
Title A mobile e-learning application for enhancement of basic
mathematical skills in visually impaired children

Authors Shoaib, Muhammad;Khan, Shakeel;Fitzpatrick, Donal;Pitt, Ian

Publication date 2023-03-17

Original Citation Shoaib, M., Khan, S., Fitzpatrick, D. and Pitt, I. (2023) 'A mobile
e-learning application for enhancement of basic mathematical
skills in visually impaired children', Universal Access in the
Information Society, 23(3), pp.1091-1101. https://doi.org/10.1007/
s10209-023-00990-3

Type of publication Article (peer-reviewed)

Link to publisher's
version

10.1007/s10209-023-00990-3

Rights © 2023, the Authors. Open Access. This article is licensed under
a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made.
The images or other third party material in this article are
included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/. - https://
creativecommons.org/licenses/by/4.0/

Download date 2025-12-07 06:51:18

Item downloaded
from

https://hdl.handle.net/10468/15657

https://hdl.handle.net/10468/15657




Vol.:(0123456789)1 3

Universal Access in the Information Society 
https://doi.org/10.1007/s10209-023-00990-3

LONG PAPER

A mobile e‑learning application for enhancement of basic 
mathematical skills in visually impaired children

Muhammad Shoaib1   · Shakeel Khan2 · Donal Fitzpatrick3 · Ian Pitt1

Accepted: 2 March 2023 
© The Author(s) 2023

Abstract
Although smartphones are equipped with accessibility functions, they still pose significant problems for visually impaired 
people. Sometimes these functions cannot fulfil the expectations of users. Early mobile devices had physical buttons and a 
keypad, and visually impaired users could navigate around the keypad using the tactile markers on the buttons. However, 
the lack of tactile markers makes it much more difficult to operate a touchscreen device. This paper describes an e-learning 
platform that is designed to improve the accessibility of smartphone applications for students who are visually impaired but 
have some useful vision. A User-Centered Design approach was used to develop an effective solution for visually impaired 
students. A study was conducted during the development of the described platform, and the results showed that our sug-
gested design improves task completion time as compared to the initial version. Participants also expressed higher levels 
of satisfaction when using the improved design of this platform. The modified design was also assessed using the Mobile 
Application Rating Scale (MARS), and the results indicate that it is quite reliable and rated well among visually impaired 
children. Furthermore, developers can use our suggested design guidelines such as clear navigation, color contrast, immedi-
ate feedback, icon arrangements, button and text size in the development of new applications.

Keywords  Smartphone · Visually impaired · Learning · Mathematical skills · Traditional mobile

1  Introduction

According to the World Health Organization (WHO), there 
are 285 million people in the world who have some form 
of visual impairment, ranging from low vision to complete 
blindness [1]. Between 2009 and 2014, mobile usage among 
visually impaired people increased from 12 to 82% [2]. 
Touchscreens provide the primary means of interaction with 
most mobile electronic products, including smartphones, 
tablets, smartwatches, etc. Hsinfu Huang [3] explored the 
accessibility features of touchscreen interfaces with 32 visu-
ally impaired participants. Huang summarized the design 
guidelines for accessible touchscreen interfaces for visually 

impaired people and suggested that the operational style of 
these interfaces should be redesigned. Touchscreens allow 
direct operation and are an intuitive and effective input 
device [4–6], thus providing a usable and convenient inter-
face for most users. Modern smartphones provide various 
accessibility functions but still pose significant problems for 
visually impaired people. Rodriguez-Sanchez [7] notes that 
despite considerable research on accessible technology and 
assessment, visually impaired people find using smartphones 
challenging because the features currently available are not 
enough to meet users’ expectations and requirements. Since 
visually impaired people are increasingly using smartphones 
and similar devices [8–10], usable and responsive interfaces 
must be developed to fulfil their needs. Peischl et al. [11] 
integrate user-centered design in the early stage of mobile 
application development.

Many studies have been conducted regarding accessibil-
ity. Oliveira et al. [12] evaluated different types of keyboards 
for blind users to observe and evaluate their difficulties: Nav-
Touch, MultiTap, QWERTY and Braille-Type. Guerreiro 
et al. [13] investigated the NavTouch and NavTap for touch-
screens that were significantly faster than the button-based 
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system. Yfantidis and Evreinov [14] developed interactive 
buttons for touch screens, allowing users to input data by 
using a single finger swipe in eight basic directions from 
any position. Several smartphone-based applications are also 
very useful for visually impaired students. Kuribayashi et al. 
[15] developed a smartphone-based system for blind people 
that enables them to identify and avoid obstacles and thus 
supports navigation. This system used an RGB camera and 
a built in infrared depth sensor to identify the surround-
ing pedestrians along with their position. This system also 
provides audio and vibration feedback to notify the user. 
EyeMath [16] is a cloud-based smartphone application that 
captures images and describes their content. It processes 
the images by dividing them into smaller segments, then 
separates mathematical symbols from plain text and presents 
them as an Abstract Syntax Tree (AST).

There are also several web-based and other solutions that 
are very helpful for visually impaired students. MyA + Math 
[17] is a web-based prototype that facilitates visually 
impaired students in learning mathematics. They provided 
an interactive learning environment by adding speech con-
trol and implementing an algorithm to solve mathematical 
problems. Dominik et. al [18] suggested a method that evalu-
ates computer-aided mathematics teaching and learning for 
people with visual impairments. This evaluation consists of 
behavioral, emotional, cognitive, social, distractors, motiva-
tional, and modeling factors. They compared the proposed 
technique with traditional, classroom-based teaching of the 
same material to visually impaired people, and observed an 
improvement. Maćkowski et. al developed a multi-medium 
method [19] that significantly enhances mathematical edu-
cation in blind people. They assessed the cognitive aspects 
based on knowledge implementation, self-correction ability 
and understanding of the correct way to solve the problem. 
Additionally, they performed a comparison of classic and 
proposed alternative multimedia methods. Their proposed 
method significantly enhances the results in the context of 
knowledge operationalization.

The current project set out to explore various issues con-
cerning the design of touchscreen-based mobile devices 
which might affect people with a visual impairment, such 
as the arrangement of icons, color combination, auditory 
feedback and feedback using vibration. Based on this work, 
a mobile e-learning application was developed which helps 
visually impaired children to learn mathematical skills eas-
ily. The application consists of two modules: “Learn to Draw 
Digits” and “Perform Basic Mathematics Operation,” and 
provides feedback on both modules.

The remainder of this paper is organized as follows. Sec-
tion 2 reviews related work; Sect. 3 provides the overview 
of the experimental procedure; Sect. 4 describes the partici-
pants and methodology, including the procedure, develop-
ment of design guidelines and second user study employing 

the revised application; Sect. 5 presents the results of the 
user study; Sect. 6 discusses the findings of the study and 
draws conclusions; Sect. 7 suggests possible future work.

2 � Related work

Previous studies have shown that a limited number of 
tools in the field of mathematics are accessible to visually 
impaired people. For example, studies have shown that hap-
tic technology plays a vital role in improving the learning 
ability of visually impaired students in mathematics and 
science [20, 21]. The Lambda System [22, 23] provides 
a specialized form of mathematical representation using 
a Braille display, but it uses an 8-dot Braille notation and 
the necessary hardware is very costly. MathMelodies [24] 
is an iPad application designed to help primary school 
children learn mathematics. It uses sophisticated graphics 
and interaction techniques that are accessible for visually 
impaired children. An intelligent tutoring platform called 
“The Project for Math” [25] offers an interactive system for 
supporting mathematical education. It is based on a collec-
tion of exercises for students who want to study particular 
mathematics skills independently (i.e., mathematical for-
mulas, structural information of mathematical expressions 
and equations) and can be used to enhance their knowledge. 
Microsoft has developed a plug-in for Internet Explorer 
called MathPlayer which presents MathML [26] visually. 
It includes several features to make various mathematical 
expressions easily accessible to visually impaired people, 
i.e., Fractions, Radicals, Subscript–superscript Pairs, Tables 
and Matrices. MathPlayer can be used with screen readers 
such as Window-Eyes and JAWS. It also integrates with var-
ious TextHELP! products aimed at students with learning 
disabilities [27]. Another approach involves decomposing 
mathematical exercises into a sequence of non-decompos-
able sub-exercises [28]. This makes it possible to resolve 
mathematics exercises and assess the correctness of solu-
tions interactively at each step. There is also an Android 
application designed to teach geometry, traditionally a very 
difficult subject to teach to visually impaired children, which 
uses vibrotactile feedback [29].

Researchers have also been working on making 
e-learning websites accessible for visually impaired 
users. For example, AudioMath works with material 
that is already in MathML and renders MathML-coded 
mathematical expressions into text-to-speech (TTS). This 
research has the potential to improve the accessibility of 
e-learning websites and brought huge benefits for visu-
ally impaired people [30]. Other researchers [31] have 
developed techniques to make web pages containing sci-
entific documentation more accessible using a mixture 
of Braille-based devices and speech synthesis. In [32], 



Universal Access in the Information Society	

1 3

the authors proposed a web-based application that uses 
speech dialog to write mathematical expressions. Visually 
impaired persons can easily access mathematical materi-
als by using voice controls.

3 � Overview of experimental procedure

The work is divided into two parts. In the first part, we set 
out to identify the most appropriate design guidelines for 
an application for visually impaired people, concerning 
matters such as the arrangement of icons, color combina-
tions, auditory feedback and feedback using vibration. 
In the second part, we employed these guidelines in the 
development of a mobile e-learning application designed 
to help visually impaired children acquire mathematical 
skills easily. Figure 1 provides a complete overview of 
our proposed system.

3.1 � Initial application design

The application used in the initial user study was devel-
oped using standard Android development guidelines, 
along with some general guidelines dealing with issues 
such as the contrast between the foreground and back-
ground colors. Beyond this, however, no attempt was made 
to make the application accessible to partially sighted 
users. The application consists of two main modules 
“Learn to Draw Digits” and “Perform Basic Mathematical 
Operations.” The first module is designed to help visually 
impaired students learn the shapes of the digits and how 
to draw them. The user is presented with a partially drawn 
digit in black and white (black background and white text). 
Provided the student has sufficient vision to differentiate 
light and dark, s/he will be able to perceive the shape and 
draw the digit by moving his/her finger around the touch-
screen. If the user deviates from the line which forms the 
digit, vibration feedback is provided, alerting the user to 
the error. The second module allows students who have 

Fig. 1   Complete overview of 
the e-learning platform
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learned how to draw digits to perform basic mathematical 
operations, such as addition, subtraction, multiplication, 
and division. The initial design of the app is shown in 
Fig. 2.

4 � Participants and methodology

The experiment was conducted in a school for blind and 
visually impaired children. A total of 10 visually impaired 
pupils, from 6th grade to 9th grade, took part in the study. 
While the number of participants is quite small, this is usu-
ally unavoidable in research focusing on visually impaired 
users [33]. The age range of participants was between 11 
and 16. Three participants were not familiar with the use of 
smartphones while the remainder were familiar with smart-
phone devices. We have considered WHO distance vision 
impairment categories: Mild (visual acuity worse than 6/12 
to 6/18), Moderate (visual acuity worse than 6/18 to 6/60) 
and Severe (visual acuity worse than 6/60 to 3/60) [34]. 
One participant (P1) perceives bright light in the severe 
category, five (P2-P6) having a mild impairment and four 
(P7-P10) having a moderate impairment. The study proto-
col was assessed and ethically approved by the institute in 
which the experiments were conducted. Before the study was 
conducted, each participant completed an informed consent 
form. Table 1 provides detailed information regarding the 
participants.

4.1 � Procedure

Before agreeing to take part, potential participants were 
given a detailed overview of the study and an explanation of 
its objectives. They were informed of how it may help them 
to learn the basics of mathematics. After agreeing to take 
part, participants were given a brief introduction of the tasks 
and requested to attend all the training sessions. Two sepa-
rate sessions were conducted to help participants become 
familiar with the application and understand how to use it, 
i.e., to learn to draw digits and perform basic mathematical 
operations. The training sessions lasted 25 min each. During 
the training session, participants were also given information 

Fig. 2   Initial design

Table 1   Demographic information of participants

Participants Age Class Gender Type of vision impairment Familiarity with 
Mobile devices

Favorite color combinations

P1 11 6th F Perceives bright light Not Familiar Black and White
P2 12 6th M Mild Familiar Black and White
P3 11 7th M Mild Familiar Black and White
P4 13 7th M Mild Familiar Black and White
P5 12 7th M Mild Not Familiar Black and Blue
P6 14 7th M Mild Not Familiar Black and White
P7 14 8th M Moderate Familiar Black and White
P8 15 8th F Moderate Familiar Black and Blue
P9 14 8th F Moderate Familiar Black and White
P10 16 9th M Moderate Familiar Black and White
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about interaction with smartphone applications. At first, they 
were not very comfortable interacting with the application, 
especially those who had less familiarity with smartphones. 
However, all participants started feeling comfortable after 
understanding the interaction mechanism.

The study was conducted in the classroom of the school. 
A task was designed and deployed on Samsung S4 smart-
phones. The task required each participant to perform a 
basic mathematical operation, i.e., “Draw the first digit,” 
“Select mathematical operation,” “Draw the second digit,” 
“Double-tap on the ‘ = ’ button,” and “speak out a result.” 
Auditory feedback was provided for each activity performed 
by the participant. Speech feedback alerted users if they 
made errors or ran out of time, e.g., if the time exceeded 
two minutes, the system would respond with the message 
“Time is Over.” Table 2 contains all the basic instructions 
for completing the task.

4.2 � First user study, employing the initial design

The first user study was divided into two parts. In the first 
part of the experiment, participants made use of the app to 
perform arithmetic operations (addition, subtraction, mul-
tiplication, and division) and some other related tasks, i.e., 
drawing of digits on-screen on a smartphone using the shape 
drawing application. Participants were given a fixed amount 
of time (2 min) for each task, during which they were asked 
to complete the task repeatedly. Every participant was asked 
to perform the same task repeatedly until they had completed 
it 10 times in two minutes or less and without error. Only 
those attempts that were completed in two minutes or less 
and without error were included in the calculation of mean 
task completion time. Participants who were familiar with 
the use of mobile devices found it quite easy to perform the 
task, taking less time and making fewer mistakes than par-
ticipants who were unfamiliar with the use of smartphones, 
who reported more difficulty while performing the task.

In the second part of the experiment, participants were 
observed while performing the task using different designs. 

They were asked to perform the tasks using different color 
combinations and different font styles and sizes. The intrin-
sic brightness of colors was taken into account in choosing 
combinations of colors. Table 3 provides detailed informa-
tion on the intrinsic brightness of the color combination. 
The color combinations used in the design were as follows 
(background and foreground respectively):

–	 Yellow and Blue
–	 Black and White
–	 Red and Green
–	 Black and Blue

Participants used various applications (i.e., Be My Eyes 
and TapTapSee) as well as the initial version of the appli-
cation proposed in this paper. Most of them were comfort-
able with the color combination of black (background) and 
white (foreground) along with a large, bold font. It was eas-
ily visible to visually impaired participants, regardless of 
whether they were familiar with the use of the smartphone 
or not. Participants reported difficulties in observing text 
and buttons on the screen using other color combinations 
and smaller text sizes. Participants were observed during 
the performance of the task, and their task completion times 
were recorded. They were also asked to fill in a questionnaire 
after completing the task (e.g., see Sect. 5–Results).

4.3 � Development of Design Guidelines

To improve the basic application, relevant research literature 
was reviewed and a series of guidelines were derived from 
the findings of key studies and applications. Table 4 lists the 
applications, their important features, the platform on which 
they run, the target users, research evidence and developer 
information.

As well as deriving guidelines from earlier research, 
participants were observed while performing the tasks and 
the resulting observations were used in the development 

Table 2   Instructions pool

Instruction no Description

1 Welcome to the accessible 
math application

2 Draw the first digit
3 Select mathematical operation
4 Draw the second digit
5 Double-tap “ = ” button
6 Speak out about the result

Table 3   Information of intrinsic brightness background and fore-
ground colors

Percentage Achromatic colors Colors Intrinsic brightness

100 White Very high
Yellow High

Medium gray Red, Green Medium
Blue Low

0 Black None
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Table 4   Features of the application considered for finding design guidelines

Name of application Features Developers

Seeing AI This application can be installed on smart glasses Microsoft
A blind person wearing smart glasses with See AI installed can just take 

pictures at run time and the application tells the user what’s going on 
around him/her with good accuracy

Users in a restaurant can simply take pictures of the menu. The application 
guides the user to take the correct picture and tells the user what is in the 
menu

When the user is sitting with a group of people using smart glasses, the 
user can find out if they are listening to him/her or (e.g.) sleeping. The 
application also provides information about their faces and the approxi-
mate age of each person

Users can recognize people with the help of this application using both 
smartphones and smart glasses. This application narrates the world 
around visually impaired people

Eye-D Eye-D uses the user’s mobile camera and identifies objects using speech GingerMind Technologies
It tells the user the exact location. It does not show a map while telling the 

user about the location
Eye-D can read from printed media

Be My Eyes This application automatically connects the user with fully sighted volun-
teers through video calls, and the volunteers assist users with queries

Be My Eyes

It has a feature called “Specialized Help” which connects the user through 
a live video call to the company customer support representative if the 
user has any questions or issues

The app allows users to share personal stories from blind users, volunteers 
and company agents, describing how they use Be My Eyes

Lazarillo GPS for Blind It tells the user his/her exact location and offers assistance when traveling 
on foot or by bus or car, just like google map does. It also connects the 
user to Uber

Lazarillo Tec SPA

Users can find public transport, banks and ATMs, hospitals, and stores for 
food and other shopping

Users can also explore art and entertainment venues, educational establish-
ments (schools, colleges, and universities), public buildings, and pubs 
and clubs

TapTapSee The user opens the camera and taps on the screen, and the app identifies 
objects using speech

CloudSight Inc

It uses Android talkback
Users can import images from the gallery
Users can also share images

Blind Assistant Free The app alerts the user by generating a sound whenever it detects obstacles 
near to the user

Phone Science

AudioBattleShip [35] AudioBattleShip is an interactive version of the board game Battleship, 
providing different interfaces for sighted and blind people

Department of Computer Science, Uni-
versity of Chile Blanco

It provides a gaming environment to enhance group interaction, abstract 
memory, spatial abstraction, and haptic perception in blind learners

The game serves as a platform for collaboration between sighted and blind 
people

It provides various playing modes which allow blind people to play with 
other blind people, with sighted people, or against the computer. The 
interface options were available depending upon the mode selected by the 
user
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of guidelines. These observations can be categorized as 
follows:

1.	 Issues affecting task performance on the initial version 
of the app and similar applications;

2.	 Issues regarding adequacy/appropriateness of feedback;
3.	 Issues concerning icons, buttons and text sizes;
4.	 Issues concerning the perception of color combination 

for design purposes.

In the light of the literature review and the study findings, 
the following design guidelines were collected:

1.	 Use the best possible Color Contrast between back-
ground and foreground (white and black);

2.	 Ensure sufficient button size and surrounding padding 
that should range from 32 × 32 dp to 48 × 48 dp;

3.	 Provide immediate and consistent feedback;
4.	 Provide a clear navigation mechanism;
5.	 Arrange icons around the corners and in the center of 

the screen;
6.	 Do not use color as the only visual means of conveying 

information.

The feedback from the first study indicated that numer-
ous participants felt comfortable with the color combina-
tion of black (background) and white (foreground). While 
experimenting it was observed that bold letters/text are more 
visible to visually impaired participants. The experiments 
helped in enhancing the design of the application. The final 
design was drafted after conducting the experiments and 

using the guidelines established after completing the experi-
ments. The revised design is shown in Fig. 3.

https://​www.​micro​soft.​com/​en-​us/​garage/​wall-​of-​fame/​seeing-​ai/
https://​play.​google.​com/​store/​apps/​detai​ls?​id=​in.​ginge​rmind.​eyedp​ro&​hl=​en_​IN
https://​play.​google.​com/​store/​apps/​detai​ls?​id=​com.​bemye​yes.​bemye​yes&​hl=​en&​gl=​US
https://​play.​google.​com/​store/​apps/​detai​ls?​id=​com.​lazar​illo&​hl=​en&​gl=​US
https://​play.​google.​com/​store/​apps/​detai​ls?​id=​com.​msear​cher.​tapta​psee.​andro​id&​hl=​en&​gl=​US
www.​phone​scien​ce.​eu/​cgi-​bin/​WEB/​index.​pl?​action=​Blind_​Assis​tant_​Test_​Card

Table 4   (continued)

Name of application Features Developers

AudioMath [36] Provides different Interfaces for sighted and blind people LSS—Laboratory of Signals and Systems

The application is integrated with the TTS (text-to-speech) engine

It converts mathematical expressions from online technical, scientific or 
even simple documents into speech

Audiomath is intended to increase the accessibility not only of e-learning 
websites that use MathML but also to general websites. Therefore, it is 
an accessibility tool that can bring great benefits to visually impaired 
persons

Fig. 3   Evolutionary design

https://www.microsoft.com/en-us/garage/wall-of-fame/seeing-ai/
https://play.google.com/store/apps/details?id=in.gingermind.eyedpro&hl=en_IN
https://play.google.com/store/apps/details?id=com.bemyeyes.bemyeyes&hl=en&gl=US
https://play.google.com/store/apps/details?id=com.lazarillo&hl=en&gl=US
https://play.google.com/store/apps/details?id=com.msearcher.taptapsee.android&hl=en&gl=US
http://www.phonescience.eu/cgi-bin/WEB/index.pl?action=Blind_Assistant_Test_Card
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4.4 � Second user study, employing the revised 
application

The user study was repeated, but this time using the revised 
application. The same participants took part, and they were 
asked to perform the same task as in the first part of the 
initial study, under the same conditions.

5 � Results

The mean task completion time was measured for both 
the initial version of the application and the revised ver-
sion. The mean task completion times for participants 
P1-P10 using the initial version were 80, 76, 72, 75, 79, 
83, 73, 77, 71, and 70 in seconds. When using the revised 
design, the task completion times were 56, 50, 49, 48, 
55, 54, 48, 49, 45, and 46 in seconds. These results are 
shown in Fig. 4.

After both the first and second user studies, partici-
pants were asked to fill in a questionnaire that contained 
four questions designed to assess satisfaction/ dissatisfac-
tion with the app. Each question required a response on 
a 5-point Likert scale (1 = Disagree strongly, 5 = Agree 
strongly).

The questionnaire data were analyzed using a Wilcoxon 
signed-rank test, the results for which show that the par-
ticipants reported higher levels of satisfaction when using 
the modified version of the app. The result of the Wil-
coxon signed-rank test expressed that z value is 2.395, the 
p value is 0.016, W value is 4 and the critical value for W 
at N = 10 (p < 0.05) is 8. Results show that participants feel 
more satisfied at p < 0.05.

After each user study, participants were also asked to 
complete a questionnaire that contained five questions 
designed to assess how meaningful they found the feed-
back provided by the app. A one-tailed paired t test was 
used to compare the results when using the original ver-
sion of the app with those obtained when using the modi-
fied version of the app. The results show that the modified 
app (developed using the design guidelines) provided more 
meaningful information to participants (Tcal = 4.8503, 
t = 1.671, df = 9, p < 0.05).

After completing the second user study, participants 
were shown five word pairs and asked to indicate their 
feelings about the modified app by selecting one or the 
other words in each pair. The responses were: feeling 
Satisfied (8)–Unsatisfied (2), Like (8)–Dislike (2), Fun 
(7)–Hatred (3), Joyful (8)–Painful (2) and Comfortable 
(8)–Uncomfortable (2).

Finally, a Mobile Application Rating Scale (MARS) 
was used to rate the quality of the modified application. 
The MARS scale has 23 items, grouped under five head-
ings: engagement, functionality, aesthetics, information 
and subjective quality. Each MARS item uses a 5-point 
scale (1-Inadequate, 2-Poor, 3-Acceptable, 4-Good, 
5-Excellent). Table 5 shows the MARS subcategories and 
the mean scores obtained under each subcategory.

Table  6 provides independent ratings on the overall 
MARS total score of the application which demonstrated 
an excellent level of inter-rater reliability (2-way mixed 
ICC = 0.53, 95% CI 0.007–0.134). The MARS total score 
had excellent internal consistency (Cronbach alpha = 0.37) 
and was highly correlated with the MARS star rating item 
(#23), r (1) = 0.53, P < 0.001.

Figure 5 demonstrates the mean score of each subscale 
of the Mobile Application Rating Scale. The mean score 
of the Engagement subscale is 3.2, Functionality subscale 
has a mean value of 4.2, Aesthetics subscale has a mean 
value of 2.8, Information subscale has a mean value of 3.4, 
Subjective quality has a mean score of 3.3 and, lastly, Per-
ceived Impact was determined as 3.9. Perceived Impact is 
another subsection of the MARS questionnaire that evalu-
ates the impact of the app on users’ awareness, knowledge, 
attitude, intention to change, help-seeking and behavior 
change.
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6 � Conclusion and discussion

In the absence of vision, hearing becomes the primary chan-
nel for communication among people with visual impair-
ments. Keeping this principle in mind, the researchers set 
out to develop an accessible system for visually impaired 
people. The proposed application helps visually impaired 
children to learn basic math skills by using an auditory feed-
back mechanism. This application is specifically designed 
for moderately visually impaired children from grade 6 to 
grade 9. Traditionally, visually impaired students have relied 

Table 5   MARS items with a 
mean score of the apps

No Subscale/Item Mean

Engagement
1 Entertainment 3.1
2 Interest 2.9
3 Customization 3
4 Interactivity 3.2
5 Target group 3.8
Functionality
6 Performance 4.4
7 Ease of use 4.4
8 Navigation 3.8
9 Gestural design 4.3
Aesthetics
10 Layout 3.4
11 Graphics 2.7
12 Visual appeal: How good does the app look? 2.4
Information
13 Accuracy of app description 3.6
14 Goals 4.2
15 Quality of information 4.4
16 Quantity of information 4.2
17 Visual information 2.3
18 Credibility 3.2
19 Evidence base 1.7
Subjective quality
20 Would you recommend this app? 3.9
21 How many times do you think you would use this app? 4.1
22 Would you pay for this app? 1
23 What is your overall star rating of the app? 4.2

Table 6   Results of ICC 
Calculation Using Absolute-
Agreement, 2-Way Mixed-
Effects Model

Intraclass Correlation Coefficient

Intraclass Cor-
relation

95% Confidence Interval F Test with True Value 0

Upper Bound Value df1 df2 Sig

Single Measures .007 .048 1.585 9 198 .122
Average Measures .134 .536 1.585 9 198 .122
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on Braille for learning, but this presents its own problems. 
Only a small percentage of visually impaired people can 
read braille [33]. Our proposed application enables visually 
impaired students to learn and draw digits along with basic 
mathematics operations by using auditory feedback.

After conducting the experiments, it is concluded that 
using smartphones for learning has advantages over other 
approaches because they are cheap and widely available. 
Auditory and touch feedback (using vibration) is a better 
medium for conveying meaningful information. During the 
experiment, it was found that most of the participants were 
comfortable with the color combination of black (back-
ground) and white (foreground). Bold letters/text is more 
accessible for moderately visually impaired participants.

The mean task completion time was lower when partici-
pants used our enhanced application than it was when they 
used the initial version of the application. The results also 
show that our application provides meaningful information 
to the participants, which improves their awareness of the 
actions taken during the use of the application. The partici-
pants also expressed higher levels of satisfaction when using 
the enhanced version of the application. Furthermore, the 
MARS results indicate that the proposed application is quite 
reliable for visually impaired children. The proposed applica-
tion has a sufficient rating among participants. It can also be 
used to provide a checklist for the design and development of 
new high-quality apps. Finally, the MARS results show that 
the participants were comfortable with the feedback provided 
by the application.

7 � Future work

The proposed application only supports basic mathematical 
operations. The application can be enhanced by adding voice-
based input while using the calculator module for better acces-
sibility. Currently, the proposed method is designed for 6th 
to 9th-grade students with visual impairments. However, the 
intention is to extend the application by adding further math-
ematical operations such as percentage, decimal point, square 
root, pi, power (i.e., square, cube) and to make it accessible for 
students in higher grades.

Incorrect attempts by users were not considered in this 
study. In future studies, it might be of value to investigate the 
nature and frequency of errors.

The current application focuses on mathematical skills only 
and does not cover other educational areas. In the future, the 
application could be extended with new and advanced features 
related to English reading for children. These features will be 
based on Artificial Intelligence, Machine Learning and Natural 
Language Processing. This will make the application smarter 
by allowing it to analyze the speech of a child/user reading 
text from a book, and provide feedback and assistance if the 

user reads incorrectly. These features could be used by anyone, 
whether visually impaired or not.

Funding  Open Access funding provided by the IReL Consortium. The 
author’s studentship is supported by the ADVANCE CRT, funded by 
the Science Foundation of Ireland under Grant number 18/CRT/6222.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

Ethical approval  All procedures of the study were reviewed and ethi-
cally approved by the institutional ethics committee. Informed con-
sent of the participants was received before the commencement of this 
study.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Global Health Observatory (GHO) data. https://​www.​who.​int/​gho/​
publi​catio​ns/​world_​health_​stati​stics/​2016/​Annex_B/​en/. (2016). 
Accessed 12 Jan 2020

	 2.	 Survey of Web Accessibility Practitioners Results.https://​webaim.​
org/​proje​cts/​pract​ition​ersur​vey/ (2014). Accessed 22 Feb 2020

	 3.	 Huang, H.: Blind users’ expectations of touch interfaces: fac-
tors affecting interface accessibility of touchscreen-based 
smartphones for people with moderate visual impairment. Univ. 
Access Inf. Soc. 17(2), 291–304 (2018). https://​doi.​org/​10.​1007/​
s10209-​017-​0550-z

	 4.	 Dix, A., Finlay, J., Abowd, G.D., Beale, R.: Human-Computer 
Interaction, pp. 1–64. Prentice Hall, Pearson (2004)

	 5.	 Kortum, P.: HCI Beyond the GUI: Design for Haptic, Speech, 
Olfactory, and Other Nontraditional Interfaces, pp. 359–387. Mor-
gan Kaufmann, Los Altos (2008)

	 6.	 Rust, K., Malu, M., Anthony, L., Findlater, L.: Understanding 
child defined gestures and children’s mental models for touch-
screen tabletop interaction. In: Proceedings of the 2014 Confer-
ence On Interaction Design and children. pp. 201–204. (2014)

	 7.	 Rodriguez-Sanchez, M.C., Moreno-Alvarez, M.A., Martin, E., 
Borromeo, S., Hernandez-Tamames, J.A.: Accessible smart- 
phones for blind users: a case study for a wayfinding system. 
Expert Syst. Appl. 41, 7210–7222 (2014)

	 8.	 Senjam, S.S., Manna, S., Bascaran, C.: Smartphones-based assis-
tive technology: accessibility features and apps for people with 
visual impairment, and its usage, challenges, and usability test-
ing. Clin. Optom. 13, 311 (2021). https://​doi.​org/​10.​2147/​OPTO.​
S3363​61

http://creativecommons.org/licenses/by/4.0/
https://www.who.int/gho/publications/world_health_statistics/2016/Annex_B/en/
https://www.who.int/gho/publications/world_health_statistics/2016/Annex_B/en/
https://webaim.org/projects/practitionersurvey/
https://webaim.org/projects/practitionersurvey/
https://doi.org/10.1007/s10209-017-0550-z
https://doi.org/10.1007/s10209-017-0550-z
https://doi.org/10.2147/OPTO.S336361
https://doi.org/10.2147/OPTO.S336361


Universal Access in the Information Society	

1 3

	 9.	 Jayant, C., Ji, H., White, S., Bigham, J.P.: Supporting blind pho-
tography. In: proceedings of the 13th International ACM SIGAC-
CESS Conference on Computers and accessibility, pp. 203–210. 
(2011)

	10.	 Kane, S.K., Jayant, C., Wobbrock, J.O., Ladner, R.E.: Freedom 
to roam: a study of mobile device adoption and accessibility for 
people with visual and motor disabilities. In: Proceedings of 11th 
International ACM SIGACCESS Conference on Computers and 
Accessibility, Pittsburgh, Pennsylvania, USA (2009)

	11.	 Peischl, B., Ferk, M., Holzinger, A.: The fine art of user-centered 
software development. Software Qual. J. 23(3), 509–536 (2014). 
https://​doi.​org/​10.​1007/​s11219-​014-​9239-1

	12.	 Oliveira, J., Guerreiro, T., Nicolau, H., Jorge, J., Gonc¸alves, D.: 
Blind people and mobile touch-based text-entry: acknowledging 
the need for different flavors. In: Proceedings of ASSETS ‘11, pp. 
179–186 (2011)

	13.	 Kane, S.K., Bigham, J.P., Wobbrock, J.O.: Slide Rule: making 
mobile touch screens accessible to blind people using multi-touch 
interaction techniques. ASSETS’08, pp. 73–80 (2008)

	14.	 Yfantidis, G., Evreinov, G.: Adaptive blind interaction technique 
for touchscreens. Univ. Access Inf. Soc. 4(4), 328–337 (2006)

	15.	 Kuribayashi, M., Kayukawa, S., Takagi, H., Asakawa, C., & 
Morishima, S. LineChaser: A Smartphone-Based Navigation 
System for Blind People to Stand in Lines. In Proceedings of the 
2021 CHI Conference on Human Factors in Computing Systems, 
pp. 1–13. (2021)

	16.	 Dumkasem, K., Srisingchai, P., & Rattanatamrong, P: EyeMath: 
Increasing Accessibility of Mathematics to Visually Impaired 
Readers. In 2019 23rd International Computer Science and Engi-
neering Conference (ICSEC), pp. 197–202. (2019)

	17.	 Jariwala, A., Marghitu, D., & Chapman, R: MyA+ Math: teaching 
math to students with vision impairment. In International Confer-
ence on Human-Computer Interaction, pp. 200–211. (2020)

	18.	 Spinczyk, D., Maćkowski, M., Kempa, W., Rojewska, K.: Factors 
influencing the process of learning mathematics among visually 
impaired and blind people. Comput. Biol. Med. 104, 1–9 (2019)

	19.	 Maćkowski, M., Brzoza, P., Rojewska, K., & Spinczyk, D: Assess-
ing the Influence of the Teaching Method on Cognitive Aspects in 
the Process of Mathematical Education Among Blind People. In 
Polish Conference on Biocybernetics and Biomedical Engineer-
ing, pp. 211–220. (2019)

	20.	 Wies, E. F., O’Modhrain, M. S., Hasser, C. J., Gardner, J. A., & 
Bulatov, V. L: Web-based touch display for accessible science 
education. In International Workshop on Haptic Human-Computer 
Interaction, pp. 52–60. Springer, Berlin, Heidelberg (2000)

	21.	 Wijntjes, M.W., van Lienen, T., Verstijnen, I.M., Kappers, A.M.: 
Look what I have felt: Unidentified haptic line drawings are identi-
fied after sketching. Acta Physiol. (Oxf) 128(2), 255–263 (2008)

	22.	 Nicotra, G., Bertoni, G., Bortolazzi, E., Formenti, L.: Innovative 
Methods for Accessing Mathematics by Visually Impaired Users. 
In: Miesenberger, K., Klaus, J., Zagler, W., Karshmer, A. (eds.) 
ICCHP 2010, Part II. LNCS, vol. 6180, pp. 423–430. Springer, 
Heidelberg (2010)

	23.	 Bernareggi, C.: Non-sequential Mathematical Notations in the 
LAMBDA System. In: Miesenberger, K., Klaus, J., Zagler, W., 
Karshmer, A. (eds.) ICCHP 2010, Part II. LNCS, vol. 6180, pp. 
389–395. Springer, Heidelberg (2010)

	24.	 Gerino, A., Alabastro, N., Bernareggi, C., Ahmetovic, D., & Mas-
cetti, S: Mathmelodies: inclusive design of a didactic game to 

practice mathematics. In International Conference on Computers 
for Handicapped Persons, pp. 564–571. Springer, Cham (2014)

	25.	 Brzoza, P., & Maćkowski, M: Intelligent tutoring math platform 
accessible for visually impaired people. In International Con-
ference on Computers for Handicapped Persons, pp. 519–524. 
Springer, Cham (2014)

	26.	 Ausbrooks, R., Buswell, S., Carlisle, D., Dalmas, S., Devitt, 
S., Diaz, A., ... & Miner, R. . Mathematical markup language 
(MathML) version 2.0 . W3C Recommendation. World Wide Web 
Consortium, (2003).

	27.	 Soiffer, N. (2005, October). MathPlayer: web-based math acces-
sibility. In ACM SIGACCESS Conference on Assistive Technolo-
gies: Proceedings of the 7 th International ACM SIGACCESS 
conference on Computers and accessibility, Vol. 9, No. 12, pp. 
204–205.

	28.	 Maćkowski, M.S., Brzoza, P.F., Spinczyk, D.R.: Tutoring math 
platform accessible for visually impaired people. Comput. Biol. 
and Med. (2017). https://​doi.​org/​10.​1016/j.​compb​iomed.​2017.​06.​
003

	29.	 Buzzi, M. C., Buzzi, M., Leporini, B., & Senette, C: Playing 
with geometry: A multimodal Android app for blind children. In 
Proceedings of the 11th Biannual Conference on Italian SIGCHI 
Chapter, pp. 134–137. (2015)

	30.	 Ferreira, H., & Freitas, D: Enhancing the accessibility of math-
ematics for blind people: The AudioMath project. In International 
Conference on Computers for Handicapped Persons, pp. 678–685. 
(2004)

	31.	 Bernareggi, C., & Archambault, D: Mathematics on the web: 
emerging opportunities for visually impaired people. In Proceed-
ings of the 2007 International Cross-Disciplinary Conference on 
Web Accessibility (W4A), pp. 108–111. (2007)

	32.	 Hanakovič, T., & Nagy, M: Speech recognition helps visually 
impaired people writing mathematical formulas. In International 
Conference on Computers for Handicapped Persons, pp. 1231–
1234. (2006)

	33.	 Lazar, J., Feng, J.H., Hochheiser, H.: Research methods in human-
computer interaction. Wiley, London (2010)

	34.	 Blindness and vision impairment: https://​www.​who.​int/​news-​
room/​fact-​sheets/​detail/​blind​ness-​and-​visual-​impai​rment#:​~:​
text=​Mild%​20%​E2%​80%​93vis​ual%​20acu​ity%​20wor​se%​20tha​
n,acuity%​20wor​se%​20than%​203%​2F60 Accessed 01 Oct (2022)

	35.	 Sánchez, J.: AudioBattleShip: blind learners cognition through 
sound. International Journal on Disability and Human Develop-
ment 4(4), 303 (2005)

	36.	 Ferreira, H., & Freitas, D: Enhancing the accessibility of math-
ematics for blind people: The AudioMath project. In International 
Conference on Computers for Handicapped Persons, pp. 678–685. 
Springer, Berlin, Heidelberg 2004)

	37.	 The Braille literacy crisis in America: Facing the Truth, Revers-
ing the Trend, Empowering the Blind. National Federation for the 
Blind, Jernigan Institute, Mar 26, (2009)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11219-014-9239-1
https://doi.org/10.1016/j.compbiomed.2017.06.003
https://doi.org/10.1016/j.compbiomed.2017.06.003
https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment#:~:text=Mild%20%E2%80%93visual%20acuity%20worse%20than,acuity%20worse%20than%203%2F60
https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment#:~:text=Mild%20%E2%80%93visual%20acuity%20worse%20than,acuity%20worse%20than%203%2F60
https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment#:~:text=Mild%20%E2%80%93visual%20acuity%20worse%20than,acuity%20worse%20than%203%2F60
https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment#:~:text=Mild%20%E2%80%93visual%20acuity%20worse%20than,acuity%20worse%20than%203%2F60

	A mobile e-learning application for enhancement of basic mathematical skills in visually impaired children
	Abstract
	1 Introduction
	2 Related work
	3 Overview of experimental procedure
	3.1 Initial application design

	4 Participants and methodology
	4.1 Procedure
	4.2 First user study, employing the initial design
	4.3 Development of Design Guidelines
	4.4 Second user study, employing the revised application

	5 Results
	6 Conclusion and discussion
	7 Future work
	References


