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Abstract. For the sake of being competitive in an ever-changing mar-
ket, industrial companies need a redefinition of traditional design and
integration of parts, equipment, and services such a redefinition allows
effectively addressing the interaction between machines and operators,
particularly in the area of complex production lines. In this context,
enhancing ergonomics is crucial to reduce fatigue and stress of workers
and increase work-place efficiency and comfort. Moreover, identifying
ergonomic flaws in three-dimensional human-machine design problems
(e.g., body posture, reach, visibility) at an early stage of the engineering
process allows to prevent these issues at a low cost. Virtual reality (VR)
is emerging as a powerful tool to improve the ergonomic assessment in
the design of complex production lines. However, VR is not yet a well-
consolidated practice for industrial companies, and the state-of-the-art
applications are limited to simplified, isolated, and customized experi-
ments. This work proposes the use of a virtual golden zone (VGZ) as a
standard and efficient VR method for the ergonomic analysis and opti-
mization of operator activities in manual manufacturing stations. The
resulting effectiveness and benefits are highlighted through the applica-
tion of the approach to a real industrial case study. Finally, the outcomes
of a usability questionnaire, compiled by the professionals involved in the
VR reviews, are presented to evaluate the usability of the VGZ method-
ology in the design process of complex production lines.

Keywords: Virtual reality + Ergonomics - Complex production lines -
Human computer interaction

1 Introduction

Nowadays, the concept of Industry 4.0 is leading to the so-called smart fac-
tory, where industrial automation is combined with new digital technologies to
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improve working conditions and foster the collaboration between all components
of production: business models [14], design and development environments [22],
manufacturing systems [5], equipment and machines [3], supply chain [6], logis-
tics [2], and services [12]. This transformation provides immense opportunities
for the success of manufacturing, allowing customization of products, short oper-
ation cycle times, quick delivery times, faster time to market, and improvement
of workers’ safety and ergonomics [19].

Virtual reality (VR) is one of the key technologies that is boosting the digital
transformation [16], especially since it is contributing to effectively addressing
the interaction between machines and operators in the area of complex produc-
tion lines [10,11]. In fact, VR is emerging as a powerful tool to optimize the
product design process, which enables users to explore multiple facets of a prod-
uct before committing to any form of physical production [7]. Moreover, VR
tools can integrate different technologies that allow users to interact with the
virtual environment representing the real one in a multi-sensory way, such as
space and body perception [15]. Nevertheless, there is a lack of understanding
on how companies implement the VR technologies, especially with regard to the
ergonomic assessment. In fact, VR is not a well-consolidated practice for indus-
trial companies yet: no standard implementation exists in the state-of-the-art,
whilst practical applications only aim at conducting simplified, isolated, and cus-
tomized experiments, such as the comparison with computer aided design (CAD)
software and the implementation of complex ergonomic methodology. Usually,
the classic review approach to the design issues and critical phases is performed
directly on a PC with CAD software support, which is not always able to bring
out the defects on a two-dimensional (2D) screen, thus creating the risk of losing
dimension and scales, particularly important in the ergonomic evaluation [4].

Differently from the related literature, this work is focused on the use of VR as
a tool supporting the CAD software, for the design of complex production lines,
discussing the benefits offered to the professionals for intuitive ergonomic evalua-
tion (see Fig. 5). In particular, a methodology based on the novel concept of virtual
golden zone (VGZ) is introduced and applied in reference to a real company case
study, highlighting the advantages of quickly identifying all the ergonomic areas
for the operator activities by a three-dimensional (3D) model in the VR environ-
ment. The presented case study is focused on the design of manual manufacturing
machines for a complex production line, showing the features of the VR immer-
sive interaction and space perception in organizing the operator tasks, improving
the worker safety, and reducing fatigue and stress. Finally, this work investigates
the usability of the VGZ methodology during the virtual reviews integrated in the
company development process, through a System Usability Scale (SUS) question-
naire compiled by professionals involved in the design.

The paper is structured as follows. Section 2 presents the related literature
and the paper positioning within it. The application of the VGZ methodology to
the real case study is illustrated in Sect. 3. The evaluation of the VGZ usability
is described by analyzing the SUS questionnaire results in Sect. 4. Finally, some
concluding remarks are reported in Sect. 5.
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2 Related Works and Paper Positioning

The usefulness of VR for the design of complex production lines has been dis-
cussed in various studies [8]. An in this regard, Wolfartsberg [21] describes the
development and evaluation of a VR-based tool to support the engineering design
review. In-depth design assessment is the basis of the design review activities
[7,17], since experts from different disciplines have to discuss and concur on a
design solution while exchanging project information. Indeed, the design phase
requires the communication between different departments with different knowl-
edge, co-engineering work with customers, and identification of collaborative
needs [9]. The added value of this approach relies in sharing remotly the work
with a teamwork including geographically distant participants. Moreover, the
VR technology is considered to be useful in the design phase and in the CAD
project integration due to the CAD software limitation in offering an interactive
analysis with the implemented model.

In the design phase, the main VR advantages is the ability to anticipate even-
tual design issues before the actual system production starts. Practically, several
companies investigate the use of VR for design flaws, styling reviews, and even
mere walk-through applications. Traditionally, the assessment of specific aspects
such as ergonomics are however carried out only once the physical system is real-
ized, when problems can be thus obviously recognized. Instead, VR tools allow
to identify incorrectly designed equipment and ensure the operation ergonomics
before the first use. Moreover, completing the ergonomic assessment during the
design stage allows problems to be solved at a low cost and without machines
modifications [1]. For instance, Peng [18] applies the VR tools for ergonomics
evaluation and verifies the reachability of door handles within a vehicle.

Various methods and tools have been developed to evaluate the ergonomics
related worker activities in industrial contexts and their exposure to risk fac-
tors. The authors in [20] provide a detailed review and comparison analysis of
the most commonly used methods for the ergonomic assessment such as the Rula
(Rapid Upper Limb Assessment) and Ocra (Occupational Repetitive Action
Tool) approaches. These methods have different features and consider different
aspects such as posture and force. For the sake of enhancing their effectiveness,
these methods can be integrated into VR tools. For instance, Haggag et al. [13]
describe a framework combining the RULA method for the 3D motion analy-
sis with the Kinect technology: the RULA is associated with a skeleton tracking
system and integrated by computer processing. However, these methods are com-
plex and require high time, cost, and efforts to be implemented and set up in the
design phase. Conversely, in the early phase of engineering the manufacturing
industry aims at quickly integrating advanced technologies to improve quality,
productivity, and effectiveness. In addition, there is not a uniform and opti-
mal method that represents and speeds up the ergonomic assessment using VR.
The industrial practice consists in collecting the posture data through subjective
observation or picture and video support.

From the above discussed literature review, it emerges that an effective
and efficient tool is needed to enable expert engineers to quickly check if the
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system design is compliant with the ergonomic requirements. To fill this gap,
the contribution of this work lies in presenting an efficient and effective VR-
based method to be used for the ergonomic evaluation of the production line in
the design phase. A real case study shows the practical applicability and usability
of the proposed method.

3 Virtual Reality Integration in an Industrial Case Study

In this section we introduce a novel VR method for the ergonomic assessment
to be conducted in the design of a complex production line, and we show its
application to a real case study related to an automotive company specialising
in custom automatic and manual manufacturing systems.

3.1 The Virtual Golden Zone Methodology

The proposed methodology aims at providing designers and engineers with an
ergonomics assessment tool that imports and utilizes the golden zone principle in
the VR environment. In particular, the method relies on checking the 3D design
of production lines (including specific aspects such as the right equipment posi-
tioning) with respect to the 3D model of the volume within which the operator
is able to ergonomically perform the given tasks. Such a model is denoted as the
virtual golden zone (VGZ) and represents the optimal working and picking vol-
ume in reference to a specific area of the human body which ranges from the knee
height to the shoulder elevation. The main concept in the use of the VGZ is elim-
inating the risk of long-term exertion injuries associated with manual material
handling processes, thus minimizing the operator activities that require lifting,
reaching, bending motions, and strain. The proposed VGZ is divided into three
areas: non-working area, occasional work area, and usual work area (as shown
in Figs. 1 and 2).

— Non-working area (C-D): this is the external area where the picking can
be done only by stretching a hand and where the operator can not perform
the task. Moreover, two sub-areas are identified based on distance from the
manufacturing station: sub-area C where the components can be picked by
turning the torso, and sub-area D where the components can be picked by
walking.

— Occasional work area (B): this is the intermediate area wherem compo-
nents can be picked by stretching the arms over the shoulders. It is advisable
to use this area only for occasional work and not to frequently place used
tools, since the area is 6 times larger than the work area.

— Usual work area (AA-A): This is the comfortable area where a task can
be performed by the operator in the eyes field of view using both hands. It
represents the optimal zone for the equipment positioning in order to handle
components within the anatomical-physiological movement area. The usual
work area is generally splitted into two parts: in sub-area AA all components
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Fig. 1. VGZ for the ergonomic evaluation of the design of a complex production line.
The colored areas outbounding from the manikin represent the three VGZ sub-areas
related to the operator activities: usual work (AA-A), occasional work (B), and non-
working area (C-D).
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Fig. 2. Top view of the VR model representing the manual manufacturing station with
a woman manikin model and her relative VGZ using the Unreal Engine platform.

are located nearby the station in the visual field of view and at a suitable
working height; in sub-area A the components are arranged in an area 3 times
larger than the work area and thus can be picked up by stretching arms and
using both hands.

The size and positioning of the VGZ are different and configurable for each
operator; hence, at least two different working scenarios must be considered,
related to a woman and a man with a height of 1.65 and 1.75 m, respectively.
Primarily, the definition of working height is crucial to effectively address the
interaction between operators and production lines. On the one hand, if the
working height is too high, shoulders are often raised to compensate, thus leading
to painful muscle contractions at the neck and back. On the other hand, if the
working height is too low, the back is overwhelmed by the excess curvature of
the trunk, thus giving rise to complaints of back pain (Fig.2).
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Fig. 3. From VR to reality: versus the corresponding machine virtualized by using the
unreal engine platform (a) the rear axle shaft machine assembled in the company plant

(b).

Comparing the presented approach with the related literature, we remark
that manikin and golden zone (GZ) models are also used in CAD platforms
during the design phase for a preliminary ergonomic assessment. However, CAD
tools remain widely dedicated to a single user and do not allow collaborative
design and immersive perception. Conversely, introducing the VGZ in a VR
environment offers a novel tool of interaction and enables engineers to view
projects from a 3D perspective able to consider all arms and body movements
(e.g., stretching, flexion, elevation, abduction, and adduction). Thus, the VGZ
provides a thorough understanding of the structure and layout of production
lines work and allows users to mimic the workers’ activities and evaluate the
corresponding ergonomic performance.

3.2 The VR System Description

To implement the VGZ methodology in the VR environment of the consid-
ered manufacturing station, the Creo Parametric software database and Unreal
Engine VR platform were employed (see Fig. 3), and Oculus Quest headset was
used as hardware. Specifically, the CAD models were built in the Creo Paramet-
ric environment, while the scene, trigger, and interaction rules between the user
and the virtual environment were developed and coded in the Unreal Engine
platform.

In order to define the VR model configuration and start the ergonomic eval-
uation, the interaction tasks were assigned to the Unreal Engine platform using
the Blueprint options. The created VR environment was characterized by easy-
to-learn interactions for various stakeholders. The goal was indeed to provide a
quick and helpful tool for users with a different job background in the automotive
sector, without the need for any CAD or computer science knowledge.
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Fig. 4. Customized blueprint to activate the visibility action (input-output action) of
the manikin and VGZ in the position required by the user via the nodes “set visibility”.

The developed VR system was able to detect users’ inputs and modify the
virtual world accordingly, while providing feedback with the Oculus controllers.
Based on the requirement analysis, the system supported the standard features
provided by Oculus Quest sensors and Unreal Engine platform, such as looking,
walking, touching, and grabbing.

Since physically walking in the VR room is dangerous as moving blindfolded
in the real world, the teleportation technique was implemented through default
interaction prefabs by Unreal Engine setup. To regulate users’ navigation, the
thumbstick on the controllers was used to activate the teleporter indicating the
desired spot and choosing the direction with an arrow projected on the floor.
This mechanism allows to move quickly to the chosen point near the machine
to be inspected. Moreover, by holding up or down the thumbstick, users walk
using locomotion, and reach the equipment and tools on board the machine. The
locomotion interaction was implemented creating a Blueprint where location,
rotation, and speed options were suitably imposed.

In addition, the grabbing interaction was developed, with and/or without
gravity option, by assigning the collision shapes to the components. Tracking
systems enabled positioning and orienting physical objects over the allowed space
in real-time. The general operation is as follows: as soon as the Oculus controller
enters a construction group’s collider, the VR tools trigger specific interactions
and the system triggers a short vibration (using actuators integrated into the



Virtual Golden Zone for the Ergonomics of Complex Production Lines 1443

Fig. 5. User’s view of the manual manufacturing station: focus on gears and operator
hands. The semi-transparent coloured volumes correspond the virtual golden zone. The
subplot in the left top corner shows the user experiencing the virtual scene by wearing
a virtual reality head-mounted display and grasping the touch controllers.

Oculus controller). Hence, users were able to grab equipment, tools, etc. Fur-
ther interactions were customized, such as the visibility (input-output action) of
the manikin and the VGZ in the required position. The visibility actions were
linked to a pressed or released event via the nodes related to the “Set Visibility”
function into the Blueprint; consequently, a node is fired every time any corre-
sponding key is pressed /released on the Oculus Controller. Indeed, to manage the
manikin body (both in the case of female and male) and VGZ visibility interac-
tion, a Blueprint was created to associate the corresponding static meshes to the
Oculus controller. Buttons “X” and “Y” on the left-hand controller respectively
for female and male manikin’s bodies were employed to activate the input and
output of models in the VR environment, whilst button “A” on the right-hand
controller was used to enable the VGZ (as shown in Fig.4).

After the described VR environment set-up, a work team including designers,
engineers, and managers conducted the design ergonomic evaluation. Reviews
were organized to check the design of a manual manufacturing station of the
production line performing different assembly tasks and characterized by large
and customized structural dimensions. Initially, reviews were organized to evalu-
ate the machines’ structure dimensions. Subsequently, equipment and tools were
imported into the VR environment to perform the ergonomic check regarding
the worker activities (see Fig. 1). To achieve the correct ergonomics for the oper-
ator activities and the final version of the 3D model, 6 reviews which lasted
from 1 to 2h were conducted with about 16 professionals (i.e. designers, engi-
neers, managers). In fact, the professionals wearing the VR device first started
checking the scene by analyzing the manikin body with the corresponding VGZ
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positioned near the workplace. Subsequently, they mimicked the operator activ-
ities; in particular, they tested the arms movement to verify if all machine and
station components are in the correct position (see Fig.5). Each VR review was
focused on a different level of the CAD project with the corresponding updates;
in particular, the VR sessions were organized to address and solve the following
ergonomics issues:

— the gravity rack height and orientation;

— the distance between operator and boxes with the components;
— the arms movement for the picking of components;

— the height of the base of the structure;

— the sealants tool positioning/handling;

— the powered driver positioning/handling.

4 Evaluation of the VGZ Usability Through
a Questionnaire

For the sake of evaluating the usability of the VGZ methodology and highlight-
ing its advantages with respect to traditional approaches (i.e., using the GZ in
CAD software), the professionals involved in the ergonomic assessment of the
presented case study were asked to fill out a questionnaire using Google Forms.
Apart from personal information requests about gender, age, and company role,
the core section of the questionnaire was focused on SUS (System Usability
Scale) questions. In particular, both for the traditional GZ and VGZ method,
the following 10 questions were included with 5 response options on a 5-point
Likert scale (1-—Strongly disagree, 2—Disagree, 3—Neither agree nor disagree,
4—Agree, and 5—Strongly agree):

I think that I would like to use this system frequently.

I found the system unnecessarily complex.

I thought the system was easy to use.

I think that I would need the support of a technical person to be able to use
this system.

I found the various functions in this system were well integrated.

I thought there was too much inconsistency in this system.

I would imagine that most people would learn to use this system very quickly.
I found the system very cumbersome to use.

I felt very confident using the system.

10. I needed to learn a lot of things before I could get going with this system.

==

© X

The questionnaire was completed by 16 participants, of an average age of
36 years ranging from 23 to 56 years old: the age mean and the standard devi-
ation (SD) are 34.68 and SD=8.88, respectively. The gender division was as
follows: 4 females, 12 males. First, the work team compiled the SUS question-
naire to evaluate the usability of the GZ in the CAD software. Second, the SUS
questionnaire to evaluate the usability of the VGZ was compiled after the work
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Fig. 6. SUS scores obtained by the traditional GZ and VGZ methods used in the
CAD software and VR environment, respectively. The diagram reports the relative
acceptability scale.

team performed the VR reviews, without any debriefing or discussion about the
employed methodology.

The result of the SUS questionnaire is a score represented by a number in
the 0 to 100 range, which measures the overall usability of the system under
analysis. Note that the score related to individual questions are not significant in
a stand alone made. To calculate the final rating, each response to all questions
is summed in accordance with the following procedure: for questions 1, 3, 5,
7, and 9, the score contribution is determined by subtracting one unit to the
scale position; for questions 2, 4, 6, 8, and 10, the contribution is determined
by subtracting the scale position to 5 unit; the sum of the above computed
contributions is multiplied by 2.5 to obtain the overall SUS score in a scale out of
100. In addition, the SUS score can be converted into the so-called Acceptability
Score, i.e., a scale of 5 categories: awful (score is less than 51), poor (score in
the range between 51 and 67), good (the score is between 68 and 80.3), and
excellent (score is greater than 80.3. As reported in Fig.6, the obtained SUS
score for the GZ is 68.44 (with SD=10.61) corresponding to the “good” rating,
whilst the SUS score for the VGZ is 81.25 (with SD=10.26) corresponding to
the “excellent” rating.

As a consequence, the outcome is that the perceived usability of the VGZ
was higher than the traditional GZ usability. On the one hand, the obtained
result confirmed that the traditional GZ made a good contribution during the
last years. On the other hand, the result highlights that the VGZ implementation
enhances ergonomic assessment more than the traditional tool.

5 Conclusions

Virtual Reality (VR) represents one of the innovative tools that contribute
to designing flexible manufacturing systems by leveraging on co-engineering
approaches. Focusing on the design check of complex production lines, and specif-
ically on the ergonomic assessment of a manufacturing station, this work shows
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a novel VR methodology aimed at enhancing the critical design choices affecting
the operator ergonomics. The presented method relies on the use of the vir-
tual golden zone (VGZ) to identify the correct and comfortable working area
of the operator as well as ensure the safety and efficiency of his/her activities.
The effectiveness of the VGZ in providing professionals with an effective tool for
ergonomic evaluations is demonstrated through the application to a real indus-
trial case study in the automotive sector.

The paper also presents the results of a system usability scale (SUS) ques-
tionnaire related to the use of the VGZ as a support tool for CAD software for
ergonomic assessment in the design of complex production lines. The obtained
results confirmed the effectiveness, efficiency, and high satisfaction experienced
by users in using such a VR-based methodology for enhancing the ergonomics
of manual manufacturing stations.

This work can be considered as a best practice on how industry can take
advantage from implementing VR in the design process. However, the presented
findings can be considered only as a starting point for the digitalization of man-
ufacturing companies. For instance, the VR use can be extended to the entire
development process for a complete ergonomic evaluation before the production
phase. Moreover, having established that the VGZ can enhance the ergonomic
assessment of complex production lines, future works will investigate improving
the human interaction with the VR environment by using a glove for haptic
feedback. The connection between the head-mounted device, VR software, and
glove can allow the user to measure the wrist rotation and movement of each
finger and further enhance the ergonomics of operator activities.
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