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ABSTRACT KEYWORDS

Recent studies show the promise of VR in improving physical, cog-
nitive, and emotional health of older adults. However, prior work
on optimizing object selection and manipulation performance in VR
was mostly conducted among younger adults. It remains unclear
how older adults would perform such tasks compared to younger
adults and the challenges they might face. To fill in this gap, we
conducted two studies with both older and younger adults to under-
stand their performances and user experiences of object selection
and manipulation in VR respectively. Based on the results, we delin-
eated interaction difficulties that older adults exhibited in VR and
identified multiple factors, such as headset-related neck fatigue, ex-
tra head movements from out-of-view interactions, and slow spatial
perceptions, that significantly decreased the motor performance
of older adults. We further proposed design recommendations for
improving the accessibility of direct interaction experiences in VR
for older adults.

CCS CONCEPTS

+ Human-centered computing — Empirical studies in acces-
sibility; Interaction paradigms; Virtual reality.
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1 INTRODUCTION

VR provides immersive 3D environments and rich interaction tech-
niques (e.g., hand gestures [40]) for users to experience different en-
vironments and interact with virtual objects. Prior research shows
that VR could be beneficial for older adults. For instance, it could po-
tentially aid older adults in preserving or enhancing their physical
and cognitive capabilities, encompassing aspects such as postural
stability [49, 71], reaction speed [11], and overall physical well-
being [12, 18]. It could also promote their social and emotional
well-being. For example, VR could allow older adults to collaborate
with remote family members, reminisce with their peers [4, 5], and
communicate with their grandchildren [1, 68].

Despite the potential benefits of VR, its interaction techniques
have rarely been designed or studied with older adults [20]. As
people age, the changes in their perceptual, motor, and cognitive
abilities can significantly impact their performance and experience
when operating interactive devices. This consideration becomes
particularly relevant when examining the aging effects on basic
interaction tasks, such as object selection and manipulation [10, 32],
on 2D and 3D interfaces. Previous research has demonstrated that
older adults may exhibit higher error rates and longer completion
times in these tasks compared to younger adults when using mouse
clicks and touch inputs [31, 42]. Furthermore, the performance of
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users in object selection tasks can vary depending on the type of
input device employed, whether it be direct or indiredd1, 63.
Drawing inspiration from research exploring the impact of aging
on 2D interfaces, we hypothesized that older adults may exhibit
dissimilar performance outcomes and user experience compared to
their younger counterparts when utilizing interaction techniques in
VR. This hypothesis is based on the fact that VR interactions neces-
sitate additional physical movements beyond those required by 2D
interfaces R(Q. Thus, comprehensively understanding the impact
of aging on VR input interaction could potentially help designers
and researchers to develop more inclusive VR input interaction
techniques for older adults.

In order to gain an in-depth understanding of the user experience
of older adults and the e ect of aging on direct interactions (e.g.,
use handheld controllers to reach and contact virtual 3D objects
directly) in VR between older and younger adults, we aimed to
answer the following research questions (RQs):

RQ1: How do spatial factors (e.g., target layout, distance from
users, and interaction surfaces) a ect the interaction perfor-

mance and user experience of older adults when interacting
with VR?

RQ2: How do their performance and user experience di er

from younger adults?

Selection and manipulation have been identi ed as the most general
and fundamental interactions in 2D and 3D interface&d[ The
present study focused on evaluating these two types of interactions
in VR to address the above research concerns. For RQ1, we con
ducted two comparative user studies in VR (Fig. 1 and Fig. 6) to

measure interaction performance such as completion speed, accu-

racy, and comfort level in object selection and manipulation tasks
within spatially distinct VR sub-spaced() (e.g., ISO circle in 3D
spaces 14 67]). The ndings of these two studies revealed that
various interrelated factors, including the spatial arrangement of
3D targets, their dimensions, the proximity between targets and
users, as well as the utilization of users' dominant hands for inter-
actions, signi cantly in uence the interaction experiences of older
adults in VR. To better answer RQ2, we conducted quantitative
data analysis supplemented by qualitative feedback to understand
the di erence in performance between younger and older partici-
pants. The di erences in their user experiences and performance
in object selection and manipulation tasks demonstrate that older
adults tend to be more susceptible to distances that require more
physical movements to interact and neck fatigue afterward. Further-
more, compared to younger participants, signi cantly more task
completion time, more adjustment attempts, and decreased accu-
racy were observed in older participants, which strongly indicates
that age-related changes such as vision and cognitive degradation
may impose negative in uences on the interaction performance of
older adults p4, 59. Lastly, we deliberated on design recommenda-
tions for creating aging-friendly interactions in VR, and highlighted
potential improvements for future applications and interaction de-
signs with older adults. In summary, the current research has made
the following contributions:

We took a rst step to undertake two within-subject user
studies to investigate the performance of older adults in
both object selection and manipulation tasks in VR, while
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also comparing their performance and user experience to
younger adults. We further highlighted the challenges that
older adults may encounter during VR interactions.

We formulated design recommendations based on our nd-
ings through optimizing target layouts and interaction strat-
egy to make VR interaction more accessible and inclusive.

2 RELATED WORK

Our work is mainly inspired by previous research on age-speci ¢
interaction di culties encountered by older adults and evaluations
of target selection and manipulation techniques in VR.

2.1 VR and Older Adults

VR has been widely demonstrated to have bene ts in promoting
older adults' health and physical function. For example, reducing fall
rates during treadmill training, enhancing dynamic balance, and im-
proving gait- and balance-related performance, as well as functional
balance, mobility, and reaction timeLl, 41, 49, 71]. Furthermore,
VR has also been found to positively impact older adults' cognitive
abilities, with studies showing greater improvements in cognition
and executive functions through VR-based cognitive stimulation
compared to traditional methods and signi cant enhancements in
memory tests following VR memory training?2, 44]. With respect

to the bene ts of using VR in social contexts, researchers have
examined its potential to facilitate social connections among older
adults. This has been accomplished through the development of re-

mote communication and shared activities with friends in VR @].

The utilization of VR activities between elderly family members
and younger generations has also been investigated to promote
positive emotions and relationships [68].

Although many VR apps and 3D immersive scenes, like the
ones mentioned above, could be bene cial for older adults' daily
lives, they tend to adopt default interaction methods, such as hand
controllers and in-air gestures, which are not speci cally designed
or adjusted for ease of use and access by older adults, especially for
ones limited by degradation of physical and cognitive abiliti&=][
Ljaz et al. conducted a scoping review of previously presented VR
applications for older adults and identi ed a series of challenges
and usability issues regarding older adults using V[ Zhao et al.
further revealed a range of issues, such as physical discomfort and
usability inconveniences reported for older residents needed to be
considered when deploying VR systems in aged care settiiifs [
The symptoms of motion sickness as one of the most common
side e ects were found to be more remarkable among older adults
compared to younger one2f. Negative feedback about the use
of head-mounted displays (HMDs) is also highly reported in VR
scenarios for older adults. Participants in a handful of studies mainly
complained about the weight of HMDs as it a ects their overall
viewing, head movements, and interaction experienc2g 0, 51].
Although Baker et al., for instance, re ected on usability issues
that pose notable impacts on the aged-care residents' abilities to
enjoy interactive VR technology7], there are limited discussions
for understanding and evaluations of di culties and challenges
that arise from interaction activities and use preferences with older
adults in VR. The ndings of their study also strongly suggest the
need for research into interaction challenges that older adults may
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encounter in VR-related activities for guiding future accessibility
designs [7, 51].

2.2 Interaction Barriers of Digital Technology

While VR tools and applications have been tested and utilized
broadly for older adults, it is common that those people are ex-
cluded from the development and design process, and the digital
divide between younger and older people is largely ignored. For
example, aging e ects play a critical role in diminishing the ex-
periences of digital products3@ 54, 59. Physical and cognitive
declines often pose barriers and hindrances to the usage of digi-
tal systems. Around 28% of old adult interviewees in Pew's social
study have reported su ering from disabilities, health degradation,
or hindrance leading to signi cantly less use of digital products
than those without aged inconvenience [2].

From the perspective of interaction barriers in digital products,
previous research works about the e ects of aging on interaction
tasks have demonstrated that older adults mostly exhibit higher
error or missing rates and much longer task completion times in con-
trast with younger people in target selection tasks such as button
clicks, pointing drags, and mouse movemen3d,[42 43. Sultana
et al. further studied the e ects of aging on small target selection
with touch input to highlight that separated considerations are
needed for investigating interaction performance and accessibility
among di erent digital devices for older adultEf. Gao et al. also
demonstrated di culties and reduced performance for older users
through the interaction tasks of rotation and zooming objects on
touchscreens3. For aspects of interaction barriers more related
to motor skills among older people, Liang et al. investigated the age-
related issues for usages of hand gesture interf&8%. [However, it
still remains unclear that interaction di culties and age-related mo-
tor performance of object selection and manipulation tasks within
a simulated immersive world. For instance, to what extent of ac-
curacy under di erent spatial layouts may older adults perform
in those interaction tasks using VR controllers. Motivated by the
literature and the gaps mentioned above, the present work took a
step further to extend the exploration of aging e ects on interaction
tasks of 2D screen-based digital products to 3D immersive worlds
with VR technology [8, 30].

2.3 Evaluation of Object Selection and
Manipulation Tasks in VR
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its practical usability and accessibility B 32. Bergstrom et al. re-
viewed 20 years of studies on VR object selection and manipulation
tasks with the purposes of building standards and a checklist for
researchers planning object selecting and manipulation studi€k [
Research on object selection in VR investigated and recommended
independent and dependent variables for the assessment of hu-
man performance (e.g., miss errors, learning time, selection areas,
feedback types, and use preference®\3[7, 74. Previous research
also explored experiment designs of how to measure human per-
formances in VR-based interaction tasks with quantitative and
qualitative analysis40, 7§. For instance, Yu et al. suggested ren-
dering more visual hints in selection tasks for indications of targets
and highlighting pointing directions ¥3; Lou et al. shed light on
empirical experiments designs of hand controller interaction evalu-
ations with considerations of arm posture in uence8@; Poupyrev

et al. built comparative studies to discuss and understand relative
strength and weakness among object manipulation properties in
immersive VR §7. However, there is a dearth of research on in-
teraction evaluations and performance analysis of VR applications
that are tailored to speci c target users, particularly older adults.

As previously discussed, elderly individuals experiencing age-
related declines in motor functionality and degradation of cognitive
conditions are limited to fully participating in technology-centered
activities 53 59. Fan et al. studied recent papers in a list of HCI
venues and found that less than one percent of VR-related papers
were conducted with older adult2(j. Recent studies also demon-
strated that simulated immersive scenarios may not be equally
accessible for elderly people due to general interaction design is-
sues P3 79, but no further user studies were performed to rig-
orously evaluate the accessibility caused by age-related changes
among older adults for experiencing VR applications. Moreover,
the digital divide that signi cantly in uences on usage di erences
between younger and older adults may prevent older adults from
acquiring similar levels of bene ts through immersive VR scenes
in their everyday lives [16, 53].

To bridge this research gap, the present study conducted a two-
phase comparative and exploratory investigation aimed at exam-
ining the motor space performance and interaction experience of
older adults. We sought to provide insights on design improvements
for object selection and manipulation tasks to inspire and guide
future interactive applications within VR for older individuals.

3 USER STUDY 1: OBJECT SELECTION

VR technology creates a novel interaction paradigm that immerses In this study, we aimed to evaluate the performance and accessibility
users in 3D environments and delivers a sense of presence. To of di erent spatial factors (i.e., position) in VR space. Speci cally, we
improve immersive experiences with engaging and e cient inter-  evaluated and compared the object selection performance between
actions, many surveys on the design of selection and manipulation older and younger adults. Our research received ethical approval
techniques in VR are put forwardd 64, 65. The spatial and im- from our institution.
mersive features of VR also inspired new forms of 3D user inter-
faces (e.g., on-body interactions with mid-air gestur@§|[ gaze-
supported p5 79, and eye-free target{Z), multi-target acquisition
[7Q, interaction designs for occluded target selectid®¥] 77 and We recruited 18 older adults (10 female and 8 male, aged 60 85)
distant object manipulations [46], and social interactions [56, 60]. and 18 younger adults (9 female and 9 male, aged 20 30), all of
Understanding the impact of a newly proposed technique on whom self-reported as right-handed, with no motor impairments,
user experience is essential. Hence, many thorough evaluations and as having normal or corrected-to-normal vision. Participants
have been conducted to gain a comprehensive understanding of self-reported their familiarity levels with VR, and all of them had

3.1 Participants
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no or limited knowledge of VR (older adult mean = 1, younger adult
mean = 3, on a 5-point Likert scale).

3.2 Apparatus

The VR environments in the present study were designed in Unity
Engine and displayed via an Oculus Quest 2 headset with a per-eye
resolution 0f1832 1920 a refresh rate up to 120 Hz and tracking
precision less than 0.1mn2§. All the participants were instructed

to utilize touch controllers on both hands to perform selection tasks.

3.3 Experiment Overview

Fig. 1 shows the study overview, including visualization of indepen-
dent variables (1Vs) and participants. We adopte8a5 5 3 3
within-subject design with three repetitions and the following four
IVs based on the guidelines of interaction evaluations in VR [10]:

Horizontal O set (-60, -30, 0, 30, 60): The horizontal

o set from the participant's perspective. We selectd8d as
the level since it represents a range of positions and at the
same time minimizes the number of trials.

Vertical O set (-60,-30,0 , 30, 60): Thevertical o setfrom

the participant's perspective

Distance (0.45 m, 0.6 m, and 0.75Thgdistancerom the
center point to the target. The chosen distance was based on
the average arm length, representing the condition of easily
reaching targets with the following postures: half-bent arm,
stretched arm, and slightly leaning forward.

Size (1, 2, 3 ): Thesizeof targets in visual angles

To ensure the distance was consistent in each position, we placed
the targets according to the updated sitting position of each par-
ticipant in VR under Cartesian coordinates (Fig. 1a). Each trial
employed a single target, and participants were instructed to move
on to the next trial by touching the "re-home" object (Fig. 1b), which
was located near the belly of participants. This contributed to the
consistency of each trial's starting point. We recorded both task
performance and participants' subjective feedback:

Spatial Deviation (i.e., Erroffhe Spatial Deviatioris de ned

as the distance between the position that the participant
clicked at and the target position. The deviation is marked
as0'0< if the participant selects the target successfully.
Completion TimeThe time from the start of the trials till the
participants trigger the con rmed selection.

Subjective RatingVe measured the workload of the task us-
ing the NASA-TLX questionnaire and an additional question
that assessed the comfort level of each position on a 7-point
Likert scale.

3.4 Procedure

The study lasted approximately 150 minutes for older participants
and 120 minutes for younger participants. Before formal trials,
participants lled in a questionnaire to collect their demographic
information. They were introduced to the experiment setup and
signed a consent form. Next, they were invited to wear a headset
and were given around 5 minutes to familiarize themselves with
VR where they could look around the simulated experimental en-
vironment. Once they entered the experimental environment, we
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introduced an additional calibration phase to ensure the targets
were generated precisely in their facing directions. To do so, we
asked participants to make a click at the center point in front of
their necks, as Fig. 1a shown. The whole study was separated into
three sessions by the three distance conditions as mentioned in
Sec. 3.3. The order of these sessions was counterbalanced by Latin
Square, and the order of each trial inside each session was random-
ized. Participants were asked to Il in another questionnaire after
completing each session, where their subjective feedback on work-
load using the NASA-TLX questionnaire and an additional question
that reported their comfort level for each position. Participants
had enough rest time to relax at the end of each session. We also
conducted a semi-structured interview on their experience at the
end of the study.

3.5 Data Analysis

Intotal, 24,300 data points were collect@®participants 3 distance
5horizontal o set 5vertical o set 3size 3repetition) from the
experiment. We rst removed 445 trials (199 trials for older partici-
pants and 246 trials for younger participants) of outliers, in which
the completion time was above three standard deviations from the
mean in each distance condition. Upon eliminating the outliers, the
Shapiro-Wilk normality test was executed, revealing that the data
did not follow a normal distribution. Consequently, the Aligned
Rank Transform was employed to pre-process the ddi@ 9.
Subsequently, repeated-measures ANOVA (RM-ANOVA) and ART-
based pairwise comparisons were conducted to assess the perfor-
mance and user experiences across age groups. In the subsequent
sections, the analytic emphasis is placed on the main e ects and
two-way interaction e ects associated with distance, horizontal
and vertical positions, and age di erences. This focus aligns with
the primary objective of investigating the experiential di erences
between age groups when interacting in varying spatial positions.

3.6 Results

In this section, we show the di erence in performance between
older and younger participants and how di erent factors a ect their
performance. To better understand the result, we support statistical
results with participants' qualitative feedback, which is annotated
with additional contextual information in the form of (participant
ID, age, gender).

Performance Comparison with Younger Adults. RM-ANOVA
indicated thatAgeandVertical O setsas interrelated factors signi -
cantly a ect the Spatial Deviatiorf 423371= 982 ? Y "00)). Interac-
tion e ects betweenAgeandHorizontal O setavere also identi ed
( 423371= 9457 ? Y "00]). Besides, signi cant interaction e ects
were found betweemgeandDistance( 203371= 16034 ? Y "001),
and betweemgeandSize( 293371= 5313 ? Y "00)).

Spatial Deviation (i.e., Error). RM-ANOVA results showed
that all variables signi cantly a ected theSpatial Deviatiorf the
acquisitions for older participantsl{istance 211709= 693 ? Y
"00%Horizontal O set 411709 = 35%7? Y "001 Vertical O set

411709= 644 ? Y "00% Size 211709= 92 ? Y "007). Post-hoc test
con rmed that Spatial Deviatioincreased aslorizontal and Vertical
O setsaugmented as shown in Figure 2. And tBgpatial Deviation
at the Distanceof 075" was signi cantly larger than those at
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Figure 1: Overview of study 1: (a) Experiment settings. The three virtual hemispheres represent the three distance levels of the
target position. The horizontal and vertical spatial o sets were labeled. The targets were generated at the intersections of the
lines marked on the hemispheres. The target is generated based on the center point. (b) Screenshots for the VR task scenes. The
sphere was the target for this trial. The black cube represents the Re-home button. Participants were asked to touch and select
the target by the interactor of the controller. (c) Some older adult participants completing tasks in Study 1

045" and0%6" (p <0000). Thisis in line with the participants'
subjective feedback, where older adult participants felt that targets
were hard to select when their locations were largely varied in the
vertical direction. Also, though no discomfort was reported when
the amplitude of horizontal variations was large(i.e., on the most left
or right), two of the older participants still reported thait was hard

reach. Speci cally, One older participator emphasized that he felt
less con dent in selecting the targets located at the upper position
as he explainedijt was di cult to pinpoint them precisely (O5, 64,
M), while it was less comfortable but more precise to select targets at
the lower position. He elaborated:could observe the targets closely
by bending down(012, 70, M). It was also interesting to observe

to select the targets precisely, especially it appeared on the left sidbat older participants stayed around for a few seconds near the tar-

(i.e., non-dominant side}O4, 65, F). RM-ANOVA results showed
that all variables signi cantly a ected theSpatial Deviatiorf the
acquisition task for younger participants as webistant 2.11662=
156 ? Y "00%Horizontal O set 411662= 2214+ ? Y "001, Vertical
O set: 411662= 1822:? Y '00% Size 211662= 358 ? Y "001.
Similar to the older participants, th&patial Deviatiorfior younger
participants increased adorizontal and Vertical O setsicreased.
Completion Time. RM-ANOVA results showed that all variables
signi cantly a ected the duration of the acquisition tasks for older
participants Distance 211709= 2905 ? Y "00% Horizontal O set
2411709= 2718 ?Y "00% Vertical O set 411709= 1513 ? Y "00%
Size 211700= 1896 ? Y "007). Post-hoc test con rmed thaCom-
pletion Timencreased aslorizontal O setand Vertical O setsen-
larged as shown in Figure 4. This might be due to the continuing
deliberations of selection tasks in spatial variations of vertical and
horizontal directions, which causes extra time for them to react and

get before clicking the button to con rm selections, while younger
participants showed less hesitance. Besides, older participants at-
tempted to click many times on buttons when using the left hand
to con rm selections, while less number of clicks were observed
when controlling with the right hand. Comparably, th€ompletion
Time increased as th®bject Sizehrank andDistancencreased.
RM-ANOVA results showed that all variables signi cantly a ected
the Spatial Deviatiorof the acquisition task for younger partici-
pants as wellDistant 211662= 749% ? Y "00%Horizontal O set

#11662= 7396 2 Y "001 Vertical O set 411662= 4041+ ? Y 007,
Size 211662= 2014+ ? Y "00]).

Correlation. We found a positive correlation between tigpa-

tial Deviationand theComfort Ratingn the Vertical O setwhen
the Distancds equal to 0.75m, as shown in the Fig. 5, supported by
a Point-Biserial test (correlation = 0.92, p = 0.02).
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Figure 2: The summary of spatial deviation for each independent variable for older (left y-axis) and younger (right y-axis)
participants. (a) The e ect of horizontal 0 sets and age on the spatial deviation. (b) The e ect of vertical o sets and age on the
spatial deviation. (c) The e ect of distance of targets and age on the spatial deviation. (d) The e ect of object size and age on the
spatial deviation. The error bar shows the standard error.

Figure 3: Summary of the spatial deviation and comfort level of older adults. The circle size represents the error deviation in
meters of each position (i.e., a combination of a horizontal o set and a vertical o set in degrees in study 1). The color represents
the comfort level of each position. The higher score represents the lower comfort level.

Comfort Level Analysis. RM-ANOVA results showed that all when the target was in a lower position. They mentioned ampli ed
the following 1Vs signi cantly a ected the comfort level of the discomfort when selecting targets that were outside the eld of
acquisitions for older participantdiistance 2q258= 277844872 Y view (FOV). One of them felmore head movement when searching
001 Horizontal O set 41058 = 508997 Y "00% Vertical O set and incurred sickness as wélD4, 65, F). RM-ANOVA result also

41258 = 83124272 Y "007). Speci cally, four older participants showedDistanceand Vertical O sethave signi cantly a ected the
commented that arm fatigue was introduced when the target was comfort level of the acquisition for younger participant®i{stance
located at an upper position, while neck discomfort was reported  21258= 1978 ? Y "0071, Vertical O set 41258= 412+ ? Y "00]).
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Figure 4: (a) The e ect of horizontal o sets and age on the selection task completion time. (b) The e ect of vertical o sets and
age on the selection task completion time. (c) The e ect of target distances and age on the selection task completion time. (d)
The e ect of object size and age on the selection task completion time. Error bars show the standard error.

Figure 5: Summary of the correlation between spatial o set
and comfort level across vertical o sets at a distance of 075 .
The lower score of comfort rating represents the more com-
fortable for older adults to reach.

3.7 Summary and Discussion

targets located exactly in front of the participants were the most
accurate, least time-consuming, and most comfortable to select.
An almost symmetric trend was observed for horizontal o sets.
Conversely, targets situated at lower positions demonstrated signif-
icantly worse performance than those located at upper positions.
This discrepancy may be attributed to the discomfort experienced
by participants when selecting targets at lower positions, which
signi cantly a ected their accuracy. The study's ndings are con-
sistent with Lou et al.'s research, which similarly observed that arm
fatigue resulted in low accuracy when selecting targets at upper
positions [36. However, in contrast to their ndings, the present
study identi ed that participants were signi cantly uncomfortable
when selecting targets at lower positions in VR, leading to worse
performance. Possible reasons for this discomfort include the head-
set's weight, in which the weight of the headset applied additional
force in the vertical direction, thereby incurring additional e ort to
perform head movements upside-down [7, 29].

The distance between the target and the user has signi -
cantly a ected the selection performance. Particularly when

Based on the statistical test results and qualitative feedback above, the target was located beyond the arm-reach distance and required

we further summarized the key ndings and discussed on their
novelty and implications.

3.7.1 Older Adults' Target Selection Performance in VR.
We derived the following ve key ndings related to older adults'
target selection performance and experiences in VR.

Target layout (vertical and horizontal o sets) signi cantly
impacts selection performance. In general, the study found that

participants to lean forward to reach it, the performance was signif-
icantly worse than in the other two conditions. The study identi ed
two potential reasons for this diminished performance. Firstly, the
more distant target necessitated greater physical demand than the
others, involving additional body movements (e.g., arm stretching,
leaning forward). Secondly, participants made increased search ef-
forts in more distant conditions. Furthermore, the distance between
participants and targets in uenced the perception of object size,
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as the portion of targets on the screen decreased with increasing
distance due to perspective projection [39].

While older adult participants held two controllers in two
hands, they preferred using their dominant hand only to
perform selection tasks. In contrast to Lou's ndings, which
suggest that participants tend to select targets using the same side
of the hand (i.e., selecting left targets using the left hand and right
targets using the right hand)3€, our study discovered that older
participants faced di culties when using controllers with their
non-dominant hand. Speci cally, these participants attempted to
press undesired multiple times on buttons while trying to select
targets using the left controller, and they preferred to use the right
controller to select objects even around the left part of their bodies,
indicating a challenge in mastering the use of non-dominant hand
controllers for target selection tasks.

The error deviation and comfort level positively correlated
along vertical position in the farthest distance condition.  This
nding suggests that comfort level has a signi cant impact on the
accuracy of target selection. In line with participants' feedback,
the lower position imposes extra physical movements, resulting
in a lower comfort rating. However, we did not observe a strong
correlation between the error deviation and comfort rating for the
closer distances. This lack of correlation may be attributed to factors
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participants. However, two younger participants with longer arm
spans 1852<) who commented thatl felt uncomfortable to reach
the targets in the closest distance, cause | need to twist my arm uncom-
fortably (Y5, 24, M). These phenomenons suggest a clear distinction
between age groups in terms of distance-related performance in
target selection tasks.

Both older and younger participants were frustrated about
acquiring targets closely around their bodies. During this stage
of experiments, both statistical results and qualitative feedback in-
dicated that it was di cult and frustrating for older and younger
participants to select targets around their bodies. Despite control-
ling the experimental environment, participants still encountered
unavoidable obstacles caused by the chair in which they were seated
and their bodies, particularly for targets situated at lower positions,
which they report Sometimes | felt something blocking my hand
when | was reaching the target, such as the chair or my body, but | can
not realize it since | completely immerse in the virtual environment
(Y10, 23, Frarticipants expressed frustration about not noticing
these physical obstacles in the real world until making contact with
them, as they were not displayed in virtual environments. Conse-
quently, participants had to adjust their body movements to acquire
the targets, such as moving their thighs or bending down to avoid
touching the chair when the targets appeared near or under it.

besides the aforementioned ones, such as the obstructions caused Older participants took more time to complete the tar-

by the participants' bodies and the chairs they were seated in.

3.7.2 Performance Comparison with Younger Adult.
We derived the following four insights while comparing the perfor-
mance of older adult participants with younger adult participants.

Older participants tended to feel more physical strain
caused on the neck. Our study identi ed that the most frequently
reported feedback from older adults was neck fatigue, which younger
participants rarely mentioned. Based on their qualitative feedback,
older adults perceived excessive physical e orts on their necks
while searching for targets, particularly those outside their eld of
view. This issue may be attributed to age-related health degradation,
which results in decreased neck exibility4g. Consequently, our
observations revealed that two participants experienced di culty
locating out-of-view targets, although they had been informed of
the spatial layouts of targets, further highlighting the impact of
age-related changes on spatial searching performance.

Older participants were more susceptible to distance. We
further observed that the performance of older participants was
more easily a ected by distance changes compared to younger par-
ticipants. The time cost and error deviation notably increased with
distance for older participants, particularly in th@75< distance
condition. This susceptibility might be attributed to the physical
degradation of older adults, which limits their exibility while mov-
ing their upper body [7, 29. Speci cally, we noticed a phenomenon
of "unable to reach" among a few older participants, which was
restricted by their body condition and concerns, although they re-
ported healthy states during experiments. Two participants tried to
point to the targets instead of adjusting their posture (e.g., leaning)
to really reach them. One of them commented thhtelt unsafe to

get acquisition tasks. In accordance with Fitt's law, we observed
that selection time increased with enlarged distance and decreased
target size for both younger and older participant], 57]. Further-
more, we noted that older participants were more susceptible to
all IVs and took signi cantly more time than younger participants,
consistent with the ndings of Sultana and Mo att's work42 59.
Two distinct rationales can be consolidated to elucidate this par-
ticular observation. First, age-related changes may require extra
physical e ort for older participants when selecting targets that
are farther, smaller, and non-egocentric. Second, older participants'
tendency to linger around targets before con rming their selection
may have led to signi cantly longer time for location perceptions.

4 USER STUDY 2: OBJECT MANIPULATION

The objective of this study was to examine The performance and
di erence of single-handed and bi-manual object manipulation
with older and younger adults under di erent spatial factors (i.e.,
position, interaction surface).

4.1 Participants

We recruited 16 older (9 female and 7 male, aged 60 85, 4 of them
had taken part in the rst part of the study, and 2 of them had quit
during the study and were removed for further analysis) and 14
younger adults (6 female and 8 male, aged 20 30, 6 of them had
taken partin the rst part of the study), all of whom self-reported as
right-handed, with no motor impairments, and as having normal or
corrected-to-normal vision. Participants self-reported their famil-

do so due to spinal injuries ten years ago, though | have fully recoviarity levels with VR, and all of them had no or limited knowledge

ered from it (O8, 85, M). This issue did not occur among younger

of VR (older adult mean = 1, younger adult mean = 3, on a 5-point
Likert scale).
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Figure 6: Overview of study 2: (a) Experiment settings. The cube indicated the position that the objects generated (i.e., top,
left, central, right, bottom) at the distance of 0"4% from participants. (b) Rotation task. The green semi-transparent shape
represents the target rotation angle. The four sub-graphs represent the completion state, the rotation around the horizontal
surface, the vertical surface and the depth surface respectively. (c) Scaling task. The green semi-transparent shape represents
the target scale size. The four sub-graphs represent the completion states: the scaling at the horizontal surface, the scaling at
the vertical surface, and the scaling at the depth surface respectively.

4.2 Experiment Overview rotation and size, with a semi-transparent shadow indicating the
We utilized equipment and apparatus identical to those in Study Manipulation targets. _ N

1. We employed two types of within-subject object manipulation Upon self-perceived task por_nplenon, participants could forward
tasks in this study, including object rotation and scaling. For the {0 the subsequent task by clicking the "re-home" cube. Task perfor-
rotation task, we incorporated three varying factors: mance, manipulation strategy, and participants' subjective feedback

. . . were documented:
Interaction Surface (horizontal, vertical, and depth surface)

The surface on which the manipulation happened, as shown
in gure 6(a).

Position (left, right, central, top, bottorfhe positionwhere
the object is located. The central was located at the front of
the participants, and all the othegpositionhave a 30 spatial
deviation from the central point.

Inclination (30, 60 , 90): Theinclination angle that the

Spatial Deviation (i.e., Erroffhe angular deviation for the
rotation task between the last adjustment and the intended
object rotation. The size deviation for scaling tasks between
the last adjustment and the intended object size.
Completion TimeThe time from the start of the trials till the
time that participants lastly adjust the object.

Attempt The number of times that participants have adjusted

object deviated from its target rotation. the_ object. .
_ _ _ . Adjustments per AttempiThe amount of transformation
Tr_lals for the scaling task consisted of two repetitions and three adjustments for each attempt.

varying factors: Subjective RatingVe measured the workload of the task us-
Interaction Surface (horizontal, vertical and depth surface) ing the NASA-TLX questionnaire and an additional question
Follow the same designs as the rotation task. that assessed the comfort level of each position on a 7-point
Position (left, right, central, top, bottorRpllow the same Likert scale.
designs as the rotation task. The manipulation operations required by all the trials were set

Scale Size '5, 0%5): The relative object size that the par-  to one degree of freedom (DOF) to minimize the e ect of additional
ticipants were asked to adjust towards. The designed target complexity and spatial ability of individuals [17].

size of the object was its original sizel’5or 05 as shown

in gure 6. 4.3 Procedure

Based on the result from study 1, the deviation angleését both Each participant completed 150 trials of object manipulation, con-
horizontally and vertically incurs signi cantly lower accuracy and  sisting of 90 target rotation tasks and 60 target scaling tasks. At
reduced comfort level. Hence, we chose 8@ as the maximum the beginning of the study, participants were briefed on its objec-
deviation angle. The target distance from participants was set at tives and given time to become familiar with immersive environ-
0"45< . To maintain distance consistency in each varied position ments. Prior to the start of the experiment, participants received
of the object, similar re nements that have been applied to Study instructions and were a orded ample time to practice each interac-
1 were utilized, corresponding to the designated Cartesian Coor- tion technique. A calibration process similar to Study 1 was also
dinates. The object was inclined or scaled towards the designed introduced. Upon the end of each session, participants received
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su cient break time and completed a post-test questionnaire. Semi-
structured interviews were conducted following the completion of
all trials to gain deeper insights into their experiences. The entire
study required approximately 90 minutes for older participants and
50 minutes for younger participants to nish.

4.4 Data Analysis

Intotal, 4,200 data points were collected (28 participanfsposition

3 interaction surface 3 rotation inclination 2 repetition, 28
participant 5 position 3 interaction surface 2 scale size 2
repetition) from the experiments. We rst removed 157 trials (138
trials from the rotation tasks and 19 trials from the scaling tasks)
of outliers, in which the completion time was above three standard
deviations from the mean in each condition. Upon eliminating
the outliers, we perform a normality test and repeated-measures
ANOVA as Study 1. The analytic emphasis is placed on the main
e ects and two-way interaction e ects associated with target layout,
interaction surface, and age di erence.

45 Results

In the following section, we demonstrated the di erence in perfor-
mance between older and younger participants for the rotation and
scaling tasks and how di erent factors a ect their performance.
We incorporated qualitative feedback from participants with the
statistical results.

4.5.1 Performance Measures - Rotation.

Angular O set. For older participants, RM-ANOVA results showed
that the Rotate Surfadeas a signi cant e ect on theAngular O set
for the rotation task ( 21067= 3122+ ? Y "00J), with the vertical
surface having signi cant lower accuracy than the other two sur-
faces. Besides, an e ect of tHositionon Angular O sethas been
identi ed ( 41067= 611* ? Y "001), with the right and top having a
signi cantly lower accuracy than the others as gure 7 shows. Simi-
larly, for younger participants, RM-ANOVA results showed that the
Rotate Surfadeas a signi cant e ect on theAngular O setfor the
rotation task ( 21198= 2144+ ? Y "001), and an e ect of thePosition
onAngular O sethas also been identi ed (1198= 1704+ ? Y "001).
Completion Time. For older participants, RM-ANOVA results
showed that theRotate Surfacef the target has a signi cant e ect
on the Completion Timéor the rotation task (21067= 158 ? Y
"00J), with the horizontal surface costing signi cantly less time than
the other two surfaces. Also, an e ect d?ositionon Completion
Timehas also been identi ed @1067= 52¢? Y "00J), in which
the target locating at central costs less time. Similarly, for younger
participants, RM-ANOVA results showed that thRotate Surface
has a signi cant e ect on theAngular O setfor the rotation task

( 21198= 5772 Y "009), and an e ect of thePositionon Angular

O set has also been identi ed (1198= 117+ ? Y "007).

4.5.2 Strategy Measures - Rotation.

A empt No. For older participants, RM-ANOVA results showed
that Rotate Surfadeave e ect on theAttempt Timedor the rotation
task ( 21067= 412+ ? Y "01). For younger participants, RM-ANOVA
results showed that th®otate Surfadeave signi cant e ect on the
Angular O setfor the rotation task ( 21198= 654 ? Y "001), and
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an e ect of the Positioron Angular O sethas also been identi ed

( 41198= 56 ? Y 009, as shown in gure 8.

Adjustment Amount per A empt.  For older participants, RM-
ANOVA results showed that th@ositiorof target has a signi cant

e ect on the Adjustment Amount per Attemor the rotation task

( 41067= 139 ? Y "00)). Besides, a signi cant e ect oRotation
Surfacehas been identi ed (21067 = 1753 ? Y "001), with the
horizontal surface exhibiting the highest amount of adjustment per
attempt. For younger participants, a e ect &otation Surfackas
been identi ed ( 21198= 2462+ ? Y "001).

4.5.3 Subjective Measures - Rotation.

Comfort Level. RM-ANOVA results showed that thBositionof
target has a signi cant e ect on theComfort Levefor the rota-
tion task ( 4182 = 1005 ? Y ’'01), four older and two younger
participants remarked that rotating targets on top was demand-
ing, where they needed to keep their arms lifting when rotating it.
Also, a signi cant e ect of Interaction Surfacdsas been identi ed

( 2182= 12527 '01).

4.5.4 Performance Measures - Scale.

Scale O set. For older participants, RM-ANOVA results showed
that the Positiondiave an e ect on theScale O sefor the scaling
task ( 4785 = 47+ ? Y "007). Besides, a signi cant e ect oScale
Surfaceon Scale O sehas been identi ed (2:786= 477+ ? = "009,
with the vertical surface showing a lower o set compare to the
other two surfaces, as shown in gure 7. Similarly, for younger
participants, RM-ANOVA results showed that tigrale Surfadeve
signi cant e ect on the Scale O sefor the rotation task ( 2:792=
2872 ?Y "00]), and an e ect of thePositioron Scale O sehas also
been identi ed ( 4792=2"8?="03.

Completion Time. RM-ANOVA results showed that thecaling
surfaceof the target has a signi cant e ect on thé&cale O sefor the
scaling task (2786= 188 ? Y "009). For younger participants, RM-
ANOVA results showed that th&cale Surfadeas a signi cant e ect
on the Scale O sefor the rotation task (2792 = 216 ? Y "007),
and an e ect of thePositioron Scale O sehas also been identi ed

( 4792=2%7?="04.

455 Strategy Measures - Scale.

A empt no. RM-ANOVA results showed th8cale Surfacésve a
signi cant e ect on the Attempt Timedor the scaling task (2785=
27?Y '009), as shown in gure 8. Eight older participants and three
younger participants reported it was di cult to see hand movement
on the depth surface. Indeed, we found that older participants tend
to make more intermittent and discontinuous movements from the
original moving track on the depth surface than on the other two
surfaces, resulting in more attempts on this surface.

Adjustment Amount per Aempt.  RM-ANOVA results showed
that the Scaling Surfacleave a signi cant e ect on theAdjustment
Amount per Attempfor the scaling task (2785= 115% ? Y "001).
Also, an e ect of Positioron Adjustment Amount per Attemgiave
been identi ed ( 4785= 56 ? Y "00)). For younger participants, a
signi cant e ect of Scale Surfaan Adjustment Amount per Attempt
has been found (792= 26 ? Y "009).
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Figure 7: The summary of performance for each independent variable for older and younger participants. a) Rotation task
on interaction surfaces: (left) The manipulation time for the rotation task on each surface, and (right) the angular o set (i.e.,
error) for the rotation task on each surface. b) Rotation task on Spatial Positions: (left) the manipulation time for rotation task
on each position, and (right) the angular o set for rotation task on each position. ¢) Scaling task on interaction surfaces: (left)
the manipulation time for the scaling task on each surface, and (right) the Scale O set (i.e., error) for the scaling task on each
surface. d) Scaling task on Spatial Positions: the scale o set for the scaling task on each position. Error bars show standard
errors.

4.5.6 Subjective Measures - Scale. Similar to the rotation task, participants expressed weariness from
Comfort Level. RM-ANOVA results showed that th@osition managing the target at the top.

of the targethas a signi cant e ect on theComfort Levefor the

scaling task (s182= 602 ? Y "01). In addition, a signi cant e ect

of Scaling Surfachas been identi ed (2182 = 17772 Y "01).
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