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Abstract. This paper investigates the user experience design of a smartphone
application for the objective assessment of cognitive fatigue. This is as an alternative to using an established paper questionnaire that offers subjective selfassessment. Taking a multidisciplinary approach, challenges relating to the usability and the efficacy of the smartphone assessment tool were explored. Furthermore, to enable validation of the proposed new approach, challenges relating
to how best to deliver the traditionally paper-based questionnaire on a
smartphone display, while retaining the validity of the measure it affords, had to
be addressed. Results show that the smartphone based cognitive testing methods
was comparable to outcomes from the pre validated mobile based Mental Fatigue Scale. Participant feedback showed that the smartphone-based approach
offered a more acceptable and engaging user experience, while retaining the
ability to accurately measure cognitive fatigue.
Keywords. Mobile · questionnaire adaptation · cognitive tests · fatigue evaluation · self-assessment.

1

Introduction

Fatigue can be defined as “the awareness of a decreased capacity for physical and/or
mental activity due to an imbalance in the availability, utilization, and/or restoration of
(physiological or psychological) resources needed to perform activity” [1]. Fatigue is
often caused by a lack of sleep, stress, or a cognitive deficiency. Cognitive fatigue is a
common symptom that may occur after an Acquired Brain Injury (ABI), and can have
a very detrimental effect on a person’s ability to conduct activities of daily living.
Measuring cognitive fatigue is considered problematic due to the absence of biological
markers and a lack of standardized tests. This results in an absence of available technology-based solutions [22]. Consequently, episodes of fatigue can potentially be
misinterpreted.

This paper investigates the user experience design of a smartphone application for
the objective assessment of cognitive fatigue. This is as an alternative to using an established paper questionnaire that offers subjective self-assessment. Taking a multidisciplinary approach, challenges relating to the usability and the efficacy of the
smartphone application assessment approach were explored. It also aimed to validate
its use on a smartphone alongside objective methods that would previously have been
deployed using large screen-based devices. Furthermore, it anticipates the collaborative use, or eventual replacement, of traditional self-assessment methods with pervasive computing approaches. Self-assessment of fatigue most frequently takes place
within a clinical environment, which doesn’t necessarily facilitate the convenient and
timely self-reporting of fatigue during everyday life. However, tests such as the Psychomotor Vigilance Task and Spatial Span Task can be adapted for mobile devices,
which, in turn, could be utilized to provide more effective and accurate fatigue assessment. Results show that the mobile-based approach offered a more acceptable and
engaging user experience, while retaining the ability to accurately measure cognitive
fatigue.
The remainder of this paper provides an overview of the background and related
work in this area. This is followed by discussion of the application design utilized for
the research conducted within this paper, which indicates how relevant research has
been used to inform the design of the related smartphone application. The results from
a preliminary study using the application will be subsequently presented, and finally,
concluding remarks and future work will be discussed.

2

Related work

2.1

Subjective Assessment

Traditional methods of subjective assessment in the area of cognitive fatigue have
utilized self-assessment questionnaires as a way of measuring an individual's perceived level of fatigue. There have been a number of specific self-assessment questionnaires designed to target cognitive ability and its relation to fatigue, including the
Visual Analogue Scale for Fatigue [18], Fatigue Severity Scale [15] and the Mental
Fatigue Scale (MFS) [13]. All of these scales use a visual analogue representation of
targeted questions in order to aid a participant in self-evaluation. Moreover, the validity of such scales has been evaluated and shown to be effective in their assessment
capabilities [16]. However, as no medical standard for fatigue measurement currently
exists, different scales are available depending on whether or not the physical or emotional aspect is being evaluated.
The MFS is the first scale that has been adapted to assess fatigue irrespective of the
underlying neurological condition. Similar to the previous scales, this scale takes the
form of a self-assessing questionnaire, which consists of 15 questions specifically
aimed at covering the main symptoms that occur after a brain injury, including cognitive symptoms, sleep deprivation and duration, and other common effects [11]. Questions do not focus specifically on any particular area so that a wider understanding of
fatigue can be garnered. In addition, the scale has been shown to be invariant to age,

gender and educational profile [2]. Johansson measured the effectiveness of the MFS
against a series of neuropsychological tests in order to prove its validity [12]. The tests
used were; digit symbol-coding from the The Wechsler Adult Intelligence Scale
(WAIS)-III [21], measuring information processing speed; the digit span from the
WAIS-III, measuring attention and working memory [21]; verbal fluency test [19] and
Trail Making Test (TMT) A and B [17], measuring visual scanning, divided attention
and motor speed.
As self-assessment is a key approach to monitoring fatigue, it has great potential to
be adapted and deployed onto mobile platforms. Within the research literature,
Swendeman et al. [20] carried out a study into the validity of self-reporting via a
smartphone. They evaluated behavioral and emotional self-reports daily over a 6-week
period. Daily completion rates of surveys were reported to be 50%, with 70% of participants completing three follow up surveys after the 6-week period. Adherence to the
daily assessment was observed to be low, which was attributed to errors in data that
subsequently had to be excluded from the evaluation results. It may indicate the monotonous nature of self-assessment for participants, regardless of medium, which subsequently highlights the overall need for a more engaging approach.
2.2

Objective Assessment

The WAIS was originally designed to measure intelligence but has since been adopted
by neuroscientists in order to evaluate cognitive performance of brain-damaged individuals in terms of processing speed, reaction and memory [2][12].
Van Dongen [6] defined three computerized methods for assessing fatigue after
chronic sleep restriction: (1) a mental arithmetic test to assess cognitive throughput;
(2) a sustained reaction time test; (3) a digit-symbol substitution task to assess
memory. The experiment yielded convergent findings of sleep dose-response effects
on all three cognitive performance functions. Specifically, sleep periods limited to
four hours and six hours per night progressively eroded the effectiveness of psychomotor vigilance performance, working memory performance and cognitive throughout
performance, thus providing evidence for the adverse effects of chronic sleep restriction and fatigue on cognitive function. While many technology-based approaches
exist that are capable of assessing fatigue within a clinical environment, it is important
to also develop mobile based methods, which would potentially facilitate assessent
outside of the clinical environment.
The Psychomotor Vigilance Task (PVT) was originally designed for a static computer-based evaluation, however, it is one of the few tests that has been modified for
use on mobile platforms. Work by Kay [14] and Gartenberg [8] investigated how effective short duration mobile tests would be, in conjunction with the usability issues
that arise. They concluded that mobile-based variations were just as effective as desktop-based assessment, thus highlighting the adaptability of the underlying cognitive
tasks. However, the assessments employed only focused on measuring vigilance as an
evaluation of alertness and would have benefited from additional measurements such
as working memory and throughput.

The Spatial Span Task used by Johansson, taken from the WAIS, measures the
same cognitive attention and working memory ability as the Digit-Symbol Coding
Task defined by Van Dongen as a metric to measure fatigue [6]. The key difference
between the two tasks lies in the simplicity of the Spatial Span Task, which proves
easier for individuals with to actively engage in. Furthermore, its simplicity further
supports development and deployment on a mobile platform.
Johansson [9] compared the ability of a mental fatigue questionnaire with cognitive
tests in order to determine if there is a direct correlation in their ability to subjectively
and objectively measure fatigue. The neuropsychological tests employed included
Digit Symbol-Coding Task, Digit Span Task, Spatial Span Task [19] and Trail Making Tests [17]. Accordingly, these tests were employed to measure processing speed
attention, working memory, verbal fluency and reading speed. It was concluded that
subjective mental fatigue mainly correlates with objectively measured information
processing speed [9].

3

Methodology

This research employed a multi-disciplinary, iterative approach to systematically inform and evaluate each aspect of the smartphone application. Experts from the field of
acquired brain injuries, psychology and interaction design were involved in informing
initial design decisions and function of the application, alongside user pilot studies.
This permitted the design and development of the smartphone application to be informed by clinical theory and practice, as well as commercial design theory and user
opinion. This iterative design process is overviewed in Figure 1.
The designed smartphone application utilized a variation of the MFS for use on a
small screen. To ensure impartiality, the original paper design of the questionnaire has
been utilized for the mobile variation employed, including the visual design of the
questions, the sequencing of questions, and numbering of the scale. Its validity has
previously been assessed alongside a series of neuropsychological tests [10]. Consequently, it was chosen for adoption in the smartphone application discussed herein,
together with three different cognitive tests: (1) the Spatial Span Task from WAIS; (2)
the PVT; (3) Serial Addition/Subtraction Task. Correspondingly, the cognitive tests
selected require sufficient cognition to evaluate multiple different areas of affect, including memory, attention, speed of processing and cognitive throughput.

Fig. 1. Iterative Design Process

3.1

Expert Review

The initial phase of the design process was focused on clinical consultation and expert knowledge in order to inform the workflow of the application. Ordering of tests
was considered as a crucial step, as retaining user attention while they might be cognitively fatigued is a difficult challenge. Consequently, through clinical expertise, ordering of tasks was based on the perceived level of task difficulty in conjunction with the
perceived level of user enjoyment for individual tasks. As such, more difficult tasks
were sequenced earlier, whereas more engaging tasks were sequenced later, in order to
retain attention and engagement as the tasks become increasingly more stimulating. In
addition, providing a ‘fun’ task after a ‘boring’ task gives the user an incentive to
continue, which may be potentially helpful under fatigued circumstances. Subsequently, the ordering of the task as presented by the application is MFS, Spatial Span Task,
PVT and Serial Addition/Subtraction Task. The overall application test takes no more
than 10 minutes to complete, with the duration selected to ensure better user engagement as longer time on tasks can lead to a level of degradation in participation and a
lower level of perceived effort. Expert review was carried on alongside the next stage
of focus group testing.
3.2

Focus Group Pilot Study

Next, the initial version of the proposed smartphone application was delivered to a
small group of participants (n=5), recruited from the Ulster University, in order to
investigate how information design and visual design choices made during expert
review might affect the usability of the application. This was also an important stage
as it permitted evaluation of the difficulty of each of the cognitive tests; if they were
too complex they would be difficult for users to follow, however, by contrast, if they
were too simplistic, they might not produce enough variability in the results obtained
for conducting an effective degree of data analysis. For increased usability the application included an instructional screen before each of the cognitive tests. This was included to help users understand the nature and goal of the tests and to reduce the number of mistakes that were recorded by users during the pilot study.
Designing a smartphone application approach to a paper-based questionnaire produces many design and usability challenges. Careful consideration is needed though
each stage of the iterative design process in order to take into account both expert
opinion as well as user feedback. The Mental Fatigue Scale has 15 questions, each
with 7 possible response options. On a paper-based format, it is easy to present all of
this information on a page, however, on testing with a small-screen based mobile device, the original format of the questionnaire proved to be too complex and a modified
approach was required. Consequently, each question and response option was given its
own screen; this permitted the user to focus on just one question before having to
think or be overloaded with new information. In addition, it also removed the need to
make use of a long scrolling screen for questions, which would potentially lead to
misunderstanding of the current question. Figure 2 illustrates one of the question
screens for the modified questionnaire; each question is presented and the user re-

sponse must be obtained before moving on to the presentation of the next question. In
order to improve accessibility, feedback from the pilot study showed that response
options should have an indicator to highlight user selections, which was added to the
final version of the smartphone application. Through the pilot study, feedback and
clinical expertise, the MFS component of the application was modified to more closely follow the design and functionality of Apple's ResearchKit [23,24] survey delivery
design. This included use of simplistic design, visual layout of questions and answer
format.

Fig. 2. Example Question Screen

Second stage of the overall application was the delivery of the Spatial Span Task.
This was initially designed with a 5x5 grid layout, however, feedback from the pilot
study indicated the proposed layout was too complex for the size of the screen, which
resulted in making each square more difficult to select on touch-screen devices. In
addition, iOS Human Interface Guidelines recommend any touch-screen element that
is to be pressed should be 44x44 pixels, so the grid was subsequently reduced to 4x4
squares to accommodate this, as illustrated in Figure 3a. The Spatial Span Task employs a limit of 90 seconds for the user to complete as many sequences as possible, so
a countdown timer was added to the top-right of the screen in order to inform the user
of the remaining time during the test. Due to the possible, varied lengths of the current
sequence to be reproduced by the user, a progress bar was also included at the bottom
of the screen in order to provide additional visual feedback to the user. Similar to the
modified design of the MFS, this section of the application also followed the design
principles used in Apple's ResearchKit [23,24] Spatial Memory Task with only a few
small adjustments in an effort to simplify the overall task for users. As a result, the
grid design used is somewhat more simplistic than that used by Apple in attempts to
reduce the on-screen complexity and potential for distraction. The addition of a sequence progress bar also provides real-time feedback to users for improved usability.
The PVT requires participants to react, as quickly as possible, 15 times to an on
screen prompt. Initial design reviews showed that having a just a single prompt appear

in the same position on screen allowed participants to preempt when to tap the stimulus. As preempting a response breaks the reactive nature of the test, and would not
give an accurate indication of a user’s fatigue levels, it was decided that a varying
stimuli was needed. This was realized by splitting the screen in half and randomizing
which side produced a stimulus in order to eradicate the preemptive responses in the
task, as shown in Figure 3b. Early or preemptive reactions resulted in a red screen
stating the error. Correct reactions display the reaction time on screen, by way of
providing feedback of task completion to the participant. This task differs from the
reaction time task provided by Apple’s ResearchKit in two main ways. Firstly, our
approach has a varying stimulus in an attempt to minimize preemptive responses.
Also, the input modality is different, as in the ResearchKit version the user is required
to shake the device in response to a stimulus. However, in testing this approach it was
found that it resulted in a higher rate of errors than a finger press, and so for the final
application the finger press was chosen to be included.
The final test delivered by the smartphone application was the Serial Addition/Subtraction Task. Through the iterative user centered development approach employed, feedback from user experience expert highlighted the layout of the keyboard,
as illustrated in Figure 3c as a potential concern. During the pilot study, some participants viewed the keypad as being the incorrect orientation for a calculator-based interaction as they are traditionally laid out with the number sequence 1-2-3 on the bottom
row. However, most participants considered the number layout shown in Figure 3c as
a more familiar keypad, similar to that used for smartphone calling applications,
which are used more regularly than keyboard number pads with a calculator layout.
Consequently, it was decided that layout would be used instead of the reverse calculator button layout.
All acquired data collected during assessments is stored internally by the
smartphone application once a test is completed and is subsequently transmitted for
external storage on a secure server that hosts a back-end database. Storing the acquired data on the device allows for instances when there is little or no network connectivity available, thereby preventing potential loss of test responses. In such cases,
when network connectivity is restored the test data is transmitted to the back-end server. This is good practice for alleviating frustration on the user’s part, which could be
caused by any lost data and having to retake a test.

Fig. 3a. Spatial Span Task Fig. 3b. PVT, Figure 3c. Serial Addition/Subtraction

3.3

Notifications to Promote Participation

Task prompting has been widely employed as an effective compensatory method for
memory impairments [4][5]. To help increase participation with daily testing using the
smartphone application, notifications are periodically issued to the smartphone in
order to prompt the user to carry out the sequence of tests. If the tests have already
been performed on a given day, then no prompt will be shown. Prompting also removes the pressure from the user of having to remember to participate in the test each
day.

4

Results & Discussion

4.1

Design Results

Through the use of a multidisciplinary iterative approach, design considerations were
able to be addressed before deployment in a main study. Expert review and a focus
group pilot study allowed the design of the smartphone application to be incrementally
adapted in response to concerns and feedback. Each of the three different cognitive
tests received significant design revision after scrutiny from clinical expertise and user
feedback. The Spatial Span Tasks grid size was reduced to 4x4 in response to user
feedback and results which showed that a 5x5 grid was too complex to process and
didn’t give a wide enough variability in results. Though user testing in the pilot study
it was shown that the initial design of the PVT task allowed participants to preempt
the prompt and so this was addressed by varying the location of the stimuli on screen.
This increased the reactive nature of the test which give a better measurement of a
participants speed of processing. Finally, the keyboard layout of the Serial Addi-

tion/Subtraction Task was addressed through expert review as it was initially thought
that the layout might been seen by participants as upside down for a calculator based
task. User feedback from the pilot study indicated that this wasn’t the case and that the
layout provided was familiar due to its being the same orientation that is used for
smartphone calling applications.
4.2

Study Results

Immediately after the study had been completed users were required to complete a
System Usability Scale questionnaire [3]. This is one of the most widely used usability
questionnaires and was chosen in this case as it is technology independent, being able
to assess the usability of a wide range of software types, including smartphone applications. Additionally, participants were also asked to freely write what they found the
most and least enjoyable aspects of the smartphone application. Participants (n=21)
were recruited to participate over a two-week period. The mean age of participants
recruited was 22 years (SD = 4). Consequently, 81 individual testing instances were
recorded. Significantly, due to the independent nature of each set of data resulting
from a test run by a participant, all resulting statistical analysis was able to consider
each set of results as an independent data point.
After the study was carried out, 81% of participants took part in the follow up usability questionnaires. From the System Usability Scale, the overall application received and average score of 74, indicating an above average rating for its ease of use.
Through the open comments it was seen that the biggest drawback of the application
was the MFS and its perceived tedious nature. Results from this evaluation indicated
that the primary reason for non-adherence was the MFS, which was considered as
“boring” and “strenuous” in terms of having to answer multiple questions. By comparison, the cognitive tests were perceived to be “fun” and “enjoyable”. The questionnaire also took the longest out of all four tasks to complete. The shortcomings of the
application were predominantly focused on the questionnaire rather than its overall
ease of use.
Overall daily adherence by participants was 24%. Daily reminders were issued at
15:00 and resulted in a participant adherence rate of 23% within the first two hours of
receiving the reminder; this indicates that a large proportion of application use was in
direct response to the daily reminders.
Analysis of the results obtained from the study indicates that the PVT, which is
measured to 1/100 second, has the strongest correlation with the MFS, measuring
0.293 with a significance of 0.008. Figure 4 shows this positive liner correlation in
data. This correlation may indicate that from a usability perspective the MFS could be
replaced by the PVT and still produce accurate fatigue analysis in a more user friendly
manner. This concurs with the results from previous studies into reaction times,
showing that PVT is accurate at determining the occurrence of mental fatigue. By
comparison, the Spatial Span Task had a correlation to the MFS of -0.141, with significance of 0.209, and the Serial Addition/Subtraction Task was found to have a correlation to the MFS of -0.016, with significance of 0.884. Subsequently, both the Spatial
Span Task and Serial Addition-Subtraction Task do not provide a strong correlation

with the MFS. However, the correlation analysis would indicate PVT’s potential to
assess mental fatigue using a mobile device, as it is able to determine the current level
of mental fatigue. A higher correlation of 0.342 for the MFS and PVT is observed
when outliers were removed on the basis of inaccurate subjective-assessment, e.g.
assessment scores were abnormally high or low when compared to testing scores, in
conjunction with a simplistic pattern of responses observed (i.e. all responses were the
lowest or highest possible choices). When further investigated, the majority of these
outliers occurred by participants who reported that they arose in instances where the
participants did not want to fill in the questionnaire and only wanted to take part in the
other more engaging tasks. This would suggest that a questionnaire can be successfully adapted onto a mobile device, however, it doesn’t guarantee that users will correctly
engage with it, which could still potentially lead to a higher error rates in the scoring
of results obtained from the questionnaire. On the other hand, the PVT showed promise as a potentially accurate and engaging way of assessing fatigue on a mobile device;
participants were happier to engage with this task and it produced a correlative response to the validated MFS.

Fig. 4. MFS vs PVT Data Plot with Linear Correlation

5

Conclusion & Future Work

The user experience design and efficacy of the proposed smartphone based cognitive
fatigue objective assessment application have validated, through the use of an iterative
multidisciplinary design methodology. However, a number of areas for improvement
remain. User feedback indicated that carrying out the MFS was one of the least enjoyable parts of the overall process, which potentially reduces engagement in the process.
As the use of PVT has been shown to provide similar assessment of mental fatigue,
future work can exclude the use of MFS. Subsequently, this could further increase
user participation rates, which, in turn, may potentially increase the accuracy of the

mental fatigue evaluation. All three of the tasks employed resulted in positive user
feedback, with some participants even indicating that they would like personal scores
as it would further encourage them to participate more frequently. Consequently, by
introducing a competitive aspect to the cognitive games, user effort and daily participation rates would potentially improve. Future work may additionally permit the
availability of real-time data for relevant medical professionals, in order that effective
and timely intervention could be arranged if any extreme fatigue becomes apparent.
The smartphone application presented in this research provides a potentially effective tool for the individual evaluation of fatigue levels in situations where formal intervention and assessment approaches are neither feasible, nor available. Furthermore,
the smartphone application permits evaluation to be carried out on a continual daily
basis. The study also proves that tradition self-assessment methods of fatigue assessment can be accurately replaced by more engaging test methods such as a PVT.
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