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Abstract

Background: Formulift is anewly developed mobile health (mHealth) app that connects to a single inertial measurement unit
(IMU) worn on the left thigh. The IMU captures users: movements as they exercise, and the app analyzes the data to count
repetitionsin real time and classify users' exercise technique. The app also offers feedback and guidance to users on exercising
safely and effectively.

Objective: The aim of this study was to assess the Formulift system with three different and realistic types of potential users
(beginner gym-goers, experienced gym-goers, and qualified strength and conditioning [S& C] coaches) under a number of
categories: (1) usahility, (2) functionality, (3) the perceived impact of the system, and (4) the subjective quality of the system. It
was also desired to discover suggestions for future improvements to the system.

Methods: A total of 15 healthy volunteers participated (12 males; 3 females; age: 23.8 years [SD 1.80]; height: 1.79 m [SD
0.07], body mass: 78.4 kg [SD 9.6]). Five participants were beginner gym-goers, 5 were experienced gym-goers, and 5 were
qualified and practicing S& C coaches. IMU data were first collected from each participant to create individualized exercise
classifiers for them. They then completed a number of nonexercise-related tasks with the app. Following this, a workout was
completed using the system, involving squats, deadlifts, lunges, and single-leg squats. Participants were then interviewed about
their user experience and completed the System Usability Scale (SUS) and the user version of the Mobile Application Rating
Scale (UMARS). Thematic analysis was completed on all interview transcripts, and survey results were analyzed.

Results: Qualitative and quantitative analysisfound the system has“good” to “excellent” usability. The system achieved amean
(SD) SUS usahility score of 79.2 (8.8). Functionality was also deemed to be good, with many users reporting positively on the
systems repetition counting, technique classification, and feedback. A number of bugs were found, and other suggested changes
to the system were also made. The overall subjective quality of the app was good, with a median star rating of 4 out of 5
(interquartile range, |QR: 3-5). Participants also reported that the system would aid their technique, provide motivation, reassure
them, and help them avoid injury.

Conclusions; This study demonstrated an overall positive evaluation of Formulift in the categories of usability, functionality,
perceived impact, and subjective quality. Users also suggested a number of changes for future iterations of the system. These
findings are the first of their kind and show great promise for wearable sensor-based exercise biofeedback systems.

(JMIR Mhealth Uhealth 2018;6(1):e33) doi: 10.2196/mhealth.8115
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Introduction

Background

Resistancetraining isan exercise modality used in rehabilitation
and strength and conditioning (S& C) settings. Adhering to a
resistance training exercise program can increase a person’s
muscular strength, hypertrophy, and power [1]. Thiscanimprove
their sporting performance, mood, and quality of life [2,3].
However, many peopl e compl eting exercise programs encounter
variousdifficultieswhen performing their exerciseswithout the
supervision of atrained exercise professional such asan S&C
coach. One such difficulty isthat in such circumstances, people
may executetheir exercisesincorrectly [4,5]. Incorrect alignment
during exercise, incorrect speed of movement, and poor quality
of movement may have an impact on the efficacy of exercise
and may therefore result in a poor outcome [4,5]. Exercising
with aberrant biomechanics may also heighten on€'s risk of
injury [6], necessitating technological solutions to provide
accurate assessment of exercise form.

Inertial measurement units (IMUs) have been shown recently
to be an accurate method for such exercise assessment. Wearable
IMUsare ableto acquire data pertaining to the linear and angular
motion of limb segments and can also be used to measure a
body’s three-dimensional orientation [7,8]. They are small,
inexpensive, easy to set up, and facilitate the acquisition of
human movement data in unconstrained environments [9].
Recent research has shown that adiverse range of exercisescan
be accurately eval uated with multiple and individual IMU setups
[10-13]. These range from early stage rehabilitation exercises
such as heel didesand straight leg raises [12] to more complex
S& C exercises such as bodyweight squats [14], lunges [15],
and single-leg squats [13,16,17]. More cost-effective and
practical systemsusing asinglebody-worn IMU haveal so been
shown to be effective in the analysis of exercise technique
[13,15,18,19]. Such single IMU-based systems are considered
preferential wherethey can provide equivalent exerciseanaysis
quality to multiple IMU setups. Recently, it has been shown
that for the detection of acute, naturally occurring deviationsin
compound lower-limb S& C exercises such as the barbell squat
and the deadlift, personalized classification systems are superior
in accuracy to the global ones[20]. It has a so been shown that
such personalized systems enable a single IMU to accurately
classify repetitions of such exercises as “acceptable” or
“aberrant” [20].

Although al the aforementioned work demonstrates the
technological proficiency of IMU-based exercise biofeedback
systems in classifying exercise technique, little is currently
known about the user experience and users’ perceptions of such
biofeedback systems. Thereiscurrently asurge of usability and
system eval uation studies being published in the mobile health
(mHealth) and ubiquitous health (uHealth) field [21-24];
however, there is a sparsity of such studies pertaining to
IMU-based exercise biofeedback systems. Some past work has
assessed the usability of IMU-based exercise biofeedback
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systems [25,26] but, to the author’s knowledge, there has not
yet been any evaluation studies of biofeedback systems that
classify exercise quality based on data from a wearable sensor
and relay feedback to users via a mobile app.

The study aimed to evaluate a recently developed IMU-based
exercise biofeedback system called Formulift. Formulift consists
of amabile app and a single Shimmer IMU (Shimmer, Dublin,
Ireland). The IMU is worn on the user’s left thigh and tracks
their motion as they complete the following four exercises:
sguats, single-leg squats, lunges, and deadlifts. The mobile app
processes the signals from the IMU, counts repetitions, and
utilizes personalized classification methodsto determineif each
repetition completed of an exerciseis*acceptable’ or “ aberrant.”
During a set, the exerciser receives real-time feedback on the
completion of repetitions of an exercise; thisincludesavibration
of the phone and an on-screen repetition counter. The user then
receives feedback on their exercise technique following the
completion of each set of an exercise. This feedback is shown
in Figure 1 (top and bottom right) whereby after a set the
exerciser is given a color-coded number indicating their
technique quality and amessageto reinforcethis. The exerciser
may then view how many repetitions were completed with
acceptable and aberrant form on the review screen. The app
also displays a pop-up message if two sets of the same exercise
are completed sequentially with aberrant form. This message
suggeststhey seek support of an exercise professional to identify
and address their specific movement inefficiency. The app
contains instructional information on how to do the exercises
with acceptable technique and the option to review a workout
session. However, these videos are not specific to theidentified
aberrant movements. A video comprehensively detailing the
system can be seen in Multimedia Appendix 1. A number of
screenshots from the app are shown in Figure 1.

Objectives

The aim wasto assess the system under anumber of categories:
(1) usahility: the extent to which the system can be used by
specified users to achieve specified goals with effectiveness,
efficiency, and satisfaction in a specified context of use; (2)
functionality: the ability of an interface or device to perform
according to a specificaly defined set of parameters [27]
whereby the key functions of Formulift are to accurately detect
and count repetitions of the exercises under study, determine if
each repetition was completed with “ acceptable” or “aberrant”
technique, and provide the user with interpretabl e feedback on
their completed exercise; (3) the perceived impact of the system;
and (4) the subjective quality of the system. It was also desired
to uncover suggested future improvementsto the system. Three
different realistic types of system users were employed to
complete this evaluation: beginner gym-goers (<6 months
experience), experienced gym-goers (>2 years experience),
and qualified S& C coaches. Employing these threetypesof end
users was hypothesized to enable a more comprehensive
user-centered design approach to creating future iterations of
the Formulift system.
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Figure 1. The Formulift app. User preferences and connecting to the inertial measurement unit (IMU; top left), real-time exercise biofeedback (top
right), information and instructions (bottom left), and workout review (bottom right).
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Methods

Participants

A total of 15 healthy volunteers participated (12 males, 3
females, age: 23.8 years [standard deviation, SD 1.8], height:
1.79 m [SD 0.07], body mass: 78.4 kg [SD 9.6]). Group 1
included 5 beginner gym-goers with fewer than 6 months
experience with resistance training and the exercises used in
this study. Group 2 included 5 experienced gym-goers with a
minimum of 2 years experience with resistance training and
the exercises used in this study. The final group of system
evaluatorsincluded practicing S& C coacheswith qualifications
from the National Strength and Conditioning Association or the
United Kingdom Strength and Conditioning Association. Sample
size numbers were chosen based on a combination of standard
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practice for completing qualitative usability studies[28] and in
keeping with recent publications that aso utilized the
guantitative surveys used in this work [29,30]. No participant
had acurrent or recent muscul oskeletal injury that would impair
their exercise performance. Each participant signed a consent
form before completing the study. The University College
Dublin Human Research Ethics Committee approved the study
protocol.

Data Collection

System Use

The testing protocol was explained to participants upon their
arrival to the research laboratory. All participants completed a
5-min warm-up on an exercise bike; during which they were
required to maintain a power output of 100 W and cadence of
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75 to 85 revolutions per min. Following the warm-up, an
investigator positioned a single IMU (Shimmer, Shimmer
research, Dublin, Ireland) on the participant at the midpoint of
the left femur (determined as halfway between the greater
trochanter and lateral femoral condyle).

Video and IMU data were then simultaneously collected asthe
users completed the four following exercises: bodyweight left
leg single-leg squats, bodyweight lunges, bodyweight or barbell
sguats, and barbell deadlifts. A total of 40 repetitions of each
exercise were collected; 20 repetitions were completed with
“acceptable” form, and 20 repetitions were completed with
“aberrant” form. The " aberrant” repetitionsfrom the 5 beginners
were naturally occurring, whereas the 10 experienced
participants deliberately induced their “aberrant’ form.
Following this data collection, the IMU was removed from the
participant’s left thigh.

The exercise professional then used the segmented videos to
label each repetition of the four exercises as being “ acceptable”
or “aberrant” technique. Four binary random forests classifiers
were then created for each participant, each pertaining to one
of the four aforementioned exercises. These random forests
objects were imported into the biofeedback app to make a
personalized exercise classification system for each participant
(Figure 1; Multimedia Appendix 1). While their personalized
system was created, the participants completed a set of
nonexercise-based tasks within the app. Multimedia Appendix
2 isthe sheet given to participants listing the tasks that were to
be completed “before the exercise analysis session.” They
involved app navigation, interpretation of information within
the app, and following instructions on system use and how to
do the exercises. A full description of the exercise biofeedback
system can be seen in the attached video (Multimedia A ppendix
1).

Following the creation of their personalized biofeedback system,
the participant first secured the IMU to their left thigh and then
completed the list of tasks outlined in the “during exercise
analysis section” of Multimedia Appendix 2. They first
connected the wireless Shimmer IMU to the mobile app. They
then completed two sets of ten repetitions for each of the four
exercises. In thefirst set of each exercise, they were instructed
to exercise with their best possible technique, and in the second,
they were asked to try and replicate the mistake they had made
before the exercise professional’s coaching. Throughout the
session they were able to navigate to any point within the app
including the“review tab” and to view any instructional content.
The whole exercise session was observed by the investigator,
who took note of any system crashes and the associated
conditions, as the participant used the system and completed
their exercises. The session was also simultaneously videoed
for review following data collection. Upon completing the
required exercises, participants were provided with the
opportunity to test any other tasks within the app they desired.
Participants then moved on to evaluating the system whereby
they were administered surveys and partook in an interview.

I nterviews

Immediately after completion of their exercise session with the
system, a semistructured interview was conducted with each
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participant. A Dell Inspiron 5100 laptop (DELL, Texas, US)
was used to video-record the interview. The webcam also
captured the screen of the Android smartphone, allowing users
to demonstrate any specific aspects of the app they wished to
discuss. Each interview followed a topic guide to ensure
consistent questioning across every interview [31]. This guide
can be seen in Multimedia Appendix 3. Open-ended questions
were used to garner participant’s views and experiences of the
system in relation to usability, functionality, and perceived
impact. Furthermore, participant’s reflections regarding their
general evaluation of the system and suggested future changes
were also captured.

Surveys

In addition to the interviews, the system was also assessed
quantitatively utilizing two surveys. By mixing both quantitative
and qualitative research and data, gainsin breadth and depth of
understanding and corroboration can be achieved, while
offsetting the weaknesses inherent to using each approach
separately.

The System Usability Scale (SUS) is a short, 10-point
guestionnaire that has been widely adopted in many domains
as afast and reliable measure of asystem’s usability. The scale
produces a usability score out of 100 (not a percentage) for
every user who completesit. These scores can then be compared
with the large body of published data on systems assessed with
the SUS to find adjective and percentile rankings of a system’s
usability [29,32].

The “user version of the Mobile Application Rating Scale”
(UMARS) was also completed by all participants [22]. Thisis
an adapted version of the “Mobile Application Rating Scale’
and is more appropriate for end users of mobile apps [30]. It
assesses the app under the areas of engagement, functionality,
aesthetics, and information to produce an overall app quality
score out of 5. The app’s subjective quality and perceived impact
are also assessed separately. The perceived impact section of
the survey was tailored to this study to investigate the app’s
perceived impact on a person “exercising with their best
technique.” No further adaptations were made to the UMARS
survey for thiswork.

Data Analysis

Qualitative

Interview recordings for all participants were transcribed
verbatim and anonymized. A grounded-theory approach was
then taken to the thematic analysis of the interview transcripts
[33,34]. Theinterview topic guide was used to create an initial
coding frame that was then refined as more datawere analyzed.
Dataanalysiswas conducted by authorsMOR and PS. Analysis
involved scrutinizing the data to identify patterns, assigning
codesto the data, and building themes and subthemes from the
codes [35]. To maximize rigor and ensure the reliability of the
theme extraction process, the researchers (MOR and PS) met
frequently to evaluate the consistency of emergent themes and
subthemes, which were further cross-checked for consistency
across the three participant types (beginner gym-goers,
experienced gym-goers, and S& C coaches) [36]. Discrepancies
that wereidentified during these meetingswere resolved through
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discussion between researchers, MOR and PS, until an
agreement was reached. Data saturation was determined when
no new data and no new themes and relationships among the
interview data were emerging [37]. A table of themes and
subthemes was created with associated quotes. This can be seen
in Multimedia Appendix 4 of this paper.

Quantitative

The SUS score was computed for each participant following
standard scoring methodology [38]. The mean and SD for the
SUS scores was calculated for all participants and for each
subgroup (beginner gym-goers, experienced gym-goers, and
S& C coaches). TheuMARSwas also scored following standard
procedures [22]. For each participant, a score out of 5 was
caculated for engagement, functionality, aesthetics, and
information. The mean of thesefour scores produced an “ overall
app quality score” for each app user. App subjective quality
was quantitatively assessed taking each user’s star rating of the
app. A perceived impact score, out of 5, wasalso found for each
participant. The means and SDs of all the above scores were
found for all participants and the three aforementioned
subgroups.

Results

Summary

The Formulift system was assessed acrossfour distinct domains:
usability, functionality, perceived impact, and overall quality.
In the upcoming subsections, results will be presented from
both the quantitative surveys and qualitative interviews. Finally,
suggested future changes will also be described.

User Version of the M obile App Rating Scale

The uMARS provided quantitative results on a number of key
aspects of the app. A summary of results from the uMARS are
summarized in Table 1. Thistableis referred to throughout the
Results section.

Usability and Functionality

The system achieved a mean SUS usability score of 79.2 (SD
8.8). Beginners deemed the system most usable with a score of
86.25 (SD 1.9), whereas the experienced gym-goers and S& C
coaches scored the system at 75.5 (SD 9.1) and 74.5 (SD 8.0),
respectively. These usability scores put the system at an 85%
to 95% percentile based on all published research using the SUS
[29] and would deem the system’s usability good to excellent
on an adjective rating scale [32]. The functionality section of
the uUMARS al so demonstrated an overall positive usability and
functionality experience for users with amean score of 4.2 (SD
0.37; Table 1). Although these surveys demonstrated that
Formulift was deemed to have good usability, they provided
limited insight in to the reasons for this and to what can be
improved. Thiswasfound in analysisof theinterview transcripts
as described below.

Three key areas emerged from the interview datain relation to
system usability: overall ease of use, the app’s interface, and
the IMU. In terms of overall ease of use, 14 out of 15
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participants remarked on the system being “easy to use/
“straightforward,” and “intuitive.” Example statementsincluded
the following:

| thought it was so easy to use..l just like how
accessibleit isaswell. [Beginner gym-goer]

\ery, very easy to use. Really straightforward. You
know, easy to get around and realise what you're
doing. [Experienced gym-goer]

It's very easy to navigate through. It’'s pretty easy to
be honest...It's monkey see, monkey do really. [S& C
coach]

Many participants commented on theintuitive nature of the app.
For instance, the layout of the app was acknowledged to be very
easy to follow with large icons, large buttons and a minimal
number of menus being cited as the reasons for this. Example
statements included the following:

| mean, it'squite user friendly. Theinterface; there's
not too much going on, on the screen. It's very clear
where the info tab is, where the exercise tab is etc.
[S& C coach]

Large buttons made that easy. It might come in to
play more if you've got sweaty hands, but yeah in
terms of navigation it was good. The size of the text
and the buttons etc. isgood. Overall, very good. [S&C
coach]

Yeah, the Ul isreally simple. Some other fitness apps

are horrific. | hate using them, because they look

horrible. [Beginner gym-goer]

It wasreally easy to find things and navigate through.

[Experienced gym-goer]
None of the users reported any difficulties interpreting the
language used within the app. The color used within the app
was also referred to in a positive manner. It was considered to
“make things stand out great” during a session, make the app
“attractive,” and the color of the repetition number (red, orange,
or green) following a set was said to be very useful:

| think the three color, “ green, orange and red”
feedback was a really useful function as it let you
know if you're doing something well, something a
little bit off or doing something badly. [Beginner
gym-goer]
Participants also offered positive feedback regarding the “How
to wear the sensor” section. They found the instructions were
very clear and easy to follow:

One thing that | thought was done well was just
showing you how to place the sensor as well. That
could be a big obstacle, if it wasn't shown properly.
It would hinder people’s ability to useit. It was done
well. [S& C coach]

You go in to sensor placement/orientation you can’t
go wrong there. If you do, you have an issue. [S&C
coach]
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Table 1. Results from user version of the Mobile Application Rating Scale (UMARS) survey for beginner gym-goers, experienced gym-goers, and
strength and conditioning (S& C) coaches. Overall quality is computed as described in the study by Stoyanov et al.

UMARS Section Beginners (n=5) Experienced (n=5) S&C (n=5) All (n=15)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Engagement 3.78(0.48) 3.5(0.42) 3.67(0.33) 3.66 (0.42)
Functionality 4.27 (0.22) 4.24(0.45) 4.08 (0.39) 4.2(0.37)
Aesthetics 3.78 (0.50) 3.87(0.81) 4.2 (0.34) 3.9(0.62)
Information 4.29 (0.58) 4.2(0.29) 3.9 (0.56) 4.14(0.53)
Overal quality 4.03 (0.25) 3.95 (0.29) 3.96 (3.96) 3.98(0.21)
Perceived impact 4.57 (0.39) 4.12 (0.45) 3.28 (0.52) 4.03 (0.70)
Star rating 3.83(0.68) 4.0 (0.63) 3.6 (0.49) 3.8(0.63)

In addition to this, a participant spoke positively about wearing
the IMU:

I’ m not conscience about wearing it, nobody can see
it, it doesn't feel weighty or anything like that. |
almost forget it's on my leg while I'mtalking to you.
[Beginner gym-goer]
Participants reported a number of usability issues. The most
reported usability issue related to app navigation, in particular,
to going back a step within the app. Four participants, who are
usually iPhone users, struggled initially to know how to navigate
backwards in the app:

Maybe as I’'m coming from 10Sto Android but there

was no clear back button so you haveto switchinand

out or use the phone’s button. On an iPhone, there'd

always be something on the screen. That was one

thing. [Beginner gym-goer]

Just because I’m not used to using android, | didn’t

know how to go back a step but other than that, no

the app itself is very easy to navigate. [Experienced

gym-goer]
Some participants aso highlighted the need for more status
indicators as a usability issue. Particularly, they highlighted that
within the “How to use the App” instructions, there was no
on-screen indicator when one reached the last instruction, which
meant they did not know that the final instruction had been
reached. Moreimportantly, the need for aloading indicator was
highlighted when a user pressed the “Analyse my Set” button.
One beginner gym-goer commented:

...when you don’'t do that, | will impatiently tap the
same button until something happens which in this
case caused crashes. [Beginner gym-goer]

In fact, this crash, caused by multiple taps of the “Analyse my
Set” button was one of the most reported functionality issues.
Although many users reported no bugs in the app, 5 users
expressed experiencing a crash of the same manner. Two other
critical bugs were found within the app that caused system
crashes. Thefirst was recorded by 4 userswho reported acrash
when quickly clicking through the “How to use the App”
instructions:

Thereisaway of crashing it (the app). If you use the
“how to use app menu” and go quickly through the
menu, it's pretty easy to crash. It seems like the
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second time it happens. You can scan through it the
first time but not the second. [Beginner gym-goer]

Intheappinstructions, | wastapping through quickly

and it just crashed. | wasn't mashing the button but

| was pressing it reasonably quickly. [Experienced

gym-goer]
The second was experienced by 2 userswho also found that the
app crashed when they quickly navigated between the four main
tabs of the app (connect, exercise, information, and review):

When | was exiting the app, when | had been looking
at the exercises, it wasjust coming out and hitting all
the buttons (demoes bashing all the menu buttons
quickly) and the app crashed. [S& C coach]

These were both programming bugs, which will be amendedin
future versions of the app. The most recurrent, nonfatal
functionality issue mentioned by users regarded the real-time
repetition counting during sets. Eight participants described
thinking there was alag at the start of the set, and after 2 or 3
repetitions, it was as if the app caught up and started counting
them properly:

When | did thefirst rep of each set, | wasn’t sureif it

was recording it, until | did the second rep. It would

then say “2” Sometimes it would take a couple

secondsjust to vibrate and register that I'd compl eted

the repetition. [Beginner gym-goer]

Therep counting wasalso alittle bit slow at the start.

[Experienced gym-goer]
However, al participants felt the total repetition count was
always correct. Participants also felt the binary classification
of exercise repetitions (as acceptabl e or aberrant technique) was
accurate. The beginners and experienced athletes found the
system’s feedback useful. Gym-goers remarked the following:

It was really interesting how it could pick up on the
bad ones and | know there were definitely some bad
onesin therel [Beginner gym-goer]

| usually am very aware of my formfor sets but there
was a set of single leg squats where | didn’t do the
exercise well enough, and the app told me that |
hadn’t, and | wasn’t aware of that but then when |
thought about it the app was definitely right.
[Experienced gym-goer]
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The S& C coaches, whose experience and knowledge allowed
them to gain more insight to the accuracy of the system, were
predominantly content with the system’s accuracy. Two S&C
coaches did, however, feel the system misclassified a small
number of specific repetitions:

It worked for everything except my single leg squats
I’d say and maybe a little on the lunges. [ S& C coach]

Maybe one thing that it wasn’t able to discriminate
on that well was the last set | did of shallow
bodyweight squats. Maybe the accuracy fell off if |
was doing something between a ¥4 squat and a proper
full squat. That was the only one that was a tiny bit
inaccurate. [S& C coach]

Overall, the SUSresults, the uMARS, and the thematic analysis
have demonstrated the system was usable and functional. The
thematic analysis of the interview transcriptions has also
uncovered anumber of specific functionality issuesand aspects
of usability that can be amended or improved in futureiterations
of the app.

Per ceived | mpact

The quantitative analysis of the perceived impact of the system,
through the uUMARS, demonstrated that the system was very
beneficial to gym-goers in heightening their awareness of,
advancing their knowledge of, increasing their motivation to,
and their likelihood to seek help with “exercising with best
possibletechnique’ (Table 1). Thematic analysisof theinterview
transcriptions verified these quantitative findings and also
uncovered a number of other perceived benefits and
disadvantages to use of the system.

All users reported that using the system would aid their
technique while exercising. Beginners often mentioned that the
system would enable them to learn proper technique, whereas
experienced gym-goers stated that the system would be useful
particularly when they lose focus or increase the weight they
are lifting, and S& C coaches thought the system would help
people correct their technique and avoid injury while exercising.
Statements included the following:

It'salso niceto have the feedback on how I’ mactually
doing things. Personally, when | go to the gym, | may
even do a whole workout and not know if things have
gone correctly. It's pretty annoying to go home and
bethinking, “ Did | do my squatsright today?,” “I'm
not actually sure’ [Beginner gym-goer]

For people who are just starting out with workout
programs and need technique and form, it’s helpful.
It'shelpful also for advanced weightlifting individuals
who are looking to prevent injury and that kind of
thing | would say. [Experienced gym-goer]

A lot of the glaring issues people have when staring
weight training are addressed. If people even just
think about 1 or 2 of the issues that the app lays out
then their technique canimproveimmensely inavery
short amount of time just from these little bits of
information. [S& C coach]
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Well advantageswould be, obviously you' reavoiding
injury as you go to the gym. This gives you a new
source that can tell you if you're doing it right or
wrong or not. [S& C coach]

Eight users a so suggested that use of the system would have a
positive effect on their focus and motivation to exercise with
acceptable technique. S&C coaches also suggested that the
system would be particularly useful in a team setting where
athletes sometimes don’t process guidance properly or lose
focus. All three test groups made statements regarding the
system heightening focus, concentration, and/or motivation,
such as:

It would be a mativational thing aswell as obviously
the benefit of getting help to correct yourself when
you exercise poorly if needed. [Beginner gym-goer]
Particularly, with me, when I’'m sometimes doing
weights | lose focus, so it would help me keep track.
[Experienced gym-goer]

You have definitely got some players where the
information goesin oneear and straight out the other.
So it would be good for usin the sense that we could
connect this up, we analyze what we want to know
and they find out straight away if they’ ve done a good
or bad rep. [S& C coach]

Three out of six of the beginner gym-goers also spoke about
the system as a tool to build their confidence in how they are
exercising. They spoke of the app as a method to boost their
likelihood of seeking help from afriend or trainer, away to get
over theinitial anxiety of going to agym, and to reassure them
that they are exercising properly. One beginner spoke
extensively of this, including saying:

Also, having something on my legisreally reassuring

because I’ ve always found that with fitness apps on

my phone that direct meto exercise, | almost fedl like

all the information there can be interpreted wrong

and when | go to do the exercises | might be

misinterpreting them. But whatever it is, just having

this on my leg just makes me feel a little bit more

confident in doing them and interpreting the

information that is provided by the app. [Beginner

gym-goer]
In addition to giving people confidencein their training, 3 S&C
coachesfelt one of the key benefitsto the systemisthat it would
boost people's likelihood to simply start and commit to an
exercise program. One of the S& C coachesin fact saw this as
the biggest benefit to the system, and another spoke very
positively of this aspect of system use:

The biggest benefit is it gets people in to the gym.
[S& C coach]

I think downl oading the app could give alot of people
confidence to walk in to the gym in the first place,
that’sreally, really good. [S& C coach]

The aforementioned subthemes of the perceived impact of
system use, namely, (1) improving technique, (2) increasing
motivation and focus, and (3) promoting participation in
exercise, are all well accepted benefits of one having an S&C
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coach or personal trainer. Interestingly, anumber of participants
described the system either as a “virtual trainer” or a middle
ground to having no personal trainer:

The app almost acts as a person telling you you're
doing it wrong. That'show | felt. [Beginner gym-goer]
| wouldn't get a personal trainer but this systemcould
be a good middle ground. [Beginner gym-goer]

If you don’'t want to hire a coach, as coaches are a
lot of money then it will give you a pretty good
overview of the kind of stuff you have to do. [S&C
coach]

There were no subthemes that emerged perceiving negative
aspectsto system use. However, one experienced gym-goer did
suggest that use of the system could distract from focusing on
their exercise technique. They stated the following:

It wasn't necessarily confusing but | did think | might

be paying more attention to the app than my own

form. [Experienced gym-goer]
Subjective Quality
The subjective quality portion of the uM ARS showed that, when
available, 9 participants thought they would use this system 10
to 50 times over the next year, and 5 participants thought they
would use it greater than 50 times in the next year. These 5
participantswereall beginner gym-goers. All participantswould
recommend the system to people who might benefit from it.
The median star rating from all 15 participants was 4 out of 5
(IQR: 3-4). The interview data reflected these quantitative
ratings. All participants said they “liked” the system or thought
it was “good.” More detailed statements included:

Overall, | was very impressed with the app. | haveto
say, very impressed. [Beginner gym-goer]

I’ ve been going to the gym for whatever amount of
yearsand I'd still use something likethisif it can tell
me which reps are good and which reps are bad.
[Experienced gym-goer]

In terms of something to use during a session, | think
it would be great. [S& C coach]

In terms of aspects of quality to improve on, 2 S& C coaches
felt the feedback was perhaps a little basic and could be more
detailed:

Not that the technology it involvesis, but in terms of
how much information you could actually access it
was quite basic. [S& C coach]

One experienced gym-goer also expressed that without more
feedback, they might stop using the system once they had
perfected their technique:

| think the limit to the app is once you have the motion
down, you'relesslikely to keep using it. [ Experienced
gym-goer]
Overdl, al users subjective rating of system quality was
positive. However, al participants had suggested improvements
for futureiterations of the app, which emerged asathemeduring
qualitative analysis and will be discussed in the upcoming
subsection.
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Future Changes

The most popular suggestion for future changes to the system
was to add more exercises that can be tracked. Beginners
stressed the need for this, saying things such as:

| would like it if there were more exercises within the
app as standard gym session would generally involve
more exercises. [Beginner gym-goer]

I think just add more exercises. Keep developing it
asit’sjust a great idea. [Beginner gym-goer]

Maybe add some other type of movement that people
do, | don’t know how well it transfers to upper body
movements but certainly bench press is something
that people always tend to need help with when they
first gointo a gym. [S& C coach]

| guessjust add more exercises. So then it would cover
more things, because | guessthereis a wide range of
exercises that people do when they go to the gymand
they can all be done with poor formif you don’'t know
what you are doing. [S& C coach]

Experienced gym-goers and S& C coaches regularly suggested
the need for more exercises to be tracked by the system.
However, because of their experience and knowledge, they also
suggested the types of exercises that would require technique
classification and suggested that for many exercises the system
would only need to automatically count repetition and sets.
There was a general consensus among the experienced
gym-goers and S&C coaches that upper body compound
exercises (eg, bench press, overhead press, and barbell row)
were the additional exercisesthat should be incorporated to the
system, including technique classification. There was also a
shared opinion that users should be able to add any exercise
they complete to the system to be logged automatically.
However, it was suggested that noncompound, secondary
exercises may not require technique classification, as they are
associated with alower injury risk. It was also said that Olympic
weightlifting moves should not be added to the battery of
assessed movements, as they would be too dangerous to learn
viaan app. Two statements that summarize the cohort’s general
opinion are as follows:

Because, it'sin an app; | would say prioritize...you
could have compound exercises like a bench press or
an OHP (over-head press) but like you can't teach
like a jerk or a clean so just compound or isolation
movements as there is less that can go wrong with
those kind of things. [S& C coach]

In terms of other exercises; again | suppose | like the
idea that it would manly be your key lifts. In terms of
adding loads of other exercises, | don’t know if it
would be necessary. The oneswe would mainly cover
intermsof injury risk are your sguat, your back sgquat,
your deadlift etc. So yeah, in terms of that I'd keep it
to key lifts. [S& C coach]

Feedback was another prominent subtheme that emerged in the
area of future changes. Two key things were suggested
recurrently: (1) providing longitudinal feedback or progress
over time and (2) more detailed feedback on the completed
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exercise repetitions. With regards to providing longitudinal
feedback, one beginner suggested the following:

I’d be really interested to use it regularly and see if
I look back over weeks am | seeing
progress?...(Comparison to SeepTracker) Sol'd like
to see something similar in this where you could link
your exercise quality to your habits and progress.
[Beginner gym-goer]
Thistype of longitudinal feedback reflected what most users of
the system would also desire. With regards to receiving more
specific feedback on their completed exercise, a diverse range
of suggestions were made:

Then after the end of your sets, if it tells you like an
estimate of your maximum and could count your rest
times. [Beginner gym-goer]

It would be really interesting to actually see the
angles. [Experienced gym-goer]

A drop down with exactly what reps are good and
bad would be useful. [Experienced gym-goer]

WE'd be quite keen on musclefiber recruitment during
an exercise. I'm not sure if the sensors can pick up
onit. [S&C coach]

Tempo—that would be a big onefor us. [ S& C coach]

The most frequently reported request, however, was to receive
feedback on the exact mistake one was making when exercising,
asopposed to whether arepetition wassimply “good” or “bad”:

Maybe, for example, “ your back was too arched” or

“not arched enough,” or the angle of your legs, how

far down you should be going etc. [Experienced

gym-goer]
When participants mentioned this, they were informed of other
work from the authors that uses multiple IMUs to classify the
exact deviation one makes while completing the exercises
[14,15,39]. They were then asked if they would rather prefer a
multi-IMU system that may be more expensive than the
evauated singleIMU systemiif it could identify specific exercise
mistakes. Opinions were mixed on this, with 2 participants
stating it “would depend on cost.” However, one beginner, one
experienced gym-goer, and one S&C coach did suggest they
would actually prefer a multi-IMU system which had such
capability:

| do actually think more sensors would be cool but |

think, | think that because I'm a bit of a nerd with

stuff, so I'm like more sensors, that's cool; more

accurate data etc. | think for the people you may

actually be selling this app to, one sensor is actually

nearly too much. [Beginner gym-goer]

I think I’d like more sensors and feedback. Wearing

sensors doesn’t put me off. [Experienced gym-goer]

| suppose, because I'm dealing with high level
athletes, | would prefer to have more sensors to get
more information. [S& C coach]

No other subthemes regarding future changes were found;
however, one S&C coach did suggest a team version of the
system, where multiple users could connect to a coach’s tabl et
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app. Thiswould alow them to focus their time and attention to
the team memberswho requireit the most. They also suggested
the straps and IMU should be improved to be more appealing
in such a setting.

Discussion

Principal Findings

To the authors' knowledge, this study is the first to apply a
mixed-methods approach to eval uating awearabl e sensor-based
exercise biofeedback system. In particular, this study is afirst
look at users perceptions of such systems and their potential
benefits. Therefore, in addition to providing information on the
usability, functionality, and perceived impact of Formulift, the
presented results also offer a number of end-user insights that
can be leveraged to inform the development of future exercise
biofeedback systems.

Usability and Functionality

The results demonstrated a good to excellent overall level of
system usability. Participants highlighted that the Formulift
system was easy to set up and intuitive in nature, particularly
in relation to the ease at which they could complete tasks. This
shows great promise for the uptake of wearable sensor-based
exercise biofeedback apps within beginner and experienced
gym-goer populations. However, analysis of the data also
uncovered a number of specific usability issues that will be
amended in future iterations of the app. For instance, the app
should incorporate more status indicators, for example, the
appearance of a loading screen while exercise data are being
analyzed through the “Analyse my set” function. This addition
would signal to the user that an action is taking place, thus
reducing the user's uncertainty related to the completion of the
task. A clearer method for navigating backwards in the app
should also be added. Such changes should minimize confusion
for system users and enable a more enjoyable and efficient user
experience.

This study has also demonstrated that the Formulift system is
functional. The key desired functions of Formulift are to
accurately detect and count repetitions of the exercises under
study, determine if each repetition was completed with
“acceptable” or “aberrant” technique, and provide the user with
interpretable feedback on their completed exercise. The
combination of both qualitative and quantitative results shows
that the system was indeed functional in these three areas. This
was not withstanding a number of functionality bugs that were
found during the study. The most significant bug was the
real-time repetition counting algorithm lagging at the start of
some user’s sets. This must be rectified for future iterations of
the system. It is essential that the real-time repetition counting
functions correctly because if it does not, it may distract the
user from completing their exercise properly.

Perceived | mpact

One of the most important findings of this study isthat the range
of different system users (beginner gym-goers, experienced
gym-goers, and S& C coaches) reported several benefitsto using
the Formulift system. Most importantly, all users felt that the
system would improve their technique asthey exercise. Thisis
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acentral finding as prior work has simply shown the ability of
IMU-based exercise classification systemsto detect “ acceptable”
and “aberrant” technique but has not determined if userswould
find feedback of this kind beneficia [12,15,17,39-41].
Interestingly, users also highlighted the system’s positive
psychological benefitswith regardsto improved levels of focus,
motivation, and confidence while exercising. These perceived
benefits are in line with desired aims for such systems as
outlined in prior research [12,15,17,39-41]. Although these
benefits are well reported aims for many biofeedback systems
[42], theliterature currently lacked end-user validation. Further
study isrequired to objectively validate these perceived benefits.
Despite no negative impacts of Formulift's perceived impact
emerging as subthemes, one participant did point out that the
phone’s position during exercise (ie, in the user's hand or on
the floor in front of them) may be distracting from proper
technique. This matter is not yet fully understood, and future
iterations of the system should factor in how the phone is
positioned during exercise to maximize the system’s benefit to
the user.

Subjective Quality

En masse, Formulift was well received by system users. The
UMARS results showed the app had a median star rating of 4
out of 5. This shows that users thought the system was good
but could also be improved. This feeling was backed up during
participants’ interviews. Although suggested improvements to
the system will later be discussed, it is an important finding of
this study that system users did like Formulift. Wearable
sensor-based exercise biofeedback systems are a very new
technology, and little is yet known about how users feel about
using them. Therefore, it is encouraging to developers of such
systems that the participants of this study gave predominantly
positive feedback on the system.

Future Work

The systematic evaluation of the Formulift system uncovered
a variety of suggested changes for future system iterations.
Future work will endeavor to incorporate these changes in to
the system or allow them to be customizable user preferences
within the system, for example, turning on or off receiving
feedback on tempo of movement. Additionally, future work
will aim to establish users’ perceptions of the system following
multiple uses over aperiod of time. Such work would also grant
the opportunity to (1) Objectively measure the impact of the
system for usersin amore rigorous manner and (2) Investigate
how these findings compare to the system’s perceived impact
found in this study.

Comparison With Prior Work

As stated in the introduction to this paper, a vast proportion of
the published work pertaining to exercise analysis with IMUs
regards the efficacy of the various sensor setups and data
analysis techniques to assess different exercises [10-19].
However, whilein the early devel opment phase of such systems,
it is also of key importance to understand their usability,
functionality, subjective quality, and perceived impact from the
end user perspective. Involving the user early and often in the
design process can help identify previously unforeseen user
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experience issues that can then be rectified to help increase
levels of user engagement which is a central determinant to
overall user adoption prospects [43].

To the author’s knowledge, there are no published evaluation
studies of wearabl e sensor-based exercise biofeedback systems.
Literature is available in associated fields, with a vast variety
of mHealth and exergaming systems being evaluated over the
past decade [24,44]. It may be inappropriate to compare the
results evaluating Formulift to apps and systems in other
subdisciplinesin mHeal th because of the different demographics
of usersand purposes of such systems. However, it isimportant
to note that the methodological approach undertaken in this
study isin line with current state-of-the-art recommendations
in usability studies [24]. Involving three types of real system
users (beginners, experienced, and S&C) and employing a
mixed-methods approach to evaluate the system has maximized
our understanding on users' perceptions of Formulift and will
inform the design of future iterations. Although recent work
such asthat by Kotsantinidis et al who outlined the devel opment
and evaluation of “FitForAll”: an Exergaming Platform
Improving Physical Fitnessand Life Quality of Senior Citizens
[45] has shown great benefits to exercise biofeedback systems
and demonstrated good SUS scores, a lack of qualitative
assessment of the system limits the conclusions that can be
drawn on the system’s usability and user experience. It is the
authors' contention that we can maximize the learnings on
mHealth system evaluations through combining appropriate
surveys and interviews. This approach can more effectively
inform the iterative design process to make the systems as
beneficial as possible for end users.

Limitations

There are a number of contextua factors that should be
considered when reviewing this study. To begin with, al results
presented in this study are based on the participants' first use
of the system. Although thisislikely appropriate for highlighting
any usability and functionality problems with the system, it is
possible that one's rating of the system’s quality and impact
could vary over time. It should aso be stated that results
regarding the “ perceived impact” of the system, as determined
by the UMARS and thematic analysis of interview transcripts,
are solely users’ opinions on the benefits of the system. More
work isrequired to determineif the system objectively improves,
for example, people’'s motivation, exercise adherence, and
exercise technique. To achieve this, a longitudinal study will
be required. It should also be noted that this study took place
in an artificial gym environment within a biomechanics
laboratory. It would be useful to complete the proposed
longitudinal system evaluation with participants exercising in
their “normal” gyms. Thismay help uncover additional usability
or functionality issuesthat should be amended and other future
changes which could improve the system. A further limitation
of thisstudy isthe sample size used and the homogeneity of the
sample. While a sample of 15 participants complies with
usability testing standards, it may not guarantee that the sample
is representative of the wider population when considering
guantitative results. This may be the case in particular for
specific populations not captured in our sample, for example,
elderly, overweight, or underweight. However, there was high
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consistency when triangulating quantitative and qualitative
results, which suggests they are both of merit. It should also be
noted that this paper was concerned with determining the
usability, functionality, perceived impact, and subjective quality
of the Formulift system, and as such, expansive detail has not
been provided on the following topics: the exact data analysis
pathways utilized within the Formulift app; the quantitative
performance of the system during the evaluation (ie, system
accuracy, sensitivity, and specificity); and the manner by which
the experienced exercisers and S&C coaches completed
deliberately “aberrant” movements. These aspects of the system
evaluation experiment are detailed in a recent paper by the
authors (MOR, TW, and BC) [46]. This associated paper aso
details a tablet app that aims to ameliorate the overhead in
setting up personalized classifiersfor each exerciser, that is, the
following processes are streamlined: synchronizing video and
IMU datacollection, signal processing, data segmentation, data
labeling of segmented videos by an exercise professional, feature
computation, and classifier creation [46]. Limiting the work
involved in creating personalized exercise classification systems
for new system users may be a key factor for their uptake in to
thereal world.

Conclusions

In this study, we sought to evaluate the Formulift system, anew
exercise biofeedback app that classifies technique and tracks

OReilly et a

repetitions completed of exercises. A mixed-methods approach
was undertaken to quantitatively and qualitatively assess the
system under a variety of distinct categories: usability,
functionality, subjective quality, and perceived impact. The
assessment of the system was completed by three types of real
system users: beginner gym-goers, experienced gym-goers, and
qualified and practicing S&C coaches. The usability of the
system was determined to be very good following both
guantitative and qualitative analysis. The system also functioned
as desired with users reporting that the system accurately
detected their repetitions in real time, classified their exercise
quality, and gave them appropriate feedback. Users expressed
that they liked the system and that it could aid their focus and
technique while exercising. Additionally, it was found that the
system could increase their motivation and confidence in
completing exercise. These findings are the first of their kind
and show great promise for wearable sensor-based exercise
biofeedback systems. However, this study also found a great
deal of potential improvementsto the Formulift system (Future
Work subsection). By implementing these changes, it is hoped
that systems such as Formulift may become an affordable,
user-friendly, and useful tool that will aid gym-goersto enhance
their training and support S& C coaches in the monitoring of
their athletes.

Acknowledgments

Thisproject ispartly funded by the Irish Research Council as part of a Postgraduate Enterprise Partnership Scheme with Shimmer
(EPSPG/2013/574) and partly funded by Science Foundation Ireland (SFI/12/RC/2289). The authors would aso like to thank
UCD Sport for providing equipment which was used in this study and express their gratitude to Ersi Ni who was pertinent to the

development of the Formulift app.

Conflictsof Interest
None declared.

Multimedia Appendix 1

Video highlighting the Formulift system features and typical use case.

[MP4 File (MP4 Video), 93MB-Multimedia Appendix 1]

Multimedia Appendix 2
List of tasks presented to users for system evaluation session.

[PDE File (Adobe PDF File), 23K B-Multimedia Appendix 2]

Multimedia Appendix 3

Interview guide used for qualitative assessment of the Formulift system.

[PDFE File (Adobe PDF File), 26KB-Multimedia Appendix 3]

Multimedia Appendix 4

Table of themes arising from thematic analysis of interview transcripts.

[PDE File (Adobe PDF File), 70KB-Multimedia Appendix 4]

References

http:/mhealth jmir.org/2018/1/e33/

JMIR Mhealth Uhealth 2018 | vol. 6 | iss. 1| €33 | p. 11
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app1.mp4&filename=76870c819e966722ebc190903078fca8.mp4
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app1.mp4&filename=76870c819e966722ebc190903078fca8.mp4
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app2.pdf&filename=8c0d8390e88a569dda7b7b038d5e0c30.pdf
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app2.pdf&filename=8c0d8390e88a569dda7b7b038d5e0c30.pdf
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app3.pdf&filename=dad2b8b3644bd8ef7b96ca1a70963c95.pdf
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app3.pdf&filename=dad2b8b3644bd8ef7b96ca1a70963c95.pdf
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app4.pdf&filename=6a3bd015eb555610072a5dc1ca1d90fe.pdf
https://jmir.org/api/download?alt_name=mhealth_v6i1e33_app4.pdf&filename=6a3bd015eb555610072a5dc1ca1d90fe.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH O'Relilly et a

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ahtiainen JP, Pakarinen A, Alen M, Kraemer WJ, Hakkinen K. Muscle hypertrophy, hormonal adaptations and strength
development during strength training in strength-trained and untrained men. Eur JAppl Physiol. Aug 2003;89(6):555-563.
[doi: 10.1007/s00421-003-0833-3] [Medline: 12734759]

Kraemer WJ, Mazzetti SA, Nindl BC, Gotshalk LA, Volek JS, Bush JA, et a. Effect of resistance training on women's
strength/power and occupational performances. Med Sci Sports Exerc. Jun 2001;33(6):1011-1025. [Medline: 11404668]
Frontera WR, Meredith CN, O'Reilly KP, Knuttgen HG, Evans WJ. Strength conditioning in older men: skeletal muscle
hypertrophy and improved function. JAppl Physiol (1985). Mar 1988;64(3):1038-1044. [doi: 10.1152/jappl.1988.64.3.1038]
[Medline: 3366726]

Bassett SF. The assessment of patient adherenceto physiotherapy rehabilitation. N Z J Physiother. 2003;31(2):60-66. [FREE
Full text]

Friedrich M, Cermak T, Maderbacher P. The effect of brochure use versus therapist teaching on patients performing
therapeutic exercise and on changes in impairment status. Phys Ther. Oct 1996;76(10):1082-1088. [Medline: 8863761]
Hall M, Nielsen JH, Holsgaard-Larsen A, Nielsen DB, Creaby MW, Thorlund JB. Forward lunge knee biomechanics before
and after partial meniscectomy. Knee. Dec 2015;22(6):506-509. [doi: 10.1016/j.knee.2015.03.005] [Medline: 25907262]
Burns A, Greene BR, McGrath MJ, O'Shea TJ, Kuris B, Ayer SM, et al. SHIMMERTM-awireless sensor platform for
noninvasive biomedical research. IEEE Sensors J. Sep 2010;10(9):1527-1534. [doi: 10.1109/JSEN.2010.2045498]
Madgwick SO, Harrison AJ, Vaidyanathan A. Estimation of IMU and MARG orientation using agradient descent algorithm.
|EEE Int Conf Rehabil Robot. 2011;2011:5975346. [doi: 10.1109/ICORR.2011.5975346] [Medline: 22275550]

McGrath D, Greene BR, O’ Donovan KJ, Caulfield B. Gyroscope-based assessment of temporal gait parameters during
treadmill walking and running. Sports Eng. Jul 3, 2012;15(4):207-213. [doi: 10.1007/s12283-012-0093-8]

Seeger C, Buchmann A, Van Laerhoven K. myHealthAssistant: a phone-based body sensor network that captures the
wearer's exercises throughout the day. 2011. Presented at: 6th International Conference on Body Area Networks; November
7-8:1-7; Beijing. [doi: 10.4108/icst.bodynets.2011.247015]

MorrisT, Saponas S, Guillory A, Kelner |. RecoFit: using awearable sensor to find, recognize, and count repetitive exercises.
2014. Presented at: CHI '14 Proceedings of the SIGCHI Conference on Human Factors in Computing Systems; April
26-May 1:2225-3234; Toronto, Ontario, Canada. [doi: 10.1145/2556288.2557116]

Giggins OM, Sweeney KT, Caulfield B. Rehabilitation exercise assessment using inertial sensors: across-sectional analytical
study. JNeuroeng Rehabil. Nov 27, 2014;11:158. [FREE Full text] [doi: 10.1186/1743-0003-11-158] [Medline: 25431092]
Whelan DF, O'Reilly MA, Ward TE, Delahunt E, Caulfield B. Technology in rehabilitation: evaluating the single leg squat
exercise with wearable inertial measurement units. Methods Inf Med. 2017;56(2):88-94. [doi: 10.3414/M E16-02-0002]
[Medline: 27782290]

O Reilly MA, Whelan DF, Ward TE, Delahunt E, Caulfield BM. Technology in strength and conditioning: assessing
bodyweight squat technique with wearable sensors. J Strength Cond Res. Aug 2017;31(8):2303-2312. [doi:
10.1519/JSC.0000000000001957] [Medline: 28731981]

O'Rellly MA, Whelan DF, Ward TE, Delahunt E, Caulfield B. Classification of lunge biomechanics with multiple and
individual inertial measurement units. Sports Biomech. May 19, 2017;16(3):342-360. [doi: 10.1080/14763141.2017.1314544]
[Medline: 28523981]

Whelan D, O Reilly M, Ward TE, Delahunt E, Caulfield B. Evaluating performance of the single leg squat exercise with
asingleinertial measurement unit. 2015. Presented at: REHAB '15 Proceedings of the 3rd 2015 Workshop on ICTs for
improving Patients Rehabilitation Research Techniques; October 1-2:144-147; Lisbon, Portugal. [doi:
10.1145/2838944.2838979)]

Kianifar R, Lee A, Raina S, Kulic D. Classification of squat quality with inertial measurement unitsin the single leg squat
mohility test. Conf Proc | EEE Eng Med Biol Soc. Dec 2016;2016:6273-6276. [doi: 10.1109/EMBC.2016.7592162] [Medline:
28269683]

Gigains O, Kelly D, Caulfield B. Evaluating rehabilitation exercise performance using a single inertial measurement unit.
2013. Presented at: 7th International Conference on Pervasive Computing Technologies for Healthcare (Pervasive Health);
May 5-8; Venice, Italy. [doi: 10.4108/icst.pervasivehealth.2013.252061]

Johnston W, O Reilly M, Dolan K, Reid N, Coughlan GF, Caulfield B. Objective classification of dynamic balance using
asinglewearable sensor. 2016. Presented at: 4th | nternational Congress of Sports Science Research and Technology Support
(icSPORTS); November 7-9:15-24; Porto, Potugal. [doi: 10.5220/0006079400150024]

O'Rellly MA, Whelan DF, Ward TE, Delahunt E, Caulfield BM. Classification of deadlift biomechanics with wearable
inertial measurement units. J Biomech. 2017;58:155-161. [doi: 10.1016/j.jbiomech.2017.04.028] [Medline: 28545824
Al Ayubi SU, Parmanto B, Branch R, Ding D. A persuasive and social mHealth application for physical activity: a usability
and feasibility study. IMIR Mhealth Uhealth. 2014;2(2):e25. [FREE Full text] [doi: 10.2196/mhealth.2902] [Medline:
25099928]

Stoyanov SR, Hides L, Kavanagh DJ, Wilson H. Development and validation of the user version of the Mobile Application
Rating Scale (UMARS). IMIR Mhealth Uhealth. 2016;4(2):e72. [FREE Full text] [doi: 10.2196/mhealth.5849] [Medline:
27287964]

http://mhealth.jmir.org/2018/1/e33/ JMIR Mhealth Uhealth 2018 | vol. 6 | iss. 1| €33 | p. 12

(page number not for citation purposes)


http://dx.doi.org/10.1007/s00421-003-0833-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12734759&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11404668&dopt=Abstract
http://dx.doi.org/10.1152/jappl.1988.64.3.1038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3366726&dopt=Abstract
https://www.researchgate.net/profile/Sandra_Bassett/publication/284411604_The_assessment_of_patient_adherence_to_physiotherapy_rehabilitation/links/56afc4cb08ae9c1968b48840/The-assessment-of-patient-adherence-to-physiotherapy-rehabilitation.pdf
https://www.researchgate.net/profile/Sandra_Bassett/publication/284411604_The_assessment_of_patient_adherence_to_physiotherapy_rehabilitation/links/56afc4cb08ae9c1968b48840/The-assessment-of-patient-adherence-to-physiotherapy-rehabilitation.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8863761&dopt=Abstract
http://dx.doi.org/10.1016/j.knee.2015.03.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907262&dopt=Abstract
http://dx.doi.org/10.1109/JSEN.2010.2045498
http://dx.doi.org/10.1109/ICORR.2011.5975346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22275550&dopt=Abstract
http://dx.doi.org/10.1007/s12283-012-0093-8
http://dx.doi.org/10.4108/icst.bodynets.2011.247015
http://dx.doi.org/10.1145/2556288.2557116
https://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-11-158
http://dx.doi.org/10.1186/1743-0003-11-158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25431092&dopt=Abstract
http://dx.doi.org/10.3414/ME16-02-0002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27782290&dopt=Abstract
http://dx.doi.org/10.1519/JSC.0000000000001957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28731981&dopt=Abstract
http://dx.doi.org/10.1080/14763141.2017.1314544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28523981&dopt=Abstract
http://dx.doi.org/10.1145/2838944.2838979
http://dx.doi.org/10.1109/EMBC.2016.7592162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28269683&dopt=Abstract
http://dx.doi.org/10.4108/icst.pervasivehealth.2013.252061
http://dx.doi.org/10.5220/0006079400150024
http://dx.doi.org/10.1016/j.jbiomech.2017.04.028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28545824&dopt=Abstract
http://mhealth.jmir.org/2014/2/e25/
http://dx.doi.org/10.2196/mhealth.2902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25099928&dopt=Abstract
http://mhealth.jmir.org/2016/2/e72/
http://dx.doi.org/10.2196/mhealth.5849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27287964&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH O'Relilly et a

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

LodhiaV, Karanja S, Lees S, Bastawrous A. Acceptability, usability, and views on deployment of Peek, a mobile phone
mHealth intervention for eye carein Kenya: qualitative study. IMIR Mhealth Uhealth. May 09, 2016;4(2):e30. [FREE Full
text] [doi: 10.2196/mhealth.4746] [Medline: 27160779]

ZapataBC, Fernandez-Aleman JL, Idri A, Toval A. Empirical studies on usability of mHealth apps: a systematic literature
review. JMed Syst. Feb 2015;39(2):1. [doi: 10.1007/s10916-014-0182-2] [Medline: 25600193]

Fitzgerald D, Kelly D, Ward T, Markham C, Caulfield B. Usability evaluation of e-motion: a virtual rehabilitation system
designed to demonstrate, instruct and monitor atherapeutic exercise programme. 2008. Presented at: Virtual Rehabilitation
(IWVR); August 25-28:144-149; Vancouver, BC, Canada. [doi: 10.1109/ICVR.2008.4625151]

Fitzgerald D, Trakarnratanakul N, Dunne L, Smyth B, Caulfield B. Devel opment and user evaluation of avirtual rehabilitation
system for wobble board balance training. Conf Proc IEEE Eng Med Biol Soc. 2008;2008:4194-4198. [doi:
10.1109/IEMBS.2008.4650134] [Medline: 19163637]

Abran A, Khelifi A, Suryn W, Seffah A. Usability meanings and interpretations in 1SO standards. Softw Qual J.
2003;11(4):325-338. [doi: 10.1023/A:1025869312943]

Turner CW, LewisJR, Nielsen J. Determining usability test samplesize. Int Encycl Ergon Hum Factors. 2006;3(2):3084-3088.
Sauro J. Measuring usability with the System Usability Scale (SUS). Userfocus.co.uk. 2016. [FREE Full text]

Stoyanov SR, Hides L, Kavanagh DJ, Zelenko O, Tjondronegoro D, Mani M. Mabile app rating scale: a new tool for
assessing the quality of health mobile apps. IMIR Mhealth Uhealth. 2015;3(1):e27. [FREE Full text] [doi:
10.2196/mhesalth.3422] [Medline: 25760773]

Ritchie J, Lewis J. Qualitative Research Practice: A Guide for Social Science Students and Researchers. New York. Sage
Publications; 2003.

Bangor A, Kortum P, Miller J. Determining what individual SUS scores mean: adding an adjective rating scale. JUsability
Stud. 2009;4(3):114-123.

Heath H, Cowley S. Developing a grounded theory approach: a comparison of Glaser and Strauss. Int J Nurs Stud. Feb
2004;41(2):141-150. [doi: 10.1016/S0020-7489(03)00113-5]

Braun V, Clarke V. Using thematic analysis in psychology. Qual Res Psychol. 2006;3(2):77-101. [FREE Full text]
Saldana J. The Coding Manual for Qualitative Researchers. New York. Sage Publications; 2009.

ThomasDR. A general inductive approach for analyzing qualitative evaluation data. Am JEval. Jun 01, 2006;27(2):237-246.
[doi: 10.1177/1098214005283748]

Fusch PI, NessLR. Are we there yet? Data saturation in qualitative research. Qual Rep. 2015;20(9):1408-1416. [FREE
Full text]

Brooke J. 1986. URL : https://hell.meiert.org/core/pdf/sus.pdf [accessed 2018-01-24] [WebCite Cache ID 6wi4l 6MIp]
O'Rellly MA, Whelan DF, Ward TE, Delahunt E, Caulfield B. Technology in Strength and conditioning: tracking lower
limb exerciseswith wearabl e sensors. J Strength Cond Res. 2017;31(6):1726-1736. [doi: 10.1519/JSC.0000000000001852]
[Medline: 28538326]

Pernek I, Kurillo G, Stiglic G, Bajcsy R. Recognizing the intensity of strength training exercises with wearable sensors. J
Biomed Inform. Dec 2015;58:145-155. [FREE Full text] [doi: 10.1016/j.jbi.2015.09.020] [Medline: 26453822]

Taylor PE, Almeida GJ, Hodgins JK, Kanade T. Multi-label classification for the analysis of human motion quality. Conf
Proc IEEE Eng Med Biol Soc. 2012;2012:2214-2218. [doi: 10.1109/EMBC.2012.6346402] [Medline: 23366363]
Giggins OM, Persson UM, Caulfield B. Biofeedback in rehabilitation. J Neuroeng Rehabil. Jun 18, 2013;10:60. [FREE
Full text] [doi: 10.1186/1743-0003-10-60] [Medline: 23777436]

Abras C, Maloney-Irichmar D, Preece J. User-centered design. In: Bainbridge, W. Encyclopedia of Human-Computer
Interaction. Thousand Oaks, California. Sage Publications; 2004:445-455.

Sween J, Wallington SF, Sheppard V, Taylor T, LIanos AA, Adams-Campbell LL. Therole of exergaming in improving
physical activity: areview. J Phys Act Health. May 2014;11(4):864-870. [FREE Full text] [doi: 10.1123/jpah.2011-0425]
[Medline: 25078529]

Konstantinidis El, Billis AS, Mouzakidis CA, Zilidou VI, Antoniou PE, Bamidis PD. Design, implementation, and wide
pilot deployment of FitForAll: an easy to use exergaming platform improving physical fitness and life quality of senior
citizens. |EEE JBiomed Health Inform. Jan 2016;20(1):189-200. [doi: 10.1109/JBHI.2014.2378814] [Medline: 26731797]
O'Rellly M, Duffin J, Ward T, Caulfield B. Mobile app to streamline the development of wearable sensor-based exercise
biofeedback Systems: system development and evaluation. IMIR Rehabil Assist Technol. Aug 21, 2017;4(2):€9. [FREE
Full text] [doi: 10.2196/rehab.7259] [Medline: 28827210]

Abbreviations

IMU: inertial measurement unit
IQR: interquartile range
mHealth: mobile health

S& C: strength and conditioning
SUS: system usability scale

http://mhealth.jmir.org/2018/1/e33/ JMIR Mhealth Uhealth 2018 | vol. 6 | iss. 1| €33 | p. 13

(page number not for citation purposes)


http://mhealth.jmir.org/2016/2/e30
http://mhealth.jmir.org/2016/2/e30
http://dx.doi.org/10.2196/mhealth.4746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27160779&dopt=Abstract
http://dx.doi.org/10.1007/s10916-014-0182-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25600193&dopt=Abstract
http://dx.doi.org/10.1109/ICVR.2008.4625151
http://dx.doi.org/10.1109/IEMBS.2008.4650134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19163637&dopt=Abstract
http://dx.doi.org/10.1023/A:1025869312943
https://www.userfocus.co.uk/articles/measuring-usability-with-the-SUS.html
http://mhealth.jmir.org/2015/1/e27/
http://dx.doi.org/10.2196/mhealth.3422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25760773&dopt=Abstract
http://dx.doi.org/10.1016/S0020-7489(03)00113-5
http://eprints.uwe.ac.uk/11735/2/thematic_analysis_revised
http://dx.doi.org/10.1177/1098214005283748
http://nsuworks.nova.edu/tqr/vol20/iss9/3/
http://nsuworks.nova.edu/tqr/vol20/iss9/3/
https://hell.meiert.org/core/pdf/sus.pdf
http://www.webcitation.org/

                                            6wi4L6Mlp
http://dx.doi.org/10.1519/JSC.0000000000001852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28538326&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(15)00214-2
http://dx.doi.org/10.1016/j.jbi.2015.09.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26453822&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2012.6346402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23366363&dopt=Abstract
https://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-10-60
https://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-10-60
http://dx.doi.org/10.1186/1743-0003-10-60
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23777436&dopt=Abstract
http://europepmc.org/abstract/MED/25078529
http://dx.doi.org/10.1123/jpah.2011-0425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25078529&dopt=Abstract
http://dx.doi.org/10.1109/JBHI.2014.2378814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26731797&dopt=Abstract
http://rehab.jmir.org/2017/2/e9/
http://rehab.jmir.org/2017/2/e9/
http://dx.doi.org/10.2196/rehab.7259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28827210&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH O'Relilly et a

uHealth: ubiquitous health
UMARS: user version of the Maobile Application Rating Scale

Edited by G Eysenbach; submitted 30.May.2017; peer-reviewed by D Ding, A Billis, P Antoniou, C Mouzakidis, G Kurillo; comments
to author 01.Aug.2017; revised version received 29.Aug.2017; accepted 28.Sep.2017; published 31.Jan.2018

Please cite as.

O'Reilly MA, Sevin P, Ward T, Caulfield B

A Wearable Sensor-Based Exercise Biofeedback System: Mixed Methods Evaluation of Formulift
JMIR Mhealth Uhealth 2018;6(1): €33

URL: http://mhealth.jmir.org/2018/1/e33/

doi: 10.2196/mhealth.8115

PMID: 29386171

©Martin Aidan O'Reilly, Patrick Slevin, Tomas Ward, Brian Caulfield. Originaly published in IMIR Mhealth and Uhealth
(http://mhealth.jmir.org), 31.Jan.2018. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https.//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in IMIR mhealth and uhedlth, is properly cited. The complete
bibliographic information, a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license
information must be included.

http://mhealth.jmir.org/2018/1/e33/ JMIR Mhealth Uhealth 2018 | vol. 6 | iss. 1| €33 | p. 14
(page number not for citation purposes)

RenderX


http://mhealth.jmir.org/2018/1/e33/
http://dx.doi.org/10.2196/mhealth.8115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29386171&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

