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ABSTRACT

Due to challenges associated with the speed of change and the variety of products,
assembly training is becoming more and more important. Virtual reality (VR) can
improve training processes but is largely limited to visual and auditory feedback.
Especially manual assembly tasks are difficult to train only with visual and auditory
feedback. Haptic-enhanced assembly systems can bridge this gap by enabling hap-
tic interaction in the virtual environment. Integrating haptics into virtual training can
improve virtual training processes in terms of a better understanding of assembly
operations. This paper aims to analyze human and technological requirements for
training systems in the context of the automotive industry. For this purpose, a qual-
itative expert study was conducted with nine experts from the automotive industry.
Based on an interview guideline, requirements were derived for the assembly training
system and the integration of haptic interaction modalities. A focus group discussion
was conducted to evaluate and validate the requirements in terms of relevance and
practicality.
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INTRODUCTION

Manufacturing processes have become increasingly complex, involving
complicated assembly procedures and the integration of various com-
ponents. Training workers to perform these tasks efficiently and effec-
tively is crucial for maintaining high productivity and quality standards.
The importance of worker training is also highlighted by the automo-
tive industry’s quality management standard (IATF 16949 2016), published
in 2016.

Traditional training methods, such as hands-on or on-the-job training,
can be costly and time-consuming (Gavish et al., 2015). They require phys-
ical setups, specialized equipment or experienced instructors (Brough et al.,
2007). Virtual assembly training systems offer a cost-effective and efficient
alternative by simulating assembly environments without the need for physi-
cal resources (Hirt et al., 2019). For this reason, many companies are already
using virtual trainings (Chris Morris, 2018).
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Virtual training allows workers to understand assembly processes in a
controlled and safe virtual environment. Trainees can practice assembling
components, understand the sequence of operations, and learn to identify
errors that may occur during production. By providing immediate feedback,
virtual training can help workers refine their skills, improve their efficiency,
and reduce the risk of errors in real-world production (Xie et al., 2021).

In the industry, virtual training is often conducted using desktop computers
as training equipment. The availability of advanced immersive technologies,
such as virtual reality (VR), augmented reality (AR) and mixed-reality (MR)
can significantly enhance the realism and immersion of virtual assembly set-
tings. These technologies enable trainees to visualize and interact directly
with virtual components, tools, and environments, enhancing their learn-
ing experience and skill acquisition for complex manufacturing processes.
Thus, the use of immersive technologies promises to improve virtual training
(Liberatore and Wagner, 2021).

While immersive training applications are becoming increasingly popular,
there is still a research gap in the area of haptic enhanced virtual training.
However, especially haptics provide physical feedback to users and offers
another dimension of immersion (Preutenborbeck et al., 2022). In the context
of assembly training, users can not only see and hear virtual environments,
but also physically interact and feel them, providing more direct access to
practical skills (Xia et al., 2012). In addition, haptic feedback can help users
better understand complex motoric techniques by providing a better sensory
experience (Sigrist et al., 2013).

Before implementing and introducing new training technologies in the
industry, it is necessary to know the requirements for immersive virtual
training methods. Requirements analysis is an important phase in systems
engineering (Haberfellner et al., 2019) and Human Systems Integration
(Flemisch et al., 2020) because it helps define the scope, goals, and expec-
tations of stakeholders. Here, both the functional and the non-functional
requirements, i.e. those related to the perceived system qualities, have to be
captured.

This paper presents an in-depth requirement analysis involving different
stakeholders from the automotive industry, e.g. production workers, indus-
trial engineers and production ramp-up engineers. The objective is to analyse
all requirements needed to develop a haptic enhanced virtual assembly system
that enables a cost-effective, safe and immersive approach to virtual training.

RELATED WORK

In a systematic literature review, related work in the field of haptic enhanced
assembly systems in manufacturing were identified in advance (Preutenbor-
beck et al., 2023). The approaches of Al-Ahmari et al., Kind et al. and
Buchholz et al. are the most relevant, as the focus of this publication is on
the requirements for haptic enhanced assembly training in the automotive
industry.

Al Ahmari et al. present the design of a system for virtual assembly sim-
ulation. The main functions include planning of assembly operations and



Requirements for Haptic Virtual Training Systems in the Automotive Industry 29

training of assembly workers. The system uses a virtual environment for inter-
active assessment and training. It provides visual, auditory and haptic, i.e.
tactile, and kinesthetic feedback. The authors describe technical requirements
such as data translation, integration of different hardware and software sys-
tems, and real-time collision detection. In this way, it is possible to develop
the system that help train operators for assembly operations and bridge the
gap between planning and execution of assembly (Al-Ahmari et al., 2016).

Kind et al. describe an architecture that enables workers to perform virtual
assembly simulations with force feedback in VR environment. The architec-
ture consists of three different cores: The visualization core is used to load
CAD data from various sources into the virtual scene. The simulation core
emulates the physical behavior of the virtual model and computes forces
applied to the force feedback device. The interaction core serves as the user
interface and provides force feedback to the user. Within this architecture, the
authors identify technical requirements, such as the ability to load CAX mod-
els, simulate the physical behavior of the virtual models, calculate the forces
applied to the haptic device, and provide a user interface with force feedback.
Requirements related to the application include the ability to verify criti-
cal assembly tasks, implement modular end effectors for flexible use cases,
and analyze time measurements to optimize assembly tasks and sequences
(Kind et al., 2020).

Buchholz et al. present an approach for VR-based interaction with virtual
factory models. The system allows visualization of production processes in
3D and adaptation of interaction mechanisms to individual users. Through
the integration of haptic interaction modules the developed system enables
early validation of virtual prototypes in different use cases, e.g. assembly
training. The authors identify requirements for the virtual assembly system
such as intuitive visualization of complex assembly processes and the need
to integrate different VR technologies. However, the authors focus more
on technical perspective, e.g. and less on human or ergonomic perspective
(Buchholz et al., 2017).

In summary, none of the presented approaches provides an in-depth anal-
ysis of user requirements for a haptic enhanced assembly training in VR.
A user-oriented and systematic investigation of the requirements that are
important for the design and implementation of a haptic enhanced assembly
training in VR is missing.

METHODOLOGY

The objective of the interviews was to identify requirements for haptic
enhanced virtual training. To achieve this, nine experts from the automo-
tive industry were interviewed. They were selected based on their experience
in production ramp-up and training processes. The interviews were con-
ducted either remotely by Zoom or in person, depending on the location
of the participants, and lasted approximately 60 minutes. The guideline did
not contain any predefined answer options but ensured the comparability of
statements by different experts on the topics. The interview guideline was
structured according to elements of a work system based on a standard of
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the REFA association, see Figure 1. In this way, all potential requirements for
the training could be covered, e.g. work task, tool, worker related aspects
and environmental influences (REFA, 2023).

While the discussion with the participants followed a flexible approach,
the interview guideline provided a general direction for the conversation. This
allowed an individual focus on each participant’s specific areas of expertise.
The questions were organized into thematic categories to ensure a logical
flow of the interview and minimize jumps in context for the participants
(Kallio et al., 2016).

Figure 1: Assembly station as a work system according to REFA (REFA, 2023).

After the interviews were completed, the recordings were transcribed and
coded by using the software MAXQDA 2022. This allowed a more detailed
analysis of the interview data. The analysis was carried out using a combined
deductive and inductive approach for qualitative content analysis according
to Mayring and Fenzl (Mayring and Fenzl, 2014). The transcribing phase was
followed by coding of the material, in which a code system was used to iden-
tify relevant text passages for the requirements analysis. In the third phase,
the coded data was analyzed by establishing relationships among categories.
This allowed to improve the code system and to extract additional aspects
from the interviews and include them in the requirements analysis.

RESULTS AND DISCUSSION

Based on the interviews and the qualitative content analysis, 28 requirements
were identified. These requirements were reviewed in a focus group discus-
sion within the project team to ensure that they were complete, consistent,
and feasible. The following section summarizes the results of the evaluation.
On the one hand, this refers to the presentation of the objectives and success
factors of virtual training. On the other hand, the requirement specification
is presented, which was based on the expert interviews and the qualitative
content analysis. Table I and Table II show the functional (f) and quality
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attributes, sometimes referred to as non-functional (nf.) requirements, of the
haptic virtual assembly training system.

Objectives of Virtual Assembly Training

Figure 2 illustrates the objectives of virtual assembly training. The number
of mentions results from the fact that multiple mentions were allowed. The
most important objective is to enable employees to understand the assembly
process in order to ensure a successful ramp-up of new products. In this way,
errors and, if necessary, rework on vehicles and the associated costs can be
avoided. In addition, virtual training processes can reduce the time and cost
of the training itself. Software-based training requires fewer trainers than
physical training and is therefore suitable for accelerating learning processes.
However, the correct manual execution of assembly processes cannot be guar-
anteed. Therefore, further development in the field of haptic enhanced virtual
training processes is very promising. Another advantage is the training relia-
bility. Standardized procedures ensure that important information is passed
on to the trainee. With the completion of the training, it can be documented
that the assembly process has been learned.

Figure 2: Objectives of virtual assembly training.

Requirements for Training Content

Table 1 shows the requirements of the training system related to the work
system, i.e. the work task, the tool handling, worker-specific aspects and
environmental influences:

Work Task Requirements
For training of the process steps, the training system must provide the assem-
bly instructions (No.1). To be able to present the correct instructions at any
time, it must also be possible to identify all assembly steps, which are per-
formed by the worker (No.2). For training of ergonomic body postures, the
system requires body-tracking (No.3). The system should also be able to
evaluate workers’ postures during the execution of assembly processes and
suggest ergonomic improvements (No.4). Haptic technologies, e.g. haptic
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gloves, should be integrated into the system for training the correct man-
ual execution of assembly operations. This refers to certain hand operations,
e.g. clipping (No.5) or gesture-based concepts for larger movements, e.g.
pressing in plastic cladding (No.6). For training of the spatial layout, all
process-relevant locations, e.g., of material boxes, must be integrated into
the virtual environment (No.7). In this context, the level of detail is an impor-
tant non-functional requirement, since there is a trade-off between realism of
the environment and task orientation (No.8). The required range of motion
and tracking area of the training system depends on the size of the consid-
ered workstation. The training system should also take into account relevant
safety measures (No.9). This includes wearing safety shoes and other safety
equipment. For this purpose, the worker can be represented in the virtual
environment in the form of an avatar.

Table 1. Work system requirements.

Work System Requirements

No. Description f. nf.

Work task Process steps 1 Assembly instructions for process steps x x
2 Assembly step identification x

Posture 3 Posture identification and body tracking x
4 Posture evaluation mechanism, e.g. ergonomics x

Manual execution 5 Assembly gestures, e.g. for manual operations,
e.g. clipping

x

6 Provide haptic feedback for manual activities x
Spatial layout 7 Implementing spatial workstation layout,

including material boxes etc.
x

8 Appropriate detail of workstation layout x
Safety measures 9 Implementing safety instructions, e.g. gloves and

safety shoes
x

Work tool Handling 10 Implementing tool manipulation and functions,
e.g. buttons

x

11 Implementing tool sounds x
12 Realistic tool handling, e.g. vibration x
13 Stability/ usability in tool operation x

Worker User Interface 14 Inclusive interface design x
15 Different languages x
16 Integration of a chat option between trainer and

trainee
x

Environment Factory 17 Simulation of factory environment, e.g.
production noise

x

18 Appropriate level of detail x

Work Tool Requirements
The training system should allow a realistic interaction with the tools, includ-
ing their handling and execution in the virtual environment (No.10). Haptic
devices, e.g. by simulating mechanical resistances of buttons, can support
the execution of tool functions. For the realistic interaction, sounds and
haptic feeling of tools need to be implemented (No.11, No.12). During the
assembly process, the sounds and haptic impressions vary depending on
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the use-situation, e.g. when a correct torque of a screw is achieved. There-
fore, a realistic implementation of the tool behaviour not only serves to
increase immersion, but also is an essential part of quality assurance by
the worker. Increasing the usability of the tool handling is a very impor-
tant non-functional requirement (No.13). The system must run stable to
ensure smooth and user-friendly operation. This is particularly important for
acceptance, as one of the key success factors, see Figure 3.

Figure 3: Success factors of virtual assembly training.

Worker-Specific Requirements
The training system must have an inclusive interface design that enables nav-
igation and operation to ensure accessibility and usability for all, including
people with limited vision or other impairments (No.14). This also includes
making the training system available in different languages. This allows peo-
ple with different cultural backgrounds and different language skills to use the
system effectively. A multilingual interface and translation of training content
into multiple languages are essential to reach a broad user base (No.15). The
system should provide an integrated chat function that allows direct commu-
nication between trainer and trainee (No.16). This feature should operate in
real time and can support both text-based and voice-based communication
to enable effective guidance and feedback, independent from the location of
the trainer.

Environmental Requirements
The training system should be able to simulate a realistic factory environment,
including production-typical noise levels (No.17). In addition, the system
should provide an appropriate level of detail of the surrounding to allow
an accurate and effective employee training (No.18). The key aspects of the
assembly processes and environment should be adequately considered.

Didactic Requirements
Table 2 shows the didactic requirements for the training system. The didactic
requirements include features that improve the workers motivation, as well
as the analysis and documentation of the training results. To increase moti-
vation, the training system should provide an introduction level to the virtual
environment to familiarize participants with relevant aspects and work tools
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(No.19). The system should also include different levels of training that
are consistent with current training methods. This ensures that participants
acquire their skills and knowledge gradually and systematically (No.20).
The system should integrate gamification elements such as game sounds to
make learning more fun and interactive (No.21). The system should also
have a user-friendly interface and an appealing interaction design to facili-
tate the learning process and increase usability (No.22). The system should
be able to measure the times required to perform the various assembly tasks
(No.23). In addition, the training system should have an assembly error anal-
ysis to facilitate the identification and correction of failures (No.24). The
evaluation of the variables collected by the system should provide a high
information value, e.g. through a high granularity (No.25). In this way,
complicated assembly steps can be identified during the training sessions.
The requirements for documentation relate primarily to automation and the
presentation of results. The system should enable automated documenta-
tion of training results, preferably through a “one-click”-feature, to make
the process efficient and timesaving for the trainer (No.26). Training results
should be presented in a motivating way, such as high scores or other perfor-
mance indicators, to encourage trainees and increase their motivation to learn
(No.27). Since the training results sensitive performance data, it is necessary
to consider whether a detailed evaluation is provided only to the trainee.

Table 2. Didactic requirements.

Didactics Requirements

No. Description f. nf.

Motivation 19 Familiarization with the virtual environment at the beginning of each
training

x

20 Include different training levels, consistent to current training methods x
21 Include gamification elements, e.g. game sounds x
22 Learning friendly interface and interaction design x

Analytics 23 Implementation time measurements x
24 Implementation of assembly error analysis x
25 High informative value of the assessment, e.g. granularity x

Documentation 26 Automated documentation of the training results (“one click”) x
27 Motivating presentation of the training results, e.g. high scores x

Success Factors of Virtual Assembly Training

At the end of the interview, all experts were asked to name success factors
that determine successful assembly training. The most important success fac-
tor mentioned by six experts is the training time. This refers primarily to
the time required by production workers to train new assembly processes or
workstations. However, the time required to implement the training system is
also relevant. This time was subsumed under the second success factor, effort.

The acceptance of the virtual training is also important, as this can influ-
ence the motivation and success of the training. The survey of success factors
was intended as an initial assessment of potential requirements, but was
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expanded to include a more specific analysis of requirements at level of the
single design elements of the assembly training system.

CONCLUSION AND OUTLOOK

Virtual training systems offer a cost-effective and efficient alternative by
simulating assembly environments without the need for physical resources.
By integrating haptic components, virtual training can be made more real-
istic. This allows participants to visualize and interact directly with virtual
components, tools and environments to understand complex manufacturing
processes. To ensure successful implementation, a comprehensive analysis of
the requirements for such immersive virtual training methods is necessary.

This paper describes a requirement analysis in which different stakeholders
from the automotive industry were involved in the design and development
of a haptic enhanced assembly training system. Through guided interviews
with experts, 28 requirements were identified, which were validated in a
focus group discussion afterwards. The analysis of the requirements and
the validation form the basis for the explorative design and development
of an effective and user-friendly virtual training system for assembly pro-
cesses. The integration of haptic feedback promises that participants develop
a better understanding of assembly processes and thus avoid errors before
they occur in real production. Future work can focus on the exploration and
implementation of design concepts that meet the identified requirements. Fur-
ther development and use of immersive technologies in training could also be
explored in other sectors and areas of the manufacturing industry to further
improve the efficiency and quality of training.
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