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Give Me a Hand: Improving the Effectiveness of Near-field
Augmented Reality Interactions By Avatarizing Users’ End Effectors
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Fig. 1: Third person perspective of participant performing the object retrieval task. The holographic box is registered and augmented
on top of the table.

Abstract—Inspired by previous works showing promise for AR self-avatarization - providing users with an augmented self avatar,
we investigated whether avatarizing users’ end-effectors (hands) improved their interaction performance on a near-field, obstacle
avoidance, object retrieval task wherein users were tasked with retrieving a target object from a field of non-target obstacles for a
number of trials. We employed a 3 (Augmented hand representation) X 2 (density of obstacles) X 2 (size of obstacles) X 2 (virtual light
intensity) multi-factorial design, manipulating the presence/absence and anthropomorphic fidelity of augmented self-avatars overlaid on
the user’s real hands, as a between subjects factor across three experimental conditions: (1) No-Augmented Avatar (using only real
hands); (2) Iconic-Augmented Avatar; (3) Realistic Augmented Avatar. Results indicated that self-avatarization improved interaction
performance and was perceived as more usable regardless of the anthropomorphic fidelity of avatar. We also found that the virtual light
intensity used in illuminating holograms affects how visible one’s real hands are. Overall, our findings seem to indicate that interaction
performance may improve when users are provided with a visual representation of the AR system’s interacting layer in the form of an
augmented self-avatar.

Index Terms—Interactions in AR, End-effector representation, Avatars, Augmented Reality
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1 INTRODUCTION

Augmented reality (AR) is growing in popularity with technological ~ displays (e.g. Microsoft Hololens, Magic Leap, etc.) or video see-
conglomerates steadily invested in seeing this technology become ubig-  through (VST) displays (e.g. smartphones, tablets, Oculus quest, etc.).
uitous. The technology allows to register computer generated two VST displays capture footage of the real world and apply in-painting
or even three-dimensional interactive virtual objects on to the real techniques to add 3D content. OST displays on the other hand gen-
world [6]. This augmentation of virtual content onto the real world is ~ erate, render and display 3D content overlaid onto the real world. A

commonly realized using either immersive optical see-through (OST)  number of domains such as those of medicine, architectural design,
rehabilitation, and remote collaboration exist wherein augmentation

of virtual content to the real world, can prove to be highly benefi-
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In virtual reality (VR), users are usually provided with virtual repre-

sentations termed user representations/self avatars [63]. These represen-
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Fig. 2: Schematic representation of the joints and phalanges tracked by
the MRTK framework on the Microsoft Hololens 2.

in virtual worlds [13,36, 39,43, 70], making them important charac-
teristics of the virtual experience. A number of methods are used to
provide self avatars in AR. These include using a holographic mirror to
depict an avatar that the user embodies, overlaying virtual body parts
over users’ real bodies, and users viewing a third person perspective
(3PP) of themselves depicted as an avatar they embody [19]. However,
there is no explicit need to self-avatarize the user from an interaction
standpoint, given that the real body continues to remain visible in AR.
This being said, researchers continue to explore how self-avatarization
can be beneficial from an embodiment perspective. Along these lines,
avatars can be used to augment arms for users that may have missing
limbs. This has many applications in the field of medical prosthetics.
Muscular self avatars in AR have been shown to improve physical
performance as a consequence of the Proteus effect [48]. Augmented
arms have been shown to facilitate interactions with far field objects
connected with an AR system without breaking users’ sense of embod-
iment [17]. While such examples lend support for self-avatarization
in AR, it remains to be seen if and how this affects interactions with
virtual entities.

A number of AR applications used in the field of medicine, training,
and surgery require users to perform near field fine motor interaction
tasks that demand precise perception-action coordination. In scenarios
like these, interaction performance is of paramount importance, and
the research community hence continues to focus on improving the
efficacy with which users perform interactions. On the one hand,
provisioning users with a self avatar (overlaying virtual limbs on their
physical counterparts) could confuse users because their real hands
may still remain visible. On the other hand, avatarizing users may
improve interactions given users’ ability to embody and distalize to the
augmented representation with which interactions are performed. This
avatarization may effectively provide users with a visual representation
of where the system approximates and tracks their limbs to be. Users
may leverage this visualization to more accurately perform interactions
given the apparent disparity between the actual position of a user’s
hand and its tracked position. With the majority of AR applications
involving some form of near-field interaction with virtual content using
tracked hand gestures, it is imperative to understand how augmented
self-avatarization impacts the effectiveness of near-field interactions.
Towards this end, we discuss the results of an experimental investigation
that empirically evaluates how the presence and fidelity of an overlaid
augmented self-avatar affects the performance of a fine motor object
retrieval task. We discuss implications of self-avatarization for AR
researchers to consider when designing interactive systems.

2 RELATED WORKS
2.1

Interaction in AR usually involves users interacting with virtual entities
like objects, interfaces, menus, etc., that are registered in 3D and
superimposed in the real world [6]. These interactions can be supported
through natural means like speech, eye gaze, hand gestures, facial
expression or hardware driven methods that use hand-held controllers
[76]. Researchers continue to extensively explore such modalities to
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support intuitive and immersive interactions with virtual entities in the
near field [3,82]. A majority of these research efforts suggest that
users tend to be more efficient in performing near field interactions
through direct manipulation, expressing preference for modalities that
are supported through natural means like freehand gestures [9, 20,
53]. However, some work finds preferences for non-natural interaction
systems over natural ones [55].

Hand-based AR interactions often require users to perform gestures
like tapping a marker [11,45], making a fist or opening the palm [54,58],
pinching or pushing with the finger tip [45, 52], or manipulating an
object through space [14,57,61]. While some systems limit interactions
to one hand [40, 58], other AR systems allow for two handed interac-
tions. Usually, hand-gesture recognition in AR systems is realized
either by the use of wearable data gloves [37,49] or by using depth
cameras, video cameras or infrared sensors [32, 65,72, 73]. Despite
wearables providing higher accuracy, reliability, and offering a poten-
tial for haptic feedback, gesture recognition through depth cameras,
infrared sensors and other vision based systems tend to be preferred due
to their simplicity, freedom of movement, and not requiring specialized
hardware.

Interactions supported through natural hand gestures seem to be
more suited for near field interactions than those involving manipula-
tions of virtual objects that are situated at larger distances from the
user. Along these lines, research shows that pointing to objects that are
occluded may require nonlinear spatial and visual mapping in noisy
environments [16]. Furthermore, far-field interactions may manipulate
geometries that extend beyond the user’s arm reach [22, 50]. Preci-
sion with respect to pointing and selecting also degrades with target
size and distance to the target, making far field AR interactions chal-
lenging when supported through natural hand gestures [31]. For these
reasons, multi-modal interaction modalities that combine technologies
like speech, gesture recognition, etc., have been introduced and re-
searched [27,75]. In comparing free-hand gesture and multi-modal
gesture-speech interactions, strengths and weaknesses have been dis-
cussed. Free-hand gestures tend to support better spatial input, while
speech commands offer better system control [26, 34]. This can be
understood with an example; a multi-modal interaction technology
supporting gestures and speech allows users to gesture in order to iden-
tify the virtual object they want to interact with, and speak to perform
some action on it [51]. Other research has found that speech tends
to outperform gestures in terms of accuracy but the simplicity of ges-
tures more than compensates for this loss in accuracy with speed [10].
It hence appears that the ambiguities and challenges associated with
freehand gestures manifest predominantly when interactions involve
virtual objects in the far field wherein an increased distance leads to the
breakdown of direct manipulation metaphors [29].

The manipulation of virtual objects using hand gestures in AR can
involve two methods, namely, metaphoric and isomorphic hand in-
teractions [38]. The latter involves interaction systems that perform
one-to-one literal spatial relations between input actions and resulting
system effects whereas the former involves interactions based on im-
age schemas and system effects on related conceptual metaphors. For
example, a pinch gesture that allows a virtual cube to be manipulated
through space would be a metaphoric approach whereas holding the
cube by its edges involves an isomorphic interaction. Some research has
shown that the isomorphic paradigm is perceived as more natural and
usable when performing a displacement task whereas the metaphoric
approach tends to be more appropriate for resizing tasks [18]. Other
researchers have also found no differences between these interaction
methods in terms of both task performance as well as users’ subjective
perceptions [66].

When AR interactions require precise manipulation of virtual ob-
jects, the modality used to support these interactions is highly influen-
tial. Researchers have hence studied scenarios in which certain input
modalities support higher levels of performance in tasks in AR. Along
these lines, it has been found that touch and freehand gestures are well
suited for selection tasks involving individual virtual entities whereas
voice commands excel for tasks that involve the creation of new vi-
sualizations [7]. For tasks that involve 3D cursor placement, it has
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been shown that users prefer handheld controllers with levels of per-
formance being comparable when users used remotes and embodied
head-tracked cursors [77]. A recent investigation comparing the effects
of different input modalities on a Fitts” law based target selection task
in AR demonstrated that the opacity or rather transparency level of the
target has little to no effect on performance. The aforementioned study,
however, suggests that a ray-cast based selection technique outperforms
both a touchpad and gesture based approach in terms of throughput
and error rates [41]. This being said, near field interactions in AR that
involve selection and manipulation of virtual objects often continue to
leverage hand gestures as the means of realizing user interactions seeing
as how users are familiar with this method of interaction, learning how
to gesturally control virtual objects in a short amount of time [56].

2.2 Effects of Avatars on AR Interactions

Avatarizing users in AR is gaining popularity given the potential for
users to perceive embodiment like in VR. This opens the door to a
numerous applications in fields such as medical practices [33], educa-
tion [28], remote collaboration [47], video games [60], etc. Avatariza-
tion in AR can be achieved in a number of ways based on the display
device (e.g. head mounted, handheld) used, the rendering technique (e.g.
optical, video) adopted, and the user perspective leveraged (1PP and
3PP). OST HMDs overlay augmented avatar content on the real world
while VST HMDs refer to VR headsets equipped with external cameras
that combine live image processing with in-painting techniques to mod-
ify (erase, embellish, accessorize) content captured via the cameras to
display avatars. Holographic augmented mirrors can be augmented to
display an avatar that the user embodies and this technique has been
shown to influence body weight perception [78]. Similar to the mixed
reality continuum [42], the degree of avatarization in AR follows a
continuum that ranges from containing no virtual elements (no-avatar
or real body) on one end to full avatarization on the other, wherein
users embody and control a complete virtual body [19]. Just before full
avatarization is a region corresponding to partial avatarization wherein
human limbs are replaced or overlaid with virtual counterparts. This
avatarization finds high relevance in medical fields like prosthesis for
severed patients [68], and rehabilitation and recovery [21,23,30,59]. A
recent survey article summarizes literature that pertains to embodiment
through avatarization in AR [19].

Research on manipulating the appearance of the users’ self avatar in
AR shows that when embodying a more muscular avatar, users physical
performance improves [48]. Recent work that investigated the effects of
hand representations in AR has shown a feasibility of using AR avatar
arms that are expandable to interact with far field real word objects
connected to the system [17]. Users’ virtual arms were made twice
the length of the users’ real hands and it was found that interaction
with far field objects was possible without breaking the users’ sense
of embodiment. However, the real world’s visibility was found to be
a hindrance to the sense of embodiment. While such efforts study
how avatar representations affect perceptions and interactions in AR
settings, it continues to remain a relatively unexplored field. Most
research that involves avatarization of the user in AR tends to focus on
the sense embodiment without getting into the depths of the mechanics
of near-field fine-motor interactions in AR. It follows that the effects of
avatars and their characteristics on interactions also remains unexplored.
It is hence favourable to draw from related literature on VR research
focusing on avatars and interaction when choosing experimental tasks
and manipulations.

Users in VR are often provided with virtual representations that are
commonly referred to as user representations [63,64]. These represen-
tations help users perform actions and affect how effectively, accurately,
and efficiently users can perform them [13,39,43,70]. User representa-
tions can differ in terms of their visual appearance, the input modality
used to support their actions, and the mapping of their inputs to control
mechanisms [64]. End-effector representations can be considered a
subset of user representations which involve the virtual representations
of the hands or the tools with which actions are performed in VR.
These end-effectors refer to the virtual tool or the part of the represen-
tation that comes into contact with the object being manipulated [2].
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Similar to user representations, the way in which end-effectors are rep-
resented affect task performance, embodiment and other characteristics
associated with interactions in IVEs. In terms of task performance,
research suggests that simplified end-effector representations produce
faster and more accurate interactions for a pick and place task [4]. In a
study comparing three representations of virtual arms (i.e., "hand-only’,
’hand+forearm’ and *whole arm") on the performance of a collision-
avoidance based selection task, it was found that that representing the
end-effectors as whole arms made users take more time to perform the
selection than when representing the end-effectors as just hands [71].
In the aforementioned study, users were tasked with selecting ran-
domly assigned targets one after another from an interaction volume
that hosted a field of non-target spheres. The number (density) and
size of non-target obstacles within the volume were manipulated and
studied. We draw inspiration from this task given the precise fine motor
perception-action coordination required in performing it.

2.3 Impact of Real Hand Visibility

Unlike immersive VR, using an AR display does not necessarily ob-
scure users from being able to see their real body, especially when
using an OST display or a projection based system. The colors and
light intensities applied on virtual holograms affects how visible one’s
real hand is when interacting with the holograms. Research on this front
has measured the strength of the virtual hand illusion under different
virtual:real light intensity ratios. It was found that ratios of 0.75:0.25
and 1:0 produced optimal results on a typing task without compro-
mising the level of ownership or agency towards the virtual hand for
users that had trembling hands [74]. These results suggest that real
body visibility need not necessarily impede embodiment experiences
from a 1PP as long as the virtual hands are more visible than the users
real hands [19]. In terms of the transparency of the real hand (real
hand visibility), users prefer interacting when their hands are more
visible with lower transparency (alpha of 0.6 and 0.8) than when their
hands are more transparent (alpha of 0.5 or lower) [8]. Users in this
study found it odd and absurd to interact when their hands were less
visible, commenting that it was alien-like and weird. Furthermore, it
was observed that the perceived level of transparency varied depending
on the background that the hand was being viewed against. However, it
must be noted that this study did not afford users with an augmented
self-avatar. In general, it is observed that increasing the virtual light
intensity is associated with decreased real body visibility. Overall, the
impact of real hand visibility on interaction performance in AR is an
area that warrants more concrete investigations.

3 SYSTEM DESCRIPTION
3.1 Apparatus

The virtual holograms used for this study were built using the Unity
2020.2.2f1 game engine on a computer equipped with an Intel 17-8700
processor, 32 GB of RAM, and an NVIDIA RTX 2080 graphics card.
The application was deployed on a Microsoft Hololens 2 HMD. The
Hololens 2 has a 54° diagonal FOV with a frame refresh rate of 60
Hz. Users were seated on a rolling chair in front of a physical table
atop which sat the holographic box and its contents. The table was
covered with a black cloth to facilitate better viewing experiences of
the augmented holograms.

3.2 Virtual Components (Holograms)

A virtual wooden box (hologram) was used to host the object retrieval
task described in section 4.1. The box was modeled to be 47cm wide,
45cm deep, and 33.65cm high, and was spacious enough to host 20
balls interspersed within its volume. The front of the box was left open
and allowed for users to reach in and retrieve the designated target on
each trial of the experiment. A wooden texture was applied on the walls
of the box to make the target and non-target balls appear more salient.
Textures applied to the balls (both targets and non-target obstacles)
were chosen such that their contours were clearly visible and suggestive
of their boundaries. In performing the trials, auditory feedback of the
different events (selection, collision with other non-target obstacles,
collisions with surfaces of the box, trial completion) were fed to the
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(a) No Augmented Avatar.

(b) Realistic Augmented Avatar.

(c) Iconic Augmented Avatar.

Fig. 3: Holographic content augmented in the three conditions of the study. Each sub-figure depicts the virtual holographic box containing the
target to be retrieved (colored in yellow) surrounded by non-target obstacles (colored in grey). Sub-figure (a) depicts a surface collision during a
trial featuring the low density and large obstacle-size pair configuration, while (b) shows a low virtual light intensity for a high obstacle density,
small size pair configuration. Subfigure (c) shows a target obstacle collision during object retrieval.

participant using the built-in speakers providing a head related transfer
function (HRTF), allowing to simulate more accurate spatial sounds.

The box was registered on top of the physical table using a cus-
tomized script that allowed to adjust its perceived position and orienta-
tion on the table. A physical marker affixed to the table was used as a
positional and orientational reference to consistently register the box
at the same position on the table. At the start of the experiment, the
registration of the box was carried out to establish a perfect co-location
between the virtual “start trial’ button (section 4.1) and the physical
marker. Furthermore, the positions of other physical objects in the rest
of the room remained unchanged in order to ensure that both the spatial
mapping detected by the headset as well as the real world background
remained constant across all participants. These measures allowed us to
ensure that the virtual box was consistently placed at the same position
with the same orientation on the physical table for each participant,
ensuring consistency in spatial manifestation of the holograms both
between and within conditions. Overall, for all users across the condi-
tions, the holographic box along with the button was augmented in the
same position on the table, with the background, and lighting of the
real world remaining unchanged.

3.3 Hand Representations

An augmented hand avatar involves the provision of a tracked avatar
(hologram) based on where the headset detects and tracks the user’s
real hand using camera vision. Two augmented avatar representations
were compared to a baseline condition without any augmented avatar,
making a total of three experimental conditions (figure 3):

No Augmented Avatar: In this condition, participants interact with
holograms without the provision of any augmented (visualized) avatar
hands. Given that the technology investigated involves OST display
based AR, users can see their own real hands using which they can
perform interactions.

Iconic Augmented Avatar: In this condition, participants interact with
holograms with an augmented (visualized) avatar hand. This avatar
is represented as a combination of joints and bones and resembles an
iconic representation of a hand. The joints are colored pink and the
bones are colored white to make the augmented avatar salient. The
augmented avatar is animated to move in real time based on the users
own hand movements tracked by the AR system. In order to realize this
augmented avatar representation, a custom hand visualization script
was conceptualized and developed. The script is programmed such
that for each frame that hands are detected by the built-in cameras in
the Hololens 2, the positions and orientations of each of the 25 joints
detected by the mixed reality toolkit (MRTK) framework are obtained.
A small pink sphere is then rendered at the position of each tracked
joint for that frame. The script also renders capsules to represent
bones/phalanges between every two successive joints corresponding
to the same finger, on every frame. In rendering the joints and bones
for all the fingers in every frame that the hand is tracked by the system,
a fully tracked augmented avatar hand is realized that is animated to
move based on the users’ real hands in real time.

Realistic Augmented Avatar: In this condition, participants interact
with holograms with an augmented (visualized) avatar hand. This avatar
is represented as a human like hand wearing a white glove. The aug-
mented avatar is animated to move in real time based on the users own
hand movements tracked by the AR system. A hand visualizer script
provided by the MRTK framework was used to control a skinned mesh
to visualize the tracked hands based on the positions and orientations
of the tracked joints and bones of the hand. This works when the hands
are detected by the cameras built into the Microsoft Hololens 2. The
texture and shaders applied on the virtual hand made the representation
appear neutral as if the user was wearing a white glove. This was done
in order to prevent any feelings of eeriness that could arise from choos-
ing realistic human textures that are not matched to the user in terms of
color and gender, an effect that prior research has demonstrated [62].
We consciously avoided using realistic human skin tones. Furthermore,
this made the avatar augmentation appear salient rather than a blend
between the users actual and augmented hands.

In all conditions, the interactions of users’ hands with the holograms
of the balls and box are based on where the HMD tracks the hands to
be. The two avatarization conditions (iconic and realistic) feature an
augmented visualization that visually represents the HMD’s tracking
of the hands. The latter involves a rigged mesh of higher anthropomor-
phic fidelity while the former involves an iconic representation of an
augmented virtual hand.

A system evaluation was conducted to calculate the positional offset
between the augmented avatars and users’ real hand position. The
distance between the tip of the index finger of the real hand and the
avatar’s fingertip was measured over 10 samples using a ruler while
resting the physical hand on top of the table. This average computed
offset was found to be(M=3.66mm, SD=0.69). A system evaluation
of latency and frame rate in all three conditions was conducted using
Niehorster et al.’s method [46]. Ten samples of latency and frame rate
for simple translational and rotational movements were measured in all
conditions. The analysis revealed that the mean frame rate for the dif-
ferent conditions (sampled in the Hololens 2) was measured and found
to be stable and approximately equal to 60Hz in each condition. The
mean end-to-end latency of the conditions were as follows: No-Avatar
(Pos. lag =28.33ms and Ori. lag = 28.75ms), Iconic avatar(Pos. lag
=29.58ms, Ori. lag=28.75ms), Realistic avatar (Pos.lag =29.58ms, Ori.
lag = 29.16ms).

3.4 Virtual Light Intensity

The intensity of virtual light (applied to virtual components) in optical
see-through AR can affect the perceived visibility of the real body [74].
With this in mind, we investigated two different levels of virtual light
intensity, aiming to study how the resultant visibility of one’s real hand
impacts interactions in the presence and absence of augmented avatars.
The two levels of the light intensity investigated are termed as high and
low intensity. For the low virtual light intensity, two virtual directional
light objects were added in the Unity scene to illuminate the box and
its contents (balls). These were oriented in the front-back and left-right
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direction. For the high virtual light intensity, an additional three virtual
directional light objects (front-back) were added to the scene. The
indirect multiplier and intensity parameters of all the virtual lights were
set to 1, and the cucoloris mask parameters of all lights were set to 10.
The color of all the virtual lights were set to white (hex:#FFFFFF) to
match the color of the lighting in the room. The intensit?/ of light in
the real world was measured using a procured light meter *, and it was
ensured that the lighting conditions in the room was kept constant for
all participants throughout the course of this study.

4 EXPERIMENT
4.1 Task

For this experiment, a collision avoidance based object-retrieval task
was conceptualized wherein users had to retrieve an augmented virtual
(holographic) target ball from a field of obstacles (non-target balls)
within the virtual box for a number of trials (figure 1). The box was
augmented atop a real world physical table and had a number of identi-
cal non target balls that were scattered within its volume. Users were
seated on a chair in front of the table and were tasked with retrieving
the target ball while avoiding collisions with other non-target balls and
the box. The front of the box was left open for users to be able to see
the interaction volume (the space inside the box) within which the balls
were scattered. A similar task was used in a study investigating the
effects of virtual arm representations on selection interactions in virtual
reality [71].

At the start of every trial, the box (interaction volume) was empty.
To initiate each trial, users had to push down a virtual button augmented
in front of the box. When pressed, the button would disappear and
the crowd of balls from which the target had to be retrieved would
appear inside the box, marking the start of that trial. This ensured that
all participants began every trial with their hands in the same position.
In each trial, the target to be retrieved was rendered in yellow while
obstacle balls were rendered in gray, clearly delineating the target from
the deterrent non targets. A touch and snap interaction metaphor was
utilized as the means for users to select and maneuver the target through
the interaction volume. Accordingly, when a user touched the target
with the tip of their dominant hand’s index finger, the target would snap
to their fingertip, generating a selection sound deployed via the headset.
Upon this selection, the user could carefully retract their hand along
with the snapped target, maneuvering it through the interaction volume.
Users were tasked with retrieving the target from inside the box while
avoiding collisions with any of the obstacles which included both the
non-target balls inside the box and the box in itself.

During a trial, if either the user’s tracked hand or the target to be
retrieved collided with any of the other non-targets or the surfaces
(walls, floor and ceiling) of the box, feedback of the collisions were
provided both visually as well as aurally. The visual feedback provided
during a collision with a non-target ball involved that non-target ball
being highlighted in red for as long as the collision was taking place.
Similarly, collisions with any of the surfaces of the box involved the
center of that surface turning red for as long as the collision was taking
place. The auditory feedback provided for a collision with a non-
target ball involved a collision sound being played to the user via the
headset. Similarly, a surface collision sound was played via the headset
whenever collisions occurred with any of the box’s surfaces. When
users managed to successfully retrieve the ball from inside the box,
bringing it completely outside the interaction volume, the target and
obstacles would immediately disappear and users were provided with
a success sound, giving them both visual and auditory feedback that
was indicative of the completion of a trial. The completion of a trial
was further marked by the reappearance of the virtual button that had
to be pressed to initiate the next trial. It was ensured that the sounds
associated with target selection, trial completion, non-target collisions,
and surface collisions were distinct and different from each other, and
that the visual and auditory feedback occurred simultaneously thus
providing users with multi-modal feedback that was indicative of the
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events that occurred during a trial. Users were free to take as much
time as they required for each trial in order to minimize the number
of collisions. Thus, they were instructed to focus more on avoiding
collisions rather than completing trials quickly.

4.2 Study Design

To empirically evaluate how the presence and anthropomorphic fidelity
of virtual hand representations affects users’ performance in a near
field AR interaction task, we employed a 3 (augmented hand represen-
tation) X 2 (density of obstacles) X 2 (obstacle size) X 2 (virtual light
intensity) multi-factorial design, manipulating the virtual end-effector
representation as a between-subjects factor across three experimen-
tal conditions: (1) No Augmented Avatar (no hologram overlaid); (2)
Iconic Augmented Avatar (overlaying an avatar hologram represented
as tracked joints and bones); (3) Realistic Augmented Avatar (overlay-
ing an end-effector hologram represented as a tracked hand). Users in
each condition performed an object retrieval task for a number of trials
in which the density of the obstacles (number of balls within interaction
volume), the size of obstacle balls, and the virtual light intensity (which
in turn affects users visibility of their real hands) were manipulated as
within subjects factors.

For each experimental condition, participants performed the object
retrieval task described in section 4.1 for a total of 160 trials. Two
different obstacle density configurations categorized as low and high
were tested in this study. The lower density configuration consisted
of ten identical balls scattered within the interaction volume and its
higher counterpart included an additional ten balls(identical) making
a total of 20 balls. Thus, the higher density configuration involved a
more crowded interaction volume with the same space hosting twice the
number of balls, half of which were in the same positions as the balls
in the lower density configuration. For each density configuration, two
different sizes of balls categorized as small (diameter=2.9cm) and large
(diameter=5.5cm) were utilized. For a given density configuration, the
positions of the centers of all balls remained the same regardless of the
size of the balls. For any given trial, all balls (both the target and the
non-target obstacles) were identical in size. Participants performed 20
retrievals (trials) for each of the four density-size pair combinations;
once for each of the 20 balls in the high density configuration, and twice
for each of the 10 balls in the low density configuration. Given two
density configurations and two ball sizes, this accrued up to a total of 80
(20 retrievals * 2 density configurations * 2 ball sizes) trials, the order
of which was randomized. Participants performed a second block of
80 randomized trials where the intensity of the virtual light was varied
between these blocks. Two different virtual light intensity levels were
investigated in this study, namely low and high intensity. The order of
the light intensity blocks was counterbalanced to prevent extraneous
influences of order. Thus, a participant was tasked with performing two
blocks of 80 trials (160 trials) with each trial randomly featuring one
of four density-size pair combinations along with a randomly chosen
target specific to that combination.

4.3 Measures

Performance - Given that participants were instructed to prioritize min-
imizing collisions rather than completing the trials quickly, performance
was measured as a function of effectiveness rather than completion time.
The total number of collision events that occurred in each trial was
used as an operational measure of performance. This was computed
by incrementing a counter whenever any tracked joint or phalange of
the user’s hand collided with any of the non-target balls or surfaces
of the box during that trial. The joints and phalanges considered for
collision are depicted in figure 2. Hypothetically, if a user’s entire
hand were to pass through (collide with) a non-target ball, the total
collision events recorded as a result would be equal to the number of
joints plus the number of phalanges (25 joints + 24 phalanges = 49)
in the user’s tracked hand. Essentially, a higher number of collision
events corresponds to worse performance.

Perceived Real Hand Visibility - At the end of each block, users re-
ported how visible they perceived their actual hands (excluding forearm
and wrist) to be on a 10 point scale. This scale was anchored such that
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a value of 10 on this scale corresponded to a user being able to fully
see their real hand. Similarly, a value of 1 on this scale meant that users
were not able to see their real hand.

Perceived Usability - Users’ perceived level of usability associated
with performing interactions with virtual holograms was measured
using the PSSUQ (Post-Study System Usability Questionnaire), that
originates from the IBM Usability scale. The PSSUQ is a sixteen item
standardized questionnaire that is widely used to measure usability and
perceived satisfaction. Counterintuitvely, a lower score on this scale
corresponds to a higher perceived usability [35].

4.4 Research Question and Hypotheses

The overarching aim of this work was to answer the following re-
search question: how does augmented self-avatarization of users’
hands (end-effectors) affect interaction performance in a near-field,
fine-motor, obstacle-avoidance based object retrieval task in OST
AR? Downstream of this, we were interested in understanding how
interactions based on such representations are affected by virtual light
intensity. We operationalize user performance based on the measure
described in section 4.3. We developed the following hypotheses that
reflect work discussed in section 2:

H1: Users with augmented avatar representations will perform better
than those without an avatar.

H2: A higher obstacle density configuration will be associated with
worse performance.

H3: The size of the obstacles will affect performance.

H4: Performance will be worse with a higher virtual light intensity.
HS: Deeper targets will result in poorer performance.

It is expected that provisioning users with an augmented self avatar
will give them a visual representation of the interacting layer (tracked
position of their hands). This will allow them to distalize to the task
dependent virtual end-effector rather than having to rely on their hands,
potentially resulting in better performance. With respect to obstacle
density, the high density configuration is likely to result in inferior
performance due to the increased potential for collisions when then are
more obstacles within the interaction volume. With target size, two
competing expositions can be offered. On the one hand, a larger target
can be reached more easily by virtue of its size, thus making its retrieval
easier. On the other hand, the larger target is more likely to collide
with other obstacles during retrieval than a smaller one. For these
reasons, we do not develop directional hypotheses with respect to how
the target size affects performance. An increased virtual light intensity
is expected to obscure the visibility of users’ actual (real) hands which
in turn may worsen performance. With regards to the target depth, the
number of obstacles that need to be avoided is larger for deeper targets,
consequently resulting in a larger number of collisions.

4.5 Participants

A total of 54 participants were recruited for this Institutional Review
Board (IRB) approved study, with 18 allotted per condition. Data
from three participants (one from each condition) was excluded from
analysis due to data logging errors. This led to a total of 8160 trials
of object retrievals for analysis. Participant ages ranged from 18 to
30 years old (M=20.92, SD=3.96); 28, 21 and 2 of whom identified
as female, male, and non-conforming respectively. All participants
had normal/corrected-to-normal (20/20) vision. Overall, VR and AR
experience did not significantly differ across conditions.

4.6 Procedure

Upon arrival to the laboratory, participants were greeted and asked
to read and sign a consent form (informed consent). After consent-
ing to participate in the study, participants filled out a demographics
questionnaire that included information about their backgrounds and
experience with AR, VR, video games, experience playing sports, etc.
Following this, participants’ arm lengths, interpupillary distances (IPD),
and stereo acuity were measured. They were then randomly assigned
to one of the three experimental conditions. The experimenter then
detailed the task they would be performing in the study, demonstrating
how to perform the gestures required for the object retrieval task (see
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section 4.1). Participants then donned the Microsoft Hololens 2 OST
HMD after which an eye calibration routine was run to customize the
experience, allowing for optimal hologram viewing and interaction.
Participants then performed 5 practice trials to familiarize themselves
with the task and its mechanics. It was ensured that the density and size
of the balls presented in the practice phase were different from those
tested in the experiment, thus preventing participants from learning the
specific ball positions and sizes used in the trials of the experiment.
After the practice phase, participants then began the experiment per-
forming the task over the 160 trials. They were allowed to take a break
whenever desired, but it was ensured that breaks were taken prior to
the start of any trial. Upon completion, participants removed the HMD
and filled out the PSSUQ [35]. They then proceeded to engage in a
short semi-structured interview with the experimenter to discuss their
experience in this study, the strategies they used, and aspects they found
challenging about the task. They were then debriefed about the study
and were compensated for their time. On average, it took a participant
up to 50 minutes to complete the whole procedure.

5 RESULTS

Since a repeated measures design was used in this experiment, variables
had considerable nesting. As each participant completed 160 trials, a
portion of the variance in their responses can be attributed to a common
source — the fact that the same participant was responding to each trial.
Level 1 (within-participant) variables represent those that change from
trial to trial. Level 2 (between-participant) variables represent those
that change from participant to participant. To properly account for
variance between and within subjects, Hierarchical Linear Modeling
was used [24]. Since the dependent variable is a count variable (total
number of collisions events while retrieving the ball), performing a
poisson regression is ideal in this case. However, while performing
poisson regression, if the dispersion parameter ¢ is greater than 1
(overdispersion), a negative binomial regression can be used [12]. In
this data, since ¢ was found to be 3.45 for the model with only the fixed
effects, negative binomial regression was used to fix overdispersion.

For each analysis, an initial main effects model was run, such that all
main effects (Level 1 and Level 2) were included in the analysis at once.
Results for each of these main effects are reported from the initial main
effects model. To analyze the interactions, individual interaction terms
were added to the main effects model one at a time. In each iteration
of the model, there was never more than one interaction term present
at a time. Results of each interaction are reported from the model in
which that interaction was included. Effect sizes for each fixed effect
is presented as the change in R? (proportion of variance explained)
comparing the model that includes the effect and the same model with
the effect removed. The resulting sr2 (semi-partial 72) is the percentage
of variance uniquely accounted for by the fixed effect [67]. Prior to
conducting analysis, the extent of nesting in the data was assessed by
computing the intraclass correlation coefficient (ICC) from the null
model. The ICC was calculated to be 0.416, indicating that approx-
imately 41.6% of the variance in the total number of collisions was
associated with the participant and that the assumption of independence
was violated. Following a multilevel modeling technique is ideal in this
case. For all the following models, the only random effect computed
was the intercept based on the Participant ID.

A negative binomial regression was conducted to assess the effects
of condition, obstacle density, obstacle size, virtual light intensity and
target depth on total collisions. This model with only the main effects
(AIC = 27426, df = 9) offered a significantly better fit to the data than
did the null model (AIC = 28945, df = 3), x% = 1531, p < 0.001. It
explained 65.6% of the variance in total collisions (conditional R% =
0.66, marginal R2 = 0.57).

5.1
5.1.1

A significant effect of avatar condition on total collisions was found,
22 (2, N =8160) = 154.36, p < 0.001, sr? = 0.29. Total collisions were
significantly more in the No-Avatar condition (M =2.08, SE =0.17) as
compared to the Iconic (M =-0.69, SE=0.17),z=11.48, p < 0.001,

Performance
Augmented Hand Representation
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Fig. 5: . Interaction between the avatar condition and obstacle density.
Error bars indicate 95% confidence intervals.

as well as the Realistic avatar condition (M = -0.28, SE =0.17), z =
9.81, p < 0.001. There was no significant difference in total collisions
between the Iconic and Realistic avatar conditions.

5.1.2 Density, Size, Depth and Virtual Light Intensity

There was a significant effect of obstacle density on total collisions, x>
(1, N = 8160) = 630.25, p < 0.001, sr? = 0.08. Total collisions were
significantly more for the high obstacle density (M = 1.05, SE = 0.10)
as compared to the low density (M =-0.31, SE = 0.10).

Obstacle size also had a significant effect on total collisions, %2 (1,
N = 8160) = 20.02, p < 0.001, sr*> = 0.001. Total collisions were sig-
nificantly more for large obstacles (M = 0.49, SE = 0.10) as compared
to small obstacles (M = 0.25, SE =0.10).

The distance to the target also significantly affected the total colli-
sions, x2 (1, N = 8160) = 1238.25, p < 0.001, sr> = 0.13. For every one
unit increase in distance to target, the difference in the log of expected
count of total collisions is expected to change by 10.78 units. There
were no main effects of virtual light intensity.

5.1.3 Interaction Effects

There was a significant interaction between avatar condition and virtual
light intensity, ¥% (2, N = 8160) = 34.14, p < 0.001, sr*> = 0.005
(figure 4). When testing simple effects, for participants in the Iconic
avatar condition, total collisions were significantly more for the low
virtual light intensity (M = 0.63, SE = 0.11) as compared to the high
virtual light intensity (M = 0.38, SE = 0.07), z (2719) = -2.80, p =
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0.005. For participants in the No-Avatar condition, total collisions were
significantly more for the high virtual light intensity (M =9, SE = 1.55)
as compared to the low virtual light intensity (M = 6.92, SE = 1.20),
z(2719) = 2.87, p = 0.004. However, for participants in the Realistic
avatar condition, total collisions were not different between the virtual
light intensities.

There was a significant interaction between avatar condition and
obstacle density, x2 (2, N = 8160) = 27.34, p < 0.001, sr? = 0.005
(figure 5). When testing simple effects, for participants in the Iconic
avatar condition, total collisions were significantly more for the high
obstacle density (M = 1.09, SE = 0.19) as compared to the low obstacle
density (M = 0.22, SE = 0.04), z (2719) = 12.49, p < 0.001. Similarly,
when participants were in the Realistic avatar condition, total collisions
were significantly more for the high obstacle density (M = 1.62, SE =
0.29) as compared to the low obstacle density (M = 0.34, SE = 0.06),
z (2719) = 11.23, p < 0.001. Also, when participants were in the
No-Avatar condition, total collisions were significantly more for the
high obstacle density (M = 13.18, SE = 2.30) as compared to the low
obstacle density (M =4.73, SE = 0.83), z (2719) = 10.83, p < 0.001.
The interaction effect observed is due to the larger difference between
the low and high obstacle densities in the No-Avatar condition.

There was a significant interaction between avatar condition and
obstacle size, 2 (2, N = 8160) = 84.01, p < 0.001, sr> = 0.008 (figure
6). When testing simple effects, for participants in the Iconic avatar
condition, total collisions were significantly more for the large obstacle
size (M =0.69, SE =0.12) as compared to the small obstacle size (M =
0.33, SE =0.06), z (2719) =7.73, p < 0.001. Similarly, for participants
in the Realistic avatar condition, total collisions were significantly more
for the large obstacle size (M = 0.97, SE = 0.17) as compared to the
small obstacle size (M = 0.56, SE =0.10), z (2719) = 5.86, p < 0.001.
However, for participants in the No-Avatar condition, total collisions
were not significantly different based on obstacle size.

5.2 Perceived Real Hand Visibility

A Mixed model ANOVA was carried out to analyze the effect of condi-
tion and virtual light intensity on users’ perceived real hand visibility.
At the between-participants level, a significant main effect of condition
was found, F(2,48) = 13.93, p < 0.001, n,,z =0.367. Post-hoc pairwise
comparisons using Tukey’s HSD revealed that the perceived visibility
of the hand was significantly higher in the No-Avatar condition (M = 6,
SE = 0.378) when compared to both the Iconic (M = 3.82, SE =0.37,
p = 0.001), and Realistic (M = 3.35, SE = 0.378, p < 0.001) avatar
conditions. At the within-participants level, a significant main effect
of virtual light intensity was found F(1,48) =93.117, p < 0.001, npz
=0.660. Perceived visibility was significantly higher when the virtual
light intensity was low (M = 5.61, SE = (0.241) as compared to when
the virtual light intensity was high (M = 3.17, SE = 0.263, p < 0.001).

On examining how condition moderates the effect of virtual light
intensity on users’ perceived real hand visibility, a significant interac-
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tion effect was found, F(2,48) =5.11, p = 0.01, npz =0.176. When the
virtual light intensity was high, users in the No-Avatar condition (M
=4.53, SD = 2.42) perceived their real hands to be significantly more
visible than users in the Iconic (M =2.29, SD = 1.04, p = 0.003), and
the Realistic (M = 2.71, SD = 1.89, p = 0.02) avatar conditions. When
the virtual light intensity was low, users in the No-Avatar condition (M
=7.47, SD = 1.84) perceived their real hands to be significantly more
visible than users in the Iconic (M =5.35, SD = 1.83, p = 0.002), and
Realistic (M =4.0, SD = 1.45, p < 0.001) avatar conditions. Inspecting
this interaction effect by looking at the effect of virtual light intensity
across conditions, perceived real hand visibility was significantly higher
for the low virtual light intensity compared to the high virtual light
intensity in all conditions. However this difference was less pronounced
for the realistic avatar as evinced in figure 7.

5.3 Post Study System Usability

A Kruskal-Wallis H test showed that there was a statistically significant
difference in the perceived usability score between the different con-
ditions, x2(2) = 16.811, p < 0.001. Post-hoc pairwise Mann Whitney
tests using a Bonferroni-adjusted alpha level of 0.17 (0.05/3) were used
to compare every pair of conditions. A significant difference in usability
score was found between the No-Avatar and Iconic avatar conditions,
U(NNo—avatar = 17, Niconic = 17) = 34.0, z = —3.81, p < 0.001; and
between the No-Avatar and Realistic avatar conditions U(Ny,_Avarar
=17, Ngeatistic = 17) = 50.5, z = —3.24, p = 0.001. Participants in the
No-Avatar condition (Mdn = 3.43) perceived less overall usability than
participants in the Iconic (Mdn = 2.00), and Realistic (Mdn = 2.25)
avatar conditions. Figure 8 depicts these results.
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6 DiscussioN

The statistical analyses pertaining to users’ interaction performance
revealed that the presence of an augmented avatar hand representation
significantly impacted users’ ability to perform the target retrieval task.
The results indicated that users performed significantly better when they
were afforded an augmented avatar compared to when they were not
provided with one. This offered support for hypothesis H1, suggesting
merit in avatarizing users’ end-effectors for near field interactions that
involve precise motor control and perception-action coordination. The
main factor affecting how well users perform this task revolves around
the visibility of the interacting layer (i.e. where the system senses
and tracks the user’s hand to be). Interactions in any AR system are
based on this layer, and some researchers refer to this layer as the
tracking module of the system. It is reasonable to expect that any AR
system would have a disparity between the position of the user’s actual
hand and the interacting layer (tracked position) [19]. Both the avatar
conditions provide users with a visual representation of this interacting
layer. Thus by avatarizing the user with an augmented end-effector,
they can perform the task ensuring that their avatar does not collide with
any of the obstacles or the box. The provision of an avatar thus allows
users to distalize to a virtual representation of the tracked hand based
on which interactions actually take place. Without an avatar, however,
users have to perform the task based on their real hands attempting
to infer where the interacting layer is (erroneously assuming that it
is where their real hand is) rather than distalizing to a visualization
of it. Even if the visual feedback obtained during collisions could
have indirectly provided information about the interacting layer, it
is far from a direct visualization of the layer. Users in the No-Avatar
condition hence would have to rely on proprioceptive information about
where their hands were in space, in addition to the visual information
of where their actual hands were, to approximate the location of the
interacting layer. The absence of a direct visual representation of the
interacting layer hence explains why performance was worse in this
condition. This suggests that abstracting the user from the interaction
layer can cause detriments to performance in tasks that involve precise
perception-action coordination.

With respect to the factors affecting interaction performance at a
within-participants level, our results showed significant effects of the
obstacle density (number of obstacles within the interaction volume),
the size of the obstacles, depth of the target. Firstly, as expected,
participants performed worse when retrieving targets from a higher
density of obstacles than when the interaction volume was filled with
smaller number of balls. This offered support for hypothesis H2, and
is understandable because a larger density implies more potential for
collisions. These results align with findings obtained by the authors
of [71], who employed a similar task albeit with selection rather than
retrieval. Secondly, we found that the size of the obstacles did indeed
affect performance with users colliding more when the obstacles were
larger as opposed to when they were smaller. This confirmed hypothe-
sis H3, indicating that performance of tasks associated with obstacle
avoidance, deteriorates when the obstacles are larger. This is rather
understandable given that larger obstacles present more potential for
collisions simply by virtue of size. Thirdly, we found that the retrieval
of deeper targets resulted in poorer performance, supporting hypothesis
HS. This isn’t surprising seeing as how targets situated at greater depths
are blocked by more obstacles. Lastly, contrary to what we expected,
we did not find any significant main effect of virtual light intensity
on users’ performance and hence did not obtain evidence to support
hypothesis H4.

We found some interaction effects that further highlight the impor-
tance of avatarization. The effect of obstacle density on performance
was moderated by the effect of condition. Figure 5 illustrates the ef-
fect of density on performance across all the conditions. Compared
to both the Iconic and Realistic avatar conditions, the No-Avatar con-
dition experienced a significantly larger detriment to performance for
a higher density of obstacles as evinced in the figure. We also found
an interaction effect between the size of obstacles and the condition to
which participants were assigned. Users in both the avatar conditions
performed worse when the obstacles were large, but this difference in
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performance based on the size of the obstacles was not observed in the
No-Avatar condition. Participants in this condition simply performed
poorly regardless of the size of the obstacles. Additionally, results on
usability gathered from using the PSSUQ revealed that participants
perceived the interaction system to be more usable (lower PSSUQ
score corresponds to higher usability) when afforded with an avatar. In
contrast, not provisioning an avatar was found to be less usable for this
task. The findings offer support in favor of avatarization (visualizing
the interacting layer) of users’ end-effectors in contexts that involve
near-field, fine-motor tasks that require high degrees of precision in
perception-action coordination.

On examining how users perceived the visibility of their actual
hands in relation to the avatar representations and the virtual light
intensities applied, we found rather interesting results. With respect
to avatarization, the results indicated that users that were not afforded
an augmented avatar perceived their actual hands to be significantly
more visible than those that embodied an avatar. This suggests that
augmenting or overlaying an avatar over a user’s real hand, reduces
how visible they perceive their actual body to be. This makes sense
because the overlaid avatar is likely to obscure one’s real hand from
being more visible. In terms of the virtual light intensity, users reported
that their hands were significantly more visible when the virtual light
intensity was low, compared to when the virtual light intensity was high.
This suggests that when the virtual light intensity is high, users’ real
hands are obscured to a larger degree when seen through an optical see-
through display. This result aligns directly with prior research showing
that as the ratio of virtual to real light intensity increases, the visibility
of one’s real body tends to decrease [74]. Interestingly, we uncovered
an interaction effect showing that the difference in perceived visibility
between the two virtual light intensities was less pronounced for users
that were provisioned with the Realistic avatar. This is probably because
the Realistic avatar obscures the hand to a larger degree than the Iconic
avatar whose avatar representation consists of only joints and phalanges.
This makes the intensity of virtual light have less of an effect on the
perceived visibility of a user’s hand for realistic looking avatars. In
simpler terms, overlaying a realistic avatar over a user’s actual hand,
makes it hard for them to be able see their actual hand even under low
virtual light intensities. While self-avatarization also reduces actual
hand visibility in the presence of Iconic representations, the effect of
virtual light intensity appears to be more influential for these kinds of
augmented self-avatars.

While we did not see a main effect of virtual light intensity on per-
formance, we uncovered a rather fascinating interaction suggesting that
its effect on performance was moderated by the condition to which
participants were assigned. In the No-Avatar condition, the number of
collisions was significantly higher for a high virtual light intensity than
for a low one. In the Iconic avatar condition, however, users performed
significantly worse when the virtual light intensity was low. In the Re-
alistic avatar condition, users’ performance did not significantly differ
based on the virtual light intensity. These effects can be explained based
on considering the results of users’ conscious reports of their perceived
real hand visibility for the two different virtual light intensities applied.
When users do not have an augmented avatar (visualization of the inter-
acting layer), increases in virtual light intensity causes detriments to
performance because users have to perform the task with less visibility
of their real hand and no visibility of the interacting layer whatsoever.
This makes it more challenging to perform the task under high virtual
light intensities. In contrast, increases in virtual light intensity improves
performance in the presence of iconic augmented avatars because the
lower visibility of the real hand caused as a consequence, allows users
to distalize to the avatar and ignore their actual hand. Reducing the
light intensity in such a case, worsens performance by making users’
actual hands more visible and potentially distracting. This prevents
them from effectively distalizing to the avatar and results in a dimin-
ished ability to shift the task-dependent end-effector from their actual
hand to the virtual tool (avatar). This idea is underpinned by research
showing that in addition to extending the body schema, distalization
of the end-effector from the hand to a tool is highly crucial to most
effectively exploit the capacities associated with the use of the tool in
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itself [2]. This was also corroborated by comments made by users in
the debriefing interviews wherein users with avatars mentioned that
being able to better see their real hands was distracting. When users
are afforded with a realistic avatar, the visibility of their actual hands is
impacted more by the avatar than just the virtual light intensity applied.
Performance in such a case seems to remain unaffected by the virtual
light intensity used to illuminate the holograms. These are noteworthy
findings that collectively suggest a need to tailor virtual lighting based
on whether or not users are afforded with an avatar in AR applications
featuring near-field interactions. Apropos of this, it appears that in-
creasing the virtual light intensity is desirable when avatarizing the user,
and detrimental to performance when users are not avatarized. Virtual
lighting hence seems to be one method to alter the visibility of virtual
objects, avatars, and real hands. It is possible that other techniques like
contrast highlighting can be employed to erase the real hand from one’s
view or make the avatar more salient than the real hand.

These results are consistent with the view that the nervous system
controls actions via “control laws.” These laws characterize how optic
(and other) information is used to guide actions such as reaching to
a goal, steering locomotion, avoiding obstacles, and tracking moving
objects. With control laws, behavior is controlled “on-line” by coupling
motor activity to current visual information rather than by generating
motor commands from internally constructed mental models of the
world and the user’s current state [15,81]. In this study, users performed
best when the visual information of relevance to such control laws
was most salient; information corresponding to the interaction layer
(represented by an avatar). While information pertaining to the real
hand was less relevant to the this task, higher salience of the real hand
improved performance when no avatar was available, and worsened it
when users were avatarized. Thus, it appears to be the case that users
should be avatarized when interacting with virtual AR artifacts, making
the avatar more salient than the real hand. In contrast, when users
interact without an avatar, AR developers should ensure that one’s real
hand is more salient.

7 CONCLUSION AND FUTURE WORK

In this work, we investigated how avatarization affects users’ perfor-
mance in a near-field interaction task in AR. Users retrieved a target
object from a field of obstacles within a box for a number of trials,
while avoiding collisions with the obstacles and the box. We employed
a between-subjects study design manipulating the presence and an-
thropomorphic fidelity of augmented avatars. We further examined
the effects of obstacle density, obstacle size and virtual light intensity,
manipulating these factors within participants. Results indicated that
users with tracked avatars performed significantly better than users
who weren’t provisioned an avatar representation. Furthermore, users
perceived the interaction with the system to be more usable when pro-
visioned with an avatar. Additionally, we found that the level of virtual
light intensity applied affects the visibility of users’ real hands. Overall,
we find that avatarizing users’ end-effectors, thereby visualizing the
interacting layer, improves near-field interactions that require precise
fine motor control.

In future work, we wish to investigate how avatarization affects
the performance of tasks that involve dynamic components. If similar
trends are observed for dynamic scenarios, it would solidify the need for
avatarization in AR interactions even more. We also wish to investigate
how static self-avatars that are not animated in real time to match users’
finger poses affect their abilities to perform interactions. Given that
static self avatarization offers solutions to individuals with missing
limbs or those that have suffered from strokes, it would be worthwhile
to pursue these investigations.
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