from Step 2.4.10. 

Steps 2.4.10 to 2.4.16 may be repeated several times (normally two times, but 3 or more times is 
not unusual) if worker B considers that the riveting operation was not successful. A time-
dependent description of this sequence, with more details, is given graphically in Appendix A.  

Out of all the steps described above, only 2.4.1, 2.4.6, 2.4.9, 2.4.13 and 2.4.16 are VAAs. The rest 
are NVAAs. 

The proposed principle of the collaborative riveting solution is shown in Figure 46 – 
“collaborative case”. Worker B (the one holding the bucking bar) is to be replaced by a 
collaborative robot. The introduction of the robot shall have no impact (or the impact shall be 
minimal) on the activity of worker A.  

The required measures are taken to ensure that there is a two-way communication between 
worker A and the robot and that the robot has the required flexibility and mobility to perform the 
tasks that were initially performed by worker B. 

3.4.2.2 Ergonomics 
This paragraph is intended to provide a justification as to why the replacement of one of the 
human operators with a collaborative robot is desirable in a percussive riveting context, from an 
ergonomics perspective.  

The disorders a worker is at risk of developing as a consequence of being subjected to different 
levels of physical stress on one or multiple parts of the body are generally known as work-related 
musculoskeletal disorder (WMSD). WMSDs are body injuries that develop gradually over a period 
of time and are related to repetitive strain injuries, trauma injuries, motion injuries etc. WMSDs 
can be induced in any part of the body, but for the present study of interest are the disorders of 
the hands, arms and fingers. There are a variety of factors that can produce such disorders, but of 
prime interest for this application are the WMSDs induced by vibratory tools. According to ref. 
[23] (p. 16), the American National Standards Institute (ANSI) developed a standard, S2.70, which 
stipulates the acceptable levels of vibration to which the workers are subjected: 

- Daily Exposure Action Value (DEAV) – the acceptable daily exposure to vibration, for 8 
hours/day: 2.5 m/s2  

- Daily Exposure Limit Value (DELV) – the maximum level of vibration above which workers 
are expected to have a high risk: 5.0 m/s2  

Similar standards exist in Europe. As described in ref. [24], p. 383, the European legislation 
equivalent to the US S2.70 standard is the EU Directive 2002/44/EC on human vibration exposure. 
The values of DEAV and DELV specified by the EU Directive are the same as in S2.70.  

One parameter that captures the level of vibration the worker is subjected to is the hand-
transmitted vibration (HTV). It is the acceleration level of the tool when grasped by the worker in 
use. Typical symptoms associated with long exposure to high levels of HTV are: tingling, 
numbness and finger blanching, pain in response to cold exposure, reduction in grip strength and 
finger dexterity. 

For workers performing percussive riveting, two main sources of vibration can be identified: 

- The vibration induced by the riveting hammer 
- The vibration transmitted by the bucking bar 
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Both tools require direct, physical contact with the worker’s hand. The study documented in ref. 
[24] identified the levels of vibration at the interface (worker hand – riveting hammer) and 
(worker hand – bucking bar). These values are shown in Table 12. 

The study was conducted both in a laboratory and in real, industrial conditions (workplace). 
Three types of bucking bars have been tested – a steel bucking bar, a tungsten bucking bar and a 
steel, dampened bucking bar.  

The vibration felt by the worker is the vibration weighted for frequency (the third column in Table 
12). It can be seen that in most cases, the vibration felt at the interface with the riveting machine 
(hammer) is higher than the vibration felt at the interface with the bucking bar, with one 
exception. Unfortunately, this exception is the most relevant, as the measurement is performed in 
a real industrial environment, with a simple, steel bucking bar, as it is used in the majority of cases 
for the percussive riveting. Also, it can be seen that all the measurements performed at the 
workplace reveal vibrations in excess of 5.0 m/s2, the DELV indicated in the ANSI S2.70 standard.  
The vibration transmitted to the worker is, therefore, of great concern.  

Different studies on the ergonomics of riveting, as the ones cited in ref. [23], p. 19, suggest that 
the grip force for a given bucking bar is affected by vibration: “muscle responses were greatest at 
frequencies where grip force was affected, indicating that the tonic vibration reflex (a sustained 
contraction of the muscles caused by vibration activation of the muscle spindles) was likely the 
cause of increased grip exertions”.  

Among the disorders associated with increased muscle stimulation for long periods of time and 
in a vibration-dominated environment one can identify (as reported in ref. [23]):  

- an increase in mechanical impedance (the hand-arm’s resistance to movement or 
vibration) 

- reduced circulation of blood in the fingers and reduced finger temperature 
- fatigue exacerbation as the hand-arm system stiffens 
- higher stresses on the anatomical structures of the hand-arm system and obstruction of 

peripheral circulation 
- an inability of the muscle fibers to maintain contraction, resulting in fatigue 
- alteration of force control which results in an increase in force exertion, force variability, 

and tendon stress 
- negative influence on the neurological network by stimulating sensory receptors within 

the cutaneous, muscular, and articular structures and its ability to affect spinal reflexes  
In addition to the impact of vibration on hand-arm system, for the particular case of the float 
assembly (but equally applicable to the assembly of other subcomponents), the posture of the 
worker has a potential negative influence on his/her health. Given the complex shape of the float, 

Table 12 - Levels of vibration felt during percussive riveting - ref. [24] 



D2.2 – End-user requirements, use cases and industrial scenarios 
Version: 1.0 

CoLLaboratE  66 

 

the worker holding the bucking bar is required to stay for long periods of time in difficult, unusual 
positions. This might have a negative influence on the arms, legs (as he/she needs to stand, often 
balancing the weight of the body on only one leg) and, maybe the most important, on the spine.  

3.4.2.3 Spaghetti chart 
For the case of riveting, such a graphical analysis is not applicable. The two human operators (in 
the case of manual riveting) and the robot + the human operator (in the case of collaborative 
riveting) can be considered as almost being static, as shown in Appendix A.  

The operator holding the riveting hammer (human on both cases) only moves his arms for 
grabbing the riveting hammer, a tool or a new rivet and inserting it into the appropriate hole. The 
maximum distance on which worker A performs a movement is 2m, and this happens only once – 
see operation 7 in the table in Appendix A – Challenge 4. 

The operator holding the bucking bar (human in the first case, robot in the second case) is only 
supposed to move the bucking bar from one hole to another.  This worker moves for a maximum 
distance of 0.5m. 

3.4.2.4 Task Analysis and MTM 
A rough estimate of the timing for each basic activity composing the riveting process is given in 
Appendix A – Challenge 4. Nevertheless, the MTM method is not applicable for this process as 
riveting is not time constrained.  

 HRC Collaborative Operating Methods 
Two modes of collaboration can be identified for the case of riveting – an operational mode and a 
non-operational mode.  

The operational mode is defined as the mode in which the robot is powered and is executing a 
mission, either according to a predefined planner or as a result of an external input/command.  

Examples of activities performed in operational mode: 

- The entire system moves around the structure in the shop floor’s plane, with the robotic 
arm in a fixed position 

- The base (mobile platform) is fixed but the robotic arm moves 
- The end effector changes position from the current riveting hole to the next 
- The robotic arm is producing a reactive force against the rivet, as inserted in the hole 

 
Example of robotic states in non-operational mode: 

- Start-up of the entire system 
- Change of the bucking bar 
- Pause – while the assembly jig’s configuration is changed (if needed) 

 

 Robot and related hardware identification 
The robotic system to be used in Challenge 4 is composed of a robotic arm mounted on a mobile 
platform. In between the two an elevator is inserted for allowing the variation of the robotic arm’s 
base z-coordinate. The system is completed by a set of sensors (optical sensors) that allow the 
identification of the hole in which the rivet is inserted.  

3.4.4.1 COBOT 
Several collaborative robotic arms have been considered for the riveting activity. The analyzed 
manufacturers: UR, Fanuc, Omron, Kuka, Yaskawa.  
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Partner BOR performed an accessibility study for several collaborative robots produced by the 
above-mentioned manufacturers. The study revealed that irrespective of the robot type, some 
regions of the float were inaccessible due to the tight spaces. It was decided to simplify the 
structure of the float by removing some intermediate frames.  

On the other hand, partner ASTI informed the consortium that they had already performed an 
integration of the Yaskawa HC10 robot on their mobile 
platform – the eBOT 350.  

It was therefore decided to select the Yaskawa HC10 
robotic arm as the preferred COBOT. The associated 
controller is the YC1000. Figure 48 gives a visual 
representation of the HC10 robot along with the main 
geometrical dimensions.  

A study of this robot revealed the fact that it possesses 
all the characteristics required for the riveting case.  

3.4.4.2 Mobile platform 
For maximizing flexibility of the robotic system, it was 
decided to mount the robotic arm on a mobile platform. 
This offers the possibility of easily changing the position of the robot on the x-y plane (in the shop 
floor plane).  

The platform selected for this application is the eBOT-
350 Automated Guided Vehicle (AGV) produced by 
partner ASTI. This AGV has a loading capacity of 350 kg 
and can move omnidirectionally with velocities 
between 50 and 2000 mm/s. The vehicle control is 
accomplished optically, by a series of QR codes attached 
to the floor. The AGV can either be pre-programmed for 
taking a certain path or can be controlled in real-time.  

In addition to moving in the x-y plane, the AGV is also capable of varying its height. A variation of 
up to 50 mm is possible.  

The main advantage of installing the robotic arm on such a platform is increased mobility of the 
system. As the collaborative robot needs to be used for riveting a variety of aeronautical structures 
(of different length, with, height and with various levels of complexity), flexibility is crucial. The 
robotic system is required to easily move around the structure for accessing different regions.  

The eBOT350 AGV is rented by ROMAERO from one of ASTI’s distributors – IATECC. The rental 
contract has a period of 13 months and, as for the robotic arm, and it starts on the 1st of September 
2020.  

Figure 48: Yaskawa HC10 cobot 

Figure 49: Mobile platform 
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3.4.4.3 Vertical actuator  
The accessibility analysis performed by partner BOR revealed that the z-coordinate variation 
capability of the eBOT 350 platform is not sufficient for accessing hard-to-reach regions in the 
float. Between 100mm and 150mm extra height variation is required for increasing accessibility. 
This variability can be incorporated either in the assembly jig or in the robotic system. 
Incorporating this capability into the jig would not benefit the system, as the solution would only 
be usable for this particular application (the riveting of the float). It was, therefore, decided to 
incorporate the variability in the robotic system itself. A vertical linear actuator is, thus, 
incorporated between the mobile platform and the robotic arm’s base. The selected actuator is a 
Thomson DMD24-10A5-12PO.  

The characteristics of this actuator: 

- Input voltage:    24V 
- Screw type:   ACME 
- Dynamic load capacity: 2250 N 
- Movement speed:  30 mm/s 
- Stroke length:   300 mm 
- Retracted length:  530 mm 
- Feedback:   potentiometer 

Its actuation is fully electric. The selected motor 
controller for the vertical actuator is a RoboteQ 
SDC2160S.  

 

3.4.4.4 End effector 
The object the robotic arm needs to manipulate is the bucking bar for generating an opposing 
force on the rivet pin. Out of the multitude of bucking bars that can be considered for this 
application, two types have been retained:  

- All-metal, solid bucking bar 
- Vibration-damped bucking bar  

Several instances of metal, solid bucking bars will be manufactured in ROMAERO. Also, two 
instances of vibration-damped bucking bar will be used, one with a mass of 0.7kg and the second 
with a mass of 1.4kg. The two have different vibration damping characteristics.  

The interface between the bucking bar and the robotic arm is custom made by ROMAERO. This 
interface allows manually placing the bucking bar in a fixed position. The bucking bar is held in 
place by a set of screws.  

The bucking bar – robotic arm adaptor also 
incorporates the interface with a RGBD camera used 
for accurately identifying the position where the 
riveting needs to take place. The selected camera is a 
Helios 2 Time of Flight IP67 3D Camera. The main 
characteristics of this camera are: 

- Dimensions (LxWxH)  60 x 60 x 77.5 mm 
- Weight   398 g 
- Lens Field of View 69⁰ x 51⁰ (nominal) 
- Sensor Model  Sony Depth Sense IMX556PLR CMOS 
- Working Distance 0.3 m to 8.33 m 

Figure 50: Vertical actuator; 3D view and 2D 
projections 

Figure 51: Helios 2 RGBD camera 
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- Shutter Type  Global 
- Resolution  640 x 480 px, 0.3 MP 
- Framerate  30 FPS @ 0.3 MP 
- Accuracy  ± 4 mm 
- Software  Windows and Linux 

 

Four instances of the adaptor will be manufactured: 

- Type I: an adaptor capable of holding an all-steel bucking bar aligned with the axis of the 
last sector of the robotic arm 

- Type II: an adaptor capable of holding an all-steel bucking bar offset relative to the axis of 
the last sector of the robotic arm 

- Type III: an adaptor capable of holding the 0.7kg vibration-damped bucking bar 
- Type IV: an adaptor capable of holding the 1.4kg vibration-damped bucking bar 

Type I, III and IV adaptors will also ensure an interface for the installation of a force-torque sensor. 
This sensor can be used for ensuring the bucking bar is placed perpendicular to the metallic sheet 
to be riveted (my minimizing the tangential force components when contact is achieved). The type 
of force-torque sensor is yet to be determined. 

Type II sensor will not have a force-torque sensor installed, given the offset of the bucking bar. In 
this case, perpendicularity will be ensured only relying on the optical sensor.  

3.4.4.5 Sensors  
The CoLLaboratE system also comprises a set of optical sensors placed above, on the side or 
behind the human operator. The role of these sensors is to identify the cartesian coordinates of 
the hole in which the operator is inserting the rivet, relative to a pre-defined, global coordinate 
system. The exact type of sensors to be used is yet to be determined. The expected accuracy of 
these sensors is fairly low. As a consequence, this method of hole identification is only supposed 
to determine a region in space, around the point of interest, in which the robot needs to position 
the tip of the bucking bar. Once the end-effector reaches this region, the RGBD camera mounted 
on the gripper will allow the accurate determination of the point in which next riveting sequence 
is to be performed.  

Figure 52: Bucking bar - robotic arm adaptors: types I and II 

isometric view side view side view isometric view 

Type I Type II 
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 Safety System 
No dedicated safety measures are implemented, other than the ones already incorporated in the 
Yaskawa HC10 robotic arm and the eBOT 350 AGV. When in operation, the robotic system is 
physically separated by the human operator by the metallic structure to be riveted.  

 Interactions and logistics 
Two types of interactions between the human operator and the robotic system can be identified, 
as a function of the robotic system’s mode: operational or non-operational. 

While in operational mode, the following types of human-robot interactions can be identified: 

a. Non-direct interaction: the robotic system identifies the hole in which the human operator 
inserted the rivet and moves the bucking bar towards this hole 

b. Direct interaction: the robot moves the bucking bar close to the rivet head and puts it in 
the correct position, in contact with the rivet pin and then applies a force on the rivet and 
waits for the human operator to respond with a slightly higher force. This is a static 
interaction. 

c. Direct interaction: once the force equilibrium is established between the human operator 
pressing on the rivet head with the pneumatic hammer and the robot applying a static 
force on the rivet pin, the human operator will trigger the pneumatic hammer. At this 
point, the robot must switch to a dynamic mode in which a control of the overall stiffness 
is required. Whether the transition from the static to the dynamic force control is 
automatic or determined by an input from the operator is to be determined once the 
riveting trials are started. 

d. At a time t (to be defined) after the end of the riveting, the robot deactivates the dynamic 
force control (or impedance control), detaches the bucking bar from the rivet’s deformed 
pin and moves the end effector away from it. This allows the optical camera mounted on 
the end effector to capture an image of the deformed rivet. This image is shown to the 
human operator who judges whether the quality of the riveting is satisfactory or not. 
Following the assessment, the operator instructs the robot (by means of a digital 
interface) either to continue the riveting – at which point the cycle is repeated from point 
b. – or to move to the next riveting point – at which point the cycle is repeated from point 
a.  

While in non-operational mode, the only type of human-robot interaction is the change of the 
bucking bar. Different types of bucking bars need to be used for facilitating access to different 
regions of the structure to be riveted. The bucking bar will be manually changed by the human 
operator.  

 Interfaces requirements & Information exchange (HMIs) 
The communication between the robotic system and the human operator is a two-way 
communication.  

The human operator is required to supply to the robot the following information / commands: 

- Indication of the hole in which the rivet is inserted (the human operator will insert the 
rivet in the desired hole, as usual) 

- Trigger a mode in which the bucking bar will be changed; end this mode 
- Trigger a mode in which the robot needs to move away from the structure and enter a 

‘pause’ state for allowing the operators to change the configuration of the assembly jig; 
end this mode 

- Indication of the success / unsuccess of the riveting. Depending on this indication, the 
robot knows if the riveting is continued on the same rivet or if it needs to move to the next 
riveting hole 
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The robot is required to capture an image (or video) of the deformed rivet pin and send it to a 
display visible to the human operator. Based on this image/video, the human operator decides 
whether the riveting is successful or not. Also, on the same display, the robot is required to show 
information describing its state. Several examples of displayed messages: “identifying hole”, 
“moving towards the hole”, “positioning the buking bar”, “put force on the rivet [xx N]”, “waiting 
for input”, “idling”, etc. This continuous communication of the robot’s state allows the human 
operator to know how to react in any given situation.  

The position of the hole in which the operator inserts the rivet is inferred by the robot in two 
steps: 

- Step 1: process the images sent by two cameras mounted above and on the side of (or 
behind) the human operator. Based on the accuracy of these cameras, this approach will 
generate a region of high probability around the hole. The robot will need to move the tip 
of the bucking bar in this region 

- Step 2: once the end effector reaches this region, the camera mounted on the end effector 
accurately identifies the hole in which the rivet was inserted. The robot will need to move 
the bucking bar to touch the rivet and to position it perpendicular to the metal sheet 
surface (or along the rivet shank axis) 

The other types of communication between the 
human operator and the robot is accomplished 
through an electronic device attached to the 
operator’s arm. This device can be in the form of a 
smartphone (or a small tablet) – see Figure 53. The 
precise type of device is yet to be determined.  

This type of device communicates with the robot 
without a physical connection (e.g. wi-fi, or bluetooth 
connection). 

During riveting, the video/photo captured by the 
camera mounted on the robotic arm is displayed on 
this device. The human operator uses this 
information to judge whether the riveting is 
satisfactory or not. Based on this quick analysis, he 

instructs the robot (also using the arm-attached device) to continue riveting on the same rivet or 
to move to the next hole.  

  

Figure 53: Example of arm-attached devices, as 
part of the HMI 
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4 USER REQUIREMENTS  

 Data Analysis 
In D2.1, the methodology for collecting user requirements and a preliminary user requirements 
list was presented. The data was then analyzed with the purpose of formulating a final list of URs. 
Thus, the raw data (transcriptions and notes from all interviews) were analyzed, with the purpose 
of reformulating them in URs, in the format of “The user needs […]”, “The user wants […]” or “The 
system shall […]”, format suggested by [11]. URs from separate use cases, which represented the 
same need, were summarized in one UR. Therefore, the final list consists of case specific and 
common URs, together with the use cases they have been identified within. Thus, a common UR 
has more than one source, being applicable to more than one use case. In order to structure the 
final list of requirements and have a clearer view on which areas the users have more needs in, a 
categorization was made, based on 11 pre-defined categories: (1) Communication (between user 
and robot), (2) Configuration / Adaptability (to various applications), (3) Data Handling (by the 
robotic system), (4) Safety / Security (related to Standards and ergonomics), (5) Fail Safe, (6) 
Functions, (7) Documentation, (8) User Interface, (9) Training (of the operators), (10) 
Maintenance, (11) Availability / Accessibility. 

 Data Interpretation 
The need for interpretation of the data derives from the necessity of offering meaning to the 
research findings [27]. The results of the data analysis have been integrated into a prioritization 
tool, the result being the basis for formulating system requirements and scenarios.  

The matrix used for prioritization considers three ranking perspectives, with three criteria each: 
(1) Operators (Usability, Intuitivity, Satisfaction), (2) End-Users (Costs, Risks, Added Value) and 
(3) Development (TRL, Feasibility, Integrability). Each use case representative was asked to rank 
the user requirements individually, from the Operators and End-Users perspectives, while the 
partners involved in the technical development ranked them from the development criteria. An 1 
to 5 Likert scale was used and an average for each identified UR was calculated to establish the 
final scores. Based on these perspectives, a prioritization of requirements was possible, based on 
the value for the operator and ease of development, by also considering the value for the end-
users. In order to assess the impact of a specific UR not being implemented, a dissatisfaction score 
was included in the matrix. This was especially useful to retrieve the system requirements from 
the URs. The CoLLaboratE system requirements that are derived from the user requirements and 
the conceptual architecture of the system are presented in detail in D2.3 (preliminary) and in D2.4 
(final version). 

 Results 
The results are compiled in a final list of requirements gathered from all the four use cases. The 
initial analysis of the data revealed 101 UR. Their sources can be seen in Figure 54. As it can be 
observed, the number of URs is evenly distributed, each use case offering 20 to 27 URs.  
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Figure 54: Number of Requirements per use case 

After analyzing this list, it was observed that there are requirements which were mentioned in 
more than one use case (common URs). The repeated ones were joined together, thus the final list 
consists of 77 URs. Table 13 shows an example of URs which were present in more use case and 
how the joined one was formulated. 

Table 13: Joined URs 

Initial Data Analysis Final Requirements List 

Source Initial URs Source Joined UR 

use 
case 1 

The user needs an adaptable 
and flexible solution, which 
can handle different objects 

use 
cases 1, 
2, 3 & 
4 

The robot shall 
be able to adjust 
to different 
applications / 
production lines 
/ operations 

use 
case 2 

The robotic system shall 
adapt to various production 
lines 

use 
case 3 

The robotic system shall be 
adaptable to various 
production lines 

use 
case 4 

The robotic system shall be 
adaptable, so it can be used 
on multiple operations 

use 
case 2 

The robot shall be able to 
perform specific tasks without 
the human operator use 

cases 2 
& 4 

The robot shall 
be able to 
perform specific 
tasks without the 
human operator 

use 
case 4 

The user needs to be able to 
leave the robot to work 
unattended 

 

The URs in the final list have been divided among the 11 pre-defined categories, and Figure 55 
presents the number of common URs per each category compared to the case specific ones. It can 
be observed that most URs can be found under the category “Functions”, refering to what the final 
robotic system has to deliver while few URs can be found under Training and Data Handling. 
Moreover, 8 categories present common URs, which means that more than one use case identified 
that specific requirement. 
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Figure 55: Case specific vs. Common URs per Category 

This categorization was helpful when analyzing the prioritized list received from the partners. It 
was possible to assess which categories represent a priority for the development of the robotic 
solution and discuss on how to handle the use case specific requirements. A summary of the URs 
priotization matrix can be found in Appendix D – User Requirements Prioritization Summary. 

 

4.1.3.1 Stakeholder Questionnaire 

After the stakeholder workshop at the European Robotics Forum 2019, the questionnaire link was 
also shared on social media to get some more input. However, no more answers could be recorded 
until the weighting of the user requirements. The 7 answers of the questionnaire were considered 
in the discussion around the user requirements and are outlined below. As the questionnaire was 
not the ideal way to collect input from stakeholders, a Late Breaking Reports was published at RO-
MAN 2019 about CoLLaboratE’s methodology to collect user requirements. The paper was 
presented in a poster presentation where representatives from industry as well as research 
attended. The topic was interesting for both. Especially feedback from robotics industry showed 
that an organized approach to define user requirements and identify system requirements is not 
common in R&D projects, but very important.  

A total of seven persons have responded to the questionnaire on User Requirements for the 
CoLLaboratE project. The detailed answers can be found in Appendix B – Results User 
Requirements Interview . On the overall sample received, two are working at a University of 
Research Institute, two are from a manufacturing company, one from an Energy and Mining 
facilities builder and one from a robotic system integrator company. The geographical location of 
the collected sample is as followed: one from Finland, France and Italy, two from Spain and two 
are located in Turkey. 

The first section of the questionnaire focused on general information: When questioned about the 
main area of application of their organizations, four out of seven responded being part of a large-
scale production company, two from a research and development organization, and one from an 
automation provider/ integrator. Out of seven, one organization performs the work manually and 
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six responded having a combined work performance (both manual and automatized). Following 
up, they have been questioned about what kind of means they use to automatize their processes; 
six responded using robots, five are using industrial machines, four use IoT solutions, one using 
collaborative robots and AGVs and one answered none of the above. 

The second section focused on the responder’s opinion on collaborative robots. The first question 
has been focusing on which area of their organization could be improved by the implementation 
of collaborative robots; three responders answered within the productivity and cost reduction, 
four of them have responded in regards to the ergonomics of their workplaces, two on quality, 
two on safety, three on lead time improvement and finally five out of seven answered that 
collaborative robots could improve the flexibility and innovativeness within their organizations. 
Furthermore, the interviewees have been questioned about which are the main impediments in 
adopting robots in regards to automatizing their processes, one has responded in relation to 
employee’s acceptance towards the robots, two in regards to technical capacity, four on initial 
investment and return on investment, four on current technology maturity, two on technical risk 
and required maintenance, two on safety, one in regard to the compatibility with the current 
processes, and one other. 

Overall, the responses show that collaborative robots could improve on the ergonomics, flexibility 
and innovativeness within a workplace and the main impediments are within the investment and 
ROI and the current technology maturity. 

In the next question, they were asked to rate a given set of features that collaborative robots 
should have if implemented within their organization with four different choices being crucial, 
important, useful and not sure. On the feature about learning by human demonstration, one 
responded crucial, two think it is important, three think that it is useful and one not being sure. 
The following feature is human intention estimation and gesture recognition, one responded that 
this feature is crucial, two important, three useful and one not being sure. About the feature on 
ergonomics performance monitoring, and adaption to the worker, one responded it is crucial, 
three being important and three being useful. Human awareness and safety are crucial for four 
responders and important for three of them. Finally, the self-learning and adaptation in 
collaborative operations’ feature is crucial for two of them, important for three and useful for two. 

The last question of this section includes a rating scale from 1 being not important to 5 being very 
important; this scale have been used by the responders to grade eleven visions of the CoLLaboratE 
project. The first vision is having an adaptive robot control in collaborative tasks within physically 
coupled actors, two responded that it is important (4), whereas two think it is very important (5). 
The second vision is collaborative behaviour primitives, two responded finding it partially 
important (3) and five find it important (4). Human touch recognition and classification has little 
importance (2) for one responder, partially important (3) for two persons, important (4) for two 
and very important (5) for two as well. In regard to detection of human intentions for AGVs and 
professional gesture recognition, three find this vision partially important (3), three find it 
important (4), and one find it very important (5). Learning from human demonstration for both 
visual and/ or kinesthetic, one finds it not important (1), four think this vision is partially 
important (3), and two find it important (4). The next vision is the autonomous assembly policy 
learning and policy improvement, one person finds it of little importance (2), two find it partially 
important (3), two important (4) and two find it very important (5). The multimodal learning of 
assembly tasks vision is of little importance (2) for one responder, partially important (3) for two, 
and important (4) for four persons. The dynamic active constraints construction and 
enforcements for human safety during HRC is partially important (3) for one person, important 
(4) for four and very important (5) for two of the responders. The vision of monitoring the 
ergonomic performance of the operator is of little importance (2) for one, three responded finding 
it partially important (3) and three find it important (4). The efficient production planning 
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optimising the utilisation of human and robotic resources is partially important (3) for one 
person, important (4) for three and very important (5) for three people as well. 

Finally, the last vision is the fast adaptation of a co-production cell through reconfigurable 
hardware design, is partially important (3) for one person, important (4) for three and very 
important (5) for three people. 

The next section in the questionnaire has been asking the responders about future considerations 
and to describe in a few words what a collaborative robot should do if implemented in their 
organizations; for this one, we have gathered four responses which are summarized by 1) limiting 
and optimizing the handling of heavy things, 2) within the erection process, to improve the 
construction time and managing the task force 3) to learn by minimal demonstration and 4) in 
regard to machine tending, warehouse management and montage part supply for assembly areas 
such as AGV or COBOT applications. The overall responses received for this section with an 
average showing that most visions are seen as important (4) for the project according to the 
responders. 

Finally, all of them answered yes to be contacted later on for further questions and five said they 
would like to be involved in the CoLLaboratE project as part of the Advisory board and two 
declined. 
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5 CONCLUSIONS 
This deliverable presents the updated vision of the use cases in the CoLLaboratE project and 
identifies the most relevant KPIs from the application point of view, that describe the processes 
and applications in the specific challenges. 

All Challenges have increased the detail in the description of the use-cases both in terms of 
physical layout, with considerations on the structures, devices and tools that will be utilized in the 
activities, and in terms of functional description. For all challenges a detailed Method, Time and 
Measurement analysis has been performed and is included in the annexes. Furthermore the 
increased and more detailed know-how on the layout, the human-system interaction, the HRC 
interaction modes and the functional requirements has permitted the identification and definition 
of characteristic KPIs for the high level description of the four challenges. These KPIs have been 
summarized in paragraph 2.3. 

General consideration on KPIs have been added in reference to D2.1 to describe the approaches 
for the inclusion of the collaboration factors in KPIs that are typically Human or Machine related. 

Other KPIs analyzing the overall system performances and updated description of the 
Requirements of the Challenges will be analyzed in further deliverables as described in the 
introduction. 

The use cases and the specific of the challenges have been delayed and partly redefined due to 
delays and limitations occurred as a consequence of the COVID-19 pandemic emergency. 
Nevertheless, the consortium has tried to keep the original challenge structure as much as 
possible coherent with the original description in D2.1. 

The deliverable shows also the completed analysis of the user requirements activity started in 
D2.1.  
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APPENDICES 

APPENDIX A – USE CASES MTM ANALYSIS 

CHALLENGE 1: PERFORMING CAR STARTER ASSEMBLY  

 

Figure 56: MTM Task analysis of the current process  
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Figure 57: MTM Task analysis of the current process …continued 
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Figure 58: MTM Task analysis of the current process … continued 
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CHALLENGE 2: WINDSHIELD VISUAL QUALITY CHECK AND PREASSEMBLY 

 

Figure 59: Task analysis of the CoLLaboratE challenge 2 workcell: Overview. 
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Figure 60: Task analysis of challenge 2 workcell. Detail of tasks and interactions 1/3 

  

Index TypeVAA Operator's working cycle

Op-0 - START - @ collaborative workplace
Op-1 W QU

Information Content Container position. Known information
Information exchange mode Fixed marks. 

Op-2 H CO
Information Content null
Information exchange mode null

Op-3 M KA
Information Content Destination position. Known information
Information exchange mode Fixed marks. 

Op-4 W PA
Information Content null
Information exchange mode null

Op-5 C CO
Information Content HG enable

Information exchange mode
Switch P0 / Self detection by handles on gripper / Self detection from ambient 
cameras with movements recognition

Op-6 G QU
Information Content Trajectory / Position
Information exchange mode Physical contact-Interaction

Op-7 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-8 H QU
Information Content Version and conformity of the product
Information exchange mode Visual HMI (not needed on Demo)

Op-9 H CO
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-10 M KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-11 H QU
Information Content null
Information exchange mode null

Op-12 H TR
Information Content null
Information exchange mode null

Op-13 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-14 H CO
Information Content null
Information exchange mode null

Op-15 M KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-16 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-17 M KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-18 H QU
Information Content null
Information exchange mode null

Op-19 H TR
Information Content null
Information exchange mode null

Op-20 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Wait for the Cobot

Moves from Chassis to windshield container

Remove protective nylon, dispose it

Move toward collaborative workplace

Phase ending confirmation (switch/gesture/self recognition?)

Pick gripper and enable HG

Hand Guiding: Manipulation and Visual check

Phase ending confirmation (switch/gesture/self recognition?)

Operations info reading for version check of sensorization 

Open wet towels box, pick up 1 towel and clean sensor's position

Reach logistics. Pick up 1 sensor (Rain/twilight sensor) + 1 fixing clip

Check Sensor's cover cleaness remove it

Position sensor and install it (click to check)

Phase ending confirmation (switch/gesture/self recognition?)

Open wet towels box, pick up 1 and clean humidity sensor's position

Reach logistics. Pick up 1 humidity sensor; check; install

Reach logistics. Pick up from the line side 1 Rear view Mirror;

Check for defects

Rotate mirror's base; insert, install ;rotate mirror 

Phase ending confirmation (switch/gesture/self recognition?)
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Figure 61: Task analysis of challenge 2 workcell. Detail of tasks and interactions 2/3 

Index TypeVAA Operator's working cycle

Op-21 H KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-22 H QU
Information Content null
Information exchange mode null

Op-23 H TR
Information Content null
Information exchange mode null

Op-24 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-25 M KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-26 H TR
Information Content null
Information exchange mode null

Op-27 C CO
Information Content Phase Change
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-28 H KA
Information Content Destination position. Known information
Information exchange mode Fixed marks and Visual Information/SOP (Standard Operating Procedure). 

Op-29 H QU
Information Content null
Information exchange mode null

Op-30 H TR
Information Content null
Information exchange mode null

Op-31 I QU
Information Content System Confirmation
Information exchange mode HMI

Op-32 C CO
Information Content Disable HG
Information exchange mode OR: switch/gesture/self recognition/pattern on handles

Op-33 M KA
Information Content Movement
Information exchange mode Vision/wearable devices

Op-34 -

Reach logistics. Pick up from the line side 1 cover

Reach logistics. Pick up from the line side 1 Lane keeping camera

Check for defects

Install camera and check closure

Phase ending confirmation (switch/gesture/self recognition?)

Reach logistics. Pick up from the line side 1 wire harness

Position mirror, connect to sensors and rear view mirror+other

Phase ending confirmation (switch/gesture/self recognition?)

Check for defects

Install Cover and check closure

Give Traceability delibery using HMI

Release Robot command

Move to next chassis

END - Wait or other operations
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Figure 62: Task analysis of challenge 2 workcell. Detail of tasks and interactions 3/3 
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CHALLENGE 3: PERFORMING LCD TV ASSEMBLY  
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CHALLENGE 4: COLLABORATIVE  RIVETING  FOR  AIRCRAFT  PARTS  ASSEMBLY 

 

Figure 63:  Task analysis chart for the float assembly 

…table continued 
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APPENDIX B – RESULTS USER REQUIREMENTS INTERVIEW  
General Information: 
1. Organization type 

 University or Research Institute: 2 
 Manufacturer: 2 
 Consultancy: 0 
 End-user: 1 
 Energy and Mining Facilities builder: 1 
 Robotic System Integrator: 1 

 
2. Country 

 Finland: 1 
 France: 1 
 Italy: 1 
 Spain: 2 
 Turkey: 2 

 
Current situation: 
3. What is your organization's main area of application? 

 Large scale production: 4 
 Small scale production: 0 
 Research and Development: 2 
 Retailer: 0 
 Service provider: 0 
 Automation provider/ integrator: 1 

 
4. How is the work performed in your organization? 

 Manual: 1 
 Automatized: 0 
 Combined: 6 

 
5. To what extent have you automatized your processes in the organization? 

 Many applications: 2 
 Some applications: 2 
 Only for testing purposes: 2 
 No applications: 1 

 
6. Which of the following have you used for automatizing your processes? 

 Robots: 6 
 Industrial machines: 5 
 IoT solutions: 4 
 None: 1 
 Collaborative robots, AGVs: 1 

 
 

Your opinion about collaborative robots: 
7. In which area do you think collaborative robots could improve your organization? 

 Productivity and cost reduction: 3 
 Ergonomy: 4 
 Quality: 2 
 Safety: 2 
 Lead time improvement: 3 
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 Flexibility and innovativeness: 5 
8. Which do you think are the main impediments in adopting robots to automate your 
processes? 

 Employee’s acceptance: 1 
 Technical capacity: 2 
 Initial investment and ROI: 4 
 Current technology maturity: 4 
 Technical risk, required maintenance: 2 
 Safety: 2 
 Compatibility with current processes: 1 
 Other: 1 

9. Please rate the following features a collaborative robot should have if implemented in 
your organization: 

 Learning by human demonstration:  
 Crucial: 1 
 Important: 2 
 Useful: 3 
 Not sure: 1 

 Human intention estimation & gesture recognition: 
 Crucial: 1 
 Important: 2 
 Useful: 3 
 Not sure: 1 

 Ergonomics performance monitoring & adaptation to the worker: 
 Crucial: 1 
 Important: 3 
 Useful: 3 

 Human awareness & safety: 
 Crucial: 4 
 Important: 3 

 Self-learning & adaptation in collaborative operations ( e.g. assembly, handling, 
transfering): 

 Crucial: 2 
 Important: 3 
 Useful: 2 

10. Please rate the following CoLLaboratE project visions: 
Scale: 1 (not important) / 2 / 3 / 4 / 5 (very important) 

 Adaptive robot control in collaborative tasks with physically coupled actors: 
 1: 0 response 
 2: 0 response 
 3: 2 responses 
 4: 3 responses 
 5: 2 responses 

 Collaborative behaviour primitives: 
 1: 0 response 
 2: 0 response 
 3: 2 responses 
 4: 5 responses 
 5: 0 response 

 Human Touch Recognition and Classification: 
 1: 0 response 
 2: 1 response 
 3: 2 responses 
 4: 2 responses 
 5: 2 responses 
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 Detection of Human Intentions for AGVs and Professional Gesture Recognition: 
 1: 0 response 
 2: 0 response 
 3: 3 responses 
 4: 3 responses 
 5: 1 response 

 Learning from human demonstration (visual and/or kinaesthetic): 
 1: 1 response 
 2: 0 response 
 3: 4 responses 
 4: 2 responses 
 5: 0 response 

 Autonomous Assembly Policy Learning and Policy Improvement: 
 1: 0 response 
 2: 1 response 
 3: 2 responses 
 4: 2 responses 
 5: 2 responses 

 Multimodal Learning of Assembly Tasks: 
 1: 0 response 
 2: 1 response 
 3: 2 responses 
 4: 4 responses 
 5: 0 response 

 Dynamic active constraints construction and enforcements for human safety during 
HRC: 

 1: 0 response 
 2: 0 response 
 3: 1 response 
 4: 4 responses 
 5: 2 responses 

 Monitoring the Ergonomic Performance of the Operator: 
 1: 0 response 
 2: 1 response 
 3: 3 responses 
 4: 3 responses 
 5: 0 response 

 Efficient Production Planning Optimising the Utilisation of Human and Robotic 
Resources: 

 1: 0 response 
 2: 0 response 
 3: 1 response 
 4: 3 responses 
 5: 3 responses 

 Fast Adaptation of Co-Production Cell through Reconfigurable Hardware Design: 
 1: 0 response 
 2: 0 response 
 3: 1 response 
 4: 3 responses 
 5: 3 responses 

 
Future Considerations 
11. Please describe in a few words what a collaborative robot should do if implemented in 
your organization (4 responses): 

 Limit and optimize handling of heavy things 
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 I can imagine as part of the erection process improving the construction time and 
managing the task force 

 Learn by minimal demonstration 
 Machine tending, warehouse management and montage part supply for assembly areas, 

(AGV + COBOT Applications). 
 
12. Can we contact you for further questions about this topic? 

 Yes: 7 
 No: 0 

 
13. Would you like to be involved in the CoLLaboratE project as part of the Advisory Board? 

 Yes: 5 
 No: 2 
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APPENDIX C – DETAILS: KPIS FOR CHALLENGE 4 

Characteristics of the riveting process 
The parameters that characterize the riveting process and on which an improvement can be 
targeted are the following: 

1. Cycle time  an improvement of the process translates into a reduction of the time 
required for performing the riveting of the entire structure 

2. Complexity  a process is improved if the complexity is reduced without modifying other 
parameters (in particular quality) 

3. Quality  an improvement in the way in which the assembly method responds to the 
specifications imposed by the designer 

4. Flexibility  the process is improved if without any modification (or with minor 
modifications) can be implemented for a variety of applications 

5. Cost  an improvement is translated into a reduction in the overall cost of process 
implementation 

6. Ergonomics  an improvement in the way human operators feel (from a physical point 
of view) during and after the implementation of the process 

7. Human factors  an improvement of the process comes down to improving human 
operator’s attitude and willingness to contribute to the improvement 

By using the seven parameters above, one can largely characterize any riveting process. The 
difficulty resides in the fact that there is no universally accepted best process. The ideal process 
is characterized by a minimization of cost, the impact on workers’ health, the cycle time and 
complexity and by a maximization of quality and versatility. As there is no such thing as an ideal 
process, the objective of the improvement proposed in the CoLLaboratE project is to bring the real 
riveting process as close as possible to the ideal one.  

A certain modification of the process should not be judged only by its impact on one individual 
parameter. On the contrary, the combined impact on all the above parameters is of interest. Such 
an analysis can only be performed with respect to the business goals associated to each assembly 
case. Two examples are given to illustrate this point. 

Example 1: For a mass-produced application, in which the number of assembled structures per 
unit time is critical, a solution that reduces the cycle time can be desirable even if this means 
slightly increasing the overall cost of the process and/or reducing its flexibility. The reduction in 
flexibility can be considerable, as long as this facilitates a decrease in cycle time for the given 
application. 

Example 2: For an application consisting in the assembly of a large number of structures types, 
where time is not a constraint, a solution that increases flexibility on the expense of increasing the 
cycle time can prove to be desirable. Even a small increase in the overall cost and complexity can 
be acceptable for such a solution, provided these are side-effects of increasing flexibility that 
cannot be opted out. 

Cycle time 

The application considered by ROMAERO – riveting of an aeronautical structure, in particular the 
float of a hydroplane – is closer to the one illustrated in Example 2. The cycle time is of no 
particular interest. As the number of assembled floats is limited, decreasing the time of assembly 
is not of major interest. In general, the assembly of the typical aeronautical structures performed 
in ROMAERO is not duration critical. This parameter will, therefore, be excluded from the current 
analysis.  

Associated metrics: none 
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Complexity 

The manual riveting process is fairly simple. It involves simple and, generally, easy to use, non-
expensive equipment. Any modification of the process by implementation of a robotic solution 
cannot but increase complexity. The problem is, therefore, not a reduction in complexity, but a 
limitation in the increase in complexity.  

Quantifying complexity is not easy. In the open literature, there are generally three indicators of 
a complexity of a system: the difficulty of description, the difficulty of creation and the degree of 
organization. Nonetheless, from the end user’s perspective, none of the above is suited for 
indicating complexity. A more appropriate indicator would be, in such a situation, the difficulty 
(or the ease) of utilization. The envisaged solution needs to be easy to use even for operators that 
are not used to utilizing robotic technologies on a daily basis. “Easy to use” is a concept that needs 
to be quantified.  

Associated metrics:  

• Ease of utilization 
Quality 

The quality of a riveted assembly should consider a variety of aspects like the thickness and 
diameter of the rivet driven head, the planarity of the deformed driven head, the stress induced 
in the rivet and in the metallic sheets, the shape of the rivet head after riveting, the tightness of 
the assembly, etc. However, the most important criteria for the given application are:  

- The ratio between the thickness of the rivet driven head and its initial diameter (H/D) 
- The ratio between the driven head diameter and its initial diameter (A/D) 
- The planarity of the deformed face 

 

For the first two parameters, the quality procedure of the designer specifies an interval in which 
the parameter should be found in order to pass the quality check. For a large number of rivets 
each of these parameters has roughly a normal distribution symmetric about the center of the 
interval (the mean value). An improvement in the quality of the process would mean the reduction 
of the standard deviation of this distribution. In normal language, this means having rivets that 
are deformed with less variability. A robotic solution has the potential of introducing such an 
improvement as the operator can visualize, in real time both H and A and the ratios H/D and A/D 
– see Figure 64.  

When it comes to planarity of the deformed face, the quality procedure states only that the 
deformed rivet face should be planar with the metallic wall. Therefore, there is no room of 
improvement on this quality criterion.  

Associated metrics: 

• Standard deviation on the H/D parameter 
• Standard deviation on the A/D parameter 

  

Figure 64: Quality criteria for riveting 
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Flexibility 

In general terms, one considers that a process is flexible if it can be applied in many situations 
with no or little change. Strictly referring to the process of riveting, the term “many situations” 
has a different meaning for the various economic units implementing such processes. The number 
and type of riveting applications implemented by each economic unit is variable. For an economic 
unit assembling only two types of structures, a highly flexible riveting process is a process that is 
applicable to both applications. On the contrary, for an economic unit assembling 100 different 
types of structures, a highly flexible riveting process could mean a process applicable to only 50 
structures out of the 100. Therefore, the process’ flexibility cannot be assessed but on a case by 
case basis. The property of a process to being applied in different situations will be termed 
versatility. 

Another aspect of the process’ flexibility is how effective it is in covering the entire structure. The 
main factor impacting effectiveness of the process is the accessibility. Should the geometry of the 
structure be complicated, the robotic solution simply doesn’t fit in certain regions. As a 
consequence, the riveting in these regions needs to be performed by human operators.   

Associated metrics: 

• Degree of versatility 
• Effectiveness 

Cost 

The cost variations incurred by the introduction of a robotic solution in the riveting process can 
mainly be attributed to:  

- the reduction in the number of qualified personnel 
- the gross cost of the robotic solution 
- the increase in the energy consumption 
- the cost of maintenance for the robotic solution 

This cost analysis is complex and exceeds the scope of this document. Although extremely 
important for the adoption of such a solution in an economic unit, no consideration on cost will 
be given here.  

Associated metrics: none 

Ergonomics 

The introduction of a robotic solution in the riveting process translates into a removal of one 
human operator, the operator that is normally subjected to fairly high levels of vibrations. It can 
simply be stated that all the health-associated problems relative to this operator have been 
eliminated.  

Given that the initial riveting process involves two human operators and the improved process 
relies on only one human operator and a robotic system, it can be stated that an improvement of 
50% is obtained, from an ergonomics point of view.  

Depending on how the situation of the remaining human operator changes, the value of the 
indicator can be slightly changed. If the human operator working in collaboration with the robotic 
system is subjected to a lower level of vibration compared to the initial case, the value of the 
indicator will increase (an overall improvement higher than 50%); otherwise, the indicator will 
decrease (an overall improvement lower than 50%).  

Associated metrics: 

• Ergonomic improvement 
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Human factors 

As long as the riveting process is not fully automatized, the human factor plays an important role 
in the characterization of the process. The formal and informal discussions with the technicians 
performing riveting in ROMAERO revealed that they are, in general, reluctant to accepting 
working in collaboration with a robotic system. Assuming such a collaborative solution was 
implemented for the commercial activity of ROMAERO, the technicians would feel uncomfortable. 
In contradiction with the analyses performed by the management that indicate an overall 
improvement of the riveting process, the technicians would try, by informal means, to 
demonstrate that the collaborative solution is worse than the fully manual riveting process. 

The main reason for such an attitude is the perception, somehow justified, that they are 
disposable, easily replaceable with a non-living system. Thus, they feel their skills are somehow 
not appreciated to their real value. Another reason is a purely social one. Technician A will always 
prefer working with technician B, with whom he worked for 20 years thus becoming good friends, 
rather than working with a robot. 

The methods by which a technician can manifest his hostile attitude towards the robotic solution 
are: 

- Decreasing the quality of the riveting, on purpose, for proving the robot is not reliable 
enough 

- Not investing energy and time for solving small glitches that might occur in the process 
(e.g. the robot being stuck by colliding with an obstacle) thus highlighting the fact that it 
is very difficult to work with such a “partner” that is not even able to move its arm 

- Identifying the weaknesses of the robotic solution and driving the robot towards these 
operational modes on purpose (e.g. the solution cannot provide a clear image of a 
deformed rivet in a certain region. Thus, the technician insists on riveting in this region to 
prove that he cannot use the robotic solution) 

Therefore, the robotic solution’s acceptance by the human technicians is critical. Irrespective of 
how good the solution is, the human operator will always try to prove the contrary if he is hostile. 
It is also true that even if the solution is not optimized, but the human operator is willing to work 
with it, he will invest enough energy and make efforts to improve it.  

Associated metrics:  

• Human operator’s acceptance 
 

KPIs and method of calculation/measurement 
 

Ease of utilization 

A questionnaire will be prepared containing two sets of questions, as shown below. This 
questionnaire will be applied to the human operators working with the robotic system. At least 5 
operators will need to provide input for this assessment to be valid. Preference will be given to 
those operators who are familiar with the latest electronic technologies (computer, smartphone, 
etc). 

The fundamental tasks the human operator needs to perform in order to implement the 
collaborative riveting process are identified as follows, for a nominal working condition: 

Task 1:  place the electronic device (the Human-Robot Interface) on the arm and start it 

Task 2:  start the robotic system  

Task 3:  evaluate the robotic system’s status  
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Task 4:  move the robot next to the structure to be riveted 

Task 5:  fix a bucking bar in the robotic arm’s gripper 

Task 6:  instruct the robot to enter the riveting mode 

Task 7:   initiate the riveting sequence 

Task 8:  perform the riveting with the help of the robot 

Task 9:  evaluate the quality of the deformed rivet using the info sent by the robot 

Task 10: instruct the robot to continue riveting on the same rivet 

Task 11: instruct the robot to continue riveting on the next rivet 

Task 12: instruct the robot to step away from the structure and enter a tool replacement 
mode 

Task 13: replace the bucking bar 

Task 14: instruct the robot to step away from the structure and enter an idle mode 

Task 15:  turn off the robotic system 

Task 16:  connect the robotic system to the shop’s electric grid for charging 

Each of the above tasks will be scored by the human operator with a value between 0 and 10, 
where 0 represents a task that is very difficult to perform and 10 represents a task very easy to 
perform – see Figure 65. 

The scores for tasks 1 to 16 are summed up. The result is divided by 10 (the maximum scoring 
value). The result is again divided by N, the total number of tasks (here, N=16): 

𝑠𝑐𝑜𝑟𝑒_𝑟𝑜𝑏𝑜𝑡𝑖𝑐_𝑠𝑦𝑠𝑡𝑒𝑚 =  
𝑠𝑐𝑜𝑟𝑒 1 + 𝑠𝑐𝑜𝑟𝑒 2 + ⋯ + 𝑠𝑐𝑜𝑟𝑒 𝑁

10٠𝑁
 

The score_robotic_system is a number between 0 and 1. If its value is closer to 0, the system is 
difficult to use. If the value is closer to 1, the system is easy to use.  

The resulting value of score_robotic_system is highly dependent on how familiar the operator is 
with the electronic technology. For any given system, an operator familiar with using high-tech 
devices will obtain a higher score than an operator for which the latest technologies are not that 
familiar. In order to attenuate this influence, the result will be combined with a coefficient 
indicating how comfortable the operator is with using electronic technology. A standard that is 
nowadays universally applicable is the use of the smartphone. Therefore, a similar set of questions 
will be applied for the ease of usage of the smartphone for several types of tasks: 

Task 1:  turn on/off the silent mode on your smartphone 

Task 2:  attach a photo to an existing contact in your smartphone 

Task 3:  make a video using your smartphone 

Task 4:  initiate a video call with a contact in your smartphone 

Task 5:  send an email from your smartphone 

5 

(medium difficulty) 

0 

(very difficult) 

10 

(very easy) 

Figure 65: Scoring level for the Ease of Utilization 
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Task 6:  search for an information online using your smartphone 

Task 7:  share a photo with one of your contacts using your smartphone 

Task 8:  play a video on youtube.com using your smartphone 

Task 9:  search for and install an application on your smartphone 

Task 10: set a reminder in the calendar of your smartphone 

As for the robotic system, a score is calculated as: 

𝑠𝑐𝑜𝑟𝑒_𝑠𝑚𝑎𝑟𝑡𝑝ℎ𝑜𝑛𝑒 =  
𝑠𝑐𝑜𝑟𝑒 1 + 𝑠𝑐𝑜𝑟𝑒 2 + ⋯ + 𝑠𝑐𝑜𝑟𝑒 𝑀

10٠𝑀
 

where M is the number of questions (in this case, M=10). 
The same scoring rule will be used for score_smartphone 
as for score_robotic_system (0 – difficult; 10 - easy). 

After answering to the two sets of questions in the 
questionnaire, each operator will be characterized by a 
pair score_smartphone / score_robotic_system.  

This pair of metrics will be represented in a 
score_smartphone vs. score_robotic_system graph, as 
shown in Figure 66. All values for which 
score_smartphone < 0.5 will be ignored, while all values 
for which score_smartphone ≥ 0.5 will be considered valid 
(the operators will be selected, if possible, so that 
score_smartphone ≥ 0.5). 

The target region in which the points should lie is represented in green (upper right part of the 
graph).  

The “Ease of utilization” parameter will be calculated as the average of all the values of the 
score_robotic_system found in the upper part of the graph (where score_smartphone ≥ 0.5). 

Thus, Ease of utilization will have a value between 0 and 1, where 0 means difficult to use and 1 
means easy to use. For CoLLaboratE, a value higher or equal to 0.5 will be targeted for the Ease of 
utilization metric. 

 

Standard deviation on the H/D parameter 

Only the rivets with a diameter of 3.2 mm will be used for this assessment – either the 
MS20470AD4-5A (with a total length of 7.9 mm) or the MS20470AD4-4A5 (with a total length of 
7.1 mm).  

100 measurements will be performed in total: 50 measurements for the manually-riveted 
structure (a commercially-assembled float) and 50 measurements for the structure assembled 
with the help of the robotic solution.  

For each measurement, the value of H (the thickness of the driven head) will be measured in 3 
points, each point corresponding to a different sector of the circle representing the deformed 
profile. Out of the 3 measurements, an average will be calculated, which is the value of interest.  

The error of the measurements will be ≤0.05 mm.  

The standard deviation will be calculated as: 

Figure 66: Calculation of the Ease of 
Utilization metric 
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𝜎 =  
∑(𝑥 − µ)

𝑁
 

where 

𝑥  = the measured driven head thickness (average of three measurements)  

µ = the mean value, calculated as the arithmetic mean of the entire population 

N = the number of measured values 

Two values of the standard deviation will thus be calculated, one for the manual riveting (𝜎 ) 
and one for the collaborative riveting (𝜎 ).  

The target value for the collaborative standard deviation is: 

𝜎 ≤ 0.9 𝜎  

Standard deviation on the A/D parameter 

The same methodology will be applied as for the H/D parameter. Two values of the standard 
deviation will be calculated, with a target: 

 𝜎 ≤ 0.9 𝜎  

Degree of versatility 

This metric indicates how applicable the new riveting process is to the assembly of different types 
of structures in ROMAERO. A characteristic of the modern aeronautical structures is that their 
design is already adapted for automatic riveting.  

One advantage of the CoLLaboratE riveting system is that it can be applied to the assembly of a 
structure that was not specifically designed for automatic riveting.  

The degree of versatility is calculated as the number of structures (assembled in ROMAERO) on 
which the CoLLaboratE system can be applied, divided by the total number of structures 
assembled in ROMAERO (by riveting). 

𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑣𝑒𝑟𝑠𝑎𝑡𝑖𝑙𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 𝑠𝑢𝑖𝑡𝑒𝑑 𝑓𝑜𝑟 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝐶𝑜𝐿𝐿𝑎𝑏𝑜𝑟𝑎𝑡𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑒𝑑 𝑖𝑛 𝑅𝑜𝑚𝑎𝑒𝑟𝑜
 

This metric will have a value between 0 and 1. A value close to 1 is targeted.  

Effectiveness 

The effectiveness of the robotic solution is simply represented by the total number of rivets the 
system is able to act on, divided by the total number of rivets used for the assembly of the 
structure. It is a number between 0 and 1.  

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑖𝑣𝑒𝑡𝑠 𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑙𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑖𝑣𝑒𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
 

Effectiveness of the robotic solution can only be assessed in conjunction with a given structure to 
be riveted. It is highly influenced by the geometry of the structure. For a complicated geometry, 
there are many regions with difficult access. As a consequence, the effectiveness is low.  

For each of the simplified structures used in this project (rectangular and cylindrical) an 
effectiveness of 1 is targeted. For the original float, the targeted effectiveness is much lower, 
around 0.3. The float model used in CoLLaboratE is a modified version of the original one. Some 
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intermediate frames have been removed for facilitating access. Therefore, for the CoLLaboratE 
float model an effectiveness in excess of 0.8 is targeted.  

Note that in the case of manual riveting, the effectiveness (as defined in this report) is 1. 

Ergonomic improvement 

The initial riveting process consists of two human operators performing riveting together. The 
new, modified process consists in replacing one human operator with a robotic system. This 
translates into an improvement of 50% in the ergonomics of the process, assuming the 
performance of the remaining operator is not impacted. This is, however, just an assumption.  

A questionnaire will be derived, in which the operator working in collaboration with the robot 
will need to provide answers to the following questions: 

Q1: Compared to the case in which you were working with a human colleague, do you feel that 
the vibration level you are subjected to has decreased or increased? By how much? 

Q2: Compared to the case in which you were working with a human colleague, do you feel that 
the force you need to exert on the riveting hammer has decreased or increased? By how much? 

Q3: Compared to the case in which you were working with a human colleague, do you feel that 
the total time the pneumatic gun needs to be active (per riveting session) has increased or 
decreased? By how much? 

Q4: Compared to the case in which you were working with a human colleague, do you feel that 
the riveting process has become more or less demanding? By how much? 

Q5: Compared to the case in which you were working with a human colleague, do you feel that 
the extra activities you need to perform for controlling the robot make your work easier or more 
demanding? By how much? 

The answer options are shown in Figure 67.  

 

The individual score is calculated as the average of the values provided for the five questions: 

𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙_𝑠𝑐𝑜𝑟𝑒 =  
𝑎𝑛𝑠𝑤𝑒𝑟1 + 𝑎𝑛𝑠𝑤𝑒𝑟2 + ⋯ + 𝑎𝑛𝑠𝑤𝑒𝑟5

5
 

A number between -0.5 and +0.5 is obtained.  

The questionnaire will be applied to at least five operators. The total score is calculated as an 
average of the individual scores: 

𝑡𝑜𝑡𝑎𝑙_𝑠𝑐𝑜𝑟𝑒 =  
𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙_𝑠𝑐𝑜𝑟𝑒1 + ⋯ + 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙_𝑠𝑐𝑜𝑟𝑒5

5
 

Once again, the total_score has a value between -0.5 and +0.5. 

Compared to the initial case, the human-robot collaborative situation is: 

better worse the same 

Figure 67: Scoring level for the Ease of Utilization 
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The ergonomic improvement of the process is calculated as: 

𝑒𝑟𝑔𝑜𝑛𝑜𝑚𝑖𝑐 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 = 0.5 − 𝑡𝑜𝑡𝑎𝑙_𝑠𝑐𝑜𝑟𝑒 

The possible range of values for this parameter is [0,1]. 

The targeted value for the introduction of the robotic solution is ≥ 0.5. 

Human operator’s acceptance 

It is not easy to accurately quantify the user acceptance of the robotic solution. This can be done 
by asking the riveting operator the following question: 

Assuming that in the near future you will have the possibility to perform riveting in collaboration 
with this robotic system, how do you feel about accepting it as your riveting partner? 

Five response choices will be offered, each being correlated with a value between 0 and 1: 

- I would definitely dislike working with such a partner   0 
- I would rather not work with such a partner    0.25 
- I am indifferent to working with such a partner   0.5 
- I would rather enjoy working with such a partner   0.75 
- I would definitely love working with such a partner   1 

 
For a given operator, this question will be asked two times: 

- At the start of the robotic solution testing, before the operator knowing the performance 
of the robotic system  

- at the end of the project, when the operator became familiar with the robot’s capabilities.  
 
Measuring the perception two times allows quantifying how much of the operator’s acceptance or 
reluctance is pre-conceived and how much is related to the actual performance of the robot. This 
allows better targeting the strategy for increasing the acceptance of the robotic solution among 
the human operators. 

Both components of the metric (before and after) are of interest for this analysis. Nevertheless, 
the one that will be used as a KPI in this context is the value of the metric at the end of the project.  

The question will be applied to at least five different operators. The final value of the metric, of 
interest for the project, is the average of the five answers, at the end of the project.  

 A value in excess of 0.5 is targeted for this metric. Should the value be lower than 0.5, actions 
must be taken for changing the operator’s perception on the robotic system. 
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APPENDIX D – USER REQUIREMENTS PRIORITIZATION SUMMARY 
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Total 
score

Weighting

Use Case AUTH IDIAP JSI ARM CERTH LMS UNIGE ASTI CRF KOL ROM ARK

UR_1 The robotic solution shall be accessible for the operators 5 3 4 1 4 5 4 3,37

UR_3

The robotic solution should be easy to use for any level of experience among 
the operators 4 5 3 5 3 4 4 5 5 3,66

UR_8 The robotic solution shall be available at any time, having a 100% availability 4 3 3 4 4 4 3,75

UR_48

The robotic system shall have a life expectancy of more than 5 years of 
continuous operation (excluding the battery recharge time, if any). 3 3 3 3 3 1 3 3,57

UR_50 The robotic system shall perform at least as fast as the current cycle time 4 5 4 4 3 5 3 1 5 3,92

UR_56

The users shall be able to access documentation from their smartphone or the 
operating tablet 5 3 4 4 1 2 4 3 3,21

UR_59 The robotic system shall be performing for 14 hours a day 4 4 3 1 5 3,39

UR_4 The user needs an HMI which communicates in their local language 4 4 5 5 3 5 3 4,01

UR_12 The system shall provide the user with a risk assessment report 2 5 3 1 3 2,98

UR_13

The robotic solution shall be able to send feedback to the operator in a 
collaborative situation 5 4 3 3 3 5 4 5 3 3,76

UR_14 The robotic solution  shall be able to receive feedback from the operator 5 4 3 4 4 4 5 3 5 3 3,82

UR_24

The human shall be able to send feedback to the robot from the front part of 
the manipulated object (windshield) 4 3 5 3 5 3 3,76

UR_27

The robot shall send information to the human operator about the quality of 
the ongoing activity 5 4 3 4 4 4 3 5 2 3,78

UR_30

The user needs the robotic solution to communicate every step of the 
collaborative process 4 3 3 4 2 3 5 2 2,84

UR_35 The user needs a verbal feedback from the robot 3 1 2 2 2 2,44

UR_36 The system shall be able to receive verbal feedback from the operator 3 3 2 2 5 2 3,03

UR_42

The main language of communication between the robotic system and the 
human operator(s) shall be English 5 5 5 1 3 4 4 3,03

UR_51

The user needs the robotic solution to have additional communication, if the 
robot should exchange different tooling or grippers. 3 3 5 4 3,70

UR_66

The user needs seamless communication with the robot within the 
collaborative tasks 3 3 1 3 3 3 2 4 2,65

UR_69

The robotics system shall communicate properly to the users, so the user get 
the proper signal at the proper moment (if something happens) 4 3 3 4 5 4 1 4 3,43

UR_16

The user needs an adaptable and flexible solution, which can handle different 
objects 4 3 3 3 4 3 3,64

UR_33

The robot shall be able to adjust to different applications / production lines / 
operations 4 4 3 4 3 4 4 3 2 3,91

UR_34

The user needs a fast and easy tool exchange and reconfiguration / 
reprogramming 5 4 3 4 4 5 3 4,01

UR_41

The robotic system shall be highly adaptable to percussive riveting of multiple 
types of structures 4 3 3 4 3,67

UR_61

The user (robotic developers) shall be able to add additional programs to the 
robot, so new configurations for new objects can be added 4 3 3 3 2 5 3,86

UR_64

The robot should be integrated within the stop & go system of the production 
line 3 5 3 1 5 2,86

UR_70

The robotics system shall be able to be reconfigured to manipulate different 
variations of the same product category (small dimentional changes) 4 3 4 5 3 3 4 3,72

UR_17 The system shall not gather data from the operators, unless it is safety related 4 5 2 2 3 2,99

UR_44

The robotic system shall be capable of displaying information to the human 
operator both in SI and US/UK units. 5 4 4 4 4 5 1 3,28

UR_58 The robotic system shall be able to show performance data 5 4 4 3 2 3 3,32

UR_7

The user needs all the essential information about using the robot to be visible 
at any moment during their work / available on site 5 4 3 3 3 1 3 3,01

UR_38 The user needs visual documentation of how to use the robot 4 3 3 4 2 3,40

UR_54 The users shall have easy access to the documentation 4 3 5 3 5 3 3,45

UR_55

The users needs documentation which is easy to read, and is most preferred 
by videos 3 3 3 5 3 2,95

UR_57

The maintainance team shall have a detailed documentation so they can repair 
the general problems in the robotic system 3 5 3 2 5 3,73

UR_25

The robot shall have a Backup control system in case the collaborative work 
has errors 4 1 3 2,03

UR_65 The robot shall have a backup system in case of failure (software) 5 4 1 5 2,45

UR_71

The users needs to be able to take over the process of the robot, if the robot 
breaks down 4 4 4 4 4 5 4 5 5 4,20

UR_19 The system shall be able to handle heavy payload 4 5 3 2 2 3,38

UR_21

The solution shall be able to change the position of the handled object, 
depending on the operator's needs 4 4 4 4 4 3 5 3 3,75

UR_22

The robot shall learn from the user's feedback in order to be proactive to the 
next steps 4 4 3 4 3 5 2 3,63

UR_23

The robot shall be able to continuously adapt to each operator that uses the 
workcell, in a smooth way 4 4 3 4 4 3 2 3 3,48

UR_28

The robot shall be able to determine the quality of the performed activity 
(rivet) 5 3 3 5 3 3,54

UR_31 The robot shall provide quick recharge and long operating time for the battery 4 4 4 3 3,88

UR_43

The robotic solution shall be able to perform specific operations, allowing the 
operator to adjust the time intervals 4 5 4 4 4 2 3,73

UR_45 The robot shall be able to perform specific tasks without the human operator 4 4 4 5 5 4 5 3 4,19

UR_46

The robotic system shall be capable of independently identifying the optimal 
way of moving in a new position to facilitate the action the operator wants to 
perform 4 4 3 4 4 3 5 3 3,86

UR_47 The robotic system shall be mobile – its position on ground shall be adjustable. 5 4 5 3 3,78

UR_49

The robotic system shall be able to place the objects on a continuous 
conveyor belt 5 3 1 2 3,53

Dissatisfaction

UR

RANKING AND SCORING

Requirement / Criteria
Development

15%

Integrability
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Total 
score

Weighting

Use Case AUTH IDIAP JSI ARM CERTH LMS UNIGE ASTI CRF KOL ROM ARK

UR_60

The robotic system shall be able to perform the same operation as the current 
operators 4 5 3 4 5 2 4,08

UR_62 The robotic system shall detect the electronic cards in the boxes 4 4 2 1 2 3,06

UR_63 The robot shall carefully handle the electronic card and place it on the TV 4 4 2 1 2 3,19

UR_72

The robotic system shall be able to handle highly flexible and elastic objects 
from a slowly moving conveyor belt 4 2 2 1 2 2,83

UR_73 The user needs the robot to finish the operation in a relatively short time 5 4 2 3 2,61

UR_74 The user needs the robot to see the orientation of the part in the pallet fixtures 4 3 3 1 3 2,76
UR_75 The robotic system shall be able to pick parts from the tray 2 4 4 3 3 1 4 3,06

UR_76 The robotic system shall be able to place the part in the fixture 3 4 4 3 3 1 3 2,98

UR_77

The robotic system shall be able to pick up the finished part and put it into a 
box 5 4 4 3 3 1 3 3,00

UR_9

The user needs to be able to perform the usual service and maintenance 
procedures in house, for the crucial parts of the robotic system 3 4 5 4 1 3 3,65

UR_10

The user needs to have external support and maintenance available at any 
time for more serious problems related to the robotic solution 3 4 5 4 3 3 3,94

UR_32 The user needs easy and quick maintenance for the robotic solution 3 4 5 4 1 2 3,86

UR_39 The user needs affordable maintenance of the robot (costs, time, etc.) 3 5 4 1 2 3,33

UR_40

The required maintenance operations on the robotic systems shall be minimum 
during its expected life 3 5 4 1 3 3,70

UR_52

The users needs a backup plan if the robot needs maintenance, as the 
production line cannot bestopped for that long 5 4 1 2 2,48

UR_11

The robotic system shall comply with the existing safety standards for 
collaborative robots. 1 4 3 5 3 1 5 3,26

UR_15 The robotic solution should be certified 3 3 5 3 1 4 3,25

UR_18 The system shall be able to ask for the operator's identification 4 4 5 3 1 3 3,18
UR_20 The users need a solution which will help improving their ergonomics. 3 5 5 3 4 4 4,04

UR_67 The robotics system shall be compliant with EST standards 3 3 1 5 2,58

UR_6

The user needs specific training in relation to how to collaborate with the 
robot 5 3 5 5 3 5 3 3,98

UR_29

The user needs a light training for technicians for how to communicate with 
and understand the robot 5 3 4 5 3 5 3 3,87

UR_53 The users, who are robot representatives, need a detailed training 5 3 5 3 1 2 3,44
UR_2 The robotic solution shall be intuitive to use 4 5 3 4 3 5 3 5 3 3,92

UR_5

The user needs an HMI which uses as less words as possible, preferably 
graphical 5 3 4 5 3 5 4 3,93

UR_26 The robot shall be equipped with a human machine interface 4 4 4 5 3 5 5 3,96

UR_37

The solution shall show a picture of the performed activity for the operator to 
analyze 4 4 5 3 1 2 3,25

UR_68

The users needs a graphical and simple UI so the users can easily overview 
the steps of the process 5 4 4 4 5 3 2 3 3,63

Dissatisfaction

UR

RANKING AND SCORING

Requirement / Criteria
Development

15%

Integrability


