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EXECUTIVE SUMMARY 

This deliverable is connected to T6.2 “Lab Setup and Co-production Cell Testing/Validation” and 
provides insights on how the test trials for the validation and testing of the respective components 
developed throughout WP3, WP4 and WP5 are built up. The work presented in this deliverable is 
building upon the use-cases and system requirements that were defined in D2.1 End-user 
requirements, use cases and industrial scenarios in order to set the validation methodology, and 
present the test results on the integrated functional components defined in and D2.3 CoLLaboratE 
Detailed Architecture & System Specifications (preliminary). This deliverable presents a 
preliminary test strategy for the CoLLaboratE project and reports on tests and validations that 
have been performed until M24, the final version of the deliverable is due on M33. 

The deliverable begins in Section 2 with an overview of relevant literature that deals with 

methodologies for testing, validation and evaluation of technical components, such as the one 

developed in this project. In Section 3, the CoLLaboratE test strategy is presented. This strategy is 

preliminary as it will be developed in more depth from M24 onwards when integration testing is 

starting.  In Section 4, the results until M24 are presented based on the test strategy proposed in 

the previous section. This section includes a description of the labs that have been set-up and the 

test performed on the CoLLaboratE modules until now. The report concludes in Section 5, where 

we also present the next steps until the subsequent deliverable D6.4. 
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1 INTRODUCTION 

1.1 PURPOSE OF THIS DELIVERABLE 
The CoLLaboratE project envisions a system for collaborative assembly capable of allocating 

human and robotics resources in the execution of the production plan, sharing tasks according to 

the capabilities of the available actors. The purpose of this deliverable is to outline a preliminary 

test methodology and provide all available validation results of the preliminary version of the 

CoLLaboratE system with respect to the current status (M24) of testing, integration and presented 

demonstrations.  

This deliverable provides insights on how the test trials for the validation and testing of the 

respective components developed throughout WP3, WP4 and WP5 are built up. At its core, this 

deliverable illustrates the setup of the experiments testing framework, which is supposed to 

provide crucial feedback for the improvements needed to the core architectural elements of the 

system being integrated and preparing the final system for an optimal performance during real-

life demonstrations in T6.3 and T6.4. 

The work presented in this deliverable is building upon the use-cases and system requirements 

that were defined in D2.1 End-user requirements, use cases and industrial scenarios in order to 

set the validation methodology, and present the test results on the integrated functional 

components defined in and D2.3 CoLLaboratE Detailed Architecture & System Specifications 

(preliminary).  

1.2 OVERALL APPROACH AND DOCUMENT OVERVIEW 
The deliverable begins in Section 2 with an overview of relevant literature that deals with 

methodologies for testing, validation and evaluation of technical components, such as the one 

developed in this project. 

In Section 3, the CoLLaboratE test strategy is presented. This strategy is preliminary as it will be 

developed in more depth from M24 onwards when integration testing is starting.  

In Section 4, the results until M24 are presented based according to the test strategy proposed in 

the previous section. This section includes a description of the lab environments that have been 

set-up and the tests performed on the CoLLaboratE modules until now. 

The report concludes in Section 5, where we also present the next steps until the subsequent 

deliverable D6.4 that is due on M33 with the completion of Task T6.2 “Lab Setup and Co-

production Cell Testing/Validation”. 
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2 LITERATURE REVIEW 
Test plans, especially integration test plans, are common in product development and usually 

occur during the design stage. An integration test plan is a collection of integration tests that focus 

on the functionality1.Our literature review revealed that integration test plans are widely used for 

software development and only occasionally include hardware components. Integration test 

planning in robotics is often handled by each company individually depending on the robotics 

solutions, however, it has also been studied from a scientific perspective e.g. (Lim, 2010). 

However, the robotic software testing is wider than traditional software testing, as it interacts 

with physical devices, other robots, or environments where people are present (K. Eder, 2014). 

Thus, one of the most relevant challenges in this case, is the robotic software interaction with 

complex and hard to predict environments, through sensors and actuators. The tests need to take 

into account scenarios combining software, hardware and their interaction with real life systems 

(Alexander, 2015). 

In the following, we have taken a look at scientific perspectives on integration testing, online blogs 

that focus also on the managerial part of integration testing and integration testing in other EU-

funded projects. 

2.1 SCIENTIFIC APPROACHES ON TESTING 
Defining a framework for and providing an understanding of software quality is a foundation for 

testing. While people often fail to agree on a consensus of the concept of quality due to people’s 

and institution’s different perspectives on quality, (Kitchenham, 1996) tackled this by reporting 

on five different perspectives on quality, facilitating a consensus on the concept of quality2: 

Transcendental perspective: deals with the metaphysical aspect of quality. In this view of 

quality, it is “something toward we strive as an ideal but may never implement completely”. 

User perspective: concerned with the appropriateness of the product for a given context of use. 

Kitchenham and Pfleeger further note that “whereas the transcendental view is ethereal, the user 

view is more concrete, grounded in the product characteristics that meet user's needs”. 

Manufacturing perspective: represents quality as conformance to requirements. This aspect of 

quality is stressed by standards such as ISO 9001, which defines quality as “[the] degree to which 

a set of inherent characteristics fulfils requirements”3 (Other models, like the Capability Maturity 

Model (CMM) state that the quality of a product is directly related to the quality of the engineering 

process, thus emphasising the need for a manufacturing-like process). 

Product perspective: implies that quality can be appreciated by measuring the inherent 

characteristics of the product. Such an approach often leads to a bottom-up approach to software 
quality: by measuring some attributes of the different components composing a software product, 

a conclusion can be drawn as to the quality of the end product 

Value-based perspective recognises that the different perspectives of quality may have a 

different importance, or value, to various stakeholders 

 
1 https://cs.uwaterloo.ca/~gweddell/cs446/ITandPC.pdf 
2 Kitchenham, S. L., Pfleeger (1996): Software Quality: The Elusive Target. IEEE Software  
3 ISO/IEC 51:2014: https://www.iso.org/standard/53940.html 
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2.1.1 Quality Models 
Given that software quality is particularly important in a human-robot collaboration 

environment, developers need a comprehensive model guiding the evaluation of software quality. 

The following three models define different software quality attributes: 

(McCall, 1977)’s model of software quality incorporates 11 criteria encompassing product 

operation, product revision, and product transition. 

(Boehm, 1989)’s model is based on a wider range of characteristics and incorporates 19 criteria. 

Criteria in these models are not independent; they interact with each other and often cause 

conflict, especially when software providers try to incorporate them into the software 

development process. 

ISO/IEC 25010 model incorporates eight quality characteristics, each characteristic having a 

large number of attributes4 

An important requirement when testing robots is safety, making sure that the tested robot does 

not harm anyone or anything in the environment, but also to validate that the robot can safely 

operate. (Laval, 2013)suggest 5 levels of testing, starting with basic functionalities at level 1 

(sensing in a static known environment) and ending with high-level ones (acting in a dynamic 

unknown environment), where passing all previous levels are a prerequisite for the following one. 

2.1.2 Testing approach 
According to (McGregor, 2001), there are numerous dimensions of a testing approach and a 

continuum of values within each dimension: 

• When will the tests be performed? Will tests be conducted every day, as components are 

developed, or when all components are put together?  

• Who performs the testing? Are developers responsible or are independent testers 

responsible?  

• Which pieces will be tested? Will everything, a sample, or nothing be tested?  

• How will testing be performed? Will testers have knowledge of only the specification of 

the component under test (black-box testing) or also knowledge of implementation 

(white-box testing)?  

• How much testing is adequate? Will no testing be done, or will exhaustive testing be done?  

2.1.3 Level of testing 
Testing is typically considered to take place on four different levels, namely unit, integration, 

system and validation/site acceptance testing, which are briefly described by (Beizer, 1990). 

(Mahfuz, 2016) builds on these levels and adds two more sub layers within the system testing, as 

outlined below. 

Unit testing: Testing at the lowest level using a coverage tool. A unit is the smallest testable part 

of an application. The unit test is a method in which one tests whether individual units of source 

code are fit for use. Because the testing requires detailed knowledge of the internal design and 

code, the testing is conducted by developers and programmers instead of testers. 

Integration testing: Testing of parts/modules by combining them and testing them as a group to 

ensure that they are compatible. This type of test is an important aspect of the traditional life cycle 

as it applies to the integration aspect of the system or software development process. This testing 

 
4 https://iso25000.com/index.php/en/iso-25000-standards/iso-25010 
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process is typically conducted by testing teams. The different parts being tested can be code 

modules, individual applications as well as client and server applications on a network. 

System testing: System testing describes a type of specialized black box type testing with a focus 

on the overall requirement specifications. Integrated hardware and software systems are tested 

in this process, verifying that the system meets the defined requirements. This process is 

conducted by testing teams in the development as well as in the target environment. It is similar 

to functional testing, as it attempts to validate whether the system performs as specified, while 

the difference is that the tests are being done on both software and hardware.  

The author also advises to begin the test execution once the software is given to the system test 

team for testing, all subsequent changes to the software must come under change control. The 

system test team should be aware of all changes that are being moved into the test environment. 

A so-called “shake-out” test may be a way of validating that the application is ready for further 

testing for each deployment.  In handling the definition of any defect of policy, the test team should 

be referred to “Defect Management Standard” documents, ensuring a standardized handling 

procedure. The goal for testing for all defects should be in a terminal state (closed, cancelled, or 

deterred) prior to the production implementation. 

Validation/ Site Acceptance: Lab/factory testing and evaluation at the end of development to 

ensure requirements fulfilment. Acceptance testing (also called factory acceptance testing (FAT)) 

is the final testing of the product against the specifications of the customer/end user. It is the 

formal testing that is conducted to determine whether or not a system is able to satisfy the 

acceptance criteria and to enable the customer/ end user to determine whether or not to accept 

the system. The test is mainly based on “hands-on” use of the product through end users over a 

specified period of time. Due to intense financial implications to this type of testing there may be 

rigorous audits of all deliverables by the customer. The overall testing process is generally 

performed by customer representatives or user acceptance testing (UAT) team. 

2.2 MANAGEMENT OF TEST PLANS 
Plan-io, an online project management tool, presents a 5 steps plan in their blog section on how 

to create a test plan for a new feature release.5 The article starts by quoting the time when NASA 

launched back in 1962 the Mariner 1 whose first attempt had failed due to a missing hyphen in 

the code and how much money had been lost in the process. This quote is used to interpret how 

important software testing is for companies. As a matter of fact, a study has shown that in 2017, 

software failures have cost about $1.7 trillion in financial losses. Before integrating the five steps, 

the author continues on developing what exactly is a test plan, defined as a “detailed document 

that outlines the test strategy, objectives, resources needed, schedule, and success criteria for 

testing a specific new feature or piece of software”. Furthermore, the author integrates the five 

steps plan on what should be included in this test plan, which are 1) analyse the product or feature 

being tested 2) design the test strategies and approach that is going to be used, 3) define the test 

objectives and pass/fail criteria, 4) plan the test environment and finally 5) execution of the test 

plan, track the progress in the project management tool. 

Testbytes is a community of software testers who are passionate about quality and testing. They 

develop an in-depth understanding of the applications under test and include software testing 

strategies that deliver quantifiable results. In their article they describe how to create a test plan 

 
5 MacKay, J. 2020. 5 Steps to Create a Test Plan for Your New Feature Release. [article] Accessed 
on September, 17th. 2020. https://plan.io/blog/test-plan/  

https://plan.io/blog/test-plan/
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with a step-by-step tutorial6. They specify software testing activities “as a defined process which 

is monitored from time to time and controlled by the test managers”. They also state the 

importance of test plans and how they help companies to understand and determine the amount 

of effort required in order to validate the system as well as the quality of the application beneath 

all various tests. There are a total of eight steps which are as followed 

1) product analysis 

2) designing test strategy 

3) interpret test objectives 

4) outline test criteria 

5) planning resources 

6) define test environment 

7) estimation and scheduling and finally 

8) govern test deliverables 

However, the author concludes that the above steps to create a test plan may be different from 

project to project. 

DevQA.io is a blog built with the goal of helping testers through their journey in becoming a 

technical tester. The blog article on test strategy and test plan overall provides an explanation of 

a test strategy, its purpose, and the standards components of a test strategy document, which may 

differ according to the project7. The second part of the article is focusing on the test plan, with an 

in-depth definition, its purpose as well as the components that a test plan document should 

include. Furthermore, an explanation of test policy document is given and what kind of contents 

should be in it, such as the definition of testing, the description of the test process, test evaluation, 

the quality level to be achieved, the approach to the test process improvement; all contents are 

provided with examples to make the explanation further in-depth. 

Tactical project manager is an online blog to support project managers. Their blog post proposes 

a test case template for software testing with the use of Excel 8 . The template takes into 

consideration several categories such as the process, the test case (as sub-category), the number 

of the step the test is in, the description, the status (in work, failed, passed), the expected results, 

the actual results and the last one being the comments section. The author further argues that the 

scenarios where its software test template can be used is for software development, IT projects, 

ERP (Enterprise Resource Planning) rollouts or migrations and manufacturing (such as testing a 

machine).  

Guru 99 is a free online educational platform in the field of technology. In their article “What is 
System Integration Testing (SIT) with Example,” they describe how to conduct a SIT; the author 
of the article describes it as a “systematic technique for constructing the program structure while 
conducting tests to uncover errors associated with interfacing” where the test cases are defined 

 
6 Testbytes.net. 2018. How To Create a Test Plan: Step-By-Step Tutorial. [article] Accessed on 
September, 17th. 2020. https://www.testbytes.net/blog/how-to-create-a-test-plan/  
7 Ghahrai, A. 2019. Test Strategy and Test Plan. https://devqa.io/test-strategy-and-test-plan/  
8 Neumeyer, A. 2019. A Proven Test Case Template for Software Testing (Excel). 
https://www.tacticalprojectmanager.com/test-case-template-excel-with-example/   

https://www.testbytes.net/blog/how-to-create-a-test-plan/
https://devqa.io/test-strategy-and-test-plan/
https://www.tacticalprojectmanager.com/test-case-template-excel-with-example/
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by the use of high-level software requirements only9. The author further develops the criterion 
for integration testing with the entry criteria, inputs, activities, exit criteria and outputs, giving 
examples, in order to follow the structure of a SIT. Furthermore, it is also explained with showing 
how to conduct a SIT for both hardware and software and what should be considered or not to do 
this while giving several different approaches, hoping to find the perfect match or at least 
adaptable one to a specific project. 

2.3 TEST PLANNING IN EU-FUNDED PROJECTS 
Several other EU-funded projects have a similar workplan as CoLLaboratE and thus need to create 
an integration and test plan as well. In order to make sure that CoLLaboratE’s integration and test 
plan covers all aspects, we analysed other deliverables, especially their structure and topics 
covered. It appears that the structure of the projects is similar from one another, giving a certain 
conformity to the way of conducting a test plan for software and hardware analysis. The following 
deliverables have been analysed: Socialising Around Media (SAM) project10, D.3.4.2 Component 
Integration, Build Management and Testing; SUCCESS11 , D4.7.v1.0. Integration and Validation 
Plan. Test and Certification Specifications; - Advanced Networked Agents for Security and Trust 
Assessment in CPS/IoT Architectures (ANASTACIA)12, D.6.1.; REFILLS13, D1.2 Experiment and 
Evaluation criteria specification; European Travelers Club (ETC)14, D2.1. Master Test Plan (MTP) 
for the; AUTOmated driving Progressed by Internet Of Things (AUTOPILOT) 15 , D4.3. Final 
technical evaluation; Monsoon16, D.6.1. Test and Integration Plan. 
 
Overall, the structure from one deliverable to another remains the same. First of all, all 
deliverables start with a similar structure where they introduce the deliverable, the project but 
also the company part of the project if applicable and are followed by introducing the structure of 
the deliverable itself. Afterwards they introduce their test plan, the technical components to be 
taken into consideration with an overview of the platform integration. In regard to the technical 
components, many of them have decided to provide the deliverable with an in-depth explanatory 
section about each component. 
 
Some deliverables have chosen to introduce and explain their test scenarios, others have made 
the choice to introduce their use cases and services divided into the fields of application, such as 
safety, security, privacy, etc. Some others have chosen to go further in depth into the different kind 
of platforms and interfaces used and what is needed to conduct the test plan, e.g. in the 
ANASTACIA deliverable where the authors have integrated an overview of the platform 
deployment and the platform testing and validation plan as well as a detailed description of their 
interfaces such as interfaces for policy set-up activity, for policy orchestration and enforcement, 
for monitoring, for reacting activity and for seal creation.  
 
We have also looked at EU projects that are more similar to CoLLaboratE in their contents but did 
not find any related deliverables on lab set-up or test methodologies. For some of them this is due 
to the fact that those projects have been funded around the same time or later, most likely 
publishing these deliverables soon. This will be considered in D.6.4. We identified the following 
projects: HuMan (HUman MANufacturing) 17,COL Robot (Collaborative Robotics for Assembly and 

 
9 Guru99.com. What is System Integration Testing (SIT) with Example. https://www.guru99.com/system-
integration-testing.html  
10 SAM. https://cordis.europa.eu/project/id/611312 
11 SUCCESS. http://www.success-h2020.eu/ 
12 ANASTACIA. http://www.anastacia-h2020.eu/ 
13 REFILLS. http://www.refills-project.eu/ 
14 ETC. http://www.europeantravellersclub.eu/ 
15 AUTOPILOT. https://autopilot-project.eu/ 
16 MONSOON. https://www.spire2030.eu/monsoon 
17 HuMan. http://humanmanufacturing.eu/ 

https://www.guru99.com/system-integration-testing.html
https://www.guru99.com/system-integration-testing.html
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Kitting in Smart Manufacturing) 18 , SOPHIA (Socio-Physical Interaction Skills for Cooperative 
Human-Robot Systems in Agile Production)19, COROMA (Cognitively enhanced robot for flexible 
manufacturing of metal and composite parts), THOMAS 20 as well as projects funded in the same 
call as CoLLaboratE: Rossini21, Sharework22, HR Recycler 23. 
  

 
18 COL Robot. https://cordis.europa.eu/project/id/688807 
19 SOPHIA. https://project-sophia.eu/ 
20 THOMAS. http://www.thomas-project.eu/ 
21 ROSSINI. https://www.rossini-project.com/ 
22 SHAREWORK. https://sharework-project.eu/ 
23 HR-RECYCLER. https://www.hr-recycler.eu/ 
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3 FRAMEWORK: COLLABORATE TEST STRATEGY  
Based on the literature review above, CoLLaboratE has defined its own preliminary test strategy. 
In the following we present the overall domains of the strategy and the preliminary 
considerations and questions that we plan to address in the next months. The domains will be 
detailed out in the next deliverable after thorough discussions with each partner concerning the 
test planning of the developed modules and planned integration. 

3.1 OBJECTIVE AND SCOPE 
This section is the introductory part of the test plan where the following questions should be 
answered: 

• What product will be tested?  
• What is it used for? 
• Who will use it? 
• How will it work? 
• What is the software/hardware components the product uses? 
• What is the operating system to be used during the test plan? 
• What are the requirements for the test? 

3.2 TEST ENVIRONMENTS 
Usually, the test environment is described by the combination of hardware and software on which 
the test is performed. As an EU-funded project, CoLLaboratE has naturally several test 
environments where consortium partners test their modules before integrating them at another 
site e.g. the use case demonstrator. A first step to plan the testing is to describe these test sites. 
The following questions should be answered: 

• Where is the test site located?  
• Which partners test their modules at the respective sites? Which modules are tested? 
• Does the test-site serve as a unit testing or integration, system testing? 
• What modules are combined at which test sites? 

3.3 TEST LEVELS 
To test the CoLLaboratE system, we have chosen a bottom up test approach on the following test 
levels: 

• Unit: Testing of smallest testable part of an application 
• Integration: Testing combines modules as a group 
• System: Testing of entire systems  

Site acceptance, validation is not included in the CoLLaboratE test levels as testing will take place 
in a lab environment only. Site acceptance is usually tested in two steps: factory acceptance testing 
and site acceptance testing. Factory acceptance testing is usually done by a vendor before moving 
the system to the actual production environment. The goal of factory acceptance testing is to check 
if the developed system meets the quoted or contractually guaranteed specifications prior to 
delivery and final installation. After factory acceptance testing, the system can be installed in real 
production environment and site acceptance testing can be carried out. These testing phases 
could take place after the project ends during possible exploitation of the project results by the 
end-user partners. However, tests during the project runtime in the lab environment will be kept 
as close to a factory test site as possible. 

3.4 TEST PLANNING: EXECUTION AND PROGRESS TRACKING 
This part of the test strategy concerned with the logistics of the testing and the overall 
management of the next steps described in sections 3.4 -3.6. The main goal of the planning is to 



D6.3 - Lab setup methodology, s/w and h/w extensions, validation (Preliminary)  

Version: 1.0 

CoLLaboratE  16 

 

make sure test plans will be performed according to the outline in this deliverable, track whether 
testing is according to progress and mitigate if there are delays. 
For this, the following questions should be answered: 

• Responsibility: Who will test? 
• Resource planning: who is involved in the testing, are all resources available? 
• Frequency: When will the test occur and how often? 
• Tracking: how is the progress tracked? 

3.5 TEST CRITERIA AND MEASUREMENTS 
Test criteria need to be established for each test that will be conducted as a unit, integration and 
system test. Only once these criteria are met, the test can be considered as “done” (exit criteria). 
This section will need to outline the pass and fail criteria for each specific test. In order to achieve 
this, individual system metrics will be identified that will give an indication for 
success/unsuccessful. In addition, the following questions could be considered: 

• What are the risks/challenges for testing and are there mitigation opportunities? 
• Are there any specific tools necessary to pass the test successfully? 
• Do the test results differ depending on the environment? 

3.6 TEST REPORTING 
For each test, a reporting protocol needs to be described before the test is conducted that makes 
sure the report confirms the test results. This could be e.g.: 

• the actual names of the unit tests or their descriptions 
• code coverage 
• how many tests were skipped, if any 
• execution time 
• result summary 
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4 PRELIMINARY RESULTS: COLLABORATE TEST STRATEGY  

4.1 OBJECTIVES AND SCOPE 

The goal is to test the CoLLaboratE system, which is mainly a software suite that equips robotic 
agents with basic collaboration skills, enabling them to easily adapt to specific tasks and work 
together with humans. On top of that the CoLLAboratE system also includes some hardware 
enhancements to the robotic agents, adding sensors, specialised grippers, etc. Other than that, 
enhancements, the system is hardware-agnostic and can therefore be used with most 
commercially available robotics manipulators and AGVs (Automated Guided Vehicles). The final 
system will be used by SMEs and large manufacturing companies to easily program assembly 
tasks and flexibly adapt to changes in the production pipeline The CoLLaboratE project has chosen 
four different use cases to show the applicability of the system. In these use cases, different 
software modules and hardware modules are used. Thus, there are different configurations 
depending on the respective use case. A detailed overview of the system architecture, an outline 
on the Operating System as well as the software and hardware components per use case can be 
found in D2.4 “CoLLaboratE Detailed architecture & system specifications”. Also, the system 
requirements are described in D2.4, which already include a first test criteria, the “fit criterion”. 
This criterion can be used for an initial unit test. For more in-depth unit testing as well as 
integration and system testing, more detailed test criteria need to be defined under test criteria 
and measurements.  

4.2 TEST ENVIRONMENTS 
Due to COVID-19 restrictions, the CoLLaboratE project currently has several test labs (besides the 
4 main pilot sites for each challenge) involving collaboration between partners and performing 
preliminary tests before integration. The following present the progress at the test sites until M24. 
Please note that some labs could not be finalized yet due to COVID-19 and the consequential 
challenge of acquiring hardware and having personnel working in the lab. A full overview will be 
included in D6.4.  According to the literature review in Section 2.3, a description of the hardware 

equipment is also part of similar deliverables in other EU-funded projects under test 

environments. This is described in detail in D2.4 “CoLLaboratE Detailed Architecture & System 
Specifications” provides a full overview of the planned hardware requirements and the mid-level 
functionality performed by each use-case to achieve the high level HRC application.  

4.2.1 KOL 
• Location: KOL, Ljubljana  
• Contributing partners: JSI  
• Challenge 1: Performing car starter assembly  
• Modules to be tested: HRI module, Teaching From Kinesthetic Demonstration, Exception 

Strategy Learning, Adaptive Robot Control Module, Input Sensor Module, Multimodal 
Learning, Monitoring and Planning for increased Safety and Efficiency 

• Test environment setup: The experimental Lab setup is set up on two locations. JSI has 
set up the collaborative robot part of the experiments while KOL is concentrated on the 
visual feedback of the procedure for manipulation of the parts (part/tray location, 
orientation, object registration).For this purpose different approaches have been tested 
and are still in the process of further development:  

o RGBD Camera ZiViD: Provides a 3D point cloud with an added RGB image of the 
acquisition scene, as seen in Figure 1, right. 
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Figure 1 Test setup for ZiViD One+ Camera on UR10 robot (left) and RGBD Image acquired at Kolektor 

ASCOM production line (right) 

o RGB Camera ADLINK Neon 1021 (Figure 2): The camera has been integrated 
into KiS Platform for the purpose of testing advanced AI algorithms that are 
needed on the use case. Some testing has been made, whereby reducing the 
complexity of acquired image data from RGBD to RGB, the resulting robustness of 
the task can be increased. This is still to be additionally tested and confirmed in 
the upcoming work.  

o Thermal Camera FLUKE Thermoview T40 (Figure 3): Thermal imaging is a key 
part of the solution for subtask 3 of the challenge, which is picking up the objects 
from the cooling conveyor line and placing it into final packaging tray.  

 

      
Figure 2 ADLINK Neon-1021 RGB camera    Figure 3 Fluke Thermal camera 

▪ In the process of testing individual components, optical procedures and 
advanced AI algorithms we are using Kolektor's machine vision test bench 
with TensorFlow supported AI training server for which some of the key 
features needed to perform the testing have been implemented like 
VGG16,19; ResNet50 and InceptionV3 neural nets.  
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Figure 4 Kolektor's optical test bench 

4.2.2 JSI 
At JSI there are currently two setups that are used for testing activities within the CoLLaboratE 
Project. 

4.2.2.1 Setup for performing car starter assembly with Franka Emika Panda robot 
• Location: Humanoid and cognitive robotics lab @ JSI  
• Contributing partners: KOL 
• Modules to be tested/integrated at the lab:  HRI module, Teaching From Kinesthetic 

Demonstration, Exception Strategy Learning, Adaptive Robot Control Module, Input 
Sensor Module, Multimodal Learning  

• Short status description: 
o JSI lab setup for the KOLEKTOR use case is equipped with various sensors. For 

capturing images and depth data Intel RealSense D435i RGBD camera is utilized.  
o To control the light conditions an adaptive lighting setup based on two Aputure 

Amaran F1 LED panels is used. 
o Forces and torques can be captured from two different sources. For measuring 

forces exerted to the environment, an ATI Delta force/torque sensor is utilized, 
which is mounted beneath the model for moulding. In addition to that, forces and 
torques at the robot tip can be estimated from robot's built in joint torque sensors.  

• Delays: Due to COVID-19 situation KOL was unable to send real parts to perform 
experiments on. Instead 3d printed models are used.  

 



D6.3 - Lab setup methodology, s/w and h/w extensions, validation (Preliminary)  

Version: 1.0 

CoLLaboratE  20 

 

Additional information:  
The same setup will be used for JSI’s planned contributions to the multimodal learning module 
and exception strategy learning module. This setup might be also used to integrate some of the 
contributions regarding the reconfigurable hardware 
design. 

• Figure 5 shows the JSI lab setup of Franka Emika 
Panda robot and (Additional force torque sensor 
mounted under the assembly object, RGBD 
sensors, adaptive lighting), controlled with the 
ROS framework 

•  Figure 5 shows lab setup for KOLEKTOR use 
case: Robot is performing the pickup from 
different locations and the insertion of the 
commutator ring. Due to the safety and 
measuring accuracy, we use double force/toque 
sensor setup: a) force estimation using joint 
torques b) direct force measurement using 
universal F/T sensor, mounted under the 
assembled object.  

 

 
Figure 6 A close-up of lab setup for KOLEKTOR use case 

4.2.2.2 Setup for testing collaborative riveting with KUKA LWR4 robot 
• Location: Humanoid and cognitive robotics lab @ JSI 
• Challenge 4: Collaborative riveting for aircraft parts assembly 
• Contributing partners: IDIAP 
• Scenario: Collaborative riveting  
• Modules to be tested: Dynamic load sharing 
• Figure 7 shows the setup for the collaborative riveting at JSI 
 

 
Figure 7 Setup for collaborative riveting at JSI 

4.2.3 CRF 
• Location: CRF, Orbassano (TO) 

• Contributing partners: CRF, UNIGE, Armines, ASTI, AUTH, CERTH 

Figure 5 JSI lab setup with an Franka 

Emika Panda robot and different 

sensors 
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• Challenge 2:  Windshield visual quality check and preassembly 
• Test environment setup: The experimental Lab setup will be based on another existing 

workcell in CRF. Current Cell is equipped with two robots (COMAU NJ130 and COMAU 
SM40 controlled by a single C4G controller in cooperative configuration).  

 

  
Figure 8 Current experimental setup at CRF 

• In Figure 8 the current workcell is visible with a temporary setup. These robots are 
suitable for Safe operations. Because of this reason it was decided to integrate a further 
Robot with Safe control and movements according to ISO10218:2011 (PLd-Cat3). In the 
new workcell the two existing robots will be put aside, and the additional robot will be 
inserted for the collaborative operations under the Collaborate project Controller. 

• Delays: The workcell is currently under full definition with the purchasing tender 

currently in execution. Details about the architecture are still under definition. This delay 

is strongly connected to delays related to COVID-19 situation. Activities in CRF have been 

running, but no access to the laboratories was possible during the lockdown period and 

to the end of August. Besides of this fact purchasing orders have been paused in the 

lockdown period, resulting in a delay of ~6 months as of current situation. Partial 

slowdown is still existing since not all the personnel is active full time. A further delay risk 

is related to the fact that some minor costs have been delayed to 2021. 

 
Additional information: 
The acquisition of the robot is currently running and the choice is now limited to two robot’s 
model: the COMAU NJ 130-2.6 Safe or the robot KUKA KR 150 R2700-2. It is important to note 
that one of the objective of the CRF activities (necessary considering the exploitation possibility 
of the results) is the use of “Safe Robots” in a collaborative mode by the utilization of the external 
COLLABORATE intelligence. Indeed, Heavy-duty collaborative robots (as for now the only 
commercial one is the COMAU AURA with a payload of 170 kg) ensure safety by the integration of 
complex Safety skins and additionally integrated devices. The approach, though Safe and 
consistent, result in an expensive robot when not every use case requires its full functionality. The 
choice of the Challenge 2 by CRF, was made in order to define a collaborative use-case, in which 
Safety can be achieved at a lower cost by the proper integration of external module and the 
intelligent COLLABORATE integration of subsystems and functions. 
 
Both identified robots ensure the payload and reach requirements and are equipped with a “safe” 
logic for closed loop control of the actuation (Category 3) with a sufficient reliability (PLd). The 
Safe control acts with a continuous control of the expected coordinates of the robot in the space, 
compared with the coordinates expected from the internal simulation and control. This approach 
results in an immediate “safety” stop in case the two sets of coordinates differ. In this way the 
robot motion can never result in an uncontrolled actuation or run, even in presence of motion 
singularities. 
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Most of the tests on Challenge 2 will be executed on this set-up. Set-up and configuration of the 
functional logic flow and safety logic flow will be executed, tested and validated here. At the status 
of development, the functional 
storyboard is defined, but many 
details can be subject to 
modifications and adaptation 
during implementation. For this 
reason, the definition of the 
storyboard for the execution of 
standard functions and eventual 
unforeseen events will be 
detailed in a second moment. 
 
Figure 9 (see D2.2 for detailed 
comments) represents the 
system that will be installed for 
the challenge 2 at CRF premises. 
The representation shows the 
position of the most relevant 
element of the finally 
implemented system. The two 
most important subsystems in 
the workcell are the gripper and 
the Safety EYE. It is important to 
note the implementation of the 
Safety EYE system from PILZ 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. 

 
The Safety Eye system is composed by the redundant 
vision system, the controller industrial PC (for the vision 
information interpretation, and a Safety PLC to interface 
with workcell Safety control.  Figure 10 represents the 

system. Figure 11 represents the field of view and a 
possible implementation of the vision control zones with 
red (Safety Stop) and yellow (warnings) volumes. 
 

 

 
Figure 11 Representation of field of view and possible implementation of the vision control zones 

Figure 9 System to be installed at CRF for Challenge 2 

Figure 10 Safety Eye System 
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In Figure 12a, there is a preliminary representation of the full volume in the CRF layout. No sub-

volume is defined so far.  In Figure 12b there is a different representation in order to highlight the 
possible and most likely use of the doors of the workcell. The Door1 will be left open as additional 
Safety to ensure an escape route. The control logic will be such: with the open door the Robot 
execution is allowed only under Safety EYE control with the robot in Safe mode and the two 
COMAU robots blocked in rest position. With a similar logic and only under the active control of 
the Safety Eye, the Door2 will be used open to simulate a controlled gate for the entrance of the 
AGV. Originally it was planned to have an additional opening on the gate, as depicted in the figure; 
but Safety constraints would require strong limitation when creating a fixed and uncontrolled 
opening in the gates. The use of the door supervised by a proper safety system and Safety 
procedures, will allow a stronger Safety control of the application. 
 

 
Figure 12 Safety Eye positioning and monitored volume (no subvolume represented) 

The second critical and innovative sub-system is the project is the Gripper. The gripper acts as 
interaction tools, HMI and end-effector for the Robot. The following picture represents a sub-
system analysis of the gripper. Finally, Figure 14 describes a simplified architectural 
representation of the system as a whole. 

 
Figure 13 Sub-system analysis of gripper 

a b 
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Figure 14 Architectural representation of the Challenge 2 system as a whole 

4.2.4 Arcelik- Atolye 4.0  
• Location: Pilot study of the use case planned to be performed at Arcelik Atolye 4.0 lab 

which is located at Arçelik Çayırova Campus 34950 – Atölye 4.0 – Tuzla/ ISTANBUL. 
• Challenge 3: LCD TV Assembly 
• Contributing partners: For performing LCD TV Assembly use case, main contributing 

partners are:  
o Arcelik (end user, provide facilities and equipment for demo- renting KUKA robot 

and setup demo equipment with the help of contributing partners) 
o CERTH (Integrator and developer, provide interfaces between the modules and 

HRI) 
o ARMINES (developer on ergonomic side, defining interfaces between GI (Gesture 

Interpretation)) 
o ASTI (AGV provider for demo and defining interfaces related with AGV) 
o AUTH (provide adaptive robot control, define interfaces between adaptive robot 

control to other modules and provide safety constraints enforcement (SCE) with 
defining interfaces between SCE and other modules).  

• Test environment setup: 
o  Figure 15 and Figure 16 show the set-up preparation of the Arcelik use case.  

 
Figure 15 Image of the setup preparation at Arcelik Atolye 4.0 
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Figure 16 Image of the sample component box filled with PSU 

o LCD TV electronic card assembly and screwing 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 (PCB) from their boxes and placement of them on the TV; 
while the second part is the screwing of these cards with screws. 

o 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 (PCB). PSU 
is responsible for power electronics operations, such as AC to DC conversion and 
voltage regulation; PCB on the other hand is the core element that contains the 
processor and runs the firmware and software of the TV. Both PSU and PCB are 
stored and transferred in special Electro-Static Discharge (ESD) protected half 
euro box sized containers within the factory. 

 
Figure 17 Electronic cards Arcelik use case 

• Delays: Demo Setup Preparation at Arçelik Çayırova Campus– Atolye 4.0. Due to Covid-
19 situation, its postponed to upcoming dates since the accesses on the labs and visitors’ 
acceptance are not allowed globally. Depending on the situations and decisions of the 
pandemic, implementation of the scenario with the full setup, to observe the flow, 
connection and communication of the system will be performed.  

 
Additional information: 

• The business impact and objectives of the use case are; 
o Creating positive impact of industrial robots on employment 
o Contributes collaborative robots working in the real-life industrial environment 

with operators on the same operation.  
o Introduction of the collaborative robots and collaborative systems brings new 

design constraints to the shop floors  
o Improve workspace and job sharing between the collaborative robot and operator 

PCB PSU 
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o The communication between the cobot and the operator needs to be seamless, any 
latency in the communication directly effects the entire production line.  

o Gestures usages for high-level interaction.  
• The proposed solution by the CoLLaboratE project will consist of the following main steps: 

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

o 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.  

o Conveyor tracking algorithm for card placement on the TV 
o Gesture recognition for seamless communication between the COBOT & operator 

& AGV 
o AGV adaptation for electronic card feeding, from warehouse to the assembly line 

• Main operation steps in the list form are; 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 PCB 

(green) and PSU (brown) 
o An operator(no2) in the warehouse, filling an empty box with new PCB 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 PCB 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) 

 
 

Figure 18 Illustration of the use case scenario (leftmost image), demonstrating the layout of the use case (rightmost image) 

4.2.5 CERTH 
• Location: CERTH 
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• Contributing partners: AUTH 
• Challenge: During this period an initial setup for Challenge 3: Performing LCD TV 

Assembly was deployed at CERTH premises for developing and testing various modules 
and components (see Figure 19). 

• Modules to be tested: Human Skeleton Tracking Module, Teaching From Visual 
Demonstration, Safety Constraints Construction component, Multimodal Learning 
Module, and HRI Module were initially tested and partially tested.  

• Delays: Currently, only this challenge has been tested, but we are planning on extending 
the testing to all the others challenges of CoLLaboratE. There were some delays due to 
COVID-19 since we couldn’t access CERTH premises for near 3 months after a lockdown 
was enforced. 

 
Figure 19 Set-up for performing LCD TV assembly at CERTH 

4.2.6 AUTH 
• Location: AUTH 
• Contributing partners: CERTH 
• Challenge 3: Performing LCD TV Assembly, integration purposes between AUTH and 

CERTH 
• Set-up: A workstation pc and two RGBD cameras were deployed at AUTHs’ lab where a 

KUKA LWR robotic manipulator has also been utilised. A RealSense D435 was used for 
object detection and tracking, in conjunction with an Astra Pro camera which was used 
for human tracking and active constraints construction. A set of TV frame and two PCBs 
that have been provided by Arcelik were utilised for reproducing the TV assembly use 
case. Several modules were integrated and fine tuned during this integration from both 
sides like HRI, active constraints construction and enforcement, teaching by 
demonstration and kinesthetic guidance, adaptive robot control. 

 

 
Figure 20 Setup of Challenge 3 at AUTH 

4.3 TEST LEVELS 
The current tests until M24 have been performed on unit level. A unit in the CoLLaboratE 

project can be compared to the modules defined in D2.4. Integration and system levels will be 

defined in the next months. 
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4.4 TEST PLANNING: EXECUTION AND PROGRESS TRACKING 
BOR will coordinate these activities and track the progress in close interaction with all partners. 
For this, an Excel Sheet has been created to record all conducted tests. Figure 21shows the fields 
that are currently in the sheet and two example tests. More information could be added during 
the next months. At the moment, the sheet covers: the test level, test date, modules to be tested, 
the connected challenge, involved partners, test environment, frequency of test and whether the 
test criteria are defined. Once a planned test is registered, BOR will follow-up after the planned 
test date and check whether the test passed, make sure that a short test report is submitted. If the 
test should fail, a new test date needs to be agreed on. 

 

  
Figure 21 Excel Sheet to coordinate planned and conducted tests 

4.5 TEST CRITERIA AND MEASUREMENTS 
Until M24, the fit criterion defined for each requirement was treated as the test criteria (see Table 

1). In addition to the fit criterion, partners will define more concrete criteria that can be measured 
for each test level. 
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4.6 TEST REPORTING 
Until M24, two kind of tests have been performed: tests to evaluate the development progress of the modules (Section 4.6.1) and tests to prepare 

the setup of the challenges (see Section 4.6.2). 

4.6.1 Tests to evaluate development progress of modules 
 
Until M24, partners have conducted test in two different tested the individual components of the modules according to the fit criterion outlined in 
D2.4. In the following, we report on the results of this first test phase. 
 

Module Requirements 

ID 

Fit Criterion Test report 

Input Sensor 

Module 

F-Req-17 Logging 
of estimated forces 
and robot 
positions during 
the assembly  

 

Logging of estimated 
forces and robot positions 
during the assembly  

JSI uses ATI Delta force torque sensor in the lab setup for the KOL use case. The 
sensor is supported by the netft_utils ROS package and continuously published and 
is as such suitable for recording external forces during the assembly. 

JSI also uses force torque estimates based on the joint torque sensors integrated in 
Franka Emika Panda robot in the lab setup for the KOL use case. The estimates are 
also continuously published to a ROS topic and are as such suitable for recording 
external forces during the assembly. 

Adaptive 

Robot Control 

Module 

 F-Req-14 

Teaching by 

Physical 

Interaction 

 

Operator should be able to 
move the arm, physically, 
as she intended. The HRI 
should display a mode for 
changing the behaviour of 
the robot and the changes 
in the task should be 
viewable in the GUI. When 
the instructor finishes the 
corrections, a 

AUTH has tested teaching by physical interaction using collaborative robots such 
as the KUKA LWR, iiwa and UR5. Kinesthetic guidance is straightforward in torque 
controlled manipulators such as the KUKA by simply setting them to gravity 
compensation mode. Motion controlled manipulators on the other hand require a 
force/torque sensor mounted on the wrist and an admittance control strategy in 
order to be kinesthetically guided. A key difference is that torque controlled 
manipulators can be guided at the entire arm, but the latter can only be guided from 
the end-effector. 

JSI has tested incremental teaching by physical interaction using collaborative 
robot Franka Emika Panda, UR5 and KUKA LWR 4. The robot can be actively 
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confirmation button will 
be available on the tablet 
to accept the changes.  

kinesthetically guided both in admittance as well as in impedance mode. Variable 
compliance allows to restrict the motion in arbitrary directions. The operator can 
see the changes at the GUI. 

 

Snapshot of the incremental trajectory teaching and GUI for viewing changes. 

IDIAP developed a learning from demonstration approach which extends DMP’s 
full demonstration requirement to include also teaching with partial 
demonstrations. The approach is based on the statistical encoding of the 
movements with state-action abstractions which allows also time-independent 
behaviours to be learned. 

 F-Req-28 Dynamic 

load sharing, 

application of 

counteractive 

forces, and 

stiffness 

adaptation during 

HRC 

Smooth co-manipulation 
of shared objects  

JSI has tested this facility in the use case of the riveting using KUKA LWR 4 robot. 
The robot changes its compliance to communicate with the human operator and 
provides the necessary support during the riveting. 

 

Snapshot of a collaborative riveting 

IDIAP proposed to combine the vibrational characteristics of a collaborative robot 
subject to percussive forces with its kinematic redundancy. IDIAP investigated how 
to determine joint configurations that minimize the displacement of the end-
effector during the riveting process for the robot safety and the good quality 
riveting. IDIAP then proposes to exploit these well-behaved joint configurations in 
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a motion planning algorithm to estimate the optimal path in the configuration 
space given the rivet hole sequence. IDIAP shows that in the riveting application, 
not only we can obtain a safer robot execution by minimizing the vibrational effects, 
but also a good quality riveting resulting from small end displacements. Second, 
IDIAP exploits the optimized joint configurations in an optimal motion planning 
algorithm for a faster execution of the riveting task for different holes. IDIAP shows 
that the proposed method can decrease the total trajectory length and the total end 
displacement during the execution, compared to not considering the vibrational 
characteristics and the redundancies of the robot. 

F-Req-33 
Adaptation based 
on human 
intention 
prediction during 
collaborative 
object transfer 
and manipulation 

The operator will be 
effectively assisted by the 
robotic partner.  

Initial tests were performed by AUTH during the development of the goal 
prediction submodule. The robot is able to predict both the goal (position & 
orientation) and the movement duration in collaborative object transfer using a 
single demonstration as a reference. Although the results were promising in 
experiments with the KUKA LWR manipulator, the development has not been 
completed yet and further tuning might be required during integration to a 
different robot such as the high payload industrial manipulator that will be used in 
CRF’s windshield assembly and inspection use-case. The integration of this 
component has not been performed yet, except a mock-up that was installed in 
AUTH lab using an acrylic glass as windshield, rigidly attached to the KUKA LWR.  

 

Snapshot of a human-robot collaborative mock-up windshield transfer with 
adaptive behaviour of the robot that estimates the target and duration of the 

movement. 
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 F-Req-34 

Concurrent 

tracking accuracy 

and compliance 

Errors will be minimized 
under uncertainties 
during the autonomous 
operation while on the 
other hand the robot will 
be compliant to external 
contact forces arising from 
non-voluntary contacts 
for safety reasons. 

AUTH developed and tested the execution of a DMP towards a goal, while the robot 
accurately tracks the trajectory under uncertainties, reaches the target with zero 
error and, simultaneously, it is compliant to high external forces, ensuring safety to 
the operator. The module was successfully tested in AUTH lab in the TV assembly 
use-case. 

BGMM approach developed by IDIAP allows for automatic stiffness adaptation by 
the robot thanks to the variations in the demonstrations. 

 

Snapshots of the robot being compliant while it safely gets into contact with the 
operator. If the operator retracts, the robot will continue accurately following the 

trajectory. 

Teaching 
From 
Kinesthetic/Vi
sual 
Demonstratio
n 

F-Req-02 Object 

Recognition 

Initialisation 

System will display to the 
instructor the real-time 
camera stream, and in 
case of correct detection 
green boxes will appear 
around the objects. In case 
of no detection, the system 
will advise the instructor 
to change the current 
position or configuration 
of the objects to facilitate 
the detection. 

Teaching from Visual Demonstration has been tested in CERTH premises for 
challenge 3 (LCD TV assembly). A visual demonstration has been performed by a 
variety of people and several camera set-ups. Before a demonstration starts, a 
dialog box appears that allows the instructor to select the 3D models appropriate 
for the use-case being demonstrated. The models are then properly loaded from 
the visual perception modules in order to track the objects’ poses. 

This requirement has been fulfilled. 
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 F-Req-03 

Assembly 

Keyframe 

Extraction 

The system will recognize 
the keyframes either 
automatically and/or 
from the instructor’s 
feedback  

Teaching from Visual Demonstration has been tested in CERTH premises for 
challenge 3 (LCD TV assembly). Data from various visual demonstrations have been 
used for the testing and evaluation of the key-frame extraction. To validate the key-
frame extraction output we manually extracted a key-frame sequence that we 
considered the most representing of the collaborative assembly task. We then 
compared the module’s output sequence with the manually defined one and 
checked the level of similarity between them. The automatically extracted 
sequence is shown to the instructor via the HRI module to add or remove key-
frames in case the module has missed a step/key-frame or added a redundant one, 
with a minimal amount of changes reported in our tests. This requirement has been 
fulfilled. 

 F-Req-04 

Assembly 

Teaching 

Completion 

When the instructor 
presses the completion 
button, an appropriate 
dialog box appears, which 
informs the instructor 
that the system has 
stopped capturing the 
assembly process.  

Teaching from Visual Demonstration has been tested in CERTH premises for 
challenge 3 (LCD TV assembly). For this requirement HRI module testing took place 
by running the integrated system with HRI. Teaching from Demonstration stops 
recording data and sends the recorded stream to HRI for the user to verify that it 
was successfully recorded. This requirement has been fulfilled. 

JSI has implemented various ways of HRI: using GUI, multimedia buttons and 
joystick: JSI also used these interfaces for marking Assembly Teaching Completion.  

JSI also developed ROS package, which allows mapping of an arbitrary button to an 
arbitrary action. 

 

Standard Bluetooth multimedia buttons can be attached at the robot gripper, 
to provide easier access to most common actions (such as assembly teaching 

completion) 

 F-Req-07 
Keyframe 

Keyframes will be 
displayed on the tablet 

Teaching from Visual Demonstration has been tested in CERTH premises for 
challenge 3 (LCD TV assembly). Teaching From Demonstration sends the extracted 



D6.3 - Lab setup methodology, s/w and h/w extensions, validation (Preliminary)  

Version: 1.0 

CoLLaboratE  34 

 

Confirmation (in 
tablet) 

and the instructor is able 
to accept, reject, or modify 
them.  

key-frames to HRI and receives the chosen key-frame sequence. This sequence is 
used by the Assembly Program Generator for generating the robot program. This 
requirement has been fulfilled. 

 F-Req-32 
Assistive task 
modification 
during teaching 

The instructor will be able 
to haptically inspect the 
already learned kinematic 
behavior and partially 
modify any segment if she 
wishes so. 

AUTH has successfully achieved teaching by kinesthetic guidance with the ability 
of the operator to haptically inspect the learned path and make partial 
modifications online through the application of forces. The force threshold is a 
parameter and can be adjusted. The adaptive control and task modification 
submodules have been successfully integrated with the HRI module, so the 
operator can use the graphical interface interactively. The integrated submodules 
were tested in AUTH lab where the TV assembly use-case was simulated. 

 

Snapshots of haptic inspection of the kinematic behaviour. The human very easily 
guides the robot, which holds a PCB, in order to verify the learned path. 

JSI has developed a novel approach to incrementally refine trajectories. The user 
can move the robot along the learned trajectory back and forth by simply pushing 
it in the desired trajectory. In the editing mode, that can be activated via GUI or 
triggered by joystick, the user can make small refinements of the entire trajectory 
or its segments. 
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Snapshot of incremental trajectory refinement during insertion of the commutator 
ring into the moulding casing. 

IDIAP developed a learning from demonstration approach which extends DMP’s 
full demonstration requirement to include also teaching with partial 
demonstrations. The approach is based on the statistical encoding of the 
movements with state-action abstractions which allows also time-independent 
behaviours to be learned. 

 F-Req-35 Task 
encoding and 
accurate 
reproduction 

The reproduced motion 
both in position and 
orientation should be 
accurate.  

AUTH developed and tested a DMP formulation to accurately encode and 
reproduce the orientation of the robot without any undesired oscillations that 
appeared with the standard approach of the literature. Multiple tests were 
performed in AUTH lab in both the TV assembly use-case and other scenarios. The 
results suggest accurate encoding and reproduction of the demonstrated task. 
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A comparison of the demonstrated orientation (blue) with the proposed accurate 
approach (green) and the standard approach from the literature (red) that presents 

undesired oscillations. 

Safety 
Constraints 
Module 

 F-Req-15 
Workspace 
Constraints 

No violation of spatial 
constraints are logged 
after the exertion of 
external force  

AUTH developed a method for enforcing constraints during the autonomous 
operation of the manipulator and avoid obstacles such as the arm of a worker who 
shares the workspace with the robot.  Because of the low update rate of the obstacle 
representation (relatively low capture rate from the RGBD camera and the 
detection algorithm), violation of the spatial constraints can occur when an 
obstacle moves faster than it can be tracked. The maximum velocity of an object to 
be tracked was measured around 0.25m/s. 
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Snapshot of a human sharing workspace with the robot and the robot avoiding the 
human by reshaping its trajectory. 

S-Req-01 Safety 
of use 

The prototype system 
should meet safety criteria 
so as to be acceptable by 
human- use committees 
for experiments on 
collaborative robots. The 
final system should 
comply with the EU safety 
standards for 
collaborative robots.  

The Dynamic Active Constraints Construction component was tested in 
conjunction with Dynamic Active Constraints Enforcement component during 
CERTH-AUTH integration efforts at AUTH premises. The vision camera-pc setup 
was deployed at AUTH lab, and several iterations of human-robot collaborative 
assembly of a 49” TV were performed (currently this module was tested only  for 
Challenge 3:Performing LCD TV Assembly, our next steps include testing and fine 
tuning for all other CoLLaboratE challenges). The integration lead to a first partially 
working version of this module and fine tuning parameters of both components. 
The fit criterion is not fulfilled since violations of spatial constraints may occur as 
the "obstacle" travels faster than the tracking rate. The requirement has not been 
fulfilled yet. 

Human-Robot 
Interaction  

F-Req-07 
Keyframe 
Confirmation (in 
tablet) 

Keyframes will be 
displayed on the tablet 
and the instructor is able 
to accept, reject, or modify 
them.  

HRI has been tested at CERTH premises. This functionality has been tested and 
validated with the Challenge 3 (LCD TV assembly) where the key-frames of the 
demonstrated sequence can be viewed and edited through the tablet by the 
instructor. This requirement has been fulfilled. 

F-Req-08 
Assembly 
Sequence 
Confirmation in 
tablet virtual 
execution 

The Assembly sequence 
will be displayed in a 
virtual environment on 
the tablet for further 
modifications, acceptance 
or rejection.  

HRI has been tested at CERTH premises. This functionality has been tested and 
validated with the Challenge 3 (LCD TV assembly) where the sequence of the 
demonstrated assembly can be animated in 3D and modified by the instructor. 

This requirement has been fulfilled. 

F-Req-10 Final 
Assembly Task 
Confirmation 

The instructor will check 
the simulated assembly 
process on the tablet 
where she can confirm or 

HRI has been tested at CERTH premises. This functionality has been tested and 
validated with the Challenge 3 (LCD TV assembly) where the sequence of the 
demonstrated assembly can be animated in 3D and modified by the instructor. 

This requirement has been fulfilled. 
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modify certain parts of the 
process. 

F-Req-12 Train 
Assembly Phase 
Initialization 

After confirming the 
successful simulation, the 
system will provide the 
proper option on the 
tablet, and read the 
instructor's input. 

HRI has been tested at CERTH premises. This functionality has been tested and 
validated with the Challenge 3 (LCD TV assembly) where after a completed 
demonstration and simulation the system prompts the user to proceed to the next 
phase. 

F-Req-18 
Assembly 
Confirmation 

The instructor is provided 
with a button on the tablet 
to confirm each stage of 
the assembly process.  

HRI has been tested at CERTH premises. This functionality has been tested and 
validated for multiple use-cases. A button can be used to confirm each stage of the 
process and the user can click on tabs to move to a specified stage of the process. 

F-Req-20 User-
friendly HRI 
interface for the 
communication 
of the workers 
with the system 

The interface achieves 
high usability score 
during testing by the 
workers  

The HRI has not been evaluated by workers yet. 

F-Req-29 
Teaching robot 
paths with 
variations 

At least 15% decrease in 
the time need to teach the 
robot a new trajectory  

In the mobile interface developed by IDIAP, the user can run the application on the 
smartphone to (i) select points on the screen to calibrate with the robot, (ii) 
visualize learned robot trajectories and (iii) visualize the robot. Eliminating the 
need for a simulation environment, this application will help the users to 
(re)program the robots very easily and survey their movements by understanding 
better their intentions when adapting to different conditions, by executing them 
first on the screen of the smartphone. For the control of the robot, the user can 
command the robot different end-effector poses (position and orientation) using 
the screen of the smartphone. The user has also the option of moving the elbow of 
the robot by drag-and-drop (namely, moving other points on the kinematic chain 
instead of only the end-effector. This is helpful for the user to teach the robot 
reaching movements with variations exploiting the kinematic redundancies in the 
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robot by demonstrating the different poses to reach a target. Figure shows an 
example implementation of the visualization of the robot functionality of our 
software. We have two real robots in the workspace, and we display a virtual robot 
with an offset for an effective visualization. This virtual robot replicates the motion 
of the robot on the left. 

 
Mobile interface for teaching robot paths 

Autonomous 
Policy 
Learning 
Module 

F-Req-26 
Autonomous 
Exploration and 
learning of 
assembly tasks 

At least 10% increase in 
success rate of assembly 
execution after the 
autonomous learning  

IDIAP developed an ergodic control algorithm that is scalable for high-dimensional 
robotic applications. The method allows design of autonomous systems which can 
generate search patterns for coverage tasks. This can be used for tasks requiring 
exploration in a given region of interest in the state space of the robot such as peg-
in-hole tasks.  

 
Experimental setup for the insertion task. 
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Autonomous 
Policy 
Improvement 
Module 

F-Req-36 

Autonomous 

policy 

improvement of 

assembly tasks 

At least 10% increase in 
success rate of assembly 
execution after the 
autonomous learning  

IDIAP developed an active learning approach for improvement of tasks with fewer 
demonstrations. IDAP provided an uncertainty decomposition in BGMM control 
policies to be used for exploitation and exploration in behaviour cloning 
approaches. IDIAP also introduced an information weighted closed-form cost to 
describe uncertain regions of the state space which can be minimized to find the 
next demonstration that the robot will request from the teacher. IDIAP works on 
the extensions that will combine active learning with autonomous learning for a 
better improvement of the tasks. 

Exception 
Strategy 
Learning 
Module 

F-Req-37 
Collaborative 
exception 
strategy learning 

A taught exception should 

be handled during 

assembly without the 

operator’s interference. 

JSI tested various machine learning methods and evaluated how good they can be 
used to determine the exception context from image or force torque data. Once the 
exception context is properly determined, the robot can look up in the database 
whether an exception strategy for the given context exists or can be generated 
using statistical generalisation from already known strategies for similar 
exceptions contexts. 
 

 

Test setup for machine learning methods 

Human 
Skeleton 
Tracking 
Module 

F-Req-21 Real-
time human 
skeleton tracking 
for safety 
constraints 

At least a tracking rate of 
10Hz should be achieved, 
depending always on the 
working velocity of the 
robotic manipulators  

The Human Skeleton Tracking Module was tested in conjunction with Dynamic 
Active Constraints Construction component during CERTH-AUTH integration 
efforts at AUTH premises and additionally at CERTH’s lab prior and after the 
integration for improvements in stability and robustness of the module’s 
performance. The Human Skeleton Tracking Module in its preliminary working 
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state reaches 20Hz of tracking rate and fulfils the fit criterion of F-Req-21. Several 
tests were performed both qualitative and quantitative in order to extract some 
result of the modules performance. More details regarding the testing methods and 
preliminary results can be found in D5.5. 

Gesture 
Interpretation 
Module 

F-Req-23 Human 
Gesture 
Recognition 

At least 13 Hz rate (13 
FPS) should be achieved 
for a meaningful real-time 
gesture recognition 

 The use of a hybrid version of Hidden Markov Models and the State Space 
estimation method, concluded to the following results:  
Average precision: 89.26%, Average recall: 85%, Average f-score: 85% 

F-Req-24 Human 
intention 
detection for AGV 
navigation and 
collaborative 
assembly 

Successful AGV navigation 
respecting human 
workers personal space 
even when humans 
change direction.  
Successful collaborative 
assembly in range of the 
predefined tasks. 

Preliminary tests in laboratory and industrial environment have been performed. 
 

Ergonomic 
Performance 
Monitor 

 F-Req-25 Human 
monitoring for 
injury prevention 
from normal 
work activities 

 At least 20% reduction of 
the injury risk by normal 
work activities is achieved 

 Initial Experiments showed that a reduced number of sensors (one in the torso and 
one in the arm) can be used to identify ergonomic hazards. As such, there is little 
need to use expensive and obstructive equipment for real-time ergonomic 
monitoring. The use of simpler equipment is expected to lower the barrier to entry 
for the industry to adopt ergonomic monitoring technology. This will allow smaller 
businesses to provide a safer environment. 

  
Lab (left) and industrial (right) set-up 
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The use of kinematic and kinetic analyses has made possible to identify joints that 
are under strain and therefore target the motions that need to be avoided. 
Currently, the analyses continue by adding external forces and vibrations as the 
reviewers requested. By expanding the ergonomic analyses to identify the strain 
on each joint, it is possible to have a data informed decision-making process for 
workplace changes. This will help to standardize ergonomic analyses for different 
studies, contributing to a more uniform scientific literature. Another potential 
application is the use of this technology from start-ups that will specialize in 
redesigning the production line of factories to make them more productive and 
safer. Note: the specific percentage reduction of the probability for risk injury 
needs to be determined experimentally and it will vary depending on the task. 

Human Touch 
Recognition 
Module 

F-Req-22 Human 
Touch 
Recognition and 
Classification 

At least a 10Hz rate of 
touch recognition should 
be achieved  

The module has been prototyped and tested on a robot platform covered with 
tactile sensors. During the experiments, we collected a large dataset of tactile 
measurements generated by human and non-human contacts. The dataset was 
used to train a neural network that recognizes the human touch. Details about the 
experiments are reported in the D3.5 and on a published paper. We are currently 
working on implementing the module in ROS and interfacing it with the skin 
hardware used in the CRF use case. 

Production 
Planner 

F-Req-30 
Production plan 
generation for 
making efficient 
use of the available 
resources 

At least 5% increase in 
production with respect to 
manual generation of the 
production plan  

At the moment, there are no validation results yet due to that the Use Cases are still 
in progress. The plan for the validation is to measure the time before the 
installation of the system and afterwards. 

F-Req-31 
Production plan 
supervision 

The Decision Support 
System should be able to 
dynamically process 
updated information from 
the production cell  

A software simulated environment has been established to create cases where the 
DSS is controlling to the situation. The tests are in the form is PASS/FAIL and are 
used for fine-tuning the developments of the Production Planner 

 
Table 1 Test results modules until M24 

https://journals.sagepub.com/doi/full/10.1177/0278364920907688
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4.6.2 Tests and preparations to set up Challenges 
In the following, we report the testing efforts that have been made on the CoLLaboratE challenges 
in addition to setting up the environment (see Section 3.2). 

4.6.2.1 Challenge 3: Arcelik (Performing LCD TV Assembly) 
For the demo preparation, Arcelik and contributing partners performed the following tasks to be 
ready for the pilot study: 

• Renting KUKA iiwa (KUKA, LBR iiwa7 R800): Arcelik arranged the readiness of KUKA 
robot for the demonstration but due to the postponement of the demonstration at Arcelik 
Atolye 4.0 because of Covid-19, renting of KUKA was also postponed till the new decided 
date.  

• PC with ROS Kinetic & Ubuntu pre-installed (with the contribution of CERTH) 
• Mechanical structure & TV parts’ readiness (conveyor, boxes, station etc.): Arcelik 

requested sample component box and electronic cards from the related plant so that all 
the mechanical parts become ready for the demonstration.  

• Wi-fi Internet Access & wi-fi router for communication between devices set-up 
• Robot gripper (either 3D printed or machined out of Aluminum): Customized gripper 

design is studied by Arcelik and 3D printed version is tried with the UR robot to check the 
picking and placing operations’ functionality and stability of the gripper.  
 

 
Figure 22 Robot gripper design 

• 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 and can be able to handle both TV cards. 

• Performed designs CAD files are shared with AUTH and its decided that putting rubber 
could be a good idea to make the gripper less slippery while picking and placing the cards 
(increase the stability of the grabbing) 

• Ergonomical studies (recording of the assembly operation): Draft recording of the TV 
assembly operation is performed with the head-mounted real wear camera system at 
Atolye 4.0 before recording in the real plant environment. By voice, we coordinated the 
recording (start and stop) and the program also works by voice control. The headset 
device that was used during this recording is shown in Figure 23. These draft recordings 
are shared with ARMINES (Senteri) and their feedbacks are requested for the possible 
improvements. Some of the decided needed improvements on this recording are as 
follows; 

o Lot of the background is seen in the recording, but it is important to have as much 
as hands of the worker, the cards and the TV in the real plant recording. 

o The quality of the camera is good. However, it would be even better if we could 
use a camera with a wider lens angle, to make sure that we have as much 
information as we can concern the hands, the cards and the TV at the same time.  
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o Regarding the number of the users to be recorded and number of the repetitions, 
exact number will be defined after talking with the TV Plant’s responsible.  

o So, another sample video recording was planned to be performed at Atolye 4.0 but 
due to the Covid-19, since the production was paused at the beginning of the 
pandemic unfortunately, we could not able to perform the recording.  

 
Figure 23 Headset device to record data for ergonomical studies 

• The AGV’s characteristics have been determined and it was decided that ASTI will be able 
to transfer the AGV for the demonstration and on-site studies will be performed. However, 
due to Covid-19, it is postponed to the new date of the demonstration.  

4.6.2.2 Challenge 4: ROMAERO (Collaborative riveting for aircraft parts assembly) 
Due to COVID-19, the ROMAERO challenge test environment is not yet set up. However,  the 
involved partners have progressed in preparing for the set-up as much as it is currently possible 
and the set-up is progressing. In this section, we present the preparations and tests that have been 
performed to prepare for the challenge set-up. A task list has been created in order to set-up the 
test environment of Challenge 4 ( Table 2). In the following, we report on the progress of these 
tasks.  
 

# Task Name Description / scope Partner 

1 Reachability 
Analysis 

1. Perform the workspace analysis and determine the 
reachability of the cobot in simulation (ROS, MATLAB, V-REP, 
RobWork) 

2. How much area is easily reachable for the designed robot? 
3. Select the robot manipulator to be used and decide if a vertical 

column must be added to the design 

ROMAERO 
/ BOR 

2 Design and 
Integrate the 
End Effector 

1. The arm should be able to exert the force (while holding the 
bucking bar) ranging from 73N to 130N at any possible angle. 

2. The arm should be able to place the bucking bar 
perpendicularly to the metallic sheet. 

3. A force sensor must be installed to determine the amount of 
force being exerted by the bucking bar. 

4. Design/Finalize a tool that includes an easy attachment of a 
machined bucking bar, a mechanism to absorb vibration 
mechanically and, potentially, a force sensor. 

BOR/ 
ROMAERO 

3 Riveting 
Measurements 

1. Collect data measured during riveting process 
2. Design and build a test-bench to measure the amount of 

vibrations absorbed mechanically by the End Effector.  

ROMAERO/ 
IDIAP/ JSI  
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and Vibration 
Analysis 

3. The cobot should be able to measure the frequency and 
amplitude of the vibrations induced on it. 

4. If the amplitude or frequency of the vibrations goes out of the 
allowable values, the cobot should generate an 
alarm/warning. 

4 Selection and 
integration of 
Vertical 
Actuator 

1. The height of the cobot should be adjustable in order to reach 
different areas of the workpiece. Minimum magnitude in the 
vertical direction must determine in the “reachability 
analysis” 

2. Integrate the actuator with the Mobile base in terms of 
software and electronics. 

3. Analysis on whether AGV tips over, if robotics arm is very tall 
(might not be able to resist momentum). 

ASTI/ BOR 

5 Design of 
Communication 
interface with 
humans 

1. Design/implement a medium for communication between 
humans and the cobot. 

2. The cobot should be able to accept certain predefined 
commands from humans. 

3. Cobot should be able to tell the human when to start and stop 
riveting process. 

4. Human should tell the cobot if a particular hole is inaccessible. 

 To be 
defined 

6 Detection of the 
Rivet position 
and float 
surface 

1. Define the way and workflow we will use to define the 
position of the rivet. 

2. Purchase a suitable camera for the purpose of detecting target 
holes in the work-piece. 

3. Integrate and test the purchased camera with the cobot. 
4. Using the 3D information, calculate the normal to the plane / 

rivet. 

BOR 

7 Programming 
of cobot 

1. The cobot should be able to detect the desired hole 
(instructed by human?) for riveting.  

2. The cobot should approach the detected hole while avoiding 
obstacles.  

3. The robotic system (both the mobile base and the arm) should 
plan an optimal path to reach the desired location. 

4. The robotic system should avoid the collisions with the 
surrounding environment and humans 

 To be 
defined 

8 Fault detection 

(to be define 
with partners) 

1. The cobot should be able to detect if the rivet is deformed 
in/after the process. 

2. The cobot should know the allowable dimensions (height and 
diameter) of rivet after it has been pressed. 

3. The accuracy of the cobot should be +/- 0.1mm. 
4. Integrate this with the HMI 

 To be 
defined 

9 Human Pose 
Estimation 

1. The robotic system should be able to detect the location of 
humans. 

2. The cobot should be able differentiate the accidental and 
intentional touche 

3. The position of the human might give an hint about the 
location of the next rivet.  

To be defined 

Table 2 Task list ROMAERO challenge 
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4.6.2.2.1 Reachability Analysis 
The platform chosen for this study was V-REP24. It is based on a 
distributed control architecture: each object/model can be 
individually controlled via an embedded script, a plugin, a ROS node, 
a remote API client, or a custom solution. This is why V-REP is a very 
suitable software for multi-robot applications (mobile robot, vertical 
actuator and robotic arm in this case). 

 
Initially, two robot arms were tested in simulation: UR 10 and 
Yaskawa HC10. The reachability analysis showed that using the 
Yaskawa HC10 for this use case is more appropriate. Below the 
reachability results for the Yaskawa HC10 Robot: The float on which 
the riveting has to be performed is shown in Figure 25. 
 

  
Figure 25  Float with complete Frames (left); Float with complete frames in simulation platform (right) 

This is the float with all of the in its original form with all of the frames attached. But it was 
impossible to perform the riveting task with any robotic arm available in the market. The reason 
behind that was the very narrow distances between two frames. No robotic arm has a wrist small 
enough that can move inside the two frames without collision. Therefore, after discussing with 
the partners, it was agreed to remove some of the frames from the float to facilitate the riveting 
process. The new float with the remove frames is shown in Figure 26: 
 

  
 

Figure 26 Float after removal of some frames (left); Edited Float in Simulation Platform (right) 

As it can be seen from the picture above, the distance between consecutive frames is much better, 
and robotic arm can now get inside the float and perform the riveting task without collision. 
The conclusions from the reachability analysis are:  

• The minimum height of the robotic arm from the ground should be 1200mm. 
• Apart from the 1200 mm height from the ground, the arm needs additional 200-250 mm 

of variable height. 
• A vertical actuator is needed to access all parts of the float. The model chosen after 

discussion with ASTI is DMD24-10A5-12PO. 
 

The results of the simulations are captured also in videos and have been used to proposed model 
of the final prototype: 

 
24 https://www.coppeliarobotics.com/ 

Figure 24 Yaskawa HC10 

Robot Arm 

https://www.coppeliarobotics.com/
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Figure 27 Integrated vertical actuator and robotic arm with mobile base 

4.6.2.2.2 Riveting measurements  
As a first step, ROMAERO collected data during the riveting process. In an effort to understand the 
vibration amplitude and the magnitude of the dynamic and static forces occurring during 
compressive riveting, a set of accelerometers and force transducers were used to actually 
measure these parameters. The data was provided in Matlab files (.MAT) and shared with the 
partners together with a short guide on how to understand and use the data. The following is an 
excerpt from the report and focuses on the set-up description and results of the test. 
There are two sets of data: 

• Data containing the accelerations and the dynamic forces 
• Data containing the static force 

 
Each set of data is described in the following.  

4.6.2.2.2.1 Rivet types 
Three types of rivets have been used for the measurements. The characteristic dimensions of a 
rivet are given in Table 3. The most relevant dimensions for this measurement are the shank 
diameter D and the shank length L (see Figure 28).  
 

 

 

 

 

 

 

 

 

 

 
Figure 28 Characteristic dimensions of a rivet 

Thus, the three types of rivet used in the measurement are summarized in Table 3. 

Rivet acronym Rivet code L D 

[in the Matlab file 

name] 
[ according to the standard] [mm] [mm] 

r1 MS20470AD4-5A 7.9 3.2 

a. b. 
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r2 MS20470AD4-4A5 7.1 3.2 

r3 MS20470AD5-4A5 7.1 4 
Table 3 Rivet types used for the measurement 

All rivets are made of the same material, an aluminium-based alloy. Depending on the surface 
treatment, some rivets may be yellow, while other rivets may be grey. Nevertheless, the 
mechanical properties of the material are not altered by the surface treatment. 

4.6.2.2.2.2 Measurement configurations 
A measurement configuration is defined as the combination of bucking-bar and installed sensors. 

 
Figure 29 to Figure 36 show all the configurations used for these measurements. 

o Due to the fact that only two accelerometers were available for any given 
measurement, for the configurations involving a damped bucking bar, the 
following was performed: 

o for configurations 5 and 6, two sets of measurements were performed: 
o one set in which accelerations 3 and 4 were measured – configurations 5 and 6 

(see Figure 33 and

 
o Figure 35) 
o one set in which accelerations 1 and 2 were measured – configurations 5-5 and 6-

5 (see Figure 34and Figure 36) 
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Figure 29 Measurement configuration 1 (c1) 

 

 

Figure 30  Measurement configuration 2 (c2) 

Figure 31  Measurement configuration 3 (c3) 
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Figure 32  Measurement configuration 4 (c4) 

 
Figure 33  Measurement configuration 5 (c5) 

 

 

 
Figure 34  Measurement configuration 5-5 (c5-5) 



D6.3 - Lab setup methodology, s/w and h/w extensions, validation (Preliminary)  

Version: 1.0 

CoLLaboratE  51 

 

 

Figure 35  Measurement configuration 6 (c6) 

Two particular situations must be mentioned for configuration 6. The data in one file was collected 
for riveting in a region of the metallic sheet very close to the point at which the sheet was fixed. 
As such, the vibration induced in the sheet by the riveting gun was strongly damped. On the 
contrary, the data in another file was collected for riveting in a region of the metallic sheet far 
from the fixing point. As a consequence, the sheet was vibrating heavily. The reason for 
performing these two different measurements was to assess how the method in which the sheets 
are fixed impact the accelerations and dynamic forces occurring during riveting.  

 
Figure 36  Measurement configuration 6-5 (c6-5) 

 
A damped bucking bar is a bucking bar composed of 
two parts connected through an elastic element that 
absorbs the kinetic energy of the mechanical shock. A 
schematic of such a bar is depicted in Figure 37. It is, 
therefore, expected to have a much higher acceleration 
on the part in contact with the rivet (acceleration 3) 
compared to the acceleration on the part that is in 
contact with the operator’s hand (acceleration 4). 

4.6.2.2.2.3 Measurement of the static force 
The second set of recorded data contains the static 
force. This is defined as the force an operator exerts on 
the rivet head and on the rivet shank instants before 
triggering the riveting hammer.  

Figure 37   Schematic of a damped bucking bar 
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The applied force was measured for four different operators. Each operator applied a force: 

• using a solid bucking bar (see Figure 38) 
• using a damped bucking bar (see Figure 39) 
• using the pneumatic riveting gun (see Figure 40) 

Each operator was instructed to exert a force similar to the force he exerts in the real riveting 
situation. For each of the three configurations above, five measurements have been performed. 
The information about the combination of operator, type of tool and measurement is contained in 
the name of the Matlab file containing the data. Therefore, three sets of files have been generated, 
according to the type of tooling described in Figure 38, Figure 39 and Figure 40:  

   

 
Figure 40  Static force measurement – pneumatic riveting gun 

Figure 41 and Figure 42 are two photos taken during the measurements. These allow making a 
correspondence between the notional representations in Figure 29 to Figure 40 and the real setup 
in which the measurement was performed. 

Figure 38   Static force measurement - solid bucking bar Figure 39  Static force measurement - damped bucking bar 
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Figure 41 Real measurement setup 1 

 
Figure 42 Real measurement setup 2 

4.6.2.2.3 Riveting analysis 
As a second step, JSI prepared a set-up to test how the robot deals with the impact under the 
riveting procedure. The setup consists of  

• Kuka LWR-4 robot, equipped with ATI universal force torque sensor  
• Aluminum plate  
• Riveting gun  
• Bucking bar with built-in damping  
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Figure 43 Test setup for riveting analysis at JSI 

The initial tests indicate that riveting is not a particularly demanding operation for the robot. As 
already known from the literature, the impact forces during the riveting are not excessive, and 
most of the “work” necessary is accomplished due to the bucking bar inertia. However, the critical 
part in an unstructured environment is establishing necessary contact with the plate, providing 
that the bucking bar is aligned with the subject of riveting – the aluminum plate in our case.  

 

Therefore, we implemented the following strategy:  

1. The robot approaches the position where it will rivet  
2. The robot establishes the contact by the desired force 

normal to the riveting plane using  
3. admittance force control  
4. The robot changes orientation around tangential and 

binormal axis of the plane and  
5. measures torques  
6. The robot moves to the configuration, where minimal 

torques were recorded  
7. The robot sets the stiffness to 3000 N/m in the normal 

direction of the riveting plane  
8. The robot generates a sound signal to notify that it is 

ready for the riveting and starts  
9. recording forces  
10. The robot observes forces and detects the end of riveting  
11. The robot departs form the riveting position in 

tangential direction regarding the riveting  
12. plane.  

If the orientation of the robot will be provided by an external system (e.g., vision), steps 3 and 4 
can be skipped. This procedure takes a relatively long time to complete.  

Figure 44 The result of the riveting 
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Figure 45 Torques during the orientation alignment: Optimal position is at the minimal torques around the x axis (red line) 

 
Figure 46 Forces during the riveting recorded with 50Hz sampling time. One can see the initial push from the operator, 

riveting oscillations, and drop of z force due to the deformation of the rivet after the riveting is complete 

4.6.2.2.4 Camera Testing 
In order to detect the holes and rivets in the floats, several options for cameras/sensors were 
available. The test was started with two cameras that were available at BOR from other projects. 
Those two cameras were: 

• Mynt Eye P Camera 
• Helios Lucid ToF Camera 

An aluminium sheet was used as a tests platform for 
the cameras. 4mm holes (equal to the diameter of the 
rivets used) were drilled in the plate, and point clouds 
from different cameras were taken and compared. 
Here is a picture of the plate that was used in testing: 

• Width of sheet = 500 mm 
• Length of sheet = 1 m (Entire sheet in not 

shown in the picture) 
• Diameter of holes = 4mm 

4.6.2.2.4.1 Results 
Mynt Eye Camera: The results obtained from the Mynt Eye P camera were not encouraging. It 
was almost impossible to see the holes even with the naked eye (see Figure 48). 

Figure 47 Aluminium sheet 
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Figure 48 Snapshots of point clouds obtained from the Mynt eye camera 

Since the results were not encouraging, it was decided to discard this option, and test an 
alternative option. 

Helios Lucid Tof Camera: The second camera that we tested was Helios Lucid ToF camera. This 
camera showed some very encouraging results, and the 4mm holes in the test platform were 
clearly visible (see Figure 49). 

 
Figure 49 Snapshots of the results taken from Helios Lucid camera 

As can be seen from the images, the holes are clearly visible and detectable, but there is a slight 
problem; the reflections from the plate distorted the point cloud up to a considerable extent. 
Therefore, it should be made sure prior to using this camera that the surface of float on which the 
rivets and holes are to be detected, is not reflective at all.  
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5 CONCLUSION AND NEXT STEPS 

In this preliminary deliverable on “D6.3 - Lab setup methodology, s/w and h/w extensions, 
validation (Preliminary)”, we have reviewed the related literature, came up with a CoLLaboratE 
test strategy and reported on the progress of testing the respective components developed 
throughout WP3, WP4 and WP5 until M24. The work presented in this deliverable is building 
upon the use-cases and system requirements that were defined in D2.1 End-user requirements, 
use cases and industrial scenarios in order to set the validation methodology, and present the test 
results on the integrated functional components defined in and D2.3 CoLLaboratE Detailed 
Architecture & System Specifications (preliminary). 

Even though this deliverable is a preliminary version, Section 4.6 reports extensively on the 
performed unit tests and the progress to set up the test environments. It also mentions challenges 
and potential delays due to COVID-19 that, depending on the restrictions in the coming months, 
can be overcome soon. 

In the following months, Section 3 needs to be detailed out to plan the tests on integration and 
system level properly. This will be coordinated by BOR in close interaction with all partners. The 
plans will be recorded in the suggest Excel sheet (see Figure 21) and followed-up regularly too 
ensure the progress of testing and validation. After that, Section 4 will need to be updated with 
tests on all levels to be performed until the end of the project.  

All results will be reported in the final version of this deliverable in M33. 
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