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Abstract. On the long term, the current wave of digitization and automation in 
the industrial environment will result in a progressively higher complexity and 
heterogeneity in the industrial environment. In this context, a growing need arises 
for the development of digital assistance systems to support workers in various 
fields of activities. Current systems are generally limited to visualizations and 
visual feedback. Therefore, in the scope of this paper, we take a look at the major 
challenges and opportunities for the integration of multimodal feedback systems 
in today’s and future industrial environments. It shows that the integration of 
multimodal feedback is subject to a complex combination of technical, user-cen-
tric and legal aspects. 
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1 Introduction 

Today's industrial landscape is characterized by a mixture of analogue and digital pro-
duction facilities. As a result of the advancing digitization and automation in the indus-
trial sector, this situation will change significantly in the upcoming years and the num-
ber of intelligent production facilities, so-called smart factories, will steadily increase. 
These smart environments will be characterized by complex digital and automated pro-
duction systems, robots, autonomous transport vehicles, sensor systems and a high 
number of other digital devices [1, 2]. At the same time, these changes will also shift 
the role of the worker in the industrial environment and most of the workers will pri-
marily be employed in the field of monitoring, maintenance and logistics rather than in 
the area of assembly [25, 8]. The activities in the field of assembly, on the other hand, 
will in future be limited to specific tasks that cannot be automated due to the emerging 
high product diversity and short production cycles. In order to facilitate the completion 
of these activities and to ensure the safety of people in these dynamic, highly automated 
areas, extensive and individually customizable assistance systems will be required. 
These systems in form of digital equipped workplaces or various mobile devices will 
have to provide workers with relevant information about their surroundings or ongoing 
and upcoming tasks. At the same time, these systems must also inform their users about 
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relevant situations within their environment as well as possible dangers such as auton-
omous vehicles or robots around their workplaces. For this reason, an integration of 
adequate feedback methods will be necessary for the implementation of future assis-
tance systems which aim to extend and enrich the interaction between a user and a 
digital system by providing information over different sensory channels [5].  
But, despite the opportunities to improve the support for workers, an extensive integra-
tion of feedback systems also raises numerous challenges regarding technical, user-
related and legal aspects. Thus, adequate feedback presentations require a deep integra-
tion of the related systems into the infrastructure of a production facility to get access 
to relevant information about ongoing processes and production systems. In addition, 
these systems will have to meet certain requirements regarding their usability and user 
experience, as well as data security and privacy regulations in the workplace. 
Therefore, as part of this paper, we want to introduce and discuss key challenges and 
opportunities for the integration of multimodal feedback systems for industrial applica-
tions. In the second part we will first look at the current state of research in the field of 
feedback technologies and adaptive assistance systems. Then, in part three and four, we 
will discuss the major challenges and opportunities for the application of multimodal 
feedback systems in the industrial environment. Finally, in part five and six, we will 
discuss our findings and provide an outlook towards future research activities in this 
context. 

2 Related Work 

2.1 Feedback Modalities and Feedback Devices 

Feedback represents an essential component of human learning and behavior. Gener-
ally, according to the principle of actio et reactio, it can be seen as the reaction of an 
environment to an action performed by an individual within it [6]. The positive or neg-
ative evaluation of this reaction has an impact on subsequent actions and can influence 
future behavior in similar situations. Feedback is percepted through a variety of differ-
ent sensations via the various sensory channels of the human body such as seeing, hear-
ing, feeling, smelling, tasting as well as kinesthetics [5]. These modalities are used to 
create an internal representation of the environment and to build or expand knowledge 
about the interaction between different entities and actions. Feedback is thereby pro-
vided via a single sensory channel or through a combination of different channels, often 
referred to as multimodal feedback [7]. Multimodal actuations are generally offering a 
more natural and trusted perception as long as the provided sensations are correspond-
ing to plausible procedures [8, 9]. But various studies also revealed that a combination 
of a primary and a supporting feedback dimension is often more effective than a com-
bination of three or more feedback dimensions [8, 9, 10, 11, 12].  
 
Regarding digital devices, visual feedback is carried out via different forms of light 
sources, stationary and mobile displays, digital projections and head-mounted displays 
(HMDs). The provided information ranges from simple status lights or color changes 
over symbols to images, text and animations. Auditory feedback, on the other hand, is 
presented over speakers or headphones and ranges from simple acoustic signals over 
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signal patterns to spoken language. Haptic feedback, in this sense, is divided into tactile 
feedback and kinesthetic feedback. Tactile feedback addresses the human sense of 
touch and is usually presented through vibrations, while kinesthetic perception refers 
to the posture and movement of the joints as well as the perception of external forces 
that are performed against the body [7]. Especially the development of haptic and tactile 
systems has increased considerably in recent years [13, 14]. Currently, an important 
aspect concerns the integration of tactile actuators into various garments, such as work 
gloves [15, 16], bracelets [17, 18] or shoes [19, 20] to provide workers with additional 
tactile information. 

2.2 Assistive Systems for Industrial Applications 

In recent years, the increasing digitization and automation has triggered a trend towards 
the development of assistive systems to support workers on various activities in the 
industrial environment. These assistance systems provide their users with step-by-step 
instructions for daily tasks but may also display further information such as machine-
related or process-related data as well as warnings about faulty actions or potential dan-
gers in the environment. The application of these systems ranges from assembly tasks 
over maintenance operations to activities in the field of logistics. The devices used for 
this purpose include normal PCs or mobile devices such as smartphones and tablet PCs.  
But, due to the ongoing developments in the field of augmented reality (AR) as well as 
in the field of mobile devices and wearables, current assistance systems progressively 
focus on the implementation of augmented reality scenarios. These systems use in-situ 
projections, special AR tablet PCs or AR HMDs to project digital information directly 
into the field of view of a user. Figure 1 shows an overview of different visualization 
technologies for todays and future assistive systems. 

 
Fig. 1. Overview of visualization technologies for todays and future assistive systems. 

Stationary assistive systems for assembly tasks like the assembly tables presented by 
Funk et al. [21] and Büttner et al. [22] use a combination of in-situ projections and a 
recognition of hand movements via deep cameras. Thus, the system allows to project 
information directly into the working area. The interaction with the system is imple-
mented via hand-tracking based on the integrated depth camera, e.g. via virtual buttons. 
Assistive systems for maintenance tasks such as the systems presented by Zheng et al. 
[23] and Aromaa et al. [24], on the other hand, are usually based on AR tablet-PCs, AR 
HMDs and wearables in order to allow the implementation of mobile maintenance sce-
narios.  
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However, regarding the provision of feedback, stationary and mobile assistive systems 
for industrial applications are generally restricted to a presentation of information via 
the visual channel. The extension of these systems by additional feedback modalities is 
still ongoing research: Funk et al. [8] and Kosch et al. [12], for example, prototypically 
extended an assembly workplace with devices for the presentation of auditory and tac-
tile error feedback in order to evaluate the effectiveness and user experience of the 
different modalities.   

3 Challenges for Feedback Presentation in Industrial 
Environments 

Various interdisciplinary challenges arise for the integration and application of multi-
modal feedback systems in the industrial environment. This includes both technical and 
user related as well as legal aspects and addresses different research fields such as hu-
man-machine interaction, industrial communication, machine learning, artificial intel-
ligence, sensor technologies, workplace privacy and data security.  

3.1 Integration of Feedback Systems in the Industrial Infrastructure 

From a technological point of view, a major challenge concerns the general integration 
of feedback systems in industrial environments. To provide workers with adequate 
feedback, these systems must be able to collect and process information about the en-
vironment. In this context, today’s industrial facilities are already equipped with certain 
kinds of sensory systems to collect information about air pressure, power consumption, 
the localization of materials, vehicles and employees or other parameters. In future in-
dustrial facilities, however, the number of sensory systems needs to increase signifi-
cantly in order to create decent virtual representations of the environment including 
ongoing processes, power management, material flows, errors, and other relevant in-
formation. Due to the high dynamics and complexity of future production plants, vari-
ous sensors as well as powerful algorithms for scene analysis and processing are re-
quired in order to develop context-aware processes and workflows [25]. Figure 2 shows 
an abstract overview for the integration of feedback systems in industrial environments. 
Feedback devices as part of assistance systems for various activities are both connected 
via the digital system of the respective workplace as well as via the central server sys-
tem. This enables feedback to be applied in relation to local and production-wide pro-
cesses. 
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Fig. 2. Overview of the general integration for feedback devices in an industrial environment 

Developments in the field of industrial communication technology are currently split-
ting into various research tracks which follow the implementation of industrial network 
infrastructures using different technologies. The solutions range from local server sys-
tems to cloud-based systems and various intermediate solutions which hold relevant 
data locally and, if necessary, retrieve additional data from a cloud service [26, 27]. The 
implementation of the communication channels, however, is currently frequently car-
ried out via a combination of wired and radio-based networks to connect the growing 
number of stationary and mobile digital systems in today’s industrial environments. But 
due to the progressive development of mobile systems in the research area of the Inter-
net of Things, which aims to digitalize and interconnect various systems in order to 
generate a virtual representation of ongoing processes and connections, there is a grow-
ing need for a wireless network solution for industrial environments that provides the 
required high bandwidth and low latency [28, 29, 30]. In this context, the 5g technol-
ogy, also known as the Tactile Internet, which is based on mobile communication tech-
nologies, aims to integrate industrial plants and other digital devices in industrial envi-
ronments into a nationwide internet ready network [26, 31].  

3.2 Data Processing 

Because of the complexity of industrial networks, the collection, processing and anal-
ysis of the high number of heterogeneous data streams, generated by numerous sensors, 
production systems and other entities requires efficient algorithms and concepts [32]. 
In this field, scientists are increasingly relying on the use of developments in the field 
of machine learning and artificial intelligence in order to be able to identify different 
relationships and situations [33, 34]. This contextual sensitivity, in turn, makes it pos-
sible to draw conclusions about the correct or incorrect execution of actions by individ-
ual workers to initiate an adequate response.  
Regarding the presentation of multimodal feedback, humans are sensory impressions 
are subject to certain temporal limits during which time a reaction is perceived as nat-
ural. This also represents a strong temporal limitation for the processing and presenta-
tion of relevant feedback information. For the auditory system, this limit is about 100 
ms, while the visual system is limited to 10 ms and the haptic system to 1 ms [35, 36]. 
While the performance of auditory and visual feedback information is already achieved 
via today's network structures, the realization of the transmission of haptic information 
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is still a current research subject, which is currently challenged by researchers in the 
scope of the development of 5G technologies, also referred to as Tactile or Haptic In-
ternet [31, 36]. In general, it must be ensured that the processing and transmission of 
feedback information corresponds to the temporal limits of human information pro-
cessing.  

3.3 External Influences 

Another key challenge for the integration of feedback systems in the industrial envi-
ronment concerns external influences that could affect both workers and sensory sys-
tems [37, 38]. This primarily includes changing volume and light conditions as well as 
various forms of vibrations caused by machines or tools. These influences are very 
likely to have a negative impact on the performance of feedback. For example, a purely 
visual feedback could be disturbed by light influences such as apertures or particularly 
bright ambient lights. The performance of auditory feedback such as alert tones or spo-
ken text could also be disturbed by a high ambient volume. Furthermore, tactile feed-
back could be overlaid by vibrations generated by production systems or work tools. 
External influences, however, may not only affect the provision of feedback directly, 
but could also influence sensory systems in the surrounding which in turn are highly 
relevant for the presentation of feedback. The application of feedback systems therefore 
requires a detailed analysis of the working environment and the tools needed to carry 
out the respective activity. 

3.4 User Acceptance 

A further user-related challenge concerns the acceptance of workers towards modern 
technologies, especially with regard to interaction and feedback devices. While younger 
generations are generally more familiar with the functionality and application of mod-
ern interaction and feedback systems, there are some high dislikes on the part of older 
generations regarding these kind of systems [39, 40]. Röcker [41] identified different 
societal and technological as well as privacy-related concerns towards the usage of new 
technologies in future work environments. Furthermore, Holzinger et al. [42] intro-
duced a “previous exposure to technology” factor which has general influence on the 
acceptance of software applications. Another influence on the acceptance of digital sys-
tems stems from the increasing use of methods from machine learning and artificial 
intelligence (AI). Since these methods have to be regarded as black boxes, it is nearly 
impossible to understand their internal behavior. This raises the general question if we 
can trust results from machine learning [43] and how we can build explainable AI sys-
tems [44].  

3.5 Data Security and Workplace Privacy 

 
Another challenge directly related with user acceptance concerns the implementation 
of directives on data protection and workplace privacy in industrial environments. This 
especially includes personal data from employees as well as data collected by assistive 



7 

systems, interaction and feedback devices. These systems are able to capture complex 
information about the performance and location of workers and are therefore often 
viewed as a potential way to monitor employees which would negatively affect their 
workplace privacy [45, 46, 47]. The same also applies to the previously described sen-
sory systems for the localization of different entities in an industrial environment [48, 
49]. However, personal data is required in this context in order to ensure the adaptive-
ness of the assistance systems and thus also the individual adaptation of the presentation 
of feedback information. According to Sack and Röcker [50] knowledge about tech-
nical processes is influenced by age and technology experience while the knowledge 
over technical processes is not related with attitudes like security or privacy. Thus, the 
confidence in technology and the reduction of privacy concerns has to be build up by 
the designers and developers of future assistive systems and feedback devices [51]. 
 

3.6 Selection of Feedback Devices and Feedback Presentations 

A further challenge which is highly related to user acceptance and workplace privacy 
arises through the selection of suitable feedback systems for the application in industrial 
environments. These systems can generally be categorized in portable and stationary 
devices. While portable systems are able to provide a location-independent presentation 
of feedback modalities, they open up a greater potential for long-term monitoring in 
terms of acceptance and workplace privacy (Section 3.4). In contrast, stationary feed-
back systems integrated in the working environment are limited to certain areas and 
may therefore provide a lower sense of permanent monitoring. But, compared to mobile 
systems, stationary systems are not able to provide feedback to users outside their work-
space. Furthermore, a common use of stationary feedback systems by several people 
also has to be considered as critical, because provided information is likely to be mis-
interpreted by another user. 
Another aspect concerns the potential overlay or attenuation of sensory sensations 
caused by feedback systems. For example, data gloves can provide a much more de-
tailed feedback in the execution of manual activities. But overlaying the skin with one 
or more layers of fabric may lead to a lowering of the sensation of the haptic receptors. 
Moreover, the construction of some portable systems can lead to a restriction of free-
dom of movement. 
In addition to the selection of applicable feedback systems, the choice of an adequate 
presentation of feedback information is also of high importance. In this context, Funk 
et al. [52] evaluated different visualization techniques to support an assembly task for 
impaired workers. In general, due to the growing number of devices in the area of in-
teraction technologies, it will be necessary to develop new technology-specific con-
cepts for the presentation of feedback over visual, acoustic and tactile channels. Fur-
thermore, the acceptance towards a system is also dependent on its proper functionality. 
With regard to feedback systems, the focus here is primarily on fulfilling the temporal 
limitation of the human information processing of various information channels de-
scribed in Section 3.2. 
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3.7 Cognitive Workload 

Another user-related challenge concerns the increasing cognitive load generated by a 
huge amount of digital information passed to workers in modern industrial environ-
ments [53, 54]. To reduce the cognitive load of workers, intelligent filter routines are 
necessary, which analyze the existing data streams based on different parameters such 
as the experience level, the current activity, the position and the surroundings of a 
worker in order to select individual relevant information. In this context, a broad exam-
ination towards the individual perception of cognitive stress will be necessary. Thereby, 
particularly HMDs are known to cause headaches and dizziness during prolonged use 
[55, 56]. Potential reasons for this are likely to be found in the limited ergonomics of 
these systems and the extensive presentation of additional visual information which 
leads to a constant change of the visual focus between digital information and the real 
world. Furthermore, it is important to evaluate how a long-term presentation of multi-
modal feedback sensations through digital Feedback devices affects the cognitive work-
load. 

4 Opportunities for Feedback Presentation in Industrial 
Environments 

Despite the challenges and problems presented in Section 3, the integration of multi-
modal feedback technologies opens up numerous opportunities to assist workers by 
carrying out their activities and to improve the overall productivity and security. Fur-
thermore, these systems can also be used to extend and enrich interaction concepts of 
augmented-reality technologies or to support even workers with certain cognitive or 
motoric disabilities, blindness or deafness on daily tasks.  

4.1 Assistive Systems 

In the first place, the use of effective multimodal feedback methods in future industrial 
environments offers the possibility to extend existing assistance systems, which aim to 
adequately support workers by providing step-by-step instructions and further infor-
mation about upcoming tasks and activities as well as warnings about errors or critical 
situations. In addition, the comprehensive integration of these systems into the digital 
infrastructure of industrial production environments can provide a more comprehensive 
feedback that exceeds the limits of the immediate environment of the workplace. 
As described in Section 2, current assistance systems are usually limited to visual feed-
back presentations to assist workers. This in turn may contribute to a reduced usability 
and user experience. The presentation of feedback over multiple channels could thereby 
create a more natural and trusted loop of interaction between the system and the worker. 
In this context, the evaluations of various feedback modalities for the support of an 
assembly operation presented by Funk et al [8] and Kosch et al [12] are just to be seen 
as the beginning of an extensive evaluation process to identify adequate feedback de-
vices and presentations for different activities in the industrial environment.  
During the last years, developments in the field of assistive systems are increasingly 
relying on AR technologies. But recently developed devices such as AR tablet-PCs, AR 
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HMDs or in-situ projectors still suffer from limited multimodal feedback implementa-
tions. Thereby, a presentation of multimodal feedback information in an AR scenario 
could create a much more natural and trustful relation between virtual and real objects 
[9]. In this way, for example, gesture-based interaction could be enhanced with tactile 
or auditory impressions. However, the use of such systems, in particular in the form of 
HMDs, will also require an extensive evaluation of the respective activity, the environ-
ment as well as the behavior and the cognitive burden of the user in order to create an 
adequate feedback presentation. 

4.2 Inclusion of People with Disabilities 

In addition to increasing the productivity and safety of healthy workers in different 
fields of activity, the use of multimodal feedback systems as part of assistive systems 
also offers the opportunity to especially support people with certain disabilities on dif-
ferent activities. During the years, several assistive technologies have been developed 
and evaluated to assist people with motoric or cognitive disabilities as well as blindness 
or deafness in private life as well as at the workplace [57]. Regarding the industrial 
environment, developments of assistive technologies for people with disabilities mainly 
focus on assembly operations supported via in-situ projections and motion tracking 
[58]. In this context, Korn [59] evaluated the application of gamification elements dur-
ing an assembly task to support cognitively impaired people on an assembly task. Fur-
thermore, Kosch et al. [12] further compared visual, auditory and tactile feedback meth-
ods to support impaired workers at an assembly task and Funk et al. [52] also evaluated 
different visualization techniques to support an assembly task for impaired workers. 
The results of these studies show that people with different disabilities can benefit from 
the provision of additional feedback information to perform operations that are nor-
mally too complex with respect to their performance index. In general, assistive systems 
can represent a long-term opportunity for a greater autonomy and an increased self-
esteem for people with disabilities, and also a possibility for full-fledged occupational 
participation in the first labour market [57]. 
But especially the development of systems for people with disabilities requires a com-
prehensive evaluation of technological, social and legal aspects. Therefore, regarding 
impaired workers, feedback systems should fulfill specific guidelines and regulations 
like the German Federal Ordinance on Barrier-Free Information Technology [60] which 
holds detailed information about how to implement visualizations and other feedback 
modalities in a barrier-free way. 

5 Conclusion 

In this paper, we examined major challenges and opportunities for the presentation of 
multimodal feedback in todays and future industrial environments. We have shown that 
the emerging challenges are of a highly interdisciplinary nature, addressing fields like 
human-machine interaction, industrial communication, machine learning, artificial in-
telligence, sensor technologies, workplace privacy, data security and occupational sci-
ence (Section 3). But the key challenges such as the choice of feedback devices and 
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feedback presentations, the technology acceptance of workers or the privacy at the 
workplace can primarily be seen as highly user-related. 
As mentioned in Section 1, in the upcoming years the role of workers in the industrial 
environment will shift from assembly activities to controlling and logistical tasks as 
well as maintenance operations. Since these tasks mainly represent mobile activities, 
mobile assistance systems and feedback systems will be increasingly needed to support 
workers in changing environments and at different production facilities. This, in turn, 
requires a distinct way to capture changing working environments in mobile scenarios. 
However, prior to the development of these assistive systems, it is essential to carry out 
a detailed analysis of the environment and the respective activity as well as of the de-
vices involved in order to be able to perform a selection of the appropriate feedback 
modalities and devices. As discussed in Section 4.2, an additional aspect also emerges 
through the development of systems for people with disabilities. In this context, addi-
tional analyses for the determination of individual needs will be required to provide 
adequate support for workers with different disabilities. 
Technical aspects, on the other hand, are focused on the integration of feedback tech-
nologies into the digital infrastructure of today’s and future industrial environments. 
Current research thereby offers several solutions for an extensive integration of feed-
back systems (Section 3.1). While the 5G technology offers an interconnection between 
a high number of digital devices in a nationwide network, also a basic combination of 
wired and wireless networks with the required low latency and high bandwidth would 
be possible.  
In addition to the various challenges, the possibilities for the integration of feedback 
systems presented in Section 4 prove to be highly relevant. The development and ex-
tension of assistance systems through various feedback modalities can contribute to 
higher productivity and higher safety of workers in future industrial environments. Es-
pecially, in the context of augmented reality devices as well as for the support of work-
ers with certain disabilities, multimodal feedback could be highly beneficial. 
Taking into account the potentially prevailing environmental influences in industrial 
environments such as changing lights and noise as well as vibrations generated by ma-
chines or work tools, effective combinations of different feedback modalities for certain 
working environments and fields of activity are required (Section 3.3). But, since the 
user-centered provision of auditory feedback in certain areas would only be feasible 
with headphones or target-oriented loudspeakers, which could potentially cause exces-
sive attenuation of ambient noise or a limitation of privacy [8], developers may prefer 
combinations of visual and tactile feedback systems. In some cases, however, it may be 
necessary to further supplement the used portable feedback systems by using stationary 
interface-specific feedback systems in order to improve the overall usability and user 
experience. 
In general, especially due to the rapid development of new interaction systems, we see 
high needs for research activities regarding the selection of appropriate feedback sys-
tems and the associated presentation methods to extend assistive systems for industrial 
environments. 
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6 Outlook 

Regarding the integration of multimodal feedback systems, our future research will pri-
marily be focused on questions concerning the selection of suitable devices and presen-
tation techniques for the support of stationary and mobile activities in different occu-
pational fields in industrial environments. This also includes the evaluation of various 
commercial and in-house development systems within the framework of comprehen-
sive user studies and surveys on the effectiveness, acceptance and usability of various 
device combinations. Due to the changing role of workers in the industrial environment, 
our research will be oriented towards the development of systems for mobile scenarios 
based on augmented reality technologies. In close cooperation with research colleagues 
from the fields of industrial communication technology, machine learning and artificial 
intelligence as well as the field of occupational sciences, we want to discuss necessary 
aspects of the requirements regarding the network infrastructure, the data processing 
and the usability and user experience for integrating feedback systems into industrial 
environments in order to examine potential solutions.  
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