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Abstract Smartphone technology has evolved into a
multi-functional device with advanced capabilities, but this
mobile technology remains inaccessible to many individ-
uals with visual impairments or upper extremity disabili-
ties. This paper provides a heuristic checklist for accessible
smartphone interface design, developed through reviewing
existing design standards and guidelines and validating
these guidelines with user involvement. Specifically, a set
of preliminary user requirements (59 items) was extracted
from existing standards, guidelines, and user requirements
regarding mobile handheld device accessibility. Subse-
quently, the requirement set was filtered using a partici-
patory method and then integrated to create an operational
version of design guidelines. These guidelines were then
used in a heuristic evaluation and usability testing on high-
fidelity prototypes produced by a commercial manufac-
turer. A heuristic checklist for designing accessible
smartphones was formed, which may also be applicable to
other touchscreen handheld devices (e.g., printer screen) in
terms of accessibility features. The initial set of 59 user
requirements was re-organized into 44 statements in six
general categories: mechanical controls, display, speech
and general operation controls, audio feedback controls,
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touch-operated controls, and others. Using results from
both qualitative and quantitative methods provides support,
though with some limitations, for this accessibility check-
list. This checklist is intended as a practical design support
tool for use in early design phases of handheld products. A
number of challenges and limitations are discussed as well.

Keywords Participatory design - Touchscreen
accessibility - Usability - Users with visual
impairments

1 Introduction

As mobile technology becomes increasingly adaptive and
ubiquitous, users have more opportunities to access mate-
rials and complete activities that were previously difficult
or impossible. Mobile phone technology, specifically
smartphone technology, has evolved rapidly into a multi-
functional device with diverse capabilities. This multi-
functionality is useful in accommodating communication,
entertainment, and professional work. A market share study
of the US mobile phone industry [1] estimated that about
42.7 million people in the USA owned smartphones at the
end of 2009. Mobile phones play a role in the “micro-
coordination” of everyday life, creating a sense of security
for the user [2].

Unfortunately, these devices remain relatively inacces-
sible to individuals with disabilities. For these individuals,
mobile communication accessibility does not simply mean
staying connected with others, it also means leading more
secure and autonomous lives, because they desire to be
socially independent and “valued part of society” [3].
Individuals with visual impairments and individuals with
upper extremity disabilities are two user groups who face
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major challenges in the use and adoption of mobile phones.
According to the World Health Organization [4], about 314
million people worldwide have visual impairments and
roughly 8 % of the American adult population experiences
difficulty with motor control of the upper body, including
the arms, hands, and fingers. Thus, this group of users
comprises a significant portion of the population, yet they
remain marginalized in technology design research and
development. Failure to focus on marginalized groups can
be a lost opportunity for research development; designers
may miss the added benefits of accessible design to users
with no apparent disabilities, such as aging users or users
with limitations imposed by environmental constraints
(e.g., low ambient lighting, language diversity, or high
ambient noise conditions). These unintended benefits or
“curb cut” phenomena may enhance product usability and
usefulness for all users.

While there is a growing body of evidence describing
the difficulties encountered by users with visual impair-
ments [5, 6], users who are blind [7], and individuals with
upper extremity disabilities, these studies have focused
primarily on way-finding systems that use mobile devices
and basic mobile phones. Few studies have investigated the
needs and desires of these users regarding requirements for
smartphone technology, which now includes multi-func-
tional capabilities not found in traditional cell phones.
Furthermore, there is no comprehensive agreement
regarding accessible mobile phone interface design guide-
lines, particularly accessibility principles derived from
empirical research. Designing for universal access will
allow for adapting to diversity in the characteristics of the
target user population, in the scope and nature of tasks, and
in the different contexts of use and its effects [8, 9].

According to Thayer and Thayer [10], requirements
elicitation allows developers to discover, translate, articu-
late, and understand users’ needs and the constraints on
device development. However, it remains difficult to collect
information through direct communication between users
and designers. Requirements gathering and analysis are
fraught with difficulty. Finding a systematic process for user
requirements elicitation can be challenging, but is necessary
for validity and reliability [6]. Specifically, the requirements
elicitation and analysis stages focus on ill-defined problems,
require complex decisions, and are challenged by the com-
plexity of eliciting and translating information from stake-
holders [11]. Finding a more effective way of identifying
user requirements and generating corresponding design
guidelines is necessary for reducing the gap between a
designer’s conceptual model and a user’s mental model of
the design. To address this gap, this work proposes and
employs a method to review existing design guidelines,
validating them with user input, and developing a heuristic
checklist for use by mobile device designers.
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2 Background
2.1 Accessibility applications

Accessibility addresses the extent to which a product or
service is available to as many users as possible, and which
relates to the operational suitability of hardware and soft-
ware for computing products [13—15, 16, 17]. An increas-
ing number of information presentation alternatives can
help to enhance accessibility for people with disabilities,
including audio or tactile presentation of information [17].
Software developers continue to develop assistive tech-
nology to help with web usage [18], and the World Wide
Web Consortium has suggested design guidelines to
improve Web site accessibility [19]. Accordingly, an
increasing number of accessibility standards and guidelines
have appeared to help provide better and greater accessi-
bility, in terms of software accessibility, web content
accessibility, and media accessibility [20].

Despite the growing popularity of the mobile phone, few
studies have focused on the requirements for accessible
small-screen handheld devices, such as a smartphone or
personal digital assistant (PDA). There are significantly
fewer studies than those conducted on Web site interface
design. Many of the assistive technology solutions for
individuals with impairments that are available when using
smartphones are screen readers and screen magnification
software. There are generally two types of solutions:
hardware-based and software-based [21].

Hardware-based solutions provide, for example, indi-
viduals with severe visual impairments (SVIs) a Braille
display or an additional display to connect with mobile
devices (e.g., via bluetooth). A multi-modal approach using
haptic and auditory output was promoted for use in hand-
held mobile phones and their software applications [23].
This design approach provides users with visual impair-
ments additional mobility and orientation information to
allow greater social inclusion [12]. An example of multi-
modal design involves vibro-tactile outputs in mobile
guides, developed to enhance orientation and obstacle
avoidance in museum environments [12]. Another design
option being incorporated into many new devices are tac-
tons, which are structured vibro-tactile messages that use
parameters such as rhythm, roughness, intensity, fre-
quency, and spatial location to convey information [22,
24]. In addition to haptic output, audio output, combined
with RFID and electronic markers, has been advocated and
has enabled guidance systems installed on mobile phones
or handheld computers to support indoor orientation and
mobility solutions [25]. For these relatively new media,
technology, and applications, actionable guidelines and
standards are not as comprehensive as those for web
accessibility.
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Software-based solutions mainly enable access to a
variety of tasks, such as list item selection and text entry,
by recognizing gestures as input and providing speech,
audio, and tactile feedback as output [26-28]. For example,
Apple’s VoiceOver on iPhone is a screen reader that allows
a user to hear what is present at a specific point on the
screen, through direct interaction with screen objects via
simple gestures. These gestures include touching the upper-
left corner of the screen and dragging the finger around to
trigger the voice feedback. In addition, for risk-free
exploration, Google’s Eyes-Free Shell for Android allows a
user to select an item by holding their finger on the screen,
dragging their finger to one of eight different directions,
and then releasing it.

While there have been efforts to develop and test single
solutions independently, few have used a systematic
method of eliciting requirements from individuals with
impairments. In addition, these interfaces in general have a
lack of guidelines on accessibility issues [21]. One
exception is a study [28] conducted using participatory
interviews to elicit how individuals with visual impair-
ments actually use touch screens. However, this study
focused specifically on gesture elicitation to identify dif-
ferences between people with visual impairments and
sighted people regarding gesture preferences and various
gesture parameters [28].

2.2 Mobile phone usage characteristics of users
with visual impairment

Users with visual impairments are diverse for a number
of reasons beyond the specific visual processing capa-
bilities. Among this group of users, some may have been
born with severe visual impairments, resulting in limited
or no experience with processing visual cues that are
taken for granted in the sighted world. Others may have
developed visual impairment because of illness or
physical trauma later in life. Adaptation and functional
challenges related to disabilities are also contextual and
influenced by factors such as socioeconomic status, age,
and technology acceptance. Individual differences, such
as spatial and memory capabilities, confidence, and
mobile phone expertise [29], could also be factors that
influence the perceived accessibility of mobile phones.
Although these users’ functional processes and mental
models of mobile devices are not well understood, it is
reasonable to expect that their mental models regarding
these devices will differ from users without visual
impairments.

Historically, many users with severe visual impair-
ments had mobile phones solely for the purpose of
making phone calls if away from home or calling for
help [6]. The most commonly selected phones have been

those that were simple to use and with buttons that could
be easily distinguished [5]. Touchscreen-based smart-
phones have become more popular in mobile device
design, but many users with visual impairments have
expressed a preference for buttons that provide tactile
feedback and location awareness [30]. In contrast, among
a small sample of younger users with blindness (mean
age = 31 years), all used various types of mobile devi-
ces, including smartphones or PDAs for making phone
calls, playing music, listening to audiobooks, and using
the calendar [7, 21]. Even with regular use, users still
experienced and reported accessibility problems while
operating their mobile devices [31]. Yet, users with
severe visual impairments desire access to the advanced
functions in spite of historical difficulties using many of
the functions because of limited accessibility. Even for
sighted users, challenges and limitations to mobile
interaction include, but are not limited to, the small
screen size and data entry methods [23]. This research
aims to improve accessibility of smartphone devices by
considering basic and advanced functions.

3 Overview of methodology

This research focused on the development and application
of a sequential process (involving requirements elicitation,
analysis, and development of heuristic guidelines) that
supported significant involvement by users. The approach
was comprised of three sequential phases of work (Fig. 1),
which together represented a mixed methods approach, and
included archival methods, heuristic evaluation, participa-
tory design, and usability testing. In the first phase, a
comprehensive review of existing standards, guidelines,
and user requirements regarding mobile handheld device
accessibility was completed. From this, a set of preliminary
user requirements relating to accessible touchscreen phone
design was extracted, filtered using participatory design,
and then integrated and transcribed to create an operational
version of design guidelines. The second phase included
both heuristic evaluation and usability testing, wherein the
set of guidelines was applied to high-fidelity prototypes
produced by a commercial manufacturer. The objective
was twofold: to examine whether the prototypes fulfill end-
users’ needs and preferences for a touchscreen phone by
applying the set of elicited design guidelines as a criterion;
and to refine and streamline the identified design guidelines
based on the results of heuristic evaluation and usability
testing. The purpose of the third phase was to configure the
finalized design guidelines into a heuristic checklist for
designing accessible smartphones, which could be gen-
eralized and applied to other mobile or touchscreen-based
devices.
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Fig. 1 Method overview

4 Phase 1: Design and development of design guidelines

4.1 Early user involvement methods and participatory
design

Since the introduction of user-centered design by Gould
and Lewis [32], the human computer interaction (HCI)
community has adopted this approach for developing
usable systems. While users should be involved throughout
the development life cycle [33], involving them early is
useful in terms of improving product usability and
increasing customer satisfaction [34]. A particular user
involvement method, participatory design (PD), was used
throughout this study to bring together researchers/
designers and potential users. PD is defined as a set of
theories, practices, and studies related to end users [35],
which brings researchers/designers and end users together
into the process of development [36]. It further attempts to
bring together the participants’ implicit, invisible, and
holistic knowledge that they might not be able to articulate
along with the researchers’ analytical knowledge [37].
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4.2 Participants

Participants were individuals with either severe visual
impairments (ISVIs) or individuals with upper extremity
disabilities IUEDs). Severe visual impairment was opera-
tionalized as visual acuity of 20/400 or worse in each eye
that cannot be overcome with corrective lenses, and upper
extremity disability was operationalized as a loss of func-
tion in one or both hands (manual dexterity disability).
Participants were recruited from communities in Southwest
Virginia (USA). Participation was limited to those not
currently owning a smartphone but owning and regularly
using a cell phone. Of 13 individuals screened, four were
selected as PD members and completed the initial evalu-
ation of user requirements. To address a potential influence
of age (or generation) on specific requirements preferences
that were identified during initial user requirements
development, two additional younger participants were
included after Phase 1. In total, six participants were
involved, five having SVIs and one with an UED (Table 1).
Access to participants with impairments is a challenge, and
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Table 1 Demographic information of PD members (PD5 and PD6 were added after Phase 1)

Demographic PDI1 PD2 PD3 PD4 PD5 PD6
Gender Female Female Male Male Female Female
Age (year) 67 56 57 18 29 24
Disability type No vision 20/800 No vision Partial quadriplegia 20/800 20/500
Experience (year) 7 7 12 4 4 6

it is generally acceptable to involve 5-10 users [38, 44].
For this study, limited resources were used; hence, only
those individuals who were willing and able to participate
were recruited. Informed consent was obtained from all
participants using procedures approved by the Virginia
Tech IRB.

4.3 Procedures

Phase 1 began with an archival review to elicit the needs of
users with SVIs and users with UEDs regarding interacting
with mobile devices. This literature included research
articles that used a basic science approach to describe or
explain how users with disabilities interact with direct
manipulation interfaces or similar interfaces on similar
products. A second category of literature included applied
research, where relevant interfaces have been tested or
evaluated. Articles from these two categories were selected
from empirical research published in peer-reviewed jour-
nals and proceedings. A third category included descrip-
tions of interaction with smartphones or similar devices by
users with disabilities, trade organizations, or disability-
focused organizations. Although these publications were
not peer-reviewed, they provided insights into the state-of-
the art approaches, developments in the areas of accessi-
bility and direct manipulation, and up-to-date information
that may be more current than what is found in the peer-
reviewed literature. Literature included from this review
were the following:

1. Articles showing clear guidelines that were derived
from product testing or provided in conclusion
sections.

2. Articles with clear results that could be translated into
guidelines.

3. Trade magazines with product descriptions of acces-
sible features or functions.

The goal of this review was to determine the system
attributes or measures of mobile interaction that were
closely relevant to target groups of users in our study.
The literature on HCI provided little help in the selection
of usability constructs and key parameters [39], particu-
larly in the domain of accessibility design, as there are
no standardized definitions concerning accessibility of

mobile products and the relationship between usability
and accessibility. McGee et al. [40] determined how
users rated 64 potential usability measures using a
usability concept survey, and arrived at five main
groupings including core usability (e.g., efficiency and
ease-of-use), secondary usability (e.g., effectiveness and
accessibility), and satisfaction quality. Due to the weak
correlations found between many of the usability factors,
it is unreliable to estimate overall usability based on a
composite measure of only one or two aspects [39, 41].
Others, such as Dumas and Redish [42], have suggested
that it is important to consider the current product
development phase. For example, when testing proto-
types in the early design phase, performance measures
(e.g., timing) might not be appropriate. Thus, based on
synthesizing the user requirements regarding accessible
features, three evaluation attributes were identified: (1)
accessibility; (2) ease-of-use; and (3) effectiveness. Of
these three evaluation attributes, accessibility was used to
measure the PD members’ agreement on design guide-
lines and to examine whether the guidelines accurately
addressed their needs and preferences.

To assess user requirements based on these attributes, a
questionnaire was developed using a five-point Likert scale
with anchors ranging from strongly disagree (1) to strongly
agree (5). During a group meeting, each PD member used
the questionnaire to conduct separate evaluations of the
user requirements identified from the archival review.
Members rated each of the user requirements against three
statements corresponding to the evaluation attributes. An
example for one user requirement is provided below.

Users must have “Power” and “Menu” keys that are
separated from the keypad.

(a) Indicate how well this feature makes the phone easy
to access.

(b) Indicate how well this feature makes tasks easy to
perform.

(¢c) Indicate how well this feature makes the phone more
effective to complete tasks.

As needed or requested, researchers defined each rating
anchor, answered questions, or provided predetermined
rephrases of the user requirements. Participants completed
the ratings in about 30 min.
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The criterion for inclusion in the final set of user
requirements was a rating of 4 or 5 by at least three of the
PD members (i.e., indicating high agreement). User
requirements that did not meet this criterion were sent
through a second round of ratings. The same PD members
completed the second round of ratings using an online
questionnaire. In this second round, the requirement
wording and constructs remained the same, and this round
allowed the participants to revisit the requirements and
confirm their ratings. Any requirements with high agree-
ment from the second rating (using the same criterion)
were added to those identified initially, yielding a final set
of user requirements. The final set of user requirements was
then translated into a set of design guidelines using a
consensus process involving the conversion of the
requirements statements into design features and/or
functionality.

4.4 Results

Archival review yielded 59 user requirements expressed in
separate statements; these were classified into six general
categories: mechanical controls, display, speech and gen-
eral operation controls, audio feedback, touch feedback,
and others. From the initial PD meeting, there was high
agreement on 42 of the 59 user requirements. Of the
remaining 17 items, only two received a high level of
agreement from the online questionnaire. This yielded a
final set of 44 user requirements (in the same six catego-
ries), which were then compiled and translated into a set of
design guidelines (Table 5). This phase identified features
that strongly influence the perceived accessibility, ease of
use, and effectiveness of several aspects of phone design.
PD members agreed (based on the high ratings) that the
phone should be shaped to fit the hands while not requiring
tight grasping and should have easily detected buttons and
edges as well as tactile markers on the surface. They rated
highly the incorporation of multiple types of media as a
means of supporting menu exploration and making calls,
such as voice activation and speech reader technology in
addition to the already present visual feedback.

5 Phase 2: Application of the design guidelines: a case
study

5.1 Employing heuristic evaluation in accessibility
assessment

A commercial mobile device manufacturer provided two
smartphone prototypes with a direct manipulation touch-
screen: one featuring voice activation technology and the
other screen reader technology. These prototypes were
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developed partially based on the design guidelines from
Phase 1. To test the degree of conformity of the prototypes
to the design guidelines, and to identify accessibility issues
related to smartphone design, a heuristic evaluation (HE)
was conducted. HE has been widely used as a low-cost
usability inspection method, and broadly adopted among
usability researchers to evaluate interface design in HCI
[43]. The HE considered both hardware and software
aspects, by applying the design guidelines developed in
Phase 1 to investigate accessibility of the two prototypes.
In addition, qualitative results gathered from specific open-
ended questions in the HE session were used to supplement
the set of design guidelines from Phase 1. Then, to test the
validity and efficiency of the accessibility design guide-
lines, formal usability tests (UT) of the prototypes were
conducted and results were compared with results from
HE.

5.2 Procedures
5.2.1 Hardware evaluation

Individual sessions were completed with each of the six PD
members from Phase 1. At the start of the session, a
hardware prototype (no software) of the smartphone was
given to the participant, who was allowed to handle the
phone and ask questions for about 30 min to become
familiar with the design. After exploring the hardware
prototype, participants were asked to rate the hardware
accessibility, ease of use, and effectiveness, based on the
design guidelines developed in Phase 1 and on a scale with
anchors from very bad (1) to very good (5). During the
evaluation, participants were able to handle the prototype
whenever necessary. The rating task took about 30 min,
after which the following questions were asked to elicit
recommendations and comments:

1.  What design features on this phone do you think make
it accessible? What do you like about the phone?

2. Can you think of a way to make this phone more
accessible based on what you have been able to
observe today?

3. How likely are you to use a phone like this? Why?

Non-technical language was used to ensure that partic-
ipants understood the questions. In total, the duration of the
session was approximately 2 h and was audio-recorded to
ensure that the ratings and responses were accurately
documented.

5.2.2 Software evaluation

After completing the hardware evaluation, two software
prototypes were developed by the commercial
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manufacturer and used to conduct an HE of the software.
One of the prototypes had screen reading software, and the
second had voice activation software, in addition to the
standard phone operating system and hardware features.
Each PD member was independently provided with the two
prototypes and a simplified user manual, and allowed
3 days to explore and learn the software operations.

Subsequently, an individual meeting was held with each
PD member, during which they performed eight direct
manipulation tasks: (1) power on; (2) place and end a call
(from the start menu, from a shortcut, and by speed dial);
(3) add a contact; (4) send a text message; (5) delete a text
message; (6) turn on/off the screen reading software; (7)
add an appointment to the calendar; and (8) play media.
For each task, the scenario was presented, and the partic-
ipant was given 3 min to complete the task. To determine
whether the software features of screen reading and voice
activation affected phone accessibility, participants com-
pleted all eight tasks on both prototypes. The presentation
order of the prototypes was alternated across participants.
After each task, a binary assessment of success was used:
either the participant completed a task (success) or they did
not (failure). A success rate was calculated across all par-
ticipants for each task.

After completing the eight tasks with both prototypes,
participants were asked to rate the prototype software
accessibility, ease of use, and effectiveness based on the
design guidelines developed in Phase 1, as they did for the
hardware evaluation. The participants provided one set of
ratings to apply to both prototypes. They were also asked to
respond to Questions 1 and 2 from Sect. 5.2.1 about the
software.

5.3 Results

A wide range of ratings was obtained for the 44 design
guidelines (Table 2). Among these, the guideline that
received the lowest mean rating for the hardware evalua-
tion portion was the presence of tactile markers for primary
feedback. The prototype was noted as lacking a tactile
feature for indicating which button they were pressing,
especially for soft keys on the front (touchscreen portion)
of the phone. All participants expressed a liking for the
shape of the phone, its thinness, and its low weight.

One of the highest rated software accessibility features
was the volume control, where the participants expressed
satisfaction with having separate volume control buttons
eliminating navigation of the touchscreen options
(Table 2). The guidelines with the lowest ratings included
the ability to “understand different vibrations,” having
“accessible documentation,” and being able to “scan [the]
screen” to learn the placement of icons and features. When
the results from the five ISVIs were analyzed, the guideline

Table 2 Ratings of prototype hardware and software accessibility in
terms of the design guidelines

Mean
rating (SD)

Mean
rating (SD)

Design guideline Design guideline

Shape fit to hands 4.3 (1.0) Ring or vibrate 4.0 (0.9)
indicator
Withstand drops 3.5 (L.5) Selection cancel 3.7 (1.6)
Non-slip keys 2.3 (0.8) Function 2.5 (1.5)
confirmation
Detectable edges 3.2 (L.5) Error correction 3.0 (1.6)
Common buttons 3.8 (0.8) Adjustable delay 2.2 (1.3)
easy to find
Unique button 2.8 (1.2) Reusable commands 3.0 (1.3)
shape
Tactile markers 2.0 (1.1) Feedback on 3.0 (1.5)
demand
No high force 4.8 (0.4) Data entry echo 2.2 (1.2)
Voice-activated 3.5 (1.0) Name of item heard 2.8 (1.7)
status
Voice dialing and 3.8 (1.2) Brief sound with 2.0 (1.2)
text selection
Assignable 2.8 (1.3) Read back of menus 2.3 (1.5)
ringtones
Easy access to 2.6 (1.5) Interruptible sound 2.8 (1.5)
voicemail
Error notification 2.3 (1.0) Turnoff sound 3.0 (1.7)
Grouped menus 3.4 (1.8) Volume control 4.0 (0.9)
Screen reader 3.0 (1.6) Battery and signal 3.0 (1.7)
indicators
Message reader 2.7 (1.6) Localized vibration 2.8 (1.7)
Speed dialing 3.2 (1.3) Small high-speed 2.8 (1.6)
displacements
Any starting 3.0 (1.7) Consistent layout 2.7 (1.0)

position

Only items rated by at least 4 participants are included; some par-
ticipants felt unable to assess the prototype for all guidelines based on
the tasks tested

that received the lowest rating was “Brief sound with
selection” (mean = 1.5, SD = 0.58). Since the younger
population was the target market for the product, the results
of the three younger PD members were considered sepa-
rately as well. These PD members rated the “Read back of
menus” lowest (mean = 1.33, SD = 0.58), commenting
that they disliked how the phone read back the options for
the highest-level menus, but then did not read back menus
once inside a function. They also expressed a desire to hear
the menu options whenever they were rolled over to con-
firm their choice. Regarding the design features that were
indicated as making the phone accessible, highlights of the
comments included:

1. Differing shapes, sizes, and textures of the side
controls made them easier to distinguish.
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2. Only the most important items have buttons and they
are simple buttons.

3. Having a big screen that is up-to-date is helpful.

4. The phone can be held in one hand (obtained from the
individual with a UED).

5. Having a separate power button is useful.

6. Having a home key that supports one-step navigation
to the main menu is useful.

When using the prototype with a text reader (Fig. 2), all
tasks other than “Power on* had low success rates. The most
challenging tasks, with success rates <20 %, were “call from
short cut,” “add contact,” and “play media.” For the voice
command prototype (Fig. 2), success on the “call from start
menu” task was improved, exceeding 60 %. There was also
higher success in having the phone “play media,” but lower
rates for the text-entry-related tasks of “add contact,” “send
text,” and “add appointment.”

Four of the six PD members commented that voice
activation provided the most useful functionality while
operating the prototype. Large text type and large icons,
screen reader technology, and sound feedback of phone
status were reported as useful design features by two of the
six participants. When commenting on areas for improve-
ment of the prototypes, “easy to access phone status/
feedback of current screen” was believed the most needed
design improvement. “Accessible tutorials” and “more
and simpler voice activation command” were considered
by two participants as features needed to be added in the
next design iteration.

5.4 Usability test

In the HE, several accessibility problems were identified on
the functioning prototypes based on PD member ratings for
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the phone’s performance relative to the design guidelines.
Since there were low success rates, suggesting severe
accessibility issues involved with the studied prototypes,
further testing was warranted to determine improvable
aspects of the interface design. Therefore, usable accessi-
bility testing was conducted with a sample of nine new
participants with SVIs in a lab setting (Table 3) to identify
additional design recommendations. The purpose was to
determine phone features that would allow for improved
accessibility for users with visual impairments while con-
sidering the overall usability of the design. Based on the
work of Virzi [44], four to five subjects are expected to be
needed to detect 80 % of usability problems, samples much
larger are less likely to reveal new information, and the
most severe usability problems are usually detected with
the first few subjects. From this, the tested sample was
likely large enough to meet the current purpose.

During the first half of the usability test session, par-
ticipants were asked to evaluate the two software-enabled
prototypes: one with voice activation and the other with
screen reader software, after performing five basic tasks:
(1) place a call using basic calling; (2) compose and send a
text message; (3) change phone to vibrate mode; (4) add a
new contact; and (5) add a new appointment. Participants
were allowed 10 min to explore the phones at the start of
the session prior to beginning the tasks. Participants were
allotted 3 min to complete each task. After each task,
participants were asked two questions: 1. What made this
task easy? and 2. What made this task difficult? Task
success rates were determined for each task using the same
binary scoring system as in the HE.

Once all five tasks were attempted on both prototypes,
participants completed a questionnaire to rate ease of
learning and use, interface usefulness, performance of
communication tasks, product reliability, and extracted
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Table 3 Demographic information of usable accessibility testing participants

Demographic PO10 PO11 PO12 PO13 PO14 PO15 P0O16 PO17 PO18
Gender Male Female Female Male Male Male Male Male Female
Age (year) 35 57 55 32 30 29 44 57 26
Disability type 20/400 20/500 20/800 20/400 Only light No vision No vision 20/400 No vision
Experience (year) 8 10 10 4 10 10 20 4 5

Table 4 Usable accessibility issues identified during usability testing

Design feature comment Times mentioned

Need more intuitive navigational cues 20
Need simpler commands 19
Limitations of voice activation 18
Screen reader did not read enough 16
Need time to self-train 12
Did not find arrow keys 11
Did not know how to use arrow keys 10
Did not find soft keys on touch screen 9
Need feedback while touching item 8
Did not know current status 8
Did not like voice or speed 7
Need physical buttons 5
Hard to get to voice activation 5
Did not know how/where to type 2
Soft keys were too close 2
Phone got stuck 1
Need interrupt key to stop voice 1

guidelines. The questions were derived from the guidelines
from Phase 1 and the Mobile Phone Usability Question-
naire [45]. Participants were asked to rate each item on a
Likert scale ranging from strongly disagree (1) to strongly
agree (5). After the questionnaire, participants responded to
the questions:

1. What functions would you like to have on a
smartphone?

2. Please vocally express the ideal design for a smart-
phone that accounts for visual and physical challenges.
You should describe what kind of features this phone
would have and why you think those features would
work. What will this smartphone look like?

This information was used to modify the design guide-
lines to ensure they were complete. Together with direct
observation in usability testing sessions, none of the
accessible design guidelines were added and modified.

Thematic analysis was used to analyze user feedback on
accessibility issues. Comments (based on number of
utterances) were grouped together semantically and were

ranked in descending order based on frequency of occur-
rence. Themes were mutually exclusive, and the results
(Table 4) indicated two general types of problems. First,
there was a lack of feedback indicating the current phone or
system status. Second, although voice command control
was considered a very useful feature by ISVIs, there were
several accessibility problems regarding voice command
that would result in a task completion failure.

Results indicated that accessibility problems discovered
in UT were also highlighted in results from HE. The authors’
experiences in usability testing suggest that when usability
problems are relatively severe, as they were here, behavior-
based quantitative data become less suitable for purposes of
comparison. Therefore, qualitative results from content
analysis were emphasized, and these results suggested some
coherence with respect to identified accessibility problems
between HE and UT results. For example, accessibility of
screen readers, voice activation commands, identification of
keys, and operation feedbacks were all regarded as severe
accessibility problems, which were suggested by low ratings
in HE and high recurring themes in UT. Moreover, though
participants were not expected to articulate all accessibility
problems, some interpretations and inferences can be made.
For example, poor navigational cues could be reflected by
relative low ratings on “consistent layout” and “any starting
position.” Thus, to a certain degree, validity of the set of
design guidelines was considered to be supported, although it
is acknowledged that future work is needed to assess validity
more comprehensively.

6 Phase 3: From design guidelines to a heuristic
checklist

The purpose of Phase 3 was to configure the identified
design guidelines into a heuristic checklist containing items
that can be used in the design of accessible smartphones.
Each design guideline was changed to a yes/no response
question before being added to the heuristic checklist. For
instance, one design guideline was stated as “An object
shaped to easily fit into their hands,” but was converted to
“Is the phone shaped to fit easily into users’ hands?” The
set of 44 design guidelines (Table 5) were re-worded into
corresponding heuristic checklist items (Table 6). Since the
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Table 5 Design guidelines

Categories Design guidelines

Mechanical controls . An object shaped to fit easily into the hand(s)
. A device that can withstand drops and scratches
. Keys that prevent slipping

. Easily detectable edges to help locate buttons

1
2
3
4
5. Commonly used buttons (home, volume, power) placed in obvious or intuitive locations
6. Buttons that are uniquely shaped, large, and spaced to support quick identification of location and function
7. Tactile markers on the phone surface for primary feedback

8. Controls and keys that do not require tight grasping, pinching, or twisting of the wrist

9

Display . Buttons that are highlighted when pressed to support correct selection

10. A screen and menus that are easy to explore without excessive searching

11. A display with high resolution

12. A display without glare or reflection from the touch screen

Speech and general 13. System status can be determined with voice activation

operation 14. Voice-activated dialing and text entry

15. Assignable or talking ringtones that identify callers
16. Easy access to voice mail without long key sequences
17. Error notification
18. Commonly used menu items grouped together
19. Easy access to screen reader technology
20. Access to message reader software
21. Speed or shortcut dialing must be accessible
22. A call can be answered by pressing any key
23. Touch screen must be startable in any position on the screen
24. An indicator of ringing or vibrating mode
25. Must be able to cancel a selection
26. Confirmation of every completed function must be accessible
27. Error correction
28. Make selections using gliding gestures for direct manipulation
29. An adjustable delay of button response to ensure that multiple touches can be treated as one touch
30. Reusable commands and gestures to ensure consistent interactions across applications and functions
31. Feedback must be presented as requested
32. Up to 2 s to hold a key before the action will repeat must be available

Audio feedback 33. The name of a character that is being entered must be heard
34. Names of items on the screen must be heard as they are touched
35. A brief, distinct sound must be heard when an item is selected
36. Menu lists divided into morphemic units (broken into pieces) must be heard and be read back to the user
37. The ability to stop sound feedback must be available at any time to move to the next function
38. Sound feedback can be turned off
39. Volume can be adjusted
40. Auditory indicators of battery status, signal strength and roaming

Touch feedback 41. User vibration feedback must be localized to the hand or touching/activation finger rather than vibrating the entire
device

42. User vibration feedback must use small high-speed displacements to provide strong and easily detectable
sensation (above threshold)

Other 43. Device should be consistent with familiar layouts

44. Identification of the status of all locking or toggle controls or keys must be accessible visually as well as by touch
or sound feedback
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Table 6 Heuristic checklist Table 6 continued

Accessibility checklist Accessibility checklist

Information Information

Designer Notes Designer Notes

Location Notes Location Notes

Checklist Checklist

Checklist items Yes/No/ Notes Checklist items Yes/No/ Notes

Planned

Planned

1. Is the phone shaped easily to fit into users’
hands?

2. Can the phone withstand drops and
scratches?

3. Do the keys prevent slipping?

4. Are the edges easily detectable to help users
locate buttons?

5. Are commonly used buttons (such as home,
volume, power) placed in obvious or intuitive
locations?

6. Are the buttons uniquely shaped, large, and
spaced to support quick identification of
location and function?

7. Are there tactile markers on the phone
surface for primary feedback?

8. Do the controls and keys not require tight
grasping, pinching, or twisting of the wrist?

9. Are the buttons highlighted when pressed?

10. Are the screen and menus easy to explore
without excessive searching?

11. Is there a high-resolution display?

12. Is there no glare or reflection from the touch
screen?

13. Is voice activation available to enable users
to determine system status?

14. Does the phone have voice-activated
dialing and text entry?

15. Are there assignable or talking ringtones
that identify callers?

16. Is there easy access to voice mail without
long key sequences?

17. Are users notified of errors?

18. Are commonly used menu items grouped
together?

19. Can the screen reader technology be easily
accessed?

20. Does the phone have message reader
software?

21. Is speed or shortcut dialing available?
22. Can calls be answered by pressing any key?

23. Can the touchscreen be started by touching
in any position?

24. Is there an indicator of ringing or vibrating
mode?

25. Can selections be cancelled?

26. Does the phone confirm every completed
function?

27. Does the phone allow for error correction?

28. Can gliding gestures be used for direct
manipulation to make selections?

29. Is there an adjustable delay of button
response to ensure that multiple touches can
be treated as one touch?

30. Are reusable commands and gestures used
to ensure consistent interactions across
applications and functions?

31. Is feedback accurately presented upon
request?

32. Does the phone allow up to 2 s of holding a
key before the action will repeat?

33. Can the name of a character that is being
entered be heard?

34. Are the names of items on the screen heard
as they are touched?

35. Is there a brief, distinct sound when an item
is selected?

36. Are menu lists divided into morphemic
units (broken into pieces) to make it easier to
read back to the user?

37. Can sound feedback be stopped at any time
to move to the next function?

38. Is it possible to turn off sound feedback?
39. Does the phone have volume control?

40. Are there auditory indicators of battery
status, signal strength, and roaming?

41. Is vibration feedback localized to the hand
or touching/activation finger rather than
vibrating the entire device?

42. Are small high-speed displacements used as
feedback to provide strong and easily
detectable sensation (above threshold)?

43. Is the phone’s layout consistent and
familiar?

44. Ts there visual and touch or sound feedback

to identify the status of locking or toggle
controls or keys?

proposed heuristic checklist was developed based on a case
study evaluating a smartphone prototype, future work
should be carried out to assess applicability to other
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devices. This checklist is intended to help developers,
especially those who are not experts in accessibility, to
ensure the inclusion of a broad variety of accessible fea-
tures. The checklist can be used in design evaluation to
suggest necessary areas for interface redesign and it can be
used throughout the design process in evaluating multiple
design alternatives. It can be easily integrated into the
iterative design process, even as early as paper mock-ups
and story boards.

7 Discussion

Most of the existing research on smartphone and touch-
screen handheld device design for users with impairments
has focused on specific accessibility tools but has not
established a general list of guidelines for accessible
design. In the first two phases of this study (Sects. 4 and 5),
design guidelines were developed through the involvement
of ISVIs and IUEDs using quantitative and qualitative
methods. Many of the results elicited during these two
phases are consistent with the universal design principles
previously applied to cellular phone design [6], such as
function completion confirmation, menu read back, and
voice-activated dialing. The design guidelines presented in
the present paper also include “error correction,” “error
notification,” and “reusable commands,” which fit within
the principles of tolerance for error and simple design. The
need for reusable commands has also been presented in
another study on mobile device interface design [31].

Results from this study highlighted users’ preferences
for a device power button separate from the touchscreen
(Sect. 5.3). Accessibility of the power button was sup-
ported by the 100 % success rates seen for the prototypes
in the usable accessibility test (Fig. 2). In addition, par-
ticipants found the presence of a home key useful for
allowing them to return easily to the main menu. This
corresponds with the results of a previous study on pref-
erable features for media players that showed that partici-
pants favored distinct buttons that provide inherent
feedback [30]. Having at least one button can provide users
with a reference point from which to learn the placement of
menus and icons presented on the touchscreen. A home key
also allows the user to return to a screen that they may be
more comfortable with if they get lost within the menus
and functions of the smartphone [30, 31].

As found in the usable accessibility test (Sect. 5.4),
participants had difficulty finding the touchscreen soft keys
and relied on the screen reader or audio and tactile feed-
back to determine activated features. Participants consis-
tently mentioned the need for audio and vibration or haptic
feedback to aid with accessibility (Sects. 5.3 and 5.4).
However, there were limitations to these software
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capabilities that prevented the participants from accurately
navigating the touchscreen interface (see Table 4). Spatial
layouts and navigation behavior are much more complex
for individuals with visual impairments [30], and the
finding and re-finding/re-positioning during navigation is
an essential behavior that must be better supported by
screen readers, auditory feedback (i.e., auditory icons,
sonification), and more advanced tactile feedback. As a
solution to this problem, the application of “risk-free
exploration” has been proposed, allowing users to move
their finger across the screen to get layout feedback without
activating any of the icons or features [31]. Status feedback
can be incorporated into future designs through speech
feedback when an item is touched (but not selected) or
through enhancements to the screen reader.

As relevant works have shown [30, 31, 46], it was
important to ISVIs to have confirmation of each function
they completed with the device (Sect. 5.3). Future touch-
screen smartphones should present a short auditory cue
with each selection along with feedback on the current
phone status and screen awareness, desired features
expressed by participants in Phase 2. While this may
oppose a previous finding of auditory feedback wanted
only on demand [46], for the current participants, who did
not have extensive time to learn the phone, the addition of
this supplementary feedback would aid in device under-
standing. In the prototype tested in the context of the
present study, only the top-level menus were read back;
secondary and deeper menu levels were not read. Acces-
sibility would be aided by having the menu options for all
menus read back since menus may not be consistent across
all phone functions, which would require users to re-learn
items [30]. Menu read back should be presented in short
pieces [46], to prevent overload of a user’s working
memory, and users should have the choice to have seg-
ments repeated without listening to the entire list again
[47].

Due to a limited ability to present speech or auditory
feedback for all menu read backs and selection confirma-
tions, vibration feedback should be further investigated to
complement the auditory [48]. The participants in this
study indicated a dislike for the current vibration system,
since they were not able to adequately detect the differ-
ences between vibration types for the various messages.
This does not, of course, preclude the potential benefit of
vibration as a secondary feedback type. For the participants
in this study, after becoming familiar with the design, the
option to interrupt the audio rather than having to wait for
the speech to finish before moving to the next action was
suggested (Sect. 5.4). The inclusion of this feature would
be consistent with design principles presented in previous
studies [46, 47]. Once users become more proficient, they
should also have the option to disable the feedback features
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they find unnecessary and to control the rate of speech
feedback to accommodate their level of expertise.

This study had a number of challenges and limitations.
One of the greatest challenges in conducting research with
users with impairments is access to the participants them-
selves [38]. For this study, limited resources were available
and only those individuals who were willing and able to
participant were recruited. However, this study applied a
mixed-method approach to benefit from the complemen-
tary attributes of quantitative and qualitative research.
Despite the small sample, the results provided useful
information solicited from a large amount of rich data. Due
to limitations in resources, and despite necessary recruit-
ment efforts, it was also not possible to include all sub-
groups of the user population. Individuals with severe
visual impairments and dexterity disability were included,
to give designers a picture of the full range of capabilities
in terms of directly manipulating smartphones, and which
should enhance the external validity of the study. As an
important potential limitation, however, it is acknowledged
that having more than one participant with motor impair-
ments would have been much more desirable and
beneficial.

One might argue that the baby boomer and older PD
members (Sect. 4) do not represent the full user demo-
graphic spectrum, and their ratings and comments may be
inclusive of smartphone design needs of older users rather
than needs of users with SVIs. If smartphones are
designed for the expanded needs of the general popula-
tion; then, as a consequence, they should meet the
accessibility expectations of younger users with disabili-
ties. Similarly, while smartphone users might provide
useful viewpoints based on their prior experiences, it was
preferred to employ participants who had limited biases
from such experiences. If novice users with the least
amount of knowledge can use the device, then others
should be able to as well.

An additional limitation is the variability in the time
each PD member spent learning the prototype prior to
software evaluation (Sect. 5.2.2), since this study attempted
to balance naturalistic environments with a moderate level
of internal validity. Factors such as work schedules and
insufficient learning assistance may be potential threats to
the study control, but also other factors, such as frustration
with the new technology, may have negatively affected
interest in phone exploration. Another limitation is that the
ideal smartphone design responses given during the HE and
usable accessibility tests (Sects. 5.3 and 5.4) may have
been biased by the prototype and participant experience
with their own mobile phone. This may have been pre-
vented by asking the questions prior to the prototype
evaluation; however, lack of knowledge and understanding
of the potential design features and functions would also

have been issues. The manufacturer-supplied prototypes
were also restricted by having separate prototypes for
testing the screen reader and voice activation software.
While it would have been desirable to have both software
systems together in one prototype, the features were tested
separately.

A potential broader benefit of the proposed heuristic
checklist composing of accessible design guidelines is the
transfer, with minor adjustments, to design for situational
impairments. With situational impairments, as developed
by Newell [49] and furthered by Sears et al. [50, 51],
contextual factors, such as ambient noise, glare, darkness,
and walking vibration [52], can temporarily reduce user’s
abilities in a manner similar to health-related impairments.
Recently, the feasibility of transferring technology
designed for health-induced impairments to situational
impairments has received increased attention. For example,
some studies have demonstrated that walking affects per-
formance (e.g., reading, text input speed, target selection)
and induces higher error rates [52-54]. Thereby,
researchers have begun to transfer accessibility work for
individuals with motor impairments to provide solutions
for these performance decrements [55]. For the current set
of design guidelines, there is a potential for transfer to
situations where vision is impaired from conditions such as
glare or darkness. Inclusion of design features that address
requirements for ISVIs may allow for improved usage
under these conditions. Future work is needed, though, to
examine the generalizability of these accessible design
guidelines to design for situational impairments.

In summary, the results of this study provide informa-
tion on design features to incorporate into accessible
smartphone interfaces. A number of issues with the design
guidelines and the smartphone prototype were identified,
and a rich data set was obtained. These results informed the
development of a heuristic checklist, a design tool that may
contribute to the goal of providing universal access. With
the current trend toward touchscreen smartphones, this tool
is intended to help designers to ensure that their products
are usable by individuals with severe visual impairments or
upper extremity disabilities.
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