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limiting access to the potential health benefits of playing these games. In our work, we address this issue
through the design of wheelchair-accessible motion-based game controls. We present KINECTWheels 4 toolkit
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nondisabled players. Evaluation results show that KINECTWheels ¢an be applied to make motion-based games
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1. INTRODUCTION

People using wheelchairs have access to fewer sports and other physically stimulating
leisure activities than nondisabled persons [Rimmer et al. 2004], with recent reports
indicating that more than half of adults using wheelchairs in the United States do not
engage in any physical activity [U.S. Department of Health and Human Services 2010].
Sedentary lifestyles and a lack of physical exercise have negative health implications
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[Tremblay et al. 2010]; in this context, motion-based video games are a promising design
opportunity to combat sedentary lifestyles [Mandryk et al. 2014]. Research results show
that such games provide cognitive and physical stimulation [Gao and Mandryk 2011],
that they can be designed to be beneficial for diverse audiences, such as older adults
[Aarhus et al. 2011], and that they have positive effects on the emotional well-being
[Jung et al. 2009] of players. However, results also show that the accessibility of motion-
based games for persons using wheelchairs is limited (due to limitations of tracking
algorithms and few upper body gestures used as input), and while recent efforts have
been made to make camera-based systems more accessible by including the option
to track seated players, this still limits the number of input options available, and
reduces the view of the player on the upper half of their body rather than recognizing
the full person. Therefore, additional considerations are necessary to allow persons
using wheelchairs to fully participate in motion-based games and to enable them to
obtain their full benefits [Gao and Mandryk 2011].

To explore the use of wheelchair-based input in motion-based games, we implemented
the KINECTWheels toolkit [Gerling et al. 2013], which allows us to track wheelchair
movements using the Microsoft Kinect sensor. Using KINECTWheels e then evaluated
the general feasibility of wheelchair-based game input in a controlled study. Building
on the results of this initial study, we created two wheelchair-based games with the
goal of exploring the accessibility of wheelchair-based game controls among different
groups of participants. The first game, Cupcake Heaven, is a motion-based video game
designed for older adults that integrates basic wheelchair movements (moving back
and forth); we evaluated the game in a user study with eight older adults regularly
using wheelchairs. The second game, Wheelchair Revolution, is a motion-based video
game that implements more advanced wheelchair-based input and enables competi-
tion between persons using wheelchairs and nondisabled persons. We evaluated the
accessibility and player experience in the context of competition with eight younger
adults. On a general level, our results show that wheelchair-based games are acces-
sible and enjoyable for broad audiences, and that persons using wheelchairs report
a positive player experience when competing with nondisabled peers, suggesting that
games are a suitable means of providing physical activity to persons using wheelchairs.
This article makes three contributions: (1) we show that wheelchair movements can be
recognized and interpreted as input to a game using the KINECTWheels toolkit; (2) we
demonstrate that wheelchair-based interaction is suitable for older and younger adults,
and that motion-based games can be designed in a way that makes wheelchair input
both accessible and enjoyable; and (3) we highlight design opportunities for wheelchair-
based games for applications beyond entertainment, and to foster inclusion of persons
using wheelchairs by connecting them with nondisabled peers through play.

Providing stimulation through enjoyable leisure activities is an important step in im-
proving the cognitive, physical, and emotional well-being of persons using wheelchairs.
Our research can inform the work of game designers and encourage the creation of
motion-based video games that address the specific needs of persons using wheelchairs.
On a general level, applying assistive devices as an enabling technology for game play
offers the opportunity of encouraging players to develop a positive relationship with
their assistive device, focusing on its advantages rather than limitations, and it can be
leveraged to foster disability awareness and contribute to the inclusion of people using
wheelchairs.

This publication is an extended version of a conference paper that was presented at
the 15th ACM SIGACCESS International Conference on Computers and Accessibility
(ASSETS’13) [Gerling et al. 2013], and builds on data previously published in the
Proceedings of the 2014 CHI Conference on Human Factors in Computing Systems
[Gerling et al. 2014].
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2. RELATED WORK

In this section, we provide an overview of previous approaches toward integrating
wheelchairs in Human-Computer Interaction (HCI), and we present considerations
regarding game accessibility for persons with mobility disabilities, and summarize
findings that hold implications for wheelchair-based game design.

2.1. HCI Research Involving Wheelchairs

HCI has explored the use of wheelchairs from different angles. The following section
gives an overview of wheelchair interaction, and wheelchair-based game controls.

Wheelchair-Based Interaction. Work in the field of wheelchair-based interaction has
a strong focus on accessibility; prior research has primarily focused on how people
interact with their electric wheelchairs. Felzer and Freisleben [2002] present HaWCoS,
a system that proposes including information on muscle contractions rather than hand-
based input to navigate the environment using a wheelchair. Likewise, Hinkel [2010]
suggests the integration of head movements to control electronic wheelchairs to allow
for hands-free interaction with other devices. In contrast to these approaches that aim
to make the wheelchair itself more accessible, another line of work focuses on applying
the wheelchair as an input device to increase the accessibility of other systems, such
as computers. Wobbrock et al. [2004] investigate how joysticks of electric wheelchairs
can be applied as text entry solutions to facilitate the interaction process by allowing
persons using wheelchairs to apply their wheelchair as the input device, rather than
using additional technology.

Wheelchair-Based Game Interaction. Research has also explored the integration of
electric wheelchairs as a computer game input device. Rossol et al. [2011] propose a
framework that implements electric wheelchairs as a game input device; based on this,
they design virtual training scenarios to support rehabilitation and wheelchair training
by encouraging people to become more familiar with their assistive device. Hasdai et al.
[1998] evaluated this type of virtual environment using electric wheelchairs as the
input device, and showed that wheelchair-based game input can improve participants’
driving skills. They concluded that wheelchair-based game input can be valuable for
supporting wheelchair navigation skills.

In contrast to these approaches that focus on the integration of electric wheelchairs
into video games, the GAMEWheels [O’Connor et al. 2000] system allows for the use of
manual wheelchairs as an input device. The authors designed a custom metal structure
that wheelchairs can be mounted on to track basic wheelchair movements. An evalua-
tion of their system [O’Connor et al. 2000] showed that the system produced significant
levels of energy expenditure, creating opportunities for physical activity. Likewise, the
project AstroWheelie [Cuzzort and Starner 2008] explores whether wheelchair move-
ments can be tracked by attaching Nintendo Wii Remotes to the wheelchair. However,
the two major limitations of these approaches are that they either require custom-
designed hardware that is not available to the general public, or that sensors need to
be attached to the wheelchair, a process that not all people using wheelchairs might be
comfortable with; in addition, some people using wheelchairs might require additional
assistance to attach the sensors to their chair. In our work, we address these issues by
recognizing wheelchair input with the Microsoft Kinect sensor—a commercially avail-
able, low-cost camera-based tracking system that has been shown to be a suitable input
device for motion-based video games.

In addition to supporting wheelchair-based input, our system supports body-based
gestures to broaden the range of player input available to this particular audience.
Research addressing full-body motion-based game controls for persons with mobility
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Table I. Overview of Wheelchair-Based and
Body-Based Input Supported by KINECTWheels
Gesture 4—Body Input (Lift legs) was included
because many older adults in nursing homes use
wheelchairs despite maintaining basic ability to

stand and walk short distances.

Wheelchair Input Body Input

Gesture 1 Move forward Clap hands
Gesture 2 Move backward Raise left arm
Gesture 3 Turn left Raise right arm
Gesture 4 Turn right Lift legs

disabilities has the challenge of how to allow for wheelchair-accessible interaction
while still providing sufficient levels of physical activity, and enabling persons using
wheelchairs to gain access to the same games in which nondisabled persons engage. In
this context, researchers need to overcome current limitations of motion-based games
by providing additional input gestures to allow players using wheelchairs to fully
experience motion-based gaming and receive the exertion-related benefits of motion-
based play. Our work aims to address these limitations by combining wheelchair input
with upper body gestural game interaction. Using the KINECTWheels toolkit [Gerling
et al. 2013], we develop and evaluate Cupcake Heaven—a wheelchair-based video game
that features wheelchair-based and gestural game input. Building on these results,
we extend our work in the design of the wheelchair-accessible motion-based game
Wheelchair Revolution to address the question of whether motion-based games are
a suitable means of connecting persons with mobility disabilities and nondisabled
persons through play.

3. STUDY 1: DEVELOPING CAMERA-BASED WHEELCHAIR INTERACTION

KINECTWheels [Gerling et al. 2013] is a toolkit that facilitates the integration of
wheelchair input at the development stage using the Microsoft Kinect sensor. In
study 1, we evaluate the feasibility of wheelchair input using our system, and use the
results to inform the design of wheelchair-based game controls for motion-based games.

3.1. The KINECTWheels System

The KINECTWheels system is a software library written in C# based on the Microsoft
Kinect SDK that allows developers to easily and quickly add interactivity to their
programs. KINECTWbeels provides the data from the official Microsoft Kinect SDK, as
well as extra gestures that help take advantage of the movements that a wheelchair can
make. Data available from the Kinect SDK are all the joint positions of the skeleton and
raw image data (color and depth). The new gestures the KINECTWVheels gystem provides
include the direction the wheelchair is pointing, and a gesture for quick movements to
the left and right sides as well as the front and the back (Table I). As shown in Table I,
KINECTWheels 3150 detects traditional full-body motion-based gestures based on joint
locations, including clapping hands, raising the left and right arms, and lifting the
legs. Once a gesture is recognized, the toolkit allows for a variety of actions, including
sending keystrokes that represent the gestures to the operating system so that third-
party programs (including those implemented in Flash, OpenGL, and XNA) can be
controlled using KINECT Wheels

3.2. System Evaluation

To determine whether the KINECTWheels gestures and their recognition rates are ap-
propriate for game input, we integrated the gesture set into an analysis tool. We were
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interested in both the general suitability of the approach, and potential differences
between body-based and wheelchair-based game input.

Gesture Analysis Tool. We created a gesture analysis tool based on KINECTWheels jp
order to determine whether wheelchair-based input can be applied in an efficient and
enjoyable way. Based on prior work on full-body motion-based game interaction for older
adults [Gerling et al. 2012], we prompted users to complete wheelchair- and body-based
movements (Table I). Instructions were provided through images and descriptions.
During the interaction process, performance metrics were recorded. Metrics include
gesture type, gesture sequences, completion times, and gesture recognition rates. The
analysis tool was implemented in C#, using the Microsoft Kinect SDK 1.5 and Game
Studio 4.0.

Participants and Procedure. Although our goal is to design for people who use
wheelchairs on a regular basis (e.g., older adults and people with motor disabilities),
we used younger nondisabled participants in this initial study. Our primary interest
was in the feasibility of the system (i.e., tracking and recognition accuracy); we did not
want to put older adults or people with motor disabilities at risk of injury using a sys-
tem that had not been evaluated regarding safety concerns and physical demand (e.g.,
whether users could navigate the wheelchair in the small area visible by the Kinect
sensor). Because the metrics of interest in this study are the relative completion time
and recognition rate of different gestures, we felt confident that a preliminary investi-
gation with younger nondisabled people would help to guide an informed design that
could then be evaluated with special populations. Twelve participants (six female) with
an average age of 25.67 years (SD = 4.01) took part in the evaluation. All participants
were right-handed and reported no motor impairments that could have influenced their
ability to navigate a wheelchair. None of the participants had prior experience using
a manual wheelchair, but all of them had played motion-based video games, seven
having previously used the Kinect sensor. At the beginning of the study, participants
filled out a consent form and were asked to provide demographic information. Once
participants felt confident using the wheelchair, they were given an overview of the
recognition tool. Then, participants were asked to complete two sets of body-based and
wheelchair-based input to familiarize themselves with the system. Next, participants
were asked to complete two different gesture sets consisting of different combinations
of wheelchair-based and body-based input. Finally, participants were asked to complete
the NASA-TLX [Vidulich and Tsang 1986] and the ISO 9241-9 questionnaire on device
comfort [Douglas et al. 1999] to investigate the cognitive and physical challenges when
using a wheelchair as an input device as well as the differences between wheelchair-
based and body-based input. The NASA Task Load Index (TLX) includes seven items
that are ranked on a sliding scale from 0 to 20, and focuses on the cognitive, physi-
cal, and temporal demand experienced by participants. The ISO 9241-9 questionnaire
comprises nine items that are ranked on a 5-point Likert scale, investigating aspects
such as the physical effort required to apply an interface. The evaluation ended with
open questions on participants’ perception of wheelchair-based interaction.

Results—Performance. We tracked performance metrics to evaluate the recognition
rates and timing of wheelchair- and body-based gestures. Because the first round was
treated as a tutorial to teach participants how to interact with KINECTWheels only the
last two datasets for each participant (a combination of wheelchair- and body-based
input) are included in the analysis. We present descriptive statistics in this section and
only perform statistical tests when warranted.

Participants performed a total of 576 gestures; 495 gestures were recognized cor-
rectly by the system. Hence, the overall recognition rate was 85.9%, with rates being
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Table Il. Tracking Results (Number of Tracked, Missed,
Percentage) per Gesture (72 Repetitions per Gesture)

Gesture Tracked Missed %
Clap hands 53 19 73.6
Raise left arm 70 2 97.2
Raise right arm 68 4 94.4
Lift legs 35 37 48.6
Move forward 72 0 100
Move backward 72 0 100
Turn left 63 9 87.5
Turn right 62 10 86.1
Clap hands
Raise arm
Lift legs
Move forward | | |
Move backward —
| I | |
Turn left —
. | I | | | |
Turn right : | 1 1 ] =
0 500 1000 1500 2000 2500 3000 3500 4000

Fig. 1. Average completion time per gesture in milliseconds (CI = 95%) for body-based gestures (dark-gray
bars) and wheelchair-based gestures (light-gray bars).

lower for body-based gestures (78.5%) than for wheelchair-based gestures (93.4%) (see
Table II). Recognition rates for the clapping gesture and leg lift were low due to the tech-
nical difficulties of trying to recognize user input in front of participants’ bodies; results
for all other gestures consistently exceeded an accuracy of 85%. Completing a gesture
generally took 2-3s, with body-based gestures taking 2,471ms, and wheelchair-based
gestures requiring 2,581 ms (see Figure 1).

To investigate whether gesture completion time was influenced by the preceding
gesture, we performed a repeated-measures ANOVA and found no difference in gesture
completion times (body versus wheelchair) when following a wheelchair-based gesture
(p = 0.081), but that body-based gestures following a body-based gesture are faster
(p = 0.000) than wheelchair-based gestures that follow a body-based gesture (¥ 11 =
18.9, p = 0.001, n2 = 0.632).

Results—Questionnaires. The results of the NASA-TLX and IS0O-9241-9 question-
naires provide further insights into the perceived cognitive load and device comfort. We
included a postintervention questionnaire to investigate whether participants enjoyed
wheelchair interaction. Comparisons between wheelchair- and body-based gestures
were made using paired-samples t-tests.

Descriptive results for all questionnaires are provided in Table III. The composite
score [Hart 2006] of the NASA-TLX showed that the cognitive load was significantly
higher for wheelchair-based movements than for body-based input (¢;; = 2.61, p =
0.024). In addition, we considered the subscale for physical demand, which showed
that participants perceived wheelchair-based gestures as more demanding than body-
based input (¢1;1 = 2.43, p = 0.034), which is supported by the results of the ISO-9241-9
questionnaire (¢1; = 3.46, p = 0.005), particularly when participants were asked about
fatigue (¢1; = 2.69, p = 0.021). However, we did not find significant differences for
general comfort (117 = —0.23, p = 0.082) and ease of use (¢1; = —0.69, p = 0.504).
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Table Ill. Mean (SD) Results for the TLX (20-point scale,
composite score 0—120), ISO (5-point scale, composite score 0—45),
and Postgame (5-point scale, 5 = strongly agree) Questionnaires

Ttem Wheelchair Body
NASA-TLX  Composite score 51.17 (21.35) 28.67 (15.35)
Physical demand 8.67 (4.54) 4.50 (3.75)
1S0-9241-9  Composite score 30.08 (3.58) 25.42 (3.53)
General comfort 3.75 (0.97) 3.83(1.12)

Ease of use 4.00 (0.74) 4.17 (0.72)
Fatigue 8.17 (3.27) 5.50 (1.17)
Postgame Fun 4.17 (0.94) 3.50 (0.91)

This suggests that participants consider wheelchair-based gestures more physically
challenging, but are still satisfied with overall comfort. This is backed by results re-
garding fun that show no difference between wheelchair- and body-based input (¢1; =
1.77, p = 0.104).

When asked about general problems, participants reported that raising their legs
while sitting in the wheelchair was challenging: “Lifting the legs during the body
based input was physically demanding, especially while sitting in the wheel chair and
trying to establish a good seating position to do the movement.” Participants sometimes
found it difficult to return to a neutral position after gesture completion: “A large part
of the stress of performing the task was trying to get back to the same position before
starting the next movement,” which corresponds to experimenter observations that were
made during the evaluation. In general, comments showed that participants perceived
body-based input as more intuitive, but considered wheelchair-based input to be more
enjoyable: “Body based input seems to be more natural, and easier to control.”—“The
wheelchair based input was more fun and engaging than the body based input.”

Findings. In this section, we interpret our results, which can inform the design of
wheelchair-based game controls. Our results for the KINECTWheels tracking accuracy
show a trade-off between achieving high tracking rates and offering a broad gesture
set; both of which can affect player experience. If tracking rates are too low, players
may experience frustration, whereas a small gesture set may cause boredom. Our
results suggest that body-based input was more problematic than wheelchair-based
input, with recognition rates being particularly poor for gestures that were performed
in front of the player’s body. However, recognition rates for other types of input were
acceptable, and the negative effects of lower tracking rates on player experience can be
minimized by appropriate design decisions, for example, by applying well-recognized
gestures to frequent or crucial game events. Average completion times of around 2.5s
per gesture show that participants were able to interact with the system, and that
input was fast enough for use in an interactive system. However, designers need to
consider time differences between gestures (e.g., moving the wheelchair back and forth
is faster than turning it to the sides) and individual players. Our results show that the
previous gesture type (wheelchair or body) affects gesture completion time; participants
generally required more time when following up on wheelchair-based input as this
required them to readjust their hands or deal with movement momentum that had built
up. This dependence should be considered when designing input sequences: designers
can either combine gestures in a way that increases challenge, or allow users to refocus
by introducing sequences of easily combined gestures. Finally, games should consider
how to support players when returning to a neutral position after gesture completion.
This could be achieved through the inclusion of on-screen menus (i.e., a two-dimensional
(2D) minimap indicating the user’s location relative to the camera) to help users remain
within a certain range of the sensor.
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When interpreting our results, it is important to consider how they would extend to
usage by different audiences, for example, younger adults with mobility disabilities,
or older adults with age-related mobility impairments. In particular, we expect that
some players would require more time to complete gestures than nondisabled younger
adults, and that tracking accuracies might be lower given the smaller range of motion
of some players, e.g., older adults [Gerling et al. 2012].

4. STUDY 2: WHEELCHAIR-BASED GAME CONTROLS FOR OLDER ADULTS

To follow up on the results of our first study, which showed that wheelchair-based
interaction is generally safe to use and suited for interactive systems, we apply the
results of study 1 in the context of game design for older adults to inform the design
of the wheelchair-based game Cupcake Heaven. Using the game, we conduct a second
study to validate the feasibility of wheelchair-based input in the context of interac-
tion design for older adults, and explore how the gesture set can be integrated into
wheelchair-based video games that are accessible and enjoyable for older adults.

4.1. Wheelchair Input for Older Adults

Motion-based game interaction for older adults has unique challenges because of the
special characteristics of the target audience that extend beyond mobility disabilities;
this section summarizes age-related changes and impairments, as well as motion-based
game design for older adults to inform the design of wheelchair-based games.

Age-Related Changes and Impairments. Age-related changes such as decreases in
sensory acuity (particularly vision and hearing), and changes in memory and atten-
tion, affect the ability of older adults to interact with computers and video games [Czaja
and Lee 2006]. Age also leads to a reduction of muscle mass, which causes decrements
in strength and stamina, resulting in a lack of movement control and higher reac-
tion and movement times [Ketcham and Stelmach 2001]. Furthermore, older adults
are likely to be affected by age-related diseases (e.g., arthritis or orthopedic impair-
ments [Czaja and Lee 2006]), which affect their physical abilities and their capacity
to use standard interfaces. Particularly when designing wheelchair-based controls, it
is important to understand the impact that age-related decrements may have on older
adults’ abilities of navigating manual wheelchairs. It is not only important to ensure
the general accessibility of interfaces by accommodating a variety of abilities and ac-
counting for age-related changes that influence interaction, but it is also important to
ensure that interaction paradigms are safe and do not put older adults at risk of injury
from excessive strain.

Motion-Based Game Controls for Older Adults. A growing number of projects focus on
the development of accessible motion-based applications for older adults with the goal
of providing physical and mental stimulation, e.g., for people living in nursing homes.
Full-body motion-based games usually require players to be able to stand without
assistance and move around in the room freely. Examples include the virtual dancing
environment DanceAlong by Keyani et al. [2005], and motion-based minigames by Rice
et al. [2011]. DanceAlong strongly focuses on foot-based input; the minigames proposed
by Rice et al. primarily require upper limb interaction. Gerling et al. [2012] present
an initial design of a motion-based game that is accessible to older adults who use
assistive devices. Older adults are invited to play a gesture-based gardening game that
is accessible to people playing either while standing or sitting in a chair.

Based on these results as well as an analysis of the aforementioned age-related
changes and design recommendations for full-body motion-based game interaction for
older adults [Gerling et al. 2012], we identified issues relevant to wheelchair-based
interaction for older adults.
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Easy gesture recall should be supported by full-body input through the implementa-
tion of natural gesture mappings, for example, by building on movements that players
can relate to real-world actions [Gerling et al. 2012]. In the context of wheelchair-
based interaction, integrating the wheelchair in a way that helps participants relate
wheelchair input to in-game actions could help facilitate gesture recall. An example of
an intuitive mapping is applying the wheelchair in a racing game, encouraging players
to move forward to speed up, move back to break, and turning the chair to the sides to
make turns in the game.

Adapting to player range of motion [Gerling et al. 2012] is important when designing
upper body gestures to go along with wheelchair-based input.

Furthermore, adapting to player strength is important, because the evaluation of
KINECTWheels showed that wheelchair input is perceived as more physically demand-
ing than body-based input, and older adults experiencing age-related changes may ex-
perience difficulties when repeatedly using their upper body to navigate the wheelchair.

Exertion management [Gerling et al. 2012] is another aspect that needs to be con-
sidered when integrating wheelchairs into the interaction process. Designers need to
keep in mind that wheelchair movements require more effort, and are slower than
body-based input; an aspect that has to be considered in the pacing of the game, and
when determining the frequency at which certain types of input are required.

Age-inclusive design [Gerling et al. 2012] is necessary to embrace special character-
istics of the target audience. Regarding wheelchair-based game interaction for older
adults, it is important to keep in mind that many older adults are novice wheelchair
users who have limited experience with their assistive device. Designers should ac-
count for this aspect by carefully designing wheelchair-based interaction into their
games, slowly increasing the difficulty and frequency of input in order to allow players
to become more familiar with their assistive device.

In the following section, we will highlight how Cupcake Heaven builds on these
design considerations as well as the results of study 1 to provide accessible and safe
interaction for institutionalized older adults.

4.2. The Cupcake Heaven Video Game

To investigate the feasibility of wheelchair-based game input for older adults, we cre-
ated Cupcake Heaven (Figure 2), a game in which players are invited to collect candy
and pass it on to a girl. To increase the challenge, players have to avoid collecting
vegetables, and the girl changes location, either being displayed on the right or left
side of the screen. The game implements body-based and wheelchair-based input; it
aims to encourage users to move around in their wheelchair. We implemented the
game in C# using the Microsoft Kinect SDK 1.5.1, Microsoft Game Studio 4.0, and the
KINECTWheels to0]kit.

Wheelchair-Based Game Input. Based on the results of study 1 and the design re-
quirements in Section 4.1, we identified a set of wheelchair-based and body-based
gestures that were well recognized by the system, and that we expected to be easy to
learn for older adults. There are two lanes in the game: one on the top of the screen and
one on the bottom. Candy and vegetables flow left to right through the top lane and the
bottom lane. In order to pick up candy from either of the two lanes, players are asked
to move the wheelchair forward and backward, which moves the virtual hand up and
down, respectively. Intersecting the hand with a food item automatically picks it up.
The game only allows for vertical movements to facilitate simple interaction; players
are not expected to adjust their horizontal position to pick up candy. To pass on candy
to the child, players have to lift their arm on the side at which the child is currently
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Fig. 2. Overview of Cupcake Heaven.

displayed; this will dispatch the item. If players wish to discard an item that they
collected, they have to clap their hands. We decided to implement this gesture using an
improved tracking algorithm, because results from Gerling et al. [2012] suggest that
clapping is particularly easy for older adults, and because there is little negative impact
in the game if the clapping gesture is not quickly recognized. In order to accommodate
the various abilities of older adults, the pacing of Cupcake Heaven can be adapted.
This includes changing the speed at which candy passes by to allow users to take more
time to make a selection, as well as longer availability of the child before she moves to
the other side.

4.3. Evaluation

In the evaluation, we applied Cupcake Heaven to examine the feasibility of wheelchair-
based game input for older adults.

Participants and Procedure. We carried out our study in collaboration with Brightwa-
ter Senior Living and Sherbrooke Community Centre in Saskatoon, SK, Canada. Ten
older adults participated in the evaluation. Data from two participants were removed
from the study (in one case, tracking difficulties were caused by a nonremovable tray
mounted on the wheelchair; another participant withdrew after the introduction). The
average age of the remaining participants was 75 years (SD = 5.53, three males). All
participants used manual wheelchairs, with three of them having used a wheelchair for
more than 10 years, four having used wheelchairs for 1 to 3 years, and one participant
having used a wheelchair for 2 months. Three participants had had a stroke that led to
hemiplegia, and one participant was diagnosed with cerebral palsy. Two participants
maintained basic ability to stand and walk, but use wheelchairs on a daily basis. Af-
ter giving consent, participants provided demographic information. Next, participants
were given time to familiarize themselves with the wheelchair and the environment,
and were introduced to Cupcake Heaven in a short tutorial. Then, participants were
asked to play the game for about 10min, each level of the game lasting 3min. Finally,
participants were asked to complete the NASA-TLX [Hart 2006] questionnaire and
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Table IV. Mean (SD) Results for the TLX (20-point
scale, composite score 0—120), ISO (5-point scale),
and Postgame (5-point scale, 5 = strongly agree)
Questionnaires

Ttem Mean (SD)

NASA-TLX  Composite score 47.38 (15.95)
Physical demand 9.38 (5.21)
IS0-9241-9  Composite score 13.50 (1.41)
General comfort 3.50 (1.07)

Ease of use 3.38 (0.92)
Fatigue 1.33 (0.47)
Postgame Fun 3.63 (1.41)

the portions of the ISO 9241-9 [Douglas et al. 1999] questionnaire on device comfort
that investigates physical fatigue to assess their experience using the wheelchair as a
game input device. In addition, participants were asked to rate their overall experience
with the game and answer interview questions on its content, input gestures, and the
overall play experience.

Results. Data was analyzed with a focus on the accessibility, usability, and player
experience of older adults engaging with the wheelchair-based video game Cupcake
Heaven. We organize the presentation of the results by our research questions.

Are wheelchair-based video games suitable for older adults? Our results show that
all participants were able to interact with Cupcake Heaven. During each 3min level,
players interacted with an average of 10.19 (SD = 2.77) game items (candy or vegeta-
bles), picking them up and either releasing them by lifting their arm, or discarding
them by clapping their hands. Out of these items, an average of 2.76 (SD = 1.12)
was fed successfully to the child. Other items were discarded, represented the wrong
kind of item (vegetable), or fed at a time when the child was not present. Participants
reached an average score of 475 (SD = 237.44). In terms of player experience, results
of the postgame questionnaire show that participants reported positive levels of fun
(Table IV). When asked about their detailed experience with the game and their opin-
ions on applying a wheelchair as an input device, participants pointed out that they
enjoyed playing games with their wheelchair: “It was fun. I like challenges.”—“I en-
Jjoyed using my motor skills.”—“It was mentally and physically stimulating.” Observa-
tions support the notion that participants enjoyed the game, with some players getting
excited about collecting candy or moving along with the background music.

Can wheelchair-based game controls provide cognitive and physical stimulation for
older adults? Findings from our study suggest that wheelchair-based game controls
challenge older adults physically and cognitively, but are manageable on an overall
level, suggesting that it is possible to strike a balance between challenging and thus
engaging players, and keeping players from experiencing undue stress and fatigue.

The results of the NASA-TLX questionnaire (Table IV) show that the cognitive load
of older adults interacting with Cupcake Heaven was at an average level, and that
it produced a medium level of physical demand. This is supported by results of the
ISO 9241-9 questionnaire (Table IV) that show that the system was rated as rela-
tively easy to use and comfortable. In contrast to the results of the NASA-TLX, items
of the ISO questionnaire investigating physical fatigue report low levels of physical
demand. These findings need to be interpreted along with observations that were
made during the study, which contradict subjective ratings for fatigue that were made
through the ISO questionnaire; many participants seemed to be challenged by the sys-
tem and became increasingly tired throughout the gaming session (heavier breathing,
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individual comments on physical exertion). This suggests that wheelchair-based video
games have the potential of providing much needed physical exertion for institutional-
ized older adults. Participants recognized this opportunity and highlighted the benefits
of physical activity made accessible through the game. One participant pointed out that
the game helped him see the wheelchair in a different light, commenting that the game
gave him “the idea that you can use the [wheel|chair for something other than sitting on
it.” Other participants explicitly commented on using video games to be physically ac-
tive: “It is good for me [to be active]; I did track and field when I was young, and I played
tennis and basketball.”—“If you played it for half an hour, you'd get some exercise.”

How can our results help inform future projects integrating wheelchair controls into
video games for older adults? Observations and questionnaires revealed further in-
sights into how participants interacted with Cupcake Heaven that can help inform
future design efforts. While all participants could interact with the system on a basic
level, some persons experienced difficulties coordinating multiple movements when
moving back and forth, and simultaneously trying to drop off candy. We observed large
differences in participants’ abilities of controlling their wheelchairs, and the speed at
which they were able to navigate. Along these lines, some participants paid close atten-
tion to moving their wheelchair, being unable to follow simultaneous in-game events.
Sometimes, participants would leave their arm up in the air after successfully discard-
ing an item, triggering undesired input. Some participants needed frequent reminders
of possible in-game actions and seemed to experience difficulties coordinating their
movements.

In terms of in-game behavior and coping with challenges, some participants showed
difficulties remembering to collect candy while avoiding vegetables, sometimes leading
to frustration when feeding an item to the child did not trigger the expected response. In
contrast, one participant pointed out that she did not find Cupcake Heaven stimulating
enough, and that she would have preferred a more complex game: “It wouldn’t be a
game I'd play very often, I'd find it boring,” highlighting that it would be more fun
in a multiplayer setting: “It might be more fun to play with somebody else.” Another
participant explicitly commented on the way input was integrated, stating that she
“found it tiring when [she] went back and [the avatar] didn’t start moving right away.”
This outlines a core challenge future research will have to address: Although many
institutionalized older adults use wheelchairs, they use the assistive device for a variety
of reasons (e.g., short-term recovery from illness, lifelong disabilities, or recent age-
related changes), and are a diverse audience in cognitive and physical abilities, and
overall familiarity with their wheelchair.

These results show that wheelchair-based game controls are generally accessible to
older adults, and that games can provide an enjoyable activity that can be leveraged to
provide this audience with an opportunity to become more familiar with their assistive
device; however, there are challenges in game design and controller mappings specific
to older adults that must be taken under consideration.

5. STUDY 3: ENGAGING NONDISABLED PERSONS AND PERSONS USING WHEELCHAIRS
IN GAME-BASED COMPETITION

Given the success of deploying wheelchair game controls with an audience of older
adults, we were also interested in exploring how to engage younger persons using
wheelchairs due to mobility disabilities in motion-based play. Although many of the
technical challenges of recognizing input are similar between these two audiences, the
resulting player experience for these two groups needs to be explored individually. For
example, the limits in the speed of gesture recognition were not a problem in Cupcake
Heaven; however, this might be an issue when creating a game for a younger audience
familiar with fast-paced console game play.
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To explore wheelchair-based game controls for a younger audience, we created
Wheelchair Revolution, a motion-based dancing game that builds on game mechan-
ics similar to those of Dance Dance Revolution—one of the most successful examples of
commercially available motion-based games [Hoysniemi 2006]. Wheelchair Revolution
can either be played using a manual wheelchair, or a dance mat for game input. As
Wheelchair Revolution is intended to be a multiplayer competitive game (similar to
Dance Dance Revolution), we also need to balance for players of different skill or abil-
ity to compete against each other (called player balancing). In addition, the potential
use of two different input techniques if a player using a wheelchair competed against a
nondisabled player (and thus used the wheelchair and a dance mat, respectively, to con-
trol the game) means that off-the-shelf balancing approaches might not be sufficient.
Thus, we also created and applied balancing strategies (that are described in detail and
evaluated in Gerling et al. [2014]) to mitigate differences caused by the different input
modes, and to accommodate players of all abilities. Here, in our analysis of results,
we focus on the experience of the player using wheelchair-based input and associated
challenges regarding accessibility and game design to evaluate wheelchair-based game
control for a younger audience.

5.1. Overview of Wheelchair Revolution

As discussed in Gerling et al. [2014], Wheelchair Revolution is played by making
input in sync with music. Along with the rhythm of each song, a number of ar-
rows are displayed on the screen (Figure 4) that—depending on input device—need
to be matched by player steps on the dance mat or wheelchair movements tracked
through KINECTWheels | Arrows move into the screen area from the top and need to be
matched by player input once they reach the targeting area at the bottom of the screen
(Figure 4). The game supports four different input types: up (stepping to the front or
wheeling forward), down (stepping back or wheeling back), left (stepping left or turn-
ing the wheelchair to the left), and right (stepping right or turning the wheelchair to
the right). Scores are calculated based on player timing; accuracy is determined based
on how close input was made to the targeting area (miss, okay, good, and perfect). In
two-player mode, competition is created by inviting players to compete based on the
same song; a split-screen approach is applied with each contestant being assigned one
side of the screen that displays arrows and feedback.

5.2. Game Input

As described in Gerling et al. [2014], Wheelchair Revolution builds on Microsoft XINA
Game Studio 4.0 and the Microsoft Kinect SDK; the game is implemented in C#.
Wheelchair-based player input is integrated using the KINECTWheels toolkit that we
introduced and evaluated in Section 3.

Foot-Based Game Input. Foot-based input is recorded using a dance mat that is
commonly used for player input in Dance Dance Revolution. Input is made on a
grid (Figure 3) that is labeled with arrows matching those displayed in the game
(Figure 4). Players place themselves in the center of the mat; once the game starts,
they can tap cells with their feet to make input.

Wheelchair-Based Game Input. Wheelchair input builds on the KINECTWheels tgolkit
and the evaluation results of study 1 described in Section 3. It is designed similarly
to foot-based input; player movements are tracked using a grid-style approach where
the location of the wheelchair determines which arrow is triggered: if the wheelchair
is moved toward the screen, an up-step is registered; if the wheelchair is moved back,
a down-step is triggered. Likewise, turning to the sides results in triggering a step
to the respective side. We used this approach to create wheelchair-based game input
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Fig. 4. Screenshot of Wheelchair Revolution.

that closely resembles foot-based input with the goal of providing a comparable player
experience.

5.3. Accommodating Differences in Player Skills and Abilities through Balancing

Building on our initial study with nondisabled persons [Gerling et al. 2014] and recom-
mendations to increase game accessibility by Yuan et al. [2011], the balancing approach
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Table V. Mean (SD) Results for the TLX (20-point scale, composite score 0—120)
Wheelchair Input  Foot-Based Input

Item Mean (SD) Mean (SD)
NASA-TLX  Composite score 66.33 (4.12) 54.33 (10.60)
Physical demand 15.00 (2.31) 7.67 (5.51)
Mental demand 11.67 (2.33) 14.33 (2.08)
Performance 8.00 (3.51) 7.33 (3.06)
Effort 13.00 (1.73) 13.00 (2.00)
Frustration 4.33 (3.33) 3.67 (2.52)

applied in Wheelchair Revolution integrates time balancing and score balancing to
account for differences between players that may be caused by either the input device
(some instances of wheelchair input being slower than body-based input) or individual
player skills and abilities. Time balancing adapts time intervals during which players
can score perfect moves, thereby mitigating score differences that may be caused by
momentum built up in wheelchair input. Likewise, score balancing reduces differences
between players by applying individual score multipliers based on initial assessments
of player skill.

5.4. User Study

We conducted an exploratory user study to evaluate the feasibility of Wheelchair Rev-
olution to provide an opportunity for shared motion-based play with a focus on the
accessibility and experience for persons using wheelchairs.

Participants and Procedure. The study was held at the Canadian Paraplegic Asso-
ciation’s annual wheelchair relay. Eight persons (four people using wheelchairs and
four nondisabled persons) with a mean age of 34 (three female) participated in our
study. First, participants provided consent, and participated in an initial round of play
to assess their skill level. Second, participants were invited to play two rounds of
Wheelchair Revolution. Finally, they were asked to fill in a shortened version of the
PENS questionnaire to investigate player experience, asking participants to rate state-
ments regarding dimensions such as perceived competence using 5-point Likert scales
[Ryan et al. 2006]. Additionally, we applied the NASA-TLX questionnaire to examine
task load [Hart 2006]. Besides player feedback, we included observations and short
follow-up interviews in our study.

Results. In this section, we provide an overview of descriptive data as well as quali-
tative feedback with a focus on the accessibility and player experience that Wheelchair
Revolution provides for persons using wheelchairs.

Is wheelchair-based game input suited for persons using wheelchairs, and can it
facilitate competition with nondisabled peers? Our results show that all players were
able to interact with Wheelchair Revolution on a basic level. Regarding the general
accessibility and usability of the system, Table V shows results for the NASA-TLX
[Hart 2006], which indicate average levels of overall demand of wheelchair-based input
on players, low levels of frustration, and overall levels of demand similar to those
players using foot-based input. Interestingly, players using wheelchair input report
higher levels of physical demand, while players using foot-based input experienced
increased mental demand. In this context, observations revealed that players using
wheelchairs had an intuitive understanding of the grid-based interaction paradigm
and were able to learn the game controls quickly. When analyzing player scores, we
found that persons using wheelchair-based input scored an average of 7061 (SD =
1,277) points for each round of play, which is a promising result regarding the general
accessibility of Wheelchair Revolution for persons using wheelchairs. However, in the
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Fig. 5. Mean (£SE) player experience scores by input device. The line represents a neutral response.

context of competition between nondisabled persons and persons using wheelchairs,
persons using foot-based input scored an average of 10,292 (SD = 4,026) points per
round, suggesting that balancing intensity needs to be increased to fully accommodate
players using wheelchair-based input.

Can wheelchair-based games provide a positive player experience for persons using
wheelchairs? Our findings suggest that wheelchair-based games can be a positive ex-
perience for persons using wheelchairs. Results of the PENS [Ryan et al. 2006] and
IMI [Ryan 1982] questionnaires show that players using wheelchairs reported high
levels of enjoyment along with above-average results for all other dimensions (see
Figure 5). Interestingly, results for relatedness—investigating how close players feel
to others within the context of the game—are raised for persons using wheelchairs,
suggesting that the integration of their assistive device in game interaction may, in
fact, contribute to a positive overall multiplayer experience. Players perceived their
competence with the game as high—regardless of whether they were competing using
the wheelchair or dance mat—suggesting that players felt able to master the in-game
challenges with the provided input devices. Quotes outline that players were excited
about the integration of their wheelchair in the game, stating, for example, that, “it is
nice to see my wheelchair in the game instead of being an object that stands between me
and the world” (Group 2, person using wheelchair). Similar to findings from study two
(Section 4), this suggests that wheelchair-based video games have the potential of pro-
viding an empowering, positive player experience that could contribute to the adoption
of a positive view of the assistive device as an enabling rather than restricting entity.

How can our results inform the design of future wheelchair-based games to connect
players with mobility disabilities with nondisabled peers? On a general level, our re-
sults show that motion-based games have great potential to connect persons using
wheelchairs and nondisabled persons through physically challenging play. Regarding
the experience of players using wheelchairs, our work brings up challenges and op-
portunities that designers need to consider in future projects. When looking at how
players using wheelchairs interacted with the game, we saw some individual differ-
ences in terms of movement speed and ability to react to quickly changing in-game
challenges, with one player pointing out that, “Coordination is a little hard, but it
seems fair.” (G3). Likewise, another player pointed out that, “I didn’t care if I was los-
ing or winning, I never played the game before.” (G2). Considering the fact that none of
the participants had had the chance of playing motion-based wheelchair games before,
designers should consider the integration of extended tutorial phases to allow players
using wheelchairs to familiarize themselves with the input tracking system, its re-
sponsiveness, and allow players to adapt their actions to match in-game challenges. In
this context, designers need to understand the interesting dual role of the wheelchair
as an assistive device and game controller. One participant pointed out that, “If I had
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my sports wheelchair, I would just have to move my arms for the side turns.” (G1),
suggesting that players understand that the flexibility of their assistive device influ-
ences their ability of performing well in the game, ultimately affecting their player
experience.

Despite being primarily interested in how the person using wheelchair game in-
put perceived competition, quotes of nondisabled players using foot-based input reveal
an interesting design challenge that possibly influences the potential of motion-based
games to connect people with mobility disabilities and nondisabled persons. While per-
sons using wheelchairs were not concerned with score differences, for example, pointing
out that, “I didn’t care if I was losing or winning, I never played the game before” (G4,
person using wheelchair), many nondisabled participants were not comfortable beating
players using wheelchairs. Quotes of nondisabled participants suggest significant dis-
comfort when beating a person using a wheelchair, with one participant stating that,
“I don’t think it is fair. We don’t seem to be on an equal playing field.” (G4, nondisabled
person), and another participant outlining that, “/I] felt bad that [the player using the
wheelchair] did such a good job and I still beat him” (G2, nondisabled person). While
this effect may have been caused by gaps in player scores that could be mitigated by
increasing balancing strategies applied in Wheelchair Revolution, the issue needs to
be addressed in future game design efforts to ensure that games do not only provide
an enjoyable experience for persons using wheelchairs, but also enable nondisabled
persons to perceive persons using wheelchairs as competent players.

While more research is necessary to further explore the potential of games to con-
nect nondisabled persons and persons with mobility disabilities, the results of study 3
generally support findings from study 2, suggesting that wheelchairs can be integrated
into motion-based games in an engaging way, and that building on player abilities in
the context of motion-based play has the potential of offering an empowering, positive
player experience for persons using wheelchairs.

6. DISCUSSION

This article investigates wheelchair-based game design in the context of motion-
based video games. In the first part of our work, we demonstrate that it is pos-
sible to integrate wheelchairs into motion-based game interaction, and we present
our toolkit KINECTWheels  Building on the findings, we present Cupcake Heaven, a
wheelchair-based game specifically designed for older adults, and Wheelchair Revolu-
tion, a wheelchair-based game that allows persons using wheelchairs to compete with
nondisabled players. Our results show that wheelchair-based games are accessible for
persons using wheelchairs and provide a positive experience for players of all ages.
In the remainder of this article, we discuss the implications of our findings for future
work, and show how our results can be applied to increase the quality of life of persons
using wheelchairs. Furthermore, we outline how wheelchair-based interaction can in-
crease the accessibility of interactive technologies, and demonstrate the relevance of
this work to empower persons with mobility disabilities and foster inclusion through
enjoyable shared gaming experiences.

6.1. Wheelchair-Based Game Controls

Designing motion-based game controls that allow for the integration of wheelchairs is
a promising way of making motion-based video games accessible for people who use
wheelchairs. However, there are certain limitations of the presented approach.

Wheelchair-Based Input Gestures. In our research, we demonstrate that wheelchair-
based interaction can be applied in an efficient and enjoyable way, which opens up
new opportunities for designers, allowing them to integrate wheelchairs as game
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controls. Our evaluation of the gesture set presented in Section 3.1 holds several
implications for wheelchair-based interaction design. It shows that it is possible to
combine wheelchair-based input and body-based gestures to obtain a range of input
gestures broad enough to allow for sufficient complexity in game design. Addition-
ally, results show that completion times differ per gesture, suggesting that designers
have to carefully consider the pacing of their games to allow players to transition be-
tween gestures (e.g., changing from wheelchair to body input) while also accounting
for momentum that wheelchairs build (as our results showed that gestures following
wheelchair input are generally slower than sequences of body-based interaction). This
issue is particularly interesting when designing for competition between persons using
wheelchairs and nondisabled persons: if body-based input is generally faster, game
mechanics need to balance speed differences in gesture completion to create a common
ground for players of all abilities. Likewise, since wheelchair-based gestures require
the use of the hands to move the wheelchair, designers have to take into account that
wheelchair-based gestures and hand gestures cannot be performed at the same time.
The fact that participants reported that wheelchair-based input was more physically
demanding than body-based input, but equally comfortable as body-based gestures
suggests that this may be a way of introducing physically challenging motion-based
games for persons using wheelchairs.

Technical Limitations. In the design and evaluation of KINECTWheels and Cup-
cake Heaven, we encountered several technical challenges related to the design of
camera-based wheelchair interaction. A core challenge during the implementation of
KINECTWheels ag that turning the wheelchair more than 45 degrees caused a loss in
recognition. While we were able to achieve acceptable tracking results for turning to
the sides through the application of additional algorithms that largely facilitated in-
put recognition for the game Wheelchair Revolution, turning the wheelchair backward
or spinning around is still not possible using the current implementation. Additional
challenges arise depending on the way designers wish to integrate KINECTWheels: he-
cause images provided by the Kinect can be noisy, including the absolute position of the
wheelchair for precise player input is difficult, and designers should consider including
a dead zone similar to joysticks when working with the position of the chair. Likewise,
adjustments have to be made if the system is interfacing with other applications using
keystrokes; additional algorithms may need to be applied to imitate keyboard input
(e.g., repeatedly pressing a button). Finally, moving around the floor space is inherent
in wheelchair gestures, and designers have to create games in a way that helps keep
the user within the view of the sensor, for example, asking players to move forward
multiple times needs to be counteracted with a move backward so that players do not
leave the tracking area.

6.2. Wheelchair Games for Older Adults

The evaluation of Cupcake Heaven shows that older adults can successfully engage
with wheelchair-based video games. This opens up new opportunities for introducing
cognitive and physical stimulation to older adults using wheelchairs, particularly care
home residents. Our results show that participants not only enjoyed wheelchair-based
interaction, but that actively applying the wheelchair as a means of controlling a
game also helped them reflect on the way they use their assistive device in daily life.
Wheelchair-based games could encourage persons who have only recently started to
use a wheelchair to develop a positive relationship with it, helping them to apply it to
increase their quality of life rather than regarding it as a limitation to their indepen-
dence. As a game input device, the wheelchair can be viewed as an enabling technology,
rather than a restricting one. In the context of wheelchair-based game design, a chal-
lenge that needs to be addressed is adaptive game design for heterogeneous audiences.
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