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ABSTRACT According to the oscillation theory of handwriting, letters are formed by the coupled mod-
ulation of horizontal and vertical oscillations of the hands. This modulation-oscillation scheme requires
human motor control. Hence, one of the reasons for poor handwriting is a lack of fine motor skills. The
main objective of this study was to design, develop, and evaluate a hand therapeutic application (HanDex)
for children with writing difficulties to enhance their hand dexterity. This paper describes the design,
development, and evaluation of the HanDex app. It has mainly six activities for improving tripod grip, hand-
eye coordination, spatial organization, letter formation, and fine motor skills. The main principle underlying
the design of these activities is the oscillation theory of handwriting. A set of user interface (UI) guidelines
have been followed in the UI design for simplicity, user motivation, easy navigation, etc. User evaluation
of the prototype was conducted by ten participants in five iterations, and the final product was built by
considering their feedback. Subsequently, we conducted case studies on two primary school children with
poor handwriting skills to test the effectiveness of the application. This study used a single-subject pretest-
posttest design to observe and measure the efficacy of the HanDex application. The posttest results showed
a positive impact on letter formation, size of letters, spacing of letters and words, placement, speed, and
legibility in these children. Hence, the HanDex app is promising and warrants further investigation in more
children with different levels of handwriting difficulty.

INDEX TERMS Digital tools, evolutionary prototyping, fine motor skill, HCI principles, handwriting
difficulty, hand dexterity, Tablet PC, touch-based interfaces.

I. INTRODUCTION
Impaired handwriting is a learning disorder. One reason for
this is poor motor coordination, which leads to poor letter
formation and ordering. It is also a brain disorder that may
interfere with spelling, organization of thoughts, spatial plan-
ning, and handwriting performance of children [39], [81].
According to Davis Ronald’s book, the occurrence of writing
disorders is approximately 5 to 20% in school children [17].
An average child usually spends his/her 30 to 60% of the
time on handwriting activities in the school [64]. Handwrit-
ing is part of cognitive, kinesthetic, and perceptual-motor
functions [21]. Children with writing disorders (dysgraphia)
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experience various core handwriting problems, such as illeg-
ible handwriting, poor motor control, poor spatial planning,
inconsistent forms and sizes of letters, and speed strokes. Poor
handwriting may negatively affect a student’s self-esteem and
academic success [14]. Moreover, legible handwriting is a
significant achievement in academic life. Hence it necessi-
tates deeper research studies by educators and health profes-
sionals [25].

Recent research in digital technologies has demonstrated
the effectiveness of contemporary technologies in assisting
children with learning and academic disabilities [78], [79].
The increased use of technology in education is obvious with
the extensive range of digital applications and smart devices,
which can help educators, improve their students’ perfor-
mance inside and outside the classroom [58]. Researchers are
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now focusing on special learning environments and devel-
oping interactive applications using digital technologies that
can address different disabilities in the early stages [99].
It can be used to train, assist, and stimulate students’ learn-
ing process [99]. Researchers have suggested that the latest
education technologies may make students more creative
and improve their learning abilities [75]. The transformation
from traditional teaching methods to technology-enhanced
learning has profound implications for teachers and children
with special needs [43], [70]. Despite traditional educational
systems, emerging technologies with different drives are ben-
eficial for enhancing the teaching-learning process [97]. Dif-
ferent studies have shown that touch devices such as tablets
and smartphones help children with writing difficulties cor-
rect their writing through automated exercises and activi-
ties [29], [48], [83], [99], [66]. This can foster the academic
success of young children [65]. Hence, the primary objective
of this study is to design and develop a touch-based thera-
peutic application to enhance hand dexterity for handwriting
readiness.

II. RELATED WORKS
From recent scientific studies [56], [69], [2], it is obvious
that digital technologies play an important role in trans-
forming education. Harper et al. found that assistive tech-
nology may have positive implications for both academic
and non-academic activities in children with learning dis-
abilities [52]. This has positively influenced the learning
experience and improved the educational ambitions of young
children [56]. Neumann and Neumann [69] stated that early
experience with digital technologies shapes children’s com-
munication and literacy skills. A large amount of research
is currently being conducted to explore the benefits of using
ICT as a learning platform for individuals, especially children
with learning difficulties [101]. The potential benefits of
mobile devices, such as laptops, personal digital assistants,
and mobile phones, have been explored as learning tools in
the classroom and outside learning [109]. Empirical evidence
provides a promising path for research on the design of digital
learning environments [34], [62]. Hence, the integration of
digital technologies into occupational therapy interventions
has been found to be effective. Belson et al. [7] showed that a
digital pen could be used to increase the quality of note-taking
strategies and reduce cognitive effort during note-taking.
Oyelere et al. [73] identified that mobile learning applica-
tions have a positive impact on students’ learning achieve-
ments. Mobile learning systems have a higher penetration
rate than laptops and desktops, and offer convenient and
cost-effective ways to access higher education [113], [114].
Nedungadi et al. [68] found that the use ofmobile technology
andWhatsApp, alongwith other applications, could empower
teachers and improve the quality of education. Research find-
ings have suggested that conceptualized learning applications
can encourage children to master their academic skills [47].
Zhang [117] explored the benefits of computerized train-
ing on students’ writing behavior and written products.

Innovative technologies enabled the learners to access their
education at a lower cost and with a high degree of reli-
ability [2], [81]. It has been identified that use of mobile
computing devices leads to an increase in the quality and
quantity of learning outcomes [27], [110].

In school-aged children, about 10 to 30% are reported to
experience difficulties in mastering handwriting skills [54].
This may have an impact on the children’s psychosocial
development. Poor handwriting is a neuromotor condition
characterized by faster and cruder movements, lack of inhi-
bition in co-movements, and poor coordination of fine motor
skills [96]. Students with writing difficulties lack automatic-
ity in handwriting skills, including letter inconsistencies,
irregular letter sizes and shapes, poor spatial organization on
the line and page, and incomplete letters [86]. Graham and
Miller say that parents and teachers should be aware of the
different types of handwriting difficulties and various learn-
ing strategies for their children. Different learning strategies
can be tailored according to the individual’s needs. This may
decrease children’s frustrations [31]. Enstrom mentioned that
in the school curriculum, handwriting is one of the poorest
elements taught by teachers [24]. Hence, children in schools
require remediation programs to improve their handwrit-
ing. Research on technology reveals that software tools will
not replace good or adequate teaching but act as enhanced
instruction to meet students’ individual learning needs [16].
Moreover, these supporting aids are considered elements of
future development in technologies for the classroom [18].

Researchers have explored the potential benefits of auto-
mated analytic techniques for understanding handwriting
difficulties [95]. Many researchers [11], [26], [65], [57]
have recently shifted their attention to the effectiveness of
technology-assisted instruction on the learning-outcome of
students with mild and moderate disabilities, especially in the
basic skill areas of reading, written expression, language, and
mathematics. Therefore, researchers have explored the bene-
fits of integrating productive applications on tablet computers
in elementary school education [18]. One study assessed the
impact of a digital notebook with personalized exercises and
extrinsic feedback on beginner writers. The findings from the
study showed that the stylus-oriented tablet application had
a positive benefit in the acquisition of handwriting skills in
kindergarten children [10]. Similarly, a study on haptic-based
applications found it to be effective for acquiring handwriting
skills in both adults and children [74]. EasyLexia is a mobile
application for children with learning difficulties, and the
authors claimed that it is a promising tool [101]. Liu found
that the integration of multimedia instructions based on mul-
timedia learning theory was effective for elementary school
students in mathematics [57]. Chang and Yu [14] identified
that computer-assisted handwriting practices with sensory
feedback can improve writing quality and fluency. Another
study found that concrete feedback in the form of visual
cues plays an important role in self-correction [59]. Hamil-
ton identified that multisensory associative guided instruc-
tion can be used to enhance the spelling ability of dyslexic
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children [37]. A study of kinder tools using specific activities
found that these activities were effective in enhancing fine
motor and visual-motor perceptual skills [61]. Lin et al. [57]
investigated the effects of tablet computer applications on
fine motor skill development in preschool children. From this
study, it was found that tablet computer applications might
be advantageous for educational and therapeutic purposes.
Whittaker et al. identified that a properly designed stylus
with touch technology encourages handwriting development
in children with cognitive and fine motor delays [115]. Sim-
ilarly, Berninger et al. [9] investigated the effect of iPad
based writing instructions for 4-9 grade students with specific
learning difficulties. The results showed that computerized
writing instruction helped children improve their handwriting
skills. Hopcan and Tokel (2021) explored the effectiveness of
a mobile writing application for acquiring handwriting skills
in children with dysgraphia. The authors found that students
acquired their handwriting skills in terms of letter formation,
spelling, and words [42]. Kim et al. stated that if an intelli-
gent user interface can determine children’s fine motor skills
automatically, teachers and parents can assess children’s fine
motor skills and help them improve by practicing draw-
ings with touch-enabled devices or pencils and paper [53].
Research explores the use of a tangible environment that
provides specific affordance for students in future studies,
which will help them develop their domain knowledge [98].

We found that different applications offer fun and creative
ways to practice fine motor skills in early learners. Applica-
tions such as Xylophone, Bugs and Buttons 2, Dexteria Jr.,
iTrace, iWriteWords, Writing Wizard, LetterSchool, Jake’s
Never Land Pirate School, Touch and Write Phonics, and
Tozzle are specifically designed for early learners to encour-
age their motor skill development [88]. Kids can easily
download applications from app stores and begin to practice.
However, the effectiveness of many of these applications
has not yet been substantiated by researchers. The applica-
tion ‘Xylophone’ is intended for early learners to encour-
age fine motor practice in the non dominant-hand. ‘Bugs
and Buttons 2’ is a game oriented application and may be
beneficial for children with dyspraxia and other fine motor
issues. ‘Dexteria Jr’ is one of the applications designed for
the youngest children with special needs. The application
‘iTrace’ is handwriting skill practice app for young learners to
develop letter writing andmay be useful for children with fine
motor problems. Similarly, ‘iWriteWords’ is a letter practice
application for children. The application ‘Writing Wizard’
allows children to learn cursive handwriting [89]. Learning
cursive handwriting is difficult, but it increases neural activity
in the brain [93]. The application ‘LetterSchool’ is a hand-
writing stimulating app with animated features that helps
children remember the correct letter formation. ‘Jake’s Never
Land Pirate School’ is one of the applications used for early
learners. ‘Touch and Write Phonics’ is a letter tracing app
for beginners. The application ‘Tozzle’ is used to develop
hand-eye coordination in children. EasySketch is a sketch-
based educational application for enhancing fine motor skills

in children through sketching and writing activities [53].
Martens et al. mentioned that most educational apps under
‘educational categories’ are not based on established curric-
ula and have not received any inputs from developmental
specialists or educators [59]. Another touch-based applica-
tion named ‘Write-Rite’ claims that it can be used to enhance
handwriting proficiency in children with dysgraphia [85].

From the literature review, it is evident that technological
tools have the potential to scaffold students’ learning needs.
This motivated us to design and develop a software appli-
cation to enhance hand dexterity in children with writing
difficulties.

III. SUPPORTING THEORY FOR HanDex APPLICATION
Handwriting difficulties are a common issue among children
and are mostly faced by school-aged children. A human
handwriting sample can be related to the different motor
abilities of a person and the theory of handwriting. Handwrit-
ing production is viewed as a constrained modulation of the
underlying oscillatory process [41]. Moreover, many theories
are associated with handwriting. For example, the kinematic
theory of rapid movements proposed by R. Plamondon stated
that the production of rapid movements by hand is the result
of a log-normal impulse response from the agonist and antag-
onist neuromuscular systems [82]. According to Pei et al.,
letter strokes resemble a well-structured pattern. In addition,
the pattern function was validated by its significant associa-
tions with handwriting kinematics, language style, cognitive
abilities, and the hand [77].

The 3 basic components–sensory, perceptual-motor, and
cognitive skills–are required to accomplish handwriting per-
formance [25]. Hence, the fundamental idea was to develop
a touch-based application to provide a set of hand thera-
peutic activities for children with poor handwriting skills
to improve their hand dexterity. We decided to develop a
prototype of the proposed application with known software
requirements and then gradually evolve to a final prod-
uct through iterations. The application is named ‘HanDex’,
because it is intended to improve hand dexterity. Shamir-Inbal
and Blau [99] recommended that teachers integrate tablet
computers into their instructional design. These therapeutic
activities are intended to improve hand dexterity. Hence, all
the activities are designed for tablet computers and are touch-
based activities. These activities include Finger Aerobics
(pinching activity), hand-eye coordination activity (Pattern
Trace), Letter Pick-up, Art with Geometry, and Letter Tracing
activity.

The pinching activity in the software application was
mainly intended to develop a tripod grip in fingers to hold a
pen/pencil and to improve their hand-eye coordination. In this
game-oriented activity, the participant has to pinch the ants
that appear randomly on the screen. There are different levels
in this game, and the speed of the activity increases as the
level increases. For this purpose, we have used the principle
that the velocity of the arm movement affects the grip force,
and this force is used to perform tasks with the hand [46].
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The hand-eye coordination activity was developed based on
oscillation theory for handwriting production. This theory
postulates that modulations of vertical and horizontal oscil-
lations are responsible for the letter height control and slant
constraints [41]. Letter pick-up activities were included in the
application based on the alphabetic principle [59]. The fourth
activity, Art with Geometry, was designed based on a review
of past studies, as in drawing geometrical figures that could
improve grapho-motor capabilities, good memory, and early
literacy in preschool children [53], [99]. The final activity,
letter tracing, uses the principle of motor learning theory for
handwriting improvement [119].

IV. DEVELOPMENT OF PROTOTYPE
This section describes the methodology used for the devel-
opment of the prototype hand dexterity application. We used
the evolutionary prototyping model as our software develop-
ment life cycle (SDLC) model [87], [92], because prototypes
can be easily perceived and evaluated by the end-user [1].
Understanding the strengths and challenges of a learner can
enhance the design of technological tools for education [20].
This is applicable when we develop any software applica-
tion, and understanding end-user characteristics is beneficial
for eliciting the requirements. The prototype was developed
by conducting phases, such as requirement analysis, design,
coding, testing, and user evaluation of the prototype. The
basic idea was to include some therapeutic activities in the
software that may scaffold children with writing difficulties
to enhance their fine motor skills and improve their hand-eye
coordination. A prototype of the new software was built based
on several HCI guidelines [30], [91]. The following sections
describe the various phases of prototype development.

A. REQUIREMENT ANALYSIS
In this phase, we visited various special schools and early
intervention centers in Kerala, India, such as (District Early
Intervention Centers (DEIC) of Alappuzha and Ernakulam
in Kerala) and Enlight Center for Holistic Development,
Trivandrum, Kerala (ECHD), to understand their problems
and requirements. We interacted with different stakeholders,
such as occupational therapists, doctors, special educators,
clinical psychologists, and parents, to learn more about the
interventions used, specific remedial approaches, the rele-
vance of technology in special education, traditional teaching
instructions used for children with writing difficulties, and
the demographic characteristics (age, gender, etc.) of the
children. The details of these aspects were collected from
the schools and intervention centers. The interaction gave us
an insight into the procedures used in each center to identify
the children with learning disabilities (LD), their remediation
methods, the scarcity of teachers to give personal attention to
each child, the long duration required to train each child, stu-
dents’ interest in electronic gadgets compared to the conven-
tional methods, and the characteristics of LD children, such as
their motor disorders and cognitive impairments. All of these

aspects point towards the necessity for technology-based
training for children with LD.

When we interacted with stakeholders, we specifically
asked about common handwriting difficulties among children
with dysgraphia. They mentioned different indicators such as
cramping of fingers, wrist, and palmswhile writing, difficulty
in letter-formation, poor legibility, poor pencil grip, poor
spatial planning on paper, mixing upper-case and lower-case
letters, and unfinished letters. One of the clinical psycholo-
gists mentioned that writing difficulties cannot occur alone in
children. It is comorbid and may be associated with dyslexia,
ADHD, dyscalculia, and other motor difficulties.

During our visit, we also observed some of the training
sessions given by the special educators to students with writ-
ing difficulty and noticed that most of the children had poor
finemotor skills, whichmight have affected their handwriting
performance. During the interaction, occupational therapists
expressed their interest in technology-based solutions, and
they believed that this would assist students in accessing
the tool more easily. Moreover, we could get an opportunity
to interact with parents of children with learning difficul-
ties. They mentioned that it would be beneficial to integrate
technology-based instructional approaches with traditional
teaching methods for students with writing difficulties. They
said that they could train their children at home if they had
gadgets or technology-based tools. This insight motivated
us to develop a training application with hand therapeutic
activities to train children with poor handwriting skills. Based
on the inputs received from all stakeholders, we decided
to introduce training sessions using an existing fine motor
development software application. So we have reviewed the
existing applications for fine motor coordination and its sci-
entific studies and finalized to use the app called ‘Dexteria’
for children with writing difficulty. Short et al. have identified
that the application of ‘Dexteria’ has a positive impact on
fine motor coordination in the non-dominant-hand [100].
Similarly, Larsen et al. identified that ‘Dexteria’ is a well-
developed tablet application for motor practice in stroke
patients who struggle with loss of dexterity [55]. Similar to
Dexteria, there are other applications based on fine motor
tasks that may improve handwriting proficiency.

A pilot study on children with dysgraphia [48] and a cou-
ple of case studies on children with poor handwriting [103]
were conducted to check the effectiveness of the application
and elicit the initial requirements for building the prototype
of the new software. Similarly, the Dexteria app has two
motor activities and a letter-tracing activity to improve fine
motor skills in children. Pilot training was performed on
nine children at DEIC, Alappuzha, to determine whether
this application is effective for fine motor development [48].
The nine participants were diagnosed with dysgraphia by
a pediatrician. Another set of case studies was conducted
among two children with poor handwriting, as mentioned by
their teachers [103]. These studies showed that improving
fine motor skills may improve handwriting skills because
they examined the impact of hand therapeutic exercises using
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touch devices (iPad) on fine motor skill development and
handwriting performance. During training, the therapists and
parents of the participants were allowed to observe their
children’s performance. The study was based on a pretest
and posttest. We measured changes in their handwriting after
a set of training sessions. We also collected feedback from
the parents about our training. After the training session, the
parents and the therapists have noticed some minor draw-
backs in the existing software system, as the system does
not provide any feedback during practices, and one of the
activities named ‘pinch it’ was tough for the children. This
helped us comprehend the impact of existing software on
children with handwriting difficulties and became convinced
of the need for technology-based environments for practicing.
We have been motivated by the experimental results and
interaction inputs, confirming the possibility of designing and
developing a software tool to train children with handwriting
difficulties. The insights from these studies helped us design a
set of therapeutic activities based on available theories. Thus,
we can determine the primary requirements for a software
application as follows.

1. Provide a simple, multi-touch interface.
2. Provide haptic activities with proper and timely

feedback.
3. Provide multiple activities to improve their manual

dexterity.
4. Apply HCI principles in software design.
5. Include game-oriented activities with a score, levels, etc.

to motivate the children.
6. Provide visualization of the progress of each task (for

participants, their parents and teachers).

B. DESIGN OF USER INTERFACES AND SOFTWARE
ARCHITECTURE
In this phase, based on the above-mentioned user require-
ments, we developed a quick design to develop a prototype
of the software for children with writing difficulties. When
designing apps for children, guidance for app designers is
limited [59]. We have followed some user interface guide-
lines in the design process, such as user expectations, error
recovery, user feedback, navigation, reduced cognitive load,
simplicity, user motivation, etc., [91], [94]. These guidelines
were chosen early in the design phase to make the system
more user-friendly and effective for end users. The litera-
ture suggests that understanding the cognitive behavior and
requirements of the end-user is one of the important factors
required for designing an application [36], [108]. Tablets have
pedagogical potential in developing digital wisdom, and the
added value of tablet use lies in mobile learning in out-of-
class settings [99]. Hence, we designed our activities for a
touch-based tablet PC and followed the five metaphors of
mobile learning applications (using a device as a toolbox,
creative mind, participation activator, shared mobile desktop,
and connected world) [67], [99], [111]. Generally, educa-
tional games have a positive effect on children’s learning pro-
cesses and experiences [76]. In addition, gamified learning

activities have been identified as promising techniques for
engaging and improving students’ learning behaviors [45].
Employing multi-touch interactive games in education pro-
vides a scaffolding tool to improve students’ learning perfor-
mance [44]. Therefore, we included game-oriented activities
to encourage children to be actively involved in activities
to improve their dexterity skills. We decided to include five
distinct hand therapeutic activities, Finger Aerobics, Pattern-
Trace, Letter Pick-up, Art with Geometry, and Letter-Trace,
to improve fine motor skills in children. These activities
were designed based on the handwriting theory and differ-
ent multisensory instructions for handwriting development
[63], [84], [90]. We followed the universal design princi-
ples from prior research experiments that support therapeutic
purposes [33]. The universal design principles used in our
design are visual design (e.g., icons and visual complexity),
interaction styles (e.g., direct manipulation and menus), and
use of input devices (e.g., pointing, dragging, and multimodal
touch using a stylus) [12], [30], [38], [107].

To design a software interface, it is important to examine
users’ cognitive development in terms of perception, mem-
ory, symbolic representation, problem solving, and language
skills [40]. Therefore, designers must understand the nature
of the user’s attachment to technological devices and user
perception [72]. The main HCI design principles, such as
simplicity, learner expectations, navigation rules, and user
feedback, are explained in the following sections.

1) SIMPLICITY
A fundamental design principle of mobile applications is
to include only the necessary information. We should not
overload the user with unnecessary information. Hence,
we decided to make the interfaces as simple as possible
after considering the age and cognitive ability of the users.
It was decided to use English as the language in the interfaces
and follow the minimalistic design shown in the layouts
(Fig.1 and Fig.2).

FIGURE 1. Layout of main menu.

2) LEARNER EXPECTATIONS
Every user has certain expectations from the application in
terms of symbols used and the functionality provided. The
various elements designed for the interface should be easily
understandable and follow existing conventions for symbols
and terminology. Because the younger generation is familiar
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FIGURE 2. Layout of hand therapeutic activities.

with electronic gadgets such as smartphones and computers,
we have designed our interactive interfaces accordingly.

3) NAVIGATION
Navigation is an important feature to achieve usability. This
aids users in accessing the required information and travers-
ing the application. Navigation controls should be consistent
in structure and behavior.We designed an entry interface with
a simple menu (Fig.1) so that the candidates could easily
choose their activities. During the exercises, users could go
back and forth by clicking the corresponding button provided
at the interface. The prototype is designed such that the
pattern-tracing actions are reversible and allow the users to
correct their erroneous actions during training.

4) LAYOUT DESIGN
Because mobile devices have a limited screen area,
we divided the available area to organize items optimally.
Because the app is designed to improve hand dexterity, a
major portion of the screen is used as a workspace for hand
therapeutic activities.Most of the other buttons were arranged
towards the margins on the screen. Hence, users can easily
access the required items on the interface. The layout of these
activities is shown in Fig 2.

5) EFFECTIVE FEEDBACK
The system should provide meaningful and informative feed-
back for each user action. This prototype was designed to
offer immediate visual and audio feedback to children to
focus on their goals. Thus, the interface provides error mes-
sages, audio alerts, and visual signals when the user commits
mistakes during training. This helps children focus on their
therapy exercises and correct their errors during training.

6) USER DATA INTEGRITY
To ensure user data integrity, our prototype employs a firebase
data authentication service to store students’ information,
game scores, time taken to complete a task, and login creden-
tials. It is a real-time database used in Android applications
and synchronized with Google accounts.

7) INSTRUCTIONS FOR NOVICE USERS
The main objective of this principle is to guide new users.
Before the commencement of every activity, a new user
should receive a set of instructions so that he/she can under-
stand how to proceed with the activity. Thus, each activity
started with an instruction page.

8) REDUCE THE COGNITIVE LOAD OF THE USERS
Excessive information processing required by a user during
the interaction can increase their cognitive load. To reduce
the cognitive load, we offered visual and audio cues to help
children recognize the activities rather than recall them from
their working memory. In addition, the content used in the
interface is legible and prevents visual clutter on the screen.

9) USER MOTIVATION
The idea behind this principle is that the interface should
engage users and motivate them to achieve their goals.
Thus, we designed game-oriented exercises with dif-
ferent levels of difficulty and rewards, based on their
performance.

Thus, the interfaces in the prototype system were designed
as described above. The design mainly focuses on modules
and interfaces. In addition to the design, a high-level view of
the system was drawn to show the structural aspects of the
system, as shown in Fig. 3.

The application has three types of users: learners, instruc-
tors, and admin. Each user should register with the system
before logging in and must be connected to the internet to
access the database. Initially, the learner has to register by
giving registration details such as name, class, school, and
parent’s ID, which will be stored in the database. Registered
learners can directly login to the application and start their
activities according to the instructions. We have provided
another user access to an instructor who can add students and
monitor their performance. The instructor has the provision to
send emails to the parents. The third user, Admin, can access
the user information and can interact with the system to add,
edit, delete, troubleshoot, etc.
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FIGURE 3. Software architecture of HanDex application.

C. CODING
The prototype was implemented using the Android develop-
ment kit SDK version 28, Glide version 4.9.0 for image view,
and UNITY 2019.2.9f1 to develop the game-oriented activity.
The user interfaces are defined through XML files, and XML
layout files place a view instance for the user’s response. This
system uses a firebase authentication API service to manage
the user login and registration. To enable data security, the
application uses the Firebase authentication libraries Firebase
auth 11. +. + and Firebase real-time database 11. +. +.
It stores all the records of the learner, including name, class,
school, parents’ login credentials, and their performance data
and time for completing each activity. The prototype is devel-
oped in such a way that it can store the activity data of each
child during the training and allow the parents and teachers to
monitor the performance. The following libraries were used
to implement the prototype:

Firebase database: This library has been used to store
student performance such as the time of completion and
accuracy-based score in tracing activity. The score is an indi-
cation of how accurately the student can trace the given path,
and it is a pixel-based calculation coded in the programs. This
information can then be used to generate messages during an
activity.

Firebase auth: This library allows user verification and
stores user login credentials.

Text to voice: Text-to-speech Java library in Java SDK,
which provides a high-quality audio stream and allows
Java applications to incorporate speech synthesis into user
interfaces.

Pixel manipulation: Here, we used Android bitmap classes
in Java to store the image content in memory for user
interaction.

CFAlertDialogue 1.1.0: This library is particularly used
for display and alert dialog on the Android platform so that

students can choose their option to continue or cancel in
between their activities.

Glide: This library is an open source library that can be
used to load images easily and efficiently. Here, the applica-
tion uses Glide version 4.9.0 for animated images loaded in
the Letter Pick-up activity.

Firebase storage: Used to upload images produced by the
learner to the cloud storage. Moreover, a firebase real-time
database is a cloud database, and the data are imported and
exported to JavaScript object notation (JSON). As mentioned
earlier, the system has five main therapeutic activities. The
next section describes each of these activities.

D. HAND THERAPEUTIC ACTIVITIES
The core part of the prototype is a set of hand therapeu-
tic activities designed to enhance hand dexterity for better
handwriting. Visual-motor integration and hand-eye coordi-
nation skills are two predictors of handwriting [50]. In other
words, visual-motor tasks function as a major part of the
brain, so the neurological condition plays an important role in
the development of motor skills [105]. Handwriting assess-
ment should take into account general visual-motor abili-
ties, handwriting process and product measures, and tripod
pinch strength [21], [80]. This information should be included
when designing interventions to address handwriting defi-
ciencies [8]. Eye-hand coordination and visual-motor inte-
gration are represented by different tasks, such as tracing,
copying forms, relying upon dots to reproduce a shape
(spatial relations), and drawing geometrical shapes [106].
Hence, various activities for hand-eye coordination and Fin-
ger Aerobics are embedded in the application based on exist-
ing studies [31]. This human-machine interactive learning
environment may help enhance the user’s fine motor skills,
visual-motor integration, tripod grip, and alphabet formation
through tracing, drawing, and pinching activities. The five
activities in the application prototype are Finger Aerobics,
Pattern-Trace, Letter Pick-up, Art with Geometry, and Letter
Trace. These activities have the potential to enhance hand
dexterity, because they are based on existing principles. Fin-
ger Aerobics is a game-oriented activity where the child has
to pinch on the screen to pick ants that randomly appear on
the screen. This would develop a grip force on the forefinger
(index finger) and thumb to hold the pen/pencil. This activity
uses the principle that the velocity of arm movement affects
the grip force [46]. Pattern Trace Activity is a hand-eye
coordination activity in which the child has to trace different
patterns. The principle behind this tracing activity is that
horizontal and vertical oscillations are responsible for the
production of slanted lines and spatially separated letters [41].
This could also improve graph-motor skills. The letter pick-
up activity was introduced to familiarize the participants
with the sound of each letter and the correct order of the
spelling of the displayed animals/fruits on the screen. Sev-
eral studies have found a relationship between phonological
awareness, children’s interaction with letter-sound knowl-
edge, and their understanding of the alphabetic principle [13],
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[19], [51], [60]. Activity Art with Geometry mainly focuses
on tracing and reproducing various mathematical shapes.
This could improve graph-motor capabilities, good memory,
and early literacy in preschool children. This was selected
based on the drawing acquisition protocol with the selected
graphomotor tasks. Mastering these elements is a prerequisite
for mastering legible handwriting [22], [28]. The Letter Trace
activity is for alphabet tracing (upper and lower case) to
help letter-production, based on different movements such as
left, right, top, bottom, and curvy lines. This letter tracing
activity is selected to develop the visual-motor experience of
handwriting letters, and it facilitates alphabet recognition and
production [49]. The following sections describe each activity
in detail:

1) FINGER AEROBICS
Researchers have suggested that decreased pinch strength
may result in reduced motor control in specific muscles in
children with dysgraphia. To develop a pencil grip/pincer
grasp in children, the application employed a ‘pinching’
activity to improve the grip force to hold a pencil/pen. The
pinching exercise encourages fine motor coordination and
hand control. During this activity (see Fig. 4), ants appear on
the screen randomly, and the user has to pinch them using
the thumb and index finger to make them disappear, leaving
a red mark on the screen. The pinching exercise is composed
of six different levels of anti-pinching. During this activity,
the student had to pinch 30 ants in 60 s. At higher levels of
activity, the ants will move faster, so as the level increases,
the player has to increase the speed of the pinching activity.
Children can play and proceed at each game level in a user-
friendly manner. When they complete one level successfully,
the system generates ‘success’ messages at different levels
and may motivate the child to involve more in the game.
Mainly, this activity is aimed at improving tripod grip and
may also increase hand muscle strength.

FIGURE 4. Screenshot of ‘pinching’ (Finger Aerobics) activity.

2) PATTERN TRACE
This activity helps children to improve their graph motor
skills, by tracing different patterns (sinusoidal, saw-tooth,
square wave etc.) (see Fig. 5). To trace different shapes,
children have to follow the tracing paths from left to right,
top to bottom, through jagged and curved lines within a

FIGURE 5. Screenshots of pattern trace activity.

designated space. They have to draw a pattern by connecting
the red points in the pattern. The red points were placed where
there is a maximum point of curvature which followed the
rule of stroke segmentation based upon the curvature [118].
The oscillation theory of handwriting motivated us to design
these patterns so that children can trace these patterns and
improve the modulation of horizontal and vertical oscillation
of their hands, and this horizontal and vertical oscillation is
responsible for the production of slanted lines and spatially
separated letters [41]. This can help to enhance fine motor
control over letter formation and orient their handmovements
in different directions.

In this activity, the students had to make their hand move-
ments according to the trace path. During this time, the
system generates visual and audio cues such as ‘Going good,
continue tracing’ when they go correctly through the tracing
path, and the system generates messages such as ‘Going
wrong, try again’ when students deviate from the tracing path.
The system identifies the deviation from a given path bymak-
ing a pixel-based comparison between the given and traced
paths. The system generates the message ‘success’ when a
student completes the tracing path as per the instructions.
The score of a tracing activity indicates how accurately the
participant has traced the path, and it is calculated by dividing
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the total number of pixels in the path by the number of pixels
that the participant can correctly trace. The percentage shows
the accuracy level at which the child could trace the path. The
score calculations were coded as expressions in the program.

3) LETTER PICK-UP
This activity (see Fig. 6) mainly focuses on the child’s ability
to recognize and identify the letters connected with particular
words using phonemes. Here, we used different libraries of
objects (animals and fruits) to represent words for alphabet
recognition. In this activity, the child has to recognize the
animal/fruit displayed on the screen and pick the correct
alphabet for that object from the given jumbled alphabet
shown by the system. The principle behind this activity is
that ‘learning and practicing with the sounds of letters creates
phonics concepts in the brain [63].

FIGURE 6. Screenshots of letter pick-up activity.

4) ART WITH GEOMETRY
This activity (see Fig.7) may help children draw geometrical
figures with the correct shape to encourage curved move-
ments and spatial organization. It includes two subtasks:
drawing a geometric figure and drawing concentric circles.
Here, children have to trace the circle initially and then
reproduce a circle based on the given radius and center point.

FIGURE 7. Screenshots of circle drawing activity (with scaffolding).

This activity may help develop good control over drawing
vertical, horizontal, and round-shaped structures that enhance
visual-spatial skills [102]. The principle behind this activity
is that drawing different geometric shapes is formative for the
development of writing skills and fine motor control [106].

The second task was to draw concentric circles. The aim of
this activity was to develop visual-spatial ordering in children

with writing difficulties. This activity instructs the child to
draw an innermost circle along the given path and repeat
the same on the remaining outer circle paths (see Fig.8).
Subsequently, a self-trial with minimal scaffolding was intro-
duced (see Fig.9). The child was able to reproduce concentric
circles along the dotted lines. The space between circles may
influence children’s perception of spatial relationships among
circles.

FIGURE 8. Screenshots of concentric circle drawing activity (with
scaffolding).

FIGURE 9. Screenshots of concentric circle drawing activity (minimal
scaffolding).

5) LETTER TRACE
Research has proved that visual-motor practice with any
symbol could lead to an increase in letter recognition and
visual-motor coordination [112], [116]. So we have designed
a letter tracing activity (Fig. 10) that mainly helps to learn
English alphabet formation. It provides a list of letters (upper-
case and lowercase) from which the child can pick one and
start tracing. It focuses on hand positions within the four
parallel lines to help the child to understand each alphabet’s
size and shape. It also enables the orthographic coding skills
in children to remember the letters or letter formation [32].

As mentioned earlier, these distinct activities were
designed based on various theories for improving hand-eye
coordination, spatial organization, and tripod grip in children
with writing difficulties. The system will provide instruc-
tions and feedback from time to time during the activities,
which would help users make correct hand movements on
the interface. Each of the above-mentioned activities has
a mechanism to display various parameters, such as suc-
cess/failure, score, and/or time taken to complete each task
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FIGURE 10. Screenshots of letter tracing activity (old).

FIGURE 11. Screenshot of activity score displayed.

during the activity (see Fig.11). The system also saves rel-
evant parameters for each therapeutic activity. For example,
parameters such as the accuracy value of the tracing activity,
time taken to complete an activity, number of successful
attempts, number of failed attempts, etc., will be saved in the
firebase database for each activity in the student’s account
(see Fig.12). We have included textual and graphical rep-
resentations of these data to monitor the performance of
therapeutic tasks (see Fig. 13 and 14). The data generated
during the training on each activity will be securely uploaded
to a database server in the child’s account, and the instructor
may analyze this data to assess the daily performance of
each child during the therapeutic activities. However, the
final handwriting assessment of a child is to be conducted
through a pretest posttest evaluation method, as mentioned in
Section VI.

After the prototype development, we conducted a pro-
totype evaluation to obtain feedback on design, usability,
functional aspects, etc. to develop the actual system.

V. EVALUATION OF PROTOTYPE
After developing the prototype, we conducted an evalua-
tion using different participants in multiple iterations. The
aim of this test was mainly to obtain feedback from the
users on the aesthetics (color, layout, interactionmechanisms,
etc.) and ergonomics (navigation, metaphors, information

FIGURE 12. Screenshot of firebase database.

FIGURE 13. Screenshot of student performance during a therapeutic
activity.

dissemination, feedback mechanism, operability, consistent
interaction, etc.) of the interfaces, and second, to obtain
feedback about the functional aspects. Ardito [5] stated
that no consolidated evaluation methodology is available for
e-learning applications. Therefore, we conducted a heuristic
evaluation of the prototype to obtain feedback from the chil-
dren. Seven children with/without poor handwriting, an occu-
pational therapist, a researcher in educational technology, and
a software engineer evaluated the prototype. The details are
presented in Table 1. The purpose was to obtain maximum
feedback from each participant on each activity, mainly from
a usability perspective, to refine the application. However,
we asked the software engineer and the ET researcher to
evaluate the functional aspects of the activities, which means
whether the included activities make sense and would con-
tribute to handwriting performance. We had three phases of
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FIGURE 14. Graphical representation of student performance in a
therapeutic activity. Zero shows that the attempt has failed.

TABLE 1. Details of participants for prototype evaluation.

activities during the evaluation: instruction and introduction
of the app, exploration, and feedback.

We started by providing a set of instructions to the par-
ticipants and then introduced our software prototype to the
participants. This included a familiarization session on the
five hand therapeutic activities. They were then instructed to
follow the instructions given at the start of each activity and
to start exploring each activity with the intention of evalu-
ating the interfaces and providing feedback. There were no
time restrictions on this task. After their trials, we interacted
individually with each participant to understand their user
experience with the application interfaces and suggestions for
improving or modifying the user interfaces for a better user
experience. They were interviewed by the experimenter and
their responses to each activity were noted.

Initially, three students (Female/7 years, Male/11 years,
Male/12 years) from a special learning center, named Enlight

Center for Holistic Development in Trivandrum, participated
in the user evaluation. They had writing difficulties that were
assessed by the occupational therapist of this center, and they
were undergoing hand therapy using traditional methods at
this center. Participants were allowed to explore all five hand
therapeutic activities on a tablet computer. After that, we indi-
vidually interacted with each child to learn their experiences
and feedback on the activities. The feedback was more or
less the same. They mentioned that they felt difficulty at
higher levels of pinching activity, where they were expected
to perform more pinching. They also suggested that increas-
ing the thickness of the tracing path of the activities ‘Pattern
trace’ and ‘letter trace’ would make it less difficult for them.
Because the tracing path was thin, they could not obtain
a better score. They were not satisfied with the navigation
provided during the Pattern-tracing activity.

After the students’ evaluation process, we approached the
clinical psychologist at the center to interact with the app
and provide feedback. She observed the students during
usability testing. She explored the system herself and made
some suggestions about the application such as to increase
the number of geometry objects in the ‘Art with Geometry’
activity and to increase the number of objects in the ‘letter
pick-up’ activity. She also suggested increasing the width of
tracing paths to make it easier for students. She commented
that the usage of the word ‘kill’ in the Finger Aerobics
activity was inhumane. After collecting feedback, we incor-
porated suitable changes, mainly increasing the width of
the patterns and letters. We have also added a set of fruit
names to the ‘Letter pick-up’ activity, along with the animal
names.

In the second iteration, the participant was one 15 year old
boy (10th standard). He told us that his parents and teachers
asked him to improve his writing skills. We also observed
that the students had an uncommon hand orientation when
writing in the notebook. He mentioned that in the pattern-
tracing activity, the sawtooth dotted lines have some issues.
Even if we draw exactly over the dotted lines, the system
shows errors in the traced pattern. Similarly, when he drew
through the path of the circle and completed it as per the
instructions, the system showed an error when he exceeded
the starting point. According to him, this circle was correctly
traced. In the letter-tracing activity, the letters were placed
on four red lines. He mentioned that if we made any marks
by mistake in between the red lines without touching the
letter path, the system did not provide any feedback about the
mistake. He also suggested giving complex words to the letter
pickup activity. After collecting his comments, we rectified
mistakes in the pattern and letter-tracing activities.

After the evaluation process, he decided to practice hand
therapeutic activities and interacted with the system for
almost 25 hours over a span of eight weeks and shared his
experience and observations. He told us that the pinching
activity helped him improve his finger grip, which was a
major writing problem. He also added that handwriting speed
improved significantly after practice.
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In the next round of evaluation, three students (Female/
13 years, Female/13 years, and Male/13 years) from different
schools in Ernakulam District of Kerala participated. They
had legible handwriting skills. After the evaluation session,
they mentioned that the back and forth buttons were unsuit-
able for the application. In addition, it has been pointed out
that there is an unnecessary delay at the beginning of every
activity. They mentioned that including cursive letters would
be beneficial for older students, because cursive letters are
mandatory in higher classes in Kerala. Two of them suggested
increasing the size of the letters during the letter tracing
activity. After their evaluation, we incorporated relevant sug-
gestions into the software.

In the next iteration, we asked an ET researcher (Female/
45 years) to evaluate the app and give her suggestions. She
provided suggestions to improve the navigation and to give
a refresh button in the tracing activities so that they could
immediately restart tracing if something went wrong. She
suggested keeping the interfaces consistent in terms of color,
layout, button positions, etc. The modified interface is shown
in Fig. 15.

FIGURE 15. Screenshot of navigational attributes.

She also suggested some changes in activities. For exam-
ple, she suggested providing the basic circle tracing activity
in three incremental phases: circle with full support (Fig. 15),
with partial support (Fig.16), and circle with minimal support
(Fig. 17). In minimal support, we provide only the center and
radius. This incremental approach would help students easily
acquire visual-spatial recognition.

FIGURE 16. Screenshot of circle drawing activity (partial support).

FIGURE 17. Screenshot of circle drawing activity (minimal support).

Another suggestion was to remove the ‘letter pick-up’
activity because it may support learning the spelling of pro-
vided words only. This has nothing to do with handwriting.
She suggested adding a ‘lazy eight’ activity where students
could trace through an infinity symbol (Fig.18). Lazy eight
is a movement-based brain gym learning exercise that can be
utilized as an effective tool to enhance writing performance
among first-grade pupils [71]. This would help in letter for-
mation, which is pivotal for the development of handwriting
skills. Students can trace the image with their left and right
hands separately for a specified duration. Moreover, we can
ask students to perform this activity with their left hand and
right hand separately, and then by comparing the score for
each hand, we can identify the student’s hand dominance
(Left or Right). A hand with a higher score was dominant.
An equation for the score calculation was provided in the
software. It is based on the accuracy and speed at which the
student completes the lazy eight activity. Writing with one’s
dominant hand makes handwriting easier.

FIGURE 18. Screenshot of hand dominance (lazy eight) activity.

In the letter trace activity, the letter-choosing menu was
vertically oriented with a radio button, and the tracing inter-
face was a separate one (Fig.10). However, this is not user-
friendly in terms of navigation. Therefore, she suggested
bringing a palette of letters to the left side of the screen
and keeping the letter-tracing area on the right side. Based
on this feedback, we have modified the interface (Fig.19).
She suggested adding a set of simple instructions on how
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FIGURE 19. Screenshot of letter tracing activity.

FIGURE 20. Screenshot of instructions for novice.

to perform the activity before the commencement of every
activity (see Fig. 20). These instructions should be available
in a click on every interface, which can help novices proceed
with their activities without confusion.

In the fifth iteration, the prototype was evaluated by a
software engineer (Male/45 years). He commented that if we
could provide a helpful video for the novices, it would be easy
for them to start with the activities. We did not consider this
because we provided a one-page instruction at the beginning
of every activity, and this instruction is available whenever
required by clicking a button on the right top corner of each
screen. He suggested providing a writing area for the children
so that after their practice, they could write and see their
progress in the app itself. So we have added an activity
‘Write it’, which provides a writing area with minimal tools
(Fig. 21). This can also be used to conduct a pretest and

FIGURE 21. Screenshot of ‘write it’ activity.

posttest, and the handwritten text can be saved in the student’s
account.

The initial round of software evaluation was performed
by 7 children with or without handwriting difficulties. From
this software evaluation, we have identified that the stu-
dents mainly gave responses about the thickness of tracing
activities, difficulty level of the pinching activities, feedback
about geometric figures, and ease of use. The responses were
more or less the same. Moreover, these minor participants
had no previous experience in interface evaluation and no
adequate knowledge of the technical aspects of the appli-
cation. In usability testing, a software product is evaluated
in terms of aesthetics, software design, functionality, and
user satisfaction [87]. Since the end users were children
below 15 years old, we included two participants from the
software industry and education technology field to check
the functional aspects of the software. They had expertise
in e-learning application development and software design.
They observed that features such as visual and audio cues
and recovering login credentials in the application did not
work properly. They provide insights into adding relevant fea-
tures and deleting irrelevant features. Based on this feedback,
we have modified the application. Thus, the app has been
evaluated mainly with respect to usability requirements, and
based on the evaluation feedback from the participants, the
UI design and some of the activities have been modified. The
final menu with 6 hand therapeutic activities and a Writing
activity (‘write it’) is shown in Fig. 22.

FIGURE 22. Screenshot of HanDex main menu.

VI. CASE STUDIES USING HanDex
After five rounds of usability evaluation, the software was
ready for the experiment to check whether the app was effec-
tive for students with poor handwriting. As a preliminary
step, we compared our app with another fine motor skill
application, Dexteria, and the results are presented in Table 2.
HanDex has six hand therapeutic activities to facilitate finger
grip, hand-eye coordination, spatial organization, letter for-
mation, and fine motor skills. Therefore, HanDex has more
features and feedback facilities than Dexteria does. However,
it is essential to conduct experiments to check its effectiveness
in children with handwriting issues. Therefore, we decided to
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TABLE 2. Comparison of ‘HanDex’ and ‘Dexteria’.

conduct a couple of case studies in children with handwrit-
ing difficulties. The basic aim of these case studies was to
measure the effect of HanDex on handwriting performance
in children with writing difficulties.

In the case study, we used a pretest-posttest single-subject
design to measure the impact of the software application.
Initially, we conducted a pretest to determine the participants’
handwriting performance and finger grip. After the pretest,
we provided training to the participants using HanDex, where
they were allowed to perform various hand therapeutic activ-
ities in different sessions. Each session was almost one hour
long. We have given multiple sessions to the children in
different weeks. After the software training, we conducted
a posttest to evaluate the participants’ handwriting perfor-
mance. Two handwriting examiners independently evaluated
the pretest and posttest samples. They used a handwrit-
ing performance rubric taken from [35], which has eight

parameters to assess on a scale of 1-5 leading to a max-
imum of 40 marks. The parameters were letter formation,
placement, letter sizing, spacing of letters, legibility, speed,
neatness, and spacing of words. Ali et al. [3] used the same
rubric to evaluate English handwriting in first graders after
a fine motor skill intervention. The rubric used is given in
Table 3. Each parameter was assessed on a 5 point Likert
scale. Since it is a subjective process, after the independent
evaluation, both raters discussed their assessment values and
came to a consensus wherever they had different values. The
case studies are described in the following sections.

A. PARTICIPANTS
The participants were two primary-school children with
handwriting difficulties. The children were 9 years old and
were studying in the third grade in an aided school in Kochi,
Kerala. These children were selected for the study based on
a report from their class teachers. Their parents were also
concerned about their poor handwriting skills. They were not
clinically assessed for any learning disability. The students
participated in the experiments with written consent from
their parents.

B. PRE-INTERVENTION
During this phase, a pretest (see Fig. 29 and 31) was con-
ducted to determine the students’ current handwriting perfor-
mance. We conducted the experiment in a quiet classroom
inside the school campus with permission from the school
management. The participants were asked to copy an English
passage on an unruled A4 size paper using a pencil without
an eraser. The experimenter did not use the ‘write it’ facility
of HanDex for the pretest because the participants were more
comfortable writing on paper. The class teacher and special
educator were allowed to observe during the experiment.
After the pretest, the experimenter evaluated the handwrit-
ing samples. Before the intervention, the experimenter intro-
duced the hand-therapeutic application, ‘HanDex’, installed
on a Samsung Galaxy tablet computer. Participants were
made aware that HanDex provides six therapeutic activities:
Finger Aerobics, Pattern Trace, Circle Trace-Basic, Circle
Trace-Advanced, Hand Dominance, and Letter Trace.

C. DURING INTERVENTION
After the pretest, the children were asked to perform all six
activities on a tablet computer one by one. The first activ-
ity, Finger Aerobics (see Fig. 23), is a game-oriented activity
to develop pencil/pen grip in children. The second activity,
Pattern Trace (see Fig. 24), was used to develop visual-
motor integration. The third activity, Circle Trace-Basic (see
Fig. 25), may help children to enhance curvedmovements and
drawing skills. The fourth activity, Circle Trace-Advanced
(see Fig. 26), helps children develop visual-spatial skills.
The fifth activity, Hand-Dominance (see Fig. 27), is used
to identify the dominant hand and also to develop hand-eye
coordination in children with writing difficulties. Finally, the
Letter Trace (see Fig. 28) activity was used to teach the letter
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TABLE 3. Handwriting Rubrics

FIGURE 23. Pinching exercises/ finger Aerobics.

size and shape (both uppercase and lowercase). The teachers,
special educator, and experimenter observed the participants
while they interacted with the software application. The
experimenter allotted sufficient time for every participant to
complete all activities in the software application. Initially,
each student spent more than one hour completing all the
activities in the application. After one week, the participants
mastered and completed the activities within one hour. The
experimenter conducted three training sessions per week for
each participant. Each participant received approximately
20 hours of handwriting training to develop hand dexterity.

FIGURE 24. Pattern tracing.

D. POST INTERVENTION
After the intervention, the experimenter conducted a posttest
similar to the pretest, and the evaluation of these samples was
performed by handwriting examiners. Then, both the pretest
and posttest results were compared to determine the impact
of HanDex-based training on each case.
CASE 1: The first case was a 9 years old boy with poor

handwriting. Initially, a pretest was conducted in which the
experimenter asked the boy to copy an English passage on
butterflies. The pretest result is shown in Fig. 29, where we
can observe that the student has written letters of different
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FIGURE 25. Circle drawing-basic.

FIGURE 26. Circle drawing-advanced.

FIGURE 27. Hand dominance.

sizes (especially in the first sentence). We can also see that
the applied pressure is not uniform, which is an indication
of poor finger grip during handwriting. This also reduces the
handwriting speed. Besides this pretest sample, we have also
assessed his class worksheets and notebooks, and realized
that the student had messy handwriting, spelling difficul-
ties, poor spacing of words and letters, lack of awareness
of punctuation symbols, and difficulties in forming different
letters such as ‘b’, ‘e’, ‘f’, ‘g’, ‘h’, ‘l’, ‘s’ etc. During the
study, we provided three software training sessions per week,
and the participant received a total of 18 sessions to develop
hand dexterity. After the training session, the experimenter
conducted a posttest (see Fig. 30) similar to the pretest for

FIGURE 28. Letter trace.

FIGURE 29. Handwriting performance of participant-1 before
intervention.

evaluating his handwriting progress. The scores of the eight
parameters (letter formation, placement, letter sizing, spacing
of letters, legibility, speed, neatness, and spacing of words) in
the pretest and posttest of participant-1 were assessed by two
raters independently. They then discussed their assessment
values and arrived at a consensus, which is presented in
Table 4. The results showed that HanDex-based training had
an impact on hand dexterity and handwriting skills in the
participant.
CASE 2: The second case was a 9 years old girl with hand-

writing difficulties. Her pretest sample is shown in Fig. 31,
where she has written an English passage about butterflies.
From the pretest performance, we have observed that the
participant had difficulties in writing the letters uniformly,
uneven spacing between the letters and words, issues in for-
mation of letters (like ‘b’, ‘c’, ‘f’, ‘m’ etc.) and spelling diffi-
culties. Based on her handwriting difficulties, we introduced
our hand therapy application to the participant. She practiced
the six activities on a tablet computer for three sessions per
week and received a total of 18 sessions. Then, we conducted
a posttest (see Fig. 32) similar to a pretest to see her progress
in handwriting performance. The eight parameters related
to handwriting were assessed in a manner similar to that
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FIGURE 30. Handwriting performance of participant-1 after the
intervention.

TABLE 4. Pretest-posttest score of participant-1.

in case 1. The scores of these parameters in the pretest and
posttest of participant-2 are given in Table 5.

E. RESULTS
The results shown in Tables 4 and 5 prove that HanDex-based
training has an impact on hand dexterity parameters, such as
letter formation, placement, letter size, spatial organization,
speed, and overall legibility. Thus, we confirmed that touch-
based hand therapeutic exercises were beneficial for partic-
ipants in improving their handwriting. This is obvious from
the pretest-posttest samples (Fig. 29, 30, 31, and 32).

Technology-based education has a positive effect on learn-
ing outcomes in school children. A survey of special educa-
tors pointed out the importance of technology incorporated

FIGURE 31. Handwriting performance of participant-2 before
intervention.

FIGURE 32. Handwriting performance of participant-2 after intervention.

in this field [99]. Empirical evidence from different studies
has demonstrated that assistive technologies integrated with
traditional therapies consistently improve children with spe-
cific learning disabilities [14], [15], [26], [104]. Moreover,
the authors examined the effectiveness of the Dexteria app
in children with dysgraphia [48] and in children with poor
handwriting [103]. These pilot studies proved that iPad-based
fine motor skill development training seemed to be effective
for enhancing dexterity performance. During the evaluation
of the Dexteria app, parents of the participating children
and therapists mentioned that this app does not provide any
feedback, and one of the activities named ‘Pinch it’ seemed
harder for children. Dexteria is a paid application with an iOS
operating system, which is not affordable for children from
poor socioeconomic backgrounds. Therefore, there is a need
for a sophisticated, yet simple and cost-free application to
support students with poor handwriting. This motivated us
to design and develop a full-fledged application (HanDex)
by incorporating six activities to improve hand dexterity in
children with writing difficulties. We strongly believe that
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TABLE 5. Pretest-posttest score of participant-2.

these activities would be effective because they are imple-
mented to support fine motor skill development and hand-
eye coordination. Moreover, it is based on the well-known
oscillation theory of handwriting. Our initial case studies
have demonstrated this. Generally, handwriting skills develop
at the age of 7-8 years and attain automaticity at the age
of 9 [4], [25], [102], [112]. Therefore, we designed and
developed a software application for children in the age group
8-12 years. Research has shown that age appears to influence
sensory-processing abilities and affects daily performance
tasks, such as handwriting [23]. Similarly, a study has proven
that tracing has adverse effects on the development of hand-
writing performance in children, and copying is better than
tracing to develop handwriting skills [6]. However, the tracing
activities provided in HanDex may help students modulate
the vertical and horizontal oscillations of the writing tool to
produce better handwriting.

VII. CONCLUSION AND FUTURE RESEARCH
This paper describes the design, development, and efficacy
evaluation of the application HanDex for enhancing hand
dexterity in children with poor handwriting. It is an Android
application that uses the touchscreen technology. We fol-
lowed various user interface guidelines to develop this appli-
cation. The application mainly focuses on developing fine
motor and visual-motor integration skills to improve hand
dexterity. It comprises six activities to improve hand-eye
coordination, strengthen hand muscles and pencil grip, and
improve visual-spatial organization. The activities provided
by the app may help students modulate the vertical and
horizontal oscillations of the writing tool to produce better
handwriting. The main advantage of the app is that it provides

audible feedback and visual cues when haptic interactions
in the activities go wrong, so that the child can immedi-
ately correct his/her movements. In addition, our application
provides a gaming experience that makes the learning pro-
cess attractive. This may motivate and guide children, which
may have a positive effect on learning outcomes. Various
data during the training, such as student login details, their
finished task, errors, score for each activity, and level of
performance, are stored in a database. Two case studies were
conducted to verify the effectiveness of the app. The results
showed that the application ‘HanDex’ has an impact on letter
formation, placement, letter size, spatial organization, speed,
and overall legibility in childrenwith handwriting difficulties.
Thus, touch-based hand therapeutic activities are beneficial
for fine motor skill development in children with writing
difficulties. Based on our case studies, we recommend that
fine motor development activities should be included in the
curriculum of school children with the intention of improving
their handwriting.

In this digital era, the support of technological tools is
complementary to the existing remediation methods for chil-
dren with learning difficulties. It supports parents, special
educators, and occupational therapists in assisting children
with learning difficulties in classroom premises and in-home
practice. In the future, we need further training sessions
with children having poor handwriting skills to make more
observations and strong conclusions on the efficacy of the
software application. Based on the results, we can modify
our app further to make it robust. This evolutionary process
may require several rounds of evaluation and improvisation
until a full-fledged app is obtained. Another future direction is
to integrate a machine learning component into this learning
environment, so that occupational therapists or doctors can
easily detect deficits in the writing skills of a child.
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