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Abstract

Background: Approximately 17% of children in the United States have been diagnosed with a devel opmental or neurological
disorder that affects upper limb (UL) movements needed for completing activities of daily living. Gold-standard laboratory
assessments of the UL are objective and precise but may not be portable, while clinical assessments can be time-intensive. We
developed MoEvGame, amobile health (mHealth) gamification software system for the iPad, as a potential advanced technology
to assess UL motor functions.

Objective: Thisfeasibility study examines whether MoEvGame can assess children’s whole-limb movement, fine motor skills,
manual dexterity, and bimanual coordination. The specific aimswereto (1) design and develop novel mHealth gamified software
toolsto examine theory-driven features of UL movement, (2) analyze spatiotemporal game datawith new algorithms and statistical
techniques to quantify movement performance as a parameter of speed, accuracy, and precision, and (3) validate assessment
methods with healthy participants from schools.

Methods: Elementary school children (N=31, median 9.0, IQR 4.0-14.0 years old) participated by playing 5 games. The game
tasks were focused on key features of skilled motor control: (1) whole limb reaching, (2) fine motor control and manual dexterity,
and (3) bilateral coordination. Spatiotemporal game data were transferred and stored in a cloud-based data management server
for further processing and analysis. We applied change point detection (ie, the pruned exact linear time method), signal processing
techniques, and other algorithmsto cal culate movement speed and accuracy from spatiotemporal parameters. Different statistical
methods (ie, Pearson correl ation, mean, standard deviation, P value, 95% confidenceinterval) were used to compare speed-accuracy
tradeoffs and evaluate the rel ationship between age and motor performance.

Results: A negative correlation was identified between speed and accuracy in the whole limb movement (r=—0.30 to —0.42).
Significant relationships between age and upper limb performance were found: older participants exhibited lower errors with
faster completion times compared to younger participants. Significant differences in bimanual coordination were found related
to phase synchronization (in-phase congruent [mean 28.85, SD 18.97] vs antiphase congruent [mean 112.64, SD 25.82] and
in-phase mirrored [mean 23.78, SD 16.07] vs antiphase mirrored [mean 121.39, SD 28.19]). Moreover, the average speed
(revolutions per second) and travel distance (m) of the in-phase mode were significantly higher than those of the antiphase
coordination.

Conclusions: Results of thisfeasihility study show that spatiotemporal data captured from the mHealth app can quantify motor
performance. Moving beyond traditional assessments, MoEvGame incorporates gamification into ubiquitous and accessible
technology as afast, flexible, and objective tool for UL motor assessment.

(IMIR Serious Games 2025;13:€57802) doi: 10.2196/57802
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Introduction

Background

Upper limb (UL) movements such as reaching, grasping, and
finger individuation are fundamental to a child’s devel opment
and to becoming independent with activities of daily living.
Furthermore, coordinated and purposeful UL movement enables
participation in play and leisure activities. In the United States,
more than 17% of children (1 in 6) aged 3-17 years were
diagnosed with a developmental disability [1], many of which
affect UL motor function and limit independence and quality
of life. Importantly, motor impairments, if left unaddressed,
will lead to chronic motor disabilities in adulthood that are
linked to poor health outcomes [2-4].

To aid rehabilitation professionals such as physical and
occupational therapists, timely and objective assessments of a
child’smotor abilitiesare pivotal to establishing treatment plans
and monitoring the impact of ongoing neurorehabilitation
interventions. Standardized play-based tests of gross and fine
motor function are used clinically to assess motor outcomes
[5-7]; however, these tests may have subjective scoring and
require time to administer, some up to one hour, which
challenges a child's motivation and attention. More objective
laboratory tests use 3D motion capturetechnology for kinematic
analysis of the UL movement. However, this laboratory
equipment is expensive, and while newer portable solutions
have been developed, it is usually restricted to a laboratory
environment [8]. Furthermore, both laboratory and clinical
assessments require in-person sessions wherein clinicians or
researchers directly evaluate participants; such in-person visits
can beamajor limitation for familieswith travel, transportation,
or timerestrictions and thus may decrease research participation
altogether [9]. Therefore, the current landscape of UL motor
assessments shows gaps in meeting the needs of clinicians and
researchers to be objective and the needs of families or
participants to be flexible and accommodating [10,11].

Related Work

Mobile health (mHealth) platforms have the potential to address
these gaps by integrating mobile technology with gamified
software applicationsto test UL motor functions[12-15]. First,
mHealth technologies are portable and would enable data
collection in any setting with wireless or network connectivity.
Second, they are accessible, with recent estimates indicating
that a large majority of Americans, even those from
underrepresented racial, ethnic, and socioeconomic groups, own
and use mobile technology [16]. Lastly, they are customizable,
primarily viaflexibly programmed software packagesthat alow
for many experimental tasks to be implemented seamlessly in
a mobile app [17]. A recent survey on the feasibility and
acceptability of mHealth technologies in clinical trials of
movement disorders (n=54, by searching Clinical Trials.gov)
revedled the potential of these technologies to increase
participation, reduce the cost and duration of procedures,
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overcome barriers to collect and validate data, and enable
real-time monitoring of outcomes [18].

Specific to studying UL movement and motor control, two
examples in the literature provide a framework for expanding
experiments outside of the laboratory using mHealth approaches.
First, the portable motor learning laboratory was developed to
simulate lab equipment needed to study visuomotor adaptation
and motor learning, showing that participants using a tablet
reproduced similar learning curves and retention rates [19]. A
second tablet-based (Android) software system designed to
perform large-scale research outside of thelaboratory illustrates
various experimental protocols and tasks for quantifying and
analyzing the potential mechanisms of motor behaviors and
sensorimotor control [20]. The authors highlight the flexibility
intheir system to be fully customizableto the developer’s needs
and research interests. Although these and other studies have
investigated game-based clinical diagnostics and motor skill
assessment methods [21-30], none thus far have been designed
specifically for pediatric populations and data collection inside
and outside of atraditional clinical or laboratory environment.

Objective of This Study

For the current health problem of evaluating UL motor function,
we developed a Gamified mHealth System (MoEvGame), a
novel iPad-based tool consisting of gamesto assess and monitor
UL motor function remotely without additional sensors or
equipment. As an initial step in this research, we undertook a
feasibility study with the following aims; (1) To design and
develop the MoEvGame to capture UL movement, which
consists of 5 games that examine theory-driven features of UL
movement (whole-limb reaching, fine motor control, manual
dexterity, and bilateral coordination) critical for performing
functional tasks and daily activities. We introduced a software
prototype for studying UL movement, consisting of aniOS app,
a cloud-based data management and storage system, and adata
analysis pipeline. Customizable features of the prototype allow
for the design and implementation of game-based protocols
considering different cohorts, age groups, and mechanisms of
UL function. (2) To develop mathematical and analytical
techniques to quantify spatiotempora measures of whole-limb
movement, fine motor precision, and bimanual coordination.
As an additional novelty and highlight of MoEvGame, we
included automated scripts (Multimedia Appendix 1) that are
capable of performing real-time analysis of movement data
collected with the iPad, thereby eliminating the need for
time-consuming post-processing and analysis for movement
quantification. (3) To collect preliminary data from typically
devel oping childreninside and outside alaboratory environment
to show the prototype's initial feasibility and proof of concept.

This paper is structured as follows. In the Methods section, we
describethe study participants, game prototype and description,
datamanagement, processing, and analysis methodologies. The
Dependent Variables and Analytic Methods section briefly
describes the analytical approach and algorithms to map
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spatiotemporal movement variables to motor performance. In
the Statistical Analysis section, we present the dstatistical
methods to compare speed-accuracy tradeoffs using the
participant’s data. The Results section presents the motor
performance dataand correlation analysis. Then, the Discussion
section describes the principal findings with limitations and
opportunities of the MoEvGame. Finally, the paper concludes
with planned future research directions and the trandational
potential of using mHealth in pediatric rehabilitation studies.

Methods

Participants

We collected data from 3 children in a laboratory setting and
28 children inacommunity setting (Discovery World Museum,
Milwaukee, WI [31]) for initial feasibility testing of our
prototype. The 3 children tested in the laboratory were run
through apilot and had to address any technical concernsbefore
testing in a community setting. General guidance on how to
complete each game was provided to each user. Anyone aged
5-14 yearswaseligibleto participate. We used two AppleiPads
(12.9" display, 7th generation) that were installed with
MoEvGame. All participants were asked to play any of the
games they preferred on the exhibited iPads. Research staff
provided verbal instructions and cues if the participant did not
understand or ignored the purpose of the game. Besides age, no
other identifying information was collected from participants.

Ethical Considerations

The experimental protocol of the study involving human
participants was carefully designed and implemented in strict
compliance with ethical standards. The Maquette University
Institutional Review Board (IRB) approved the overall protocol
for this research project (IRB number 3675). In this feasibility
study, we collected only anonymous hand movement datafrom
theiPad application and did not collect any personal identifying
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information from participants to ensure privacy and
confidentiality. Therefore, the datawere completely anonymous
and awaiver of informed consent was granted by the IRB. No
compensation was provided to participants.

MoEvGame Prototype

We developed MoEvGame targeting the Apple iPad platform
and a cloud-based data management system. The system
harnesses features of mobile devices and gaming technology to
study real-world movement in different environments without
additional equipment or sensors. The tasks were designed to
aim at four key features of skilled motor control: (1) wholelimb
reaching, (2) fine motor and individual finger contral, (3) manual
dexterity, and (4) bilateral coordination. These features are
essential for performing activities of daily living and for play
and leisure participation [32]. Furthermore, these domains map
onto discrete but overlapping neura substrates underlying motor
control. Whole-limb reaching involves a sensorimotor network
(posterior parietal cortex, premotor, and primary maotor cortices)
to identify objects in space and move the end-effector to the
object [33]. Individual finger movement requires the integrity
of the fast-conducting corticomotor projections to control
individual muscles in the hand [34]. Bilateral coordination
requires cooperation between the motor systems facilitated by
the corpus callosum [35].

Game Descriptions

MoEvGame was developed as illustrated in Figure 1,
considering a kinematic approach to studying UL motor
performance. While playing, spatiotemporal datawere recorded
continuously to evaluate multiple variables related to speed,
accuracy, precision, coordination, and skill learning. Of note,
a speed-accuracy tradeoff framework was incorporated for the
game design. Each game requires accurate movements to be
completed within atimelimit. Thus, participants were required
to compl ete the games within the time limit to get feedback and
“credit” for completing the game.
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Figure 1. Representative user interface of movement games within MoEvGame. Together, the games test whole-limb movement (A and B), fine motor

control and manual dexterity (C and D), and bilateral coordination (E).
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At the Market involves using a finger to drag and drop fruits
into crates. The border of each crate will turn green if placed
accurately and red if an error occurs (part of the fruit remains
outside the crate, left panel of Figure 1A). A trial of this game
block consists of 2 attempts using the right and left hands,
respectively, taking 60 seconds for each attempt.

Raceto the Finish

Race to the Finish involves using a finger to drag a race car
along a curvilinear track (Figure 1B). An error occurs if the
participant draws a direct path from the starting to the ending
location to encourage adherence to the task. A trial consists of
performing 3 races with each hand, where each race ends after
30 seconds.
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Thisis a coloring task with the Apple Pencil to color 5 shapes
in 2 minutes. Those shapes reflect various curvilinear and
rectilinear spaces (Figure 1C). The coloring task challengesfine
motor control and spatial awareness. Similar coloring tasks are
part of standardized developmental assessments [36].

Secret M essage

The Secret Message involves tapping or holding a finger
following a“dot” and “dash” signal of Morse Codeto generate
a hidden message while holding the contralateral finger in a
fixed target. To test potential mirroring movements, the finger
of the static hand must remain placed in a contralateral circular
target (Figure 1D). A trial involves 180 seconds to perform
tapping a secret message; after 90 seconds, the tapping finger
and contralateral finger are required to switch.
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Round and Around

Round and Around involves drawing circles with both hands
in 4 modes: in-phase congruent, antiphase congruent, in-phase
mirrored, and antiphase mirrored. In-phase: starting finger
positioning will be at the same location on the circle (eg, the
top of the circle); antiphase: starting finger position will be 180
apart (eg, onefinger at the top and afinger from the other hand
at the bottom of the circle); congruent: movement direction is
consistent (both fingers moving clockwise); and mirrored:
movement direction is opposite (one finger moving clockwise
and the other counterclockwise). Participants will trace around
the circle for 30 secondsin each mode.

Miaet a

Data M anagement, Processing, and Analysis

A cloud-based data server has been designed and developed to
manage the participants, game data storage, processing, and
analysis (Figure 1). The architecture of the prototype is
illustrated in Figure 2A, where the game data are transferred to
acloud server from the device via an application programming
interface. The data and user management system prototype is
implemented using the Python Django framework, JavaScript,
and PostgreSQL database and deployed to an Amazon Web
Service (AWS) EC2 cloud server. There are three core features
of this management system as follows.

Figure 2. MoEvGame. (A) Prototype architecture. (B) Participant and game data management system in a web-based platform. API: application

programming interface, AWS: Amazon Web Services.
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User Management

Each participant’sinteraction with the app is controlled through
a web-based dashboard. This is primarily used to link a
participant to a study identified (eg, study I1D) and to set how
many attempts can be performed; this is necessary to limit
practice and learning effectsthat might affect motor performance
(Figure 2B). Moreover, the retention-based study design has
been incorporated into the study management.
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Data Management

The database has been designed by focusing on holistic data
integration [37] that will enable data analysis from both
individuals and specific groups. Data transmission depends on
the data structure and storage representation. In the prototype,
the raw data generated from games are mainly time series of
spatiotemporal measures of the cursor position. Thus, we
designed a database system with low latency to process a very
high volume of JSON data[38]. Researchers can download user
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data from the dashboard once the tasks are completed for
analysis and further study.

Data Analysis

While the raw data are similar, each game has specific
performance measures and outcome data parameters requiring
varied analytical techniques. Based on the objective of the game
and its dependent variables, we devised specific statistical
analysis plans and implemented these as Python scripts. Data
were downloaded from the server in CSV format and analyzed
accordingly to generate the results. The primary goal of the
analysis was to demonstrate the feasibility of the prototype's
automated and real-time analysis capabilities. The following
section will describe the analysis plan for each game and
validate it with representative participants data.

Dependent Variables and Analytic Methods

Whole-Limb Movement

Spatiotemporal variables such as movement path (x and y
coordinates in 2D space) and time are used to quantify
movement speed and accuracy. Dragging, dropping, and object
tracking in the touchscreen were previoudy found to be effective
methods to measure arm movement proficiency [39], wherethe
completion time(s), accuracy, and deviation error from the
shortest path trgjectory (mm) were considered important
dependent measures. In At the Market (Figure 3), suppose the
movement path of an object (fruit) is (x,y:); timeist;, where
i=1, 2, ..., N, with N the total number of samples; P, and P, are
the coordinates of the starting position of thefruit and the target
destination (box), respectively. The perpendicular deviation of
each point (d) of the path from the P;P, shortest path is
calculated using equation (1). Then, the root mean square error
(RMSE) of the whole movement path is calculated using
equation (2).

Here, a, B, and d are the shortest path (P,P,) coefficients.

d. = lax; + By; + 8|
L [aZ+ B2
D
N diz
RMSEfruit- box = =0

2

The Race to the Finish task (Figure 4) tests visuomotor
coordination of accurately tracing a curvilinear path. The
first-order derivative (dy/dx) of the movement path has been
used to identify the movement direction and segment to calculate
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the deviation error from the ideal path [40]. Let us consider a
multivariate nonstationary first-order derivative signal dy/dx =
{dy/dxg, ..., dy/dx;} that takes value in (— < dy/dx; <) (and has
T samples. The pruned exact linear time (PELT) method [41]
identifies the ideal segmentation t from acriterion V (T, dy/dx)
that is minimized for K, the known number of changes. In our
case, equation (3) was minimized for K=12 (see Figure 4A)
using the radial basis function (“rbf”) of the PELT method.
Figure 4B shows the detection of 1=13 segments using K
breakpoints from amovement path (X, y) of aparticipants' trial.

K
min V(7 ,dy/dx) = ) foo(dy/dx, q,,,)
k=0

©)
where f:(.) is a Gaussian kernel-based cost function that
measures the goodness of fit of the nonparametric subsignal

Ay /dX ety = Kty Vi) Kt Yas ) The cost function fy for
a subsignal z, ;, is shown in equation (4), where > 0 is the
bandwidth parameter. The PELT minimization method identifies
the segments of movement curvaturefrom thecriterion, V. These
segments are used to cal culate the error distance from theideal
racing track.

b

1
frbf(za,..b) = (b - a) - m Z e_Y"ZS_Z‘"Z

(4)

Each segment (te Y1) = Ftees. Yo ) predicted by the PELT
model has been used to cal cul ate the perpendicul ar distance (d;)
between the movement point (x;,y;) and ideal curvature using
equation (5).

d; = min

J =tk tis

1\/()’;‘ —y)E+ (xj—x)?

®)
wherei=1, 2, ..., M, and M isthe number of samplesintheideal

curvature of ei Yte) = (tesn. Yeura) | segment boundary. Figure
4C shows the movement path of 6 trials (3 with the right hand
and 3 with the left hand) and Figure 4D shows the respective
RMSE and completion time of each trial. A speed-accuracy
trade-off is demonstrated by the negative correlation between
completion time and error; greater accuracy requires greater
control and, thus, longer completion time. Furthermore, we can
observe that the participant of this trial (12 years) performed
better in the Right #2 and L eft #2 blocks (Figure 4D), whereas
the Right #1 block took thelongest to complete with the smallest
RMSE.
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Figure 3. Analysis of At the Market game. (A) Movement trajectories for each item (a piece of fruit). (B) Root mean square error (red whisker) and
completion time (bar) for each movement relative to the shortest path from item to target box.
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Figure4. Anaysisof Race to the Finish game. Changes in movement direction were determined using change point detection and the pruned exact
linear time (PELT) method. (A) Break points in the curvature track were manually defined. (B) The PELT model detects the K=12 change points as
noted by the change in criterion V. (C) Movement trajectories of 6 attempts. (D) Error (left y-axis) and completion time (right y-axis) are plotted for

each attempt. Note the speed-accuracy trade-off for these 6 attempts.
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Fine Motor Control and Manual Dexterity

Individual finger and fine motor control are needed for object
mani pulation and handwriting. Drawing or coloring objects (eg,
square, circle, or other shapes) and handwriting tasks are
common techniques for evaluating fine motor precision and
manual dexterity in children with developmental disabilities
[42,43]. IntheFilling In task (Figure 5), the accuracy (% filled
inside the shape; % filled in outside the shape) and completion
time are considered dependent measures of fine motor control.
To compute these, we reconstructed the colored shape from the
gamedataasillustrated in Figure 5A. The pixelscolored inside
or outside thetarget shape were calculated using their geometric
properties (eg, triangle, circle, star). Since the participant’'s
movements during coloring likely contain duplicate pixel values,
digital image processing techniques are applied to calculate the
unique colored pixels from the reconstructed images. The
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percentage of coloring inside each shapeis shownin Figure 5B,
indicating the accuracy of fine motor control of an individual
trial.

Speed and coordination of the distal UL correlate with
corticospinal system integrity [44]. The Secret Message game
(Figure 6) tests the motor performance of individual finger
movements. Furthermore, because the contralateral (nontapping)
finger isrequired to be engaged statically while the other finger
istapping, this game a so tests responseinhibition and mirroring
movements. Tap and release speed, number of errorsin tapping
hand, and number of displacements (ie, nontapping finger
movements inside or outside the target) are calculated as
dependent measures. Errors are defined asinappropriate tap and
release combinations corresponding to a “dot: or “dash” from
Morse Code. For example, if achild pressed too long for a“dot,”
thiswould be counted as an error. Figures 6A and 6B show the
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state of the tapping and nontapping fingers and the error rate
with respect to time of a single tria in which the participant
revealed 38 characters (right finger tapping 13 and left finger
tapping 25 characters) of the secret message. In these figures,
each data point represents a different state of the left and right
fingers (eg, bluetriangles represent the tapped state); data points
within a state are offset in the figures for clarity. From these

Miaet a

data, we observed that the tapping rate (bluetriangle) increased,
and the error rate (red x) decreased as the trial continued,
perhaps indicating the participant understood the rules of the
game. The amount of movement within the fixed finger target
was less when the fingers were switched (gold plus symbols,
states 2-3).

Figure5. Analysisof Filling In game. (A) Sample coloring performance. (B) Bar plot of coloring accuracy, divided into the proportion colored inside

and outside the target shape.
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Figure 6. Anaysis of Secret Message game. (A) Movement state of tapping finger and contralateral static (fixed) finger movement across time. (B)
Magnified view of 10 seconds of tapping data. Note the user's non-tapping finger moved outside the target once (red diamond) and made two tapping

errors (red x) with the tapping finger.
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Bimanual Coordination

Bimanual coordination is important for completing many
everyday activities. The Round and Around game is designed
based on dynamical systems theory to challenge bimanual
coordination with different levels of stahility between thelimbs
[45,46]. We used 2 spatiotemporal measures to quantify
bimanual coordination: (1) phase synchronization, which was
defined as the instantaneous phase difference between the right
hand and left hand during in-phase (ideal=0°) and antiphase
(ideal=180°) conditions; and (2) speed synchronization, which
wasthedifferencein angular velocity of each hand. Let, y;=x(t;
)= sin(wt;+; ) and y, =x(t,)= sin(w,t,+¢,) are 2 nonlinear
signals of the right finger and left finger, respectively. Here, w,
t, and ¢ represent angular velocity, time, and initial phase,
respectively. The instantaneous phase has been cal culated from
the argument of theanalytical signal based on Hilbert Transform
[47], as defined in equation (6).
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method  reconstructs the interpretable phases as
D) = witi by gng 97 () = waty + @2, respectively. The
phase difference between y; and y, has been estimated at a
certain time, t, using equation (7), wheret =t; = t,.

Ap = 9" (t,) — 0" (t2)]
()

The velocity difference (Aw) between y; and y, has been
calculated at a certain time, t, using Aw= wy;-w,, Wwheret =t; =
t,. Figure 7 displays the bimanual hand position (A), phase
difference (B), and vel ocity difference (C) from arepresentative
participant.
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Figure7. Anaysisof Round and Around game. Each panel shows 4 plots corresponding to the 4 modes of coordination (in-phase congruent, in-phase
mirrored, antiphase congruent, antiphase mirrored). (A) Raw angular position traces (y; and y») of each hand. (B) Phase difference (A¢d) between y;

and y». (C) Velocity difference (Aw) between y; and y».
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Statistical Analysis

As an initial proof-of-concept, we evaluated the feasibility of
MoEvGame using 2 theory-based analytic approaches. First,
we used a speed-accuracy tradeoff framework to compare motor
performance [48]. In nonlearned tasks, users balance basic
parameters of speed and accuracy to complete atask [49]. In
the procedure, participants were not given specific instructions
to use a “speed first” or “accuracy first” strategy. Therefore,
different strategiesthat optimized movement speed and accuracy
were likely employed. From this speed-accuracy framework,
we predicted that participants moving faster would also show
higher errors or error rates. In contrast, if both speed and
accuracy were optimized, we concluded the participant
performed ahighly learned task. The speed-accuracy framework
was used to analyze the data from At the Market, Race to the
Finish, and Secret Message.

At the group level, anaysis was performed based on
developmental changesin motor abilitiesthat would be expected
as children mature. Thus, for a given assessment of motor
development, one would expect to find agerelated
improvements in motor performance. A group analysis using
the Pearson correlation coefficient was performed by combining
data for each age and examining the relationship between
changes in age and motor performance.

Table 1. Participant characteristics and engagement.
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For bimanual coordination, a separate analysis was used based
on the theoretical differences in difficulty for performing
in-phase versus antiphase movements. Here, we examined the
mean, standard deviation, and 95% confidence interval of the
phase and angular velocity difference between the hands as
measures of performance for each trial. We termed this “ phase
synchronization” or “speed synchronization,” respectively,
where values closer to 0 represent coherence between the two
hands.

Results

Participants Characteristics and Feasibility

A total of 56 trials were conducted by 31 participants. The
participants’ median age was 9.0 (IQR 5.0-14.0) years, where
most were third- or fourth-grade students (n=18, 58.06%,
9<age<11). Some participants attempted more than one of the
5 games, whereas some just tried a single task. The summary
of the trials and participation is detailed in Table 1. General
observations during testing showed that children were willing
and excited to try the games and were comfortable interacting
with theiPad. A small percentage of children did not complete
the entire game, and we excluded theincompletetrialsfrom the
analysis.

Participants (N=31)

Characteristics
Age (years), median (IQR)
Second or lower grade student, n (%)
Third- or fourth-grade student, n (%)
Fifth- or higher grade student, n (%)
Trials, n (%)
At the Market
Race to the Finish
Filling In
Secret Message

Round and Around

9.0 (5.0-14.0)
9 (29.04)

18 (58.06)
4(12.9)

11 (19.6)
21(37.6)
2(35)
13(23.2)
9(16.1)
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Motor Performance and Correlation Analysis

Figure 8 shows the whole-limb movement performance on two
games, At the Market and Race to the Finish, and their
association with age. These games had the most participants
(N=23, 74.2%) across the widest age range. Among these data
sets, 21.7% of participants played both games, whereas 60.8%
and 17.5% of trials were Race to The Finish and At the Market
trials, respectively. We found that there was a negative
correlation between speed and accuracy in At the Market
(r=-0.42, p=—0.29) and Race to the Finish (r=—0.30, p=—0.35)
asillustrated in Figure 8A and 8C, respectively. The area under
the curve of the quadric curve in these figures indicated that
low RMSE (high accuracy) could be achieved with optimal
speed. Participant’s movement error (RMSE) decreased with
increasing age (Figure 8B and 8D), indicating ol der participants
had better movement accuracy.

Fine motor control and manual dexterity (finger movement)
were evaluated from the speed-accuracy trade-off of Morse
code finger tapping and error rates. The tapping rate was

Miaet a

analyzed with respect to participants age, as shown in Figure
9. While both older and younger participants exhibited higher
tapping rates, error rates were higher in younger compared to
older participants.

Finally, bilateral coordination results from the group data are
shownin Table 2. The mean (1) and standard deviation of phase
synchronization for in-phase coordination were less than from
antiphase coordination. Likewise, left- and right-hand speed
was higher for in-phase than anti phase coordination. M oreover,
the right hand traveled a shorter total distance during antiphase
congruent (mean 3.31, SD 1.67 m; coefficient of variation
[CV]=0.51) and mirrored (mean 3.21, SD 1.67 m; CV=0.52)
compared to in-phase congruent (mean 5.26, SD 3.04 m;
CV=0.58) and mirrored (mean 4.04, SD 3.39 m; CV=0.84)
coordination. These results indicate participants performed
better and completed more full revolutions per second in the
in-phase coordination, consistent with prior observations that
antiphase bilateral movements are more difficult to coordinate
than in-phase [50,51].

Figure8. Whole-limb movement assessment of group data. Plots (A, C) show movement speed versus accuracy, while plots (B, D) show the completion
time and error (RM SE) as afunction of the user’s age when playing At the Market (A-B) and Race to the Finish (C-D). Note the general speed-accuracy
trade-off across the group and the negative correlation of spatial effort with age. Thered curveis an exponential best fit to the points. RM SE: root mean

square error.
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Figure 9. Tapping and error rate compared to user age for Secret Message. The finger tapping rate (speed) increased and the error rate (accuracy)

decreased with increasesin age.
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Table 2. Bimanual coordination outcomes from Round and Around game.
Mode Phase synchronization (degree) Speed synchronization (revolutions per second)
SD Mean (95% Cl) Right hand Left hand Difference
SD Mean (95%Cl)  SD Mean (95% Cl) SD Mean (95% Cl)
In-phase congru-  18.97 28.85(28.491029.21) 548 7.11(7.02to 5.52 7.64(754t0  5.44 -0.52 (-0.62to
ent 7.21) 7.74) -0.43)
In-phasemirrored  16.07 23.78 (23.46 t0 24.10) 4.97 7.60 (7.50to 4.97 7.24 (7.14t0 5.02 0.36 (0.26 to 0.45)
7.69) 7.33)
Antiphasecongru-  25.82 112.64 (111.98 to 342 4.70 (4.63 t0 3.65 455(448t0  3.73 0.14 (0.06 t0 0.22)
ent 113.29) 4.77) 4.63)
Antiphase mir- 28.20 121.39 (120.53 to 4.97 6.27 (6.15t0 5.36 6.63 (6.50 to 5.27 -0.36 (-0.49to
rored 122.24) 6.39) 6.77) -0.23)
: : coordination is more stable and therefore can be performed
Discussion o

Principal Results

This study aimed to demonstrate the feasibility of an mHealth
app to quantify and evaluate UL movement. Pilot testing showed
that MoEvGame can capture UL movement performance that
is linked to aspects of motor control and development in
children. Specifically, speed-accuracy tradeoffs were noted for
At the Market, Race to the Finish, and Secret Message (Figures
8 and 9). These effects were observed because we did not ask
participantsto prioritize speed over accuracy, and thus, various
strategies may have been used to complete the games. Notably,
the speed-accuracy tradeoff is evidence for face and content
validity, showing that the games test motor control processes
and are suitable tasks for future studies of UL motor functions.
In addition, age-related changes in UL performance were
evident: in general, younger participants demonstrated higher
spatial errors than older participants, consistent with the
maturation and devel opment of the motor system. Thesefindings
agreewith prior results[52,53], where speed and accuracy were
key factors in fine motor performance to complete a gamified
toy. Other motor constructs, such as bimanual coordination,
were examined. We observed differences in the left-hand and
right-hand phases and speed synchronization between the four
modes (in-phase or antiphase, congruent or mirrored) for the
bimanual game that replicated prior studies in which in-phase

https://games.jmir.org/2025/1/e57802
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more efficiently than antiphase coordination [54]. Theseresults
are apromising first step toward validating this technology as
an objective and standardized UL assessment tool.

Portabl e technology, such as mobile devices, advances modern
technological research testing and protocol design. In a study
by Molla-Casanovaet a [55], the authorsimplemented aseries
of tasks on an iPad for adults with stroke to test hand motor
function and demonstrated strong correl ations between variables
measured with theiPad and outcomes from standardized clinical
assessments. A host of other examples using tablets and mobile
technology to study UL movement in children also exist in the
literature [56]. However, some common limitations of these
studies were object manipul ation on atouchscreen, offline data
analysis, real-world usability, and age-appropriate game design.
The hand movement application described by Matic and
Gomez-Marin and the portable motor learning laboratory
described by Takiyama and Shinya [19] provide a strong
foundation for using tablet devices to study motor control.
Although these examples were not specifically designed for
children, they could be adapted for pediatric populations.
MoEvGame expands upon these ideas by adding gamification,
automated analysis pipelines, and a data server connected to
the application programming interfaceto facilitate datatransfer
and remote access.

JMIR Serious Games 2025 | vol. 13 | 57802 | p. 11
(page number not for citation purposes)


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

JMIR SERIOUS GAMES

Collectively, MoEvGame and other mHealth apps allow research
to be conducted in contexts and environments. A common
concern is that a participant’s function observed in traditional
laboratories or clinic settings may be different in their home or
other environments. With mobile assessment technology, this
means assessments might occur at home or when studying
pediatric populations at school. Studies that collect multiple
data points spread out across times and environments would
demonstrate the benefits of mHealth technology and showcase
robustness not commonly available with laboratory-based
assessments. Overall, investigations that employ continuous
monitoring of UL movementsin varied environments will lead
to more impactful and ecologically valid translational research.

Limitations and Opportunities

There are limitations and future variables to consider before
further validating MoEvGame. First, the feasibility testing data
were collected from aconvenience sample of children attending
a public museum exhibit. Testing in a larger and more
representative sample of children would allow us to enhance
the generalizability of our findings and begin to explore
age-normative values. Second, since we were interested in
learning how children interacted with MoEvGame, no
standardized instructions were provided, resulting in varied
strategiesto achieve the goal of each game. For instance, while
playing At the Market, some users moved the fruit directly to
the box, while others moved it underneath and placed it into the
crate from the opposite side. Considering we do not have other
measures of motor development or function for comparison,
overal thislimitstheinterpretation of the MoEvGame dataand
how datafrom anindividual child relatesto their motor function.
Considering these user behaviors is critica for further
development and refinement of the MoEvGame. Finadly, by
using a 2D touchpad, we are limited to measuring the final

Miaet a

endpoint of movement rather than quantifying UL movement
kinematics in 3D, similar to what is obtained from laboratory
motion capture systems. We plan to compare the MoEvGame
movement variables to 3D kinematic variables in future
validation studies. In spite of these limitations, we were able to
achieve our primary objective of demonstrating feasibility and
proof-of-concept. The goal of future work will be to
systematically test the validity and reliability of MoEvGamein
children with and without motor impairments with a large
sample and wider age group. However, age-rel ated changes can
affect motor behavior [57], specifically older kids or adolescents
with motor impairment who are capabl e of using atouchscreen
device. Therefore, it may be necessary to capture an inclusive
data set for further investigation.

Conclusions

Inthisfeasibility study, we describe agamified mHealth system,
MoEvGame, as atool to study UL movement in children with
and without neuromotor impairments. Valid and objective
outcomes are pivotal for clinical trials and provide clinicians
with relevant information about a child’s motor function and
ability. Moving beyond traditional assessments that are
time-consuming and require in-person administration, our
approach for assessing UL movement skills incorporates
gamification into ubiquitous and accessible technology.
Research on the mechanisms of UL motor dysfunctioniscritical
for advancing evidence-based assessment and treatment of
children with motor impairments. The availability of fast,
flexible, and objective testing tools using common mobile
devices will be advantageous to researchers, clinicians, and
families. Future work in participants with and without motor
impairments across a wide age range in both laboratory and
nonlaboratory settings will test the reliability and validity of
MoEvGame.

Acknowledgments

We thank the members of the Pediatric Movement Neuroscience Laboratory and Ubicomp Lab for helping with data collection
and input on the app and game design. Funding for the research reported in this publication was provided by the Eunice Kennedy
Shriver National Institute of Child Health & Human Development of the National Institutes of Health under award numbers
NIH/NICHD R21HD114094 and P2CHD101899. The content is solely the authors responsibility and does not necessarily
represent the official views of the National Institutes of Health.

Data Availability
The anonymous datasets generated and analyzed during this study are available in the GitHub repository [58].

Authors Contributions

MRM wasinvolved in data curation, formal analysis, methodology, software, validation, visualization, and writing (original draft
and reviewing/editing); SIA wasinvolved in conceptualization, funding acquisition, investigation, project administration, software,
resources, supervision, and writing (original draft and reviewing/editing); and SN wasinvolved in conceptualization, data curation,
formal analysis, funding acquisition, investigation, methodology, project administration, software, resources, supervision,
validation, and writing (original draft and reviewing/editing).

Conflictsof Interest
None declared.

https://games.jmir.org/2025/1/e57802 JMIR Serious Games 2025 | vol. 13 | €57802 | p. 12

(page number not for citation purposes)


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

JMIR SERIOUS GAMES Miaet a

Multimedia Appendix 1

Dataset and codebase.
[ZIP File (Zip Archive), 11259 KB-Multimedia Appendix 1]

References

1.

Zablotsky B, Black LI, Maenner MJ, Schieve LA, Danielson ML, Bitsko RH, et al. Prevalence and trends of developmental
disabilities among children in the United States: 2009-2017. Pediatrics. 2019;144(4):€20190811. [FREE Full text] [doi:
10.1542/peds.2019-0811] [Medline: 31558576]

2. Manini T. Development of physical disability in older adults. Curr Aging Sci. 2011;4(3):184-191. [FREE Full text] [doi:
10.2174/1874609811104030184] [Medline: 21529321]

3. Hill EL, Brown D. Mood impairments in adults previously diagnosed with developmenta coordination disorder. J Ment
Health. 2013;22(4):334-340. [doi: 10.3109/09638237.2012.745187] [Medline: 23323694]

4. HandsB, Licari M, Piek J. A review of fiveteststo identify motor coordination difficultiesin young adults. Res Dev Disabil .
2015;41-42:40-51. [doi: 10.1016/j.ridd.2015.05.009] [Medline: 26057836]

5. Himmelmann K, Beckung E, Hagberg G, Uvebrant P. Gross and fine motor function and accompanying impairmentsin
cerebral palsy. Dev Med Child Neurol. 2006;48(6):417-423. [FREE Full text] [doi: 10.1017/S0012162206000922] [Medline;
16700930]

6.  Alt Murphy M, Murphy S, Persson HC, Bergstrém UB, Sunnerhagen KS. Kinematic analysis using 3D motion capture of
drinking task in people with and without upper-extremity impairments. J Vis Exp. 2018;(133):57228. [FREE Full text]
[doi: 10.3791/57228] [Medline: 29658937]

7.  Pfister A, West AM, Bronner S, Noah JA. Comparative abilities of Microsoft Kinect and Vicon 3D motion capture for gait
analysis. JMed Eng Technol. 2014;38(5):274-280. [doi: 10.3109/03091902.2014.909540] [Medline: 24878252]

8.  Cagliari Tosin M, Machado JC, Balbinot A. sSEMG-based upper limb movement classifier: current scenario and upcoming
challenges. J Artif Intell Res. 2022;75. [doi: 10.1613/jair.1.13999]

9.  Tuttle KR. Impact of the COVID-19 pandemic on clinical research. Nat Rev Nephrol. 2020;16(10):562-564. [ FREE Full
text] [doi: 10.1038/s41581-020-00336-9] [Medline: 32760016]

10. van Delden ALEQ, Peper CLE, Kwakkel G, Beek PJ. A systematic review of bilateral upper limb training devices for
poststroke rehabilitation. Stroke Res Treat. 2012;2012:972069. [FREE Full text] [doi: 10.1155/2012/972069] [Medline:
23251833]

11. McCal JV, Ludovice MC, Elliott C, Kamper DG. Hand function development of children with hemiplegic cerebral palsy:
ascoping review. J Pediatr Rehabil Med. 2022;15(1):211-228. [doi: 10.3233/PRM-200714] [Medline: 34864699]

12. Dienstmann R. Games for Motor Learning. Champaign, United States. Human Kinetics; 2008.

13. Coker C. Motor Learning and Control for Practitioners. New York, NY. Routledge; 2017.

14. Wardaszko M, Podgorski B. Mobilelearning game effectivenessin cognitive learning by adults: acomparative study. Simul
Gaming. 2017;48(4):104687811770435. [doi: 10.1177/1046878117704350]

15.  Jaramillo-Alcazar A, Salvador-Ullauri L, Lujan-Mora S. A mobile serious games assessment tool for people with motor
impairments. ACM; 2017. Presented at: ICETC '17: Proceedings of the Sth International Conference on Education Technology
and Computers, December 20-22, 2017:172-177; Barcelona, Spain. [doi: 10.1145/3175536.3175569]

16. Nemanich ST, Gillick BT, Sukal-Moulton T, Ahamed SI. Can technology improve participation from underserved children
and families in rehabilitation research? WM J. 2022;121(3):174-176. [FREE Full text] [Medline: 36301641]

17.  Agnew JMR, Hanratty CE, McVeigh JG, Nugent C, Kerr DP. An investigation into the use of mHealth in muscul oskel etal
physiotherapy: scoping review. IMIR Rehabil Assist Technol. 2022;9(1):€33609. [FREE Full text] [doi: 10.2196/33609]
[Medline: 35275089]

18. Artusi CA, Imbalzano G, Sturchio A, Pilotto A, Montanaro E, Padovani A, et a. Implementation of mobile health technologies
in clinical trials of movement disorders: underutilized potential. Neurotherapeutics. 2020;17(4):1736-1746. [FREE Full
text] [doi: 10.1007/s13311-020-00901-X] [Medline: 32734442]

19. TakiyamakK, ShinyaM. Development of aportable motor learning laboratory (PoM L ab). PLoS One. 2016;11(6):e0157588.
[FREE Full text] [doi: 10.1371/journal.pone.0157588] [Medline: 27348223]

20. Matic A, Gomez-Marin A. A customizable tablet app for hand movement research outside the lab. J Neurosci Methods.
2019;328:108398. [FREE Full text] [doi: 10.1016/j.jneumeth.2019.108398] [Medline: 31412268]

21. deMenezesLDC, daSilvaTD, Capelini CM, Tonks J, Watson S, de Moraes |, et a. Can individuals with down syndrome
improve their performance after practicing agame on amobile phone? A new insight study. Learn Motiv. 2020;72:101685.
[doi: 10.1016/j.Imot.2020.101685]

22. YangL, Grooten WJ, Forsman M. AniPhone application for upper arm posture and movement measurements. Appl Ergon.
2017;65:492-500. [FREE Full text] [doi: 10.1016/j.apergo.2017.02.012] [Medline: 28274467]

23. Capelini CM, daSilvaTD, TonksJ, Watson S, Alvarez MPB, de Menezes LDC, et a. Improvementsin motor tasksthrough
the use of smartphone technology for individuals with Duchenne muscular dystrophy. Neuropsychiatr Dis Treat.
2017;13:2209-2217. [FREE Full text] [doi: 10.2147/NDT.S125466] [Medline: 28860778]

https://games.jmir.org/2025/1/e57802 JMIR Serious Games 2025 | vol. 13 | €57802 | p. 13

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=games_v13i1e57802_app1.zip&filename=158b649d49b5d307c173388617c5026b.zip
https://jmir.org/api/download?alt_name=games_v13i1e57802_app1.zip&filename=158b649d49b5d307c173388617c5026b.zip
https://europepmc.org/abstract/MED/31558576
http://dx.doi.org/10.1542/peds.2019-0811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31558576&dopt=Abstract
https://europepmc.org/abstract/MED/21529321
http://dx.doi.org/10.2174/1874609811104030184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21529321&dopt=Abstract
http://dx.doi.org/10.3109/09638237.2012.745187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23323694&dopt=Abstract
http://dx.doi.org/10.1016/j.ridd.2015.05.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26057836&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0012-1622&date=2006&volume=48&issue=6&spage=417
http://dx.doi.org/10.1017/S0012162206000922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16700930&dopt=Abstract
https://europepmc.org/abstract/MED/29658937
http://dx.doi.org/10.3791/57228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29658937&dopt=Abstract
http://dx.doi.org/10.3109/03091902.2014.909540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24878252&dopt=Abstract
http://dx.doi.org/10.1613/jair.1.13999
https://europepmc.org/abstract/MED/32760016
https://europepmc.org/abstract/MED/32760016
http://dx.doi.org/10.1038/s41581-020-00336-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32760016&dopt=Abstract
https://doi.org/10.1155/2012/972069
http://dx.doi.org/10.1155/2012/972069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23251833&dopt=Abstract
http://dx.doi.org/10.3233/PRM-200714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34864699&dopt=Abstract
http://dx.doi.org/10.1177/1046878117704350
http://dx.doi.org/10.1145/3175536.3175569
https://europepmc.org/abstract/MED/36301641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36301641&dopt=Abstract
https://rehab.jmir.org/2022/1/e33609/
http://dx.doi.org/10.2196/33609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35275089&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1878-7479(23)01270-9
https://linkinghub.elsevier.com/retrieve/pii/S1878-7479(23)01270-9
http://dx.doi.org/10.1007/s13311-020-00901-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32734442&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0157588
http://dx.doi.org/10.1371/journal.pone.0157588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27348223&dopt=Abstract
http://hdl.handle.net/10261/217669
http://dx.doi.org/10.1016/j.jneumeth.2019.108398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31412268&dopt=Abstract
http://dx.doi.org/10.1016/j.lmot.2020.101685
https://linkinghub.elsevier.com/retrieve/pii/S0003-6870(17)30046-7
http://dx.doi.org/10.1016/j.apergo.2017.02.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28274467&dopt=Abstract
https://europepmc.org/abstract/MED/28860778
http://dx.doi.org/10.2147/NDT.S125466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28860778&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR SERIOUS GAMES Miaet a

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

Coutinho F, Bosisio M, Brown E, Rishikof S, Skaf E, Zhang X, et al. Effectiveness of iPad apps on visual-motor skills
among children with special needs between 4yOm-7y11m. Disabil Rehabil Assist Technol. 2017;12(4):402-410. [doi:
10.1080/17483107.2016.1185648] [Medline: 27377131]

Giammarco E, Di Sano S, Aureli T, Cerratti P, Fano-lllic G, Pietrangelo T. Psychological and physiological processesin
figure-tracing abilities measured using atablet computer: astudy with 7 and 9 yearsold children. Front Psychol. 2016;7:1528.
[FREE Full text] [doi: 10.3389/fpsyq.2016.01528] [Medline: 27803678]

Dui LG, Lunardini F, Termine C, Matteucci M, Ferrante S. A tablet-based app to discriminate children at potential risk of
handwriting alterationsin a preliteracy stage. Annu Int Conf |EEE Eng Med Biol Soc. 2020;2020:5856-5859. [doi:
10.1109/EMBC44109.2020.9176041] [Medline: 33019305]

Moreno Naya D, Vazquez-Araujo FJ, Castro PM, Vivas Costa J, Dapena A, Gonzalez Doniz L. Utilization of amobile
application for motor skill evaluation in children. Appl Sci. 2021;11(2):663. [doi: 10.3390/app11020663]

Junghans BM, Khuu SK. Populations normsfor 'SLURP-an iPad app for quantification of visuomotor coordination testing.
Front Neurosci. 2019;13:711. [FREE Full text] [doi: 10.3389/fnins.2019.00711] [Medline: 31354420]

Axford C, Joosten AV, Harris C. iPad applications that required a range of motor skills promoted motor coordination in
children commencing primary school. Aust Occup Ther J. 2018;65(2):146-155. [doi: 10.1111/1440-1630.12450] [Medline:
29355982]

ChuaYW, Lu SC, Anzulewicz A, Sobota K, Tachtatzis C, Andonovic |, et al. Developmental differencesin the prospective
organisation of goal-directed movement between children with autism and typically devel oping children: a smart tablet
serious game study. Dev Sci. 2022;25(3):€13195. [FREE Full text] [doi: 10.1111/desc.13195] [Medline: 34800316]
Marquette brain games and demos. Discovery World. URL: https://discoveryworld.org/cal endar-of -events/
marquette-ot-demo-and-games/ [accessed 2024-02-26]

Irie K, Mukaiyama K, Yamashita R, Zeidan H, Bandara A, Nagai-Tanima M, et al. Investigating subtypes of motor skills
and activities of daily living among young children with motor delay. Occup Ther Int. 2023;2023:4031372. [FREE Full
text] [doi: 10.1155/2023/4031372] [Medline: 37360553]

Chowdhury RH. The Contribution of Whole-Limb Kinematics to Proprioceptive Representationsin the Central Nervous
System. Evanston. Doctoral dissertation, Northwestern University; 2019.

Carneiro MIS, Russo C, Masson R, Rossi Sebastiano D, Baranello G, Turati C, et a. Motor learning in unilateral cerebral
palsy and the influence of corticospinal tract reorganization. Eur J Paediatr Neurol. 2020;27:49-59. [doi:
10.1016/j.€jpn.2020.04.013] [Medline: 32417186]

Ashori M, Norouzi G, Jalil-Abkenar SS. The effectiveness of motor therapy on motor skills and bilateral coordination of
children with intellectual disability. Iran Rehabil J. 2018;16(4):331-338. [doi: 10.32598/ir].16.4.331]

Cools W, Martelaer KD, Samaey C, Andries C. Movement skill assessment of typically devel oping preschool children: a
review of seven movement skill assessment tools. J Sports Sci Med. 2009;8(2):154-168. [FREE Full text] [Medline:
24149522]

Rahm E. The casefor holistic dataintegration. 2016. Presented at: Advancesin Databases and Information Systems. ADBIS
2016; 2016 August 28-31; Prague, Czech Republic. [doi: 10.1007/978-3-319-44039-2 2]

Bourhis P, Reutter J, Suarez F, Vrgo¢ D. JSON: data model, query languages and schema specification. 2017. Presented
at: PODS '17: Proceedings of the 36th ACM SIGMOD-SIGACT-SIGAI Symposium on Principles of Database Systems,
May 14-19, 2017:123-135; Chicago, IL, USA. [doi: 10.1145/3034786.3056120]

Bertucco M, Sanger TD. Speed-accuracy testing on the Apple iPad provides a quantitative test of upper extremity motor
performance in children with dystonia. J Child Neurol. 2014;29(11):1460-1466. [FREE Full text] [doi:
10.1177/0883073813494265] [Medline: 23965400]

Truong C, Oudre L, VayatisN. Selective review of offline change point detection methods. Signal Process. 2020;167:107299.
[doi: 10.1016/].sigpro.2019.107299]

Killick R, Fearnhead P, Eckley IA. Optimal detection of changepoints with alinear computational cost. JAm Stat Assoc.
2012;107(500):1590-1598. [doi: 10.1080/01621459.2012.737745]

Butler C, PimentaR, Tommerdahl J, Fuchs CT, CacolaP. Using ahandwriting app leadsto improvement in manual dexterity
in kindergarten children. Res Learn Technol. 2019;27. [doi: 10.25304/rlt.v27.2135]

John S, Renumol VG. Design and development of an Android app (HanDex) to enhance hand dexterity in children with
poor handwriting. IEEE Access. 2022;10:48973-48993. [doi: 10.1109/access.2022.3172330]

Wolbrecht ET, Rowe JB, Chan V, Ingemanson ML, Cramer SC, Reinkensmeyer DJ. Finger strength, individuation, and
their interaction: relationship to hand function and corticospinal tract injury after stroke. Clin Neurophysiol.
2018;129(4):797-808. [FREE Full text] [doi: 10.1016/j.clinph.2018.01.057] [Medline: 29453171]

Hung Y C, Charles J, Gordon AM. Bimanual coordination during a goal-directed task in children with hemiplegic cerebral
palsy. Dev Med Child Neurol. 2004;46(11):746-753. [FREE Full text] [doi: 10.1017/50012162204001288] [Medline:
15540635]

Riquelme, Arnould C, Hatem SM, Bleyenheuft Y. The two-arm coordination test: maturation of bimanual coordination
intypically developing children and deficitsin children with unilateral cerebral palsy. Dev Neurorehabil. 2019;22(5):312-320.
[doi: 10.1080/17518423.2018.1498552] [Medline: 30024779]

https://games.jmir.org/2025/1/e57802 JMIR Serious Games 2025 | vol. 13 | €57802 | p. 14

(page number not for citation purposes)


http://dx.doi.org/10.1080/17483107.2016.1185648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27377131&dopt=Abstract
https://europepmc.org/abstract/MED/27803678
http://dx.doi.org/10.3389/fpsyg.2016.01528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27803678&dopt=Abstract
http://dx.doi.org/10.1109/EMBC44109.2020.9176041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33019305&dopt=Abstract
http://dx.doi.org/10.3390/app11020663
https://europepmc.org/abstract/MED/31354420
http://dx.doi.org/10.3389/fnins.2019.00711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31354420&dopt=Abstract
http://dx.doi.org/10.1111/1440-1630.12450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29355982&dopt=Abstract
https://europepmc.org/abstract/MED/34800316
http://dx.doi.org/10.1111/desc.13195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34800316&dopt=Abstract
https://discoveryworld.org/calendar-of-events/marquette-ot-demo-and-games/
https://discoveryworld.org/calendar-of-events/marquette-ot-demo-and-games/
https://europepmc.org/abstract/MED/37360553
https://europepmc.org/abstract/MED/37360553
http://dx.doi.org/10.1155/2023/4031372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37360553&dopt=Abstract
http://dx.doi.org/10.1016/j.ejpn.2020.04.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32417186&dopt=Abstract
http://dx.doi.org/10.32598/irj.16.4.331
https://europepmc.org/abstract/MED/24149522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24149522&dopt=Abstract
http://dx.doi.org/10.1007/978-3-319-44039-2_2
http://dx.doi.org/10.1145/3034786.3056120
https://europepmc.org/abstract/MED/23965400
http://dx.doi.org/10.1177/0883073813494265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23965400&dopt=Abstract
http://dx.doi.org/10.1016/j.sigpro.2019.107299
http://dx.doi.org/10.1080/01621459.2012.737745
http://dx.doi.org/10.25304/rlt.v27.2135
http://dx.doi.org/10.1109/access.2022.3172330
https://europepmc.org/abstract/MED/29453171
http://dx.doi.org/10.1016/j.clinph.2018.01.057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29453171&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0012-1622&date=2004&volume=46&issue=11&spage=746
http://dx.doi.org/10.1017/s0012162204001288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15540635&dopt=Abstract
http://dx.doi.org/10.1080/17518423.2018.1498552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30024779&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR SERIOUS GAMES Miaet a

47.

48.

49,

50.

51.

52.

53.

55.

56.

57.

58.

Matsuki A, Kori H, Kobayashi R. An extended Hilbert transform method for reconstructing the phase from an oscillatory
signal. Sci Rep. 2023;13(1):3535. [FREE Full text] [doi: 10.1038/s41598-023-30405-5] [Medline: 36864108]

Rival C, Olivier |, Ceyte H. Effects of temporal and/or spatial instructions on the speed-accuracy trade-off of pointing
movements in children. Neurosci Lett. 2003;336(1):65-69. [doi: 10.1016/s0304-3940(02)01246-6] [Medline: 12493603
Plamondon R, Alimi AM. Speed/accuracy trade-offs in target-directed movements. Behav Brain Sci. 1997;20(2):279-303;
discussion 303. [doi: 10.1017/50140525x97001441] [Medline: 10096999]

Robertson SD. Development of bimanual skill: the search for stable patterns of coordination. JMot Behav.
2001;33(2):114-126. [doi: 10.1080/00222890109603144] [Medline: 11404208]

Gerloff C, Andres FG. Bimanual coordination and interhemispheric interaction. ActaPsychol (Amst). 2002;110(2-3):161-186.
[doi: 10.1016/s0001-6918(02)00032-x] [Medline: 12102104]

RiveraD, Garcia A, Ortega JE, Alarcos B, van der Meulen K, Velasco JR, et al. Intraindividual variability measurement
of finemanual motor skillsin children using an el ectronic pegboard: cohort study. JIMIR mHealth uHealth. 2019;7(8):e12434.
[FREE Full text] [doi: 10.2196/12434] [Medline: 31464193]

Brons A, de Schipper A, Mironcika S, Toussaint H, Schouten B, Bakkes S, et al. Assessing children's fine motor skillswith
sensor-augmented toys: machine learning approach. JMed Internet Res. 2021;23(4):e24237. [FREE Full text] [doi:
10.2196/24237] [Medline: 33885371]

Wiesendanger M, Serrien D. The quest to understand bimanual coordination. Prog Brain Res. 2004;143:491-505. [doi:
10.1016/S0079-6123(03)43046-X] [Medline: 14653191]

Molla-Casanova S, Llorens R, Borrego A, Salinas-Martinez B, Serra-Afid P. Validity, reliability, and sensitivity to motor
impairment severity of a multi-touch app designed to assess hand mobility, coordination, and function after stroke. J
Neuroeng Rehabil. 2021;18(1):70. [FREE Full text] [doi: 10.1186/s12984-021-00865-9] [Medline: 33892763]

MiaMR, Ahamed SI, Fial A, Nemanich S. A scoping review on mobile health technology for assessment and intervention
of upper limb motor function in children with motor impairments. Games Health J. 2024;13(3):135-148. [doi:
10.1089/g4h.2023.0224] [Medline: 38700552]

Findlater L, Zhang L. Input accessibility: alarge dataset and summary analysis of age, motor ability and input performance.
ACM; 2020. Presented at: Proceedings of the 22nd International ACM SIGACCESS Conference on Computers and
Accessibility; October 26-28, 2020:1-6; Virtual Event Greece. [doi: 10.1145/3373625.3417031]

MR M, Sl A, SN. Data Analysis: Gamified mHealth System for Evaluating Upper Limb Motor Performance in Children.
github.com. 2024. URL : https://github.com/RaihanSabigue/M oEvGame-DataAnalysis[WebCite Cache ID
https://github.com/RaihanSabique/M oEvGame-DataAnalysis]

Abbreviations

CV: coefficient of variation

IRB: Institutional Review Board

MoEvGame: Gamified mHealth System for Upper Limb Motor Evaluation
mHealth: mobile health

PELT: pruned exact linear time

rbf: radial basisfunction

RMSE: root mean square error

UL: upper limb

Edited by A Coristine, C Prahm; submitted 01.03.24; peer-reviewed by A Amini, A Cretual; comments to author 19.06.24; revised
version received 30.07.24; accepted 16.10.24; published 28.02.25

Please cite as:

Mia MR, Ahamed S, Nemanich S

Gamified mHealth System for Evaluating Upper Limb Motor Performance in Children: Cross-Sectional Feasibility Sudy
JMIR Serious Games 2025;13:€57802

URL: https.//games.jmir.org/2025/1/€57802

doi: 10.2196/57802

PMID: 40053722

©Md Raihan Mia, Sheikh Igbal Ahamed, Samuel Nemanich. Originally published in IMIR Serious Games (https.//games.jmir.org),
28.02.2025. 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,

https://games.jmir.org/2025/1/e57802 JMIR Serious Games 2025 | vol. 13 | €57802 | p. 15

RenderX

(page number not for citation purposes)


https://doi.org/10.1038/s41598-023-30405-5
http://dx.doi.org/10.1038/s41598-023-30405-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36864108&dopt=Abstract
http://dx.doi.org/10.1016/s0304-3940(02)01246-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12493603&dopt=Abstract
http://dx.doi.org/10.1017/s0140525x97001441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10096999&dopt=Abstract
http://dx.doi.org/10.1080/00222890109603144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11404208&dopt=Abstract
http://dx.doi.org/10.1016/s0001-6918(02)00032-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12102104&dopt=Abstract
https://mhealth.jmir.org/2019/8/e12434/
http://dx.doi.org/10.2196/12434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31464193&dopt=Abstract
https://www.jmir.org/2021/4/e24237/
http://dx.doi.org/10.2196/24237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33885371&dopt=Abstract
http://dx.doi.org/10.1016/S0079-6123(03)43046-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14653191&dopt=Abstract
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-021-00865-9
http://dx.doi.org/10.1186/s12984-021-00865-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33892763&dopt=Abstract
http://dx.doi.org/10.1089/g4h.2023.0224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38700552&dopt=Abstract
http://dx.doi.org/10.1145/3373625.3417031
https://github.com/RaihanSabique/MoEvGame-DataAnalysis
http://www.webcitation.org/

                                            https://github.com/RaihanSabique/MoEvGame-DataAnalysis
http://www.webcitation.org/

                                            https://github.com/RaihanSabique/MoEvGame-DataAnalysis
https://games.jmir.org/2025/1/e57802
http://dx.doi.org/10.2196/57802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40053722&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR SERIOUS GAMES Miaet a

provided the original work, first published in IMIR Serious Games, is properly cited. The complete bibliographic information, a
link to the original publication on https://games.jmir.org, as well asthis copyright and license information must be included.

https://games.jmir.org/2025/1/e57802 JMIR Serious Games 2025 | vol. 13 | €57802 | p. 16
(page number not for citation purposes)

RenderX


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

