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Abstract

Background: Implementing exercisesin the form of video games, otherwise known as exergaming, has gained recent attention
as away to combat health issues resulting from sedentary lifestyles. However, these exergaming apps have not been devel oped
for exercises that can be performed in wheelchairs, and they tend to rely on whole-body movements.

Objective: This study aims to develop a mobile phone app that implements electromyography (EMG)-driven exergaming, to
test the feasibility of using this app to enable people in wheelchairs to perform exergames independently and flexibly in their
own home, and to assess the perceived usefulness and usability of this mobile health system.

Methods: We developed an Android mobile phone app (Workout on Wheels, WOW-Mobile) that senses upper limb muscle
activity (EMG) from wireless body-worn sensors to drive 3 different video games that implement upper limb exercises designed
for people in wheelchairs. Cloud server recordings of EMG enabled long-term monitoring and feedback as well as multiplayer
gaming. Bench testing of data transmission and power consumption were tested. Pilot testing was conducted on 4 individuals
with spinal cord injury. Each had a WOW-Mobile system at home for 8 weeks. We measured the minutes for which the app was
used and the exergames were played, and we integrated EMG as a measure of energy expended. We also conducted a perceived
usefulness and usability questionnaire.

Results: Bench test results revealed that the app meets performance specifications to enabl e real-time gaming, cloud storage of
data, and live cloud server transmission for multiplayer gaming. The EMG sampling rate of 64 samples per second, in combination
with zero-loss data communication with the cloud server within a 10-m range, provided seamless control over the app exergames
and allowed for offline data analysis. Each participant successfully used the WOW-Mobile system at home for 8 weeks, using
the app for an average of 146 (range 89-267) minutes per week with the system, actively exergaming for an average of 53% of
that time (39%-59%). Energy expenditure, as measured by integrated EMG, was found to be directly proportional to the time
spent on the app (Pearson correlation coefficient, r=0.57-0.86, depending on the game). Of the 4 participants, 2 did not exercise
regularly before the study; these 2 participants increased from reportedly exercising close to 0 minutes per week to exergaming
58 and 158 minutes on average using the WOW-M obil e fitness system. The perceived usefulness of WOW-Mabilein motivating
participants to exercise averaged 4.5 on a 5-point Likert scale and averaged 5 for the 3 participants with thoracic level injuries.
The mean overall ease of use score was 4.25 out of 5.
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Conclusions:

Enciso et al

Mobile app exergames driven by EMG have promising potential for encouraging and facilitating fitness for

individuals in wheel chairs who have maintained arm and hand mohility.

(JMIR Rehabil Assist Technol 2021;8(1):€16054) doi: 10.2196/16054
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Introduction

Individuals with paraplegia are at a greater risk for many
secondary health problems associated with sedentary behavior
[1-3]. The benefits of physical exercise onthe health and quality
of life of people with disabilities have been reported [4-6].
Dishearteningly, individuals with impaired mobility face
substantial barriers to exercise, such as difficulty in accessing
exercise programs and facilities, which contribute to an overall
reduction in participation in physical activity [7-9]. With the
known benefits that physical exercise has on health, digital
sensor-driven technology is being considered as an approach
to make exercise more accessible and entertaining [10-14].
Exercising in the process of achieving the objectives of adigital
video gameis termed exergaming [15,16]. Reportedly, 61% of
internet-based exercise interventions lead to significant gains
in physical activity [17]. Some researchers have gamified
exercises to encourage more active lifestyles [16,18,19]. A
recent review paper examined studies showing the beneficial
health effect of exergaming and pointed to the ripe opportunity
to apply exergaming to the health issues that individuals with
neurological disabilitiesface[14]. Atitsinception, exergaming
was popularized as arcade games or console games and has
more recently been implemented as desktop and web apps
[20-25]. Now, exergaming is beginning to appear on mobile
platforms (namely, smartphones and tablets) [16,26,27], which
could help in overcoming transportation challenges and
inaccessible gym environments for people using wheelchairs.
However, among those that have been implemented, there are
none to the authors' knowledge that are tailored to exergaming
in wheelchairs.

We have developed a mobile app that communicates with
body-worn sensors that monitor physical activity and feed
electromyography (EM G) input into amobile app game engine
that gamifies exercises designed to be carried out independently
by individuals in wheelchairs. The current recommendations
for exerciseregimensfor individualsin wheelchairsholistically
combine cardiovascular conditioning and strength training [28].
Evidence of the need for building muscle strength to prevent
overuseinjury and pain and to enableindividualsin wheelchairs
to sustain sufficient exercise on aweekly routine basis has led
to the development of exercise interventions, such as circuit
resistance training (CRT), which include muscle strengthening
[28,29]. CRT entails interspersing arm resistance strength
exercises (such asweight lifting) with high-speed cardiovascular
exercise (such asarm cranking) and incompl ete recovery periods
during which the heart rate was still sustained well above the
resting heart rate. Our app implements these exercises in the
form of 3 different games that allow the user to engage in a
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combination of resistance and aerobic conditioning activities
developed to be used in awheel chair.

Many of the existing fitness apps rely on heart rate and
accelerometers. The well-known exergames (eg, Dance Dance
Revolution and balance board-centered Wii Fit) rely on step
detection or lower limb mobility for an effective workout
[12,21-23,30,31]. These systems use pressure sensors to detect
body weight or accelerometers to detect ballistic or discrete
movements. Accelerometers have sufficient resol ution to detect
stepsand therefore have beenrel atively effectivein fitness apps
to date when the physical activity being tracked involves moving
the whole body mass. In contrast, detecting muscle activity
provides a rea-time measurement of continuous changes in
physical exertion, that is, by sensing muscle activity viaEMG,
we would be able to detect the continuous intensity of each
muscle contraction rather than only binary detection of a
movement. Thisisespecialy important in the case of individuals
with paraplegia, where the movements involve only the upper
body and not their whole body and where strength training
entails isometric contractions rather than binary actions (eg,
steps, cycles). Commercia wirelessEM G sensorsare beginning
to be used with mobile appsfor applications such asmonitoring
driving and monitoring cadence while biking [32,33]. Our app
senses EMG to measure the amount of muscle activity
continuously used. Therefore, our app can sense the strength of
isometric contractions during muscle strengthening exercises
as well as how hard a wheelchair push was during spinning
EXercises.

The limitation of the existing technology to facilitate and
encourage exercise for individuals with lower limb mobility
impairment isthelack of acombination of providing exergaming
on amobile platform and tailoring games toward exercises that
can be performed in wheelchairs; of particular need for such
exergamesisthe ability to track isometric contractions through
EMG sensing. Our objectivewasto design, implement, and test
the feasibility of an EMG-based mobile exergaming app for
individualsin wheelchairs. Our mobile app isdistinct from other
fitnessappsin afew key ways. First, the app gamifies exercises
that can be performed in a wheelchair on a mobile platform
while monitoring effort and providing feedback, thereby making
exercises entertaining and accessible. Second, the selection of
the exercises was informed by research on the fitness needs of
individuals who use wheelchairs as a primary mode of
transportation. In particular, the exercises were specifically
selected so that individuals in wheelchairs could exercise
independently without relying on access to adapted equipment
or specialists or physical therapists for their daily physical
exercise. Third, the gamesweredriven by EMG, which enables
higher resolution and continuous readings of physical exertion
from upper limb movements.

JMIR Rehabil Assist Technol 2021 | vol. 8 |iss. 1|€16054 | p. 2
(page number not for citation purposes)


http://dx.doi.org/10.2196/16054
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

The purpose of this study, therefore, is to describe the
development and feasibility of a mobile phone app that
implements EM G-driven exergaming to encourage and enhance
exercise for individuals who use wheelchairs. In this work, we
assess the perceived usefulness and usability of this maobile
health system by asking the following research questions:

1. Does this mobile fitness app enable individuals who use
wheelchairs to increase their level of physical activity?

2. Does use of this mobile fitness app allow individuals who
use wheelchairs to reach their self-reported peak fitness
levels?

3. Does this mobile fitness app improve self-reported
motivation to exercise?

4. Does this mobile fitness app enhance the effectiveness of
aworkout on for individual s who use wheelchairs?

5. Does this mobile fitness app allow the user to track their
progress?

6. How do users perceive the ease of use of this app?

These questions pertain not to a generic mobile fitness app but
to one specifically designed to enable people in wheelchairs to
perform exergames, used in CRT, independently and flexibly
in their own home. As such, the Methods section describes the
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implementation of our Workout on Wheels (WOW) mobile
fitness app.

Methods

Moaobile Fitness App Concepts

We designed a mobile fithess app, called Workout on
Wheels—Mobile (or WOW-Mohile), to encourage and facilitate
exercises at home for individuals who have lower mobility
impairment and use wheelchairs for ambulation. Table 1
provides an overview of the features or enabling technology
that we incorporated into our app design to achieve specific
objectives. Ultimately, the goal of the overall design of the app
isto help app users achieve greater fitness levels than without

the app.

The hardware system and architecture are described elsewhere
[34]. Here, we describe the implementation of our design and
show thefeasibility of achieving these design objectivesthrough
the integration of EMG sensing with our mobile fitness app.
All codewaswritten in Javausing the Android Studio IDE, and
the mobile app wasinstalled and tested on the Samsung Galaxy
3.

Table 1. Featuresimplemented in the Workout on Wheels-Mabile app and the corresponding enabling design.

Objective

Enabling design or technology

Goal-oriented exercise
Holistic exercise workout in wheelchairs

Increase in fitness levels

Fitness tracking
Encouragement
Independence, flexibility
Competition
Socidization

Exergaming
Spinning, boxing, and arm resistance games

Electromyography-driven game engines (game performance correlates
with effort level)

Calories metric, trends page
Audio feedback, text pop-ups
Wireless sensing, mobile platform
Multiplayer gaming

L eaderboard

Sensor Validation and App Bench Testing

WirelessEMG sensors (Flexdot, Dynofit Inc) were used to drive
the exergames and provide feedback on estimated energy
expenditure (Multimedia Appendix 1). In addition to the 3
exergames described in the following sections, users also had
access to a monitoring activity, which simply displays the
signals obtained from the wearable sensors. To validate the
EMG acquisition and sensing, we collected surface EMG
readings from the bicep bracii muscle from 2 brands of sensors:
the Flexdot and the Trigno (Delsys, Inc), a popular high-end
commercia wireless EMG sensor and data acquisition system.
The mobile fitness system wastested in our research |aboratory
for power consumption and datatransmission performance using
Android Studio Profiler. The results from this testing are
presented in alater section (WOW-Mobile Validation and Bench
Testing).

EMG-Driven Exergame and Monitoring Concepts

We created 3 video games within our mobile phone app
(Multimedia Appendices 2-4) to implement corresponding
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exercises that were devel oped by coauthors from the School of
Kinesiology as part of acircuit training regimen [35]. de Leon
established a mobility center on our campus that provides
individua sin our community with mobility impairment because
of spina cord injury (SCI) and other causes with very low-cost
physical therapy. Other coauthors served astrainersin theclinic
and led the devel opment of the exercise protocol on which the
exergames were based. The training circuit was designed to
help people with SCI achieve recommended cardiorespiratory
intensity levels and provide strengthening and endurance to
help prevent repetitive use injuries [28,36]. A brief description
of the gamified exercises is provided in Table 2. Each game
provided an entertaining objective that users could focus on and
help them exercise at appropriate intensity levels without
focusing on the exercise themselves. It also provided feedback
to the user to encourage gains in strength, endurance, and
cardiorespiratory fitness in the form of game performance
metrics. Audio-visual feedback was incorporated to encourage
users to meet the game objectives.
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Table 2. Conceptual design of Workout on Wheels-Mobile exergames.

Enciso et al

Game Analogous  Exercise objective Game objective Feedback provided
exercise
Racing Spinning High cadence, low resistance Complete designated number of laps  Time to complete given number of laps.
within target time HR? EMGP level, and METSS. Audio of
car engine; visual of car speed based on
EMG level.
High striker Resistance  Isoinertial resistance (viashoulder  Raise bar level to upper target with  Number of flexions detected; number of hits
armbands press, chest fly, bicep curls) EMG of upper target. Audio (bell) when upper
target reached. Visual of bar height based
onthe EMG level. Max EMG reached, HR,
and METSs.
Boxing Ball ex- Maintain HR with ahigh-cadence, Complete 3 rounds of punches Audio (punch sound) and visud (stars) with
change low-resi stance exercise + adds vari- each detected punch.
ety.
3HR: heart rate.

bEMG: @ ectromyography.
°MET: metabolic equivalent.

Calibration and Goals

Thresholds must be set before playing an exergame to
appropriately calibrate each game performance with the user’s
effort level. A calibration activity was devel oped, which guides
the user through 3 maximum voluntary contractions (MVCs)
of the selected muscle (tested separately for the bicep, tricep,
anterior deltoid, and posterior deltoid). The average EMG level
over a 3-second period during the MV C was used as the 100%
effort level. We measured the MV C during orientation in a
laboratory setting. EMG thresholds were required for the
detection of each muscle contraction in the boxing and high
striker game and to calibrate the car’s speed in the racing game.

http://rehab.jmir.org/2021/1/€16054/

A MyGoals activity (Figure 1) was also created to allow the
user to save their thresholds so that it does not need to be
reentered for each session; rather, the thresholds are fetched for
the appropriate game at the start of each session. MVC was
measured at baseline testing using the Calibration activity. For
the high striker game, the upper and lower thresholds were set
to 90% and 20%, respectively, of the baseline MV C; for the
boxing game, the upper and lower thresholds were set to 80%
and 30%, respectively, of MV C. For the racing game, the upper
threshold was set to 100% of the MV C, and the lower threshold
was set to the empirically determined noise floor.
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Figure 1. Screenshot of the My Goals page, which stores user-defined electromyography thresholds for each game. EMG: el ectromyography.
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Ante-Deltoid Lower EMG: 2000

High Striker: Arm Resistance Band Game Design and
I mplementation

The high striker game replicated the game typically found at
carnivals (Multimedia Appendix 2). The player hits one end of
alever to launch a puck up agraduated column. The greater the
force the player uses, the higher the puck climbs up the height
of the column. The player wins if the puck reaches the top of
the column and strikes a bell. We implemented resistance arm
band exercises as a game based on the high striker (Figure 2).
The columnisrepresented by abar whose height is proportional

http://rehab.jmir.org/2021/1/€16054/

RenderX

to the integrated EMG level over a given contraction (Figure
3). The user selectswhich muscle’'s EM G should drivethe bar’s
height according to the exercise they plan to perform and on
which they are currently focusing (eg, bicepsfor the bicep curls
or anterior deltoids for the shoulder press and chest fly). Asthe
user performs each contraction, the number of contractions (or
hits) detected is incremented, and the number of times the
maximum target (or bell) was hit is incremented. The user
interface also includes encouraging text pop-ups, upbeat
background music, and the bell audio clip each time the bar
reaches the maximum.
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Figure 2. User carrying out chest press exercise to play the high striker exergame.

Figure 3. Screenshots showing the app interface for the high striker arm resistance band exergame. User selects which muscle to monitor. The ratio
of the yellow bar height to the scaled background bar is equal to the iIEMG: MV C level. (a) Interface during the middle of the game. Feedback also
includes encouraging text, number of reps, and number of bells hit. (b) Interface at the end of the game, providing summary statistics and a prize based
on the number of bells. iIEMG: integrated electromyography; MV C: maximum voluntary contraction.

IO Bicep @ Ante Deltoid

Session Name

Boxing: Exchange Game Design and I mplementation

The workout developed for this research project included a
second high cadence, low-resistance exercise to add variety to
the cardiorespiratory exercise, maintain heart rate between the
other exercises, and reduce the risk of overuse injury. This
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exercise was implemented as a boxing game (Figure 4,
Multimedia Appendix 4). Players need to complete 30 punches
to advance to the next round; there are 3 rounds (Figure 5). To
progressively increase the workout intensity, the threshold that
defined what constituted a punch increased with each round.
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Figure4. Participant plays the boxing exergame. The EMG sensor can be seen on the right bicep; phoneis suspended by phone holder so that the user

can monitor progress while playing. EMG: electromyography.

Figure 5. Sequence of screenshots during the boxing game. Each round gets progressively more difficult (the threshold for a punch being detected

increases).

Heart Rate:
EMG: 1862 mV (137%)
Punch Count: 22

Total Calories Burned
0.4 (@ 0.2 keal/min)
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Heart Rate:
EMG: 5715 mV (104%)
Punch Count: 58

Total Calories Burned
0.9 (@ 0.2 kcal/min)

Heart Rate:
EMG: 10147 mV (101%)
Punch Count: 90

Total Calories Burned
1.2 (@ 0.2 keal/min)
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Car Racing: Cardio-Spinning Game Design and
I mplementation

The spinning exercise was implemented as a car racing game
(Figure 6, Multimedia Appendix 3). The angle of the elliptical
path around the track increased in proportion with the effort
level, whereas the user spun on a stationary roller (Invictus
Active Trainer). The effort level was computed as the ratio of
the EMG amplitude to the MV C for the given muscle. The
metrics displayed to the user during the game included the

Enciso et d

elapsed time, number of lapsto complete, total calories burned,
and the current METSs. The sound of an engine running would
play as background audio throughout the game, whereas an
audio clip of One final lap! would play as the lap counter
decreased to 1 to encourage the user.

We also implemented a multiplayer gaming feature that allows
users to select a previous session to be played back as a ghost
player against which to race. This feature is outside the scope
of this paper and is described in a separate paper.

Figure 6. Single-player track game: Angular speed of the car is proportional to the EMG (level for a punch being detected increases). EMG:

electromyography.

0.3 (@ 0.3 keal/
in)

Pilot and Feasibility Testing

Intotal, 4 individual swith incomplete SCI took home and used
our WOW-Mobile system for 8 weeks. The Cadlifornia State
University, Los Angeles ingtitutional review board approved
all study procedures (#18-273). Participant demographics are
listed in Table 3. Of 4 participants, 1 (25%) already had an
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adapted gym at their home and exercised regularly before
participating in the study, another had accessto adapted exercise
equipment in the apartment building, and the other 2 did not
have access to a gym and did not exercise regularly before
participating in the study. None of the participants had prior
experience with exergaming.

JMIR Rehabil Assist Technol 2021 | vol. 8 iss. 1|€16054 | p. 8
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Table 3. Demographics of study participants.
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Subject ID  Age Gender  Ethnicity Injury level  Yearssinceinjury Regular exercise at base- Exercise in home?
line?

S1 28 Female Hispanic T12 6 No No

S2 40 Male Hispanic T12 13 Yes Yes

3 52 Male Hispanic T6 10 No No

A 38 Mae African American  C7 17 Yes No

Before beginning the 8 weeks, each participant came to our
campus for orientation to the mobile fitness system in a
controlled laboratory setting. Physical trainers from the
Kinesiology department gave instructions on how to carry out
the exercises at home, and they, along with engineering research
students who devel oped the app, guided the participants through
apractice session of placing sensors, positioning the armbands,
and carrying out the exergames on the mobile app. These
physical trainers and engineering students then went to the
participants’ homes to set up a stationary spinning device and
provided amobile phone with WOW-M obileinstalled, sensors,
electrodes, spare batteries, and resistance armbands (TheraBand)
and guided the participant one more time through the maobile
fitnessworkout. A workout frequency of 3 timesaweek for 45
minutes each time was recommended to the participants. The
messaging mobile app WhatsA pp (Facebook, Inc) wasinstalled
on the participants phones, a chat room including the
participants, engineers, and trainers was created. Participants
wereinstructed to provide feedback regarding the WOW-Mobile
app and were encouraged to message the group any time they
had issues or questions regarding the app. The participantswere
visited once at 4 weeksto replenish supplies and check if there
were any problems they faced using the app that could better
be addressed in person. Participantswere paid aweekly US $25
participation stipend for logging into the app at least twice a
week, but participants were free to use the app as they chose.
This was the same compensation provided for a separate study
on gym-based exercise.

Datawritten to the cloud from each game session were analyzed
for number of log-ins, time spent on the app, and actua time
spent playing the games. In addition, by analyzing the acquired
EMG signals, we al so measured the number of detected muscle
contractions, theintegrated EMG levels iIEMG), and peak EMG
levels during each game session using custom-written MATLAB
code (Mathworks, Inc). A Likert-scale survey, based on awidely
used questionnaire for the perceived usefulness, perceived
usability, and user acceptance of information technology, was
administered on the web after the 8-week training period.

http://rehab.jmir.org/2021/1/€16054/

Before any pilot testing on these 4 participants, 2 other
participants were enrolled to conduct feasibility testing.
Feasibility testing was conducted to ensure that individualswith
moderate and very limited upper mobility would be able to set
up and carry out the exergames on their own. These participants
helped provide feedback on the app, and several features were
modified and some functionality was corrected as a result of
their input. Examples include changing the background in the
racing game, making threshold adjustments more user-friendly
with the calibration feature and saving the user's default
thresholds, and enlarging the control buttons on the screen to
make navigating the app more user-friendly.

Usability of the System

The usability of the system was addressed via a web survey
administered through Qualtrics. Participants who had used the
WOW-Mobile app were asked 21 questions regarding the
usability and usefulness of the app. Of the 21 questions, 18
(86%) were ranked on a Likert scale and 3 were open ended.
All 4 WOW-Mohile pilot participants responded to the survey.
The mean and SDs were calculated using SPSS Statistics 24
for the quantitative questions, and the qualitative questions are
described below. Given that the sample size was 4 and the
qualitative responses were very brief, these responses were not
analyzed using a qualitative coding method and are presented
below.

Results

WOW-Mobile Validation and Bench Testing

The performance specifications of the wireless sensors are
provided in Table 4. The sampling rate is sufficiently fast to
provide what appears to the user to be continuous monitoring
of muscle activity, heart rate, and acceleration. All use Bluetooth
Low Energy, which provides reliable wireless transmission of
the physiological datawhile optimizing for energy consumption.
They are all battery operated, and batteries can either be very
easily replaced or have a rechargeable battery.
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Table 4. Workout on Wheels-Mobile sensor performance specifications.
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Characteristics Electromyography sensor Alpha 2 heart rate monitor (Mio Global) Custom accel erometry module
Sampling rate 64 Hz Continuously 4 Hz

ADC?resolution 15 bits Unknown (1 BPM®) 10 bit

Dynamic range 0-60V 30-220 BPM +8G

Dimensions 3.5cmx3.5cmx1.2cm

Wireless protocol Bluetooth Low Energy
Battery 3V 210 mAh Li coin cell

Battery life 8 hours of transmission

4.5 cmx3.2 cmx1.5 cm+wrist strap
Bluetooth Low Energy
3.7V 170 mAh Li-Po

Syears

3.8 cmx5 cmx1.27 cm+wrist strap
Bluetooth Low Energy
Rechargeable 3.7V 500 mAh Li-Po

5years

8ADC: analog to digital converter.
bBPM: beats per minute.

Theraw EMG from the Trigno during 3 sets of 5 bicep curlsis
showninbluein Figure 7. The Flexdot performson-board signal
processing and transmits a 2-pole low-pass filtered EMG
envelope, shown in red in Figure 7. The Flexdot envelope can
be seen to accurately track the gold standard activity acquired
by Trigno. Some differences are expected because of the
differences in the position of the sensors. The Flexdot and

Trigno were placed adjacent to each other on the same muscle
belly. The completely stand-al one wireless nature of the Flexdot
and the Bluetooth transmission enable the user to use our app
virtually anywhere at any time. Other commercia wirdessEMG
systems require a base station connected viaa USB cable to a
computer or otherwise require tethering to a computer.

Figure 7. EMG acquired by the Flexdot sensors (red) accurately captured the envelope of the raw EMG activity that was measured by high-end

commercial EMG sensors (blue). EMG: electromyography.
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All data collected from the connected sensors were written to
the server at the end of each game session. Data transmission
was monitored on Android Studio Profiler, whereas the user
wearing the sensors walked gradually away from the phone.
The range of transmission for the Bluetooth connection was 10
m inside the building and as far as 100 m in an unobstructed
environment. Within the 10-m range, there was zero packet
loss. Server upload and download speed were monitored on
Speedtest by Ookla and was measured to be 54.8 Mbps and
55.3 Mbps, respectively. Data from a 10-second game with 1
Flexdot connected, for example, require 5 milliseconds on
average to write.

Pilot Study Results

A total of 4 participants with varying levels of SCI, whose
primary mode of ambulation is by wheelchair, exergamed on a
weekly basis for 8 weeks using our WOW-Mobile app. The
mean time spent on the app ranged from 89 to 267 minutes per
week (Figure 8). The 2 participants who reportedly did not
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RenderX

exercise at the start of the study (T12 and T6 injuries) averaged
58 (SD 24) and 157 (SD 61) minutes of exercise per week during
the study. The participant with a C7 injury, who had not
previously exercised in hishome, averaged 48 (SD 14) minutes
per week, and the participant who aready had an adapted gym
in his home averaged 52 (SD 18) minutes per week. From the
EMG collected on the cloud server, we measured the total
integrated EM G, whichislinearly related to energy expenditure
[37]. IEMG and inferred energy expenditure increased in
proportion to the time spent on the app (Figure 9; r=0.86); that
is, the more they used the app, the more energy they expended.
In contrast, the maximum EMG level during the sessions, or
peak EMG, did not correlate with the time spent on the app
(r=0.040), aswould be expected, because the peak valueisfairly
arbitrary—the goals of the games did not encouragethemtotry
to hit their true MV C. Similar results were found for the racing
game (r=0.86 for iIEMG vs total session time) and boxing
(r=0.57).
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Figure 8. The average number of minutes spent per week using the app and exergaming by each participant.
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Figure 9. Scatterplots indicating the correlation between time spent on app and energy expenditure, as measured by iEMG. iIEMG: integrated
electromyography.
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Figure 10 shows that the minutes spent exergaming each week
varied from week to week. From the group chat, participants
indicated certain weeks that were busier and did not feel able
to make more time for exercising. Participant S3 far exceeded
other participantsin minutes spent exergaming. This participant
indicated through the group chat the most interest in the
leaderboard and how to improve his rank in the leaderboard.
He also expressed hesitation with allowing others to see him
while exercising.

The percentage of time logged onto the app that was spent in
the exergaming sessions ranged from 48% to 69% for S1, S2,
and S3. $4 was the only participant who had hand mobility
impairment and had to use his knuckles to tap the screen and
had a home care helper to help with snapping electrodes to the
sensors. By week 3, his efficiency reached 43%, and by week
8, his efficiency reached 58%.

Over the course of 8 weeks, 234 messages, comprising 20
conversations or threads, were sent over the WhatsApp group
chat. The 4 participants reported a total of 18 issues and
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RenderX

concerns about the WhatsApp group chat, 9 (50%) of which
were related to the mobile app itself. These included issues
regarding difficulty assigning sensors, games not working
because the threshold was not set appropriately, and app
crashing when Wi-Fi connectivity was lost, and once because
of abilling issue with the cloud service that disabled app use
for aday until service was restored. Most of these issues were
resolved by week 2. Other nonapp-related issues included
running out of the disposable EMG electrodes or batteries or
not feeling physically well enough to exercise. There were a
couple of conversations consisting of dozens of messages to
welcome the participants to the group chat and encourage the
participantsto write to the group about any issuesthey had using
the app. It was clear that in a few of the issues reported, the
instructions simply needed to be made clearer at orientation (eg,
the fact that multiplayer functionality was only enabled at that
stage for the racing game); most of the other app-related issues
were resolved by having a video chat to adjust the EMG
thresholds during the first week of the study.
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Figure 10. WOW-M obile app usage over the 8-week period. (a) Total number of minutes spent on the app. (b) Number of minutes spent in exergaming

sessions on the app. (c) Percent time on app spent exergaming.
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User Perceptions—Quantitative Responses

The results from the questionnaire on the perceived usefulness
of the WOW-Mobile app are presented in Table 5. Participants
largely found the app to be useful. Participants reported that the
app made it easy to track progress, increased motivation to
exercise, and enabled participants to increase their level of
physical activity. This information is presented in Table 5.
Participants were al so asked about the perceived ease of use of

week

week

the WOW-Mobile app. Participants reported that the app was
clear and easy to use. These data are presented in Table 6.

Finally, participants were asked about the usefulness of the
various features of the app (Table 7). The highest rated game
featureswerethe single-player racing or spinning game and the
boxing game. The lowest rated game was the resistance band
game. The highest rated exercise features were the ability to
monitor the heart rate and the ability to adjust EM G thresholds.
The ability to monitor muscle activity was the lowest rated
feature for all participants.

Table5. Perceived usefulness of the app on a Likert scale ranging from 1 to 5 (higher scores indicate stronger agreement).

Perceived usefulness

Mean score (SD)

Using the mobile fitness app enabled me to increase my level of physical activity

Using the mobile fitness app enabled me to reach my peak fitness levels
Using the app improved my motivation to exercise

Using the app enhanced the effectiveness of aworkout session

Using the app made it easier to track my progress

| found the app useful for improving, and then maintaining, fitness level

4.25 (0.96)
3.75(0.5)
45(1.0)
4.0 (0)

47 (0.77)
3.3(05)

Table 6. Perceived usability of the app on a Likert scale ranging from 1 to 5 (higher scores indicate stronger agreement).

Perceived usability

Mean score (SD)

How to operate the app is clear

| found it easy to get the app to do what | want it to what | wanted it to do
It would be easy for me to become skillful at using the app

Overdl, | found the app easy to use

45 (5.8)
40 (L7)
43(1.2)
43(L2)
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Table 7. Usefulness of various app features (both games and exercise monitoring features; ranked on a Likert scale from 1 to 5, with higher scores

indicating more usefulness).

Usefulness of app features

Mean score (SD)

Single-player racing or spinning game

Boxing game

Resistance band game (Break-It-Like-Junior)

Multiplayer racing game

Leaderboard (seeing your ranking and score among the other app users)
Ability to monitor muscle activity

Ability to monitor heart rate

Flexibility to adjust EMG? (muscle activity) thresholds for each game and muscle

40(L2)
40(1.2)
35 (L0)
45 (1.0)
45 (1.0)
3.0(0)

40(L2)
40(1.2)

3EMG: electromyography.

User Perceptions—Qualitative Responses

The questionnaire also included open-ended responses. The
participants reported that the most positive aspects of the app
included monitoring their progress and that it keeps track of
how much time was spent in each session, helped them to
“exercise in an animated and engaging way,” and motivated
them to work out. The most negative aspects of the app were
reported to be glitches, app crashing, and that some of the games
can be interpreted as being created for children not adults.
There was oneresponseto the free-response question: “ Overall,
| believe like anything, the app could use improvement, maybe
look more modern, and include more features or different
exercises but thefact that someoneis creating an exercising app
for people who are wheelchair bound is simply amazing.”

Discussion

Although mobile technology is being leveraged for fitness
monitoring [38,39], and now includes exergaming [ 16,18], these
apps are not tailored for individuals in wheelchairs. The
exergaming apps that are available do not focus on upper limb
exercises and are not equipped to track isometric contractions,
as used in resistance exercises recommended for individualsin
wheelchairs [38,39]. An exergaming PC app was very recently
developed [40], but our app was distinct inits design to enable
exergaming for individuals in wheelchairs in at least 2 ways:
(1) exergames by Garcia-Hernandez et a [40] are on a PC
platform, whereas WOW-Mobile was designed to maximize
the flexibility of where and when this system could be used to
help overcome barriersto exercise; and (2) the games devel oped
in the study by Garcia-Hernandez et a [40] do not require
sustained i sometric strengthening contractions, such asresistance
arm band exercisesthat are recommended for CRT; rather, their
games require short bursts of muscle contraction. The
WOW-Mobile system achieved its design objectives of
increasing the likelihood of improving fitness levels and
providing individualsin wheelchairswith the independence and
flexibility to work out in the convenience of their own home
by using body-worn sensors that communicate wirelessly with
the WOW-Mobile phone app. The exergaming enabled the 3
of the 4 participants who had lower mobility impairment and
had not previously exercised in the convenience of their own

http://rehab.jmir.org/2021/1/€16054/

home to do so regularly (Figure 7 and Figure 9—S1, S3, and
$4). Analysis of the participants EMG indicated that when
usersincreased their time on the app, they burned more calories.
SDs in minutes of exercising per week ranged from 14 to 61
minutes, which, based on participant feedback, was because of
variability in busyness from week to week. Even after dropsin
exercise, participants still tended to resume more typical levels
of exercise (Figure 9), indicating that they were incorporating
exerciseinto their lifestyle, not just letting it be a one-time spurt
of commitment. The participantswith paraplegiawho had good
hand mobility had more consistent percent time exercising,
whereas the one participant with tetraplegia showed a
logarithmic rise in time efficiency on the app (Figure 9). This
learning curve pattern indicates that it took time to settleinto a
routine and become accustomed to using the WOW-Mobile
system, but by week 3, he aready reached similar levels of
efficiency astherest of the cohort. According to feedback from
the perceived usability and usefulness questionnaire as well as
on the mobile messaging app, the app was usable and exercised
more motivating.

On the basis of the problems that were expressed on the group
chat, the most problematic i ssues using the app were dueto lost
internet connectivity, assigning sensorsincorrectly, or difficulty
setting appropriate EMG thresholds for each game to ensure
that the users were challenged to reach an appropriate effort
level. We are currently working on devel oping an offlineversion
of the app that does not require continuous cloud server
communication and devising algorithms to automate the
threshol d setting process. We have a so been improving the user
interface to make the assignment of sensors more user-friendly.

The mobile app, while allowing participantsto perform holistic
upper limb exercises, did not explicitly facilitate the circuit
training prescribed by our team and others. When playing the
exergames, the users were motivated to reach high scores and
did not necessarily pace themselves aswould be donein acircuit
training program guided by knowledgeable physical trainers.
Oneway to overcomethislimitation isto design the games such
that compliance with the desired workout is measured and users
gain higher scoresfor closer compliance with the workout. For
example, for theracing game, the physical trainers could create
their own sessions exercising for the prescribed duration and
intensity levels. The participants could select these onsas

JMIR Rehabil Assist Technol 2021 | vol. 8 |iss. 1|€16054 | p. 13
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

the ghost player in amultiplayer game, and the objective of the
game would be to remain within a certain distance from the
ghost player. The WOW-Maoabile fitness app already has the
basic functionality built in to carry out such a protocol. Future
versions of the app will include an option to play the gamesin
a preset sequence rather than the user choosing games and
number of repetitions.

The multiplayer gaming and |leaderboard features were designed
to make exercise and mobile fitness fedl like an activity that
could be done in a community with friends. One limitation of
the study isthat the participants did not have much opportunity
to build community with each other before beginning to use the
app, nor werethey given opportunitiesto get to know each other
outside of using the app together, and therefore, the potential
of these features to help motivate users to play the games, and
therefore exercise more, could not be evaluated in this study.
Despite the participants not knowing each other before the study,
the participants with thoracic level injuries strongly agreed that
the app motivated them to exercise. We observed that for one
participant who had impaired hand mobility, using the app
would take substantially more effort and tedium to use, for
example, to tap the screen to navigate the app. Although we can
only speculate from our pilot study over differences in
perception by age, gender, level of injury, and accessto exercise
facilities at baseline, the results provide us more basis for
hypothesesto test in the future. For example, given that the one
participant with a cervical level injury consistently rated the
app’s usefulness lowest out of all the participants, we would
hypothesize for future studies that WOW-Mobile is effective
for individuals whose lower mobility is impaired but not their
hand mobility. In addition, the participants who only rated the
app’'s usefulnesswith 4sand 5sdid not exerciseregularly before
the study. This is consistent with our hypothesis that
WOW-M obile helpsindividualswith lower mobility impairment
to overcome barriersto exercise.

On average, participants rated the usefulness of all the features
between agree and strongly agree (4.0-4.5), with the exception
of the monitoring EM G, for which the averagewas 3.75/5. They
expressed valuing the ability to monitor their heart rate on the
app, but less so on muscle activity. This could be due to target
heart rates being more common knowledge and people, in
general, being more accustomed to seeing heart rate. Therefore,
we plan to design a more relatable metric based on EMG, such
as calories burned, in future versions of WOW-Mobile.

The participants reported agreeing or strongly agreeing that it
was clear how to use the app and that the app was easy to use

but were more neutral on getting the app to do when they wanted
ittodo. Thelatter isconsistent with the issuesthat were reported
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on WhatsApp, which were either already resolved or related to
app functionality that is tied to network connectivity and the
reguirement to be connected to their user account on the cloud.
We plan to develop an offline mode in which users can till
enjoy, albeit limited, functionality even when the connection
to the cloud drops.

The barriers to exercising that the participants were able to
overcome by using the WOW-M obile system included lack of
accessto adapted gyms, transportation to physical therapy clinics
or gyms, and cost of physical therapy or gym memberships.
Furthermore, anecdotal evidence indicates that being able to
exercise in the comfort and privacy of one’'s own home helped
the participants overcome self-consciousness with their disability
[41]. For example, one participant wanted help with a problem
setting threshold but was reluctant to do avideo chat; this same
participant was the only one who declined a photo or media
release form. Other participants expressed wanting to know
what they looked like while exercising and expressed discomfort
with having to be transferred while others besides the regular
personal assistant were around. The fact that all these
participants spent between 89 and 267 minutes per week
carrying out their workout in wheelchairsfor 8 weeksindicates
that maobile app—based EM G-driven exergaming isa promising
approach to facilitate and encourage regular exercise for
individualsin wheelchairs.

Conclusions

We have developed a mobile app—based fitness system that
providesindividualsin wheelchairswith aflexibleway to carry
out agoal-oriented, holistic workout with motivating feedback.
We have bench tested the WOW-M obile system and found the
system to meet design specificationsto support acircuit training
workout that has been recommended for people with SCI and
which supportsindividualsin wheel chairsto overcome existing
barriers to regular exercise, including transportation and
financial means to access gyms with adapted equipment and
frequent and regular in-person visitswith physical trainers. We
also tested and verified the feasibility of individuals in
wheel chairs using the WOW-M obile system in their own homes.
The participantswho had thoracic level injuriesand maintained
hand mobility benefited most from WOW-M obile and reported
strong agreement with the overall ease of use of the app aswell
as the usefulness of the app in motivating them to exercise and
enabling them to exercise more. As noted by one of the
participants, mobile fitness tailored for individuals in
wheelchairs is an unmet need and “the fact that someone is
creating an exercising app for people who arewheelchair bound
issimply amazing.”

This study was supported by the Department of Health and Human Services (NIDILRR grant number 90IFS0001-01-00). The

authorswould like to acknowledge Axel Munoz, Daniel Moreno,

Luis Salcedo, Kevin Monsalvo, Amit Pal, Christine Ong, Omar

Ochoa, Isaac Bowser, Luis Lopez-Juarez, Abigail Garcia, Jesus Leon, Bryan Lee, Daisy Salas, Lloyd Ruiz, and Joel Ramirez for

their contributions to this study.

http://rehab.jmir.org/2021/1/€16054/

JMIR Rehabil Assist Technol 2021 | vol. 8 | iss. 1 | €16054 | p. 14
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Enciso et d

Conflictsof Interest
None declared.

Multimedia Appendix 1

Demonstration of connecting the wireless sensors.
[MPA4 File (MP4 Video), 16672 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Demonstration of the high striker or resistance arm band exergame.
[MP4 File (MP4 Video), 35731 KB-Multimedia Appendix 2]

Multimedia Appendix 3

Demonstration of the multiplayer racing or spinning exergame.
[MPA4 File (MP4 Video), 29891 KB-Multimedia Appendix 3]

Multimedia Appendix 4

Demonstration of the boxing exergame.
[MP4 File (MP4 Video), 60407 KB-Multimedia Appendix 4]
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