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Figure 1. Multiple sclerosis patients typically monitor the progression of their condition using specialized hardware to measure motor fatigue such
as handgrip dynamometers (right). To allow such assessment to become more widely available and be performed more frequently, we propose a
smartphone-based method to measure fatigability and assess motor fatigue (left). We show that our rapid alternating tapping task, over the ﬁrst 30
seconds of a trial (center), is strongly correlated with a standard hand dynamometer for patients (ρ = 0.78) and the control group (ρ = 0.84).

ABSTRACT

CCS Concepts

Fatigue is a common debilitating symptom of many autoimmune diseases, including multiple sclerosis. It negatively
impacts patients’ every-day life and productivity. Despite
its prevalence, fatigue is still poorly understood. Its subjective nature makes quantiﬁcation challenging and it is mainly
assessed by questionnaires, which capture the magnitude of
fatigue insufﬁciently. Motor fatigability, the objective decline
of performance during a motor task, is an underrated aspect
in this regard. Currently, motor fatigability is assessed using
a handgrip dynamometer. This approach has been proven
valid and accurate but requires special equipment and trained
personnel. We propose a technique to objectively quantify motor fatigability using a commodity smartphone. The method
comprises a simple exertion task requiring rapid alternating
tapping. Our study with 20 multiple sclerosis patients and 35
healthy participants showed a correlation of ρ = 0.8 with the
baseline handgrip method. This smartphone-based approach
is a ﬁrst step towards ubiquitous, more frequent, and remote
monitoring of fatigability and disease progression.

•Human-centered computing → Mobile devices; User studies; Touch screens;
INTRODUCTION

Mobile health technologies, including wearable sensors and
smartphones, provide great potential to improve the understanding of physiologic parameters in health and disease. Particularly in chronic diseases, like multiple sclerosis (MS),
the widespread availability of smartphones, and the ability to
collect continuous data are a unique opportunity to improve
patient care. MS is an autoimmune disease characterized by
recurrent areas of inﬂammation in the central nervous system [31], comprising the brain, spinal cord, and optic nerves.
With more than 2 million patients worldwide [43], MS is one
of the leading causes of neurological disability in young adults.
Fatigue is a common symptom in MS and 75–95% of patients
have reported fatigue at some point [1, 17, 22, 27]. Fatigue has
been deﬁned as “a subjective lack of physical and/or mental
energy that is perceived by individuals or caregivers to interfere with the usual and desired activities” [15]. MS fatigue has
a signiﬁcant impact on the quality of life patients, and it affects
work performance as well as personal interactions [17]. To
this day, fatigue in MS patients is not well understood despite
being highly prevalent and being a debilitating symptom [37].
Development of therapies is also hampered by the lack of
objective parameters to assess fatigue.
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Recently, researchers have started to investigate the concept
of fatigability and its relation to fatigue [21, 51]. Motor fatigability is deﬁned as “an objective decline in strength as routine
1

use of muscle groups proceeds” [9]. Bruce et al. [9] argued
that fatigability can redeﬁne our understanding of fatigue, because many symptoms of fatigue may be a consequence of
demonstrable fatigability, but this has rarely been assessed.

show that our proposed task strongly correlates with data
collected from a standard handgrip dynamometer, and that
performing the task for 30 seconds is sufﬁcient.
RELATED WORK

Current clinically-used methods only evaluate fatigue and fatigability retrospectively using questionnaires like the Fatigue
Severity Scale (FSS). Although objective measurements to
quantify fatigability have been proposed, none is sufﬁciently
researched to be established in clinical routine [41]. Tests
using isokinetic dynamometers that measure peak isometric
torque [18] on the knee or hand, for example, or measures of
electrically-induced torque have been proposed [42]. Those
devices, however, are expensive and bulky, and typically require supervision by professionals to properly perform tests
[9]. Finding ubiquitous and inexpensive ways to assess fatigability would enable optimized treatment options that currently
lack objective outcome parameters to prove their efﬁcacy. Furthermore, regular assessment of fatigability in clinical routine
would not only allow evaluating disease progression, but also
add to the so-far limited options for quality of life measures.
Therefore, ﬁnding ubiquitous and inexpensive ways to measure fatigability would be beneﬁcial for a better understanding
of fatigue and to guide therapeutic interventions.

Fatigue and fatigability

Fatigue is a common symptom of many neurological and autoimmune diseases [23]. Typically, it is measured using questionnaires [3, 24], such as the Fatigue Severity Scale [23],
Fatigue Impact Scale [11], and Modiﬁed Fatigue Impact
Scale [48]. Assessing fatigue and especially the shortcomings of such means has been discussed in several studies [38,
21, 6]. Schwid et al. [38] state that current fatigue-assessment
methods rely on self-reporting questionnaires that are subjective, can be confounded by other symptoms, and require
assessments in retrospect, which can be difﬁcult. Kluger et
al. [21] pointed out the lack of agreed-upon deﬁnition of the
term fatigue in many of those studies. They state that progress
in understanding fatigue is hampered by the lack of a uniﬁed
taxonomy and assessment methods. We follow Kluger et al.’s
deﬁnition of fatigue as the subjective sensations of weariness
and increased sense of effort. Kim et al. [20] proposed a
real-time digital fatigue score (RDFS) to overcome the retrospective assessment introduced by questionnaires by actively
querying patients four times a day through notiﬁcations.

We propose a commodity approach to monitor fatigability as a
proxy metric to continuously assess disease progression. Our
approach utilizes the prevalence of smartphones in conjunction
with a simple tapping task, designed as an exertion technique
to assess the user’s motor fatigability. Finger tapping is commonly used to assess motor impairment [34, 47, 35]. In our
work, we re-purpose this task to quantify motor fatigability.
The rapid tapping task requires barely any instructions (other
than ”please tap as fast as possible”), and can be performed
on any commercially available smartphone. In an experiment
with 20 multiples sclerosis patients and 35 healthy participants
as control group, we compare our approach with a standard
fatigability assessment done with a handgrip dynamometer.
Participants performed 500 alternating taps, which on average
took patients roughly 2 minutes and healthy participants 75
seconds to complete. We show that participants’ performance
decreases during the tapping task, and correlates (ρ = 0.8) with
the decrease in grip strength measured with the handgrip dynamometer for patients and control. We further show that this
correlation is also present in the ﬁrst 30 seconds of performing
the tapping task with ρ = 0.78 for patients and ρ = 0.84 for
controls. This suggests that performing the simple tapping
task for 30 seconds is sufﬁcient to measure motor fatigability.

Researchers have suggested that fatigue is associated with
fatigability [9, 44, 29, 49]. Wolkorte et al. [49] have highlighted the importance of including fatigability in the models
to explain perceived fatigue in patients with MS. Kluger et
al. deﬁne fatigability as “the magnitude or rate of change
in a performance criterion relative to a reference value over
a given time of task performance” [21]. While there is no
established methodology to measure fatigability, it has been
assessed through walking (e. g., a 6-minute walking test [14]),
handgrip strength [40], and a knee dynamometer [45]. Most
studies have applied maximal voluntary contractions (MVCs)
within a given time limit to assess motor fatigability [41, 40,
39, 8, 44, 7], requiring patients to exert pressure on a handgrip
over time. All of these assessment tasks require a specialpurpose measurement apparatus and personnel for conducting
observations [9, 41]. We believe ﬁnding ubiquitous and inexpensive ways to measure fatigability could be beneﬁcial to
understand fatigue in the broader population that may not have
access to such assessments.
Finger tapping and motor impairment

Finger tapping is a commonly used clinical test to evaluate
disease progression in Parkinson’ Disease (PD) [34, 47, 35].
Prince et al. [34] quantify PD related disability with an alternating ﬁnger tap on a smartphone screen for 20 seconds
(counting total number of taps). Tavares et al. [47] use a repetitive alternating ﬁnger-tapping (RAFT) task over 30 seconds
on a physical keyboard to quantify motor impairment. Similarly, Lou et al. [28] use alternately pressing two spaced out
piano keys to measure fatigue in PD patients. This Fitts’ lawstyle task on a real piano does not provide the beneﬁts of our
more ubiquitous approaches. The ﬁnger tapping tasks used in
PD patients assesses dysfunction of the extrapyramidal motor

Contributions

• We present an exertion technique on commodity devices
that involves simple alternating rapid tapping. The task is
fast, easy to implement, and can potentially be performed
everywhere and anytime.
• A metric to assess such tapping tasks to represent motor
fatigability: the increase of time that a user keeps a ﬁnger
on the screen. We detail the speciﬁcs of the metric and our
processing pipeline to extract a metric for motor fatigability
from the data collected through the mobile app.
• An evaluation of our approach on 20 multiple sclerosis
patients and 35 healthy participants as control group. We
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system, which leads to impairment in maintaining alternating
movements. The tapping test thus assesses PD related impairment, but is not suitable to assess motor fatigability given the
PD-speciﬁc confounding. Differences on a computerized single ﬁnger tapping in relation to gender, hand dominance and
age are examined by Hubel et al. [16]. Their results suggest
that the task can be used a diagnostic tool and that changes
in tapping rate overtime can be due to fatigue or other factors.
Notermans et al. [32] use a ﬁnger tapping test to measure
ataxia. Perhaps closest to our work is the work of Boukhvalova et al. [5], who hypothesized that tapping with the index
ﬁnger on a smartphone may allow to measure motor fatigability. However, they only used their approach to differentiate
MS patients from healthy participants, and did not compare
their task to the commonly used baseline of motor fatigability
(hand dynamometer). Similarly, Tanigawa et al. [46] observed
motor fatigue during fast tapping with the index ﬁnger on a
custom button.

not be prone to the speed-accuracy trade-off, as described by
Zhai et al. [50]. For classical Fitts’ law tasks such as pointing,
users typically perform a task with high accuracy but slow
(i. e., low exertion), or fast but with low accuracy. For many
tasks, this means participants need to be well instructed to
disregard errors and solely focus on speed. Even with clear
instructions, however, participants might not completely disregard errors, thus might not perform the task as fast as possible.
Since motor fatigability is measured when participants perform an exhausting task, other tasks such as pointing that are
subject to this trade-off would not be well suited. We thus
resorted to rapid alternating tapping as the task.
The simple user interface of the task is shown in Figure 1
(left). Users perform alternating taps to complete the task. The
avatar moves forward as users perform the task with speed
depending on the tapping speed. A progress bar on the top
indicates completion. We do not display any indication of
accuracy to avoid the speed-accuracy trade-off. During our
preliminary tests, we found that a goal of 500 alternating
taps sufﬁces to measure motor fatigability, as described in the
Method section. We implemented the task on a commodity
smartphone (Nexus 5X), however porting it to other devices
and operating systems would be trivial. To measure motor
fatigability, we only require that the API has a measure for
touch duration or time between taps.

Smartphone-based health monitoring

Smartphones have been popular for monitoring chronic conditions due to their ubiquity. Much of the previous work has
focused on self-reporting apps to track the development and
manage these conditions (e. g., El-Gayar et al. [10] and Preuveneers et al. [33] for Diabetes, Lakshminarayana et al. [26]
for Parkinson’s disease). MS patients have described their
interest in the use of mobile apps for tracking their condition. Ayobi et al. [2] described that when individuals faced
the unpredictable and degenerative nature of MS, they regained a sense of control by intertwining self-care practices
with different self-tracking technologies. Giunti et al. [13]
presented a systematic review of MS health applications and
could only ﬁnd a small number of MS-speciﬁc applications
compared to other equally prevalent diseases. Moreover, large
pharmaceuticals companies have as well showed their interest on the use of mobile device for tracking MS. Genentech,
Inc. a member of Roche group has launch the application
Floodlight, with the aim of monitoring MS symptoms and
health over time using a smartphone [12]. Similarly, Biogen
launched their mobile application called Aby [4] that offers a
variety of tools and resources to support patients living with
MS, such as informational videos and self-reporting diaries.
Psychomotor vigilance testing (PVT) has been suggested as
potential standardized assessment tool for an important aspects
of MS-related fatigue et al. [36]. Kay et al. [19] introduced
and validated PVT-Touch, a smartphone based version of PVT.
PVT is an alertness test and thus not within the scope of motor
fatigability. Our short motor task is independent of visual
stimuli, hence not inﬂuenced by reaction time.

METHOD

To analyze the validity of our exertion task as an indicator of
motor fatigability, we compared our proposed tapping task
with a standard handgrip dynamometer task, performed by
a control group and patients with MS. Each participant performed both tasks with their dominant and non-dominant hand.
The study was approved by the ethics review board of the local
University. MS patients performed the experiment at a local
hospital under supervision of healthcare professionals.
Participants

We recruited 35 participants as control group (14 female, 21
male), ages 20–55 (µ = 31, σ = 7.7), all staff or students from
a local university, and 20 MS patients (11 female, 9 male),
aged 20–62 (µ = 43.1, σ = 12.9). The inclusion criteria for
the control group included: no known or suspicions of illness,
autoimmune disease, fatigue or depression, based on selfreports. MS patients were included if they had a conﬁrmed
diagnosis. The Expanded Disability Status Scale (EDSS) [25]
scores ranged from 0 to 8 (µ = 3 , σ = 2.5).

ASSESSING FATIGABILITY THROUGH RAPID TAPPING
Apparatus

We aim to specify a task that can accurately quantify fatigability and meet a set of requirements speciﬁed by healthcare
professionals (i.e., neurologists and neuropsychologists). The
task should 1) be exhausting in terms of motor fatigue; however, it should not strain users’ muscles for a prolonged time
(i. e., enable quick recovery). The task should be 2) easy to
learn and simple enough that it can be performed without an
experimenter present, and 3) not require any specialized equipment to enable future in-the wild studies. Lastly, it should 4)

The control group performed the study in a calm experimental
room with a chair with arm rest and a desk, shown in Figure 2.
Patients performed the study in a room in an examination room
at the local hospital, also with a chair with arm rest and a desk.
Maximal voluntary handgrip contraction (MCV) was recorded
using a digital Jamar handgrip dynamometer, conﬁgured using
the Jamar iOS tablet application. We used a Nexus 5X to run
our fatigability application.
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Procedure

Figure 2. Apparatus of our experiment for the handgrip task (left) and
tapping task (right).

Participants were brieﬂy introduced to the setup and the experiment, and completed a demographic questionnaire. They
then completed a short training session for the tapping task
where they performed 40 alternating taps. Subsequently, they
received instructions on how to use the handgrip dynamometer,
including a demonstration by the experimenter. During the
handgrip task, the experimenter instructed participants when
to start and stop the MVC. After the introduction, participants
completed all tasks with their dominant and non-dominant
hand with counterbalanced order. Between tasks, they were
asked to rest the arm and hand for three minutes.

Design

Data collection

We used a within-subject design with Task and Hand as independent variable with two levels each: Handgrip and Tapping;
and dominant and non-dominant hand respectively. Order of
Task and Hand was alternated, starting order was counterbalanced. Between each task, there was a resting period of three
minutes to allow participant’s muscles to recover.

During each 30-second trial of the handgrip dynamometer, we
collected 10 samples, which is the maximum sampling rate of
the device we used. For the tapping task, we collected touch
data of the smartphone using the Android API. We stored
all timestamped touch down coordinates and up events, from
which we compute touch duration (i. e., how long did the ﬁnger
touch the screen). Each sample in our dataset contains the
ﬁnger position on the screen, touch duration, area size and
pressure. We deﬁne task performance for the tapping task as
the average time participant’s ﬁnger stayed on the display
(i. e., average touch duration). This means that for fast tapping
(high performance), touch duration will be low, whereas for
slow taps (low performance), touch duration increases.

Tasks
Handgrip

We used the handgrip dynamometer in the standard procedure
to assess motor fatigability (cf. [41]). Participants were asked
to sit upright, with both feet touching the ground and their
forearms resting at a 90° angle on the armrests of the chair
or the desk (see Figure 2). The dynamometer was held with
the thumbs facing upwards in line with the forearm and the
grip size was adjusted to comfort. After a short period of
familiarization, participants were asked to perform the MVC
task for 30 seconds.

RESULTS

In summary, our results show that the performance in the rapid
tapping task correlates strongly with the fatigability measurements of the handgrip dynamometer. Tapping performance
decreased signiﬁcantly over the course of a full trial (500 taps).
For both groups, performing the tapping task for 30 seconds
is sufﬁcient to reliably measure motor fatigability.

Tapping

Participants performed a rapid alternating tap on the smartphone screen while the hand was resting on a desk. The
smartphone was placed on landscape mode. The exertion
movement was performance with the index and middle ﬁnger.
Participants were asked to perform the tapping task as fast as
possible without stopping until the app indicated completion.
An initial assessment with six healthy participants performing
1500 alternating taps (naive about the end of study) showed a
clear decrease in performance after 500 taps. Hence, for the
ﬁnal experiment, participants were asked to perform 500 valid
alternating taps, i. e., 250 taps per ﬁnger. A tap was considered
valid and counted towards the goal of 500 taps if exactly one
ﬁnger was on the display.

Data processing

We use touch duration as the primary performance metric to
assess the tapping task. To account for outliers and noise in
the tapping data, we performed the following data processing
steps for each trial separately. We removed samples with a
touch duration of more than three standard deviations away
from the mean (1.2% for patients, 0.9% for healthy control).
These outliers occurred when participants did not alternately
lift ﬁngers but instead left one in contact with the screen and
tapped only with the other. Outliers are evident, and thus we
classiﬁed and removed them. Tapping duration was low-pass
ﬁltered with a moving average of 20% of the trial data and
normalized per participant and trial. We normalized tapping
trials and handgrip trials separately, resulting in two motor
fatigability slopes. The fatigability slope of the tapping task is
positive (as duration increases), whereas that of the gripper is
negative (as force decreases). To make trends comparable, our
results are computed as 1 - normalized touch duration.

Hypotheses

We performed the experiment with respect to the following
hypotheses. First, we expected a decrease in grip strength
when using the handgrip dynamometer, as reported by previous studies (cf. [41]). Secondly, we expected a decrease in
performance as time progresses during the tapping task if the
task is performed at maximal effort (speed). That is, users will
take longer to alternate the ﬁngers correctly on the screen, and
the touch duration of each tap will increase with time. We analyze our data with respect to these hypothesis and also analyze
the connection between the handgrip and the tapping task, to
quantify and attribute rapid tapping to motor fatigability.

To compare participants’ performance in the handgrip task
(10 samples per trial) and the tapping task (500 taps), we split
the measurements of touch duration over time in 10 segments.
Each segment contains samples from 10% of the total duration
of the task. The ﬁnal value for each segment is deﬁned as the
4
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Figure 3. Patient group data: full tapping task (left), the ﬁrst 30 seconds (center), and the handgrip task (right).
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Figure 4. Control group data: full tapping task (left), the ﬁrst 30 seconds (center), and the handgrip task (right).

mean value of the data in that segment. To account for inertia
when participants start both the handgrip and the tapping task,
we discard the ﬁrst segment, and perform our analysis on the
remaining 9 segments.

to Steens et al. [44], we conservatively removed trials where
participants failed at achieving maximal performance. For
the 30-second handgrip task, we discarded the trials where
consecutive measurements increased more than 50% of the
maximum strength. This happened in 2 of 35 trials for the
control group, and in 1 of 20 trials for patients.

Dominant vs. non-dominant hand

We analyzed the data from both tasks for participants’ dominant and non-dominant hand. For the tapping task using
the non-dominant hand, the data showed large variability. In
contrast to the dominant hand, the decrease in performance,
while present, was less pronounced for the non-dominant hand.
While data cleaning and statistical analysis as described in section Performance results yielded a main effect for segment
(F8,117 = 10.592, p < .001), Bonferroni adjusted Tukey’s posthoc tests showed less statistically signiﬁcant differences between segments as for the dominant hand. From observation,
we believe this is due to challenges in coordinating the two
ﬁngers when performing the task. Since participants struggled
to perform the task reliably, their speed decreased less. We
therefore believe that the tapping task should be performed
with the dominant hand. We thus performed all following
analyses on the data collected from dominant hand trials.

To validate the tapping task, we ﬁt a linear regression to the
segment values and deﬁne trials as valid if 1) the slope of the
regression is positive (i. e., touch duration increases), verifying
an overall decrease in performance; and 2) consecutive segments do not have a duration decrease of more than 50% (i. e.,
participants’ performance increases). Trials that fail these requirements suggest that participants did not perform the task
as fast as possible, meaning they did not evoke maximal performance. The number of discarded trials for this condition
depends on the analyzed time frame (Figure 7, bottom).
Analyzing the fully completed task, 63% and 90% of trials
were valid for patients and the control group, respectively.
Restricting the window to the ﬁrst 30 seconds of the task,
however, resulted in 84% valid trials for patients and 93%
valid trials for the control group. For shorter durations (e. g.,
10 seconds), not enough data is available to accurately quantify
fatigability. For durations of 60 seconds or longer, participants
seem to pace themselves, recover, and then speed up again.
We thus believe that the ﬁrst 30 seconds of the tapping task
represents a suitable excerpt to assess motor fatigability.

Valid trials

For a small number of trials, both groups (control and patients)
did not follow instructions when performing the handgrip and
tapping task. The MVC task requires participants to evoke
maximal potential from the beginning of the task. If participants successfully activate their muscles maximally, no further
increase in force is evoked during the task [44]. Similarly
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Figure 5. Complete task recordings of the patients group for handgrip
and tapping. The solid line indicates each segment’s mean value.

Figure 6. Complete task recordings of the control group for handgrip
and tapping. The solid line indicates each segment’s mean value.

Performance results

We performed the same analysis as with the full task duration.
That is, two ANOVAs with segment as independent variable
and touch duration as dependent variable, one for the control group and one for the patients. We again found a main
effect of segment on the data of the control group F8,279 =
79.606, p < .001 and the patients F8,144 = 28.39, p < .001.
A series of Tukey’s post-hoc tests revealed a similar pattern
between segments as with the full data (Figure 3 and Figure 4).
The statistically signiﬁcant differences between the segments
of the trials conﬁrm that the non-random decline in performance is also present during a short task of 30s. Analyzing the
correlation between the handgrip and this shortened tapping
task revealed a correlation between the two tasks of ρ = 0.78
( p < .001) for patients and ρ = 0.84 ( p < .001) for the control group. The similar correlation score indicates that a rapid
tapping task of 30 seconds sufﬁces to measure motor fatigue.

We performed individual ANOVAs on the handgrip and tapping data with segment as independent variable (9 levels)
for both the control group and patients. Statistically significant differences between segments demonstrate an actual,
non-random decline in performance during a task. For the
tapping task, we found a main effect of segment on average
duration for the control group F8,279 = 50.918, p < .001 and
for patients F8,99 = 14.211, p < .001. To analyze the temporal progression of participants’ performance, we performed a
series of Bonferroni-corrected Tukey’s post-hoc tests. Results
are illustrated in Figure 3 for patients and Figure 4 for the
control group. For the control group, segments are mostly
signiﬁcantly different from segments after the subsequent one.
Only after Segment 7, average performance ﬂattens and subsequent segments are no longer signiﬁcantly different. Results
for patients show a similar pattern, however most segments
are not signiﬁcantly different from their direct successor, but 2
or 3 segments thereafter. Performance ﬂattens after Segment
6. This decline in performance indicates that both tasks can
successfully invoke motor fatigue for both the control group
and patients.

Finally, we analyze the agreement of our tapping task and
handgrip dynamometer by comparing the rate of fatigue development captured by each method. Similarly to Lou et al. [28],
we use the slopes of the regression line of touch duration and
handgrip strengths to assess fatigue rate. Figure 8 shows the
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To verify the relation between the handgrip and tapping task,
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We, therefore, decided to use touch duration as primary performance metric. The number of taps shows slightly lower
correlations than touch duration and a comparable number of
invalid trials, hence it would also be suitable metric. Analyzing pressure and area size, we found low correlation with the
handgrip measurements, possibly because participants’ ﬁnger
placement on the touchscreen is too person-speciﬁc.

mean diff:
-0.01

0.00
0.05

-SD1.96: -0.08

0.10
0.04

0.06

0.08
0.10
0.12
Mean decline rate

0.14

Figure 8. Bland-Altman plot for mean decline rate (DR) of normalized
touch duration (30 sec) and normalized handgrip strength shows a mean
bias of -0.01 with LoA [0.06,-0.08].

Bland-Altman plot comparing the decline rate of the tapping
task and the handgrip dynamometer. The plot shows no particular pattern on the data. The mean difference of almost
zero (0.01) and all data within two within two standard deviations from the mean with limits of agreement between (LoA)
[-0.08, 0.06] conﬁrms the good agreement between both approaches. Normality of the differences was veriﬁed using the
Shapiro-Wilk test ( p = .08)

LIMITATIONS AND FUTURE WORK

Even though participants performed a training session before
measurements were taken, some still did not start their trials
with maximum speed. Instead of exhibiting fatigue, some participants showed an increase in performance, which resulted in
a limited number of invalid trials (16% for patients, 7% for the
control group). This indicates that while the task is generally
well suited to measure fatigability, further interventions are
needed to ensure that participants follow instructions closely.
We see potential in offering incentives to complete the tapping
task with maximum effort, such as by further gamiﬁcation or
the use of scoring systems. We believe that such measures
would decrease the number of outliers, and potentially eliminate the need for dedicated outlier removal. The percentage of
trials that are invalid and how this might vary under different
environments and without supervision needs further investigation. We plan to explore other methods and analysis strategies
to ensure higher rates of valid trials. Additionally, intrinsic
motivation is needed to perform the tapping task on a regular
basis, and we cannot derive an estimate of potential learning
effects so far. Extending our research to longitudinal in-thewild evaluations with within-subject comparisons will allow
us to assess the use of fatigability to judge disease progression
in MS populations. Moreover, comparative tests are needed
to discriminate between fatigability and disability. We plan
on using the 9-Hole Peg Test [30] to assess ﬁne motor skills
of patients and use the fatigue scale for motor and cognitive
functions (FSMC) to categorize mild and severe fatigue in
patients. Cognitive fatigability measure (e. g., the N-Back test)
can help discriminate cognitive and motor fatigability.

DISCUSSION

The analysis of our evaluation showed that our simple rapid
tapping task can be used to quantify motor fatigability. The
task is easy to implement, runs on unmodiﬁed commodity
smartphones, and, more importantly, the task is easy to perform for users. We thus believe that our method will allow moving beyond specialized hardware (e. g., handgrip dynamometers) and subjective feedback to make assessing motor
fatigability ubiquitous and more accessible for all patients.
Through our experiment, we examined the appropriate task
length to quantify motor fatigability using a tapping task. Our
initial target was 500 taps and resulted in varying completion
tasks for participants. On average, patients took 168% longer
than healthy controls to complete the task, which was not
unexpected. The slowest patient completed the taps in 7.68
minutes, while the slowest healthy participant took 2.29 minutes. The variance in completion times shows the importance
of limiting trial durations, because performing the tapping task
for up to 7 minutes does not only cause physical strain, but
also makes motivated compliance challenging. The results
of our evaluation shows that analyzing the ﬁrst 30 seconds
of our rapid tapping task is a suitable assessment of motor
fatigability, which may be important to enable more frequent
and ideally continual monitoring in a straightforward manner.

CONCLUSION

We introduced a novel approach to assess motor fatigability on
a commodity smartphone using a simple rapid tapping tasks.
Our experiment with 20 patients with multiple sclerosis and
35 healthy participants showed a signiﬁcant correlation between the tapping tasks and grip strength measurements from
a special-purpose handgrip dynamometer. We believe that
our work is a ﬁrst step towards measuring motor fatigability
without having to rely on specialized equipment, which can be
expensive and require professional supervision. We also think
that our method may help quantify fatigue and complement
the current use of subjective feedback through questionnaires,
enabling patients to frequently and ubiquitously monitor their
condition, and react to changes accordingly.

Time to complete the tapping task for patients was partly
governed by the severity of their condition as measured by
the EDSS scores. Patients with higher EDSS scores tended to
take longer. We did not, however, observe differences between
patients in terms of measured motor fatigability with either
task. This, however, needs to be investigated further, since
we did not have enough patients for each score to perform
reliable statistical analysis on this data. Preliminary results
with three groups of MS disability based on the EDSS show
these Spearman correlations: EDSS = 0, N = 4: .75, EDSS in
[1,3], N = 4: .85, EDSS in [4,8], N = 8: .77; all p < .001
7
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