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Abstract

Autonomous robots, capable of collaborating with humans could benefit industrial produc-

tion by supporting personnel in domains with tedious, repetitive, and dangerous tasks. To

make this vision reality, Human-Robot Collaboration (HRC) has established itself as a re-

search field. HRC researchers identified multiple challenges regarding the technical imple-

mentation such as enabling the robot to act autonomously, as well as human factors aspects,

e.g., expectation conformity. These challenges prevent current realizations of industrial pro-

cesses involving the collaboration between humans and robots to reach their full potential.

Due to the variety of robot representations and shared task requirements, extensive research

is needed to develop solutions to overcome these challenges. However, confronting these

challenges in empirical studies is restricted due to safety concerns as exposing participants

to prototypical implementations of robot collaboration setups either in full contact or close

proximity can provoke hazardous situations.

To address this problem, this research presented here proposes a virtual reality (VR) applica-

tion, where new concepts for HRC configurations can be explored and tested without causing

harm to participants. Due to the nature of VR, the application can function as a sandbox,

where a wide range of HRC settings can be portrayed without the need for expensive and

elaborate setups involving real robots. The design and functionality of the VR application

were developed in accordance with the state-of-the-art HRC research literature, established

statutory norms, and remarks from industry representatives. The VR application offers sev-

eral features, such as the implementation of machine learning agents in conjunction with an

inverse kinematic system that allows the virtual representation of an autonomous robot to

collaborate with a human participant on a designated shared task.

The versatility of the VR application allows for the creation of multiple forms of stimulus

materials depending on the requirements of the study, ranging from interactive setups, where

participants collaborated with the robot within the virtual environment, and passive media,

such as videos and images. Additionally, every parameter within the virtual environment

can be adjusted to fit the targeted scenario. By using this VR application, a series of three

experimental studies with 80 participants addressed the challenges of HRC by exploring

various effects of augmenting an autonomous robot with communication in collaboration

scenarios. In addition, two qualitative studies were conducted to complement the research

on positive and negative impressions of the robot. Considering that communication is a

substantial contributor to the success of collaboration among humans, it is assumed that it

benefits HRC as well. However, research is still open to finding an effective arrangement, due
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to the countless variations of HRC setups that are difficult to recreate in a lab environment.

In addition to the effect of the communication, derived from the challenges of HRC selected

human factors variables, such as perceived stress as well as the overall perception of the

robot as an intelligent system, were collected due to their potential to affect the collabora-

tion process. To complement the subjective data from the questionnaire, the VR application

collected objective data, e.g., the collision frequency and production quantity to investigate

the safety and task allocation challenges of HRC.

The qualitative and quantitative results from the conducted empirical studies in this dis-

sertation revealed several benefits regarding the usage of communication in HRC scenarios.

The communication of contextual information in form of guidance for the shared task and

explanation of the robot’s actions, among other aspects, reduced the perceived stress, im-

proved the overall perception of the robot, and induced the impression of the robot as an

intelligent system.

While these studies merely confronted a fraction of the vast challenges of HRC, the results

provide a foundation for future design decisions regarding the implementation of industrial

HRC scenarios involving autonomous robots. In addition to the results of the empirical

studies, a key contribution of this work is the VR application that can be used as a tool to

investigate a wide variety of HRC scenarios. The VR application itself provides a platform

that can be continuously expanded and used for future studies exploring HRC concepts dif-

ficult to evaluate otherwise. Through this VR application, the goal is to contribute to the

efforts of the HRC research community to develop a common methodology for the collabo-

ration between humans and robots in industrial environments.



Zusammenfassung

Autonom agierende Roboter, welche in der Lage sind, mit Menschen zusammenzuarbeiten,

können die industrielle Produktion bereichern, indem sie das Personal bei mühsamen, sich

wiederholenden und gefährlichen Aufgaben unterstützen. Um diese Vision Wirklichkeit

werden zu lassen, hat sich die Mensch-Roboter-Kollaboration (MRK) als Forschungsgebiet

etabliert. MRK-Forscherinnen und Forscher haben hierbei zahlreiche Herausforderungen

bezüglich der technischen Umsetzung identifiziert, z. B. wie man einen Roboter befähigt,

autonom zu handeln. Weitere Herausforderungen betreffen Aspekte menschlicher Faktoren

(Human Factors), wie beispielsweise die Erwartungskonformität. Diese Herausforderun-

gen verhindern derzeit, dass Industrieprozesse, in denen die Kollaboration zwischen Men-

schen und Robotern eingesetzt werden, ihr volles Potenzial ausschöpfen. Aufgrund der

Vielfalt an Repräsentationen von Robotern und Kollaborativ-Aufgaben, welche durch MRK

getätigt werden können, besteht ein hoher Forschungsbedarf, um Lösungen zur Bewältigung

dieser Herausforderungen zu entwickeln. Die Entwicklung von Lösungen für diese Heraus-

forderungen wird jedoch durch sicherheitsbedingte Restriktionen bei empirischen Studien

eingeschränkt. Durch den direkten oder unmittelbaren Kontakt von prototypischen Umset-

zungen von Roboter-Kollaborationsaufbauten mit Probandinnen und Probanden ergibt sich

für diese ein nicht zu unterschätzendes Gefahrenpotenzial.

Um dieses Problem anzugehen, wird in der hier vorgestellten Forschungsarbeit eine Virtual

Reality (VR) Anwendung präsentiert, mit der neue Konzepte für MRK-Konfigurationen

erforscht und getestet werden können, ohne Probandinnen und Probanden einer Gefahr

auszusetzen. Durch die Eigenschaften virtueller Realität kann die Anwendung als sogenan-

nte ”Sandbox” fungieren, in der ein breites Spektrum an MRK-Konstellationen dargestellt

werden können, ohne dass teure und aufwendige Aufbauten mit echten Robotern erforder-

lich sind. Die Gestaltung und die Funktionalitäten der VR-Anwendung wurden in Übere-

instimmung mit dem neuesten Stand der MRK-zentrierten Forschungsliteratur, etablierten

gesetzlichen Normen und Befragungen von Industrievertreterinnen und Vertretern entwick-

elt. Hierdurch bietet die VR-Anwendung mehrere Funktionen, wie z. B. die Implementierung

von Software-Agenten für den Einsatz von maschinellem Lernen. In Verbindung mit der in-

tegrierten inversen Kinematik ermöglicht diese, dass die virtuelle Darstellung des Roboters

mit den menschlichen Probandinnen und Probanden eine Kollaborativ-Aufgabe tätigt.

Die Vielseitigkeit der VR-Anwendung ermöglicht je nach Anforderungen der Studie die

Erstellung verschiedener Formen von Stimulus-Materialien. Angefangen bei interaktiven

Szenarien, in denen Probandinnen und Probanden innerhalb der virtuellen Umgebung mit
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dem Roboter zusammenarbeiten, bis hin zu passiven Medien wie Videos und Abbildungen.

Darüber hinaus kann jeder Parameter innerhalb der virtuellen Umgebung an das gewünschte

Szenario angepasst werden.

Diese VR-Anwendung wurde eingesetzt bei einer Reihe von drei Experimentalstudien mit

jeweils 80 Probandinnen und Probanden, ergänzt durch zwei qualitative Studien. Abgeleitet

von den Herausforderungen der MRK, untersuchten die Studien, welche Auswirkungen der

Einsatz von Kommunikation in Kollaborationsszenarien mit autonom agierenden Robotern

nach sich zieht. In Anbetracht der Tatsache, dass Kommunikation einen wesentlichen Faktor

zum Erfolg der Kollaboration zwischen Menschen darstellt, ist davon auszugehen, dass diese

auch für die Mensch-Roboter-Kollaboration von Vorteil ist. Aufgrund der zahllosen Variatio-

nen von MRK-Konfigurationen, die in einer Laborumgebung nur schwer nachgebildet werden

können, ist die Erforschung jedoch nur bedingt möglich, um eine effektive Gestaltung zu un-

tersuchen. Zusätzlich zur Kommunikation wurden, abgeleitet von den Herausforderungen

der MRK, ausgewählte menschliche Faktoren wie wahrgenommener Stress sowie die allge-

meine Wahrnehmung des Roboters als intelligentes System erhoben, da diese den Kollabora-

tionsprozess beeinflussen können. Zur Ergänzung der subjektiven Daten aus dem Fragebo-

gen erhob die VR-Anwendung zusätzlich objektive Daten, wie z. B. die Kollisionshäufigkeit

und die Produktionsmenge, um die Herausforderungen der Sicherheit und der Aufgaben-

verteilung in einem MRK-Arbeitsprozess zu untersuchen. Die qualitativen und quantitativen

Ergebnisse, welche in den empirischen Studien dieser Dissertation durchgeführt worden sind,

zeigten mehrere Vorteile in Bezug auf den Einsatz von Kommunikation in MRK-Szenarien.

Die Vermittlung von kontextsensitiven Informationen in Form von Hilfestellungen für die

gemeinsame Aufgabe und Erklärungen, welche die Handlungen des Roboters erläuterten,

verringerte unter anderem den empfundenen Stress. Darüber hinaus verbesserten diese die

Gesamtwahrnehmung des Roboters und vermittelten den Eindruck, dass der Roboter ein

intelligentes System ist.

Obwohl diese Studien nur einen Bruchteil der enormen Herausforderungen der MRK ab-

decken, bieten die Ergebnisse eine Grundlage für zukünftige Gestaltungsentscheidungen hin-

sichtlich der Implementierung von industriellen MRK-Szenarien mit autonomen Robotern.

Neben den Ergebnissen der empirischen Studien ist ein wesentlicher Beitrag dieser Arbeit

die VR-Anwendung, die als Werkzeug zur Untersuchung einer Vielzahl von MRK-Szenarien

verwendet werden kann. Die VR-Anwendung selbst bietet eine Plattform, die kontinuier-

lich erweitert und für künftige Studien genutzt werden kann, in denen MRK-Konzepte er-

forscht werden können, die in herkömmlichen Laborstudien nur sehr schwer zu untersuchen

sind. Ziel ist es, durch diese VR-Anwendung einen Beitrag zu den Bemühungen der MRK-

Forschungsgemeinschaft zu leisten und eine gemeinsame Methodik für die Zusammenarbeit

zwischen Menschen und Robotern in industriellen Umgebungen zu entwickeln.
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1. Introduction

Akin to Human-Robot Interaction, the term Human-Robot Collaboration (HRC) describes

both the research discipline and the subject itself [1], [2]. HRC exceeds the mere interaction

between humans and robots through the constellation of working together in close proximity

towards a shared goal [3]. The concept derives from circumstances where some tasks are

too complex to be solely conducted by robots or too costly to realize in full automation [4].

In such cases, robots can be used to support human personnel performing either repetitive,

cumbersome, or dangerous tasks [5]. The ideal implementation for HRC regards both col-

laboration parties capable of intuitively recognizing each other’s actions and adapting their

current activity to facilitate mutual assistance [6]. The benefits of mutual support during

collaborative tasks between humans and robots bear the potential to revolutionize a wide

range of industrial domains [7].

Although many technological advancements have been made in the last decade, current im-

plementations of HRC deviate enormously from this ambitious vision [8]. Industrial work-

places where HRC is deployed are dominated by robots operated by hand guiding where

the human personnel actively controls the robots’ movement or powered by predetermined

programming [9], [10]. Both approaches represent a sub-optimal realization of HRC as the

hand-guided control degrades the robot into a passive role during the shared task and the

predetermined programming denies the robot the ability to react and adapt toward the hu-

mans’ actions. Due to increasing product variants and shortening fabrication cycles paired

with the increasing competitiveness in the market, these realizations of HRC are often not

suited as a long-term solution to see widespread adoption in the industry [4], [11]. Ad-

vancements in machine learning fueled various concepts to enable collaboration robots with

autonomous behavior [12–14]. This raises the question of how to design collaboration scenar-

ios involving autonomous robots. Although HRC-related research has attempted to establish

a taxonomy for the design and implementation of the collaboration concept between humans

and robots [15], no guidelines for the general approach of HRC exist so far [16]. Combined

with various challenges, among others in the field of safety, expectation conformity, commu-

nication, and task allocation, examining the optimal realization of optimized HRC setups is

a difficult task. Empirical studies are only possible to a limited extent, as extensive safety

restrictions deny the exposure of participants to unreliable prototype implementations of

HRC. Another aspect that hampers the research in this area is the scope of possible robot

and procedure configurations, demanding enormous resources to generate the appropriate

setup for empirical studies. Since current research methods regarding HRC are elaborate
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and subject to many restrictions, new approaches are needed to explore concepts for the

implementation of optimized HRC.

For this purpose this dissertation introduces a virtual reality (VR) application dedicated as

a platform to conduct empirical studies with participants. Based on the experience with

prior VR-related projects [17–19], the proposed VR application offers the latest VR me-

chanics and provides a safe and replicable environment to gain insights into the reactions,

behavior, and performance of the participants while being confronted with an autonomous

collaborating robot. In addition to avoiding safety hazards from exposing participants to

prototype implementations of HRC, the VR application offers logistical, technical, and fi-

nancial benefits. This is possible as the VR application contains a modular setup that allows

the portrayal of any needed scenario as environments, assets, and functionality can be ad-

justed to fit the desired research objective. To achieve the representation of a wide variety of

different robot models that can act autonomously and collaborate with the human partner,

the VR application is equipped with an inverse kinematic system. To accommodate most

industrial robots, the inverse kinematic system is structured in seven degrees of freedom

(DoF) and allows the robot to move dynamically and independently of prefabricated ani-

mations. Powered through the usage of machine learning agents, the virtual robot is able

to conduct different procedures and can adapt to certain behavior parameters during the

unpredictable collaboration with a human partner. Complemented with refined interaction

mechanics adapted from prior VR projects [17–19], participants can authentically conduct

shared task procedures in conjunction with the respective collaboration robot.

This VR application was used as a sandbox to examine the aforementioned challenges of

HRC, namely safety, expectation conformity, communication, and task allocation. By com-

bining qualitative, quantitative, and objective measurements, a series of five empirical studies

were conducted that addressed substantial research questions regarding the collaboration of

humans with autonomous robots in industrial settings. Apart from the VR application itself

as a research platform for future empiric studies in the field of HRC, the results of the in-

cluded studies contribute toward design recommendations for upcoming industrial scenarios

involving the collaboration between human personnel and autonomous robots.

The following Section 1.1 defines HRC by describing the different levels of interactions be-

tween humans and robots and the resulting challenges of HRC. Section 1.2 states the concrete

research questions that motivated the empirical studies reported in this dissertation. In Sec-

tion 1.3, supplementary to the information provided in the included publications, additional

details regarding the VR application are described. A summary of the empirical studies from

the included publications of Chapters 2–6 is provided in Section 1.4. Afterward, in Chapter

7, the contribution of this dissertation is concluded and complemented by describing the

limitations of the VR approach and future research involving the presented VR application.
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1.1. Background

This section outlines the definitions and describes the different levels of interaction between

a human and a robot with a focus on industrial settings. The distinction is important to

contextualize the presented HRC studies in the included publications (Chapters 2-6) since

some terminologies are used synonymously by laymen, e.g., cooperation and collaboration.

Afterward, the various challenges of HRC itself are being discussed in tandem with the

difficulties to address these challenges in empirical studies.

1.1.1. Defining Human-Robot Collaboration

According to Schmidtler et al. [20], all forms of humans interacting with robots can be

defined as Human-Robot Interaction. The level of interaction between humans and robots

can be categorized through four criteria [21]. The first criterion is determined by whether

or not the human and the robot overlap in the space they occupy [4]. The second criterion

involves the time the human and the robot spend in their common space. The third one

is the presence of a goal for the interaction. Both the human and the robot can enter the

interaction with a goal. Both parties can either share their goal, pursue a different goal,

or have an opposing goal in each case. The fourth criterion is the contact between the

human and the robot. While sharing the same space at the same time, both parties can

come into contact with each other. Either by accident, if the procedure is not intended to

contain contact, or intentionally if contact is part of the interaction. Contact between the

human and the robot can range from mere touch to the exchange of force between the two

parties [22].

Based on these four criteria, the research field of Human-Robot Interaction can be categorized

into three classifications: (1) Human-Robot Coexistence, (2) Human-Robot Cooperation,

and (3) Human-Robot Collaboration.

Human-Robot Coexistence

Coexistence refers to humans and robots that are located within the same space without

a shared task or common goal. It is therefore defined as the weakest form of Humans

interacting with robots [20]. Since no common goal is present within the coexistence, no

coordination of actions between the human and the robot is required [23]. The coexistence

between humans and robots within industrial production is common [24], realized often by

either caged robots in dedicated areas or proximity sensors [23]. Mutual contact is strictly

avoided [4]. Since robots for the coexistence level are prohibited to operate with humans

nearby, the detection of an individual through integrated proximity sensors results in the

termination of any task execution of the robot in accordance with the safety rated monitored
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stop stated in ISO TS 150661 [26], [27].

Human-Robot Cooperation

Humans cooperating with robots elevates the complexity of the interaction. The cooperation

involves both entities being present in the vicinity of each other at the same time. Roschelle

and Teasley describe the cooperative procedure as the division of the individual working

steps in which each party is responsible for an assigned segment of the task [28]. Although

both parties share a common goal, due to the division of the labor, there is no dependency

on each other to accomplish the assigned task [29]. Considering that the cooperation level

involves no direct interaction between the human and the robot, no adjustments in the design

of the robot are required. Since standard industrial robots adhere to the safety regulations

of speed and separation monitoring described in ISO TS 15066 [26], [27], these robots are

usable for the cooperation with humans [9].

Human-Robot Collaboration

The highest tier of interaction is designated as the collaboration between humans and robots.

The collaboration can be differentiated into two distinct modalities of (1) contactless col-

laboration and (2) intentional contact [4]. The first modality of contactless collaboration

omits physical interaction in any form [4]. The coordination of the procedure is therefore

delegated to the human, who conducts the respective working steps where decision-making

is involved. The robot in this case is assigned to tasks that require no human participation,

such as repetitive, dangerous, or force demanding labor [20]. Contactless collaboration with

a robot following a pre-determined pattern requires the human to intervene with direct input

for alterations during the procedure. This type of collaboration is often used in procedures

where the human personnel is required to attach an object to the robot’s end-effector while

the robot is inactive or place an object within the robot’s area of influence [9]. A promising

approach for contactless collaboration is the usage of robots controlled by software agents to

provide a certain level of autonomy and a larger scope of possible procedures that can be exe-

cuted by the robot [4], [30]. Contactless collaboration with a software agent-controlled robot

requires direct or indirect communication channels for coordination exchange [4], [30]. How-

ever, current HRC research lacks sufficient empirical studies regarding the effective merger

of communication channels with autonomous robots in a collaboration setup. To address

this gap, the presented research of this dissertation aims to address the challenges (cf. 1.1.2)

associated with this scenario in the included publications (cf. Chapters 2-6). To provide fur-

ther insight into the subject of HRC, the following segment will describe the second modality

of HRC, which involves physical contact. This is important further contextualize the studies

1While ISO TS 15066 is developed and accepted by the majority of industry representatives and reflects

the state of the art, a wide range of literature and regulations still refers to the previous specifications of

ISO 10218 [25]
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and the limitations of this dissertation (cf. Section 7.3)

The second modality of HRC contains intentional physical contact with exchanging forces

between both parties [31]. According to the regulations found in ISO TS 15066 [26], HRC

with physical contact between humans and robots is divided into two sub-categories: (1)

Hand guiding describes the HRC process where the human collaboration partner can freely

move the actuators of the robot without any exercise of force [9]. Without any external

input, the robot remains in its current position, as the motion can only be initiated by the

human operator. Robots used in this type of collaboration are equipped with sensor arrays

monitoring external loads and forces influencing the robot. Additional safety is provided by

an operator presence control. This ensures that the robot can only move and be moved if

the human collaboration partner is pressing the dead man’s switch [9]. Collaboration pro-

cedures involving hand-guided robots are often used to relieve staff of lifting heavy payloads

and improving working ergonomics [20]. Apart from using hand-guided collaboration for

coordinated semi-automated procedures, the guidance of motion is often also used during

the robot’s programming for pre-determined operations [9]. (2) The second sub-category

for physical contact is the power and force limiting collaboration [9]. This type requires

special robots, capable of measuring the forces emerging during the contact and adapting

their torque to prevent harm to the human collaboration partner [32]. For this purpose,

high-resolution sensory equipment is needed to continuously monitor the robot’s position

and velocity [33]. Tactile sensor hardware measures the electric current consumed by the

actuators to calculate the forces and torque that are exerted on the robot [9]. Regulations

demand immediate countermeasures if a collision is detected [26], requiring the robot to

cease all motion to reduce the kinetic energy of the impact [9].

Both modalities of HRC requires that both human and robot be present in the same space

at the same time. Compared to the cooperation level, collaboration requires the human and

the robot to be participating throughout the entire procedure and work in dependence on

each other towards the common goal [29]. The distribution of the respective sub-tasks is

coordinated among the human and the robot during the collaboration process. Due to the

requirements of tactile awareness and collision detection, the application of HRC necessi-

tates special robots [4]. Colgate and Peshkin coined the term “Cobots”2 for robotic systems

designed with the purpose of collaborating with humans on a dedicated workstation [34].

Although collaboration-certified robots have been adopted by various industries, where they

support personnel with the placement of heavy loads or executing precise operations, the

design and application of HRC, independent of the modality of intentional contact or con-

tactless collaboration, remains one of the most challenging problems in the field of industrial

robotics [35]. In order to contribute to the research effort of investigating design recommen-

dations for the design of HRC setups, it is important to consider the specific challenges of

2“Cobots” - A portmanteau word formed from the two terms collaborative and robotics denotes a robotic

system that has been explicitly designed for the purpose to interact through physical contact with a

human partner within a shared workplace [4]
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HRC.

1.1.2. Challenges of Human-Robot Collaboration

The collaboration between humans and robots is predominantly discussed for industrial ap-

plications. Therefore, collaborative robots must function in a complex working environment,

while confronted with sophisticated procedures and unforeseen circumstances created by the

human partner [4], [36]. The concept of HRC aims for a shared workspace, free of isolating

fences around the robot, where both parties can work with the preserved abilities of each

other [37]. Due to the direct contact between the human and the robot, safety measures to

protect the operator from the forces created by the robot are important for the successful

realization of this concept [38]. Not only is the movement of the robot a potentially haz-

ardous factor for the human, but the tools and components wielded by the robot can also

become a threat to nearby individuals [39].

Safety

The collision between the robot and the human collaboration partner has been identified as

the most frequent type of accident in industries where both entities share their workspace [40].

The HRC-related research has explored multiple concepts to approach this problem. Santis

and Siciliano proposed three distinct categories to improve collision safety during HRC [41].

(1) The first category contains actions related to intrinsic safety. (2) The second category

attempts to avert collisions (pre-collision measures) and (3) the third category deals with

strategies to enhance safety in case a collision has occurred (post-collision measures) [4].

Research regarding the intrinsic safety of industrial robotic systems investigates concepts to

improve the reliability of the mechanical design of the actuators [42]. The idea is to develop

a mechanical structure that enables the actuators of the robot to better absorb the kinetic

energy when a collision with a foreign object occurs [43]. In addition to this, new materials

for the joints and the body of the robot are anticipated to aid safety by reducing weight,

resulting in less kinetic energy [44]. Since unplanned collisions between humans and robots

bear a high risk for injuries, pre-collision measures helping to prevent inappropriate and

forceful contact, are a top priority for HRC research [23]. The capability to actively prevent

collisions requires that the robot can detect its surrounding objects and individuals. For

this purpose, the majority of HRC-related research explores various sensor implementations

with the aim of detecting obstacles that are crossing the current trajectory of the robot

[45–47]. However, the implementation of a safe and rigid system that maintains the full

capabilities of both collaboration parties, has yet to arrive [4], [37]. Apart from technical

aspects that can improve safety, the human factor can not be neglected. Misinterpretations

of the robot’s actions due to insufficient communication can lead to flawed interactions (cf.

Section 1.1.2), increasing the potential for accidents (cf. Chapter 6) [4]. However, no common

metrics exist as methods to analyze flawed collaborative interactions with industrial robots
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are limited, considering that confronting participants with these systems is too dangerous

[48]. This opens up the need to find new and innovative ways to explore the usage of

communication as a means to improve safety during the collaboration between humans and

robots. Also, psychological safety during the collaboration process has to be considered, as

the perception of an unsafe interaction with the robot can result in discomfort or stress,

diminishing the effectiveness and actual safety of the shared task procedure [49]. Galin and

Meshcheryakov state that studies regarding the perceived safety of robots in collaboration

setups are limited for the formation of common design guidelines due to the complexity of

different parameters [50]. In addition to the variety of different workplace setups, again the

exposure of participants to experience the perceived safety firsthand in HRC environments

for controlled empirical studies is restricted (cf. Chapter 6) [51]. Since the safety aspect

of HRC remains an unsolved problem, an alternative that enables controlled studies for

objective and psychological safety would provide not only a way to confront this gap in

research but also contribute to the overall safety in HRC [50]. To address this challenge,

the experimental study described in Chapter 6 used the HRC VR application to explore

objective and subjective safety aspects.

Autonomy and Competence

Although, the definition for HRC as described in Section 1.1.1, states that the human and

the robot work in a shared space on a common goal, no natural collaboration as it can be

found within human group collaboration is as of yet apparent [15]. Current implementations

of HRC use hand-guided trajectories described in Section 1.1.1 or pre-packaged actions

that are required to be programmed specifically for the respective use-case [10]. Since the

personnel involved in HRC are not necessarily experts in programming robots, the approach

of hand guiding trajectories in combination with programmed actions can become a time-

consuming and cost-ineffective process [52]. According to Rußwinkel, the major challenges

for HRC research are to identify the demands for an autonomous and competent collaboration

between human and robot, where both parties are enabled to estimate the intentions of the

other and the robot can anticipate and adapt to the actions of the human partner [53]. A

promising approach to realizing adaptive robots for collaboration scenarios is the usage of

machine learning (ML) to cope with the dimensional and computational complexity [12].

It is anticipated that future HRC setups will use machine learning to supervise incoming

real-time multi-modal sensory information to process the working procedure, determining

the behavior of the robot while simultaneously learning from the human input for future

adaption [14]. The goal is to continuously expand the robot’s functionality for the required

procedures of the respective shared tasks and enhance its effectiveness to collaborate with

the human partner [54]. To approach this goal the research community has developed a vast

array of different implementations, all specialized for a different aspect of robot autonomy.

For example, Zakka et al. used ML technology to enable the robot to learn and recognize



8 Chapter 1

the shape of objects, a feature needed for the adaptation to new assembling policies [13].

Other HRC research focuses on the ML implementation of the hybrid force and position

control of the robot [55], anomaly detection [14], pathfinding and collision avoidance [12].

While all of these works regarding the use of various ML concepts are prolific in their

technical achievements, they often neglect the impact of these trained behaviors on the

human collaboration partner (cf. Chapter 5). Although the need for explainable autonomous

systems has been recognized [56], evaluations exposing the various ML implementations that

seek to equip the robot with adaptive capabilities to participants are restricted. In addition

to the potential risks stated in Section 1.1.2, an autonomous robot could show unforeseen,

incorrect, or erratic behavioral patterns during experimental setups. This can be caused by

problems in the algorithmic implementation, resulting in a failed prediction of the human

trajectory [57], or interference in the gathered sensor data that feed the respective agents of

the robotic systems with information about the environment. Since an intelligent robot that

is able to act independently of the control of the human operator should make its actions

transparent, predictable, and instantaneously understandable for the human collaboration

partner (cf. Section 1.1.2) [58], the challenge of HRC arises to conduct the testing of these

automated systems for controlled empirical studies that ensures that the ML trained skills

and behavior meet the expectations of the human collaboration partner (cf. Section 1.1.2 and

Chapter 2) and the ramification the impression of intelligence from the automated behavior

has on the humans and the collaboration relationship (cf. Chapter 5).

Expectation Conformity

Compared to non-collaborative robots, an autonomous collaborative robot must contribute

to a shared task in conjunction with a human partner. This setup creates a social con-

dition similar to the collaboration among humans where both parties interact with active

decision-making that involves the respective other [59]. However, Bütepage and Kragic state

that HRC research with autonomous robots mostly focuses on the perspective of the agent

within the collaboration, neglecting the human representation [60]. This can lead to inef-

fective and flawed realizations of HRC, as the implementation of autonomous behavior for

the robot without including the human perspective omits half of the collaboration team.

Studies regarding the interaction between humans indicate that people expect that the part-

ner adheres to certain proximity during the collaboration process based on the individual

relationship both parties have [61], [62]. It can be argued that with a sophisticated level of

automation, these robots will be perceived as more intelligent (cf. Chapter 5), thus raising

the expectation of these systems to follow social norms such as respecting the proxemics of

an individual. Introducing an autonomous robot in an HRC environment that fails to meet

such expectations might be rejected (cf. Chapter 2), resulting in a sub-optimal performance

for shared tasks [63]. Charalambous et al. found that a vast array of human factors such as

mental workload and perceived stress can influence the outcome of a successful collaboration
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between a human and robot in an industrial setting (cf. Chapter 3 and Chapter 6) [64], [65].

However, most case studies regarding the expectation conformity of robots in HRC scenarios

are narrow in their scope of workplace arrangements they can cover. As already described

in Section 1.1.2 the restrictions of HRC-based empirical studies limits the range of setups

where participants can respond to behavioral characteristics of an autonomous robot [4].

Considering the wide variety of robot representations in terms of appearance and behavior

in conjunction with the current setting in which the robot is deployed, can affect the human

factors and contribute to the user’s impression and expectation (cf. Chapter 2 and Chapter

4) [59], HRC research is faced with the challenge to find new ways that allow the exploration

of a wide variety of different workplace arrangements and representations of autonomous

robot behavior with the goal to develop generalized guidelines for the design of HRC to

meet the expectation conformity. A major factor for the formulation of guidelines regarding

user expectation conformity is to explore the various characteristics of a collaborative robot

and how they are perceived by the users across different cultures [66]. Considering that

current experimental approaches are limited in the number of different robot models that

they can incorporate due to budget or logistics constraints, the use of a research platform

that can present a variety of different robot models in a controlled and comparable setup

could help to address this.

Communication

The exchange of information between the human and the robot remains one of the signifi-

cant challenges of industrial HRC [4]. While the metrics of communication with social robots

are extensively researched in the field of Human-Robot Interaction, the principles regarding

communication are quite different for industrial robots [67]. Compared to robots used in

social fields, industrial robots lack the ability for visual cues that are designed to convey

the intention of the robot [67]. Combined with the ambition to make industrial robots more

autonomous and adaptive, a misinterpretation of the robot’s actions can result in poten-

tially hazardous situations (cf. Section 1.1.2) [4]. This makes a reliable implementation

of communication paramount, as unsuitable realizations of the communication can affect

the safety of the respective HRC setup [68], [69]. The most important research questions

regarding HRC-related communication are stated by Kaupp et al. [70], as (1) What type

of information should be communicated? (2) When should communication occur? (3) Who

should communicate with whom? and (4) What medium should be used for communication?.

The HRC research community has tried to address these questions with a variety of differ-

ent concepts. The most preferred communication channel is the exchange of information

with the robot in natural language [4]. Apart from the social aspect observed within the

group collaboration among humans [71], the ability to communicate through vocal language

bears several key advantages, as it is fast and demands a short acclimation for the user [4],

[72]. In recent years, many technical and conceptual approaches for the implementation of
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natural language-based communication in HRC have surfaced [69], [73]. While vocal-based

commands are rated as an effective way to communicate in scenarios where participants en-

counter the robot in a lab environment [73], the use of verbal communication can be limited

in an industrial soundscape to comfortably exchange information with the robot [68]. Vi-

sual and gesture-based communication channels are discussed in HRC research as alternative

ways to convey information from the robot to the human collaboration partner [4]. Same

as in the collaborative relationship between humans, the way communication is represented

exceeds the mere exchange of information by affecting additional impressions gained from

the robot, e.g., trust and intelligence (cf. Chapter 5) [73], [74]. Human-Robot Interaction

research indicated that the communication of the robot can also affect a person’s emotional

response towards the robot and the way a person interacts with it [75], [76]. Elprama et

al. confirmed the importance of communication cues in settings where people interact with

industrial robots [77]. However, communication in collaborative settings among humans is

not restricted to one dedicated communication channel alone (cf. Chapter 3). Research indi-

cates that people prefer when robots convey themselves through multiple channels, resulting

in the need to explore the effectiveness of allowing the robot to express itself through several

channels [78]. However, due to the number of different constellations between the represen-

tation of collaboration robots, shared tasks, and communication channels, the exploration

of optimized solutions requires an enormous effort in terms of technical implementation, lo-

gistics, and funding.

Considering the significant role communication for the exchange of information has during

the collaboration process between human individuals on the reduction of uncertainty (cf.

Chapter 3), it is paramount to investigate the potential ramifications of using communica-

tion on human factors aspects, e.g., perceived stress and perceived safety (cf. Chapter 3).

However, due to the number of different constellations between the representation of col-

laboration robots, shared tasks, and communication channels, the exploration of optimized

solutions requires an enormous effort in terms of technical implementation, logistics, and

funding (cf. Section 7.2).

Task Allocation

The concept of combining the individual strength of humans and robots can create a major

benefit for certain production scenarios. However, these benefits can only be realized if the

individual sub-tasks within a shared task are distributed effectively [79]. The challenge is to

facilitate the coordination between both parties to improve the efficiency of the collaboration

process and enhance the production output [80]. Several methods have been developed to

plan the allocation of assignments in a sequential shared task between a human and a

robot [4]. A commonly used method in HRC is the master-slave principle in which the

human and the robot interact in an asymmetric setup where one party acts as the dominant

partner and the other as the subordinate [81]. Research indicates that this constellation
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can result in a relationship where the robot is seen as a mere tool that assists in the task

completion [60]. While the master-slave principle is often applied due to a lack of autonomy

of the robot, it is uncertain how the usage of autonomous robots affects that relationship.

This is especially important in the task coordination between both collaboration partners,

as an autonomous robot can claim tasks previously exclusive to the human operator. This

might evoke a negative attitude towards the robot as people perceive this as an intrusion

of their position [82]. Exploring ways to examine the ramifications of increased autonomy

by the robot and strategies to facilitate the coordination between both parties during the

collaboration is essential [83]. As mentioned in Section 1.1.2, communication could provide a

potential benefit for the collaboration process, as the provision of information could ease the

coordination and task allocation. However, no prior research has confronted the challenge of

exploring the usage of communication for the purpose of increasing coordination, therefore,

improving the productivity in industrial HRC scenarios (cf. Chapter 6).

1.2. Research Questions

As described in Section 1.1.2 researching HRC faces various challenges, which need to be

explored in empirical studies. However, as previously explained in Section 1.1.2, HRC-

related empirical studies are restricted in the settings and scope they can explore, due to

safety concerns and elaborate setups among other things. The objective of this thesis is

to provide a safe and replicable method to conduct empirical studies with participants by

using the HRC VR application. In doing this, the VR application is used to explore gaps

in research regarding the effective collaboration with autonomous robots in consideration of

human factors aspects, such as perceived stress. Derived from stated challenges, open issues

that are crucial for the success and the acceptance of HRC will be addressed in experimental

studies conducted with the HRC VR application. The versatility of the VR application

allows it to not only be used for experimental studies but also to serve as stimulus material

in context and interplay with other methods, e.g., qualitative approaches and online studies.

This ability to function as a foundation to explore through a combination of different methods

the challenges of HRC (cf. Section 1.1.2) was used for the here presented research. The

aforementioned key issues of HRC are formulated as the following four research questions

(RQ) to provide an overarching guideline for the objective, design, and implementation of

the studies presented in Chapters 2-6 (see Figure 1-5):

• RQ1 - What are the general expectations towards a collaborative industrial robot and

which aspects will be perceived as positive or negative?

• RQ2 - How does the use of an autonomous robot augmented with communication

channels affect the human collaboration partner in terms of perceived stress, perceived

safety, and positive emotions?
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• RQ3 - Which aspects cause people to consider the autonomous robot as intelligent and

what are the effects of this perceived intelligence on the collaboration relationship?

• RQ4 - Can communication contribute to improving productivity and safety during the

collaboration between a human and a robot?

1.3. The Virtual Reality Application

This section contains the description of the components of the virtual reality application,

which was developed within the context of this thesis. It further contextualizes the stated

information of the included publications in Chapters 2-6 and provides additional detail on

the functionality of the virtual reality application. First, the contemporary usage of virtual

reality in the HRC community is outlined. Second, the virtual reality application as a

sandbox platform to conduct HRC-themed empirical studies is described.

1.3.1. Virtual Simulation in Context of HRC

Virtual reality technology enables the development and depiction of artificial environments,

where users can experience and interact with objects generated through computer graph-

ics [84]. The benefit of using these immersive environments to expose users to situations that

are dangerous, elaborate, or impossible under normal circumstances has been recognized in

various fields, such as learning applications [85], medical fields [86], and biochemical engineer-

ing [87]. The capabilities of virtual reality have also been used in HRC-related projects as a

flexible tool to enhance the interaction with industrial robots [88]. With the goal of improv-

ing safety in HRC settings, Vogel et al. introduced the concept of using projectors that throw

a virtual depiction of visualized safe zones onto the workplace, based on the inputs of several

optical sensory devices and a tactile floor [89]. Human personnel working with the robot can

use these projected safe zones, displayed in a similar manner to a virtual cave, as guidance

to collaborate with high payload robots [89]. Another concept regarding the improvement of

safety conditions for HRC was proposed by Hernoux et al. using virtual reality and spatial

detection through motion capture to locate the human operator in relation to the industrial

robot [90]. The gathered data were used for real-time detection during the collaboration

procedure and the development of algorithms enhancing the pre-collision capabilities of the

robot [90]. Guhl et al. used virtual reality technology to enable operators to interact with

industrial robots and other cyber-physical systems [91]. The approach was to use virtual

reality as an interface for a distributed control system that allows safe interaction with in-

dustrial robots [91]. Apart from the safety during the actual collaboration procedure, virtual

reality can also help to prepare personnel for the interaction with industrial robots. For this

purpose, the virtual reality training system was developed by Matsas and Vosniakos [92].

This application trains users to conduct simple manufacturing tasks in cooperation with a
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robot and provides feedback for possible misconduct [92]. A similar approach was chosen by

Di Gironimo et al., using virtual reality to plan collision-free trajectories for multiple robots

to improve the training of the staff that cooperated with the industrial robots [93]. Another

virtual reality application for the cooperation between humans and robots was developed

by Gammieri et. al. The authors simulated multiple cooperation scenarios to recreate a

safe behavior for the real robot counterpart while simultaneously providing training for the

human operators [88]. A proof of concept for a virtual reality application created by Giorgio

et al. simulates the characteristics of industrial robots that are intended for collaboration

scenarios [94]. Additional projects using virtual representations of the interaction with indus-

trial robots can be found in the realm of mixed reality and augmented reality, respectively.

A common theme for these projects is the goal to confront the challenges of safety or to

optimize the interaction procedure with additional information provided through the head-

mounted display. Green et al. proposed an augmented reality interface that aims to increase

users’ awareness of the robot during the collaboration procedure by feeding them a live cast

of the robot’s perspective in the view [95]. Another research project was presented by Wang

et al. where the authors used augmented reality to simulate the cooperation with a robot

to examine human factors aspects and the ergonomic design of the assembly cell [96]. While

the authors extended the interaction capabilities of the used augmented reality device with

optical finger tracking based on Leap Motion [96], the implemented interaction mechanics

can not match the scope of dedicated virtual reality devices that are equipped with haptic

motion controller [84].

Although the aforementioned VR-related projects pursue a wide range of objectives, none

of them are utilized for the exploration and research of new and versatile HRC concepts and

approaches in empirical studies. This opens up the need for a VR application equipped with

sophisticated interaction mechanics that enable the portrayal of authentic collaboration pro-

cedures with autonomous robots. Such VR application could serve as a dedicated platform

to cover a wide variety of different collaboration scenarios where participants are exposed

to different representations of industrial robots, difficult to realize in empirical studies. The

approach of using VR for empirical studies in the context of HRC raises the question of

the suitability of this technology to acquire authentic results of an individual’s behavior

and reaction exposed to virtual representations of industrial robots and shared tasks. This

question is covered in the next section.

1.3.2. The Virtual Reality Application as a Research Platform

The opportunity to confront participants of an empirical study with a nearly limitless amount

of possible scenarios as a stimulus material would be a powerful tool. The potential tech-

nology that could deliver this opportunity for research in the fields of psychology, education,

and usability was recognized with the emergence of consumer graded virtual reality hard-

ware [97]. Affordable hardware and accessible development tools allowed researchers to not
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only recreate existing experimental setups but also to come up with new ideas, which were

hardly possible without the use of virtual reality technology. Van Loon et al. used the

immersiveness of the virtual reality technology for perspective-taking studies, where partic-

ipants assumed the role of a different individual [98]. This concept, while difficult to realize

otherwise, proved effective in evoking an increase in cognitive empathy [98]. Multiple stud-

ies adopted the idea of confronting participants with new identities, roles, situations, and

social norms, with the research indicating that the virtual stimulus can facilitate response

in participants, dubbed as the Proteus effect [99–101]. Results showed that the exposure to

the virtual reality stimulus material can grant insight into people’s reaction and behavior

towards certain situations inside the virtual application but can also affect behavior and

mental conditions after exiting the virtual environment [102], [103]. The precondition of vir-

tual reality to evoke such a strong response was coined by Burdea and Coiffet as “the three

I’s” [104]. (1) The first “I” refers to the imagination and describes the user’s willingness

to seclude completely from reality and experience virtual reality as their current environ-

ment [104]. (2) Second is the interaction, where user can manipulate their surroundings at

will and experience a direct response to their actions based on consistent rules established

within the virtual world [104]. (3) Third is the immersion, where the information is passed

onto the user through multimodal channels that allow experiencing and exploring of the

displayed virtual setting [104]. The isolation from reality paired with the audiovisual rep-

resentation of an artificial setting that can be interacted with at will can trigger the same

emotional and behavioral patterns as their respective counterpart stimulus, a phenomenon

used actively in virtual reality-based fear confrontational studies [105]. This suggests that

virtual reality can be used to explore the various challenges of HRC described in Section 1.1.2

in empirical studies to investigate participants’ reactions toward the collaboration with an

autonomous robot. Since existing HRC-related virtual reality applications are not dedicated

to functioning as a distinct tool for empirical studies (cf. Section 1.3.1), a new virtual reality

application was required to be conceptualized and developed.

1.3.3. Prior Works Influencing the Design of the Platform

In order to make use of lessons learned and best practices acquired from several prior and

adjacent projects involving virtual reality-based education and learning applications, design

principles and tried and tested mechanics were adopted for the HRC VR application. The

origin of the HRC VR application can be rooted back in a virtual classroom application,

where users attended a fully rendered and animated lecture held by a virtual tutor. By com-

bining a questionnaire with Electroencephalography (EEG) data, the influence of changing

lighting conditions on the recall of the learning material was examined [106]. While the ap-

plication provided merely a passive experience with minimal interaction, valuable knowledge

was gained for the usage of virtual reality in empirical studies.

A successor project to the virtual classroom examined the effectiveness of mixed reality for
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teaching practical tasks. Comparing the practical skills of assembling computer hardware

through virtual and augmented reality against the real condition, required the development

of interaction mechanics that closely mimicked the real actions such as tightening a screw or

plugging in a circuit board [17]. Together with the visual fidelity of the virtual components,

the interaction mechanics aimed at facilitating the association with real components and

actions to trigger a recall. Results confirmed the effort as users indicated a higher recall

of the learning content [17]. The experience from this application was used to develop the

HRC VR application with the same goal of merging visual fidelity with authentic interaction

mechanics to generate a scenario where participants can immerse themselves into the shared

task in collaboration with a (virtual) robot (cf. Chapter 6 (Section 3.2)).

These interaction mechanics were extended and increased in precision for the development of

a virtual reality application that teaches students about the basic handling of a milling ma-

chine. The application contained the recreation of a Hermle C40U milling machine together

with extended interaction mechanics and the emulation of the machine’s user interface to

recreate the milling process [19]. The best practices such as the legible portrayal of user in-

terfaces within the virtual environment acquired for the recreation of the milling machines’

information panel were applied for the implementation of the text panel communication

channel found in the HRC VR application (cf. Chapter 2 (Section 3.2) and Chapter 6 (Sec-

tion 3.2.4)).

Additional influences came from a prototype gallery application where users were able to

inspect and interact with various diversity-themed exhibits, ambulate freely within the vir-

tual world and access integrated content, e.g. a station where participants can exercise their

motor skills while challenged by a tremor in their hands [107], [108]. Due to the variety

of the different exhibitions in theme and mechanics such as the interaction with kinematic

objects and multimedia content, it was necessary to design and implement them as inter-

changeable modular components, laying the foundation of the modular design of the HRC

VR application presented in this thesis.

Developed in parallel to the HRC VR application was an application that teaches students

about the functionality of photovoltaic systems [18], [109]. By combining an authentic virtual

recreation of an existing photovoltaic installation with a network interface that allows receiv-

ing data generated by its real counterpart on the rooftop of the university building, students

were invited to experiment with the array in a fault-tolerant environment. A weather simu-

lation fed by real weather data contextualized the current energy output adequately. Again

the interaction mechanics fit the actions of the real installation and enabled the students to

place and manipulate the individual components at will using the same basis implemented

in the HRC VR application to control the Pin-Back Button press (cf. Chapter 6 (Section

3.2.1)).

Additional projects that helped to validate concepts and technical approaches for this disser-

tation involved a virtual reality application that confronts participants with environmental

pollution to raise awareness [110], [111] and a VR-based relaxation application [103], where
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the additional experience was gained to optimize the performance of the HRC VR applica-

tion to ensure a stable frame rate over 90Hz [84]. Further knowledge regarding the design

and implementation of real-world items into virtual simulations was acquired during the

development of an augmented reality-based indoor navigation application for industrial us-

age [112] and a mixed reality application to explain to students the functionality of heating,

venting and air conditioning systems [113].

An amalgamation of the experience and skills gained from these aforementioned research and

development projects contributed to the design and creation of the HRC VR application.

The VR application is further described in Chapter 3 (Section 3), Chapter 4 (Section IV. A),

and Chapter 6 (Section 3.2) and is complemented by the following section, containing de-

scriptions of the interaction mechanics (Section 1.3.4), the inverse kinematic system (Section

1.3.5), and the machine learning agent (Section 1.3.6).

1.3.4. Interaction Mechanics of the VR application

After the prior section outlined the gained experiences and best practices from prior projects

that were used to conceptualize a virtual reality application that is dedicated to being used for

HRC-related empirical studies with an autonomous robot. In order to portray a wide range of

possible shared tasks to be explorable in empirical studies, the VR application was equipped

with a library of interaction mechanics that mimicked the practical activities found in real

manufacturing procedures. The core interaction functionality of the Oculus Integration

SDK provided prefabricated scripts for gripping a virtual object with the dedicated touch

controller and binding it to the physics model of Unity 3D [114]. However, the replication of

complex manufacturing tasks required more than simply grabbing objects. For this purpose,

the VR application was equipped with a library of modular handlers, which provided action

mechanics such as customizable hinges, rotators, and joints as well as pull and push forces (cf.

Chapter 6 (Section 3.2.1)). Prior conducted projects have shown the significance of consistent

interaction rules to evoke the portrayal of an immersive experience [18], [19]. To provide

mechanics that are consistent throughout the interaction, every call to the Oculus SDK is

bound to the Rigidbody parameter of the respective object and receives from there the values

for mass, angular drag, and the kinetic drag [114], [115]. This system ensures that every

interaction calculates with the same properties while being expandable with other third-

party SDKs such as OpenXR and the virtual reality toolkit [116], [117]. This allowed the

realization of a variety of different actions to be conducted by the user while collaborating on

the shared tasks with the virtual robot. Due to the missing ability of VR to portray touching

an object (cf. Section 7.3), haptic force feedback was used as a substitute to signal the user

whenever a contact has occurred. By factoring in the intensity of the contact based on the

current velocity of the two colliding objects, the respective interaction mechanics provided

the appropriate amount of haptic force feedback. Prior VR-related projects validated this

approach as an effective way to notify users of contact with a virtual object [18], [19].
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Together with the methods described in Chapter 3 (Section 3) and Chapter 6 (Section

3.2) to ensure the audiovisual fidelity of the virtual environment, the haptic force feedback

contributed to the immersion of the VR experience.

Besides the interaction mechanics, the VR application required components to portray the

virtual robot as an autonomous collaboration partner. To accommodate a variety of different

robot models, the HRC VR application contained an inverse kinematics system, which is

described in the next section, and the machine learning agents, explained in Section 1.3.6,

as essential modular components to enable the autonomy of the robot.

1.3.5. Inverse Kinematic System

Industrial robots used in collaboration setups are required to conduct complex tasks and

move in a crowded space occupied by multiple obstacles while simultaneously confronted

with unexpected actions from the human partner [4]. To grant the robot the capability

to move within such an environment, operate tools, or manipulate other items and evade

collisions, the majority of industrial robots designed for collaboration are equipped with

either one or multiple arms in seven DoF [36]. To enable compatibility with the majority

of industrial robots, a seven DoF inverse kinematic system following a spherical-rotation-

spherical structure derived from the KUKA LBR iiwa R800 series robot was integrated into

the HRC VR application [88], [118–120]. Based on the works by Artemiadis, a closed-form

solution for the inverse kinematic was used, as it provided a more performant approach

compared to a numeric solution [121]. Faria et al. recommended that to ensure a closed-

form solution, the design of the respective robot is required in their alignment of the axes

to contain as many αi or ±90° as possible [118], [122]. The authors stated that the closed-

form is calculated by a polynomial where the highest permissible degree is four [118], [122].

The foundation of the calculation of the inverse kinematic in seven DoF was delivered by

the Denavit-Hartenberg parameter [118], [122] (Table 1-1). Used through the parenting

mechanic of the Unity 3D engine, where child GameObjects inherit rotation, scale, and the

position of their respective parent, the Denavit-Hartenberg parameters in conjunction with

a homogeneous transformation matrix, which converted the coordinate system from i - 1

to i (Equation 1-1) [118], [123], delivered forward kinematics starting from the basis of the

robot arm (Equation 1-2) [118], [123].

T i−1
i =


cos(0i) −sin(0i)cos(αi) sin(0i)sin(αi) αicos(0i)

sin(0i) cos(0i)cos(αi) −cos(0i)sin(αi) αisin(0i)

0 sin(αi) cos(αi) di
0 0 0 1

 (1-1)

P ′
w =0

7 T · Pw =0
1 T (01)

1
2T (02)

2
3T (03)

3
4T (04)

4
5T (05)

5
6T (06)

6
7T (07) · [X, Y, Z, 1]Tw (1-2)
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Table 1-1.: The Denavit-Hartenberg parameters for seven-DoF with the values dbs, dse, dew
and dwf inserted for the KUKA LBR iiwa R800 that was used [118], [122], [124].

i αi di αi 0i

1 −π
2

340mm 0 01

2 π
2

0 0 02

3 π
2

400mm 0 03

4 −π
2

0 0 04

5 −π
2

400mm 0 05

6 π
2

0 0 06

7 0 126mm 0 07

Based on the works of Singh and Claassens [118], [125], [126], the spatial coordinates of the

elbow position (X,Y,Z) in relation to base (B) of the robot arm (Equation 1-3) allows the

inverse kinematic the calculation of the joint angles 01 (Equation 1-4) and 02 (Equation 1-5)

of the virtual robot arm [118], [125], [126].

PB
elbow = AB

3 P
3
elbow = AB

1 A
1
2A

2
3P

3
elbow (1-3)

01 = atan2(PB
elbow · y, PB

elbow · x) (1-4)

02 = arcos(
PB
elbow · z − dbs

dse
) (1-5)

The same approach proposed by Liu et al. is used, starting from the base (B) of the robot arm

(Equation 1-6) enables the inverse kinematic the calculation of the joint angles 03 (Equation

1-7) and 04 (Equation 1-8), which form the elbow section [118], [126].

PB
elbow = AB

5 P
5
wrist = AB

1 A
1
2A

2
3A

3
4A

4
5A

5
wrist (1-6)

03 = atan2(n,m) (1-7)

04 = acos
p− dse
dew

(1-8)

The following equation (Equation 1-9) formulated by Liu et al. allows the inverse kinematic

system of the VR application to calculate the joint angles for 05 (Equation 1-10) and 06

(Equation 1-11), that determine the wrist section of the robot arm [118], [126].

PB
target = AB

7 P
5
target = AB

1 A
1
2A

2
3A

3
4A

4
5A

5
6A

6
7A

7
target (1-9)
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05 = atan2(n,m) (1-10)

06 = arcos(
p− dew
dwf

) (1-11)

The motion of 07 as described by Liu et al. (Equation 1-12) is used by the Unity implemen-

tation of the inverse kinematic as a rotation along the Z-axis, which results in the following

equation [118], [126].

07 = atan2(m,n) (1-12)

In addition to these equations that form the inverse kinematic system that was used in the

HRC VR application, additional variables for the range of angles that the respective joints

can cover and the maximum velocity at which the joints are allowed to move were present.

This was required to prevent the robot from moving through its own body. The respective

angles restrictions are derived from the robot model that uses the inverse kinematic system

and are described here on the basis of the LBR iiwa series of industrial robots (Table 1-

2) [127].

Table 1-2.: The movement characteristics of the virtual robot arm adopted from the manual

of the LBR iiwa 7 R800 CR [127].

Axis Motion range Max. Torque Max. Velocity

Axis 1 (A1) ±170° 176Nm 98°/s

Axis 2 (A2) ±120° 176Nm 98°/s

Axis 3 (A3) ±170° 110Nm 100°/s

Axis 4 (A4) ±120° 110Nm 130°/s

Axis 5 (A5) ±170° 110Nm 140°/s

Axis 6 (A6) ±120° 40Nm 180°/s

Axis 7 (A7) ±175° 40Nm 180°/s

Although the basis of the inverse kinematics system followed the structure of the LBR

iiwa series manufactured by KUKA [119], [120], the general approach is applicable to most

robots that operate with seven DoF [128]. This allows the inverse kinematics system used

within the HRC VR application to be adopted with minor adjustments to a wide variety

of industrial robots, which then can be represented as a virtual counterpart to serve within

HRC empirical studies. This has been successfully applied to a successor project of this

thesis, where a virtual representation of a YuMi-IRB 14000 dual-arm robot was equipped

with the inverse kinematics system (cf. Section 7.4) [129].
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1.3.6. Autonomy of the Robot

The collaboration between two entities bears the potential for unexpected circumstances. As

described in Section 1.1.2, the ambition of HRC research is to enable industrial robots with

the capabilities to react to the individual actions of their human collaboration partner while

executing their specific allocated tasks. Machine learning is the most promising approach

to realizing this ambition [12]. Therefore, the evaluation of industrial robots tasked with

autonomously collaborating with human personnel required the usage of a machine learning

approach. For this purpose, the Unity ML-Agents toolkit, an open-source project based on

PyTorch3 [131], was implemented into the HRC VR application. By using the ML-Agents

toolkit, various machine learning techniques can be applied within the Unity 3D engine and

allow to simulate learned behavior patterns with virtual objects [132]. In the context of the

HRC VR application, a specific shared task procedure can be learned by the respective agents

which assume control of the virtual robots and control the robot’s movements through the

inverse kinematic system. This is achieved by using the ML-Agents toolkit to train a neural

network through the process of reinforcement learning on the basis of a reward and penalty

policy [132], [133]. The training process itself can be adjusted through several configuration

options within the ML-agents framework, e.g. the number of nodes in the neural network

or the entropy can be set [131]. The training performance of the agents can be monitored

by the Tensorflow utilities that can be accessed through Unity by the provided application

programming interfaces (APIs) of the ML-agents toolkit (Figure 1-1).

Since the goal of the HRC VR application is to provide a versatile environment for a wide

variety of different collaboration setups, the implementation was required to be applied

independently of a determined manufacturing procedure. However, due to the differences

between the virtual setting where the position of an object within 3D space can be accurately

determined and a real collaboration setup that is dependent on the interpretation of sensor

data, none of the machine learning approaches presented in Section 1.1.2 were appropriate.

Therefore, using the ML-agents toolkit required an approach specifically suited for a virtual

setup. For this purpose, the finite state machine pattern proposed by Kyaw was used [134].

The finite state machine pattern consists of multiple states that can be chained together [134].

Each state contains a set of conditions that trigger and interrupt the actions of the respective

state and the designated event that causes the state to resume. This allows a specific state to

react towards specific interventions and return to the previous state if necessary. Conditions,

roles, and events within a state a determined by the Relational Action process adopted from

Toussaint et al. which is further described in Chapter 6 (Section 3.2.3) [135]. Additional

abstraction layers can be added to continuously expand the finite state pattern with new

states, conditions, roles, and events. The information regarding the different states can be

delegated to the respective agents to adjust the requirements of the model that is trained.

3PyTorch is a machine learning program library that provides high-level functionality for tensor computa-

tion and deep neural networks [130].
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Figure 1-1.: Overview of the architecture of the VR application.

This approach enables the robots that are represented within the HRC VR application to

train various shared tasks following different procedures and execution parameters. This

was used to implement a conceptualized shared task for use within the empirical studies and

is further described in Chapter 3 (Section 3.1), Chapter 4 (Section IV. C), and Chapter 6

(Section 3.2.1).

Independent of the actual procedure of the shared task, four essential elements are required

for the agents to learn. First is the position of the user’s avatar which is represented by

both the right and the left hand (see Chapter 3, Section 3.1, Fig. 1) as well as the head.

This is important as the robot needs to know the current location of the users’ head and

hands to track their trajectory. Second is the position of the individual components that are

used within the collaboration procedure in conjunction with the conditions defined from the

respective state (Figure 1-2). In addition to the components, the position of tools that are

needed to be operated by the robot is required to be learned. Again operation procedures

are derived from the respective state from the finite state pattern [134]. The fourth is the

position of the robot’s gripper point. This is necessary as the robot needs to learn its own

position in relation to the other items. The spatial coordinates of the individual objects are

represented as vectors that are being measured with each iteration of the robot’s movement

using the gripper point as a reference. By calculating the distance between the gripper point

(G⃗) and the position of the requested item (T⃗ ), the reward was distributed in accordance

with the distance (Equation 1-13) [129].
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Figure 1-2.: The learning setup where the agents of 60 individual robots trained simultane-

ously the targeting of the respective components necessary for the collaboration

procedure.

0.8 ≥ |T⃗ G⃗| ⇒ Reward: + 1.0 (1-13)

A penalty was awarded to the agent if the distance of the gripper point increased in com-

parison to the previous iteration of the training sequence (Equation 1-14) [129].

oldDistance ≤ newDistance ⇒ Penalty: − 0.1 (1-14)

By distributing a penalty if the agent increases the distance between the robot gripper

point and the requested target by the finite state machine pattern, the agent is encouraged

to adjust its trajectory to the target’s direction. To provide the agents with additional

information about the environment, the Mesh Collider system of the Unity 3D engine was

incorporated as a trigger for the event conditions of the various agents and increasing the

precision of the vector distance [136]. Each asset within the virtual environment received

a Mesh Collider component, which established a bounding box around the respective 3D

model (Figure 1-3). To increase the precision of the trajectory anticipation, the virtual

avatar of the user was equipped with three additional boundary zones in different distance

gradations. Rewards for entering distinct boundary zones were distributed based on the

conditions and scripted events of the respective state. Undesired intrusions of the robot

into a boundary zone resulted in a penalty. The approach resulted in a training model that

indicated a tendency to converge over time (Figure 1-4a). This assumption is supported by
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a decrease in the episode length (Figure 1-4b). The here-stated approach was refined in a

successor project with the goal to equip the YuMi-IRB 14000 dual-arm robot with machine

learning capabilities within the HRC VR application (see Section 7.4) [129], [137].

Figure 1-3.: Based on the example of the pin-back button press, the various boundary zones

displayed as green lines around specific objects relevant for agents to be moni-

tored are illustrated [136], [138].

(a) Reward function of the training model on the

Y-Axis and training iterations on the X-axis.

(b) Episode length of the training model on the

Y-Axis and training iterations on the X-axis.

Figure 1-4.: The two graphs from the Tensorflow console illustrate the appropriate training

model that is used for the shared task of the empirical studies described in

Chapters 3-6.
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The described implementation of the ML-Agents in conjunction with the inverse kinematic

systems explained in Section 1.3.5 enabled the robot to act and react autonomously and

conduct the steps of the shared task (cf. Chapter 3 (Section 3.1) and Chapter 6 (Section

3.2.1)) defined in the state machine pattern in collaboration with a human partner. The

resulting autonomous behavior of the robot was used in the five empirical studies included

in this dissertation to investigate the overarching research questions established in Section

1.2, further described in the following synopsis.

1.4. Synopsis of the Included Publications

While the prior chapters have described in detail the definition and challenges of HRC along

with the explanation of various aspects regarding the HRC VR application, this section

contains the contributions of this dissertation, which are presented in the following chapters.

The selected contributions follow the previously established research questions (Figure 1-6)

and are outlined in their key topics and dependencies in Figure 1-5. The first segment

contains the qualitative results of the preliminary study described in Chapter 2 and explores

the general expectation of the collaboration with a robot [139]. In addition to this, the

positive and negative aspects of the collaboration robot presented in Chapter 4 will be

discussed [140]. The second segment deals with the communication augmentations and their

effect on subjective measures such as perceived stress and emotions as outlined in Chapter

3 and the perceived safety reported in Chapter 6 [141], [142]. The third segment examines

the association of the autonomous robot as an intelligent system derived from the results in

Chapter 2 and reviews the effects of the intelligence attribution on the collaboration, which

is reported in Chapter 5 [143]. The last segment summarizes Chapter 6 and contains the

impact of communication on the production quantity and collision rate.

1.4.1. Expectations and Characteristics of the Collaborative Robot

This section summarizes the included publications dedicated to the general expectations

towards the collaboration with industrial robots and the perceived negative and positive

aspects during such collaboration. Explained in this section are the results of the research

and the approach that was used to explore RQ1 (“What are the general expectations towards

a collaborative industrial robot and which aspects will be perceived as positive or negative?”.

Chapter 2: Preliminary-Study

Chapter 2 describes a preliminary study where the first iteration of the HRC VR application

was used to explore the expectations that participants have towards the collaboration robot.

As previously stated in Section 1.1.2, it is generally assumed that an autonomous collabo-

ration robot that diverts in behavior and characteristics from the expectation of the human
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Figure 1-5.: The assignment of the challenges to the respective research questions and the

corresponding chapters.

operator can cause aversion that results in a diminished collaboration performance [63]. This

is especially important, considering the widespread unfavorable opinion industrial personnel

have towards automation systems [144]. Motivated by the necessity to investigate the gen-

eral expectation toward collaborative robots, a qualitative approach with guided questions

(cf. Appendix C) was used to collect answers from the participants after they were exposed

to the VR application. Divided into three conditions (generic instructions vs. personalized

instructions vs. gestures), participants were asked a set of seven prepared questions. The

answers given in Chapter 2 revealed that the participants valued the competence, reliability,

and trust of the robot as an important expectation. Further answers favored the condition

with personalized instruction communication, where the robot addressed the participants

through context-sensitive text messages formulated in natural sentences. The strong ten-

dency of the participants to favor personalized instructions influenced the design of the

text-panel communication channel in the succeeding studies described in Chapters 3-6. To

optimize the representation of the robots’ communication further, participants were asked to

state additional communication methods that allow the robot to express itself, to accommo-

date the previously established research questions regarding communication in HRC settings

formulated by Kaupp et al. (cf. Section 1.1.2) [70]. Answers indicated that the participants

did not associate the text panel instructions with the robot. This led to a change in the
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design and representation of the text panel closer to the robot to elicit a stronger connection

between the communication and the robot which is further described in Chapter 3 (Section

3.2) and validated in Chapter 5 (Section 4). An additional communication channel that was

suggested by the participants was to equip the robot with light signals, similar to a traffic

light. This suggestion has been adopted in the subsequent studies and is further explained

in Chapter 3 (Section 3.2) and Chapter 6 (Section 3.2.4).

Chapter 4: Positive and Negative Characteristics of the Robot

To follow up on the collected impressions gained from the participants in Chapter 2, a

qualitative study was conducted to investigate the positive and negative aspects of the robot

in a refined version of the VR application. By using the elaborate study setup that is also

used in Chapters 3 and 6, participants stated their opinion on the potential benefits of

working with the robot and characteristics that they deemed adverse. The study contained

a major contribution to the HRC research effort in identifying themes where users recognized

the positive aspects of the collaboration with the robot. Across the communication and non-

communication conditions, participants stated that the work in conjunction with the robot

can improve the overall task efficiency. Another beneficial aspect that was attributed to

the robot was the assistance with repetitive tasks. An important theme that emerged in the

participants’ answers was the relationship with the robot. Answers differed depending on the

condition. While participants from the communication setup perceived the robot as more

predictable and attributed more human behavioral characteristics, participants from the non-

communication condition stated that they were required to better adapt to the robot. These

themes contribute to the general perceived relationship within HRC settings and how distinct

characteristics of the robots can influence this relationship as described in Section 1.1.2. In

opposition to the potentially beneficial aspects were the negative characteristics lamented

by the participants. Participants stated that the robot was too slow in its movement. This

is a major aspect, as the current safety regulations mentioned in Section 1.1.2 that dictate

the robots’ speed limitations can prevent the effective coordination between both parties

and influence further aspects such as expectation conformity (cf. Section 1.1.2) and task

allocation (cf. Section 1.1.2). Another theme was the communication channels and their

absence. Participants from the non-communication condition expressed uncertainty as they

had difficulties comprehending the robots’ actions. These findings emphasized the necessity

of communication channels in collaboration to prevent uncertainty (cf. Chapter 3). Another

negative aspect that is important for the challenges of HRC regarding the design of suitable

collaboration robots is the unpleasant noise noted by the participants.

1.4.2. Influences of the Communicative Robot on Human Factors

The study presented in Chapter 3 examined human factors aspects, such as perceived stress

and attributed emotions during the collaboration affected by the communication channels
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of the autonomous robot is reviewed in this section. The aim of the study from Chapter 3

aligns with RQ2 (”How does the use of an autonomous robot with augmented communica-

tion channels affect the human collaboration partner in terms of perceived stress, perceived

safety, and positive emotions?´´) and reports results that have implications for the use of

communication channels in HRC workplace arrangements to improve the well-being of the

respective personnel.

Chapter 3: Influence of Communication on Subjective Measures

As described in Section 1.1.2, communication is an essential aspect of HRC and collaboration

settings among humans in general. However, as stated in Chapter 3, no common approach

to the use of communication channels in HRC and their effect on the personnel exists.

The role of communication in collaboration scenarios is widely accepted as the exchange

of information to enable the formation of a common mental model about an individual’s

role and actions. Insufficient awareness about these aspects can increase the uncertainty

during the collaboration, resulting in increased perceived stress [145], which can result in

a negative emotional connotation of the collaboration experience. This can influence a

person’s willingness to perform during the collaboration, emphasizing the importance of

this subject being investigated to ensure a successful implementation of upcoming HRC

concepts. Based on the works of Cramton [146], Chapter 3 argues that a robot, capable

of communicating its actions, could reduce a persons’ mental load required to coordinate

with the robot and contribute to the comprehensiveness of the system. Based on this,

the study in Chapter 3 formulates hypotheses that state that the communication channels

evoke less perceived stress and negative emotions in the participants. Furthermore, the

expressiveness of the robot through the communication channel strengthens the perception

of the robot as a (social) presence. To investigate this, the VR application was used in

Chapter 3 to portray a shared task with an autonomous robot. By using a between-subjects

design with two conditions (communication vs. non-communication) the influence of the

communication channels on people’s perceived stress was measured (cf. Appendix A). The

design presented was also applied to the studies presented in Chapters 4 and 6. Results from

Chapter 3 support the hypothesis that augmented condition induces less perceived stress in

participants. The study discusses that participants from the non-communication condition

were prevented from the formation of a workflow due to the absence of communication,

resulting in higher perceived stress to perform the task. The outcome presented in Chapter

3 contains important implications for the design of the upcoming HRC settings, as the hereby

presented combination of the three communication channels was able to reduce the perceived

stress. Along with perceived stress, the experimental study reported investigated the effect

of the communication channels on the users’ emotions. Results indicate that participants

felt more positive emotions after the collaboration with the augmented collaboration robot

compared to their peers. This result has important implications as an HRC setup that
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produces negative emotions can diminish people’s willingness to work with the robots, thus

negatively affecting the collaboration effectiveness. The third aspect that that examined was

if the communication channels elicit an increased (social) presence of the robot. Participants

stated a more intense feeling of presence in the communication conditions, which supports

the hypothesis and is in line with findings from Heerink et al. [147]. This outcome contributes

to the research of the relationship between a human and robot during a collaboration setup,

which is already described as a challenge in Section 1.1.2

1.4.3. The Robot as an Intelligent System

This section reviews the perception of the autonomous robot as an intelligent system and its

influence on the collaboration relationship derived from RQ3 (“Which aspects cause people

to consider the autonomous robot as intelligent and what are the effects of this perceived

intelligence on the collaboration relationship?”). The introduction of autonomous robots in

collaboration scenarios shifts the robot’s role from a tool that is operated by the human to an

active element that contributes toward the collaboration. The presented studies examined

the aspects that are required on the side of the robot to induce the impression of an intelligent

system and how the perception of intelligence and agency affect the attribution of certain

characteristics.

Chapter 2: Preliminary-Study

The preliminary study described in Chapter 2 explored the characteristics that participants

expect from an intelligent system. Due to the efforts of HRC research to equip robots with

autonomous behavior, it is important to explore the human perspective to align such a system

with the user’s expectations. The themes that emerged in the qualitative answers revealed

that participants expect that an intelligent system is able to adapt to the current situation

while remaining predictable in its actions. Another aspect stated by the participants was

the execution of self-determined actions which enable the intelligent system the expression

of agency. The third theme was the display of spontaneous behavior. These results supply

HRC research with directives to design the autonomous behavior of the robot in accordance

with the user expectation of an intelligent system.

Chapter 5: Collaboration with an Intelligent System

This chapter shifts the scope regarding the research of attributed intelligence from a qualita-

tive approach in Chapter 2 to a study using the refined virtual setup. The online study was

designed along with a 2 (augmented communication vs. non-augmented condition) x 2 (AI-

narrative vs. non-AI-narrative) between-subjects structure and presented participants with

a recording of the collaboration procedure lifted from the prior empirical studies (Chapter

2-4). The recording contained intentional mistakes and deviations from the collaboration
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procedure made by the human representative and the autonomous robot. Participants from

the AI-narrative were explicitly briefed about the artificial intelligence of the robot (cf. Ap-

pendix B). A strong focus of Chapter 5 is the effect of expected autonomy. Based on the

assumption that a more intelligent system elicits more human-like characteristics and per-

sonalized behavior [83], the study examined which characteristics are associated with the

autonomous robot. This is important as positive and negative attributes can shape the

collaborative relationship between the robot and the human personnel. While the results

indicated no significant difference between the condition with the AI-narrative and the non-

AI-narrative in terms of perceived intelligence, participants from the AI-narrative condition

rated the robot as more independent and cooperative. Also, the ability to perceive and

interpret was rated higher in the AI-narrative.

The relationship between humans and autonomous robots can develop an interesting dy-

namic in a work environment where mistakes can have serious ramifications. Considering

that the autonomy of the robot reduces the humans’ control of the system, the question

emerges which party is to blame for incorrect action. The question of the responsibility for

mistakes made by the autonomous system and on the contrary the credit for successful tasks

can have major effects on the effectiveness of HRC [148]. The results of the study indicate

no significant difference in the attribution of blame and credit between the AI-related condi-

tions. The research work, therefore, provides the HRC community a first indicator regarding

the dedication of responsibility in collaboration settings involving autonomous robots.

Another aspect that was covered in Chapter 5 was the effect of communication and trans-

parency in HRC settings. Based on the findings of Chapter 3 where the communicating

robot was attributed with a higher (social) presence, it was of interest to investigate which

additional human characteristics participants attributed to the robot augmented with com-

munication channels. The outcome of the study indicates that participants perceived the

robot from the communication condition as a better collaboration partner and attributed

this condition a higher collaboration success. In terms of human characteristics, participants

rated the communicating robot as more dominant. Chapter 5, therefore, completes the re-

sults regarding the perception of the robot equipped with the communication channels from

Chapter 3.

1.4.4. Effects of Augmented Communication on Objective Measures

In this section, the research work of Chapter 6 is discussed. In accordance with RQ4 (“Can

communication contribute to improving productivity and safety during the collaboration be-

tween a human and a robot?”) the hereby reported study examined the effect of augmenting

the robot with communication channels on two objective measures, production rate, and

collision frequency during the collaboration. The results of the research contribute to the

improvement of HRC as both objective measures are important aspects regarding production

effectiveness and safety.



30 Chapter 1

Chapter 6: Influence of Communication on Objective Measures

The positive effects of the communication channels observed on subjective measures in Chap-

ter 3 prompted the interest in whether the use of augmented communication can provide

benefits for objective measures as well. As already stated, HRC research is confronted with

various challenges in the implementation of safety precautions (cf. Section 1.1.2). Chapter

6 addressed these challenges by examining methods that could provide enhanced safety but

at the same time preserve the full spectrum of the collaboration abilities for both parties.

The approach was using the communication channels (text-panel, multi-colored light signals,

and gestures) to notify participants the robot detected an imminent collision while simulta-

neously initiating countermeasures. To test the effectiveness of this approach, the study in

Chapter 6 used the same between-subjects design (communication vs. non-communication)

as the studies reported in Chapters 3 and 4. Participants divided into two conditions with

gender parity were then tasked to assemble pin-back button components in collaboration

with the robot. Results showed statistically significant less frequently detected collisions in

the communication condition compared to the non-communication variant. This finding of

Chapter 6 not only contributes to the efforts of research in the field of HRC through the

indication that the communication of the robot notified participants to react more appropri-

ately towards the imminent collision but also through the effectiveness of the communication

channel composition (text-panel, multi-colored light signals and gestures). Although not an

objective measure, adjacent to the interest in enhancing the actual safety was the effect of

the communication channels on the perceived safety (cf. Appendix A). Again the results

indicated a contribution of the communication channels towards a stronger perceived safety.

This is discussed in Chapter 6 by arguing that the communication expressed by the robot

reinforced the perception of safety by lowering the uncertainty felt by the participants dur-

ing the shared task. The outcome reported in this study can help to further optimize the

configuration of HRC workplace arrangements in terms of safety with the inclusion of human

factors aspects.

Chapter 6 also investigates the use of communication channels to improve the production

rate. Although the effectiveness of HRC plays a major role in its widespread adoption

throughout various industries, the aspect of investigating measures to increase production

rate is often neglected in HRC-related studies. Same as with the collision rate, participants

from the communication condition outperformed their peers from the non-communication

condition in terms of the number of produced pin-back buttons. Chapter 6 argues that the

communication channels, specifically designed to provide guidance and explanation for the

collaboration procedure assisted participants in the formation of a mental model of the re-

quired task. Participants who did not receive the guidance and explanation were on their own

to acclimate to the collaboration procedure, resulting in a slower production rate. The impli-

cations for RQ4 gained from these results are that upcoming HRC workplace arrangements

can benefit from the augmentation of the robot with communication channels as they allow
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for collaboration to be more effectively resulting in more produced goods and less frequent

collisions in conjunction with a higher perception of the HRC-setup as a safe system.

Figure 1-6.: The organizational structure, main theme, key topics, order and the dependen-

cies of the included publications.
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Abstract. This paper describes the setup and results of a qualitative
interview study, in which participants were given the opportunity to
interact with an AI-based representation of a robotic-arm in a virtual
reality environment. Nine participants were asked to jointly assemble a
product with their robotic partner. The different aspects of their experi-
ences, expectations and preferences towards the interaction with the AI-
based industrial collaboration partner were assessed. Results of this study
help to inform the design of future studies exploring working arrange-
ments and communication between individuals and robots in collaborat-
ing together.

Keywords: Human-machine collaboration · Artificial intelligence ·
Virtual reality · Qualitative study

1 Introduction

Recent advancements in Artificial Intelligence (AI) and industrial robotics
enabled the first step towards true Human-Machine Collaboration (HMC), which
allows for new concepts of industrial production [14]. Envisioning these upcoming
production scenarios in the age of digitalization is a major advantage for creat-
ing optimized and efficient workplaces [7]. Virtual Reality (VR) delivers the tool
to validate concepts for production processes of the future before they become
reality [4]. This allows to explore how individuals behave, when confronted with
AI-enhanced industrial robots in a safe and controlled virtual environment, that
can be adjusted for any scenario or robot manifestation or behavior. One of the
key aspects of HMC is that a human and a robot entity work as equal parties
together to accomplish a task [9]. Apart from the technical implementation of the
machine, the human factor should not be neglected. One of the major problems
is the outward appearance of the robot, considering that a robot in such a sce-
nario is not antropomorphic but embodied as an industrial robot-arm. The lack
of verbal communication paired with the absence of body language hampers the
interpretation of the machine’s intention [2]. This is critical as an autonomously

c© Springer Nature Switzerland AG 2020
C. Stephanidis et al. (Eds.): HCII 2020, CCIS 1293, pp. 299–307, 2020.
https://doi.org/10.1007/978-3-030-60700-5_38
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acting machine, that is unpredictable in terms of communicated behavior, might
induce aversion [11]. In addition, according to a study by the European Union,
the disdain against autonomous machines and AI-systems is already widespread
among the industrial workforce [12]. These unfavorable opinions, currently aimed
towards the fear of being replaced and loss of the job, might be fueled by poorly
designed HMC workplaces, thus leading to a fail of the concept. This renders the
need for investigating how AI-enhanced robots in such scenarios should behave
and communicate. This paper presents results from an exploratory qualitative
study, in which 9 participants from different levels of prior experiences with
robotics interacted with an AI-driven robot-arm in a virtual reality workspace
environment. A qualitative method was used to gain insights into users’ feel-
ings, expectations and thoughts in pursuing a joint construction task with the
AI-driven robotic-arm. The following parts describe research questions, scenario
description and methods used. Results and implications are discussed.

1.1 Research Questions

The projected VR-experimental approach demands to design the robot-arm with
a comprehensible interface that communicates the robot’s action to the par-
ticipants enabling an efficient collaboration process. As outlined earlier, it is
especially important to determine which expectations people have towards an
AI-enhanced collaborative robot-arm, in which ways they want to communi-
cate with the system and which characteristics evoke participants feeling of an
intelligent robot. Therefore, the interview was guided by the following research
questions:

– RQ1: What are participant’s expectations towards a collaborative robot-
arm?

– RQ2: Which communication methods are requested by the participants?
– RQ3: Which characteristics make the robot-arm appear as an intelligent

system?

2 Study Setup and Procedure

The study involved 9 participants, with 3 assigned for each of the 3 conditions.
Every condition consisted of 2 males and 1 female participant. All of them were
students recruited from the University of Applied Sciences Ruhr West (Bottrop,
Germany). A purposive sampling was chosen according to preselected criteria e.g.
age, gender, experience with robots, technical expertise and previous knowledge
in manufacturing work. Each condition contained a virtual software agent driven
robot-arm, capable of autonomously reacting to the participant’s input and col-
laborating with them. The conditions differed only in the way the virtual robot
communicated its actions to the participants, based on suggestions found in prior
Human-Robot interaction related studies [3,8,13]. The first condition contained
generic text instructions (e.g. “component is removed”, “task successful”) placed
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right next to the user (Fig. 1(A)). The second used instructions written in first
person (e.g. “I am now placing the component into the container”), adapted from
the natural communication pattern established by voice assistants (Fig. 1(B)). In
the third condition the robot merely relied on gestures to communicate its inten-
tions to the user (Fig. 1(C)). Participants were given 10 minutes to collaborate
with the robot in an assembling task, self-determining working speed, procedure
and coordination with their robot partner. Afterwards, each participant received
a debriefing and was interviewed.

Fig. 1. The 3 conditions from left to right: (A) generic instructions condition, (B)
personalized instructions condition, (C) gestures condition

The interviews were conducted with each participant individually after the
interaction with the system. The interviews took place in a prepared seating area,
enabling participants a more comfortable environment for the interrogation. A
total of 7 predefined questions helped to structure the interview (Table 1). The
questions were derived from the already stated research questions. During the
interview, participants were encouraged to voice their thoughts and explain their
answers in detail. For analyzing purposes, all interviews were audio recorded
and transcribed. On average, the time spend with the participants was about 20
minutes. The interview language was German, thus all quotes were translated for
this paper. Transcribed answers were categorized along the research questions.

3 Findings

This section presents the main themes which emerged during the conducted
interviews and the subsequent data analysis.
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Table 1. Questions asked in the qualitative interview.

No. Question

1 How did you feel about the cooperation with the robot?
2 What expectations towards a robot do you have, if you have to work with

it?
3 Which forms of communication of the robot did you perceive?
4 What additional forms of communication would you wish for, if you had

to work with the system?
5 What characteristics would you assign to the robot?
6 Which aspects of the robot did you find unpleasant?
7 Which characteristics would the robot have to have for you to perceive it

as an intelligent system?

3.1 RQ1: What Are Participant’s Expectations Towards
a Collaborative Robot-Arm?

Across all conditions, participants from both genders stated that the competence
(the robot knows its task and knows what to do) of the robot-arm is a crucial
factor for a successful collaboration. Also, they referred to aspects of uncertainty
avoidance, in highlighting the importance of a) reliability (no need to control the
robot, it reliably does its job) and b) trust (does not hurt people). The ability
to work independently is a recurring theme stated by the participants.

“That he does the tasks he’s supposed to do, that I don’t have to work beyond
my assigned tasks. Above all, he must be competent and reliable, so that I don’t
have to constantly keep an eye on if the tasks were being completed. I have to
know that I only have to do my part”

(female participant no. 2, gestures condition)
“I expect that I can trust the robot to do his job competently. Also that he can

work independently”
(male participant no. 2, personalized instructions condition)
“So the main criteria is that I can trust the robot to do its job. But also that it

can work independently. That he doesn’t hurt me and that everything is working
smoothly”.

(male participant no. 1, generic instructions condition)
Further quotes gathered from other participants corroborate the shared

expectation of a robot-arm that is capable to conduct the instructed task, min-
imize or prevents failures and decreases workload for the person that is collab-
orating with it. The theme of competence was put forward by all participants,
independent of the condition or prior exposure with robots. One aspect on the
perceived competence that is associated with the robot is the communication,
covered by the second research question.
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3.2 RQ2: Which Communication Methods Are Requested
by the Participants?

Although participants exposed to the condition with the personalized text output
(condition B) stating the robot’s intentions) rated the collaboration process more
favourably than participants from other conditions, additional ways for the robot
to express itself such as light signals were recommended.

“I only recognized the text output as a communication form there and that he
also waits for me if I haven’t done something yet. I would like to have a color
signal, a light or something similar, directly on the robot. I always had to look
back and forth between the text field and the moving robot. The robot and the text
was not in my field of vision and forced me to look back and forth between them.
A control lamp, like a traffic light on the robot, yellow, green, red, so that you
know the next step is due. Then I would find it easier to work with the robot”.

(male participant no. 3, generic instructions condition)
In addition to criticising the monitors’ location that forced participants to

continuously shift their view between the robot-arm and the text, participants
commented that the monitor displaying the text should be placed in vicinity of
the robot-arm.

“I had not associated the text instructions directly to the robot. I think it would
help if the text was written as if it came from the robot itself. For example, I do
this and that instead of the robot does this and that. Also the monitor should be
directly in front of the robot, so you can see both at the same time. Then it also
looks like the statement is coming directly from the robot”

(male participant no. 2, generic instructions condition)
The implementation of gesture based communication (condition C) turned

out unfavourably as no consensus in the interpretation of the meaning emerged
among participants. The only gesture that was uniformly recognized was the
termination of motion, once the robot-arm detects that the participant approx-
imates to close for safe operations.

“I wasn’t paying attention directly at it. But there were certain movements
where he didn’t go directly to the component but hinted at something. But I can’t
tell you exactly what it meant.

(male participant no. 3, gestures condition)
“I could not recognize gestures. I only noticed sometimes that the robot came

unnecessarily far forward, what that means I don’t know. But what was clear was
that I should not get too close to the robot”.

(male participant no. 1, gestures condition)
“I did not really notice any gestures apart from that I just tested if it would

stop when I put my hand in its way and it did. So when you put yourself in
danger, that it stops and waits. If you take your hand away, it continues”.

(female participant no. 2, gestures condition)
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3.3 RQ3: Which Characteristics Make the Robot-Arm Appear
as an Intelligent System?

Independent of the condition, most participants stated that the robot-arm adapt-
ing to actions outside of the procedure is the greatest indicator for intelligence.
The variety of descriptions of intelligent behaviors ranged from a) adaptation,
in the sense of compliance with predefined rules, b) a reflection-based reaction
and self-determined selection of behavior and c) showing signs of spontaneous
behavior outside of parameters.

“The robot must be able to cope with unforeseen events. That would be a form
of intelligence for me. But just that it can tell when you get too close and it stops,
shows a representation of logic. That the robot not stubbornly does something,
but that it constantly evaluates its environment and acts according to it”.

(male participant no. 2, personalized instructions condition)
“For me to call the robot intelligent it would have to show some form of spon-

taneity. Spontaneity in the sense that the robot does not work with predetermined
steps but can react to new situations”

(male participant no. 1, personalized instructions condition)
Occasionally, participants were unsure whether or not the robot-arm needs

some sort of intelligence. While others stated that the impression of intelligence
is linked to human like characteristics such as the presence of a face. Thus, the
perception of the robot-arm as an intelligent system can be evoked by adjusting
the way it communicates.

“An intelligent system, mmmh difficult question. Well, I couldn’t say at this
point if the robot is intelligent or not. Overall, it did the tasks it was designed to
do. I don’t think there’s any need for more intelligence”.

(male participant no. 1, generic instructions condition)
“Sounds a bit cliché, but maybe the robot should have a face. Of course, in

terms of an industrial scenario, I don’t know. I got the instruction through this
text box. Maybe it just needs to be designed differently to relate better to the robot.
That probably changes the perception of intelligence as well”.

(female participant no. 3, generic instructions condition).

4 Discussion

The gathered data from the qualitative interviews delivered valuable insights in
the expectations people might have for a HMC scenario involving AI-enhanced
industrial robots and was a first step for determining the communication design
of the robot, which was at that time under development. It also shows the diverse
requirements for such a system to be faced in order to be accepted by people.
Minute aspects in the communication design determine the perception of the
robot and can possibly repell people, fueling existing negative attitudes towards
the robot. This is especially prevalent in non anthropomorphic robot represen-
tations, which are generally perceived as more cool and dismissive compared to
their android counterparts [10]. A major factor for the concept of HMC is the
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execution of the work by both parties as equal partners. For this reason it was
necessary to investigate, at what degree the participant would qualify the system
a form of intelligence. A convergence can be made on spontaneous reactivity, as
the majority of participants valued it, apart from the actual competence on the
task, as the highest indicator of a intelligent system. Although such high expec-
tations a difficult to meet in terms of technical implementation, the impression
of such reactivity can be made by adding more and refined communication inter-
faces (i.e. the light signals, visual feedback along the text output). Apart from
safety precautions for collision avoidance, the usage of gestures turned out not
effective enough as a communication basis in such a scenario. However, there
are some limitations to the results, the limitations of the study are needed to be
acknowledged. As previously stated, the majority of participants that formed the
sample consisted of students recruited from the University of Applied Sciences
Ruhr West. Even tough, the sample does not represent the overall population,
the composition of the sample was cast from diverse technical backgrounds,
offering wide range from no prior exposure and knowledge of robotics and AI-
systems to expert level. Also, the sample size is small and, although this could
lead to inadequate depth for collecting data, the interviews indicated repeat-
ing concepts without new emerging themes. Additional HMC scenarios with a
diverse range of tasks remain to be explored in further studies and should help
continuously refine the communication capabilities of the robot in order to meet
user expectation and supplying an effective way for collaborative work.

5 Conclusion

The ongoing digitalization of the industrial working environment is in full motion
[5]. It is expected that this will have a major influence on the workforce, as
it is not only introducing new production processes but also new concepts of
how employees interact with machinery such as robots [6]. Through continuous
advancements in artificial intelligence and machine learning algorithms, the con-
cept of equal collaboration between human workers and robotic entities is not
some far-fetched vision of the future anymore [1]. However, the implications that
such a major shift in sociotechnical systems will bring, have to be investigated.
Results of this exploratory interview study will be taken into account, i.e. adding
light signals and shifting the communications display in vicinity of the robot,
to enhance future VR-based HMC studies that will explore different working
arrangements.
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Chounta, M. J. Rodŕıguez-Triana, and T. Inoue, Eds. Cham: Springer Interna-

tional Publishing, 2020, vol. 12324, pp. 20–34.

Author Contribution %

Alexander Arntz - Conceptualization of the approach 70%

- Implementation of the VR application

- Conduct of the experimental study

Sabrina C. Eimler - Supervision 15%

- General advice for the study design

H. Ulrich Hoppe - General supervision 15%



Augmenting the Human-Robot
Communication Channel in Shared Task

Environments

Alexander Arntz1(B), Sabrina C. Eimler1, and H. Ulrich Hoppe2

1 Institute of Computer Sciences, University of Applied Sciences Ruhr West,
Bottrop, Germany

{alexander.arntz,sabrina.eimler}@hs-ruhrwest.de
2 Department of Computer Science and Applied Cognitive Science,

University of Duisburg-Essen, Duisburg, Germany
hoppe@collide.info

Abstract. Adaptive robots that collaborate with humans in shared task
environments are expected to enhance production efficiency and flexibil-
ity in a near future. In this context, the question of acceptance of such
a collaboration by human workers is essential for a successful implemen-
tation. Augmenting the robot-to-human communication channel with
situation-specific and explanatory information might increase the work-
ers’ willingness to collaborate with artificial counterparts, as a robot that
provides guidance and explanation might be perceived as more cooper-
ative in a social sense. However, the effects of using different augmenta-
tion strategies and parameters have not yet been sufficiently explored.
This paper examines the usage of augmenting industrial robots involved
in shared task environments by conducting an evaluation in a virtual
reality (VR) setting. The results provide a first step towards an itera-
tive design process aiming to facilitate and enhance the collaboration
between human’s and robot’s in industrial contexts.

Keywords: Human-Robot Collaboration · Virtual reality ·
Augmentation · Shared task

1 Introduction

Human-Robot Collaboration (HRC) is a promising approach for future industrial
production [6] with settings in which human workers and robots work together
to achieve a common goal, e.g. an assembling task. The idea is to make pro-
duction cycles more adaptive, as HRC combines the precision and endurance
of industrial robots with the intuition and experience-based decision-making of
human workers [22]. While current implementations of this concept delegate
the control over the robot to the employee, it is anticipated that robots will
be able to act in more adaptive and autonomous ways. This shifts the working
relationship from the human operating the robot as a tool, to a shared task

c© Springer Nature Switzerland AG 2020
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environment where both parties act collaboratively and contribute specialized
skills [8]. However, there are currently no established concepts how these shared
task environments involving autonomous robots can be augmented to ensure the
acceptance and willingness to collaborate with them. It is assumed that a robot
augmented with the capabilities to explain its actions and guide through objec-
tives can diminish the level of uncertainty and contribute to the prevention of
stress [23]. Results from a preceding study revealed three augmentation chan-
nels desired by the participants: Text-panel, light signals and gestures. Related
studies omit the aspect of augmentation channels to inform the human about
its characteristics [21,25] and an effective concept to reduce the occurrence of
uncertainty and subsequently stress has yet to be explored. This paper evaluated
the implementation of augmentation channels for communicating the behavior
of an autonomous robot in an authentic VR simulated shared task environment
to explore its effects on stress, emotion, presence and acceptance.

1.1 Shared Tasks in Virtual Reality

Involving autonomously acting and adapting robots in a real world shared task
environment requires the elaboration of setups that consider restrictive safety
precautions to prevent potential harm for participants. The usage of VR provides
an alternative approach for evaluating these scenarios as a risk free and cost
effective setup in which every parameter can be adjusted to fit the context.
Due to this, evaluations involving shared task environments with robots can be
standardized in their procedure while monitoring and recording data. Therefore,
a VR simulated HRC-centered work-place was created allowing the exploration
of human behavior towards collaborative robots and (dis)advantages of certain
workplace arrangements in a controlled and replicable setup. Virtual reality has
been used in research of industrial working arrangements [21,24], as it allows the
representation of any environment, object or context. Nevertheless, the usage
of VR in experimental studies requires an appropriate implementation of the
interaction and locomotion mechanics as well as a sufficient visual quality to
ensure the immersion of the participants, which is necessary to receive accurate
behavioral data. To ensure this, the application utilized in this experimental
study, used the established recommendations and guidelines for VR.

2 Related Work

Studies investigating the collaboration between human individuals have identi-
fied group cognition as an essential criterion for success [13]. The term, proposed
by Wegner [34], describes a transactive memory system that contains the shared
and organized knowledge of a group of collaborating individuals. Research indi-
cates [29] that the formation of a common mental model, developed through
exchange of information, can reduce uncertainty in the decision-making process,
as it improves the understanding of individual roles, responsibilities and task
distribution [5]. Additionally, findings indicate that the insufficient or inappro-
priate addressing of information in a collaborative context reduces the likelihood
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of comprehension about the current context of the task or situation [10], leading
to an increased mental workload that can be perceived as stress [1]. Applied
to the human-robot interaction, the necessity to explain the robot’s current
behavior to the human in order to establish a mental model has been recog-
nized [16]. This is amplified when the interaction is conducted with a robot of
non-anthropomorphic appearance [11]. Most applications involving automation
related shared task environments will make use of industrial robots following
an expedient non-anthropomorphic design, so that the individual’s ability to
recognize the robot’s agency becomes more important. This is reinforced by par-
ticipants’ interview statements in a preceding study, suggesting that augmenta-
tions by interfaces providing guidance and explanation of the robot’s behavior
might mitigate stress. Actions of the robot might become more predictable and
allow the human to intervene accordingly to ensure accomplishing the goal of
the shared task [2]. The robot’s ability to provide explanation and guidance is
not only beneficial for conveying its current behavior, research exploring human-
robot interaction indicates that it also lowers the barrier for individuals to per-
ceive it as a social presence [15]. The social presence has been identified as
a direct contributor to a person’s enjoyment of interacting with a robot. The
experience of less stress, combined with the increased likelihood of perceived
social presence should lead to more positive emotions or lower levels of negative
emotions (frustration, insecurity) evoked by the robot respectively.

Working steps that are processed in shared task environments can be either
divided, overlapping or interdependent, resulting in the human employee to rely-
ing on the capabilities of the robot partner for a successful completion. This
dependency forms a social structure, which can be either be accepted or rejected
by the human. Prior research has shown the influence of the robot’s presence
for human willingness to interact with it in social contexts [4]. Presence in this
context is defined as the “sense of being with another” [28] and, according to
Biocca, manifests itself as “the access to the intelligence, intentions, and sen-
sory impressions of another” [7]. While the robot’s presence is determined by
several factors, its representation mediated through behavior and appearance
contributes the most. Non-anthropomorphic designs commonly found in HRC
related industrial environments evoke less presence than their anthropomorphic
counterparts [17]. However, it has been shown that the influence of physical
appearance is mitigated when personified communication channels are applied,
as even systems without physical manifestation can be perceived as a social
actor [26]. However, the influence of augmentation with explanation and guid-
ance capabilities in shared task environments has yet to be explored.

2.1 Hypotheses and Research Question

To further explore the effect of explanatory and guiding augmentation in shared
task environments with non-anthropomorphic robots, the following hypotheses
and research question were formed:

– H1:The shared task procedure involving the augmented robot-arm is perceived
as less stress inducing compared to the condition without augmentation.

47



Augmenting the HR Communication Channel in Shared Task Environments 23

– H2: The shared task with the augmented robot-arm evokes more positively
associated emotions compared to the condition without augmentation.

– H3: The augmentation with explanation and guidance channels increase the
(social) presence of a robot-arm deployed in a shared task environment.

3 The VR Implementation

The VR-application that serves for the conducted experiment was developed
with the goal to replicate a HRC centric workplace as close as possible. It is
based on arrangements found in the industry, scientific articles [30] as well as
findings acquired in a preceding study [2]. Remarks made by various represen-
tatives of enterprises that either use or anticipate to use HRC work-spaces were
also incorporated into the design of the environment, i.e. the arrangement of the
robot-arm or the ambient soundscape. The VR-application was rendered on an
Oculus Rift S and developed with Unity 3D (2018.4.11f1). The robot-arm for
the collaboration with the participants was represented by the virtual recreation
of a LBR iiwa 7 R800 CR. The behaviour of the robot-arm was determined
by an implementation of the Unity Machine Learning-Agents Toolkit, enabling
the execution of the work procedure and adaptation to the participant’s actions
with appropriate reactions in accordance with the ISO TS 15066 guidelines for
collaborative robots. Apart from adjusting to the individual work-pace of the
participant, this included safety precautions, such as the detection of immi-
nent collisions with the virtual hands of the participant, which resulted in the
robot-arm either slowing down and adapt its movement to avoid a potential col-
lision. If the collision is deemed unavoidable, the robot-arm will cease its current
motion to protect its human collaboration partner. Although the protection of
the human partner is regarded as the highest priority, the latter option is only
considered if no alternative evasion is possible. This was implemented to mimic
the desire to prevent unnecessary wear on the axis of real industrial robots, due
to absorbing the momentum of sudden deceleration. This adaptive movement
system prevented the usage of predefined animations, instead the robot-arm
used an inverse kinematic system and was able to conduct every action of its
real counterpart in terms of speed and movement in seven degrees of freedom,
enabling an authentic depiction in virtual reality.

3.1 The Shared Task

The task to be performed in collaboration with the robot-arm involved the man-
ufacturing of pin-back buttons through a Badgematic Flexi Type 900 (59 mm)
Button-press, which was accurately recreated for VR in terms of scale and inter-
active functionality (Fig. 1). This setup provided a shared task that demanded
the coordination between the participant and the robot with distinguished roles
as well as an inter-dependency for both parties on each other to accomplish the
objective. Simultaneously the relative simplicity of the task allowed even partic-
ipant’s without prior knowledge to establish a workflow based on the guidance
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Fig. 1. The Badgematic button-press Flexi Type 900 (59 mm) that was used as the
basis for the collaboration task

Fig. 2. The robot-arm extracts a component from one of the storage container while
stating: “I pick up the first component”
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provided by the robot’s augmentation channel. The assembling process of the
pin-back buttons itself required nine individual working steps (Table 1), which
are divided in five procedures executed by the participants and four by the
autonomously working robot-arm (Fig. 2).

Table 1. The collaboration procedure used in the experimental setup.

Working procedure of the participant Work step

Participant rotate and lock the press platform 2

Participant operate the press lever 3

Participant rotate and lock the press platform 6

Participant operate the press lever 7

Participant rotate and lock the press platform 9

Working procedure of the robot-arm Work step

Robot extract component 1 from its container and inserts into the press 1

Robot extract component 2 from its container and inserts into the press 4

Robot extract component 3 from its container and inserts into the press 5

Robot extract product from the press into the designated container 8

3.2 Augmentation Channels of the Robot-Arm

To explain its actions and provide guidance to the participants, the robot-arm
was equipped with three communication interfaces: A text-panel, light-signals and
gestures. All three augmentation channels were implemented based on findings
from a prior study [2] (Fig. 3(a)). The primary channel was a text-panel, serv-
ing both as medium for the robot-arm to explain its actions as well as to pro-
vide guidance for the collaboration partner regarding the working procedure. The
statements were phrased as a text in natural language, e.g. “I’m gonna put com-
ponent two in the press now”. This implementation follows the recommendations
stated in the Guidelines for Human-AI Interaction and allowed the robot-arm to
express a variety of comprehensible context-based statements. The phrasing in
first-person form was derived from the speech pattern of several voice assistants,
such as Amazon Alexa, emulating a personality to reinforce the social presence
of the robot-arm. The display containing the text-panel was placed directly in
front of the robot to strengthen the association of the statements to the robot-
arm. This was emphasized through an illustration of the robot-arm adjacent to
a speech-bubble, containing the text-messages (Fig. 3(b)). An additional display
was placed right next to button-press, indicating warning signs for imminent colli-
sion (Fig. 4(a)) or movement (Fig. 4(b)) and production related information such
as production output and remaining time. To complement the augmentation of
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the display, the robot-arm was equipped with light-signals. Besides being a fre-
quently requested communication method by individuals participating in a pre-
ceding study [2], light-signal see usage in almost every industrial environment,
e.g. as lamps that light up in case of malfunctions or warnings. These light-signals
can be found as augmentation in vicinity of real industrial robots as well, explain-
ing the state of the robot at a glance. A green light indicates that the robot is
ready for operation, whereas a red light indicates possible malfunctions. This con-
cept was projected onto the robot-arm which signalled a green light (Fig. 5(a))
when operational for the next task and red (Fig. 5(b)) if the robot detected an
imminent collision or error in the working procedure (Fig. 4). Another augmenta-
tion, that enabled the robot-arm to explain itself, was the usage of three gestures:
standby, action initiating, action termination. The design of gestures followed rec-
ommendations stated by [12], after a first self designed implementation was rated
to ambiguous by participants [2]. The standby gesture made the robot-arm take a
retracted posture, signaling the human collaboration partner that the robot-arm
has accomplished its previous task and is now awaiting the human to proceed. In
case the human partner ceases to continue the procedure, the robot-arm conducts
an action initiating gesture and points towards the object that is required to be
operated for the next working step. The opposite of this is an action terminating
gesture, in which the robot-arm rotates its head joint to mimic a negating hand
gesture with its clamps. These gestures were absent in the condition with no aug-
mentation, in which the robot-arm merely moved and took an arbitrary position
based on calculations of the inverse kinematic for the current task instead. The
purpose of the gestures was to enable the robot-arm to fit its movement in accor-
dance to social norms, regarding personal space and conformity [19], preventing
abrupt movement that was deemed threatening in a prior rendition.

Fig. 3. A comparison between the two conditions: (a) The robot-arm without augmen-
tation, (b) The guidance provided by the robot-arm: please use the lever!

51



Augmenting the HR Communication Channel in Shared Task Environments 27

Fig. 4. Display with additional explanation: (a) Attention! Robot too close, (b) Cau-
tion! Robot is moving

Fig. 5. The light-signal on the robot-arm: (a) green for operational, (b) red for collision
or malfunction (Color figure online)

4 Evaluation

In an experiment, reactions by participants and the evaluation of the augmented,
adaptive version of the robot-arm, were compared with a non-augmented, adap-
tive version of the robot-arm. Participants were tasked to assemble pin-back
button components in collaboration with the robot-arm. In the experimental
condition the robot-arm was augmented with a text-panel, light signals, and
gestures, giving guidance and explanations to the human collaboration partner
about its actions, whereas in the second condition, the communicative augmen-
tation of the robot was absent.

4.1 Measures and Procedure

Participants were invited to take part in a lab experiment. Upon arrival, they
signed an informed-consent declaration after going through a briefing about
the experiments’ purpose. Participants were then asked to fill in the a pre-
questionnaire including the Negative Attitudes Towards Robots Scale [27].
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The scale contains 3 subscales measured on a 7-point Likert scale (1 = strongly
agree, 7 = strongly disagree): “situations and interactions” (5 items, α = .633;
e.g. “I would feel nervous operating a robot in front of other people.”), “social
influence” (5 items; α = .781; “I feel that if I depend on robots too much, some-
thing bad might happen.”); “emotions in interaction” (3 items; α = .859; e.g.
“I feel comforted being with robots that have emotions.”). Since prior experi-
ence with industrial robots showed to be important in other studies, it was also
assessed with 1 item here (“Do you have experience with robotic systems”).

After completion, they were introduced to the VR-hardware: The indus-
trial environment with the robot-arm absent was loaded to allow participants a
first orientation in the virtual environment and get accommodated to the VR-
experience. The scene switched then to the work bench with the robot-arm,
which began the procedure at participant’s will.

Once the collaboration task was finished, the experimental supervisor
released the participant from the VR-hardware and promoted him/her to pro-
ceed to the post-questionnaire. The post-questionnaire contained Cohen’s Per-
ceived Stress Scale (10 items; α = 0.827) [9] (H1). Participants rated their emo-
tional state using the respective question on the intensity of their frustration
(“How insecure, discouraged, irritated, stressed, and annoyed were you?”) from
the NASA Task Load Index (H2) after they were exposed to the shared task
scenario (H2) [14].

To evaluate the robot’s presence in a the “sense of being there” (H3), 14
items from the Witmer and Singer’s Presence Scale were used [35]. Using a 5-
point Likert scale (1 = does not apply at all, 5 = does apply completely), the
scale asks into different aspects of presence, e.g. realism, possibility to act, quality
of interface and possibility to examine (α = .636). Social presence, in the sense
of “being with one another” (H3) was operationalized by self-constructed items
assessing participants’ evaluation of the quality of the augmentation channels
(4 items, α = .853; e.g. “The robot’s light-signals were...”) and mutuality in
interaction (3 items; α = .836). All items were measured on a 5-point Likert
scale (1 = very bad; 5= very good).

The experiment closed with a short debriefing that provided participants
with additional information regarding the study and thanked them for their
participation.

4.2 Results

The sample consisted of N = 80 (40 female), with 40 participants assigned to
each of the two conditions. Both conditions consisted of 20 male and 20 female
participants. On average, participants were 25 years old (M = 25.31, SD =
6.1). The majority of participants were students from the University of Applied
Sciences Ruhr West, 6 of them received course credit for participating in the
study. Data were analyzed using SPSS by IBM.

In order to test whether the participants allocated into the different exper-
imental conditions differed in their attitude towards robots before taking the
experiment, a t-test was used to investigate the difference in Negative Attitude
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Towards Robots. No significant difference was found. Also, participants in the
conditions did not report significantly different levels of prior experience with
robots.

Hypothesis 1: The shared task procedure involving the augmented robot-arm
is perceived as less stress inducing compared to the condition without augmen-
tation.

In order to test H1, an ANCOVA was conducted, using the conditions as inde-
pendent variable, the Perceived Stress Scale as dependent variable and the mutu-
ality and communication quality as covariates. Significant differences between
the conditions emerged (F (3,78) = 14.93, p < 0.01, η2

p = 0.37), showing that in
the augmented condition (M = 2.15, SD = 0.70) participants experienced less
stress than in the non-augmented condition (M = 2.86, SD = 0.6). Thus, H1 is
supported.

Hypothesis 2: The shared task with the augmented robot-arm evokes more
positively associated emotions compared to the condition without augmentation.

To investigate H2, the difference between the conditions regarding the frus-
tration (i.e. insecure, discouraged, irritated, stressed, and annoyed) after col-
laborating with the system was calculated in a t-test. This revealed significant
differences t(78) = −3.396, p = .001), indicating more negative emotions after
being exposed to the robot-arm without augmentation (M = 9.9, SD = 5.28),
compared to the augmented condition (M = 6.05, SD = 4.85). Thus H2 is sup-
ported.

Hypothesis 3: Does the augmentation with explanation and guidance channels
increase the (social) presence of a robot-arm deployed in a shared task environ-
ment?

An ANOVA showed that presence in the “sense of being there” in the envi-
ronment differed significantly between the conditions (F (1,37) = 6.07, p < 0.02,
η2

p = 0.08). The feeling of presence was higher in the condition with the aug-
mented robot-arm (M = 4.73, SD = 0.55) compared to the robot-arm without
augmentation (M = 4.34, SD = 0.66). To explore potential differences in the
social presence feeling (“sense of being with another”), a MANOVA was con-
ducted including the conditions as independent and perceived quality of com-
munication and mutuality in interaction as dependent variables. The perceived
quality of communication differed significantly between the conditions (F (1,77)
= 55.06, p < 0.01, η2

p = 0.41)) and was higher in the augmented version (M =
3.86, SD = 0.65) compared to condition without augmentation (M = 2.54, SD
= 0.91). Also, mutuality was perceived significantly different (F (1,77) = 14.41,
p < 0.01 η2

p = 0.16) and higher in the condition with the augmented interac-
tion (M = 4.89, SD = 1.3) than without (M = 3.74, SD = 1.39). Thus, H3 is
supported.

5 Discussion

The importance of communication in collaboration setups between human indi-
viduals is already established [33]. This experimental study explores the influence
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of communicative augmentation in HRC. Results indicate that communication
in this context is essential as well and can lead to an increased (social) presence
in interacting with the robot-arm, a less stressful working experience and more
positive emotions. This can be attributed to the robot-arm informing its inten-
tion unambiguously coded via multiple channels, thus supporting the formation
of a clear mental model in the recipient [32]. The latter is then able to process
the situation and can adapt to the working step conducted by the robot-arm.
In contrast, participants of the condition without the augmentation were left to
their own interpretation of the situation, due to the lack of the communication
interface. This introduces a level of uncertainty into the collaboration process
that can lead to stress. Since the majority of participants had no previous experi-
ence with industrial-robots, let alone HRC, which might lead to a longer learning
process on the capabilities of the robot-arm and the procedure. It can be argued
that this delayed or, in some cases, prevented the emergence of a work-flow,
resulting in the likelihood of unpleasant feelings and a lower willingness to col-
laborate with the robot-arm. This coincides with the qualitative data reported
in an adjacent study [2]. Although it can be argued that the differences between
the conditions are due to the first exposure to a robot-arm, thus denying the
necessity of augmentation in HRC for skilled workers in a corresponding situ-
ation. Despite the building of a working routine in learned working procedures
certainly will help to estimate the behavior of a collaborative robot, the use of AI
techniques for adaptation introduces an element of unpredictability. Although
more presence was attributed to the robot, the additional layer of presence from
the virtual reality has to be considered. Especially novice users tend to experi-
ence a greater sense of presence during their first exposure, independent of the
content. However, both groups were comparable in their prior experience with
VR-devices and participants still attributed more presence in the augmented
condition. While an argument can be made that the effects are caused by the
selected conditions representing two opposite extremes (all vs. none) of a spec-
trum of gradual augmentation, it is to mention that the current guidelines used
in HRC environments dictate the usage of warning and information channels that
are coded through multiple channels [18]. However, a more granular approach,
testing the augmentation step wise, could be of interest in future studies. The
current guidelines might adjust with technological progress as the introduction of
artificial intelligence should equip robots deployed in shared task environments
with sophisticated safety procedures, making current regulations obsolete. All in
all, future studies will also need to explore long-term effects, e.g. whether work-
ers will get used to text panels, light signals and gestures and might disregard
them.

5.1 Limitations

Finally, some limitations need to be mentioned. While a great effort was made,
to create an authentic virtual application for the HRC setup, its simulation
is only an approximation of a real industrial collaboration scenario. However,
related studies made use of virtual simulations in similar cases [21]. Research in
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the tradition of the Media Equation Theory allows the assumption that humans
respond to virtual environments in a way that is comparable to real life sit-
uations [31]. Also, VR is accepted as a tool to assess participants’ reactions
and emotions by exposing them to simulated scenarios [3]. The task used in
the experimental study can be seen as a limitation as well, considering that it
does not represent a procedure found in a real industrial context. Although, this
task is not applicable to all aspects found in shared task environments, alter-
native considerations, e.g. the assembly of a spring-loaded safety valve, based
on the API 526 series [20], have shown to be too complex for many people as
they require too much previous knowledge and therefore are not suitable for a
first approach of this kind. To get a general evaluation of the collaboration with
the augmented robot-arm, a task was selected that allowed the participation of
individuals regardless of expertise. This approach can be found in other HRC
related studies as well [25]. Another limitation is the composition of the sam-
ple. Since most participants were students at the University of Applied Sciences
Ruhr West, an affinity towards engineering can be assumed that might be higher
than that of the general population. Although these students are currently not
occupied in industries prone for HRC, some of them are likely to become exposed
to HRC in the future or to be active in designing such scenarios. This makes it
valuable to collect their assessment for the design of upcoming HRC setups, to
meet the expectations towards such systems.

6 Conclusion

The augmentation of industrial production processes with digital systems is in
full motion. It is expected that this will have a major influence on the workforce,
as it is not only introducing new production processes but also new concepts
of how employees interact with machinery such as robots. Through continuous
advancements in artificial intelligence, the concept of equal collaboration between
human workers and robotic entities is not some far-fetched vision of the future
anymore. The results support the necessity for augmentation with communi-
cation channels in these adaptive HRC setups, as they allow for a decreased
perceived stress and frustration when collaborating with the robot and con-
tribute to the feeling of working together with the robotic collaboration partner.
The implication for the industry is to design future work-arrangements involv-
ing HRC with communication based augmentation in mind. Future studies will
need to explore further augmentation methods, levels and modalities of aug-
mentation and their influence on productivity and safety. This will contribute to
an integrative iterative design process, with the goal to reduce unfit work-place
arrangements involving HRC in future production processes.
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Abstract—The usage of AI enhanced robots in shared task
environments is likely to become more and more common with
the increase of digitalization in different industrial sectors. To
take up this new challenge, research on the design of Human-
Robot-Collaboration (HRC) involving AI-based systems has yet
to establish common targets and guidelines. This paper presents
results from an explorative qualitative study. Participants (N
= 80) were either exposed to a virtual representation of an
industrial robot-arm equipped with several augmentation chan-
nels for communication with the human operator (lights, textual
statements about intentions, etc.) or one with no communicative
functions at all. Across all conditions, participants recognized
the benefit of collaborating with robots in industrial scenarios
regarding work efficiency and alleviation of working conditions.
However, a communication channel from the robot to the human
is crucial for achieving these benefits. Participants interacting
with the non-communicative robot expressed dissatisfaction about
the workflow. In both conditions we found remarks about the
insufficient speed of the robot-arm for an efficient collaborative
process. Our results indicate a wider spectrum of questions to
be further explored in the design of collaborative experiences
with intelligent technological counterparts considering efficiency,
safety, economic success and well-being.

Index Terms—Human-Robot Collaboration, Virtual Reality,
Augmented Communication, Shared Task, Artificial Intelligence

I. INTRODUCTION

The increasing digitalization of industrial production pro-
cesses lays the foundation for the intertwining of highly
automated manufacturing procedures and personnel. With the
intention to make these processes as economical and efficient
as possible, AI-based systems will be widely used [1]. Among
many concepts for the usage of AI in production scenarios is
the implementation of Human-Robot Collaboration (HRC) [2].
In contrast to the approach of full automation, the concept of
HRC does not intend for the machine to replace the employees

but to supplement their abilities, relieve them of stressful or
heavy work or to enable them to carry out work, which they
could not do on their own [3]. The goal of HRC is to combine
the experience and intuition of the human personnel with
the precision and performance of the robot. This requires the
capability of the robot to adapt to the actions of the human,
e.g. adjusting the speed to ensuring a seamless workflow.
Additionally, the intention and coordination indicated by the
robot have to be communicated to the human collaboration
partner [4], especially by robots with a non-anthropomorphic
appearance [5]. While prior research presented augmentation
channels for communication [6], e.g. gestures [7], enabling a
robot to state its intention, the assessment of autonomously
acting industrial robots augmented with multiple communi-
cation channels in shared task environments has not been
addressed in research. However, the media equation prin-
ciple [8] indicates that the collaboration process with the
robot provokes an intuitive social reaction of the human,
which should be considered in the system design process by
providing corresponding communicative elements. Although
HRC is a growing research field, a general conceptional
basis on how to approach collaboration scenarios in industrial
contexts has yet to be established [9]. This is in part due to
the complexity of such collaboration arrangements, requiring
expensive robots, sophisticated sensory and extensive safety
precautions. With the intention to create a reproducible setup
for experimental studies, the simulation of a shared task-
centered workplace was developed and presented in virtual
reality (VR). Based on the results of a predecessor study [10],
a virtual representation of an autonomous industrial robot-
arm, capable of communication (text messages, light-signals
and gestures) was developed and compared against its non-
communicating counterpart. In addition to the augmentation
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channels, the autonomous robot-arm was capable of adapting
to the work pace of the participants through the usage of the
Unity Machine Learning Framework [11]. This paper presents
qualitative data assessed in the context of a larger experimental
study. Participants reported their personal impression - along
a number of trigger questions - of an interaction with the
collaborative robot-arm in a shared task scenario represented
through VR.

II. WORKPLACE ARRANGEMENTS IN VIRTUAL REALITY

The usage of virtual simulations for the purpose of industrial
workplace assessment and HRC is already established in
research [12], [13], [14]. Due to the complex technological
requirements of HRC related studies and the potential safety
hazards for participants, VR offers a safe and reproducible
alternative in exploring human reactions towards collaborating
robots and their (dis)advantages. This is necessary, as the
introduction of AI-based robots for shared tasks environments
will influence the socio-technical structure of work-places
and production processes. To prevent unforeseeable effects
accompanying the usage of these systems, VR-based studies
can contribute to an iterative design process, assisting in
optimizing the behavior and procedures of robots used for
HRC [15]. Another advantage is the ability to quickly and
cost effectively evaluate different representations and behavior
of the robot in various (industrial) environments. Important
aspects to be considered are the proper implementation of
the VR-mechanics, as cumbersome interaction and insufficient
visual appeal will hamper the quality of participants’ ability
to assess the robot and the collaboration experience.

III. OBJECTIVE

While the assessment of robots in personal and recreational
contexts is an established research field known as Human-
Robot Interaction [16], the challenges of designing HRC,
especially in work related environments still persist [17].
Although several studies in this research field were already
conducted [18], [13], no common methodology for approach-
ing the design of these systems has yet emerged. Publications
addressing the design of industrial robots omit evaluations in
the form of empirical studies in most cases [19], while research
that contains empirical evaluation lacks the work-related con-
text [20]. This study investigates expectations and evaluations
of participants collaborating with the virtual representation
of the industrial robot-arm. As stated before, the behavior
in conjunction with the communication method is a crucial
influence on a person’s perception of the robot-arm. It is
therefore necessary to investigate which different benefits and
negative aspects are associated with the respective renditions
of the robot-arm featured in the experimental conditions. This
leads to the following research questions:

• RQ1: Which benefits and positive aspects do participants
perceive while collaborating with the robot-arm in the
shared task scenario?

• RQ2: Which aspects and behavior of the robot-arm
do participants consider negative during the shared task
scenario?

IV. STUDY

To evaluate participant’s assessment of a collaborative
robot-arm, two different conditions were compared. The first
condition contained the autonomously acting robot-arm, which
communicated its intentions and activities through several
communication methods. In the control condition, while using
the same setup of the working environment, the robot-arm did
not have any communication capabilities.

A. Environment

The VR-application was developed using Unity 3D
(2018.4.11f1) and presented by an Oculus Rift S head-
mounted display. The application contains a fully modelled
environment of a fictitious factory building. For immersion
purposes, ambient industrial sounds and a variety of appro-
priate props for this setting were placed into the scene. The
collaborative work-space, where participants interacted with
the robot-arm, is placed in the center and based on HRC work
arrangements found in manufacturing plants, literature [21]
and data gathered from a pre-study [10], as well as comments
made by industry representatives with experience in HRC.

The condition in which the robot was augmented with
communication interfaces, featured two additional displays:
One containing personalized text messages (“I am now picking
up the first component”) placed in front of the robot-arm, to
strengthen the association of the texts as statements from the
robot. The second informed the participants about objectives
and safety related topics, such as collision prevention (“Heads
up! Robot is too close”). Additional red and green light
signals on the robot complemented the warning signs. These
communication methods were chosen based on statements
made by participants from a pre-study and validated through
literature [10], [6].

B. Sample and Procedure

The collection of qualitative data to answer the research
questions was integrated into a larger experimental study
in which, on a quantitative level, a number of interaction-
related variables were explored [22]. The overall procedure is
outlined below. This paper, however, focuses on the qualitative
results only. In total, 80 participants completed the study
and 63 (79%) of them gave qualitative statements regarding
their experience with shared task involving the robot-arm.
Distribution between genders was equal with 40 male and 40
female participants with an average age of 25 (M = 25.31,
SD = 6.1). The majority of participants were students. Six
participants received course credits for their participation in
the study.
Upon arrival in the lab, participants signed a declaration
of consent and were briefed on the procedure. Afterwards,
they filled in a pre-questionnaire containing demographic
variables, prior experience with robots and the attitude towards
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robots. Subsequently, participants were introduced to the VR-
equipment, where they received instructions on how to control
the application. To enhance the hygiene for each session, dis-
posable masks were given to the participants, reducing direct
contact with the hardware. Once participants put on the VR-
device, the same virtual industrial area albeit with the robot
absent, was loaded. This was done to give participants time to
accommodate the VR-experience and get accustomed the con-
trols and mechanics. As soon as the individual participant’ felt
ready, the stimulus material containing the collaborating robot-
arm was launched. A blue button with a start label activated the
robot-arm. From there on, participants received the instruction
from a virtual display next to the press, to manufacture as
many components as they can in collaboration with the robot-
arm. A timer displayed a ten-minute time limit. As soon as
the time expired, participants were asked to take off the VR-
device and continue with the post-questionnaire. As part of
the post-questionnaire, participants provided assessments for
the following questions via open text boxes: In your opinion,
what benefits does the collaboration with the robot have in
this shared task context? and Which aspects of the robot do
you consider negative?

C. Assembling Task

For the purpose of creating a collaboration between the
human participant and the virtual robot-arm, it was necessary
to create a task with enough complexity where both shared
a dependency on the collaboration partner to succeed. At the
same time it was required that the task was uncomplicated
enough to be conducted by the autonomous robot-arm in VR
as well as without taxing inexperienced participants with real
industry assembling procedures. To provide comprehensible
task for novice participants, the authentic depiction of a virtual
pin-back button press was used. The functionality of the press
was realized through a custom hinge joint, which simulated
the lever functionality. A simulated resistance for the lever was
added, that changed its intensity based on a threshold angle to
mimic the necessary force for the participants to operate the
press. The rotary table of the press was implemented through
a rotator hinge and included a snap force for the table to lock
in place and a custom friction script implementation that used
the built-in physics system of Unity 3D. The task required
the sequential execution of 9 working steps [22], of which
five were performed by the robot and four by the human
and orientated its procedure along similar HRC studies [23],
[24]. The concept of this approach is to enable participants to
establish a workflow with the robot-arm through the sequential
process, while simultaneously containing enough leeway for
both the human and robot-arm to make mistakes that can be
potentially recognized and corrected by both parties.

V. THE ROBOTIC COLLABORATION PARTNER

The virtual industrial environment was outfitted with a
three-dimensional representation of a LBR iiwa 7 R800 CR,
manufactured by KUKA. The decision of depicting this model
in the VR-application was taken because of its common

usage in industrial assembly processes involving robots and
personnel. In order to ensure an authentic representation of
the robot-arm in VR, every characteristic was recreated in
detail according to the manual and the reference model. This
includes the audio and visual depiction of the robot, using
recorded sounds from the real model, as well as a true to
scale 3D-model. The robot-arm was placed on a table in front
of the simulated work place with a range of 800mm, allowing
it to reach every necessary item for executing the collaboration
task.

Performing tasks and responding to human input required
the robot-arm to be capable of movement. Although the rigged
3D-model could be outfitted with an animation controller,
predefined animations were no option. Due to the necessity of
an adaptive movement system that enables the robot to react to
user actions in order to accomplish tasks in the collaborative
process, an inverse kinematic was implemented based on the
characteristics of the robot-arm [25]. The inverse kinematic
was written in C# to be usable in Unity 3D and was designed
with all the capabilities and limitations of the real robot-
arm considered, allowing a close depiction of the movement
of the real robot-arm, equipped with 7 degrees of freedom.
Same as its real counterpart, the virtual depiction of the robot-
arm follows the safety of machinery guidelines described in
EN ISO 13849 and the safety requirements for industrial
robots found in EN ISO 10218-1 [26], [27]. In addition, the
autonomous behavior of the robot-arm, corresponds with the
ISO TS 15066 regulations for collaborative robots [28] and is
determined by a set of predefined rules and an implementation
of the Unity Machine Learning-Agents (ML-Agents) Toolkit
[29].

VI. THE COMMUNICATION AUGMENTATIONS OF THE
ROBOT-ARM

With the intention to improve the collaboration process
within the shared task setup, the autonomous actions con-
ducted by the robot-arm were required to be conveyed to the
participants. In order to provide guidance for the shared task
and explanation for the behavior of the robot-arm, the latter
was augmented with three communication interfaces based on
finding from a proceeding study as well as an adjacent study
[22]. The first consisted of a text-panel, which displayed in
first person language from the point of view of the robot-arm
the current action and the necessary user input to proceed the
shared task. The direct placement of the text-panel in vicinity
of the robot-arm was done, based on a prior study that revealed
that this arrangement strengthens the impression that these
statements coming from the robot-arm as an entity itself [10].
The second interface were light-signals emitted by the robot-
arm, in order to provide an affirmative response or warning
at a glance. This was realized a simple color coding that can
be found in real industries as well, with green indicating a
nominal procedure and red signaling a malfunction (Fig. 1).

The last augmentation for communication purposes were
three gestures: one to indicate that action by human collab-
oration partner is required to proceed, the second gesture is
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Fig. 1. The green light-signal emitted by the robot-arm indicating a correct
operation. Below the text-panel where the robot-arm provides guidance and
explanation to the participant.

designed to urge the participant to cease their current action
and the last one involved a retracted position. This gesture
is designed to communicate that the robot-arm has finished
its previous task and makes room for the human to commence
their imposed task. This was absent in the experimental control
condition, instead the robot-arm stayed at its current position
until the procedure required further actions by the robot-arm to
proceed. In addition to the missing gestures, the experimental
control condition lacked the functionality of the light-signal
and text-panel augmentation channels as well.

VII. FINDINGS

In order to analyze the qualitative data, statements made
by the participants were examined for recurring keywords.
This allowed to explore remarks and impressions from the
participants in much more detail compared to mere quantitative
based results [22]. Congruent keywords were then combined
into categories, allowing the identification of emerging themes
across the participants.The established categories allowed to
measure the quantity of certain themes within the conditions.

A. RQ1: Which benefits and positive aspects do participants
perceive while collaborating with the robot-arm in the shared
task scenario?
Efficiency

Across all conditions, participants stated that collaborating
with the robot can increase precision and speed in which pro-
duction processes can be executed, thus enabling to work more
efficient. The statements are presented by gender followed by
participant number followed by condition (C for communica-
tion condition, NC for no communication condition) i.e. M1C
(gender, participant number, communication condition).

“Increase of precision in the production of compo-
nents.”(M1C)

“Making the job faster and more efficient.”(F48C)
“In my opinion, robots carry out work precisely and

quickly.”(M38NC)
“It allows to work faster and safer, compensating human

weakness.”(F80NC)

Assistance

An additional theme expressed by participants from all
conditions is the relief that the robot can provide during
monotone, repetitive or cumbersome tasks. Also, participants
expressed that the robot can carry out tasks that could be
dangerous for the human to perform.

“Support for repetitive boring work processes”(M1C)
“Activities that are repetitive and require a lot of strength

could be performed by such robots.”(F3C)
“I think that it can do many ”mindless” or ”monotonous”

jobs.”(M54NC)
“Recurring tasks could be taken over to make people work

other necessary tasks. Dangerous tasks could be taken over
by robots to reduce the risk of injury.”(F63NC)

Relationship

Themes regarding the relationship with the robot differed
dependent on the condition. While participants assigned to the
communication condition, stated that the robot behaves within
a range of predictability due to the constant communication
of its intention. Even with the personalized communication
messages, a more humanized behavior is suggested for the
work relationship. Comments made by participants from the
condition with the communication methods absent remarked
the need for the human to adapt to the machine. Although
the usefulness of the robot is still recognized, the desire for
controlling the robot instead of accepting it as collaboration
partner is predominant in the no communication condition.

“If the robot became more humane, this could also increase
work morale. On the one hand, the robot helps and is very
precise, on the other hand, one could humanize its behavior,
so that the worker would not feel left behind.”(M12C)

“Recurring tasks are taken off your hands because you
have a team partner and the robot behaves in a controlled
manner so that nothing goes wrong - and yet the task is in my
hands.”(F51C)

“In this situation, the human has to learn to interact
with the machine because direct communication is not pos-
sible.”(M17NC)

“For some tasks it is certainly useful to work with a robot,
but the robot should always be under human control.”(F50NC)

B. RQ2: Which aspects and behavior of the robot-arm do par-
ticipants consider negative during the shared task scenario?

Analyzing the qualitative answers regarding RQ2 was done
in the same way as with RQ1. Repeating keywords in the
statements were categorized, allowing the formation of themes.

Competence

The most criticized characteristic of the robot-arm was its
speed. Almost every participant, independent of condition or
gender, mentioned in some way or another, that the robot-
arm was too slow. Some participants even suggested that they
would prefer a human collaboration partner because of this.
Additional remarks were made regarding the reaction time
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in which the robot-arm recognized actions conducted by the
participants.

“The robot was relatively slow. If you put a skilled worker,
who had done this work many times before, at the ta-
ble, he would do this work with the same precision, but
faster.”(M12C)

“Movement too slow”(F46C)
“A little too slow to react to my actions.”(M17NC)
“I found the robot too slow for this kind of task. A

human partner would probably be faster for this kind of
work.”(F63NC)

Communication

While participants from the communication condition criti-
cized some communication related aspects like the placement
of text and signals or that the robot obscured the messages
occasionally, participants from the control condition in which
the robot did not use text of light signals, expressed frustration
about the lack of information, rendering them clueless about
the robot-arm’s intention.

“Text notes too far away from the attention area of the
worker.”(M39C)

“Instructions could not be read behind the robot-arm. Op-
tical signals on the right should be placed elsewhere.”(F49C)

“I didn’t know what he wanted to do next or what he wanted
me to do.”(M27NC)

“I didn’t know what the robot was doing. The components
were moved back and forth but sometimes I had no idea
why and how the robot was now making a movement or
waiting.”(F50NC)

Attributes

A recurring remark by the participants, predominantly found
in the condition without communication interfaces, was the
unpleasant noise emitting from the robot. Only one female
participant from the communication condition made a remark
about the working condition, as she expressed that the robot
was moving above her head, which forced her to frequently
look up. Another statement found only by male participants
assigned to the communication condition, was the generous
safety radius in which the robot stopped working when tres-
passed.

“Robot stopped very early if you got close”(M4C)
“Since the robot was moving above my head, I had to look

up from time to time.”(F3C)
“Unpleasant noise.”(M20NC)
“The noise of the robot was annoying after a

while.”(M59NC)

VIII. DISCUSSION

Comparing two versions of an AI-based robotic arm collab-
oration scenario in VR (with and without the robot communi-
cating itself) this study analyzed the qualitative impressions
of 80 participants. The usage of robots with appropriate
characteristics is essential for a successful collaboration [14].
Yet, no definitive approach for robot properties suitable for

HRC has been suggested so far. Therefore, we chose open-
ended questions to explore qualitative differences experienced
by human participants that encounter either a robot with or
without communicative abilities. The data from the quali-
tative data allowed for a refined evaluation of the robot-
arm designed for this collaboration scenario accompanying
quantitative results already gathered through an adjacent study
[22]. Six different categories, three for each of the two research
questions, emerged during analysis. Participants recognized
the benefit of collaborating with the robot-arm, as it can assist
with tasks that are either monotone or repetitive or assist in
jobs that require precision or endurance. Participants noted
the potential increase in production efficiency that the abilities
of the robot-arm will bring. Also, of interest is the different
perception of the relationship to the robot-arm participants had.
While participants of the communication condition expressed
desire for more human behavior of the robot, the control
group wished for a more comprehensible collaboration with
the robot, as the guidance and explanation provided by the
augmentation was absent. Especially of interest is how partic-
ipants reflect on their experience after collaborating with the
robot-arm, as it grants valuable insights for designing future
HRC setups. All participants agree on the robot-arm’s speed
being too slow. While the virtual robot-arm had the same speed
as its real counterpart and aligned with safety regulations of
HRC, participants expressed frustrations over the slow speed
and reaction time leading to unnecessary waiting, preventing a
constant work-flow. A clear distinction can be made between
the two conditions regarding the theme of communication.
Whereas participants from the control condition stated that
they could not identify the intention of the robot, no remarks
regarding this were made by participants of the communica-
tion condition. Although rated better, criticism regarding the
design of the communication were voiced. In consequence,
the placement of the text-panels will be reevaluated in future
studies.

A. Limitations and Outlook

The majority of participants were students. Although an
effort was made to assemble a sample with wide range in
prior experience with robots, the composition of the sample is
not applicable to a general population. However, an argument
can be made, that those students will one day be part of the
workforce, which will be exposed to future working arrange-
ments containing AI-driven HRC. Another limitation can be
identified in the relative simplicity of the task itself. Conceived
with the aim to provide a manageable task, regardless of prior
experience, a more elaborate or stress inducing task used for
future studies might reveal further insights into the assessment
of autonomously acting robots, helping in identifying positive
or negative perceived behavior patterns by the robot, therefore
optimizing the creation of future HRC setups. Also, the
limitations of current VR-technology need to be addressed.
Although modern hardware was utilized, the rendition of
the collaboration with the virtual robot-arm is merely an
approximation in comparison to a real setup. Considering
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the advantages offered by VR in terms of a safe, dynamic
and cost effective method to conduct reproducible studies,
enabling HRC research to evaluate robot and work setups
before they become reality. In addition, further studies are
recommended to conduct experiments with robots unrestricted
in speed for comparison purposes. This is possible as the VR-
implementation do not contain potential hazards that a real
setup would carry.

IX. CONCLUSION

The results of this exploratory qualitative study shows that
there is a vast spectrum of aspects that can impair a successful
collaboration between humans and industrial robots. However,
the study also illustrate that the augmentation with com-
munication channels contribute to the overall comprehension
of the collaboration process. Future studies will incorporate
the remarks made by the participants in order to approach
the ideal design goals for shared-task environments involving
autonomous industrial robots. Furthermore, upcoming studies
will explore production efficiency and safety related issues
which are ongoing concerns regarding HRC.
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ABSTRACT
The collaboration between humans and autonomous AI-driven
robots in industrial contexts is a promising vision that will have
an impact on the sociotechnical system. Taking research from the
field of human teamwork as guiding principles as well as results
from human robot collaboration studies this study addresses open
questions regarding the design and impact of communicative trans-
parency and behavioral autonomy in a human robot collaboration.
In an experimental approach, we tested whether an AI-narrative
and communication panels of a robot-arm trigger the attribution
of more human like traits and expectations going along with a
changed attribution of blame and failure in a flawed collaboration.

CCS CONCEPTS
•Human-centered computing→ Empirical studies in collab-
orative and social computing.
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human-robot collaboration; attribution of blame; perception of
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1 INTRODUCTION
Industrial usage of Human-Robot Collaboration (HRC) is expected
to be enhanced by advanced artificial intelligence (AI) technology
in the future, enabling robots to operate either partially or fully
autonomously in conjunction with the employees [22]. Whereas
current implementations of HRC in industrial settings often use
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non-humanoid robots (e.g. robot-arms) controlled by an operator
or following predefined routines, an autonomous AI-driven robot,
capable of adapting and reacting in the required task, would em-
brace the full potential of the HRC concept [2]: Human personnel
could be relieved by delegating repetitive or heavy work onto the
robot, while contributing through intuition and experienced-based
decision-making, thus combining the advantages of both parties
[11]. However, besides the technical and safety challenges to be
solved, there are reservations against AI and robots in large parts
of the general population [29] that need careful investigation. Prior
research in the realm of e.g. the Media Equation Theory [27] and
CASA [26] has shown that individuals tend to project human char-
acteristics onto robots while interacting with them and that this
even holds true for technologies with non-humanoid appearance
[9, 28]. Therefore, it can be assumed that principles and results
obtained in research on group collaboration might be applicable
for HRC as well.

Comparable to collaboration among human personnel, the col-
laboration with an autonomous robot to achieve a common goal
creates an interdependency in the work relation [8]. Errors in such
a context can hamper the successful outcome of the procedure.
Considering they might lead to costly or hazardous ramifications
for the human collaboration partner, it is of interest to investigate
if an autonomous robot will be held accountable for an error and
which characteristics along with behavior can influence people’s at-
tribution of blame. Research that examined the accusation of errors
in non-work-related, casual scenarios [24], revealed that more au-
tonomy displayed by a robot-arm results in an increased attribution
of errors whereas comprehensibility/transparency of the robot’s
actions leads to a decrease in blame [17]. However, the attribution
of accountability and credit made in HRC-workplace environments
involving autonomous robots remains an open question. Also, reser-
vations towards AI need further exploration to design successful
and accepted HRC scenarios, especially attributions relevant in col-
laborative tasks (e.g. manufacturing procedures) are worth being
researched.

To explore this, we used the virtual reality sandbox application
by [5] that is capable of simulating a variety of industrial HRC
scenarios difficult to realize under experimental conditions [20].
The environment contained a robot-armwith autonomous behavior
serving as a basis for an online study testing using non-interactive
videos, in a collaborative task, the influence of a) the robot-arms
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behavioral autonomy and b) its transparency in communication on
the attribution of blame and credit.

2 RELATEDWORK
Research addressing the attribution of blame and credit is well estab-
lished in the field of human group collaboration. The self-serving
bias in attribution has been identified as the main contributing
factor in people’s assessment of outcomes [16]. Two types can be
distinguished: the internal attribution, that includes the own char-
acteristics of an individual, and the external attribution, containing
outside influences [12]. Internal attribution is often associated with
successful outcomes whereas people incline to apply external at-
tribution to poor outcome [23]. Studies involving Human-Robot
Interaction showed that this behavior also occurs when people
engage with robots [10, 13, 17]. This misattribution can negatively
affect trust in the robot’s capability to accomplish a task, thus miti-
gating the collaboration process [15]. While the self-serving bias
in attribution provides a strong foundation, contrary to prior stud-
ies, Lei and colleagues’ participants attributed more credit and less
blame to the robot [19]. The studies used divergent representations
of robots with different levels of autonomy and communication,
which might have contributed to the inconsistent results. Accord-
ingly, the design of the robot has an effect on the described attribu-
tion process (compare [17]). To design robots to be the best possible
collaboration partners and bypass distrust [15], research is needed
to understand which characteristics drive the attribution of blame
in the collaboration with robots.

2.1 The Effect of Expected Autonomy
Kim and colleagues [17] demonstrated an influence of the robot’s
autonomy on the attribution of blame. A robot that presented more
autonomy was more likely blamed for an undesirable outcome.
This is specifically of interest in industrial collaboration settings,
where employees often have misconceptions and negative attitudes
towards autonomous systems [29]. Especially the term AI is associ-
ated with negative feelings [1], since people are afraid that robots
with AI-capabilities will take their jobs. As a consequence of this
widespread misconceptions about AI among the general population,
people tend to attribute various forms of human-like characteris-
tics and behavior towards such systems [21]. This is also plausible
against the background of CASA [26]. It is therefore assumed that
the introduction of the termAI alongwith the autonomous behavior
by a robot-arm will invite participants to project more human-like
abilities and behavior onto the system [30]. As a result, people
will use an external attribution and blame the robot with higher
expected autonomy more for errors and negative outcomes of a
collaboration process. Accordingly, the following hypotheses are
assumed:

H1: Participants attributemore human-like abilities (intelligence,
morality) to a robot-arm with AI-capabilities compared to one with-
out.

H2: Participants attribute more blame and less credit to a robot-
arm with AI-capabilities compared to one without.

2.2 The Effect of Communication and
Transparency

Beside the perceived autonomy and intelligence of the robot, trans-
parency was found to affect the attribution of blame [17]. A robot
that explains it’s own behavior was found to evoke lower attribu-
tions of blame. This might also an explanation for the results of
Lei and colleagues, since they tested the attribution of the talking
humanoid robot NAO [19]. Communicative behavior that elicits
transparency of the robot’s behavior, seems to prevent external
attribution. In industrial settings robot-arms are often limited in
their communicative abilities. As the environment is often loud,
verbal outputs would not work. Studies therefore suggest to use
text-panels to enrich the communicative output of the robot. Mak-
ing the robot’s behavior transparent to the human collaborator
by augmenting the robot with communication capabilities was
found to result in various benefits, e.g. perceived stress and gen-
eral, positive emotions on the side of the human collaborator [4, 5].
Accordingly, we assume that an communication panel affects the
perception of the robot as collaboration partner and thereupon leads
to fewer external attributions of errors. This leads to the following
hypotheses:

H3: Participants perceive a robot-arm equipped with a commu-
nication panel as better collaboration partner (more cooperative
and better quality of the collaboration) than one one without com-
munication ability.

H4: Participants attribute less blame and more credit to a robot-
arm equipped with a communication panel compared to one with-
out.

As described above, studies involving communicative robots of-
ten use voice output that distinctly link the statements to the respec-
tive robot [17, 19]. However, industrial robots with non-humanoid
appearances in extremely loud environments demand different
communication channels. A prior study recognized text-panels in
natural language as a viable means of communication in industrial
HRC settings [3]. Results indicated that proximity and visual rela-
tion to the robot-arm are decisive aspects, since the external text
statements are not as intuitively assignable to the robot. Only when
the communication behavior (text-panel) is assigned to the robot,
it is plausible that this affects the attribution process of errors and
robot perception. It is therefore of interest if participants associate
the text-panels to the robot-arm or whether it is perceived as an
other autonomous entity. Thus, the following research question is
to be answered:

RQ1: Do participants see the text-panel augmentations as part
of the robot-arm or as another autonomous entity?

3 METHOD
For the study, we used a virtual reality simulation of a HRC shared-
task setup as described by [3]. Since the pandemic made a VR-lab
experiment impossible, an online experiment was set up, in which
participants were presented a first-person perspective video of the
HRC-setup. In a 2 (augmented communication vs. non-augmented
condition) x 2 (AI-narrative vs. non-AI-narrative) between-subjects
design participants were asked to imagine themselves in the role of
the human worker assigned to the HRC working arrangement. A
total of 225 participants took part in the online study. Participants
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under 18, an outlier aged 99 as well as participants completing the
experiment too fast or too slow (i.e. deviating 1.5 standard devia-
tions from mean completion time) were excluded. Altogether 34
were sorted out. The average age of the remaining 191 participants
wasM = 25.12 (SD = 7.51). 91 were female, 97 male and 3 non-binary
people participated.

3.1 Material
Participants were exposed to one of the four conditions. In all condi-
tions participants a virtual representation of a LBR iiwa 7 R800 CR
robot-arm was displayed that used multi colored light-signals and
action initiating/terminating and standby gestures [5, 18, 25]. In the
high-transparency condition (= augmented condition) text-panels
in natural language were used to express guidance and explanations.
In the low transparency condition (= non-augmented condition),
the explanatory and guiding text-panels were omitted, while every-
thing else to be witnessed in the procedure was identical in terms
of movement and actions by the robot and the human. The purpose
for removing the text-panel, was to withhold the explanation of
the robot-arm’s behavior provided by the text-panel but retain the
other communication methods. This maintained the robot-arm’s
ability to convey a detected error but obscure the system’s inter-
pretation of the error. To manipulate different levels of autonomy,
participants were either told that the robot-arm has AI-capabilities
or the scene was just depicted as a collaboration between a human
worker and a robot-arm. In all conditions, participants witnessed,
from a first-person perspective, a simulated shared-task in which
they, as the human operator, were tasked to manufacture metal
buttons through a press with their robot collaboration partner [5].
During the procedure, both partners deviated from an assembling
procedure and made two recognizable errors by either performing
the wrong working step or violating the safety distance, causing a
delay in the execution of the procedure.

3.2 Measures and Procedure
The online study was set up on the soscisurvey platform. After
providing informed consent, participants were exposed to one of
the four conditions. A text of their respective condition either told
them that the robot in the collaboration scenario was equipped
with AI-capabilities or just referred to as a collaboration with a
robot-arm. The subsequent video either showed the augmented or
non-augmented collaboration scenario. After being exposed to the
stimulus, participants rated their attribution of blame to the robot (2
items, 𝛼 = .820) and to the self for the errors during the assembling
task (2 items, 𝛼 = .820), as well as regarding the attribution of credit
to the robot (2 items, 𝛼 = .616) and the self for task completion
(2 items, 𝛼 = .625) [17]. The Perceived Moral Agency scale by [6]
was used to assess morality (6 items, 𝛼 = .763) and dependency (4
items,𝛼 = .683). Embodiment of the robot-armwas assessed through
the EmCorp-Scale [14], containing the sub-scales: corporeality (3
items, 𝛼 = .685), expressiveness (4 items, 𝛼 = .701), tactile interaction
& mobility (6 items, 𝛼 = .539) and perception & interpretation (7
items, 𝛼 = .765). To analyze the anthropomorphism (5 items, 𝛼 =
.592), animacy (5 items, 𝛼 = .661), likeability (5 items, 𝛼 = .815)
and perceived intelligence (5 items, 𝛼 = .761) of the robot-arm, the
questionnaire incorporated the Godspeed-scale by [7]. Moreover,

the collaboration success was measured with an ad-scale consisting
of 6 items (𝛼 = .795). The assessment of the components assigned to
the robot was realized through screenshots of the application, where
every visible item was highlighted through a bounding box. For
each component participants were asked to decide whether or not it
belonged to the robot. The questionnaire closed with demographics
(e.g. age, gender, job position, educational background).

4 RESULTS
To test the hypotheses, multiple analyses of variance (MANOVA
and ANOVA) were run including the relevant independent and
dependent variables for testing.

H1: Participants attributemore human-like abilities (intelligence,
morality) to a robot-arm with AI-capabilities compared to one with-
out.

The analysis did not indicate significant differences in the at-
tribution of intelligence and perceived morality between both AI-
conditions. Thus, the AI-narrative did not lead to higher perceived
intelligence or higher attribution of moral capabilities. The robot-
arm was rated significantly better in the ability to perceive and
interpret its surroundings (F (1,187) = 5.70, p = 0.018, [2𝑝 = 0.03)
in the AI-narrative condition (M = 2.37, SD = .66) compared to
the non-AI-narrative (M = 2.14 , SD = .73). Moreover, the capacity
for cooperation is rated significantly better (F (1,187) = 6.47, p =
0.012, [2𝑝 = 0.03) in the AI-narrative condition (M = 3.91, SD = .92)
compared the non-AI-narrative (M = 3.55, SD = 1.11). Furthermore,
the robot-arm was rated as significantly less dependent on prede-
fined programming (F (1,187) = 5.92, p = 0.016, [2𝑝 = 0.03) in the
AI-narrative condition (M = 4.22, SD = .74) compared to the non-
AI-narrative (M = 4.46, SD = .60). Although the AI-narrative did
not lead to more perceived intelligence and morality, these results
indicate that participants associate more human-like characteristics
to the robot-arm like being independent, cooperative and able to
perceive and interpret. Thus, H1 is partly supported.

H2 & H4: Participants attribute more blame and less credit to
a robot-arm with AI-capabilities compared to one without and
participants attribute less blame and more credit to a robot-arm
equipped with a communication panel compared to one without.

Analyses testing this did not show any differences between the
conditions for neither the attribution of blame nor for credit attri-
bution. Therefore, H2 and H4 could not be supported.

H3: Participants perceive a robot-arm equipped with a commu-
nication panel as better collaboration partner (more cooperative
and better quality of the collaboration) than one one without com-
munication ability.

Results show significant differences (F (1,187) = 5.95, p = 0.016,
[2𝑝 = 0.003) between the augmented condition (M = 3.57, SD =
.62) and the non-augmented condition (M = 3.33, SD = .76) for per-
ceived intelligence. Significant differences occurred for dominance
(F (1,187) = 8.67, p = 0.004, [2𝑝 = 0.04). The robot-arm in the aug-
mented condition was perceived as more dominant (M = 3.37, SD =
.94) than in the non-augmented condition (M = 2.98, SD = .84). A
significant difference was found for collaboration success (F (1,186)
= 5.34, p = 0.002, [2𝑝 = 0.03), augmented condition (M = 2.80, SD =
.72) vs. non-augmented (M = 3.05, SD = .77). H3 is supported.
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(a) Text-panel condition

(b) Non-text-panel condition

Figure 1: Heat map of the components that participants as-
sociatedwith the robot-arm. The text-panels from the robot-
arm were considered part of the robot-arm.

RQ1: Do participants see the text-panel augmentations as part
of the robot-arm or as another autonomous entity?

Analyzing the components that were associated with the robot,
no significant differences were observed between the AI-narrative
condition vs. non-AI-narrative condition. A heat map revealed that
participants from all conditions identified the body of the robot-arm
(Fig 1). In addition, 93.3% of the participants from the text-panel
condition associated the text-panel as part of the collaboration
partner. Also, 73.2% of the participants associated the information
text-panel featuring warning messages with the robot-arm.

5 DISCUSSION AND LIMITATIONS
This study explored the effect of transparency (i.e. communicative
augmentations) and autonomy (i.e. AI-narrative) on the attribution
of blame and credit as well as the general perception of the robot
and the collaboration in an industrial HRC assembly task setting.
Although the introduction of the AI-term and narrative did not lead
to a higher attribution of intelligence and morality to the robot it
invoked associations with other human-like characteristics (H1):
Participants rated the robot-arm as more capable of perceiving and
interpreting its surroundings and noted a greater ability for coop-
eration when they believed it to be equipped with AI. Considering
that participants underwent the same procedure and witnessed the
same behavior of the robot-arm in all conditions, backed by the
research of [30], it can be assumed that participants projected their
own mental models and expectations of the AI-term onto the char-
acteristics of the robot-arm. As stated by [30], the wide spectrum of
the term AI together with the widespread misconceptions invites
people with media biased knowledge to project numerous abilities

and expectations onto AI-enhanced systems [29]. Future studies
should explore the content of the mental models and expectations
and their effects on the collaboration process.

RQ1 investigated which components are attributed to the robot-
arm to ensure the statements displayed on the text-panel is as-
sociated with the robot-arm. Indeed participants perceived the
text-panel as belonging to the robot/ part of the robot-arm. Ac-
cordingly, the presence of text-panels as a means for the robot to
increase communicative transparency lead to higher attributions of
intelligence, dominance and the perception of a more successful col-
laboration (H3). Although participants perceived the collaboration
more successful in the augmented version of the robot-arm, the
text-panel did not affect the evaluation of the robot-arm’s perceived
cooperativeness. In contrast, the augmented robot-arm was per-
ceived as more dominant. This results could produce conflicts, since
the perception of dominance elicits negative feelings in the human
collaborator. Especially people with fears and negative attitudes
might feel patronized and avoid collaborating with the robot-arm.
Thus, designers have to use communication features inducing trans-
parency with caution, since they could trigger a boomerang-effect.

While the perception of the robot-arm was affected by the in-
duced autonomy and transparency (H1, H3), no significant dif-
ference regarding blame and credit was found (H2, H4). While
other studies showed that the self-serving bias in attribution can-
not always be demonstrated in interactions with robots [19], the
projected ramification that is expected by the individual [16] must
be considered as a limitation of this study.

Due to the restrictions of the COVID-19 pandemic we were un-
able to conduct an experimental study where participants could
actually collaborate with robot-arm in the virtual reality scenario.
While the virtual reality sandbox application provided by [5] en-
abled us to substitute an online study design, no direct interaction
with the robot-arm was possible. The immersive effect of the envi-
ronment might be able to create a sense of more direct involvement
with a higher sensitivity for the outcomes of the errors happening.
Employees exposed to autonomous robots in industrial HRC set-
tings could face real consequences from errors made during the
collaboration e.g. injury or career disadvantages that witnessing
a video cannot fully mimic. Future work should address the used
scenario using an interaction study to overcome these limitations.
Also, future studies should investigate if additional communication
augmentations (e.g. voice output) and inputs provided by the text
panels affect attributions differently.

6 CONCLUSION
While this study could not replicate established findings from the
literature regarding the attribution of blame and credit, results
reveal an interesting effect regarding the attribution of human char-
acteristics on the robot-arm caused by an AI-narrative that are
worth being further explored. Future studies should look into the
dynamics of people’s mental models and preconceptions brought
into the collaboration scenario with AI-based robots. Communi-
cation behavior should be outbalanced in a way that it does not
trigger dominance perception on the one hand, but elicits enough
transparency to induce trust in the collaboration partner on the
other hand.
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Human-Robot Collaboration (HRC) has the potential for a paradigm shift in industrial
production by complementing the strengths of industrial robots with human staff.
However, exploring these scenarios in physical experimental settings is costly and
difficult, e.g., due to safety considerations. We present a virtual reality application that
allows the exploration of HRCwork arrangements with autonomous robots and their effect
on human behavior. Prior experimental studies conducted using this application
demonstrated the benefits of augmenting an autonomous robot arm with
communication channels on subjective aspects such as perceived stress. Motivated
by current safety regulations that hinder HRC to expand its full potential, we explored the
effects of the augmented communication on objective measures (collision rate and
produced goods) within a virtual sandbox application. Explored through a safe and
replicable setup, the goal was to determine whether communication channels that
provide guidance and explanation on the robot can help mitigate safety hazards
without interfering with the production effectiveness of both parties. This is based on
the theoretical foundation that communication channels enable the robot to explain its
action, helps the human collaboration partner to comprehend the current state of the
shared task better, and react accordingly. Focused on the optimization of production
output, reduced collision rate, and increased perception of safety, a between-subjects
experimental study with two conditions (augmented communication vs non-augmented)
was conducted. The results revealed a statistically significant difference in terms of
production quantity output and collisions with the robot, favoring the augmented
conditions. Additional statistically significant differences regarding self-reported
perceived safety were found. The results of this study provide an entry point for future
research regarding the augmentation of industrial robots with communication channels for
safety purposes.
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1 INTRODUCTION

State of the art automated production cycles today widely use
industrial robots. However, most production processes in heavy
industries involve human employees at certain points that either
coexist or cooperate with these robots. A shared workspace
between humans and robots often demands enormous safety
precautions, since robots in these contexts usually possess great
physical strength combined with high movement velocities
(Meziane et al., 2017). To solve this, strict regulations demand
to either fence in these robots or separate them from the
workforce. The concept of human-robot collaboration (HRC)
requires a paradigm shift for these established safety measures, as
this approach envisages industrial robots and employees not only
to work together in confined spaces but also to interact directly to
accomplish a shared task. HRC creates the potential for new
production methods in manufacturing, where tedious, repetitive,
and heavy tasks are executed by the robot in collaboration with
the adaptive decision-making and individual skill set of the
human employee (Ajoudani et al., 2018). Current safety
regulations either demand a high expenditure for the
collaborative process or diminish the production output
(Gerst, 2020). Therefore, jeopardizing the whole concept of
HRC, as industries will not invest in complex working
arrangements involving collaborative robots that are
unprofitable. This requires safety measures, which preserve the
individual abilities of both, the human and the robot to contribute
to the economic success of the concept through an increase in
productivity (Buxbaum et al., 2020). Furthermore, it is
anticipated that future iterations of HRC will deploy artificial
intelligence, allowing the robot to conduct actions autonomously
to some degree. It is assumed that these sophisticated systems will
be able to detect their human collaboration partner and act in
accordance to prevent hazardous situations (Daugherty and
Wilson, 2018). This potential future scenario contains various
open questions regarding the design of these working
arrangements and people’s reactions towards it (Bröhl et al.,
2019).

While prior HRC-related studies explored subjective
measurements, the assessment of objective results are also
important. As mentioned before, creating a benefit for
production output is necessary for the adoption of HRC in the
industry, which is partly addressed in the research for creating an
effective task execution scheduling aim for the robot (Wilcox and
Shah, 2012), experimental studies regarding arrangements with
augmented collaborative robots and their influence on
productivity and safety still leave space for exploration
(Buxbaum and Häusler, 2020). This motivates the aim of this
paper to complete the subjective data from our prior studies with
objective data that analyzes the effect of augmented
communication-based HRC regarding the outcome of
production volume and collision rate (Arntz et al., 2020a;
Arntz et al., 2020b; Arntz and Eimler, 2020).

Robots that are deployed in HRC industrial scenarios come in
many shapes and forms, ranging from robot arms to more
obscure appearances such as the Stewart parallel robot (Wen
et al., 2018), all designed for a specific required task. Covering all

these robot representations for HRC studies provides an
enormous challenge, since not every robot nor task is suited to
be examined in a lab experiment under controlled conditions.
Another crucial factor in experimental studies regarding HRC is
safety. Considering that exposing participants to robotic systems
with hazardous potential violates any ethical guidelines, thus
HRC-related experimental studies conducted with real robots
will always be restricted in terms of concepts that can be explored
(Liu and Wang, 2020).

In addition to the safety restrictions, the realization of an
autonomous collaborating robot requires the usage of
sophisticated sensor technology that provides the robot with
information regarding its environment (Amara et al., 2020).
Prior research circumvented this by using the Wizard-of-Oz
approach (Weiss et al., 2009), delegating the control of the
robot to the experimental supervisor. Therefore, there is little
research that combines an autonomous robot that acts under the
guidelines for collaboration along with robots with full
interaction exposure within a shared task setup (ISO, 2020).

To address these challenges, we used a virtual reality (VR)
sandbox that can be used to create a variety of different HRC
scenarios, as the VR technology provides a secure and replicable
medium to examine human characteristics when exposed to
shared task scenarios involving robots (Matsas et al., 2018).
Prior research identified immersion as an essential
precondition in the collection of behavioral data through VR
that can be projected on the real counterpart scenario (Bailenson,
2018). Since robots in their various appearances and features can
be simulated with enough fidelity within the VR sandbox
application to match their real counterparts, it can be assumed
that the reactions from participants exposed to these virtual
robots allow for valid predictions for real HRC setups (de
Giorgio et al., 2017). This is backed by the works of Bailenson
(2018), who describes the usage of VR technology in a diverse
array of social studies, i.e., perspective-taking scenarios where
participants assume a different role within an unfamiliar context
(Bailey and Bailenson, 2017; Roswell et al., 2020). To provide
these contexts within the VR sandbox application, we build a
library of prefabs containing the necessary functionality to
display a variety of different scenarios, in which any virtual
robot arm representation can conduct various actions in
conjunction with a human partner. Execution of these actions
is based on the implementation of machine-learning driven
agents that allow in an innovative way to train the virtual
robot arm for various experimental setups and tasks. This
enables to design and adjust the behavior of the robot based
on the established guidelines and reaction of the participant.
Ensuring greater comparability between experimental studies
compared to the Wizard-of-Oz approach where nuanced
procedural deviations by the human operator can affect the
outcome (Schlögl et al., 2013).

In the following sections, we introduce the theoretical
background that provides the basis for the formulated
hypotheses and the research question. Afterward, the
experimental study including the stimulus material is
described, in which different augmentation conditions are
compared to explore their impact on production quantity and
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collision rate. Additionally, based on the results of a prior study
(Arntz et al., 2020b), we investigate whether the communication
augmentations lead to higher perceived safety along with a
potential difference in collision rate. Afterward, the results are
presented and discussed.

2 THEORETICAL BACKGROUND

The current theoretical concept of humans collaborating with
robots is derived from the group collaboration between human
individuals (Shah et al., 2011). Empirical studies in this research
field identified group cognition as essential criteria for successful
collaboration among humans (Hart and Staveland, 1988). The
term group cognition, proposed byWegner (Wegner et al., 1991),
describes a transactive memory system that contains the shared
and organized knowledge of a group of collaborating individuals.
This organized knowledge contributes to the collaboration
performance within a group through a common mental model
which is formed through communication (Peltokorpi and Hood,
2019). Depending on the appropriate information suited for the
collaboration context that is exchanged through communication
this perceived common model can be beneficial. Individuals
within a group become more aware of the organization and
roles as well as the specific goals of the shared task. The benefit of
a perceived common mental model has also been identified in
Human-Robot Interaction research, in which the recognition of
the robot’s activities combined with a proper reaction to the
human commands, can evoke the awareness of group cognition
in the human (Shah et al., 2011). This requires a clear
understanding of the roles each individual possesses in the
process, combined with the prioritization of group needs,
which are further aspects for successful collaboration. Applied
to the collaboration between humans and robots, the standards
are defined as the continuing distribution of sub tasks and
immediate coordination of the needed actions to accomplish
the common goal (Schmidtler et al., 2014). This requires that the
robot must communicate the appropriate proxemics behavior
and can follow certain societal norms in terms of gestures and
physical contact (Mumm and Mutlu, 2011). However,
considering that the majority of robots deployed in industrial
environments are built with a non-anthropomorphic appearance
(Müller et al., 2017), the formation of such a perception on a
cognitive level is much harder to archive than in a robot with a
humanoid appearance (Atmaca et al., 2008). Responsible for this
are mirror neurons in the brain, which become active while
actions are performed by another individual, for the purpose
of adapting or improving activities carried out by the respective
human (Roesler and Onnasch, 2020). Applied to a collaborative
setup, not only the own executed actions, are represented on a
cognitive level, but also the anticipation of activities from the
partner. A collaboration partner that deviates in its appearance
and characteristics, such as an industrial robot can therefore not
create the same cognitive stimulus on the human (Sebanz et al.,
2005). One approach to induce this stimulus is by eliciting a
presence of intention and purposive behavior from the robot
through communication (Sebanz and Knoblich, 2009). These

characteristics in robots are not only beneficial for the
humans’ perception of an intended common goal, the
capability for communication also lowers the barrier for
perceiving it as a social presence, which can contribute to the
willingness of humans to collaborate with it (Heerink et al., 2009).
Based on this theoretical foundation the first hypothesis is
formulated, which assumes that a robot that is augmented
with a communication interface that promotes the
aforementioned stimulus, contributes to higher production
effectiveness and volume within a shared task setup. Although
contributions for increasing productivity through HRC are the
largest advocates for establishing the concept of collaborating
with autonomous robots in the industry, the research focused on
these aspects is still in its infancy and should be explored more
(Galin and Meshcheryakov, 2020), as comparable studies omit
the augmentation aspect of the robot (Heydaryan et al., 2018).

Apart from productivity, another concern for the industry
regarding HRC is safety. Currently, potential hazards from the
robots are diminished by dividing HRC into three categories: In
the first, employees are shielded from the robot either through
cages or separated working areas (Haag, 2015). This enables the
robot to work faster as no precautions are needed to take for
avoiding trespassing human workers. The second category
restricts access to the robot. A designated area that separates
the robot from its co-workers is omitted, instead, sensors form a
light curtain around the robot (Haag, 2015). If the curtain is
breached, the robot ceases its current motion. Due to regulations
(Rosenstrauch and Kruger, 2017), demanding a generous safety
radius around the robot, no direct interactions between the robot
and the worker are allowed. The third category uses proximity
sensors to calculate the distance of the worker to the robot (Haag,
2015). With these categories designed to meet current technical
limitations, the introduction of AI-based robots in shared tasks
(Lenz and Knoll, 2014) will likely enable the detection of the
motion of intervening employees and to anticipate the movement
of people and objects (Zakka et al., 2019). Same with conveying
the robot’s actions, communicating the detection of potential
collisions and their influence in reducing potential accidents are
questions of interest regarding HRC (Buxbaum et al., 2020),
which will be investigated in the second hypothesis.

The anticipated decrease in collisions enabled by the
communication channels is also expected to increase the
perception of safety within the collaboration task. This can be
attributed to the contribution of communication between entities
to the perception of safety within a workspace (Seo, 2005). The
safety of a workplace is influenced by a variety of dimensions and
can affect the safety performance and perceived safety of an
individual (Fernández-Muñiz et al., 2012). One of the frequently
discussed dimensions is the awareness of the organizational
structure of a task, which in the case of collaborative work is
directly linked to the exchange of information regarding the task
management (Cigularov et al., 2010). This led to the formation of
the third hypothesis, as the communication channels of the robot
could raise people’s perception of safety in the system compared
to a robot without augmented communication capabilities. In
addition to the formulated hypotheses, the time participants
gazed onto the guidance and explanation provided by the text
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panel channel was of interest, resulting in the research question
investigating whether the time affects the productivity of the
participants or the collision rate with the robot arm.

2.1 Hypotheses
For the purpose of exploring the effect on production capacity,
collision avoidance, and the perceived security of guiding and
explanatory augmentation of industrial robots in shared task
environments, the following hypotheses were formulated:

• H1: Participants produce more pin-back buttons in the
augmented condition compared to the non-augmented
condition.

• H2: Participants collide less with the augmented robot arm
compared to the non-augmented condition.

• H3: Perception of safety is higher in the augmented
condition compared to the non-augmented condition.

• Research question: Does the time participants look at the
text panel affect the productivity and collision rate?

3 EXPERIMENTAL STUDY

3.1 Methods
The experimental setup varied the presence vs. absence of
augmented communication channels in a between-subjects
design where participants were tasked to assemble pin-back
button components in collaboration with the autonomously
acting robot arm in VR. In the experimental condition, the
robot arm was augmented with the three aforementioned
communication channels. The non-augmented condition
omitted these communication channels.

The sample size was N � 80 (40 female), with 40 participants
assigned to each of the two conditions. Both conditions contained
an equal gender distribution. The average age of the participants

was 25 (M � 25.31, SD � 6.10). The majority of the participants
were students with a background in computer science and
engineering from the University of Applied Sciences Ruhr West.

3.2 Stimulus Material
To facilitate immersion in the VR sandbox experiments, a virtual
environment that emulates an industrial workspace was required.
To ensure an authentic depiction, four industry representatives
and robot experts were involved in the design process. Qualitative
interviews conducted with the experts helped to identify
appropriate machinery used in manufacturing plants, the
layout of common HRC working arrangements, frequent
procedures, and the design of the communication channels.
Additional reference material complemented the remarks
stated in the interviews (Vysocky and Novak, 2016; Villani
et al., 2018), resulting in the final creation of the virtual
environment implemented in Unity 3D (Version 2018.4.11f1)
(Unity, 2020a) (Figure 1).

To ensure stable performance of the virtual environment
despite being filled with a variety of props, i.e., pipes, forklifts,
and cables. Streaming assets and shader of the objects were
optimized for VR usage. This ensured reaching a target rate
above ninety frames per second which is crucial for virtual
reality, reducing side effects such as motion sickness or eye
strain (Jerald, 2016). Non-interactive assets were placed as
static objects into the scenery, which allowed for a mixed
lighting setup with baked shadow maps for immovable objects
and real-time lighting for interactive and dynamic objects.
This, in conjunction with the use of pre-calculated reflection
cube maps, allowed for a much more elaborated visual fidelity
adding to the immersion. The ambient soundscape completed
the experience with various industrial background noises
composed of public domain audio files mixed with
recordings from a steel mill, taken from a preceding project
(Zengeler et al., 2020).

FIGURE 1 | The virtual representation of an industry environment served as the background of the workplace arrangement. Equipped with appropriate props and
sound cues, this backdrop aimed to provide the context of the setting and facilitate the immersion of the experimental study.
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The locomotion mechanic was implemented through the
Oculus API and allowed the users to ambulate either through
the controller or by their natural body movement. To discourage
the exploration of the environment and keep participants focused
on the goal of the HRC workplace, the arrangement was enclosed
in a separate room that provided a barrier without breaking the
internal consistency of the virtual environment. The workplace
arrangement itself consisted of a waist-high desk, where the
shared task can be executed in collaboration with the
autonomous robot arm (Figure 2).

3.2.1 Shared Task
The VR sandbox is designed to address numerous categories of
collaboration tasks and procedures. For this purpose, a diverse
array of interaction mechanics were implemented that allows
manipulating actions such as pushing and pulling virtual objects.

The usability of the actions was designed according to established
third-party applications like the virtual reality toolkit (VRTK,
2020). For the context of the designed experimental setup, it was
necessary to provide a shared task that included the participation
of both parties in assigned roles following a coherent
representation of a manufacturing process.

Investigating several manufacturing processes involving the
usage of collaborative robots in real industries, resulted in
cumbersome procedures that were deemed too taxing for
inexperienced participants. For this purpose, a
comprehensible alternative was conceived in the usage of
the Badgematic Flexi Type 900 (59 mm) press as a shared
task to produce pin-back buttons (Badgematic, 2020). The use
of stand-ins for real manufacturing tasks can be found in
several research setups involving HRC (Sen et al., 2020;
Williams et al., 2020).

FIGURE 2 | The virtual workplace arrangement at which the participants conducted the shared task in collaboration with the robot arm. Apart from the pin-back
button press and the container for the assembly components, the workplace contained a start and emergency shutdown button. Shown is the non-augmented
condition where the three communication channels are absent. The virtual workspace where the shared task was executed by the participants in collaboration with the
robot arm. The arrangement was designed Note that in the control condition the augmented communication channels are absent.

FIGURE 3 | The Participants operated the virtual pin-back button press in collaboration with the robot arm. The implemented interaction mechanics emulated the
physical button press and enabled participants to use the lever and the rotation tray. Authentic sound and haptic feedback completed the representation.
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The virtual representation of the button press was
authentically modeled after the real one, using Autodesk Maya
2018 (Figure 3) (Autodesk, 2020). The pin-back button press
consisted of three components. While the frame of the press itself
was static, the stamp platform of the press and the associated lever
were intractable by the participants through the usage of the
Oculus Rift touch controller. To mimic the real characteristics of
the button press, both interactive components were equipped
with a hinge point and a rotator that interacted with the handgrip
mechanic of the Oculus integration (Oculus, 2020b). Simulated
friction was implemented to create the illusion of a resistance that
is required when using the lever or turning the stamp platform.
Audio sources were added to the components of the pin-back
button press, which emitted sounds recorded from its real
counterpart, varying in intensity based on the force of which
the lever is pulled, the stamp platform is turned or a segment of
the pin-back buttons is either inserted or extracted.

The shared task itself involved a total of nine individual
working steps which were executed alternately between the
human participant and the autonomous robot arm (Arntz
et al., 2020a) (Figure 4). The procedure was initiated by the
participant pressing the start button. The robot arm then moved
to the respective storage container to pick up the first component
of the pin-back button. After the robot arm grabbed the first
component, it was inserted by the robot arm into the first tray of
the pin-back button press. The robot arm retracted then to make
way for the participant, who was required to rotate the press tray
and operate the lever of the pin-back button press. The next step
was for the robot arm to transfer the second and third pin-back
button component successively into the empty remaining tray.
Subsequently, the press tray was again rotated by the participant
followed by pulling the lever and another press rotation. The
robot arm was then tasked to extract the finished pin-back button
from the press and move it to the respective storage container.
Once a full production cycle was complete, the process for the
production of the next pin-back button began immediately. The
number of the produced pin-back buttons in conjunction with
the remaining time was displayed to the user via a virtual monitor
placed on the work desk in front of the participant. An emergency
shutdown button that terminated all operations from the robot
arm gave participants additional security measures and was
designed and implemented following common industry safety
protocols (Heydaryan et al., 2018).

3.2.2 The Collaborative Robot Arm
Although the VR sandbox was created to allow any form of robot
collaboration partner to be evaluated, this scenario used a
representation of the KUKA LBR iiwa 7 R800 CR series
(KUKA, 2020), which is widely used in various industries and
application scenarios. To ensure an authentic portrayal of the
virtual robot arm, reference manuals and schematics from the
manufacturer were consulted in combination with intensive
examination of the real pendant (Kresse, 2010; Lemaignan
et al., 2014; KUKA, 2016; MORSE, 2020). Also of importance
was the sound for auditory location in collaboration setups
involving robots (Cha et al., 2018). Multiple sound recordings
from the real robot arm were combined to recreate the distinctive

soundscape of the LBR iiwa series through the audio tools of the
Unity 3D engine. This resulted in an accurate representation of
the visuals and characteristics of the robot arm.

The collaboration aspect of the experimental setups within the
VR sandbox demanded the robot arm to react adequately towards
the actions of the participants. Therefore, the usage of an
animation controller that contains a pre-defined set of
animated movements was rejected in favor of an inverse
kinematic system. This allowed calculation of the required
joint angles for the robot arm to reach any target position as
well as dynamic movement. Following the structure of the real
LBR iiwa series, the virtual model comprised seven degrees-of-
freedom (DoF) in a spherical-rotation-spherical kinematic
structure using the same parameter as the real robot arm
(Faria et al., 2018; Doliwa, 2020a). The inverse kinematic
implementation for the VR sandbox was based on a closed-
form solution, which provided better performance compared to a
numeric solution (Artemiadis, 2013). The inverse kinematic
system made use of the Denavit-Hartenberg parameter, as the
basis for the calculation in 7-DoF (Faria et al., 2018). In addition
to the movement characteristics, the range of angles, the joints
can cover derived from the real LBR iiwa series had to be
implemented to prevent that the robot arm moves through
itself (Doliwa, 2020b). For further interactions with the
environment and the participant, each segment of the robot
arm was outfitted with collision properties using the Unity 3D
built-in tools enabling it to register contact with other objects.
This also allowed to monitor and record the robot arms collision
rate for the objective data acquisition.

3.2.3 Capabilities of the Robot Arm
To present a wide range of collaboration setups with autonomous
robots via the VR sandbox, it was necessary to implement the
ability of the robotic arm to perform the collaborative task
independently of an external controller such as the Wizard-of-
Oz approach. Although the working steps for the robot arm to
execute within most collaboration tasks are determined, the
actions of the human collaboration partner introduce an
unpredictable element, to which the robot arm must react
adequately in a functional, predictable or legible way (Dragan
et al., 2013). For the VR sandbox, the capabilities of the robot arm
were implemented based on the following goals:

• Identification: the robot arm is required to detect the
movement of the participant represented by the hands
and the head of the VR avatar and takes
countermeasures to avoid dangerous collisions.

• Adaption: The robot arm should adapt to the work pace of
the participant and either increase or decrease its movement
speed in accordance with the ISO TS 15066 regulations.

• Execution: The robot arm can complete its working part of
the shared task.

• Verification: the robot arm is capable of recognizing that the
action of the participant follows the working procedure

• Notification: the robot arm is capable to communicate its
actions and possible detected deviations from the
procedure.
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Incorporating the Unity 3D Machine Learning Agents (ML-
Agents) in conjunction with the inverse kinematics system
enabled the robot arm to conduct these defined characteristics.

TheML-Agents open-source plugin provides a framework for the
application of various machine learning methods,
i.e., reinforcement learning to virtual objects through a Python
API and the TensorFlow interface. The ML-Agents SDK itself
contains three major components: The first is the agent, which
gathers information about the current state of the scene and can
execute actions. These actions are determined within the second
component, the Brain, which contains the various rules and
conditions for the decision-making of each of the
corresponding agents. The third component is the Academy,
responsible for the global coordination of the simulated
environment (Juliani et al., 2018) (Figure 5).

For the ML-Agents framework to assume control over the
inverse kinematic system of the robot arm, a Unity GameObject
serving as the target for the inverse kinematics-solver was
equipped with the provided agent component from the SDK.
This agent determined the movement and the speed at which the
robot arm heading for its target. The procedure of the shared task
with its designated roles was then modeled by adopting the
Relational Action Processes (RAP) established by Toussaint
et al. (2016). Through the usage of the relational Markov
Decision Process, which is commonly implemented for
decision processes of agents performing within an
environment, the model enabled the simultaneous operation of
several actions, either sequential or asynchronously, depending
on the current requirement (Munzer et al., 2018). Additional
information from two agents monitoring the states of the pin-
back button press tracked the current progress of the task and the
speed at which the participant conducted it, were used to enable
the robot arm to adapt its movement speed to the working pace of
the human partner. This increase in speed was limited by the ISO
TS 15,066 regulations (ISO, 2020). Further information regarding
the movement of the robot arm was relayed from three agents
attached to both hands and the head of the VR avatar, for the
robot arm to avoid collisions with the participant. Depending on
the current speed the robot arm either attempted to evade the
participant while slowing down incrementally or ceasing all
motions instantly. This was implemented mimicking the real
characteristics of the real robot arm model, as the robot arm has
to intercept its momentum, therefore a certain breaking distance
is required.

Also, the possibility that the robot arm could be stuck either by
the surrounding objects or by a loop had to be considered and
counteracted. For this purpose, Unity’s built-in collision system
was complemented by a raycast system that sends out radial rays
to detect surface meshes of the 3D objects in the vicinity, as the
existing Unity collision system only detects entering and exiting
collision states. Conducting the learning process of the robot arm
without the raycast system would distort the outcome as the ML-
Agent framework would not notice states of continuous collision
from the robot arm with adjacent objects. A reward system for
following the current required target while considering the state
of the other agents monitoring the various other items within the
virtual environment and punishment for moving away was
implemented. Based on the different states of the items
necessary for the shared task, these rewards and punishments
were adjusted or inverted, enabling the robot arm to follow the

FIGURE 4 | The diagram illustrates the individual procedures required
by the human participant and the virtual robot arm to execute the shared task.
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procedure for producing a pin-back button in collaboration with
human input in this experimental setup (Arntz et al., 2020a). This
allowed the robot arm to react and adjust to user input and follow
the necessary working procedure while adapting its operating
speed over time to keep pace with the participant.

The agents were trained by using recorded data from the
collaboration process within the application from nine sessions
conducted with three individuals each. A single training segment
was defined as the necessary actions for the agents to accomplish
the individual working steps of the procedure. The segment was
considered to have failed, if the agents reached a collision score of
fifty in conjunction with more than eight hundred attempts to
reach the respective target, i.e., removing the pin-back
component from the press.

An expected disadvantage of an agent-controlled kinematic
system compared to predefined animations is the potential
tremble in the movement due to noise in the training sample.
To mitigate this, a per degree movement penalty was
implemented to smooth out the motion of each joint of the
robot arm as much as possible, ensuring a close depiction of the
virtual robot arm’s movement to its real counterpart.

An interface component managed the transfer of variables
between the agents and the scripts attached to the various non-
interactable objects within the environments, such as the display
that presented the production quantity to the respective
participant. The same approach was used for the three distinct
augmentation channels for the communication methods.

3.2.4 Augmenting Channels for Guidance and
Explanation
To evoke the impression of an intended behavior, three distinct
unidirectional communication channels were conceptualized.
Based on a pre-study (Arntz and Eimler, 2020), the following
augmentations were implemented for the VR sandbox: 1) Text
communication in natural language, 2) Multi-colored light
signals, 3) Action initiating/terminating and standby gestures.
The essential purpose of these augmentation channels was to

notify about the progress within the task procedure, explain the
current action that the robot arm conducted, alert any potentially
hazardous situations, and provide feedback to the activities of the
human collaboration partner. The first goal was realized through
the text communication panel, which was represented through a
virtual display containing written statements that explained the
ongoing action of the robot arm. To enhance the associations of
these statements to the robot arm, the virtual display was placed
directly in front of the robot (Figure 6). A pre-study revealed that
the adjacent positioning of the virtual display strengthened the
impression that these statements originated from the robot arm
(Arntz and Eimler, 2020). This was complemented through a
stylized graphic of the robot arm that was placed right next to the
text, which was embedded in a speech bubble. The text itself was
formulated in the first-person form to give a further impression of
an intended behavior, a design choice taken from voice assistants,
such as Amazon Alexa and Apple Siri (Hoy, 2018). Although the
phrasing of the statements from the text panel emulated a
personality akin to the aforementioned voice assistants, the
usage of speech by the robot arm was dismissed for this
experimental study. Several qualitative statements from the
prior study indicated that the presence of voice output
encouraged the user’s expectation of voice input (Arntz and
Eimler, 2020). Since many available conversational AI and
natural language processing tools are designed to recognize
speech patterns in soundscapes polluted through the presence
of other media devices (Papayiannis et al., 2018), no robust
solution for industrial ambient noise was available. Although
the text panel denies the capability for two-way communication
exchange, it was suitable for the intended goal of this study to
provide explanation and guidance. In total, the robot arm was
able to express forty-two pre-defined statements, counting three
variations for fourteen distinct statements to avoid sequential
repetitions of the phrasing. To implement the text
communication channel, a Unity UI (user interface) Canvas
was placed in the world view of the scene which contained a
label element. The text was then displayed through Unity’s build-
in text rendering technology TextMeshPro with no additional
performance cost (Unity, 2020b).

The second augmentation consisted of multi-colored light
signals, which were directly attached to the actuators of the
robot arm. The concept of these light signals was to alert for
potentially dangerous situations with a visual stimulus that is
directly in the field of view of the participant and comprehensible
at a glance. Derived from suggestions made from qualitative
statements from a preceding study (Arntz and Eimler, 2020), a
green light was used for signaling the normal operation of the
shared task, while a red light indicated erroneous deviance from
the procedure or a detected collision. The light signals were
implemented by using a light-emitting shader on the actuator
rings of the robot arm model. Based on the received input, the
shader changed its color properties and was able to switch from
red to green and vice versa or black in the case the robot arm was
shut down. To provide further illumination of the surroundings,
points lights were attached to the light signals to enhance the
visual fidelity. To add a further explanation, the light signals were
accompanied by notification labels that were shown on a virtual

FIGURE 5 | The schematics of the ML-Agents framework consisted of
three components, the agents, the brain, and the academy (Juliani et al.,
2018). The agents monitored the states of the environment and assumed
control over the robot arm. Determined by the brain, the robot arm acted
based on learned behavior stored in the academy.

Frontiers in Robotics and AI | www.frontiersin.org October 2021 | Volume 8 | Article 7289618

Arntz et al. Augmented Communication in Human-Robot Collaboration

84 Chapter 6



display (Figure 7). A green light signal was shown in conjunction
with a general caution warning, that reminded the participant
that the robot arm was in motion. If the red light signal was
triggered based on an imminent collision, a warning label alerted
the participant that he/she was too close to the robot arm.

The third augmentation was the capability of the robot arm to
conduct three gestures (action initiating, action terminating, and
standby). Apart from the general approach of providing guidance
and explanation, the capability of using gestures was implemented
to strengthen the perception of an intended behavior from the
robot arm and contribute to the safety attribution of the system.
The purpose of the action initiating gesture was to signal the
human to proceed with the objective in case no action by the
participant was detected. If the collaboration process was stalled
through the participant’s inactivity, the robot arm pointed towards
the object that was necessary for the subsequent working step
(Arntz et al., 2020a). The concept behind this gesture was to
reinforce the impression of agency by the robot arm to pursue
the objective of the shared task. The counterpart was the action
terminating gesture, that was triggered if deviance from the
procedure was detected. The robot arm erected its front and
rotated the front section with the attached clamps similar to a
dismissive hand wave (Arntz et al., 2020a). The goal was not only to
notify the human collaboration partner of an incorrect action but
also to evoke the impression that the robot arm has a sense of
awareness. The same applied to the standby gesture, where the
robot arm retracted itself from the button press after completing its
working step (Arntz et al., 2020a). This was implemented to enable
the robot arm to make room for the human collaboration partner
to conduct their activities and meet the expectation of the
appropriate proxemics (Mumm and Mutlu, 2011). The design
of these gestures was inspired by Ende et al. (2011), who
evaluated several approaches for gestures in collaborative
working processes. To further enhance the perception of
safety the works of Koay were consulted, regarding the
movement of the robot arm (Koay et al., 2017). The behavior

of the robot arm was adapted to consider social norms for
personal space and avoiding sudden motions that could be
interpreted as threatening by some people.

3.3 Measures
To measure the number of produced pin-back buttons and the
collision rate, objective data tracked by the VR application were
used. The designated data-set for productivity measured the
quantity of pin-back buttons the participant produced in
collaboration with the robot arm (H1). The second objective
data set detected the number of collisions the participant had with
the robot arm (H2). A third objective measure tracked the
duration in seconds the participants watched the text panel
with the guidance and explanation provided by the augmented
robot arm. This measure was only present in the experimental
condition, due to the absence of the text panel augmentation in
the non-augmented condition.

In addition to the objective measurements, self-reported data
were surveyed. The used questionnaire was formulated in
German. Items either taken or altered from sources in the
English language were translated to German by one researcher
and then translated back independently by another researcher to
ensure correctness. Measuring the influence of the robot arm’s
augmentation on the perceived safety of the participants was done
by utilizing self-reported questionnaire data. To measure the
perception of safety provided by the augmentation channels of
the robot arm (H3), four scales were used. The first contained five
items regarding safety aspects of the workplace (α � 0.69;Table 1)
measured on a 5-point Likert scale (1 � very dissatisfied; 5 � very
satisfied) which were modified by adding the word virtual to fit
the context of the experimental setup from the Construct validity
of a physical work environment satisfaction questionnaire
(Carlopio, 1996). The second scale covered the perceived
safety of the robot arm with three items (α � 0.66; Table 2),
measured on a 5-point Likert scale (1 � strongly disagree; 5 �
strongly agree) based on the survey methods for Human-Robot
Interaction established by Lasota et al. (2017). The survey
contained four items of the perceived safety scale. One of
which was excluded because it negatively affected the
reliability. The fact that Cronbach’s alpha value is below 0.7
can be explained by the small item size of the used scale (Bujang
et al., 2018). While a low alpha is generally considered
unfavorable, according to George and Mallery and supported
by Hinton et al., an alpha value between 0.6 and 0.7 is still valid
for statistical operations (Darren andMallery, 2003; Hinton et al.,
2014). The third scale rated the augmentation channels of the
robot arm in terms of comprehensibility and effectiveness (4
items, α � 0.85; Table 3) measured on a 5-point Likert scale (1 �
very bad; 5 � very good). General satisfaction regarding the
collaboration with the robot arm was assessed by using four
items rated on a 5-point Likert scale (1 � very satisfied; 5 � very
unsatisfied) (α � 0.72; Table 4). Furthermore, the pre and post-
questionnaires contained various items. i.e., regarding the
assessment of the robot arm in terms of prior experience with
industrial robots and the second edition of the Technology
Acceptance Model (TAM2) which were used as control
variables (Arntz et al., 2020a).

FIGURE 6 | The text panel provided guidance for the current task and an
explanation of the robot arms’ behavior. The text was displayed within a
speech bubble next to a stylized representation of the robot arm to strengthen
the affiliation of the statements to the robot arm. The communication was
formulated in the first-person form to evoke the perception of the robot arm as
a collaboration partner instead of a tool (“I’m waiting for you to turn the
platform”).
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3.4 Experimental Procedure
At the beginning of the experimental study, participants were
asked to sign a declaration of consent. This was followed by a
short briefing, informing the participant about the aim of the
study. Subsequently, the participants were asked by the study
supervisor to complete the pre-questionnaire, provided through a
desktop computer present in the lab. A small wall gave the
participants the privacy to answer the pre-questionnaire
without time constraints.

The next stage was the use of the VR application. The
supervisor instructed the participants about the Oculus Rift S
VR hardware (Oculus, 2020a), its usage, and controls. With no
questions remaining, the participants were provided with a
special disposable mask, to enhance hygiene and reduce wear
on the device. The VR headset was properly mounted, a tutorial
scene was loaded. This scene contained the full industrial
environment, without the robot arm. The purpose of this was
to allow participants to get used to the VR experience and the
interaction mechanics of the virtual environment. With about
fifteen square meters of free-range, participants were provided
with enough space to move within the restrictions of the
connection cable of the device. Once the participant has
signaled to be ready, the actual stimulus material was loaded,
containing the shared task environment with the autonomous
robot arm. After the collaboration process started, the
participant was given 10 min to produce as many pin-back
buttons as possible, following the procedure described in
Section 3.2.1. After the remaining time had been up, the
application informed the participant that the procedure
has ended.

The supervisor aided the participant to remove the VR
headset and gave the instruction to complete the post-
questionnaire. The procedure was concluded with a
debriefing containing about the study. Participants were
thanked and dismissed from the lab. The whole experimental
procedure took about 30 min.

4 EXPERIMENTAL RESULTS

In this section, the results of the experimental study are presented
using the hypotheses as a structuring element. For the data
processing and analysis, the software Statistical Product and
Service Solutions (SPSS) in version 22 from IBM was used.

4.1 H1: Participants ProduceMore Pin-Back
Buttons in the Augmented Condition
Compared to the Non-Augmented
Condition
To test H1, an ANCOVA was calculated using the experimental
condition as an independent and the production output as a
dependent variable and the rating of the augmentation channels,
prior experience with industrial robots, and technology affinity
(TAM2) as the covariates. Supporting H1 results show a
statistically significant difference between conditions (F(1,75) �
12.63, p < 0.01, η2p � .40). In the augmented condition the average
production quantity was higher (M � 8.2, SD � 1.40) than in the non-
augmented condition (M � 6.15, SD � 1.53) (Figure 8). The
production output and the assessment of the augmentation
channels were found to be moderate correlated (r(80) � 0.39,
p < 0.01).

4.2 H2: Participants Collide Less With the
Augmented Robot Arm Compared to the
Non-augmented Condition
H2 was tested by using an ANCOVA with the experimental
condition as the independent and the detected collisions as a
dependent variable and the assessment of the augmentation
channels, prior experience with industrial robots and technology
affinity (TAM2) as the covariates. The results revealed a statistically
significant difference separating both conditions (F(1,75) � 5.93,
p < 0.01, η2p � .24). The augmented condition on average showed
less detected collisions between the participants and the robot arm
(M � 53.57, SD � 47.40) compared to the non-augmented
condition (M � 118.82, SD � 81.49) (Figure 9). Collision rate
and assessment of the augmentation channels were found to be
correlated (r(80) � 0.24, p � 0.03) supporting H2.

4.3 H3: Perception of Safety is Higher in the
Augmented Condition Compared to the
Non-Augmented Condition
The third hypothesis was examined by calculating an
ANCOVA that contained the experimental condition as the
independent variable and the perceived safety rating of the
robot arm as the dependent variable with the safety aspects of
the workplace as the covariate. The results indicated a
statistically significant difference between the two conditions
(F(1,77) � 5.47, p < 0.01, η2p � .12), with the perceived safety
rated slightly higher on average in the augmented condition
(M � 3.33, SD � 0.59) compared to the control non-augmented
condition (M � 3.17, SD � 0.58). The results support H3.

FIGURE 7 | Additional notifications complemented the communication
channels, informing the participant about the current activity status of the
robot arm (“Caution! Robot in motion”). The left side of the display contained
information about the shared task by showing the remaining time and the
production quantity to the participant.
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4.4 Research Question: Does the Time
Participants Look at the Text Panel Affect
the Productivity and Collision Rate?
Results of the Pearson correlation indicated that there was no
statistically significant effect between the time participants looked
at the display and the collision rate nor the production output
with an average display gaze of 253.02 s (SD � 99.61).

5 DISCUSSION

With the aim to provide an adaptive and accessible application
suitable for HRC experimental studies, we developed a VR
sandbox as a modular platform, as described in chapter 3.2.
Based on best practices from prior work (Straßmann et al., 2019;
Kessler et al., 2020), every mechanic was designed and
implemented as a modular component, that can be adjusted,
extended, or omitted to fit the current experimental study’s
requirements. Apart from a library of assets that can be used to
create the virtual environments to emulate industrial
workplaces, the VR sandbox provides the tools to enable
interactions with a robot as well as with other machinery,
inverse kinematics, or the usage of machine learning
independent of the robot model to be explored for HRC.
This allows the VR sandbox to adapt and replicate a variety
of workplace setups involving shared tasks with industrial
robots within an authentic and safe environment for HRC
research. The usage of simulated industrial environments
through augmented and virtual reality is established itself
throughout various fields of research (Daling et al., 2020;
Dyck et al., 2020; Shahid et al., 2020). However, compared to
our VR sandbox, these applications for simulating industrial
settings are designed with one specific use case in mind,
precluding the usage for an iterative and flexible
experimental process (Shu et al., 2018). The usage of a
virtual environment comes with certain restrictions, as it is
always merely an approximation of the real counterpart.
However, real lab-controlled experimental studies similar in
scope and objective are also often met with compromise in
depicting believable industrial settings (Arntz et al., 2020c). The

TABLE 1 | Workplace safety is measured by the items derived from the physical work environment satisfaction questionnaire by Carlopio (1996).

For each statement, please consider to what extent you think it is true

No. 1 = very dissatisfied; 5 = very satisfied

1 How satisfied were you with the security measures in your virtual workspace?
2 How satisfied were you with the overall design of your virtual workspace?
3 How satisfied were you with the amount of time the robot gave you to do your work?
4 How satisfied were you with the amount of work you needed to complete the task?
5 How satisfied were you with the amount of work the robot required to complete its task?

TABLE 2 | The items for the perceived safety scale are based on the scale by Lasota et al. (2017).

For each statement, please consider to what extent you think it is true

No. 1 = strongly disagree; 5 = strongly agree

1 I am of the opinion that an accident with the robot (e.g. a collision) can happen or can happen again
2 I felt safe in the presence of the robot
3 I believe that other people feel safe in the presence of the robot

TABLE 3 | The items used for the rating of the communication channels.

For each statement, please consider to what extent you think it is true

No. 1 = very bad; 5 = very good

1 In general, the robot’s communication was. . .
2 The robot’s light signals were. . .
3 The robot’s text panel cues were. . .
4 The robot’s gestures were. . .

TABLE 4 | The items measuring the satisfaction regarding the collaboration with
the robot arm.

For each statement, please consider to what extent you think it is true

No. 1 = very dissatisfied; 5 = very satisfied

1 How satisfied were you with the efficiency of the robot?
2 How satisfied were you with the robot’s effectiveness?
3 How satisfied were you with the flexible working speed of the robot?
4 How satisfied were you with the danger warnings you received from the

robot?
5 How satisfied were you with the way the robot tries to avoid accidents?
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FIGURE 8 | The chart presents the average number of pin-back buttons produced by the participants in collaboration with the robot arm. The augmented condition
(M � 8.20, SD � 1.40) resulted in a higher production output than the non-augmented condition (M � 6.15, SD � 1.53).

FIGURE 9 | The box plot shows the average collision rate between the robot arm and the participants for the augmented condition (M � 53.57, SD � 47.40) in
comparison to the non-augmented condition (M � 118.82, SD � 81.49).
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benefit of the VR sandbox lies in the reduced effort to conduct
experimental studies as the functionality can be iterated across
different robot representations without starting all over again,
compared to experiments conducted within real lab conditions.
Another advantage is the simple collection of objective
measures that can complement subjective or self-reported
qualitative and quantitative measures to explore various
research questions regarding HRC.

The goal of this experimental study was to examine the effect
of augmented communication on productivity and safety in
shared task setups involving the collaboration between
humans and autonomous industrial robots. Prior studies
conducted within the VR sandbox focusing on subjective
measures revealed various benefits of equipping a robot arm
with communication channels in HRC setups (Arntz et al., 2020a;
Arntz et al., 2020b). Yet one of the key aspects determining the
success of HRC remains largely open: the economic point of view,
which mainly addresses productivity and safety concerns
(Buxbaum et al., 2020). Motivated by this, it is necessary to
investigate if the usage of augmented communication can also
result in advantages regarding objective measurements such as
productivity and safety.

In accordance with the first hypothesis that addresses the
number of produced pin-back buttons, participants of the
augmented condition generated a higher production
quantity compared to the control group. Considering that
the assessment of the communicative augmentation strongly
correlated with the quantity of produced assets, it can be
assumed, that the explanation and guidance provided by the
robot arm contributed to participants performing better in
terms of productivity. According to human group
collaboration research (Shah et al., 2011), the
communication channels might contribute to forming
distinguished roles within the collaboration process.
Participants assigned to the control condition did not
receive any guidance and explanation from the robot arm,
which required that they fathomed the procedure based on
their own mental model (Peltokorpi and Hood, 2019). This
probably affected the quantity of produced pin-back buttons,
as participants of the control condition, required more time to
acclimate to the procedure. Although the task used in this
experimental study was fairly simple in execution compared to
common industry procedures, the combined objective and
subjective results indicate that the augmentation channels
can help to support the collaboration process between
humans and autonomous robots in terms of production
efficiency. While it can be assumed, that industrial
employees were familiar with the necessary working steps of
their assigned task compared to the inexperienced
participants, it can be argued that due to more dynamic
production cycles in the future, employees will be exposed
to regularly shifting procedures. Communication channels
that provide guidance and explanation from the robot,
might help to mitigate necessary training time and reduce
fear of wrong-doing, therefore contribute to maintaining a
high production capacity, consequently support the economic
success of the HRC concept. However, since the VR sandbox is

capable of recreating a variety of distinct scenarios, it is
recommended that future studies extend the complexity of
the collaborative task to further investigate the impact of each
augmentation channel on people’s productivity.

The second hypothesis stated a reduction in collisions
between the robot arm and the participants in the
augmented condition. The results support the hypothesis
that participants of the augmented condition collided less
frequently and that this occurrence correlated with the
assessment of the communication channels. Considering
that the robot arm’s augmentations enabled it to convey
potential hazardous situations through multiple channels, it
can be assumed that participants were better suited to
recognize these collisions and adapt their behavior to
prevent them (Zakka et al., 2019). Although the results
show a significant gap between both conditions regarding
the collision rate, it can be argued that in a real HRC
procedure, the difference would be less significant. The
reason for this can be seen in the limitations of the VR
technology which currently omits tactile feedback. Although
the vibration motors of the Oculus Touch Controller were used
to signal a collision, it cannot be ruled out that this stimulus
was not correctly interpreted by all participants, thus minor
collisions were possibly not noticed by the participants.

The third hypothesis complemented the gathered objective
measures of the collision rate with the subjective survey to
examine if the potential benefit from the augmentations in
safety affected the participants’ perception. The results of the
experimental study indicate a contribution of the augmentations
of the robot arm towards a stronger perception of safety by the
participants. With both the perceived safety of the system and the
workplace scored better in the augmented condition, a
statistically significant difference could be detected. It can be
argued that the information provided by the augmentation
channels reduced the uncertainty and therefore contributed
towards the impression of a safe system (Seo, 2005; Arntz
et al., 2020a). A possibility to strengthen this impression is
the inclusion of a backchannel in the communication of the
robot arm. Since the perception of safety is influenced by the
awareness of an organizational structure within a task, which is
formed by exchanging information between those involved in the
collaboration (Cigularov et al., 2010). The lack of the ability to
respond to the robot i.e., asking to clarify a statement or situation
may diminish the impression of group cognition as the criteria
for communication exchange is not met (Hart and Staveland,
1988). The presence of the impression of mutual understanding
about the current situation within a collaboration setup
contributes to the perception of safety. While implementation
of the three communication channels that were exclusively one-
sided could deliver this understanding for the short and simple
task deployed in this setup. A real shared task involving more
complex setups might demand a stronger communication
exchange (Cigularov et al., 2010). The research question
examined the affect of display gaze time on the production
output and collision rate. No statistically significant
correlation was found. Considering that no dedicated eye-
tracking device was used for this measurement, the results
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might be insufficient regarding the precision of the
implementation. It can be argued that the usage of a distinct
focal point in the center of each eye respectively detecting an
overlap with the virtual display, may not cover any peripheral
vision of a VR user. While it can be stated that due to the lenses of
the VR headset, which contain only a small focal point in the
center for displaying a sharp image to the person wearing the
device, usually, the center point is where the user focuses their
attention. Therefore vindicating the approach of the
implementation. However, it is advised to use proper eye-
tracking hardware in future iterations of HRC-related studies
involving communication channels to ensure precise data.

5.1 Limitations
Limitations include the respective constraints of the VR
technology, the study design, and the composition of the
sample that is discussed in the following.

While the study used a sophisticated VR headset, the image
resolution of the device still diminishes the visual fidelity of the
experience. In conjunction with the limited interaction
capabilities of the motion-based controller, the usage of VR
can only approximate the realism of a shared task study
involving a real robot. Influences that are present in real HRC
setups, like touching the robot or the components that are part of
the collaboration are omitted in VR, resulting in the absence of a
sensory channel that might contribute to the assessment of the
situation. However, findings from preceding studies suggest that
the participants immersed themselves into the experience and
even recognized sudden or unexpected movement by the robot
arm as threatening (Arntz et al., 2020a; Arntz et al., 2020b),
although the VR application posed no real danger. This indicates
that the technology is suitable for exploring HRC concepts before
they become reality and therefore helps to optimize these
workplace setups.

A noteworthy limitation regarding the study design is the
usage of the pin-back button press as a shared task. While the
usage of a collaborative robot for such a simple task is
exaggerated and not appropriate for an industrial context,
the relative straightforwardness of the pin-back button
machine allowed to establish a comprehensible shared task
scenario. Participants independent of prior experience were,
therefore, able to execute the procedure and develop a work
pace based on the guidance and explanations of the robot
arm. Albeit not applicable to complex procedures that are
found in industrial manufacturing, the used task allowed to
gather insights into the participants’ behavior when exposed
to such a scenario. Another limitation in the study design is
the short exposure time of the participants with the stimulus
material. Considering that industrial employees tasked to
collaborate with robots are expected to work with them
during prolonged shifts, the dynamic of that relationship
that might emerge in this time frame cannot be emulated by
the 10 min that were applied in this study. While similar HRC
studies are conducted with comparable exposure times for the
participants, it is advised to investigate possible deviations
from the hereby gathered results in long term studies.

Further worthy of mentioning is the composition of the
participants. The sample consisted predominantly of students
associated with the field of computer science and engineering.
Thus, the gathered results do not apply to the general
population and in particular to experienced industrial
workers. However, because the presented scenario involving
AI-enhanced autonomous robots deployed for collaboration
can be anticipated for the future, the usage of students that
provide the forthcoming workforce can be argued as
appropriate.

An additional limitation in this experimental study is the
moderate reliability of the perceived safety scale used for H3
(described in Section 3.3). Although a Cronbach’s alpha value
below 0.7 can emerge due to the small number of items used in
the scale (Cortina, 1993), further revisions and validations of
this scale are required for expanded HRC experimental
studies.

6 CONCLUSION

The concept of complementing the individual skills of human
employees with the advantages of robots will become ever so
important in industries with increasing competitiveness and
dynamic production cycles. However, current
implementations of shared workspaces between humans
and robots are restricted by necessary safety precautions
that limit the areas of application where the combined
work of robots and humans can create an economic
benefit. Augmenting autonomous robots in shared task
environments with communication channels shows
promise in enhancing production quantity, reducing
collision risk, and perceived safety. These factors play a
significant role in establishing HRC in the industry, as
only an economical and safe implementation of the
concept convinces industry decision-makers to adopt this
approach. The results of this study indicate that these
augmentations that contribute to actual safety by reducing
collisions between the robot and the human collaboration
partner, also increase the perceived safety of the system.
Nonetheless, the tendency for augmentation for
autonomous acting robots to award several advantages to
the collaboration process, implicates that HRC-related
research and the industry should examine different
approaches on how to integrate communication-based
augmentation into these work scenarios for upcoming
production processes. To cover this subject, the presented
virtual reality sandbox application provides the first step for a
flexible tool to investigate potential solutions for these
essential questions for HRC.
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7. Summary and Future Research

This chapter concludes the presented work with a brief summary followed by a discussion of

the specific contributions accompanied by the specifications of the limitations. In addition,

this section contains descriptions of upcoming projects that will use the HRC VR application,

followed by further suggestions for future research and a conclusion.

7.1. Summary

This dissertation presented a versatile research tool for HRC concepts in the form of a VR

application and five studies informing the design and testing of the previously established

research questions (cf. Section 1.2). These research questions, tested in experiments with

participants either using VR application directly or adapted as a video stimulus addressed

the challenges of HRC (cf. Section 1.1.2) through quantitative, qualitative, and objective

measurements. Considering that these challenges hamper current HRC implementations and

the restrictions to confront these challenges in safe and replicable empirical studies, the VR

application resulting from the work was conceptualized and developed as an alternative to

exploring current ongoing and upcoming HRC scenarios. Although the usage of mixed reality

technologies is already applied in the field of HRC (cf. Section 1.3.1), as of yet no dedicated

VR platform for conducting experimental studies has been established. As ascertained in the

research of behavioral psychology (cf. Section 1.3.2), it can be assumed that this presented

VR application provides a useful tool to the HRC research community in validating current

and exploring new concepts to design safe, effective and autonomous HRC arrangements

that are conforming to user expectations.

The preliminary study of Chapter 2 explored the expectations of participants towards the

presented collaborative robot in a qualitative approach. Apart from the answers that empha-

sized the importance of competence, reliability, trust, and independence, Chapter 2 helped

to shape subsequent studies of the HRC VR application by tweaking the representation of

the communication methods and adding the multi-colored light signal as a dedicated channel

to the virtual robot. Also, the preliminary study helped to identify the characteristics that

the participants associated with an intelligent system, an aspect that was important for the

design of the robot’s behavior in subsequent studies (cf. Chapter 5).

As previously established in Section 1.1.2, communication cues are important for the collab-

oration relationship. To explore this, Chapter 3 focused on the augmented communication

channels of the robot and explored their influence on the participant’s perceived stress,
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associated emotions, and the social presence of the robot. Compared in a between-subjects-

design, 80 participants were confronted in an experimental setup either with an autonomous

robot augmented with communication channels or collaborated with a robot without the ca-

pabilities to express itself. This experimental setup was shared with all experimental studies

for comparison purposes, with the exception of Chapter 2, serving as the preliminary study,

and Chapter 5. Results showed that the used communication channels contributed to less

perceived stress, more positive emotions, and the impression of an increased social presence.

All three attributes are important aspects of the collaboration relationship as they can affect

an individual’s willingness to work with the system. Considering that a robot that evokes

stress and negative emotions due to uncertainty, while displaying autonomous skills without

the impression of a social presence might induce aversion. Viewed from the perspective of

human factors, these aspects can jeopardize an effective collaboration relationship, if not

designed adequately. The results of this study contribute to the HRC research by showing

that this communication arrangement can improve the human factors aspects during a col-

laboration scenario.

Chapter 4 examined the individual positive and negative aspects of the collaboration robot

in a qualitative approach. Results revealed themes regarding the positive perceived aspects

such as the experienced assistance provided by the autonomous robot, the efficiency of the

robot, and the resulting collaboration relationship. Attributes that were criticized across

both conditions (communication vs. non-communication) were the slow working pace of the

robot and the unpleasant noise of the actuators. Participants from the non-communication

conditions lamented the lack of communication by the robot, resulting in the perception

of uncertainty during the collaboration. While the study investigated the characteristics of

the presented robot from the LBR iiwa series [119], aspects such as the slow working speed

dictated by safety guidelines along with the unpleasant sound can be applied to a variety

of different collaboration robots. Therefore, the qualitative answers from this study supply

designers of collaboration setups with valuable suggestions for upcoming HRC setups.

Chapter 5 shifted its focus on the attribution of blame and credit during the collabora-

tion with an autonomous robot. Due to widespread reservations against automated systems

among the population, the study setup was distinguished in a 2 (augmented communica-

tion vs. non-augmented condition) x 2 (AI-narrative vs. non-AI-narrative) setup. In the

augmented communication condition an artificial intelligence narrative emphasized the com-

petence of the robot. While participants did not show any statistically significant difference

in the attribution of blame and credit between the conditions, the ability to communicate

led to the perception of the robot as a better collaboration partner. Results of this study

provide valuable insights into the attribution of the robot with human characteristics due to

the mere presence of an AI narrative and the confirmation of the importance of communi-

cation channels in a collaboration between humans and robots.

The collection of objective measurements in general is uncommon in HRC empirical research

involving participants and prohibited regarding the measurements of the collision rate, due
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to the aforementioned safety concerns (cf. Section 1.1.2). For this reason, the study de-

scribed in Chapter 6 compared the production rate and the collision frequency between the

conditions (communication vs. non-communication). The results indicated that communi-

cation channels can help to improve production rates and reduce collisions with the robot,

as participants from the communication condition outperformed their peers from the non-

communication condition. These results provide a contribution to the overall goal of HRC

research to improve safety conditions in collaboration settings. Another aspect is that the

communication not only resulted in actually increased safety but also in perceived safety.

7.2. Specific Contributions

The collaboration between two humans involves complex layers of social interactions that

influence the relationship between the collaborating parties and the effectiveness of the col-

laborative activity [59], [71]. Human-Robot Collaboration, especially with the anticipation

of intelligent and autonomous robots in the near future [12], [14], contains no less complexity

in the exchange between the two collaboration partners.

To develop guidelines that address the challenges of the effective implementation of the HRC

concept, extensive research is required to fathom the intricate characteristics of the collab-

oration between the two parties [37]. Since the examination of HRC in controlled studies

requires extensive precautions and elaborate setups, the main contribution of this thesis is to

provide a VR-based research platform that enables the research of HRC workplace arrange-

ments as well as results on its design and the exploration of challenges concerning safety,

expectation conformity, task allocation, and autonomous behavior (cf. Section 1.1.2). To

illustrate the contribution, it is important to put the developed VR application in context

with previous implementations of VR in the domain of HRC (cf. Section 1.3.1). Existing ap-

plications aim to either integrate the virtual content into the real HRC setup [89], simulating

the robot to analyze pre-calculated trajectory paths for optimizing the movement [90], or

act as a training tool to prepare personnel with the operation procedures of the robot [93].

The concept of using VR as a means to gain insights into user reactions and behavior for

experimental studies is not covered by these applications. Furthermore, the usage of ML to

achieve a level of autonomy from the robot while being tasked with the objective to accom-

plish a shared task in collaboration with a human partner is another unique aspect that is

found in the hereby presented VR application dedicated to empirical studies. Completed

with the interaction mechanics, communication interfaces, and the capability to collect ob-

jective measurements during the collaboration procedure, the VR application is intended

to support the HRC research community in exploring the complex dynamics of humans

collaborating with industrial robots in experimental studies without the effort of real orga-

nized lab setups. Researchers are empowered through this VR application to investigate new

concepts and existing scenarios without exposing their participants to potential dangerous

implementations while being able to accurately repeat the respective test conditions for each
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participant. Even without the usage of VR Hardware, the virtual environment can be used to

create additional stimulus material in various forms of media such as images and videos (c.f.

Chapter 5). Apart from the aforementioned benefits, the accessibility of different settings

through the VR application might help to mitigate the current threshold of research in the

domain of HRC which is associated with high acquisition costs of the individual robots, and

propel the concept out of the Human-Robot Interaction niche. Concepts and/or constructs

that are robust (strong, not fragile when used in studies) and have received considerable

backing by research could therefore attract more industries to invest in the HRC approach

and support their staff with collaborative robots. This is especially relevant due to an ag-

ing population that stays longer in the workforce, which is recognized in the silver society

megatrend [149]. Adjacent to this is the megatrend of emerging health awareness [150],

as physically demanding tasks can be delegated onto the robot, relieving personnel, which

contributes to maintaining their health and might reduce their sick leave.

In addition to the VR application as a technical achievement, this thesis makes a specific

contribution to the empirical research in the field of HRC, both in terms of providing a

research tool as well as through the identification of aspects of empirical concern and en-

suing hypotheses. By orchestrating multiple methods such as qualitative, quantitative, and

objective measurements for the collection of relevant data, the results of this dissertation

provide valuable implications regarding the challenges of HRC. As described in Section 1.1.2,

previous HRC research involving autonomous robots often favors the technical implemen-

tation and neglects the human requirements for the system [60]. The qualitative answers

described in the studies from Chapter 2 and Chapter 4 provide relevant statements for the

general expectations and impressions of an autonomous collaboration robot in an industrial

setting. Although the sample size for the study in Chapter 2 was small (further described

in Section 4 of Chapter 2), previous studies neglected the exploration of users’ expectations

towards industrial collaboration robots through qualitative answers [151], making the gath-

ered statements nevertheless valuable for the HRC research community.

In accordance with the theoretical foundation of the collaboration process among humans

which is further detailed in Chapter 3 (Section 2) and Chapter 6 (Section 2), the empir-

ical studies from Chapters 3, 4, 5, and 6 confirmed the various benefits of equipping an

autonomous robot in a shared task environment with multi-modal communication channels

and validated the combination of the used communication interfaces. Since the time partic-

ipants were exposed to the collaboration was short due to its execution as an experimental

study in a lab setting, no long-term effects can be presented. However, the trend across the

presented studies indicates the advantages of the communication channels in the domain of

perceived stress, positive emotions, social presence, the general impression of the robot as a

collaboration partner, increased production quantity, reduced collisions, and safety percep-

tion. Real collaboration setup involving robots can benefit from these results by optimizing

the production effectiveness and safety through fewer collisions and higher output due to the

guidance and explanation provided by the communication channels. Personnel exposed to
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these robots can experience less perceived stress due to the reduction of uncertainty and the

improved collaboration relationship due to the social presence of the robot. This can help

to increase an individual’s willingness to effectively collaborate with the system and reduce

negative stereotypes associated with robots and artificial intelligence, which are widespread

among the population [144].

All in all, the conducted studies of this dissertation shed light on the important challenges

of HRC presented in Section 1.1.2 and provide recommendations for action. Furthermore,

this dissertation offers a basis for design decisions for future research and for design aspects

in the industrial field of application.

7.3. Limitations

To contextualize the gathered results it is important to emphasize the general limitations

of the hereby presented work regarding the methodological and technical constraints to test

HRC concepts. Although the included publications already discussed the individual limita-

tions of the respective studies, certain limitations found across all conducted studies in this

work will be concluded in this section. A major limitation is the composition of the used

sample. Since the majority of the participants from the studies reported in Chapters 2, 3, 4,

and 6 consisted of STEM1 students from the University of Applied Sciences Ruhr West2, no

external validity can be applied to the presented results. The same can be attributed to the

study reported in Chapter 5, where insufficient demographic data were surveyed to enable

conclusions about the composition of the sample. The skew in demographics, therefore,

denies the application of the results gathered in this dissertation to the general population.

Although the benefit of using students as participants, which form the workforce of tomor-

row, was argued in the included studies presented in Chapters 2-6, the missing application

of external validity remains. An inspection of similar HRC-related empirical studies reveals

similar limitations in the composition of representative samples as well [29], which can alter

the results gathered from these empirical studies, thus changing the conclusions to be drawn

for future design guidelines for HRC. This necessitates additional studies in the future, that

cover a more representative sample to reflect the diverse background of the general pop-

ulation across different cultures. The advantage of the VR HRC application compared to

traditional lab settings is mobility. Without logistical constraints, the experimental proce-

dure can be reproduced independently from a specific location, enabling future studies the

increased freedom to recruit the necessary sample. However, one disadvantage of the VR

approach is the exclusion of certain groups of participants. The use of VR can be restricted

or ineligible for people with vision impairments such as stereoblindness, where a person can

not distinguish stereoscopic images. Further limitations can occur with people with a low

1The term STEM describes the academic disciplines of Science, technology, engineering, and mathematics.
2https://www.hochschule-ruhr-west.de
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tolerance for motion sickness. Although, due to prior experiences with VR-related projects

optimization strategies to minimize latency issues, which provoke motion sickness have been

successfully applied, motion sickness might still occur in sensitive people. To acknowledge

this, every questionnaire used in the described empirical studies queried motion sickness, to

avoid any effect on the rating of the individual items. So far none of the participants across

the conducted empirical studies and the adjacent research projects outlined in Section 1.3.3

reported impairments in the VR experience. Together with sophisticated guidelines for the

development of VR and its usage that help to mitigate effects such as motion sickness [84],

it can be argued that the advantages of the approach stated in this dissertation outweigh

the potential restrictions.

To ensure comparability between the study results, the included publications in Chapters 2,

3, 4, and 6 follow the same experimental procedure. However, due to the ongoing COVID-

19 pandemic at the time of this writing, the procedure for the study described in Chapter

5 was altered. While the changes in the procedure were justified in order to conduct the

study, it breaks the comparability of the results with the rest of the studies included in this

dissertation. It is therefore advised to repeat the hypotheses and research questions stated

in Chapter 5 with an experimental procedure aligned with those found in Chapters 2, 3, 4,

and 6.

Another limitation of this dissertation is the lack of an experimental study conducted with

the real robot arm pendant to compare the empirical outcome. While the effectiveness of the

VR technology as a tool to examine the situational behavior of a person has been outlined

in Section 1.3.2, it is important to consider that a virtual setting, as immersive as it can

be, always represents an approximation of reality. It is therefore possible that subjective

impressions regarding the collaboration procedure and the robot arm can divert in a real

setting compared to the virtual representation. As described in Chapters 2-6, great effort

was spent to ensure that the VR application emulates a real HRC workplace as closely as

possible in terms of representation, consistency, and immersion. However, the translation

from reality to virtual reality is always accompanied by compromise. The best example of

this is the lack of actual touch within the VR experience. Although the VR application uses

the full spectrum of haptic force feedback to signal participants the occurrence of contact

between the user’s hands and a virtual object mentioned in Section 1.3.4, no actual tactile

experience can be conveyed due to the lack of such a channel in current VR hardware. This

is a major drawback, as intentional physical contact is one of the key modalities of HRC

(cf. Section 1.1.1). This restricts the examination of physical-related research and its in-

fluence on the collaboration relationship. Future hardware solutions, such as dedicated VR

gloves, might mitigate this limitation by extending the haptic and tactile capabilities of VR

technology. Another limitation of the interaction mechanics is the inability to represent fine

motor skills. This restricts the type of collaboration procedures that can be tested with the

VR application. The current version of the VR application is adjusted to the capabilities of

the Oculus series of touch controllers which are not suitable to translate fine motor skills.
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Optical finger tracking could enhance precision by representing all ten fingers. However,

this approach would remove the capability to signal a contact via the haptic force feedback,

trading one compromise for another. Further tests with advanced VR hardware, i.e., the

Valve Index controller could resolve this problem by offering precise full spectrum motion

with haptic force feedback.

7.4. Future Research

The versatility of the VR application combined with the variety of challenges in HRC opens

up a wide range of possible future perspectives. Potential future work can be divided into two

categories, functionality extensions of the VR application and upcoming empirical studies.

Extensions of the VR application involve functionalities and mechanics to expand the variety

of potential scenarios the virtual setup can cover. One of these extensions that were already

done is the previously stated adaption of the inverse kinematic system and the machine

learning components for a dual-arm robot (cf. Section 1.3.5) [129]. Not only does this

expand the library of robots that can be represented within the VR application, but it

also allows the examination of new collaboration procedures. Considering that a dual-arm

robot can mimic the movement of its human counterpart more closely than the already used

single robot, new collaboration procedures, gestures, and communication arrangements can

be examined. Also, the flexibility of the VR application to change the appearance of the

robot while maintaining the collaboration procedure and all other parameters enables the

direct comparison between multiple robot representations within the same context. This

allows recreating the previously conducted studies reported in Chapters 2-6 with a robot

equipped with two arms, investigating the emerging commonalities and differences. With the

testing of different robot representations, patterns in the behavior of participants across the

collaboration arrangements can be analyzed. This would help the HRC research community

in determining guidelines and common methodologies in the design of collaboration setups.

Additional functionality extensions could involve the integration of the Xsens MVN Avinda

motion capture suit [152]. Preceding VR-related test projects utilized this motion capture

suit to realize a full body representation of the user, enabling a more precise and accurate

virtual experience. This could be used to feed the positioning of the user avatar to the agents,

allowing the robot to detect the entire body of the user compared to the low-resolution

implementation of merely the hands and head.

Besides the expansion of the technical functionality, the VR application can serve as the

basis for further empirical studies. As of the time of this writing, two unpublished studies

used the virtual representation of the Yumi IRB 14000 dual-arm robot shown in Figure

7-1 to investigate the perceptions users have, when the dual-arm robot uses human non-

verbal gestures [137]. Based on the research of Straßmann et al. gestures for dominance and

submissive behavior were applied to the virtual robot and for comparison, its real counterpart
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respectively [153]. The goal of the first study is, on the one hand, to examine the participants’

impression of the robot’s embodiment through human gestures, and on the other hand to

investigate differences in the perception of the virtual robot compared to the real one. While

the former goal contributes to the research effort of developing adequate gestures that comply

with the expectation conformity, the latter is of interest to further strengthen, in addition

to the research already mentioned in Section 1.3.2, the validity of the virtual simulation as

a tool to explore HRC configurations.

Figure 7-1.: The virtual representation of the Yumi IRB 14000 dual-arm robot that was

implemented in a successor version of the HRC VR application [129], [137].

A successor to the experimental setup involving a shared assembly task described in Chapters

3, 4, and 6 is currently, during the writing of this thesis, in preparation. The planned setup

contains two teams, each consisting of a human collaborating with a robot. Both teams to-

gether are tasked to assemble a bicycle. While there is no example of bicycle manufacturing

where HRC is involved, the task was conceptualized as it allows a complex enough procedure

to occupy two teams. At the same time, the assembly processes of a bicycle are comprehen-

sible enough to allow inexperienced participants to perform the task in collaboration with

a robot. By combining multiple teams in shifting dependencies, roles, and hierarchies, the

planned setup investigates aspects of HRC previously uncharted and almost unlikely to be

explored through other means than the VR application presented in this thesis. To experi-

ment with additional communication methods, new mechanics are currently in development,

i.e., an interface to integrate Amazon Web Services into the application. The goal is to

implement a verbal backchannel through the use of the Alexa Voice Service [154], where the

robot can answer towards user input along a semantic chain across multiple requests. This

opens up new possibilities regarding the working relationship between the human and the
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robot in terms of expectation conformity, perception, coordination, and working effectiveness

(cf. Section 1.1.2).

Furthermore, the versatility of the VR application can be utilized as a training platform

to educate personnel in existing scenarios or teach students about the various aspects of

industrial robots and enable them to experiment in a fault-tolerant environment with the

virtual robots for innovations in that area. Currently, at the time of writing this disserta-

tion, a project is prepared to include additional educational functionalities to the VR HRC

application. The goal is to use the best practices gained from prior VR learning applications

(cf. Section 1.3.3) and provide students with a guided learning platform to explore various

topics regarding industrial robots.

7.5. Conclusion

This dissertation aimed to explore selected challenges of HRC in empirical studies through

the usage of a dedicated VR application, which was designed and developed as a sandbox

for this purpose. Equipped with interaction mechanics, inverse kinematics, and machine

learning functionalities, the VR application bears the capability to portray a wide variety of

possible scenarios, which are difficult to realize otherwise due to safety or logistical concerns.

Considering the challenges that are confronting HRC, refining the concept through empir-

ical studies becomes paramount for successful implementation in industrial environments.

The previously conducted studies described in Chapters 2-6 contribute to the HRC research

effort by presenting valuable user impressions and feedback regarding the robot regarding

aspects such as safety and expectation conformity. Furthermore, the studies revealed the

various beneficial effects of using multi-modal communication channels during the collab-

oration procedure with an autonomous robot. In conclusion, the presented work delivers

results, which help the HRC community to better understand the complex relationship and

idiosyncrasies of humans collaborating with robots in industrial settings. In addition to the

previously collected results, the developed application can be used as a basis for future re-

search projects involving different robots, collaboration procedures, and settings, and thus

opens up the opportunity to discover innovative concepts and ideas in the field of HRC. Tak-

ing into account the respective limitations of the VR technology and the application itself,

the approach nevertheless provides a versatile tool for exploring and testing implementations

for the collaboration between humans and robots before they become reality.



A. Questionnaire 1 (English Version)

This Appendix A contains the pre-questionnaire and post-questionnaire that were used in the

experimental studies described in Chapters 3,4, and 6. The original pre-questionnaire and

post-questionnaire were created in German and presented through the SoSciSurvey online

platform during the respective experimental studies [155]. The formatting shown here does

not correspond to the original presentation during the experimental setup of the studies

described in Chapters 3,4, and 6 and was edited in the context of this dissertation.

A.1. Pre-questionnaire

Introduction

Welcome!

Dear participants,

Thank you for your interest in this study. In this project of the University of Applied

Sciences Ruhr West in cooperation with the University of Duisburg-Essen, we

are investigating human-machine collaboration scenarios.

In total, the study will take about 45 minutes. In an industrial environment simulated

through virtual reality, you will be confronted with an assembly task that you are to perform

successfully together with a robot arm.

In the questionnaire you will be shown a series of statements and questions. The question-

naire is about your own opinion. Therefore there are no ”right” or ”wrong” answers.

Please do not think too long about a statement, but make a choice as spontaneously as

possible.

Participation in the study is voluntary. You can terminate your participation at any time

without giving any reason and without any disadvantages. The collected data and personal

communications described above will be treated confidentially. Furthermore, the publication

of the results will be in an anonymous form, i.e. your data can not be assigned to your person.
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The collection of your personal data described above will be done without asking for your

name. Your answers and results will be stored under a personal code word, which you

will create yourself based on a rule at the beginning of the study and which nobody but you

will know. This means that it is not possible for anyone to associate your data with your

name. After completion of the data collection, but no later than 31.12.2020,

your code will be deleted. Your data will then be anonymized. However, as long as the

code exists, you can request the deletion of the data collected from you. To do so, you do not

have to tell us your name, but only your code word. You will receive instructions for creating

your code word. Please keep the code word carefully so that you can request the deletion of

your data later if necessary. The anonymized data will be stored for at least 10 years.

According to the General Data Protection Regulation (DS-GVO), you have the following

rights:

• Information about processing of personal data (Art 15).

• Revocation of consent given (Art 7)

• Correction (Art 16)

• Deletion (Art 17)

• Restriction of processing (Art 18)

The retention period for the fully anonymized data is at least 10 years after data evaluation

or at least 10 years after a publication on this study appears.

Students of course ”competence development” at the University of Applied Sciences

Ruhr West can be compensated with the participation 45 FPM. For this purpose, you will

have the opportunity at the end of the study to provide your own password, which you can

use to collect your FPM at the times communicated via Moodle.

If you agree with everything and are ready for the study, please click ”Con-

tinue”.



106 Questionnaire 1 (English Version)

Parent Code

At the beginning we need your parent code - please be sure to fill it in!

So that we can later relate your anonymized data from both parts of the experiment, we ask

you to create an individualized subject identifier - the so-called parent code.

The parent code is composed of:

1. The first two letters of your mother’s first name (e.g. Annette = AN)

2. The day and month of your own birthday (e.g. August 27 = 2708)

3. The first two letters of your father’s first name (e.g. Rüdiger = RÜ)

Together this results in AN2708RÜ

Table A-1.: The parent code that matched the participants’ answers from their pre-

questionnaire to the respective answers from the post-questionnaire was adopted

from questionnaires conducted in previous research projects [17], [112].

Your parent code
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Technological Affinity

First of all, we would like to know about your previous experience with technical equipment.

Please rate yourself on the following characteristics.

Table A-2.: The Technological Affinity was measured through the Technology Commitment

items created by Neyer et al. [156].

For each of the statements below,

please indicate the extent to which you agree with them.

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

I am very curious about new technical developments.

For me, dealing with technical innovations is usually too much of a chal-

lenge.

I find dealing with new technology difficult - I simply can’t do it most of

the time.

It is up to me whether I succeed in using new technical developments -

it has little to do with chance or luck.

I am always interested in using the latest technical devices.

When dealing with modern technology, I am often afraid of failing.

If I have difficulties in dealing with technology, it ultimately depends

solely on me to solve them.

If I had the opportunity, I would use technical products much more often

than I do at present.

I am afraid of breaking new technical developments rather than using

them properly.

What happens when I engage with new technical developments is ulti-

mately under my control.

I quickly take a liking to new technical developments.

I find it difficult to trust technical devices.

Whether I am successful in using modern technology depends largely on

me.
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Affect Grid

Please indicate how you currently feel in the grid below.

Tick a box for this purpose. Answer spontaneously and honestly from the current moment.

Figure A-1.: The Affect Grid is a single-item scale and is designed to determine the partic-

ipants’ subjective affect across the listed dimensions. It is based on the works

by Russel [157] and was utilized in similar HRC related studies [24].
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Negative Attitude Towards Robots

Table A-3.: The Negative Attitudes Toward Situations of Interaction With Robots sub-scale

from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if I was given a job where I had to use robots.

The word ”robot” means nothing to me.

I would feel nervous operating a robot in front of other people.

I would hate the idea that robots or artificial intelligences were

making judgments about things.

I would feel very nervous just standing in front of a robot.

Table A-4.: The Negative Attitudes Toward the Social Influence of Robots sub-scale from

the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if robots really had emotions.

Something bad might happen if robots developed into living be-

ings.

I feel that if I depend on robots too much, something bad might

happen.

I am concerned that robots would be a bad influence on children

I feel that in the future society will be dominated by robots.

Table A-5.: The Negative Attitudes Toward Emotions in Interaction With Robots sub-scale

from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel relaxed if I talked to robots.

If robots had emotions, I could befriend them.

I feel comforted to be with robots that have emotions.
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Previous Experience with Robotic Systems

Do you already have previous experience with robotic systems? This refers to robot arms

(see Figure A-2), which are used in the industry, e.g. for assembly tasks.

Figure A-2.: This photo was taken in the robotics laboratory at the University of Applied

Sciences Ruhr West to be used within the experimental questionnaire.

Previous Experience with Virtual Reality

Table A-6.: Usage frequency of virtual reality formulated as a custom item lifted from the

questionnaires of prior related VR projects [19], [103], [111].

How pronounced is your prior experience with VR devices?

(1 = Not at all; 5 = Very often) 1 2 3 4 5

How often do you use VR devices?

Table A-7.: The item regarding physical reactions during prior VR usage lifted from the

questionnaires of prior related VR projects [19], [103], [111].

Physical reaction when using VR

(1 = Never; 2 = Rarely; 3 = Sometimes; 4 = Frequently; 5 =

Very often)

1 2 3 4 5

Have you ever experienced physical reactions (e.g. nausea, dizziness, etc.)

when using VR devices?
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Socio-Demographics

Finally, we would like to know something about you.

Table A-8.: The item that was used to determine the participants’ gender was adopted from

prior experimental research projects [17], [112].

What is your gender?

Male

Female

Diverse

Table A-9.: The item that asked for the age of the participants’ was lifted from prior exper-

imental research projects [17], [112].

How old are you?

I am years old.

Table A-10.: The item, which determined the participants STEM background was taken

from previous experimental studies [17], [112].

Is your current job/study in an engineering, science, or math-related field?

Yes

No

Not specified
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What professional education do you have?

Table A-11.: The item, which determined the participants’ vocational qualification was

taken from previous experimental studies [17], [112].

Please select the highest educational qualification you have achieved so far

No vocational training qualification

Vocational training period with final certificate, but no apprenticeship

Partial skilled worker qualification

Completed industrial or agricultural apprenticeship

Completed commercial apprenticeship

Professional internship, traineeship

Vocational school diploma

Technical school diploma

Master craftsman, technician or equivalent technical college degree

University of applied sciences degree

University degree

Other degree, namely:

Table A-12.: The item that was used to ask for the participants’ profession was taken from

previous experimental studies [17], [112].

What do you do for a living?

Pupil

In training

Student

Salaried employee

Civil servant

Self-employed

Unemployed/looking for work

Other:

Closing Pre-Questionnaire

The survey part on the computer is now finished.

Please now contact the experimental supervisor, who will ask you a few more questions and

explain the rest of the process.

Your answers have been saved, you can now close the browser window.
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A.2. Post-questionnaire

Experimental Supervision

The contents on the following page are filled in by the experimental supervision

and must not be seen by the test participants!

Table A-13.: This item was used by the experimenter to determine the participants’ number.

Please always enter the participant number in the following way VP01,VP02.....

Table A-14.: This item was used by the experimental supervision to determine the experi-

mental condition of the participant.

In which experimental condition is the participant assigned?

Robot with communication

Robot without communication

Continuation

Welcome back!

This is the second part of the questionnaire.

Please read all the questions and instructions carefully and try to give your answers spon-

taneously.If you agree with the collection of your data and would like to participate in this

study, click ”Continue”.

Thank you very much for your support.

Parent Code

At the beginning we need your parent code - please be sure to fill it in!

So that we can later correlate your anonymized data from both parts of the experiment, we

ask that you re-enter your parent code here.

The parent code is composed of:

1. The first two letters of your mother’s first name (e.g. Annette = AN)
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2. The day and month of your own birthday (e.g. August 27 = 2708)

3. The first two letters of your father’s first name (e.g. Rüdiger = RÜ)

Together this results in AN2708RÜ

Table A-15.: The parent code matched answers from the pre-questionnaire to the respec-

tive answers from the post-questionnaire was lifted from prior experimental

research projects [17], [112].

Your parent code
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Affect Grid

Please indicate how you currently feel in the grid below.

Tick a box for this purpose. Answer spontaneously and honestly from the current moment.

Figure A-3.: In accordance with the recommendations of Russel [157], the Affect Grid was

again used in the post-questionnaire to determine a change in the subjective

affect of the participants after being exposed to the stimulus material.
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Task Load Index

Table A-16.: The item Mental Demand from the NASA Task Load Index [159].

Mental Demand

(1 = Very

low; 20 =

Very high)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How mentally

demanding

was the task?

Table A-17.: The item Physical Demand from the NASA Task Load Index [159].

Physical Demand

(1 = Very

low; 20 =

Very high)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How phys-

ically de-

manding was

the task?

Table A-18.: The item Temporal Demand from the NASA Task Load Index [159].

Temporal Demand

(1 = Very

low; 20 =

Very high)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How hurried

or rushed was

the pace of

the task?
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Table A-19.: The item Performance from the NASA Task Load Index [159].

Performance

(1 = Per-

fect; 20 =

Failure)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How success-

ful were you

in accom-

plishing what

you were

asked to do?

Table A-20.: The item Effort from the NASA Task Load Index [159].

Effort

(1 = Very

low; 20 =

Very high)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How hard did

you have to

work to ac-

complish your

level of per-

formance?

Table A-21.: The item Frustration from the NASA Task Load Index [159].

Frustration

(1 = Very

low; 20 =

Very high)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

How insecure,

discouraged,

irritated,

stressed, and

annoyed were

you?
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Perceived Stress

Table A-22.: The slightly modified Perceived Stress Scale by Cohen [160], where the phrase

”In the last month” was changed to ”In this experiment” to better suit the

context of the study.

In this experiment,...

(1 = Never; 2 = Almost Never; 3 = Sometimes; 4 = Fairly

Often; 5 = Very Often)

1 2 3 4 5

...how often have you been upset because of something that happened

unexpectedly?

...how often have you felt that you were unable to control the important

things?

...how often have you felt nervous and “stressed”?

...how often have you felt confident about your ability to handle your

personal problems?

...how often have you felt that things were going your way?

...how often have you found that you could not cope with all the things

that you had to do?

...how often have you been able to control irritations?

...how often have you felt that you were on top of things?

...how often have you been angered because of things that were outside

of your control?

...how often have you felt difficulties were piling up so high that you

could not overcome them?
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Negative Attitude Towards Robots II

Considering the widespread misconceptions about robotics among the general population

[144], it was of interest whether or not participants changed their attitude towards robots

based on their exposure to the HRC scenario presented in the VR application. For this pur-

pose, the Negative Attitude Towards Robots Scale was used again in the post-questionnaire.

Table A-23.: The Negative Attitudes Toward Situations of Interaction With Robots sub-

scale from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if I was given a job where I had to use robots.

The word ”robot” means nothing to me.

I would feel nervous operating a robot in front of other people.

I would hate the idea that robots or artificial intelligences were

making judgments about things.

I would feel very nervous just standing in front of a robot.

Table A-24.: The Negative Attitudes Toward the Social Influence of Robots sub-scale from

the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if robots really had emotions.

Something bad might happen if robots developed into living be-

ings.

I feel that if I depend on robots too much, something bad might

happen.

I am concerned that robots would be a bad influence on children

I feel that in the future society will be dominated by robots.
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Table A-25.: The Negative Attitudes Toward Emotions in Interaction With Robots sub-scale

from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel relaxed if I talked to robots.

If robots had emotions, I could befriend them.

I feel comforted to be with robots that have emotions.

Rating of the Robot

Table A-26.: The self-created items for the participants to rate the robot.

For each statement, please consider to what extent you think it applies.

(1 = Do not agree at all; 5 = Fully agree) 1 2 3 4 5

I found the robot’s movements pleasant.

The robot adapted itself coherently to my way of working.

I perceived the speed of the robot as pleasant.

The robot reacted to me in the right way.

The robot worked precisely.

The text cues on the screen came from the robot.

The robot worked well with me.

Table A-27.: The self-created items for the participants to rate the communication of the

robot.

For each statement, please consider to what extent you think it applies.

(1 = Very bad; 2 = Bad; 3 = Average; 4 = Good; 5 = Very

good)

1 2 3 4 5

In general, the robot’s communication was...

The robot’s light signals were...

The robot’s text cues were....

The robot’s gestures were...
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Table A-28.: The self-created items for the participants to rate the competence of robot.

For each statement, please consider to what extent you think it applies.

(1 = Not at all; 5 = Very much) 1 2 3 4 5

How useful was the robot?

How competent was the robot?

How knowledgeable was the robot?

How analytical was the robot?

Open Text - Negative Aspects of the Robot

Table A-29.: The open text box where participants stated their qualitative answers regard-

ing the negative aspects of the robot.

Which aspects of the robot do you consider negative?

I don’t think there were any negative aspects.

Satisfaction with the Workmate and Work Environment

Table A-30.: The self-created items for the participants to rate the satisfaction of the robot

as a workmate, modified to fit the context of the study from the Work Envi-

ronment Satisfaction Questionnaire by Carlopio [161].

For each statement, please consider to what extent you think it applies.

(1 = Very dissatisfied; 5 = Very satisfied) 1 2 3 4 5

How satisfied were you with the robot’s efficiency?

How satisfied were you with the robot’s effectiveness?

How satisfied were you with the flexible working speed of the robot?

How satisfied were you with the danger warnings you received from the

robot?

How satisfied were you with the way the robot tries to avoid accidents?
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Table A-31.: The self-created items for the participants to rate the work environment, mod-

ified to fit the context of the study from the Work Environment Satisfaction

Questionnaire by Carlopio [161].

For each statement, please consider to what extent you think it applies.

(1 = Very dissatisfied; 5 = Very satisfied) 1 2 3 4 5

How satisfied were you with the security arrangements at your virtual

workspace?

How satisfied were you with the overall design of your virtual workspace?

How satisfied were you with the amount of time the robot gave you to

complete the task?

How satisfied were you with the amount of work you needed to complete

the task?

How satisfied were you with the way the robot tries to avoid accidents?

Table A-32.: The item for the participants to rate the perceived safety of the robot based on

the Survey Methods for Safe Human-Robot Interaction by Lasota et al. [162].

For each statement, please consider to what extent you think it applies.

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

I believe that an accident with the robot (e.g. a collision) can happen

or can happen again.

I felt safe in the presence of the robot.

I believe that other people feel safe in the presence of the robot.

I would rather continue to work with the robot than without it.
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Open Text - Benefits of Collaborating with the Robot

Table A-33.: The open text box where participants stated their qualitative answers regard-

ing the benefits of collaborating with the robot.

In your opinion, what benefits does the collaboration

with the robot have in this shared task context?

I think there are no benefits.

Perceived Usefulness

Table A-34.: The Perceived Usefulness items adopted from Technology Acceptance Model

2 by Venkatesh and Davis [163].

Please answer the following questions

(1 = Extremely Likely; 2 = Quite Likely; 3 = Slightly

likely; 4 = Neither; 5 = Slightly Unlikely; 4 = Quite

Unlikely; 7 = Extremely Unlikely)

1 2 3 4 5 6 7

Collaborating with the robot in my job would enable me to ac-

complish tasks more quickly.

Collaborating with the robot would improve my job performance.

Collaborating with the robot would increase my productivity.

Collaborating with the robot would make it easier to do my job.

I would find the collaboration with the robot useful in my job.
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Presence and Immersion

Table A-35.: The item to determine the presence derived from the Presence and Immersion

Questionnaire by Witmer and Singer [164]. Questions that had no priority for

the experimental study, i.e. locomotion aspects, were removed to reduce the

length of the questionnaire, thus optimizing participants’ responsiveness [165].

How do you perceived the virtual environment?

(1 = Not at all; 4 = Somewhat; 7 = Completely) 1 2 3 4 5 6 7

How much were you able to control events?

How responsive was the environment to actions that you initiated

(or performed)?

How natural did your interactions with the environment seem?

How much did the visual aspects of the environment involve you?

How compelling was your sense of objects moving through space?

How much did your experiences in the virtual environment seem

consistent with your real-world experiences?

How completely were you able to actively survey or search the

environment using vision?

How involved were you in the virtual environment experience?

How much delay did you experience between your actions and

expected outcomes?

How quickly did you adjust to the virtual environment experience?

How proficient in moving and interacting with the virtual environ-

ment did you feel at the end of the experience?

How much did the visual display quality interfere or distract you

from performing assigned tasks or required activities?

How much did the control devices interfere with the performance

of assigned tasks or with other activities?

How well could you concentrate on the assigned tasks or required

activities rather than on the mechanisms used to perform those

tasks or activities?
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Simulator Sickness

Table A-36.: Negative physical effects induced by the VR experience were gathered through

the Simulator Sickness Scale by Kennedy et al. [166].

.
How much is each symptom below is affecting you right now?

(1 = None; 2 = Slight; 3 = Moderate; 4 = Severe) 1 2 3 4

General discomfort.

Fatigue.

Headache.

Eye strain.

Difficulty focusing.

Salivation increasing.

Sweating.

Nausea.

Difficulty concentrating.

Blurred vision.

Dizziness with eyes open.

Dizziness with eyes closed.

Burping

Debriefing

Dear participants!

Thank you very much for participating in our study. Through your support, you have

helped us greatly.

All students at the University of Applied Sciences Ruhr West can receive credit for 45 re-

search project minutes. To do so, please come to my office (Bottrop campus) (with your

participation code) to fill out the receipt and participation list: 04.003.

Your task was to perform an assembly task together with a virtual robot and to answer

various questions and evaluate statements in this context. The goal of our investigation is to

find out how future human-machine collaboration scenarios have to be designed for optimal

collaboration.
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This Appendix B presents the questionnaire that was used in the online study described

in Chapter 5. As with Appendix A, the original questionnaire was formulated in German

and distributed to the participants via the SoSciSurvey online platform [155]. Again, the

formatting shown here is not identical to the original questionnaire layout and was edited to

fit the style of this dissertation.

Introduction

Welcome!

Dear participants,

in the context of this study at the Institute of Computer Science at the University

of Applied Sciences Ruhr West, we are investigating the interaction of humans with

robots. In total, participation will take about 20 minutes. Since you will see a video with

sound, please make sure you are in an environment where you can watch the video and play

the sound.

In the questionnaire, you will be shown a series of statements and questions. These are about

your personal opinion. Therefore, there are no ”right” or ”wrong” answers. Please do

not think too long about a statement, but make a choice as spontaneously as possible.

Participation in the study is voluntary. You can terminate your participation at any time

without giving any reason and without any disadvantages. The collected data and personal

communications described above will be treated confidentially. Furthermore, the publication

of the results will be in an anonymous form, i.e. without your data being able to be assigned

to your person.

The collection of the data described above will take place without asking for your name. Your

answers and results will be stored under a personal code word, which you will create your-

self on the basis of a rule at the beginning of the study and which nobody but you will know.

This means that it is not possible for anyone to associate your data with your name. After

completion of the data collection, but at the latest on 30.11.2020, your code will be



127

deleted. Your data will then be anonymized. However, as long as the code exists, you can

request the deletion of the data collected from you. To do this, you do not have to tell us

your name, but only your code word. You will receive instructions for creating your code

word. Please keep the code word carefully so that you can request the deletion of your data

later if necessary. The anonymized data will be stored for at least 10 years.

According to the General Data Protection Regulation (DS-GVO), you have the following

rights:

• Information about processing of personal data (Art 15).

• Revocation of the consent given (Art 7)

• Correction (Art 16)

• Deletion (Art 17)

• Restriction of the processing (Art 18)

The retention period for the anonymized data The retention period for the fully anonymized

data is at least 10 years after data evaluation or at least 10 years after the appearance of a

publication on this study.

Students of the University of Applied Sciences Ruhr West can acquire 30 research project

minutes for participating in the study.

If you agree with everything and are ready, please click ”Continue”.

Participation Code

So that we can later relate your anonymized data from both parts of the experiment, we ask

you to create an individualized subject identifier - the so-called parent code.

The parent code is composed of:

1. The last letter of your birthplace (e.g. N for BERLIN)

2. The second and last number of your date of birth (e.g. 77 for 07.08.1997)

3. The first letter of your birth month (e.g. A for AUGUST)

4. The first letter of your eye color (e.g. G for GRAY)
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This results in the following example code: N77AG

Table B-1.: The participation code that matched the participants’ answers from their pre-

questionnaire to the respective answers from the post-questionnaire was adopted

from questionnaires conducted in previous research projects [17], [112].

Your participation code

Prior Experience with Robots

First, we ask you to answer the following questions truthfully. This is not

about right or wrong answers, but about your very personal experiences.

Table B-2.: The self-created items for prior interactions with robots lifted from a adjacent

research project [75].

How often have you interacted with the following robots?

(1 = Never; 2 = Rarely; 3 = Sometimes; 4 = Regularly; 5

= Very often; 6 = I don’t know what that is)

1 2 3 4 5 6

Household robots (e.g. vacuum cleaner robots, lawn mowing robots)

Toy robots (e.g. Cozmo, Dash&Dot, Sphero)

Pepper

NAO

Industrial robots (e.g. Kuka robot arm)

Service robots (e.g. in hardware stores)
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Negative Attitude towards Robots

Table B-3.: The Negative Attitudes Toward Situations of Interaction With Robots sub-scale

from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if I was given a job where I had to use robots.

The word ”robot” means nothing to me.

I would feel nervous operating a robot in front of other people.

I would hate the idea that robots or artificial intelligences were

making judgments about things.

I would feel very nervous just standing in front of a robot.

Table B-4.: The Negative Attitudes Toward the Social Influence of Robots sub-scale from

the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel uneasy if robots really had emotions.

Something bad might happen if robots developed into living be-

ings.

I feel that if I depend on robots too much, something bad might

happen.

I am concerned that robots would be a bad influence on children

I feel that in the future society will be dominated by robots.

Table B-5.: The Negative Attitudes Toward Emotions in Interaction With Robots sub-scale

from the Negative Attitudes Towards Robots Scale by Nomura et al. [158].

How do you feel about the following statements about robots?

(1 = Do not agree at all; 7 = Fully agree) 1 2 3 4 5 6 7

I would feel relaxed if I talked to robots.

If robots had emotions, I could befriend them.

I feel comforted to be with robots that have emotions.
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Video Briefing AI Robot - Randomized Assignment

In the following video, you will see an interaction in a virtual reality environ-

ment.

It shows how a human and a robot arm equipped with artificial intelligence assemble

a button together. The task consists of individual steps performed either by the robot arm

equipped with artificial intelligence or by the human. The button can only be successfully

assembled in collaboration.

Please watch the video carefully and put yourself in the human’s position. Please imagine

that you are interacting with the robot arm and assembling the button together.

Video Briefing Non-AI Robot - Randomized Assignment

In the following video you will see an interaction in a virtual reality environ-

ment.

It shows how a human and a robot arm assemble a button together. The task consists of

individual steps that are performed either by the robot arm or by the human. The button can

only be successfully assembled by working together.

Please watch the video carefully and put yourself in the position of the human. Please imag-

ine that you are interacting with the robot arm and assembling the button together.
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After watching the video, we ask you to answer the following questions. Re-

member to keep imagining that you are in the role of the person from the video

shown.

Table B-6.: The measures for blame and credit in the context of HRC adopted from the

Attribution of Blame and Credit Scale by Kim & Hinds [148].

Please rate how much you agree or disagree with the statements below

about the interaction shown in the video.

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

The robot was responsible for any errors that were made in the task.

The robot was to blame for most of the problems that were encountered

in accomplishing this task.

Success on this task was largely due to the things the robot did.

The robot should get credit for most of what was accomplished on this

task.

I was responsible for any errors that were made in this task.

I was to blame for most of the problems that were encountered in ac-

complishing this task.

The success on this task was largely due to the things I did.

I should get credit for most of what was accomplished on this task.
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Robot Assessment

Please rate your current impression of the robot using the following rating

scale:

Table B-7.: The assessment of the robot was composed of the Anthropomorphism Animacy,

Likeability, and Perceived Intelligence sub-scales adopted from the Godspeed

scales developed by Bartneck et al. [167].

What do you think of the robot shown in the video?

1 2 3 4 5

Fake Natural

Machinelike Humanlike

Unconscious Conscious

Artificial Lifelike

Moving rigidly Moving elegant

Dead Alive

Stagnant Lively

Mechanical Natural

Fake Organic

Inert Interactive

Apathetic Responsive

Dislike Like

Unfriendly Friendly

Unkind Kind

Unpleasant Pleasant

Awful Nice

Incompetent Competent

Ignorant Knowledgeable

Irresponsible Responsible

Unintelligent Intelligent

Foolish Sensible

Uncooperative Cooperative

Submissive Dominant

Untrustworthy Trustworthy

Eerie Pleasant
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Rating of the Collaboration

Table B-8.: The assessment of the collaboration was measured through a self-created scale

that oriented itself on the Godspeed questionnaire series created by Bartneck et

al. [167].

How would you rate the collaboration between you and the robot?

1 2 3 4 5

Successful Unsuccessful

Error-free Faulty

Harmonious Inharmonious

Satisfactory Unsatisfactory

Tuned Uncoordinated

Swift Slow

Dynamic Static
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Robot Embodiment

What do you think about the robot shown? Indicate how much you agree with

the statements.

Table B-9.: The items for the Embodiment of the robot were adapted from the EmpCorp

Scale developed by Hoffmann et al. [168].

The robotic system shown ...

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

...is able to recognize emotion.

...is unrestricted in its movements.

...is able to understand my behavior.

...is able to carry objects.

...is able to react to the same environmental stimuli as I do.

...is able to immediately react to my actions.

...is able to move in space.

...is able to perform designated actions like brewing coffee or vacuuming.

...is physically embodied.

...is able to touch objects.

...is unrestricted in its gestures.

...is able to interpret (my) behaviors.

...is able to move towards me.

...is existent in the real world.

...is able to autonomously navigate in space.

...is able to perceive what I perceive.

...is unrestricted in its actions.

...is able to perceive what I perceive.

...is real.

...is unrestricted in its facial expression.
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Morality of the Robot

Table B-10.: The items for the Morality of the robot were adapted from the Perceived Moral

Agency Scale created by Banks [169].

To what extent do the following statements apply to the robot shown in the video?

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

This robot has a sense for what is right and wrong.

This robot can think through whether an action is moral.

This robot might feel obligated to behave in a moral way.

This robot is capable of being rational about good and evil.

This robot behaves according to moral rules.

This robot would refrain from doing this that have painful repercussions.

Dependency of the Robot

Table B-11.: The items for the Dependency of the robot were also adapted from the Per-

ceived Moral Agency Scale created by Banks [169].

To what extent do the following statements apply to the robot shown in the video?

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

This robot can only behave how it is programmed to behave.

This robot’s actions are the result of its programming.

This robot can only do what humans tell it to do.

This robot would never do anything it was not programmed to do.
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Robot Components - Communication Condition

Which of the components shown here are part of the robot?

Figure B-1.: The collaboration setup from the communication condition.

Table B-12.: The respective components from the communication setup that the partici-

pants assigned to the robot were entered here.

This component is part of the robot...

Component Number Yes No

1

2

3

4

5

6

7

8

9

10

11
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Robot Components - Non-Communication Condition

Which of the components shown here are part of the robot?

Figure B-2.: The collaboration setup from the non-communication condition.

Table B-13.: The respective components from the non-communication setup that the par-

ticipants assigned to the robot were entered here.

This component is part of the robot...

Component Number Yes No

1

2

3

4

5

6

7

8
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Socio-Demographics

Finally, we have a few questions about yourself.

Table B-14.: The items determining the participants’ gender were adopted from prior ex-

perimental research projects [17], [112].

What is your gender?

Male

Female

Diverse

Table B-15.: The item asking for the age of the participants’ was lifted from preceding

experimental research projects [17], [112].

How old are you?

I am years old.
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What professional education do you have?

Table B-16.: The items, which determined the participants’ vocational qualification were

taken from prior experimental studies [17], [112].

Please select the highest educational qualification you have achieved so far

No vocational training qualification

Vocational training period with final certificate, but no apprenticeship

Partial skilled worker qualification

Completed industrial or agricultural apprenticeship

Completed commercial apprenticeship

Professional internship, traineeship

Vocational school diploma

Technical school diploma

Master craftsman, technician or equivalent technical college degree

University of applied sciences degree

University degree

Other degree, namely:

Table B-17.: The items used to ask for the participants’ profession were taken from previous

experimental studies [17], [112].

What do you do for a living?

Pupil

In training

Student

Salaried employee

Civil servant

Self-employed

Unemployed/looking for work

Other:



140 Questionnaire 2 (English Version)

Table B-18.: The self-created items to ask for prior exposure of the participants with robots

and artificial intelligence.

How much do you agree with the following statements?

(1 = Totally disagree; 5 = Fully agree) 1 2 3 4 5

I am working intensively on the topic of industrial robots.

I deal intensively with the topic of artificial intelligence.

In my everyday life (professional/private), I deal a lot with topics related

to industrial robots.

In my everyday life (professional/private), I deal a lot with topics related

to artificial intelligence.

Additional Comments

Is there anything else you would like to say about this survey or to help you

understand your answers?

Did you notice anything negative during your participation in this survey? Were the questions

not clear at any point or did you feel uncomfortable answering them? Please briefly write a

few keywords about this.

Table B-19.: Free form text-field for the participants to comment further remarks regarding

the study.

Your comments



C. Qualitative Interview Questions

(English Version)

This Appendix C lists the guiding questions that were used in the qualitative interviews

described in chapter 2. Due to the nature of qualitative interviews, the experimenter has to

respond to maintain the flow of the conversation. For this purpose, the guiding questions

were formulated originally in German to structure the qualitative interview and allow for the

comparability between the respective interviews based on the guidelines by Helfferich [170].

Introduction

My name is Alexander Arntz. As part of my Ph.D. thesis, I am investigating Human-

Robot Collaboration scenarios that are using AI-enhanced robots. The interview consists of

about 7 questions. Your statements will be recorded and then transcribed for analysis - but

anonymized for further processing for publication in the form of a scientific paper. However,

you can stop the interview at any time without any disadvantages.

Questions

1. How did you feel about the collaboration with the robot?

2. What expectations do you generally have of a collaboration partner?

3. Please describe how the robot communicated with you.

4. What additional forms of communication would you like to see if you had to collaborate

with the robot?

5. What aspects of the robot did you find pleasant/unpleasant?

6. What characteristics should the robot have to evoke your perception of it as an intelligent

system?
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7. How stressful did you find working with the robot?

Auxiliary Questions

Additional guided questions to induce further responses from the participants and adapt to

the flow of the conversation [170].

A. What was your impression of the (movement/behavior/speed/reaction/precision/adaption)

of the robot?

B. What was your impression of the (text-panel/gestures) of the robot?

C. What characteristics would you attribute to the robot?

D. What forms of communication did you perceive from the robot?
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cieliński, Eds. Cham: Springer International Publishing, 2016, vol. 490, pp. 195–206.

[65] ——, “Identifying the Key Organisational Human Factors for Introducing Human-

Robot Collaboration in Industry: an Exploratory Study,” The International Journal

of Advanced Manufacturing Technology, vol. 81, no. 9-12, pp. 2143–2155, 2015.
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