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ABSTRACT

Visual representations are used in various digitization processes to
display objects in immersive environments. In industrial environ-
ments, the self-representation can be very helpful when reviewing
3D models to conform realistic proportions, particularly in combi-
nation with haptic feedback that goes beyond vibrating controllers.
For instance, haptic feedback in combination with a virtual represen-
tation supports working on use cases where collision is an important
part to maintain data quality. To understand the dependency of both,
we conducted a pilot study with 15 users from the automotive sector
to examine the influence of upper limb representations on haptic
feedback in Virtual Reality. Each participant was assigned with
one of three upper limb representations which was used in different
scenarios using haptic feedback devices. Overall, we found that the
realistic arm representation was rated highest in terms of perceived
realism and achieved the best task performance.

Keywords: virtual reality, avatars, haptic feedback

Index Terms: Human-centered computing—Interaction devices—
Haptic devices; Human-centered computing—Interaction paradig-
ms— Virtual reality; Human-centered computing—HCI design and
evaluation methods—User studies;

1 INTRODUCTION

Since the rise of the internet of things [17], engineering processes in
the automotive sector are implemented with new digital technolo-
gies, such as Virtual Reality (VR) [42], to reduce hardware costs and
identify potential risks as soon as possible. VR is used for a wide
range of tasks, from engineering processes to hazard training, many
processes can be simulated. Some engineering processes in the au-
tomotive sector already rely on VR as a display medium [1,9,29].
These processes include assembly planning, data investigation or
construction feasibility [3]. In these applications users are displayed
with different visual representations, in terms of representation fi-
delity as well as anthropomorphism. Some of these applications use
abstract forms to display hand movement, others focus on realistic
hand and arm representations.

As of today, various VR applications for assembly investigation,
photo-realistic visualization, and ergonomic surveys exist [5, 10].
These applications focus on the display of real objects, the self-
representation in the virtual world is a secondary thought and, thus,
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often overlooked. Though, a self-representing human body can have
a positive influence on haptic perception [34]. Many ways exist
to visualize upper limbs in VR, from very abstract shapes up to
highly realistic representations [4], however, it is unknown if the
representation affects the perception of haptic feedback.

Research is also engaged with the usage of haptic feedback to
increase immersion in the virtual environment [11,20]. Still, haptic
feedback is rarely used in engineering VR tools [6], although hands
are used to interact with virtual objects and surroundings in virtual
environments. Self-representing upper limbs used with haptic feed-
back could bridge the gap between the virtual and real environment.
Haptic feedback comes in many different forms. Most common is the
vibro-haptic feedback most controllers offer. However, vibrotactile
feedback is not suitable for all VR use cases. For example, the simu-
lation of collisions is important for industrial VR use cases, where
kinesthetic feedback devices are necessary. Kinesthetic feedback
devices stop users’ movements to support the engineers when they
are colliding, such as by assembling car components. To support
engineers with suitable haptic feedback, different devices were de-
veloped, such as string-based devices [1,32], bodysuit systems [21]
or mechanical arms [13].

In this paper, we focus on the influence of different upper limb
representations used within virtual environments using scenarios
from the automotive sector. We conducted an expert user study with
15 participants from the automotive industry to find out, whether the
self-representation influences the experience of perceiving haptic
feedback. Further, we investigate, whether the self-representation
influences the task execution and which representation is overall
preferred by users. We found evidence that participants preferred
the realistic arm representation and were quicker completing tasks.
Further, participants stated that the perception of haptic feedback was
increased by the realistic arm representation compared to the ghost
hand and realistic hand. Additionally, we found that participants
using the realistic arm felt more competent during the user study.

2 BACKGROUND & RELATED WORK

Our work primarily focuses on examining the effect of users upper
limb representations on the perception of haptic feedback in an
overall VR experience.

2.1 Haptic Feedback for Industrial Environment

One way to achieve immersion in VR is to integrate haptic feedback.
As objects in VR do not exist in the real world, the stimulation of
grabbing or colliding with objects is missing. Common VR systems
provide haptic feedback through vibration in handheld controllers
which is limited in simulating various kinds of haptic stimuli. In
industrial environments, most of the haptic stimuli that engineers
need for their use cases cannot be simulated by vibrotactile feedback
alone. Some industrial use cases require collision simulation on
multiple body parts, such as head or elbow, which systems like
INCA 6D [32] do not support. STRIVE [1] is a string-based haptic
feedback device that can be used in a multitude of industrial use
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cases. One STRIVE has a string that can be connected to the users’
controller, tool or HMD, depending on where they want to feel the
haptic feedback. When the users are colliding with a virtual object,
STRIVE stops their movement by blocking the string extraction.
It can simulate collisions with varying degrees of freedom using
multiple STRIVE devices that can be placed in the area of use.
Due to its flexible usage, we decided to use STRIVE in our user
study. For further Information about strive, please read the paper by
Achberger et al. [1].

2.2 Upper Limb Representation in Virtual Reality

Another approach to increase immersion in VR is using a virtual
representation of the users body. Research examined different types
of avatar representations, such as full body [33,37] or partial avatar
representations [14,28,30,35,36]. Multiple researchers [7,26] advo-
cate for integrating upper limb representations for self-representing
avatars. Depending on the application, the representations vary in
their degree of realism and complexity [38,40]. As it is not yet
clear how those parameters affect the user experience in VR, itis a
growing research topic. Full-body avatars are not always necessary
for specific situations where realism is less important. Argelaguet et
al. [4] observed that the sense of agency is stronger for less realistic
hands and the sense of ownership greater for more realistic ones.
Other researchers [22,31] discovered that the appearance influences
performance in short time physical tasks.

2.3 Visual-Haptic Correlation

To create an immersive VR experience it is not enough to investi-
gate the different sensory inputs on their own. It is important to
identify correlations between them, for example, how visual repre-
sentations affect haptic feedback and to what degree. Participants
who embodied an avatar reported on a stronger illusion of touch than
participants with no body [15]. Haptic feedback can be leveraged
through visual dominance on the perception of an objects proper-
ties [24] and a correlation between haptic information and visual
representation can be observed [19,23,36]. Interaction that reflects
the natural experiences of the real world can increase the feeling of
being immersed in a virtual environment, however, the interaction
has to be consistent in the stimulation [8,12,27].

The joint use of avatars and haptic feedback is a highly interesting
research field to us. Being rather new topics, current findings need
more confirmation. Studies that focus on the body often only exam-
ine the degree of realism or body shape. Most research that develops
haptic feedback systems does not consider the self-representation
and how it could affect perception. Thus, we investigate different
upper limb representations (see Figure 1) and their influence on the
perception of haptic feedback.

3 METHODS

Our research goal is to investigate the influence of self-representing
upper body limbs used within virtual environments in scenarios from
the automotive sector. To us, the interplay between haptics and upper
limb visualizations are interesting in different scenarios targeting
automotive engineering use-cases and will pose as a leading example
in our pilot study. Yet, we see also interesting applicability beyond
our example. Further, we want to include a haptic feedback device
to measure its influence of the avatar visualization. In order to do
so, we present three different scenarios that each participant is con-
fronted with during the user study. Each user will be presented with
the same upper limb representation to participate in each scenario.
One scenario, that is not implementing physical collision, will be
supported by vibrotactile haptic feedback and the other scenarios
by the kinesthetic haptic feedback device STRIVE [1]. Below, we
describe our prototype and the study setup in more detail.

(a) (b) (©)

Figure 1: The upper limb representations used in the study. From left
to right: the alienated hand, realistic hand, and the realistic arm.

(a)

Figure 2: The three scenarios used in our study. From left to right:
quality assurance of data, screw visibility, and construction feasibility.

3.1 Scenario Prototypes

As our target group are engineers within an automotive environment,
our focus is on understanding which scenarios require a support-
ive arm or hand representation and benefit from additional haptic
feedback. After a thorough analysis of different scenarios within
an automotive company, in which we talked to our target users and
their use case related tasks, we chose the most representative sce-
narios named by our target users. Thus, participants are familiar
with the presented tasks. A summary of each scenario can be found
in Table 2. A video figure showing the scenarios and upper limb
representations can be found in the supplemental material.

3.1.1 Quality Assurance of Data (S1)

Here, the main goal is to investigate a simplified CAD-data visualiza-
tion in an early stage of development. Participants have to analyze a
digital snapshot model and detect collisions or wrong positioning
(see Fig. 2(a)). Once an error was identified participants points at the
given part and describe the collision in detail. To identify all errors
the user can either move the model or physically move around in the
VR space. We used a vibrotactile haptic feedback provided by VR
controllers that is initially applied when the user grabs the model.

3.1.2 Screw Visibility (S2)

In our second scenario, participants test the feasibility of spe-
cific screw mountings, which is part of the assembly process (see
Fig. 2(b)). Screw mountings are investigated for their visibility and
accessibility. Here, the collision of the user, their tools and the 3D
model is relevant to identify unreachable screws before building the
vehicle in an assembly line. Here, the STRIVE system is used to
simulate the collisions between the screwdriver and the 3D model.
We used 4 STRIVES that were attached to the 3D printed screwdriver,
and were assembled in the physical environment.
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Table 1: An overview of our three selected upper limb representations that we used for our study. In our mixed subject design, each participant is
assigned one representation type, which they will use throughout the study. Each participant is then tasked with every scenario (S) and with &

without haptic feedback (see Table 2).

Representation Ghost hand (R]) Realistic hand (R2) Realistic arm (R3)
Texture semi-transparent white realistic human skin
Model hand with wrist full arm with hand
Results  lowest task load; feeling to be least average task load index; GEQ highest task load, but no indication

competent; slowest task completion
time on average

results similar to realistic arms,
except for competence and positive

for a difference between physical
demand and performance, feeling to
be most competent; quickest task
completion time

effect

Table 2: An overview of our three scenarios and haptic feedback devices we used for scenario in our study. Every participant is tasked with each

scenario (S), which is performed with & without haptic feedback.

Scenario Classic data investigation (S7)

Screw visibility (52)

Dynamic construction feasibility (S3)

Visualization of CAD-data,
data-driven

Characteristics

Assembly investigation, realistic
movement interaction

Dynamic construction feasibility,
realistic movement interaction

Haptic feedback with & without haptic feedback
Type vibrotactile kinesthetic kinesthetic
Tool VR controller STRIVE 4DOF, VR Tracker & STRIVE 2DOF & VR Controller

Manus VR

3.1.3 Construction Feasibility (S3)

Flexible parts are investigated during construction feasibility test-
ing. Here, most commonly a wiring harness or tubes are validated
within their planned assembly procedure. Participants attach a par-
tial wiring harness in the rear bumper of a vehicle. The goal is to
grab digitally provided cables and lay them onto the marked areas.
STRIVE is used again to simulate the cable length and collisions
between the hands and the 3D model. Here, we used 3 STRIVE
devices that were connected to the VR controller and attached on
the other controller, the HMD and the user’s shoulder.

3.2 Participants

The study consisted of 15 participants (11 male / 4 female) with
a mean age of 31.27 years (20 - 56 years). To increase ecological
validity, we restricted participation to expert users from within an
automotive context, as they are familiar with the presented scenario
tasks and know the subtleties that are necessary to complete them.
As a discriminating factor, we included tasks that participants know
from their day-to-day profession. Our expert users are working
with VR on a regular basis. Our participants had a self-estimated
experience with VR of 3.33 (/: very bad - 5: very good) and 2.07
with haptic feedback tools.

3.3 Variables

Our main independent variable is the upper limb representation.
Based on literature, we decided on three representations for our
pilot study (see Figure 1), ghost hand (R1), realistic hand (R2), and
realistic arm (R3). Ghost hand and realistic hand use hand models
that are cut of beneath the wrist, while realistic arm is cut of at the
shoulders. However, both realistic representations share a similar
texture which resembles the realistic skin of a human. For ghost
hand we used a semi-transparent texture with a dark outline. The
tracking of the hands was accomplished through VR controllers or
trackers and for realistic arm inverse kinematics was implemented
to simulate the movement of the arm with regard to the current hand
position. Additionally, we used haptic feedback as an independent
variable during the study. Participants performed each tasks once
with haptic feedback and once with no haptic feedback.

3.4 Tasks & Procedure

In our pilot study, each participant was tasked with three different
scenarios and one upper limb representation. First, we gave an intro-

duction to the study and asked participants to fill out a demographic
questionnaire. Each scenario was performed in a randomized order
to reduce learning effects. Each scenario consisted of tasks in which
we applied haptic feedback as well as tasks were we intentionally left
the haptic feedback out. Overall, the participants performed 6 tasks.
After each task, participants were asked to fill out a questionnaire
and have a short break. Each task lasted between 5 - 9 minutes.

3.5 Design & Measures

We used a mixed subject design to compare the upper limb repre-
sentation and its influence on the perception of haptic feedback in
each scenario. Each participant was presented with the same upper
limb representation, which were randomly and evenly assigned to
the participants. Respectively 5 users were presented with condition
ghost hand, realistic hand and realistic arm. While those numbers
would be too small for a confirmatory study, we deemed it as suffi-
cient for a starting point of a pilot expert study. The measured data
includes task completion times, NASA-TLX [16] and the In-game
module of the GEQ (Game Experience Questionnaire) [18]. We also
collected subjective feedback and screen-recorded the participants’
interaction during the study. Further, we stored transformation data
of the hardware and collision states of the virtual representation and
the immersive environment. Based on our pilot study design, we
have the following guiding questions:

Q1 Does the different upper limb representations influence the
experience of haptic feedback?

Q2 Which representation is preferred by our expert users in terms
of realism and performance?

3.6 System Description

The prototype was developed using Unity [39]. Our developed
environment used the HTC VIVE Pro as the head-mounted display
for the immersive environment. As input devices, we used a different
setup for each scenarios (see Table 2): (S7) used the HTC Vive
controller. (S2) used a 3D-printed power screwdriver with attached
HTC Vive Tracker, Manus VR gloves and the haptic feedback device
STRIVE [1] attached to the screwdriver. (S3) used the HTC Vive
controller with STRIVE attached to the controller.

4 RESULTS

In the following, we present our results including computed means
and standard deviations. Effect sizes are shown graphically with
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Figure 3: Results from the in-game module of the GEQ for realistic
hand, ghost hand and realistic arm. Answers were given using a
Likert scale ranging from 0 (strongly disagree) - 4 (strongly agree).

plots and 95% confidence intervals.

4.1 Game Experience Questionnaire

The In-game module of the GEQ surveys the game experience on
seven components: immersion, flow, competence, positive and nega-
tive affect, tension, and challenge [18]. The results (see Figure 3)
show that the realistic arm representation seems to have a positive
effect and participants seem to feel more competent (p = 0.0383).
We do not expect an influence on immersion (p = 0.421), flow (p =
0.771), tension (p = 0.629) or challenge (p = 0.159), nor a negative
effect (p = 0.402).

4.2 Task Completion Times

During the study, participants were asked to perform specific tasks.
‘We measured the time used by participants to complete each task.
The completion time for tasks with haptic feedback (Mean = 69.3s,
SD = 34.0s, SE = 5.1s) was only slightly higher than for the tasks
without haptic feedback (mean = 64.2s, SD = 21.1s, SE = 3.1s).
Apart from the haptic feedback, we compared task completion times
for each upper limb representation: ghost hand (Mean = 80.5s, SD
=49.0s, SE =7.25), realistic hand (Mean = 73.1s, SD = 43.2s, SE
= 6.3s), realistic arm (Mean = 46.5s, SD = 28.5s, SE = 4.2s). Here,
we found that participants using the realistic arm representation
completed tasks faster (p = 0.005).

4.3 Subjective Feedback

We measured the participants’ opinions on specific statements (see
Figure 4). Additionally, we analyzed the oral feedback of partic-
ipants, recorded video material and logged data. Here, we found
that three of five participants in the ghost hand condition mentioned
difficulties predicting collisions with a 3D object over all scenarios.

It was hard to tell, if the model was colliding with my
[ghost] hands or not. (P1 & P3)

After rewatching the video footage, we found only participants
equipped with the ghost hand representation experienced difficulties

| felt that | could control the virtual upper limbs. M SD
ghost hands I 27 07
realistic hands s 31 09
realistic arms . 31 05
I had the feeling that the used upper limbs were my own.
ghost hands Pl 26 10
realistic hands [N I 17 11
realistic arms I 2.7 0.4
The used upper limbs were realistic.
ghost hands NN I 21 13
realistic hands s 21 o6
realistic arms P 25 06
The haptic feedback matched with what | saw.
ghost hands [N I 19 11
realistic hands [N Il 17 12
realistic arms s 27 06

The upper limb representation supported me during the task.

I 25 08

29 07
I 29 038

The upper limb representation prevented me from doing the task.

ghost hands
realistic hands
realistic arms

ghost hands [ 07 09
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realisticarms [ — Bl o5 o8
The haptic feedback was increased.
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realistic hands I I 20 11
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. strongly disagree disagree don‘t know . agree . strongly agree

Figure 4: After each scenario, participants were asked about the used
representation and haptic feedback. Results are shown in a stacked
bar chart using a Likert scale ranging from 1 (strongly disagree) - 5
(strongly agree).

predicting collisions. While analyzing the video footage together
with the logged data, we discovered that participants moved more
during the study due to the opaque texture of the upper limb repre-
sentation and less when using the ghost hand representation.

1 did not think about my virtual [realistic] hands anymore,
while performing the task. (P11)

Additionally, participants who were equipped with a realistic hand
or realistic arms emphasized, that after a while they did not notice
their self-representation anymore. This indicates that participants
were fully immersed in their environment. However, this is not
reflected in the results of the GEQ (see Fig. 3) and needs further
investigation.

While performing the tasks, I totally forgot about my
[realistic] arms. (P4 & P9)

4.4 NASA-TLX

We asked our participants to fill out the NASA-TLX questionnaire
after each task, resulting in a total of 45 observations for each item.
A two-way ANOVA was performed to analyze the task-load index
of the influence of haptic feedback and different limb representa-
tions on the perceived feedback statistically. The results revealed
no significant interaction between the effects of haptic feedback and
upper limb representations (F(2,84) = 0.49, p = 0.6). The simple
main effects analysis showed that applying haptic feedback did not
have a statistically significant effect on the experience of haptic
feedback (p = 0.062), nor did the representation (p = 0.093). Here,
we want to note that the study is not adequately powered (N = 15,
with 5 participants per limb representation), thus, we additionally
show confidence intervals [25] (see Fig. 5). The task load index was
checked individually for the different upper limb representations and
plotted in a scale of 0-100. Although the results did not reveal statis-
tical differences, they still show us a potential bias for a difference
between the representation used and the haptic feedback, which we
can look into further in future studies.
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5 DIsScussSION

The results of the pilot study indicate various advantages of using
realistic arms as the upper limb representation together with hap-
tic feedback for self-representing avatars. In Table 1, we give an
overview of our study and its results.

5.1 Upper Limb Representation

Based on our study results, we discovered that users seem to prefer
using a realistic arm or hand representation. Similar to results from
Ferran et al. [4], we found that with an increasing level of realism,
participants indicated to have a higher ownership (see Figure 4).
With regard to the GEQ, we could not find significant differences
between the upper limb representation, just a slight tendency towards
the arm representation. Looking at the data we gathered after each
task, we think that the indicated measures might be influenced by
the given scenario. Yet, participants felt more competent when using
the realistic arm compared to the other representation and stated to
have a higher positive effect from this representation during the task.
Participants using the ghost hand representation felt less competent.
A potential reason can be found in the participants oral feedback,
as participants mentioned the transparent texture made it harder to
estimated collisions and distances between the hand model and a 3D
object in all three scenarios . Opposed to Afonso et al. [2], we found
that the overall task completion time is likely to be lower for the
realistic arm representation. However, due to the small sample size,
the variance of results is rather broad, thus, this discovery needs to
be further investigated.

5.2 Working on Tasks Using Haptic Feedback

Research suggests that using haptic feedback might decrease the task
load during an assignment [41], although this finding is dependent
on the use case and haptic feedback device. As we were using
a kinesthetic feedback device, we expected a higher task load for
using haptic feedback (see Fig. 5) due to the device restricting users’
movement during the task. The gathered data supports our claim.
However, we did not find a difference between the physical demand
and estimated performance between both conditions. Of course,

we need to keep in mind the low-powered, pilot study setup when
interpreting such results.

When comparing the TLX for the upper limb representation,
we found that using the realistic arm in combination with haptic
feedback received the highest task load. That is due to the opaque
texture of the arm representation, as participants were not able to
look through their arm and, thus, had to reposition themselves more
often to complete the tasks. Looking at the video footage and the
logged data, we can confirm this assumption. Participants using
the ghost hand, which allowed greater visibility due to the semi-
transparent texture, without haptic feedback did not show this type
of movement in the footage and resulted in a lower task load index.

According to the participants answers (see Figure 4), the upper
limb representation not necessarily prevented or supported partici-
pants from doing a specific task. Yet, the realistic arm representation
matched the haptic feedback more often (9 of 15 times) compared
with the other representation conditions. Additionally, participants
stated that the experience of haptic feedback was increased by us-
ing the realistic arm representation (11 of 15 times) opposed to the
participants using the ghost hand or realistic hand representation,
although participants not necessarily performed better.

6 LIMITATIONS

Our work has some limitations that need to be considered when look-
ing at the results. Due to our pilot approach and non-confirmatory
setup, our results should be used as an inspiration for future studies
as it is not possible to reliably derive causal relationships. Thus,
with 15 participants, five per representation condition, generaliza-
tion might not be fully supported. Additionally, we reduced the task
complexity to fit the reduced sample size. Thus, the task participants
were performing during the study were simplified. Further, we used
a vibrotactile and a kinesthetic haptic feedback system in our user
study and plan to include more devices to test whether the observed
effects are consistent across various systems. Also, our mixed study
design needs to be improved with regard to data collection for the
different scenarios. Here, we found that differences might exist
between specific scenarios, but to fully support these claims and
detect potential interaction effects, we want to further adapt our
study setup.

7 CONCLUSION & FUTURE WORK

In this paper, we examined different upper limb representations
and their influence on haptic feedback in a pilot user study with 15
participants. Specifically, we tasked participants in three scenarios
using one of three different upper limb representations. Addition-
ally, participants performed tasks with and without haptic feedback.
We found evidence that participants preferred the realistic arm rep-
resentation in VR and might perform tasks quicker with it when
using haptic feedback. We believe that using a realistic arm as a
self-representation is more beneficial than using only a hand or semi-
transparent texture, but need to investigate that assumption in the
future with more participants.

For future work, we want to include further haptic feedback
devices to investigate whether different types of systems vary in
their influence on the feeling of ownership of the users’ represen-
tation. We are also interested in focusing on different scenarios
from within the automotive context, as one combination of upper
body representation with haptic feedback might be more beneficial
than another combination. Overall, we are interested in including
full-body avatars in a collaborative multi-user setup.
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