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he development of fusion plants is more and more challenging. Compared to previous fusion exper-
mental devices, integration constraints, maintenance and safety requirements are key parameters in
he ITER project. Components are designed in parallel and we must consider integration, assembly and

aintenance issues, which might have a huge impact on the overall design. That also implies to consider
he operator’s feedback to assess the feasibility of accessibility or maintenance processes.

Virtual reality (VR) provides tools to optimize such integration. In 2010, the CEA IRFM decided to
pgrade its design tools, by using VR during the life cycle (from design to operations) of a fusion com-
onent. The VR platform is intensively used in the design and assembly studies of WEST components. In
articular, feasibility of the assembly scenario is assessed by the operators involving in the real assembly
ork.
To study this aspect, the use of static manikins is quite frequent in the industry. However, more

omplex studies, like the feasibility of assembly and maintenance tasks in complex and very con-
ned environments, require enhanced features such as dynamic and biomechanically realistic virtual
umans. We also study the contribution of tactile feedback to improve physical presence and inter-
ction in the virtual environment (VE), which is very important for the validation of a given task’s
easibility and the ergonomic evaluation of the posture and gesture of the operator. In particular,

e show that adapted behavior in respect to physical elements of the VE can be obtained using
dynamic co-localized representation of the subject’s body and a pseudo-haptic tactile feedback.

n this paper, we present integration studies involving operators and recent advances in the assessment 
f maintenance feasibility.
Acc
e
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Fig. 1. Welding task simulation in Virtual Reality and with a real mockup.

. Introduction

Since 1990, industry has seen the interest of Virtual Reality (VR).
y creating interactive and versatile environments and mock-ups,
R allows, inter alia, to evaluate the accessibility, feasibility and
rgonomics problematic of assembly and maintenance tasks, in
arly stages of the design process. It could have a very positive
mpact, in terms of cost and time, by reducing the need for physical

ock-ups and validating (or not) early designs. In the context of
usion plants, the integration constraints, maintenance and safety
equirement are key parameters for the design. VR technologies
re very efficient to optimize such integration, integration within
arallel designing processes while taking into account assembly,
aintenance and safety issues.

The role of operators in future facilities also needs to be stud-
ed. The human factor takes an important role, since the operator
ften has to interact with elements in a very tight and confined
nvironment. Due to that simulation in VR has to take into account
his specificity. However, if visual rendering of a complex confined
pace is nowadays satisfying, haptic rendering remains difficult, if
ot impossible. This is a problem, since, to validate a maintenance
ask, the operator has to maneuver in a confined environment,
o pay attention to his/her whole body and adopt a correct pos-
ure with respect to the environment (see Fig. 1). Without haptic
eedback, the user will not feel contact/collision with the virtual
nvironment (VE). This deficiency might lead to a lack of the user’s
resence in the VE, and be one reason for inappropriate behav-

or, with respect to reality. Studies like the feasibility of assembly
nd maintenance tasks in complex and very confined environments
equire enhanced features such as dynamic and biomechanically
ealistic virtual humans (also called avatars) and need a substitute
or the missing haptic feedback.

. Approach

The haptic perception combines the kinesthetic and the tac-
ile perceptual information. The kinesthetic perception gives both
he relative positions and movements of body parts, and muscu-
ar effort. Tactile perception combines the feel of different types
f stimulus on the skin, such as thermal properties, vibration,
ressure, and pain. Kinesthetic/force feedback is importance in con-
tructing a spatial mental model of the world. While obtaining a

orce feedback is relatively straightforward using a haptic force
evice, these systems cannot be applied to all types of scenarios.
hey are not satisfactory to interact with a complex Virtual Envi-
onment (VE), in particular when the whole body is involved. Two

2

Man
uFig. 2. A. Subject doing the task in the physical environment. He wears the HMD

and a full-body tracking markers suit. B. Global view of the virtual environment and
the avatar passing the door. C. Subjective view inside the HMD.

other interaction metaphors can be studied to “replace” haptic per-
ception. The first one is the addition of a tangible interface, such as
physical elements within the user’s workspace, creating a mixed
reality [1,2]. However, that can be difficult to implement in the case
of complex environment. The second one is lighter pseudo-haptic
systems for representation of localized information such as con-
tact points, without restriction of mobility (they can be wearable).
This last metaphor can be implemented using vibrotactile inter-
faces. We propose to use vibrotactile feedback as a substitute for
force feedback, to make users aware of impending or actual colli-
sions in highly constrained spaces. This type of feedback has shown
interesting result in the case of guidance [3,4] and also in collision
awareness [5–7].

The democratization of VR HMD (Head Mounted Displays) in
particular with the release of the HTC Vive and Oculus Rift, raises
the problem of subject’s body representation. By default with these
devices the user doesn’t have a representation of his own body.
We propose to use a co-localized and dynamic avatar of the sub-
ject’s body to improve the operator’s behavior regarding physical
elements of the VE.

We experimented these factors (virtual body and pseudo-haptic
feedback) in two experimentations that cover the two main kinds
of situations we encounter: displacement in a confined environ-
ment and manual operation from an almost static position (limited
displacement of the operator).

3. Experimental study

3.1. Adaptive behavior

We realized a first experimentation to analyze the factors
needed to obtain an optimal adaptive behavior. The lessons that
can be learned from this simple scenario are intrinsically linked to
some of our studies involving an operator’s displacement within

a confined environment. Our first hypothesis was: the use of a
virtual self-representation when user wears a HMD, favors the per-
ceptual calibration of the body/environment relationships (and the
processing of body-scaled information [8]). The second hypothe-
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ide. The spheres’ centers matched with the vibrotactile actuators position on the
ubject. The size of the sphere is the spatial area of activity of the feedback.

is, based on previous study [7], was: vibrotactile feedback (used
s an alert of impending or actual collisions) contribute as self-
epresentation to behavioral calibration. In the following section
e will summarize this experimentation, please refer to [9] for

etails.
In this experimentation we asked to subjects (twenty male sub-

ects voluntarily) to walk in a three meters wide corridor. The VE
as composed of a corridor with at the middle a two panel sliding

oor (Fig. 2C and D). The door could be opened with five different
idth apertures: 40, 50, 60, 70, 80 cm. We studied the instinctive

ehavior (affordance) of rotating our shoulders to pass through
narrow aperture; the rotation should depend on the aperture
idth.

During the experimentation subjects wore an Oculus Rift DK2
evice and a vibrotactile device that we developed previously [7].
wo vibrators were placed on the shoulders side. The subject’s
ll-body movements were obtained and recorded by an optical
racking system (ArtTrack

®
) (Fig. 2A). These positional data could

e connected in real-time to a co-localized virtual representation
f the subject’s body (Fig. 2B).

We studied two aspects. First, the feedback use: only visual or
ugmented with vibrotactile feedback. The vibrotactile feedback
perates as a radar: when the subject’s shoulder approaches from
part of the VE (for example, a door side) a vibration is sent to

he corresponding actuator (with intensity inversely proportional
o the distance) (Fig. 3). Secondly, the rendering (or not) of a virtual
ody representation also called “Avatar”.

Results show that, in all conditions, subjects exhibited an adap-
ive behavior. They rotated their shoulders when try to pass
hrough narrow apertures; in the same proportion as the outcome
f previous studies [8,10]. The behavior is defined by the criti-
al point when the subjects marking the transition from frontal
alking to body rotation. This point is determined by the criti-

al aperture-to-shoulder-width ratio (A/S). In previous studies, the
ritical point in free walking occurred around A/S = 1.3. Our result
pproximately A/S = 1.4 is coherent with these previous results. It
onfirms that adaptive behavior, previously observed in natural
onditions and in a CAVE setup (4 screens VR rooms). The adaptive
ehavior is similar when wearing a HMD.

The results from the analysis of the collision percentage between
vatar and the door shows are interesting. In the absence of any
eedback (Fig. 4, noA-noV), subjects collided in almost 50% of the

rials for small apertures. Fewer collisions were observed when the
ibrotactile feedback or avatar (Fig. 4, AV) factors were present, with
he fewest number of collisions when both factors were present
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cFig. 4. Average probabilities of a collision between the body and door (with standard
deviation), as a function of the aperture width.

(∼75% less). The avatar and the vibrotactile feedback allow subject
to calibrate the perception of body-environment relationships.

3.2. Feeling of contact

An important part of our studies involve manual operation
with limited displacement of the body. The second experimenta-
tion was based on that kind of scenario. In this experimentation,
we deepened the study of vibrotactile feedback. Our general
hypothesis is vibrotactile feedback and especially multi-localized
vibrators, contribute to enhance visuo-proprioceptive consistency.
We use the term visuo-proprioceptive consistency to refer to the
spatio-temporal coherence between the operator’s and avatar’s
kinematics. This concept can be linked to the concept of kinematic
symmetry proposed by McMahan [11]. Spatio-temporal coherence
describes a bi-directional link of interaction. The avatar must adopt
the same posture as the user, being co-localized with the user. Con-
versely, the user must integrate the posture limitations imposed on
the avatar by the virtual environment (VE).

The experimentation is based on a study case from the CEA WEST
assembly. Subjects (twenty-eight subjects voluntarily) were asked
to reach targets (semi-transparent sphere) that appear in the VE
with their right hand. We asked them to adopt the more fluid and
natural movement as possible. The environment represents a part
of a WEST facility, it was composed of a platform to access the back
of an ICRH antenna (Fig. 5B). We studied several Vibrotactile con-
ditions: without activation of any actuator, with a single vibrator
on the upper side of the right hand or with ten vibrators along the
right upper limb (Fig. 6).

Subjects wore an Oculus Rift DK2 device and a vibrotactile
device. Ten vibrators were placed all along his arm. Subject’s all-
body movements were tracked (Fig. 5A) and used to connect to a
co-localized morphological valid avatar in real-time (Fig. 5B).

In this experimentation, the avatar cannot pass through ele-
ments of the virtual environment. The avatar’s members are
blocked at the surface of the object, but nothing prevents the
subject from continuing his movement. These situations create
a visuo-proprioceptive inconsistency: the avatar and the subject
do not have any longer the same posture. To analyze the visuo-
proprioceptive consistency, we compute the co-localization Root
Mean Square Error (RMSE): the distance between the real subject’s

3D positions (obtained from the tracking system) and the avatar’s
positions. We next measured the mean contact time with environ-
mental objects during a trial. This indicator was meant to analyze
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Fig. 5. A. Subject doing the task in the physical environment. He wears a HMD, and
a full-body tracking markers suit. B. Global view of the virtual: avatar in the initial
position and targets C. First person subjective view inside the HMD.

Fig. 6. Vibrotactile arm suit device with ten actuators (left). Vibrators’ position along
the arm. In the condition with a single vibrator only the vibrator ‘0’ is used (right).
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awareness, in: Proc 2015 Br. HCI Conf., ACM, New York, NY, USA, 2015, pp.
277–278, http://dx.doi.org/10.1145/2783446.2783609.

[8] W.H. Warren, S. Whang, Visual guidance of walking through apertures:
body-scaled information for affordances, J. Exp. Psychol. Hum. Percept.
Acc
epow subjects dealt with the occurrence of contacts, as a function of

xperimental conditions.
Preliminary result from the RMSE shows significant reduction

f the visuo-proprioceptive inconsistencies with the vibrotactile
eedback (Fig. 7, left). Also, mean contact time during a single trial
nalyze shows a trend of decreasing contact time with increasingly
ocalized vibration conditions (Fig. 7, right). This is supported by
ubjective data (post-hoc open interview) the majority of subjects
ound that the extra information given by the multi-localized vibro-
actile device is relevant. It allows a fast location of contact points
ithout visual feedback.

We also asked for participation in the experiment to CEA oper-
tors, who have several working years of experience with the
oreSupra/WEST facility. Their feedback was positive and they
stimated that the setup: VR device, a co-localized avatar and
ulti-vibrotactile feedback is a very useful tool to evaluate acces-
ibility.
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Fig. 7. Average values (with standard error) of RMS error (left) and of the mean
contact time in a single trial (right), as a function of experimental conditions.

4. Conclusion

Within the frame of the use of VR simulations for assessing
complex assembly tasks performed for the WEST project, one
approach mixing a dynamic and co-localized representation of
the subject’s body with a multi-localized vibrotactile feedback as
substitute of contact tactile clue has been tested. Results show
that these two factors allow calibrating the perception of the
operator’s body-environment relationships and enhance visuo-
proprioceptive consistency. The extra information, offered by a
localized vibrotactile feedback, allows a fast location of contact
points without overloading the visual sense and preserve a visuo-
proprioceptive coherence. We conclude that associating these two
aspects to enhance the validity of assembly and maintenance sim-
ulations realized in virtual reality.
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