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ABSTRACT
Context. Man is blessed with five senses with which he communicates, transports himself and engages
in everyday life activities, the impairment of any of these senses, places a limitation on him and makes
him less functional. A person may easily cross a busy street without any help but when one is visually
impaired one would need assistance to cross a street safely or do another everyday task. This
dependency is the state in which 285 million visually impaired people all over the world find
themselves[1]. To help the visually impaired overcome the limitations placed upon them by their
impairment organizations such as the World Blind Union, the Helen Keller National Center, the
European Blind Union (EBU), the European Institute for Design and Disability (EIDD), the United
Nations Convention on the Rights of Persons with Disabilities (UNCRPD), and Eurohaptics have over
the years made various attempts at alleviating their plight and to assist the visually impaired. These
organizations have poured much money into worldwide research and development for the creation of
software to aid the visually impaired.
Objectives. We aim at developing and implementing the Haptic Requirements Specification Method
(HRS). This method is based on participatory design and follows the reference model for requirements
and specifications developed by Gunter et.al[2]. HRS helps to develop system specifications through a
learning process and make these specifications available to other engineers. With this method, the
visually impaired user experiences the system being specified through feedback given as meaningful
haptic impulses while allowing the requirements engineer to specify the system as compactly as
possible. To test our method a haptic glove shall be developed and worn on the hand of the visually
impaired user, which shall use sensors to establish the presence of obstructions in the way of the visually
impaired user and shall alert the user of the presence of obstructions with the use of vibration motors
while transmitting data about the distance of the obstruction from the user via Bluetooth to an android
device for review by the requirements engineer as a health check on the functioning of the device.
Methods. We carried out a canonical action research (CAR) to solve this research problem, our CAR
was made of three cycles, each of these cycles had the development of a haptic glove prototype which
was tested by 5 blindfolded users per cycle. In the third cycle, we tested our minimalistic requirements
specification by handing it over to a developer who was able to build the device from the given
specifications.
Results. 100% of the blindfolded users completely navigated the hallway using the haptic glove we
developed. 100% of our subjects expressed satisfaction in the support they received from the glove.
100% of our subjects reported that they felt safe using the haptic glove. 80% of our subjects reported
that they felt comfortable after walking around with the haptic glove. The output from the second cycle
of our CAR was used in creating a minimalistic requirements specifications document which was
handed over to a developer along with the components specified in the requirements document. The
developer was able to build the prototype from the specifications with no difficulty and 0% error, thus
with the use HRS we were able to develop requirements that were used by a developer to create a
product.
Conclusions. We developed the Haptic Requirements Specification (HRS) method based on the results
of a canonical Action Research and described how described how requirements could be developed
through a learning process which makes it unique in comparison to many requirements engineering
methods, the developed specification consists of three views, a view used by the designer which
focusses on system attributes, a view used by the developer which focusses on system components and
a view used by validator which focusses on the user experience.
Keywords: Haptic, specification, observation, requirements.
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Introduction
Consider the problem of agreeing with a visually impaired user who cannot see visual
representations of requirements such as Uniform Modelling Language (UML) nor see a
prototype and agree with a requirements engineer on what characteristics should be specified
in a haptic device for visually impaired users. This problem poses a unique set of challenges
to requirements engineers[3], creating the likelihood of the requirements engineer not sharing
a common understanding with the user[4][5] on what characteristics should be specified in a
haptic interface, the usual principles of requirements engineering for sighted users are rendered
unusable in the elicitation and specification of the characteristics of haptic devices when
visually impaired users are involved and thus a different methodology suited for visually
impaired users is needed, this paper describes an intuitive methodology that enables the
requirements engineer to elicit the needed requirements from the visually impaired user in
such a way that a common understanding is reached between the visually impaired user and
the requirements engineer.
We seek to develop a software requirements engineering methodology that would aid the
production of assistive devices used by the visually impaired to cope with the demands of
everyday life successfully by involving them in the software requirements engineering process
that builds the devices they need. Software development usually begins with the specification
of elicited requirements[6]. Requirements specification must involve user agreements between
the requirements engineer and stakeholders[6], [7]. Specifications are usually displayed in
diagrams such as the Uniform Modelling Language (UML) which show the functionality,
behavior, processes, data, and system structure involved in the system for stakeholders to see.
Prototypes of Graphical User Interfaces (GUI) are displayed during the requirements
elicitation and specification process; these are characterized by the “What You See is What
You Get” (WYSIWYG) principle, thus stakeholders on seeing them can agree, disagree or
suggest changes.
However, there is a problem when the stakeholders are visually impaired, visual
specification models like UML and GUI prototypes would not be useful to them[4].
Specifications are to be felt not seen, and prototypes are to be tactile, characterized by the
“What you feel is what you get” (WYFIWYG) principle. How do visually impaired people
agree with the requirements engineer on what they want to feel from a haptic device? By what
frame of reference can they participate in the creation of a set of tactile specifications with
which they are satisfied? A meaningful haptic specification method is needed to solve this
problem.

State of the art
Over the years attempts have been made at involving the visually impaired in requirements
elicitation and specification because their input is very important to create software targeted
at them, such attempts include teaching blind software users to use braille enabled UML
systems such as BLINDUML[8], [9], the EU-supported TeDUB[5] and an Accessible Web
Modelling Tool (AWMo)[10].
Visually impaired people have been able to browse the web via Morse code[5], [11],
communicate via SMS on vibrating smartphones[12], Alti[13] reports that visual forms
could be transmitted as meaningful musical stimuli called the audiograph for communication
with visually impaired people[9], Brown[14] shows that tactons (tactile icons) help to
communicate with the visually impaired with a “high recognition rate of 72%”, a fair mixture
of haptic impulses has been successfully integrated into mobile devices for the visually
impaired[15].
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There are companies that create devices create devices for visually impaired people.
Current design approaches are not beneficial to the visually impaired [16], haptic interfaces
may also be designed with CAD technology [17]. Where freeform/Phantom technology was
used the resulting product features were unacceptable [18] [19].
The use of the human body as a part of a computer system affords benefits that show that
the haptic feedback could be used with precision and for specific purposes [20]. Attempts have
been made at creating models for elicitation and specification of haptic interfaces for visually
impaired users, we realize that these models are based mainly on oral brainstorming activities
and the study of videos of visually impaired users using conceptual prototypes[5] which may
be far different from the expected product and therefore may not completely provide all the
measurable factors true prototypes would.
In software engineering there exists several methodologies that could be used to elicit and
specify system characteristics from these specific set of users to create systems to be used by
this, one broadly used methodology is participatory design.
Muller[21] describes participatory design as "a set of theories, practices, and studies related
to end- users as full participants in activities leading to software and hardware computer
products and computer-based activities". Kensing[22] agrees that user participation facilitates
the creation of designs that meet the user’s needs. Participatory design requires the
involvement of users at all stages of the development process[23][24], however, it is
problematic when the users either do not know their needs or when the user needs are not well
defined[22], examples of such situations are where the users suffer from blindness[3],
dementia[25] or Down’s syndrome[26].
Fricker[27] emphasises that for requirements communication to take place a given
customer’s needs must be passed on to a given supplier such that the supplier is able to use
this conveyed needs to produce a solution acceptable to the customer. It can be seen that where
the customer is the user and the supplier is a developer, the inability to communicate properly
or to understand the user’s needs could lead to the production of systems that leave the user
dissatisfied[6].

Knowledge gap
Participatory design methods have recently been applied to the solution of problems faced
by the visually impaired users, these are characterized by attempts to involve the user in all
stages of the development process [16][28].
Communication problems do show up between the requirements engineer and the visually
impaired user due to communication or sensory impairments and affect the quality of the
specified requirements[27].
The use of a participatory design based method that develops knowledge about sociotechnological alignment and makes this knowledge available to engineers through the use of
the model for requirements and specification proposed by Gunter would be helpful. The
incorporation of learning into the specification of haptic interfaces for visually impaired users
would complement the specification process by ensuring that details which are not so easily
communicated are captured as well[21]. However, we find little evidence of such a method
and this is the knowledge gap we seek to address.

Criteria to judge the success of a solution
A successful solution should accurately map inputs and outputs during requirements
elicitation and specification in a particular context onto meaningful haptic impulses that create
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a shared understanding between the visually impaired person and the requirements engineer.
It must fulfill the following criteria.
I)

The method should able to capture contexts, inputs, outputs and the relations
between the inputs and the outputs. The captured data will enable us to test and
fine-tune the system

II)

The method should achieve a shared understanding and agreements on
requirements between the visually impaired and requirements engineer. The
method should provide the requirements engineer a visual model of what the
visually impaired user feels.

III)

The method shall follow a prototyping approach of increasing fidelity such as that
proposed by the European Technology Readiness Levels (TRL)1 . We target TRL
4 in our approach thus the system must be validated by laboratory tests.

Haptic impulses felt by the user shall be converted into textual and graphical
representations presented to the requirements engineer to be used as a health check for an
assessment of the device’s functionality. To validate whether this conversion works we shall
measure the level of accuracy achieved in the conversion of haptic representations to graphical
representations.
The system developed must enable the user to carry out the activity for which the haptic
interface is being created. The requirements specification developed when handed over to
developers must produce the same prototype.
The basic validation tests are
1) Did the resulting haptic phenomenon felt by the visually impaired map the environmental
phenomenon to be detected by the haptic interface?
2) Was the requirement specifications document which was produced from the research
process enough to accurately create the specified product when handed over to an independent
developer?
If these tests are passed, we could conclude that there is a shared understanding created
between the requirements engineer and the visually impaired.
We seek to evaluate the consistency with which our process converts a particular
environmental phenomenon, in this case, the presence of physical obstructions into haptic
representations. We also seek to evaluate the accuracy with which an independent developer
could develop a replica of the prototype when handed a requirements specification document
extracted from our research process. It is expected that the visually impaired shall play a vital
collaborative role in the specification of this product and the specifications developed by the
requirements engineer shall result in the creation of the exact product that would meet the
users’ needs.

Contributions to the study
In this paper, we make the following contributions. We develop and explain the Haptic
Requirements Specification (HRS) method. The HRS is a minimalistic approach to specifying
a haptic system and to develop the specification without prior knowledge.
We explain through this research how the results of participatory design could be
documented in a requirements document by following Gunter's reference model.

1

European Commission, “General Annexes,” in HORIZON 2020 – WORK
PROGRAMME 2014-2015, 2013
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We use the development of a haptic glove aimed at helping visually impaired people to
navigate known indoor environments without crashing into obstacles as a case to explore this
method section (3).
We develop the HRS using the Canonical Action Research (CAR) methodology and describe
how requirements would be developed using the HRS.
The remainder of this report is structured as follows. Section 2 presents the related work
on this subject. Our research methodology is described in Section 3. The results we received
from our research are outlined in Section 4 describes the results generated by following the
steps in research methodology. The data is analyzed in section 5. The threats to validity,
discussions, and conclusions based on analysis are described in Section 6, 7 and 8.
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Related Work
Requirements engineering among the visually impaired has taken various shapes
throughout history. Heber describes the blind user requirements engineering (BURE) [3]in its
use to develop requirements for mobile service applications and features BURE relies heavily
on oral communication with its participants, for requirements elicitation and presentation of
feedback BURE begins with a process of recruiting participants and having brainstorming
sessions with them, it then engages in oral discussions with them to elicit needs, the
participants are then asked to put forward the features they deem are most important, these
requirements are then categorized and presented to the participants to judge the importance of
these features, a scenario is developed around the most important features and orally described
to the participant along with its variations and effects, participants are asked to explain why
particular features are important to them. Data collected and user feedback are written in a
report as a specification document. The BURE method revealed that over and over again the
categories that seemed to be most important to blind participants had to do with "Navigation
and Routing”, “Shopping” and “Traffic and Public Transport” their finding strengthen our
position on the fact that we shall limit our thesis to everyday activities encountered by the
blind, and in our case to Navigation.

Figure 1The BURE process for requirements engineering among visually impaired users [17]

Bahn[5] describes Scenario-Based Observation Approach for Eliciting User Requirements
for Haptic User Interfaces which majorly consist of given the blind participant a task to
perform, observing this task and taking a video recording of this tasks as it is being performed,
the user’s behavior and problems he/she faces are noted, the steps involved in fulfilling the
tasks, the user behavior, user problems, and errors made are used to create scenarios and from
these scenarios user requirements are extracted for the development of a system for the user.
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Figure 2 The Scenario-based approach for requirements engineering among VI [12] [19]

Kim[16][29] The use of a modified form of Plastic Interface for Collaborative Technology
Initiatives Video Exploration (PICTIVE) PICTIVE ordinarily was designed to be used by
sighted people with graphical user interfaces that can be seen in order to create prototypes
which would resemble the final product, Kim modifies this to the use of two categories of
materials. The first category of materials are the office materials and then the second category
are virtual objects that can be felt, pre-designed haptic widgets are presented to the blind
participant in the experiment and the participant is videotaped and interviewed as he/she
interacts with the haptic widgets, the interactions are carried out as the participant collaborates
with a designer in designing a haptic user interface (HUI). Four types of design issues are
explored and these are
a) how one navigates a virtual environment
b) how to find objects
c) can the features of an object be identified
d) can one object be told from another.
The questions, design ideas, answers, and opinions reaped from the design session are
categorized, analyzed and put together into a requirements specification document
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Figure 3 The modified PICTIVE approach

It is evident that most approaches for the specification of system characteristics for the
visually impaired implement participatory design concepts, characterized by user participation
throughout the design process[22][23], however, there exist situations where user participation
at the in specifying system requirements is very difficult to attain, this includes situations
where users may have cognitive, sensory or communication difficulties[26], [30],[3], this
situation is one which HRS seeks to address.
HRS differs from many requirements engineering methods in that it adopts an
experimental learning process to by which it develops requirements specifications.
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Methodology
Research Method
Researchers in software engineering have used a variety of methods in studying various
phenomenon, among these methods are simulations, case studies, and experiments. One key
feature of our study is that specifications are not known and we seek to carry out an innovative
approach.
Surveys[31] rely heavily on the opinions of practitioners, however, we found out from our
literature review the development of specifications by a participatory design that leads to
learning and the production of a specification to be used was not being practiced, therefore a
survey could not be used in this research.
Given that we did not know at the beginning of this research all the variables that pertain
to a real environment or the user as opposed to a controlled environment, nor could we
replicate every aspect of the environment, therefore, we could not use an experiment[32] .
Our research sought to study how the user related through an interface to the real world
environment and not in modelled simulated environments and therefore we could not use
simulations[33].
Our research is carried out using canonical action research(CAR); The researcher sought
to create an innovative solution to be used by a company. The effects of changes to the
development process had to be observed by the researcher and discussed with stakeholders.
For this reason, the CAR was an appealing choice to the researcher because it is iterative,
collaborative and adaptable [34].
Canonical action research involves the following principles, the creation of a clientresearch agreement in which the methodology and details of the research are agreed upon; A
cyclical process model made up of the following steps.
1. Diagnosis (where we identify the existing problems that need to be solved).
2. Action planning (where we plan the remedies for each identified problem noted in
the diagnosis).
3. Intervention (where we enforce and implement the planned actions).
4. Evaluation (where we evaluate the efficacy of the interventions, this evaluation
may lead to either rounding up the process, cancelling the process or beginning an
entirely new cycle).
5. Reflection (taking cognizance of all the activities, principles, solutions, errors,
interventions and improvements that featured in the solving of the problem for the
benefits of both the researcher and the client).
We have applied our canonical action research methodology to the creation of a haptic
glove for use by the visually impaired in the context of indoor navigation. Feedback was
collected from the operation of the haptic glove to enable requirements engineers to specify
haptic interfaces for visually impaired users. Our research comprised three CAR cycles, the
result of each cycle was a prototype the third cycle had, in addition, a requirements
specification for specifying haptic interfaces for visually impaired users.

Research Context
In order to understand the need for the solution, and the problems being tackled, it is of
prime importance to outline the context of this research.
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Company: The company involved in this study is a Swiss company based in
Switzerland that provides accessibility solutions for visually impaired people
(Earsandeyes.ch).



Products: One product has been evaluated, our task is to create an alternative to
this product that enables indoor orientation and mobility while protecting the
privacy of the visually impaired user.



Product A: The visually impaired user uses an app on his phone to communicate
with a call service center agent, who evaluates the need of the user such as the
need to cross a busy street and gives the user real-time guidance over the mobile
phone.

In this research, we use the specification of a haptic interface of a device for assisting a
visually impaired person as an example of a CPS.

Research Questions
The following research questions were to be answered by Canonical Action Research, they
were to be answered by finding out what was successful and what was not successful in
specifying the haptic phenomenon,
 RQ1: What system characteristics need to be specified for a haptic interface for
the visually impaired?
We seek to find out what system characteristics should be specified to create the appropriate
haptic impulses to enable the visually impaired user to appropriately carry out a set of activities
by the sense of touch which would have ordinarily been done by sight.
 RQ2: What views are needed for the communication of requirements of the haptic
interface for visually impaired users?
We seek to find out what views are necessary for the specification of the haptic interface
and what these views should consist of.
 RQ3: How shall the requirements of the haptic interface for visually impaired users
be developed?
We seek to find out the process by which the haptic interface shall be developed.

15

Action Research Design

Figure 4 CAR process model. [34]

Figure 4, shows the design of the CAR process used in this project, this process was culled
from [34] .
In the diagnosis step the researcher analyzes the scenario of a visually impaired person
seeking to find his way through a hallway filled with obstructions and outlines various
limitations the visually impaired user might face in interacting with his/her environment.
Informed by these limitations the researcher seeks out a set of characteristics that should be
possessed by components (ultrasonic sonar sensors, vibration motors, a Bluetooth module and
an android app other hardware) that could be put together to mitigate these limitations, this list
of components and their characteristics helps us to answer RQ1 by providing us with a set of
characteristics for our prototype, this step also informs us on what view of the specification is
necessary for design purposes.
In the action planning step, the researcher in collaboration with the client match the listed
components and their attributes with the components that exist in the market with the
characteristics they have listed and purchase them, the action planning step helps us to answer
RQ2 by letting us know what views of the requirement specification are necessary for the
designer as well as for procurement.
In the intervention step the researcher sets up the components, writes the code that runs the
prototype and creates an android app to remotely monitor the prototype’s functionality, it is in
the intervention step of the third cycle that the researcher hands over the developed
requirement specifications document to a developer for the creation of a prototype. The
intervention step helps us to understand which view of the requirements specification is
necessary for development purposes by a process of observation we learnt what views were
necessary for the developer and therefore were able to answer RQ3.
In the evaluation step the researcher carries out a series of tests on blindfolded students to
ascertain if they would be able to walk through corridor using the prototype. The researcher
records these tests on video for further analysis. The evaluation step confirms or repudiates
the fact that a component is solving the part of the diagnosis it is responsible for.
In the case where a component solves the diagnosed problem it is responsible for the
component is maintained otherwise it is changed in favor of one which would solve the
16

diagnosed problem. This step helped us to answer RQ1 in that by iterative means we are able
to come to a set of characteristics that should be specified in a haptic interface, it also helps us
in RQ2 because we are able to know what view of the specifications is necessary for testing.
The repetition of this step throughout the three cycles helps us to answer RQ3 by culminating
in the specification that was handed over to the developer.
The test trail used by blindfolded users is described as follows. Blindfolded users were
supposed to walk a trail made of four sections of a hallway of the Blekinge Institute of
Technology, only trail 1 was used in cycle 1, however, trail 1 through to 4 which are
consecutive parts of a hallway were used in cycle 2 and 3 the sections of the hallway are shown
below.

Figure 5 First section of the trail

Figure 6 Second section of the trail

Figure 7 Third section of the trail
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Figure 8 Fourth section of the trail

In the reflection step the researcher studied all the facts, perceptions, feedback and
principles they had acquired at all preceding step, the researcher saw the need for yet another
set of CAR cycles this was because the evaluation stage showed that that the 40 cm range of
the HC-SR04 sensors they had used to build the first prototype was rather short and impractical
for any use, they, therefore, acquired MB1360 XL‑MaxSonar‑AEL1 sensors which had a more
practical range of 10 m. The researcher decided to conclude the CAR at the third cycle because
by this cycle he had received answers to all his research questions.
Figure 9 Modification of Gunter's model for requirements and specifications[2]

The work done in this research was based on using the model for requirements and
specifications proposed by Gunter[2] see figure 5. The interface comprised the sensor and the
actuator. By Gunter’s model, we mapped the sensor of the system to the desired features of
the environment we sought to study and then mapped the actuator of the system to the haptic
feedback the user should feel on his/her body.
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ACTION RESEARCH RESULTS
First Cycle of Canonical Action Research (CAR)
Table 1 gives a bird’s eye view of the various steps taken in the first cycle of the CAR
Table 1 Steps of the CAR process first cycle
Item

Diagnosis

Action
Planning

Intervention

Evaluation

Reflection

A

Lack
of
obstruction
detection

Use
Ultrasonic
sonar sensors

HC-SR04
were used

Sensor
range: 40cm

90% of the
users navigated
the hallway

B

Lack
collision
avoidance

of

Use vibration
disk motors

Five vibration
disk motors
were used

Vibrating
motors
alerted users

User
avoids
collision into
obstacles

C

Lack of system
health check

Create
an
android app
for
visualization

An android
app
was
created
for
visualization

App
displayed
distance
away from
obstructions
and
Vibration
motor index

App provided
feedback
on
obstructions
and vibration
motors

D

Lack
of
communication
between haptic
glove and app

Use
Bluetooth
module

a

Used HC05
Bluetooth
module

Data transfer
successful

Low
battery
power led to
transmission
errors

E

Lack
of
visualization of
intensity
of
haptic
perception

Map haptic
perception
onto a visual
scale

Map haptic
perception
onto
RGG
values 0 to
255

Colored spot
showing for
vibration
intensity

Android app
gives
meaningful
information on

F

Lack of a
device which
incorporates A,
B, C, D and E

The creation
of a haptic
glove which
incorporates
the planned
actions of A,
B, C and D

A
righthanded haptic
glove
was
created made
up of the
components
described in
A, B, C and D

Blindfolded
users were
able to walk
through
a
hallway
using
the
haptic glove

An
updated
glove is needed
such that the
user does not
need to go too
near
an
obstruction to
know it is in
his/her path

4.1.1 Diagnosis
Given the problem of a visually impaired person seeking to navigate his way through a
hallway he already knows but has no aid to prevent him from bumping into obstructions.
Obstructions may include corners, doors, walls, and other people walking around. The
researcher seeks to identify particular limitations pertaining to the visually impaired person in
relation to his indoor environment. With these limitations identified the researcher seeks to
develop a remedy to that could enable the visually impaired individual to navigate the hallway,
this remedy shall use ultrasonic sensors to detect the presence of obstacles in the way of the
user and shall also use vibration motors to alert the user of the presence of these obstacles.
This remedy according to Gunter’s model figure 5 should map the sensor onto the obstructions
and the actuator to the user’s haptic feedback
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Results of the Diagnosis Step
The diagnosis revealed that the visually impaired user could not detect obstacles in his or
her environment and therefore there was the need for a solution to alert the visually impaired
so to avoid collisions with obstructions. Such a solution should be able to provide textual and
visual feedback as a health check to monitor the fact that the solution is indeed detecting
obstacles and alerting the user.
4.1.2 Action Planning Step
In the action planning step, we planned to use ultrasonic sonar sensors to detect obstructions
in the user’s environment. We planned to use vibration disk motors to alert the user about the
presence of detected obstructions in the environment to avoid collisions with obstructions.
We planned to use a Bluetooth module to convey data pertaining to the intensity of the
vibration motor’s vibration and the distance of the obstruction from the user to an android app.
We planned to create an android app to present textual and graphical representation of data
passed through it by the Bluetooth module. The main purpose of the android app was to be a
health check on the functioning of the haptic glove.
We planned to use a microcontroller as the processing unit which sets into operation the
sensors, vibration disk motors, Bluetooth module and their interconnections.
4.1.3 Intervention Step
In the intervention step the researcher mounted up five HC–SR04 Ultrasonic sonar sensors
on the haptic glove, four of the sensors placed in accordance to the 4 cardinal points and the
fifth with respect to the z–axis, the sensors are arranged in such a way that they are 30 degrees
apart in order to prevent the overlapping of sensor feedback.
Five vibration disk motors were attached to the haptic glove; the vibration disk motors are
arranged such that they correspond to the position of each HC–SR04 Ultrasonic sonar sensors.
One vibration disk motor was attached to the tip of the thumb, one to the tip of the middle
finger, one to the tip of the little finger, one to the middle of the palm and one to the base of
the palm, this gives the user a sense of position of obstacles located in any of the 4 cardinal
points and the z–axis simultaneously as well as create a sense of stereographic projection, the
vibrating disk motors were programmed to vibrate with an intensity inversely proportional to
the distance of the obstruction from the user for up to 40 cm which is the limit of the sensors’
reading capability, therefore the greater the distance the less the vibration and the less the
distance the greater the vibration.
The researcher attached an HC05 Bluetooth module to the prototype, the Bluetooth module
conveys the following data items to an android device.
•

ID of vibration disk motor

•

Distance of sensor from obstruction

•

Voltage passed to vibration disk motor

The researcher created an android app that converted the data received from the Bluetooth
module into a textual and pictorial representation of what the user feels from using the haptic
glove
4.1.4 Evaluation Step
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Table 3 shows attributes of importance to the researcher pertaining to the functioning of
the prototype.
Table 2 Facts from evaluation
Sensor read range




40 cm on full battery power
Reduces steadily as battery power recedes

Vibration of vibration disks enough
to guide users

Vibration disk vibrates at 0.8G

Text string received on android app
via Bluetooth dongle

Values are visible on android app, having been successfully
communicated via Bluetooth module

In the Evaluation step, the researcher noted that the sensors were able to detect the presence
of obstruction and because of their arrangement are able to detect obstructions with respect to
the five directions in which they are arranged simultaneously.
The vibration disk motors vibrated as expected, alerting the user of the obstructions and
their relative positions. The Bluetooth module conveyed data concerning the vibration disks,
the distance of the obstruction from the user and their positions relative to the user.
The android app displayed the values received from the Bluetooth device for review by an
observer or requirements engineer. The haptic glove was tested by blindfolding students who
were able to walk through a corridor without bumping into obstacles by the guidance of the
haptic glove.
By this point, the researcher had explicitly proven that the planned actions solved the
problems identified in the diagnoses and an evaluation of the intervention gave satisfactory
results. Videos were taken of the blindfolded students using the haptic glove and sent to the
external industry partner who expressed satisfaction at the results.
4.1.5 Reflection Step of First Cycle of CAR
Table 3 shows the pros and cons of the functioning of the first prototype
Table 3 A tabulation of the pros and cons of the first prototype
Pros

Cons

Obstruction detection works

Depreciation in sensor range due to battery
depletion

Approximate direction according to a fixed set of Cartesian
coordinates and Z-axis works

40 cm too short to be practical

Motion detection works

Bluetooth module transmits garbage when
battery power is depleted

A Description of What Works Well
The prototype is able to sense the presence of obstructions pertaining to the 5 different
directions the sensors faced. The user can safely navigate a hallway where obstructions he
could trip over have been removed and can also tell if there is an approaching object and avoid
it if need be. With repeated use of the haptic glove, users a better mastery of navigation with
it, test subjects who used the device more than once had greater confidence in it and greater
ability to use the device than first-time users. 90% of the time users could identify obstructions,
all our test subjects were able to walk through the hallway.
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A Description of What Does Not Work Well
When battery power was depleted sensors read less than the proposed 40 cm at times
reading only at 20 cm, this limitation might be mitigated by using longer lasting batteries. All
though we programmed the vibration motors to vibrate with an intensity that is inversely
proportional to the distance for up to a distance 40 cm, we noted that when obstacles move
slowly towards the prototype the difference might be subtle to the user, this could be mitigated
by recalibrating the prototype to read according to zones of distance, and varying the frequency
of vibration in a discrete rather than continuous manner.
The ultrasonic sensors are located at the back of the hand that meant that obstructions under
palm are not detected, this limitation, however, can be mitigated by the user turning his/her
hand in the opposite direction to be aware of these obstructions. An observation of the users
as they used the haptic glove showed that they intuitively stretched out their hands to get
feedback at an arm’s length, this could be uncomfortable for them if they were to walk
substantially long distances. We found the limitation of the range of which the sensors read
problematic and impractical, this is because the users may not be able to detect obstacles that
are far but approaching speedily, for example, a car approaching speedily out of control in
his/her direction, 40 cm is too short to escape such an event, this limitation, however, can be
mitigated by using longer range sensors.
The user wearing the glove usually stretches his/her arm shoulder high and so when there
is a knee-high obstruction such as a bucket in his/her path the user may still fall over it. This
limitation can, however, be mitigated by creating a haptic body-suit of sensors and vibration
disks whereby there is a more even distribution of sensor feedback another drawback is that
the user cannot know that he/she is standing in front of a flight of stairs and how to climb the
staircase, this we can mitigate by adding more intelligence to the prototype for the detection
of common formations.
The user would not be able to tell if he/she is standing in front of a pit, the haptic feedback
he/she would receive is one that informs him/her that there is no obstruction in his/her path
and he/she could still fall into the pit, during our testing we set one of our blindfolded subjects
before a two pillars that crossed each other in the form of an X, the feedback from the gaps
between the pillars was reported by the haptic glove as open space through which she could
proceed to walk and did not alert the user of an impending collision and thus our blindfolded
subject almost collided with the pillars however the system then again warned her about the
pillar’s presence, thus the prototype’s response concerning spaces between solid objects could
lead the blind person to take erroneous decisions, this limitation can be mitigated by adding
some intelligence to the prototype..
The prototype cannot as yet identify objects, features of objects or textures of objects, in
addition, some surfaces absorb the pulse signal sent out by the sonar sensor rather than reflect
them, these surfaces include pieces of cloth e.g. curtains. The user may be able to identify a
closed door but not the door knob to open it. This risk could be mitigated by the inclusion of
LIDAR sensors and cameras that could aid with image recognition.
A Description of What Could Be Improved
The tests have been carried out with sonar sensors and have been a proof of concept, we
believe this setup can work with any sort of sensor that retrieves information from the
surrounding environment and can be processed by a microcontroller and produce a desired
output via appropriate actuators to receive a desired perception. However, there are some
features that could be improved with this prototype.
The prototype could be fortified with stronger sensors that could read at longer ranges. The
prototype could be improved to a great extent by using more intelligent sensors that read like
22

the ultrasonic sensors that are used in the hospitals for monitoring unborn babies, this could
enhance object identification. What has worked for a glove can work for a suit, with sensors
placed on various parts of the body to give a more complete perception of the environment.

Figure 10 Anterior view of the haptic glove Version 1.0

Figure 11 Posterior view of the
haptic glove Version 1.0

Figure 12 The health‑check module

By the end of the of the first cycle we had learnt that the designer of the system was
interested in component attributes, to know what attributes of a sensor would pertain to the
features of the environment he/she was interested in, we took note of this and called this the
design view of the HRS. We also noticed that the validator was interested in the user
experience from the system, he had no interest in the components, nor their attributes, we took
note of this and called this the user view of the HRS.

Second Cycle of Canonical Action Research
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Figure 13 Anterior view of the haptic
glove Version 2.0

Figure 14 Posterior view of the haptic glove
Version 2.0

In the second CAR cycle the major changes were, the replacement of the HC-SR04 sensors
with MB1360 XL‑MaxSonar‑AEL1 sensors, a change in the positioning of the sensors, and a
change in the way the vibration disk motors vibrated, all other implementations remained the
same, thus by the end of the second cycle, we had another prototype giving us a total of two
prototypes for the two cycles.
4.2.1 Diagnosis Step
Table 4 gives a bird’s eye view of the various steps taken in the second cycle of the CAR
Table 4 Summary of steps of Second Cycle CAR

Item

Diagnosis

A

The range of the
sensors is too short
to avoid collision
with
objects
speeding from a
distance
beyond
40cm and to detect
knee
high
obstructions

Action
Planning

Intervention

Evaluation

Reflection

Use
sensors
that can
read at 10
meters

MB1360
XL-MaxSonar-AEL1
were used in place of
the HC SR04 sensors

The ultrasonic
sensors detected
obstructions up
to 10 meters
from the user

100% of the users
navigated
the
hallway,
however,
the
sensor’s range is
too long for
rooms with length
and
breadth
dimensions
shorter than 10
meters

Given the limitations that were observed in the functioning of the first prototype, the
researcher sought to carry out yet another cycle aimed at solving the problems found with the
first version of the haptic prototype. The main problems to be solved included the range
limitation of the ultrasonic sensors used in the first prototype and a better positioning or
arrangement of the sensors and vibration disk motors.
Results of the Diagnosis Step of Second Cycle of CAR
The 40 cm reading range of the ultrasonic sensors used in the first prototype is too short to
be practical, this is because user has no feedback from an obstruction until he/she is 40cm or
less from the obstruction, this range limitation implies that the user has a limited navigation
range.
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Knee-high obstructions such as a chair or a bucket, could not be detected because of the
sensor’s short range meaning the user could trip and fall over them.
The value of the voltage sent to the vibration motors is inversely proportional to the distance
for up to a distance 40 cm, however when obstacles move slowly towards the prototype the
difference in vibration might be subtle to the user, this could be mitigated by recalibrating the
prototype to read according to zones of distance, and varying the frequency of vibration in a
discrete rather than continuous manner.
Because of the limitation of length at which the HC-SR04 sensors read, they may not be
able to detect obstacles that are far but approaching speedily, for example, a car approaching
speedily out of control in his/her direction, 40 cm is too short to escape such an event, this,
however, can be mitigated by using sensors that range at a longer distance.
We were also faced with the problem of the thickness of the glove, and the question of
whether it was better to have the vibration disk motor under the glove material and touching
the skin or having the glove material between the vibration disk motor and the skin
4.2.2 Action Planning Step
In the action planning step, we planned to use ultrasonic sound sensors that read up to 10
meters. The 10-meter range is to be divided into 10 equal zones with the vibration motors
vibrating at a given intensity with each zone.
We planned to position the ultrasonic sound sensors at the tips of the middle finger to detect
obstacles in front of the user, the tip of the thumb to detect obstacles to the right, tip of the
little finger to detect obstacles to the left, the back of the hand to detect obstacles above the
hand and another on the wrist to detect obstacles behind the user. This rearrangement in
coupled with the users’ hand movement as well as the wide beam of the sensors and the longer
reading range would increase the capability of sensing obstruction under the palm.
The use of sensors that read over a range of 10 m increase the ability of the prototype to
sense knee-high obstructions such as a bucket in his/her path and thus not trip over it. We
planned to bring at least one vibration disk motor preferably the motor that corresponds to the
direction in front of the user which was mounted at tip of the middle finger in direct contact
with the skin to evaluate whether direct contact with the skin had any effect on the user’s
perception of haptic feedback from the glove
4.2.3 Intervention Step
In the intervention step the researcher mounted up five MB1360 XL‑MaxSonar‑AEL1
Ultrasonic sonar sensors, the sensors were arranged as discussed in the action planning section.
The researcher attached five vibration disk motors to the prototype, the vibration disk
motors are arranged such that they correspond to the position of each MB1360
XL‑MaxSonar‑AEL1 Ultrasonic sonar sensors to give the user a sense of the position of
obstacles located in any of the 4 cardinal points and the z–axis simultaneously.
The vibrating disk motors vibrate with an intensity inversely proportional to the position
of the obstruction up to 10 m which is the limit of the sensors’ reading capability, the intensity
of the vibration is proportional to the voltage passed to the vibration disk motor.
In addition, the 10 m range has been zoned into 10 parts and the source-code which runs
was edited to cause the vibration motors to vibrate at a different intensity for each zone, this
gives the user a fair perception of approximate distance.

25

4.2.4 Evaluation Step
Table 5 Facts from evaluation

Sensor read range




10 m on full battery power
Using better batteries, we did not record any reduction in the
range at which the sensors read.

Vibration of vibration disks enough
to guide users

Vibration disk vibrates at 0.8G

Text string received on android app
via Bluetooth dongle

Values are visible on android app, having been successfully
communicated via Bluetooth module

In the Evaluation step, the researcher noted that the sensors were able to accurately detect
the presence of obstruction and because of their arrangement are able to detect obstructions
with respect to the five directions in which they are arranged simultaneously, the five
directions being, in front, to the right, to the left, on top and behind.
The vibration disk motors vibrated as expected, alerting the user of the obstructions and
their relative positions. The Bluetooth module conveyed data concerning the vibration disks,
the distance of the obstruction from the user and their positions relative to the user.
The android app displayed the values received from the Bluetooth device for review by an
observer or requirements engineer. The haptic glove was tested by blindfolding students who
were able to walk through a corridor without bumping into obstacles by the guidance of the
haptic glove.
By this point, the researcher had explicitly proven that the planned actions solved the
problems identified in the diagnoses and an evaluation of the intervention gave results that
matched what was planned for. Videos were taken of the blindfolded students using the haptic
glove and sent to the external industry partner who expressed satisfaction at the results.
The sensors were also able to detect people as they moved towards the user, figure 14 shows
an example of the evaluation of the haptic glove’s ability to detect people as they moved
toward the user.

Figure 15 People detection test with haptic glove

The vibration disk motors had been programmed with the zonal measurements and were
able to tell when an object was close to the user, the zonal parameters were programmed into
the haptic glove and therefore we could have control over the type of feedback it gives.
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The second prototype of the haptic glove was also tested by blindfolding students who were
able to walk through a corridor without bumping into obstacles.
Data Collection of Second Cycle of CAR
Data was from our research was collected by recording of the distance values and the
vibration values as transmitted to the android app and the serial port of the development
computer, a survey was handed to the subjects to fill to give us a short personality profile on
them, this was done because we were certain of the fact that there was a human factor which
could affect the results we got, this had to do with how confident or fearful the subject may be
in having to walk a corridor blindfolded only with the help of a haptic glove. The collected
data can be seen in table 8.
A survey of the opinion of the subjects who participated in the experiment was also handed
over to the subjects and we collected data from it the results of this data collection is seen in
table 9, an observation of the users as they used the haptic glove as recorded in the video as
well as interviews with some of the subjects with regard to what they thought about the glove.
Data collected with regard to voltage produced from the sensors readings with respect to
measured distance is shown in a distance voltage graph as presented in the graph below

Figure 16 Distance - Voltage graph

The vibration motors are fitted to the pulse width modulation (pwm) pins of the Arduino,
we noticed that since the sensors were reading at a range of 10 meters, the glove will constantly
vibrate if the user is in a room with walls less than 10 meters on every side and this constant
vibration could be confusing to the user, for this reason we had to divide the sensors
capabilities into zones each a 100 meters apart as shown in table 6 below.
Table 6 zoning table
Zone

1

2

3

4

5

6

7

8

9

10

Distant
range

1-100

101200

201300

301400

401500

501600

601700

701800

801900

9011000

For each of these zones, we generate pwm value between 0-255 and these values are passed
via the pwm pins of the Arduino to the vibration motors in a format such that the greatest
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distance has the least vibration and the least distance has the greatest vibration as shown in the
graph below.

Figure 17 Perceived vibration - distance graph

Results from Observation of Users Using the Haptic Glove
We took a short personality profile on our subjects by asking them two short questions
1)
On a scale of 0-5 how confident and ready are you ready to try new
technologies, new ways of doing things, new ideas and new concepts
2)
take risks

On a scale of 0-5 how confident and ready are you to face challenges and to

These questions were necessary in order to make room for the human factor in this case
study which involved human subjects, personality profile and issues concerning the human
factor could be observed when observing the videos as some participants seemed more
confident than others
Results from Personality Profile Survey
Table 7 Experimental subject profile
Subject ID

Readiness to try new things

Readiness for challenge and risks

A

4

5

B

3

3

C

4

3

D

4

4

E

5

5

Results from Haptic Glove Usability Survey
The results of the survey to find out how comfortable the participants were before using
the haptic glove, the satisfaction they received from using the haptic glove, the safety they felt
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using the haptic glove and the level of comfort they felt after using the haptic glove are shown
in the table below
Table 8 Results of usability test of haptic glove
Subject ID

Pre-comfort

Satisfaction

Safety

Post-comfort

A

4

4

4

3

B

4

4

4

4

C

5

4

4

4

D

5

5

4

4

E

5

5

5

5

Results from Direct Observation and Video Observation
The participants were observed as they used the haptic glove and videos were taken of them
as they used it the results of the observation are seen in table 9
Table 9 Results from User experiment
ID

Number of times support
was needed

Time needed to reach
destination

Number of times the blinded user was
entering a dangerous situation

a

0

1 min 52 sec

2

b

1

4 min 31 sec

4

c

0

2 min 54 sec

2

d

0

2 min 43 sec

2

e

0

2 min 37 sec

2

A list of situations we found potentially dangerous to the user include
Table 10 Situations that appeared dangerous to the user
Swinging doors

Obstructions with large gaps in them

Staircases

Finger wriggling
We noticed by studying the videos that some participants intuitively wriggled their middle
finger which had the forward facing sensor, and the vibration disk motor attached to the skin.
This observation proved to us that the users trusted more the vibration denoting the way in
front of them than the vibrations that pertained to other directions, upon interview, the
participants told us that the feedback from the vibrating motor which was attached to the skin
was much more distinct than all the other vibration motors, in addition the material of the
glove used seemed to dampen the intensity of the vibration from the motors and also spread
the vibration across the material making it not too perceptible.
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By this point the researcher had
•
Explicitly proven that the planned actions successfully solved the problems
identified in the diagnoses and an evaluation of the intervention gave satisfactory results.
•
The objectives of the action research had been met the researcher have
concluded that the prototype development phase is complete. Videos were taken of the
blindfolded students using the device and sent to the external industry partner who expressed
satisfaction at the results.
4.2.5 Reflection Step of Second Cycle of CAR
In the reflection step, the researcher took cognizance of all previous steps within the cycle
and arrived at the following conclusions this also pertains to the data analysis of this action
research
A Description of What Works Well
The prototype is able to sense the presence of obstructions pertaining to the 5 different
directions the sensors faced, it can also sense moveable obstructions as they approach the user.
The user’s perception of the haptic feedback seemed to be dependent on the thickness of the
glove used, thicker gloves dampened the perception of vibration and conducted them away
from the point of vibration, the perception of the vibration also depended on the position of
the vibration motors with respect to the skin and the glove, the vibrations were more distinct
when the vibration motor was next to the skin and less distinct when they were attached to the
glove.
We had a 100% success at the task of navigating the hallway blindfolded with the aid of
the haptic glove. Collisions with obstacles were averted 90% of the time. We had a 100%
success rate at the detection of approaching people. We also noted that with repeated use of
the haptic glove the user can gain a better mastery of navigation with it, test subjects who used
the device more than once had greater confidence in it and greater ability to use the device
than first-time users.
A Description of What Does Not Work Well
The sensors read from a distance of 10 meters thus in a hallway which is which has its walls
from the user at a distance of less than 10 meters for example 4 meters everything in the user’s
vicinity causes a vibration, thereby the motors are always vibrating, giving the user a sense of
confusion as to what the vibrations mean, this is mitigated by dividing the 10 meter range into
zones of 100 cm and varying the intensity of the vibration accordingly such that the greater
the distance, the less the vibration and the less the distance the greater the vibration, in this
case the user is able to tell the difference between stronger vibrations and weaker vibrations
and intuitively tell that the lower vibrations give a signal of “All clear” for motion, as one of
our subjects commented “As it is always vibrating it is hard to tell whether or not an object is
present however with getting used to it is easy to master”.
The position of the sensors in the second prototype differs from the position of the sensors
in the first, however, it was realized the rear sensor kept sensing the body of the user and thus
was constantly vibrating and thus could be removed without lowering the efficacy of the
device but rather making it more effective. Because the user has to stretch out his/her hand to
receive adequate feedback at all, it may be uncomfortable for them as their hands may get tired
over long distances, however the concept of haptic feedback being proven, the development
of a haptic suit as discussed in the further research section could eliminate this flaw. We
observed that users instinctively waved their hands from left to right, they seemed to assume
that all obstructions would be at the level of their upper body, they never checked throughout
the navigation process the presence of obstacles above or below their outstretched arm, this
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observation further strengthens the need for the haptic suit discussed in the further research
section.
A Description of What Could Be Improved with the Prototype
Given the wide beam of the sensors used in this Cycle and observations from the users as
they navigated the hallway focusing only on the forward facing vibrations of the middle
finger’s vibration disk motor, as well as the confusing vibrations from other sensors we realize
that one sensor mounted on the middle finger with a respective vibration disk motor on the
same finger is more than enough, therefore we shall embark on another cycle whereby only
one sensor and vibration disk motor mounted on the middle finger shall be used. However, in
this cycle, the fine-tuned requirements specifications that have been achieved as a result of the
results of the first 2 cycles shall be handed over to 1 developer who shall attempt to rebuild
the haptic glove using the requirements specification and components which go into creating
the haptic glove. This activity would verify that the requirements engineering methodology
we have adopted is working
In addition, further algorithms to give more intelligence to the device in order to give
intelligent feedback to the user which the user may not have detected by himself. The device
could be linked to the cloud and also have GPS coordinate systems backing it up. The device
could be extended within the framework of the internet of things (IoT).
We also realize that what has worked for a glove can work for a suit, with sensors placed
on various parts of the body to give a complete perception of the environment.
By the end of the of the second cycle we noticed a repetition of the pattern of the fact that
the designer of the system was interested in only the design view, whereas the validator was
interested only in the user view.

Third Cycle of Canonical Action Research (CAR)
All previous cycles of our CAR have focused on the building of the prototype and the
extraction and condensation of requirements with which to create a minimalistic, compact,
understandable and highly comprehensible requirement that could be used as a minimalistic
SRS to be used by developers for the creation of a haptic glove.
Our specifications document would be deemed successful if with little or no assistance a
developer could take the requirements and given components and build a specified haptic
glove from them. The haptic glove developed by the developer would be put to the test by a
user using it in the same setting as in the first and second CAR cycles.
Table 12 gives a bird’s eye view of the steps carried through this cycle of the CAR
Table 11 summary of steps of the third cycle of the CAR
Item

Diagnosis

Action Planning

Intervention

Evaluation

Reflection

A

Inability of a
visually impaired
person
to
perceive
diagrammatic
requirements
specifications
meant
for
sighted users

Develop
requirements as
a result of an
observed
and
measured
process
from
users using the
prototype in the
environment it is
to be used in

Requirements
developed from
first two cycles of
CAR
which
showed
what
components
should be used
and how they are
to
be
implemented
were handed over

It
took
the
developer
15
minutes
to
develop
the
appropriate
prototype from
the
given
requirements
with no errors
nor difficulty at
all

Requirements
developed for a
haptic interface for
visually impaired
users are to be the
result
of
an
observed
and
measured process
with the use of
evolutionary
prototypes
and
must
simply
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to a developer

document
what
components are to
be used and how
they are to be
implemented

4.3.1 The Diagnosis Step
Visually impaired people are not able to study standard Software Requirements
Specification diagrams like the Unified Modelling Language (UML), this limitation hinders
their ability to come to a shared agreement with the requirements engineer on what the
specifications of a haptic solution should be. The requirements engineer may not be able to
tell what the visually impaired user would like to have feel or experience from a haptic
interface tailored to his/her needs in order to build a haptic device.
Usually, the stakeholders and the requirements engineer agree on a set of specifications and
progress to build a product. We carry out a different approach whereby we created a prototype,
had the visually impaired user use it in the desired environment and gleaned the set of
specifications from the observing the visually impaired user as he/she used the prototype.
The researcher seeks to Identify a means by which haptic interfaces could be compactly
and minimally specified in order to produce exactly what the visually impaired user needs and
also to be usable by any developer who receives it as a set of specifications. The researcher
seeks to develop a Haptic Requirements Specification Method (HRS) which could enable the
precise specification of the haptic interface for visually impaired users while containing
enough information to be used by a designer, developer and validator
The researcher seeks to create this specification as a result of a process comprising the use
of data gleaned from observed videos of the device at work, data on activities that the user was
able to master, data on dangerous situations the user was entering, data on safety perceived by
the user upon using the device, data on how comfortable the user feels after using the device.
Results of the Diagnosis Step of the Third Cycle of the CAR
The diagnosis step of the third cycle of the CAR revealed that a visually impaired person
lacked a means by which he could study standard requirements specification diagrams such as
the Unified Modelling language (UML) and come to an agreement with the requirements
engineer on what these specifications should be for the creation of a haptic interface tailored
for use by the visually impaired. Vocal discussions with the visually impaired are not enough
to elicit all requirements and glean all necessary information needed for the specification of a
haptic interface for visually impaired. There is the general lack of a common platform via
which the requirements engineer and the visually impaired user could come to a common
understanding on what the specifications of a haptic system should be so that it can be
developed into a product for use by the visually impaired.

4.3.2 The Action Planning Step
We also plan to use information gleaned from the reflection steps of the first two cycles of
our CAR. Such information includes data on the human factor, the safety and comfort levels
the users perceived from using the haptic glove, capabilities of the incorporated hardware, key
observances made by direct observation and a frame by frame study of the video recordings
from the first two cycles.
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We also plan to observe what parts of our specifications document are focused on by a
developer, a designer, and a validator, this observation will help us know what the key views
of a requirement specification document are thus helping us to answer RQ2.
We planned also to recruit a developer and to give him/her the requirements specification
document, give the developer a short briefing and then allow the developer to independently
build a device from the requirements and components given to him/her.
4.3.3 The Intervention Step
In the intervention step, we specified a glove using only one MB1360 XL‑MaxSonar‑AEL1
Ultrasonic sonar sensor and one vibration motor disk to be attached to the middle finger of the
hand pertaining to the direction in front of the user.
We also used a relatively thin glove so as to make the perceptions of the vibration more
distinct to the user and reduce the dampening effect and conduction of the perception of
vibration from the point of vibration by the glove material, all other arrangements remain the
same as in Second cycle of CAR.
We incorporated into our decisions information gleaned from the reflection steps of the
first two cycles of our CAR. Such information includes data on the human factor, the safety
and comfort levels the users perceived from using the haptic glove, capabilities of the
incorporated hardware, key observances made by direct observation and a frame by frame
study of the video recordings from the first two cycles.
We recruited a developer and made available to him a specifications document based on
what hardware and software components should be used, how they are to be used and key
goals that are to be achieved, this specifications document is showcased in Appendix 1.
We recruited a developer and gave him the requirements specification document, and a
short briefing on what the components being used and then provided the developer with the
hardware and software components listed in the specifications document, a development
laptop an android phone with the android app installed and allowed him to build the device
from the requirements and components given to him.
The end result of the intervention step was the creation of a prototype, designed in
accordance with the specifications documents handed to our developer.
4.3.4 The Evaluation Step
Data Collection
As part of our evaluation step, we took a profile of our developer and of our test subject.
We asked the following questions.
We took a short personality profile on our subjects by asking them two short questions.
a)
On a scale of 0-5 how confident and ready are you ready to try new
technologies, new ways of doing things, new ideas and new concepts?
b)
take risks

On a scale of 0-5 how confident and ready are you to face challenges and to
Table 12 Personality profile

Readiness to try new things

Readiness for challenge and risks

Developer

4

5

Test user

5

5
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Table 13 Developer programming skill base

Programming languages learnt and mastery level

C
Intermediate
C++
basic
Yes
Intermediate

Acquainted with Arduino
Mastery level in Arduino

Table 14 Facts from development evaluation

Amount of time taking for briefing
on work to be done and a description
of hardware modules used and their
capabilities

8 minutes

Amount of time taken by developer
to
develop
prototype
from
requirements

15 minutes

Developer’s
opinion
of
requirements document and briefing
session

Category

Response

What went well:

It was straight to the point and easy to
understand and use

What went badly:

Nothing

Recommendations:

It is good the way it is

Category

Response

What worked well:

The developer was able to use the
requirements specification and the
information given during the briefing to
develop the prototype from scratch

What worked badly:

Nothing worked badly, the process went
well as expected there were no instances
of confusion, uncertainty or ambiguity.

Deviations
from
requirements specification

None

Researcher’s
observation
development session

of

Table 15 Details from developed prototype
Sensor read range




10 m on full battery power
Using better batteries, we did not record any
reduction in the range at which the sensors
read.

Number of Sensors used

1, positioned on middle finger of the glove

Vibration of vibration disks enough to guide users

Vibration disk vibrates at 0.8G

Number of vibration disks motors used

1, positioned beneath the middle finger of the glove

Text string received on android app via Bluetooth
dongle

Values are visible on the android app, having been
successfully communicated via Bluetooth module.





Nature of glove material used

These values include the id of the vibration
disk motor
The distance of obstruction from the user
The intensity of the vibration on a scale of 0
to 255
A picture intensity graphic which has a colour
which intensifies with respect to the distance
of the obstruction from the user.

A relatively thin glove, much thinner in texture than that
used in the second cycle of the CAR
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Figure 18 Posterior view of haptic glove developed from requirements

Figure 19 Anterior view of haptic glove developed from requirements

Figure 20 health check android app
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Figure 21 Distance - Voltage graph Third Cycle
Table 16 zoning table Third Cycle

Zone

1

2

3

4

5

6

7

8

9

10

Distant
range

1-100

101200

201300

301400

401500

501600

601700

701800

801900

901100

.

Figure 22 Perceived vibration - distance graph third cycle

Results from Observation of Users Using the Haptic Glove
Just as we did in Cycle 3 we took a survey of our 5 users however in this Cycle we sought
to observe the user’s interaction with the developed glove built by our requirements
specification method.
We took a short personality profile on our subject by asking him two short questions
1) On a scale of 0-5 how confident and ready are you ready to try new technologies, new
ways of doing things, new ideas and new concepts
2) On a scale of 0-5 how confident and ready are you to face challenges and to take risks
Results from Personality Profile Survey
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Table 17 test subject profile third cycle

Subject ID

Readiness to try new things

Readiness for challenge and risks

a

5

5

b

4

5

c

4

5

d

5

4

e

5

5

Results from Haptic Glove Usability Survey
The results of the survey to find out how comfortable the participants were before using
the haptic glove, the satisfaction they received from using the haptic glove, the safety they felt
using the haptic glove and the level of comfort they felt after using the haptic glove are shown
in table 18, pre-comfort refers to how comfortable the user was before the task and postcomfort refers to how comfortable the user was after the task.
Table 18 Results of experiment
Subject ID

Pre-comfort

Satisfaction

Safety

Post-comfort

A

5

5

4

5

B

5

5

4

5

C

5

4

3

4

D

2

4

4

5

E

5

5

5

5

Results from Direct Observation and Video Observation
The participant was observed as he used the haptic glove and a video was taken of him as
he used it the results of the observation are seen in table 19
Table 19 Results from User experiment
ID

Number of times support
was needed

Time needed to reach
destination

Number of times the blinded user was
entering a dangerous situation

a

0

1 min 59 sec

2

b

2

3 min 20 sec

4

c

2

2 min 50 sec

3

d

0

2 min 40 sec

2

e

0

1 min 56 sec

2

We were also able to learn in this cycle the reason why the 10-meter sonar sensors kept
vibrating unceasingly whereas the 40cm sensors vibrated only in the presence of an obstruction
within a 40cm distance
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Figure 23 why the 10-meter sensor kept vibrating unceasingly

Finger wiggling
We noticed that by using a single forward facing sensor and vibrating motor with a very
light glove which was light enough to distinctly detect the vibration from the motor and not
thick enough to dampen the vibration there was no evidence of finger wiggling.
Arm waving
We noticed that the users waved their hands only horizontally and not vertically.
4.3.5 The Reflection Step of the Third Cycle of the CAR
In the reflection step, the researcher took cognizance of all previous steps and arrived at
the following conclusions
Pros

Table 20 A tabulation of the pros and cons of the haptic requirements specification process
Cons

Requirements specifications developed were straight to the
point and easily understood by developers

Process for extracting requirements is long,
time-consuming, costly and tedious

Requirements specifications
consideration user needs.

into

Process for extracting requirements needs keen
observation, aspects that are not observed may
be overlooked

Problems that could be faced by the user in using the product
are recognized at development level and solved.

Process may require specialized skill which
may be difficult to find

Requires the development of a basic level prototype, the
capabilities of which are developed through observation of
use in development environment and monitoring on the health
check app, this ends in a product which meets the user needs

The process of developing a prototype and a
health check app is in itself a development job
which is expensive, time-consuming and
subject to the availability of skilled personnel.

Requires the development of a health check app which gives
the requirements engineer or developer a textual or graphical

Requires the availability of skill to build an
android app and connect it to the developed

developed

took
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representation of what the user is feeling and the values being
reported from actuators responsible for the haptic feedback

prototype

A Description of What Works Well with The Requirements Specification Method
Given that the developer was able to produce the prototype from the given requirements
with no difficulty proves to us that our specifications had been specified in a manner that was
compact, minimalistic and comprehensible
A Description of What Does Not Work Well
The process through which the requirements were elicited and specified is rather long,
laborious, requires keen observation, is expensive and subject to the availability of skilled
labour, however, this is not too much of a problem if the individual or organization using this
method has enough resources available
A Description of What Could Be Improved
The fact that the expected prototype was developed from our requirements specification
document is itself a proof of concept that our method works, we believe this method can work
with any sort of haptic interface for visually impaired users. However, there are some features
that could be improved with this methodology.
The health check app gives only textual and pictorial feedback, we believe this is not
enough especially when it comes to judging the comfort levels from using the haptic interface
such as the haptic glove we built, we believe one key addition to this methodology would be
to build two prototypes in each cycle, prototype A being a full prototype for use by the user
and prototype B being a prototype made only of actuators to be worn by the developer, such
that the same vibrations or phenomenon communicated to the actuators of the user are in realtime communicated to the actuators of prototype B being used by the requirements engineer,
this addition would give the requirements engineer a haptic perception of what the user is
feeling as well further strengthening the common understanding and enabling better judgement
of comfort levels and other haptic-based attributes.
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Analysis
Answers to Research Questions
In the analysis stage of our research, we take a look again at our research questions in the
light of our results
RQ1: What system characteristics need to be specified for a haptic interface for visually
impaired users?
The specifications are developed by a process of learning, and this learning is a result of
building iterative prototypes and learning from the observation of user interaction in the
targeted environment.
The reflection stages of the first and second cycles of our CAR, sections (4.1.5) and (4.2.5)
relate the system’s interface to the environment and the user, as we observed the user’s
interaction through the interface we were able to learn about the strengths and the limitations
of our prototypes. This information helped us to know what system characteristics to maintain
and which to enhance. For example, the low range of the prototype developed in cycle 1 as
discussed in section (4.1.5) became a diagnosed problem to be solved in the second cycle as
discussed in section (4.2.1) leading to the use of sensors that solved the diagnosed problem.
The system characteristics that need to be specified for a haptic interface can be divided into
four categories,


The environment in which the system is to be used and who is to be using the system
see Appendix 1, section 1.
The diagnosis step of the cycles 1 and 2 of the CAR sections (4.1.1) and (4.2.1)
gave us an understanding of the target environment.



The user requirements depicting what the user needs from the system, see Appendix
1, section 2.
Sections (4.1.1) and (4.2.1) gave us an understanding of the user requirements.



The platform showing the parts based on which the system is built, Appendix 1,
section 3 the platform lists the various hardware and software components needed
to build the system. The characteristics to be specified here include
The core components


The sensors used e.g. ultrasonic sensor,



The actuators used, e.g. vibration motors,



The processing unit used, e.g. Arduino micro-controller, the

Supplementary components


Fittings and cabling



Visualization applications e.g. android app



Communication modules e.g. Bluetooth module



Software or IDE to be used e.g. Arduino ide



Surface on which components are to be mounted, e.g. glove

The action planning steps of the cycles 1 and 2 sections (4.1.2) and (4.2.2) provided
the needed information by which the platform was to be developed.


The system’s external interfaces and physical requirements.
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This category lists the physical requirements of the core components which are the
components that create the interface between the user and the environment, the
physical requirements listed may include attributes e.g. Range of sonar sensor,
values, e.g. 1000 cm and rationale, e.g. usefulness.
RQ2: What views are needed for the communication of requirements of the haptic
interface for visually impaired users?
.

The requirements specification should comprise three views, firstly the attribute view shows
the desired attributes for the components, such as the range of the ultrasonic sensor. Secondly,
the component view which shows the components to be used in setting up the prototype and
thirdly the user view which shows the expected user experience. Table 21 shows the views,
their descriptions and the stakeholders who use the views.
Table 21Views of a requirement specification for haptic interfaces for visually impaired users
View
Description
Mostly used by
Attribute
Desired attributes, values and Designer
rationale for components
Component
Desired components upon which Developer
prototype is built
User view
Effects the user desires from the Validator
system
showing
their
measurements

In cycle 1 we learnt also that during the design the components needed may not have been
purchased but the desired attributes are known see Appendix 1 section 4 and the desired user
experience are known as well see Appendix 1 section 2, this further gives support for the
design view of the HRS. The specifications for the design view for the HRS are developed
during the action planning stage of cycles 1 and 2 of our CAR, see sections (4.1.2) and (4.2.2).
We noted the activities of the developer, and the validator. Haven developed the
specifications by learning from the user’s interaction with the environment via the prototype,
the requirements engineer handed specification to the developer. This specification is shown
in Appendix 1. This process was carried out in cycle 3.
The developer was given a briefing of the prototype and its components, and was given the
hardware and software components of the prototype and was asked to build a replica of the
prototype this activity took place in the intervention step of cycle 3 section (4.3.3). The
developer was keenly observed as he did his work, it was noted that the developer was only
interested in the list of components and how they were to be assembled, he was not interested
in the attributes of the components, obviously because he was not going to have to look for
components with those attributes, the components were already provided, he was not interested
in the user requirements either, because the system he had developed was working and
producing the expected feedback when any obstruction was put in front of it.
The validator was interested in observing the user interaction with the prototype, both directly
and from video recordings, the validator observed the video recordings for details he might
have missed during direct observation. The validator was not interested in the full list of
components but on attributes of the input and output devices, were the sensors reading at the
right range? Was the vibration from the vibration motor comfortable and distinctly perceived
by the user? Such were the interests of the validator. Among the validator’s findings where the
finger wiggling and arm waving phenomenon reported in section (4.3.4). Table 15 in section
(4.3.4) shows details from the working prototype which was tested in the evaluation step of
cycle 3. Test information from the CAR is reported in the evaluation steps of all three CAR
cycles, see sections (4.1.4), (4.2.4) and (4.3.4).
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RQ3: How shall the requirements of the haptic interface for visually impaired users be
developed?
The requirements are developed by a process of learning, and this learning is a result of
building iterative prototypes and learning from observation of user interaction in the targeted
environment.
With respect to our development process, we at first thought of procuring a prefabricated
haptic glove from a haptic glove company but quickly realized that we would have to build
our own customized haptic glove from our own components. The building of our own glove
meant we had to study the environment in which it will be used and thus a diagnosis of the
problem of the problem of a visually impaired person walking a hallway with obstructions had
to be carried out. The environment is described in Appendix 1 section 1. The results of this
diagnosis are reported in section (4.1.1).
In the first cycle, we acquired HC-SR04 ultrasonic sensors and used them but quickly
learned from observation that their range of 40 centimeters was rather impractical for any
significant use and then opted for XL-Maxsonar sensors which had a range of 10 meters as
shown in table 4. We also realized that the XL-Maxsonar sensors needed a different type of
programming, this realization taught us that a change in a hardware component of the specified
system may lead to a change in the software that runs it as well.
We realized while observing the user-interaction with the prototype that the 10 meter range
sensors needed yet different programming to give meaningful feedback when being used in
rooms which had walls less than 10 meters from the user, because in that case the vibration
motors were always vibrating see figure 23, for this reason, we incorporated a zoning method
into our code to create a meaningful haptic feedback for the user, table 6 shows the various
zones which are 100 cm apart, figure 16 shows the graph of the voltage passed to the pwm
pins of the Arduino for each zone while figure 17 shows the perceived vibration felt by the
user on a scale of 0-255 units for each zone. By applying this zoning principle we were able
to generate meaningful feedback for the user.
We also realized from our learning about the effect of placing the vibration motors in
contact with the user’s skin as well as the effect of the thickness of the glove on the user’s
perception of the vibration from the vibration motor, see section (4.2.5).
We also had to study the videos closely and there we realized that when we used five
sensors in the 10-meter range sensors users wiggled their middle finger which had the sonar
sensor and vibration motor that corresponded to the forward facing direction intuitively but
yet when we used only one sensor there was no finger wiggling, by this we learned that the
user put in extra effort in trying not to be confused by the feedback from multiple sensors and
their vibrators and that only one sensor-vibration motor combination was enough. We can see
in the table below aspects of the system that changed during the design process
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Figure 24 System Characteristics that changed during the CAR
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5.1.1 Effects of changes in system characteristics to the CAR cycle and to the
specifications
Here we discuss the relationship of the changes shown in figure 24 above to the cycles.
The change in the sensor type from HC-SR04 to MB1360 in Cycle 2 meant that the
prototypes developed in Cycle 2 and 3 could range up to 10 meters. This meant that the
prototypes from Cycle 2 and 3 had higher ranging capabilities than the one in Cycle 2.
The change in the type of sensors also meant that the code which runs the sensors had to
be changed from one that could run the MB1360. This shows us that a change in hardware
could lead to a change in the software that runs the system.
The change in the sensors from HC-SR04 to MB1360 meant that the sensors were now
reading at a 10-meter range, however this gave meaningless feedback if the user was in a room
with walls less than 10 meters away on every side, for this reason, a zoning method was added
to the Arduino code which broke the 10-meter range into 10 zones each a 100 cm wide this
new calibration allowed us to control the sensors feedback.
The change of the number of MB1360 sensors from 5 to 1 in Cycle 3 was accompanied by
a corresponding change of the number of vibration motors from 5 to 1 as well, this meant that
the user felt only one distinct vibration and was sure about the direction the vibration pertained
to, he did not get confused by a multiplicity of haptic feedback. In effect the user was now led
by only one sensor, however it was noticed that there was not a vast difference from the
functionality of the prototype all though it was working with only one-fifth of its original
sensor strength, this showed us that just one sensor was enough when using a long range sensor
however multiple sensors may be used when using a short range sensor like the 40 cm range
HC-SR04.
It was also noticed that the phenomenon of finger wiggling stopped with the use of only
one sensor-one vibration motor combination.
The change in the number of sensors and vibration motors from 5 to 1 also meant that
android app had to be reprogrammed to show feedback from one data point rather than from
5.
A hole was cut beneath the middle finger of the glove in cycle 2, this was to enable us to
bring the vibration motor into direct contact with the user’s skin, the effect of this was that the
user felt distinct vibrations from the vibration motor that was in contact with his skin, whereas
all other vibrations from the vibration motors that were attached to the thick glove were
dampened, this taught us that better results could be attained by bringing actuators close to the
user’s skin.
In cycle 3, the glove material was changed from a thick glove to a relatively thin glove,
there was no hole cut in this glove but the effect was that the user felt distinct vibrations from
the vibration motor, this taught us that the two factors which could affect the perception of our
vibration motor’s vibration are 1) the thickness of the glove and 2) attaching the vibration
motor to the user’s skin.
Here we discuss the relationship of the changes shown in figure 24 above to the
requirements specification.
The change in the sensor type from HC-SR04 to MB1360 meant that the sensors range in
the requirements specification document was changed from 40 cm to 10 m.
Since there was only one vibration motor and not five the attributes of stereographic
projection and angular resolution were omitted from the specifications document.
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We realize from figure 24 that features of the haptic glove that changed during the cycles
of the CAR, it appears that code may change with respect to a change in hardware, it also
appears that practitioners may adopt hardware within a haptic solution to suit the desired
attribute such as longer reading range. Whereas the actuator, that is the vibrating motor did not
change, the way it was used changed, we found out that the position of the actuator with respect
to the skin or the thickness of the used glove should be specified, the android app was also
changed when the number of sensors and vibration motors were reduced from 5 to 1. The
Bluetooth module was not changed throughout the CAR neither was the Arduino board,
noticeably there was no addition nor subtraction of component types, letting us know that at
the bare minimum the core system characteristics to be specified for a haptic solution for the
visually impaired include


An appropriate sensor



An appropriate actuator



An appropriate visualization tool acting as a health-check



An appropriate wireless communication device between the system and the healthcheck



An appropriate micro-controller or micro-computer



Appropriate code to run the developed system
Table 22 Determination of component attributes

Attributes that were really needed
Distance range of ultrasonic sensor
Amplitude of vibration disk motors
Frequency of vibration disk motors
Noise emissions of vibration disk
motors

Attributes that were found
not to be needed
Stereographic projection by
arrangement of vibration
motors
Angular resolution of sensors
Black spot details of sensors
Hemisphere coverage of
sensors

How attribute levels are
determined
By observing the users as they
used the device
By reading component data sheets

As observed from Table 22, some component attributes were seen as needed whereas
others were dropped, the component attributes were designed by factoring in the relationship
between the environment and the prototype we were developing[2], however it was found
through observation of the users as they used the prototypes that not all attributes were
necessary, in addition, the manufacturers of the components had already factored most of these
attributes into the development of their components, some attributes seemed to be of more
importance than others when acquiring components for example the reading range seemed to
be of greater importance than the angular resolution of the sensors.
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Table 23 Foci of attention with regards to requirements document

Stakeholder
Designer

Area of focus
Attributes of desired components and
user experience desired

Cycle
Cycle 1 [Planning step]

Developer

Listed components and how they were
to be setup

Cycle
step]

User experience {comfort, usefulness,
context coverage, freedom from risk,
user feedback, observation}

Cycle 1,2,3[Evaluation
step, reflection step]

Validator

Aspects of SRS ignored
List of components does
not yet exist

3[Intervention




Attributes
of
components
User experience

Attributes of components

We realize from Table 23 the various aspects in which various personnel focused on in the
requirements specifications document, the developer showed no interests in the attributes of
the components listed, this obviously was because he already had the components and did not
have to go and fetch components that fit the given attributes, the validator on the other had
was solely interested in whether the device met the user’s needs, was safe to use and was
interested in observing the user using the device in the required environment.
Table 24 comparing personal profile indexes to data from validation session

Trying new
things index
Cycle 2
4
3
4
4
5
Cycle 3
5
4
4
5
5

Risks
and
challenges Index

Number of times
support
was
needed

Number of times a user was
entering into a dangerous
situation

Time to
destination

5
3
3
4
5

0
1
0
0
0

2
4
2
2
2

1 min 52 sec
4 min 31 sec
2 min 54 sec
2 min 43 sec
2 min 37 sec

5
5
5
4
5

0
2
2
0
0

2
4
3
2
2

1 min 59 sec
3 min 20 sec
2 min 50 sec
2 min 40 sec
1 min 56 sec

reach

In table 24, the personal profile indexes are listed in columns 1 and 2, columns 3-5 show
data for each individual during the process of walking blindfolded led by the prototype alone,
the personal profile is thus made of the readiness to try new things and the readiness to face
risks and challenges, we realize that the readiness to try new things for each individual does
not vary much from the readiness to face risks and challenges, however we realize also that
participants who reported high indexes of being ready to try new things as well as facing risks
and challenges needed less support and reached their destination faster, it is therefore likely
that the user’s personal profile does have an effect on the user’s observed ability to use the
device, the results from cycle 2 also confirm to us that the user’s ability to distinctly feel the
haptic feedback as in whether the vibrating disk was in contact with the skin or beneath a light
glove does have an effect on the user’s ability, the results from table 24 show that the results
of using a single sensor-vibration motor combination do not vary widely from the results of
using multiple sensor-multiple vibration motor combination, therefore, the single sensormotor combination is a more affordable, equally useful and less confusing option.

Recommended Requirements Engineering Method
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As a result of our research, we propose a method for specifying haptic interfaces for
visually impaired users we call our method the Haptic Requirement Specification (HRS).
5.2.1 System factors
This method involves getting information on the following which we shall call the system
factors.


Environmental details: An understanding of the environment the visually
impaired user hopes to use the haptic interface and an ascertainment of the features
of the environment of interest to the visually impaired user.



Functional prototype: The use of a functional prototype that actually detects
features of the environment of interest to the visually impaired user and alerts
him/her on them.



Observation: The observation of the visually impaired user as he interacts with
the prototype in the target environment. It is necessary to videotape these
interaction sessions for further study.



Components: Hardware and software parts which on which the system is built.



Physical requirements: A list of the physical attributes of the identified
components, values of the attributes and reason for the attributes of interest in
hardware components that make up a prototype



User experience: A set of factors that contribute to what the user hopes to receive
from the prototype or product, these factors include
o

Instances in which support was needed by the visually impaired user while
using the product.

o

Instances that presented dangerous situations to the user.

o

The situations the visually impaired person succeeded to master.

o

The instances the visually impaired persons did not succeed to master.

o

The degree of comfort the blinded person received from the prototype.

5.2.2 The HRS method
The process of using our method which we call the Haptic Requirements Specification
method is as follows.
1. Identify a feature of the environment of interest to the visually impaired user. E.g.
the presence of obstructions in a room.
2. Identify an attribute of the feature that is of interest. E.g. the distance of the
obstruction from the user.
3. Identify a sensor that can measure/detect/identify the attribute you chose in step
(2). E.g. an ultrasonic sonar sensor.
4. Identify an actuator that can be calibrated or programmed to convert the output of
the sensor selected in step (3) into meaningful haptic feedback.
5. Choose a micro-controller or microcomputer that would act as a processor for the
functioning of the prototype you seek to build.
6. Choose a communication product such as a wireless or Bluetooth module that can
communicate attributes of the feature measured/detected/identified by the sensor
to a remote application for visualization as a health-check for the functioning of
the prototype, this is an optional step but is highly recommended.
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7. Write or install software that can run the hardware chosen from steps (3) - (6).
8. Assemble the hardware chosen from steps (3) – (6) onto a platform that can be used
by the visually impaired user for interaction with the environment identified in step
(2). E.g. a haptic glove.
9. Recruit a visually impaired person and observe him as he uses the prototype to
interact with the environment. Make sure you take videotaped records of these
interaction sections for further observation.
10. Take note of what works well, what does not work well and what needs to be
improved in the working of the prototype, the functioning of the hardware chosen
from steps (3) – (6) or in the software running the system.
11. Take note of the dangerous situations the user run into, the difficulties he faced and
the errors he made.
12. Make necessary changes to fix what does not work well and make the noted
improvements found in step (10).
13. Reduce or eradicate where possible the dangerous situations, difficulties or errors
noted in step (11).
14. Repeat steps (10) – (13) as many times as needed until the desired prototype is
attained or until a predefined goal such as time allotted to development is reached.
15. Record the environmental details, a list of components, physical requirements and
user experience in the document described in section 5.2.3, this document contains
the specifications of the system characteristics extracted from steps (1) – (15), this
document is the HRS document.
5.2.3 The HRS template
The HRS template is described in this section, Appendix 1 shows the HRS specification
document used for this report
1. The world: the environment in which the system will be used
A brief description of the environment in which the system will be used and who the system
would be used by.
2. User requirements: what the user needs from the system
Effects
Usefulness:

Measurements to be Optimized
Satisfaction:
Number of times support was needed.

Freedom from risk:

Feeling of safety
Number of times the blinded user was entering a
dangerous situation.
list of situations the blinded person succeeded to
master.
list of situations the blinded person did not succeed to
master.
Feeling of comfort before using the prototype.
Feeling of comfort after using the prototype

Context coverage:

Comfort:
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3. The platform: the basis on which the system shall be built
A list of hardware and software parts of the system
Component 1

Component 2

Component 3

Component …n

4. The specification: the system’s external interfaces
Pictorial structure of system and its relation to the environment through its interfaces
Physical requirements:
A tabular description of important physical requirements in the system
Attribute

Values

Rationale

Attribute 1

Value 1

Rationale 1

Attribute 2

Value 2

Rationale 2

Attribute …n

Value n

Rationale n
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Threats to Validity
Validity comes into play when we seek to find out if we can trust the outcome of reported
results. Validity in effect gives us an indication of the empirical nature of the reported results,
it answers the question of whether these results are repeatable or just a result of the opinion or
bias of the researcher reporting these results. We shall discuss in this section four categories
of validity according to Claes Wohlin [28]

Construct Validity
The Construct validity has to do with the question, whether we are measuring rightly what
we seek to measure. The instrument we used to measure obstacles in the user’s environment
was the ultrasonic sonar sensor, we found the distance measured to be always accurate, we
measured at a maximum range of 40cm in cycle 1 and 1068 cm in cycle 2. The sensors were
able to detect objects within the given range with hardly any delays in the detection. The only
visible threat to validity are the limitations common to ultrasonic sonar sensors such as the fact
that low-density materials such as cloth absorb the sound from the sonar sensors, therefore,
returning weak echoes to the sensor resulting in false readings. This limitation can, however,
be mitigated by replacing the sonar sensors with another type of sensor such as a LIDAR
sensor. We also noted that due to the multiplicity of hardware components the power
consumption from the nine-volt battery was high, causing the battery to be depleted quickly,
this could be mitigated by using batteries with higher voltage. We noted also that when the
battery power was depleted the Bluetooth module usually stopped transmitting and when it
transmitted it sent false values.

Internal Validity
The internal validity comes to play when unrecognized or undocumented factors could
affect the results of the research [29], it is basically the question of "could we have left out
something? Were there some issues we did not take into consideration". The internal threat to
validity could present itself in the following parts of the action research. We worked with
blindfolded students and not with real blind subjects, truly blinded subjects may have a
different attitude to an assistive device. However, this threat is minimized by the fact that a
blindfolded person is as blind as a genuinely blind person who just got blind a minute ago.

External Validity
External threats to validity with regards to this action research answers the question of
whether the results of the conducted research are applicable to the general public of users
outside the category of the users chosen for the research [29]. The external threat to validity
presents itself by the fact that the subjects involved in our tests were people who were
blindfolded, however, this threat to validity is minimized by the fact that the subjects within
our tests and the general public of visually impaired people at thing common, the navigation
of an interior without the use of sight. With respect to the third cycle of the action research,
with respect to the choice of the developer.

Reliability
Reliability answers the question of "If a totally different set of researchers carried out our
action research with the same setup, would they have exactly the same results" [29]. The
reliability of was ensured by giving all our participants same instructions on how to use the
50

haptic glove and all participants of any given cycle used the same haptic glove. We also
followed the laid down principles of Canonical Action Research as described by Davidson et.
al [34] to enforce rigor in our research, in addition we made sure that all participants navigated
a hallway, void of the sense of sight, we took videotaped recordings of all the participants as
they navigated the hallway and studied them closely to ensure that we captured data that was
not visible by direct observation[35].
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Discussion
Main Contribution

The main contribution of this research is a requirements engineering method called the
Haptic Requirement Specification (HRS) method, by which assistive haptic tools may be
created for visually impaired users, it provides us a means by which system characteristics for
these haptic tools are specified, and also creates a platform by which the visually impaired
user could agree with the requirements engineer on what the requirements for a product used
by him should be and involves the visually impaired user in the creation of devices created for
him. We provide a template by which requirements may be specified in section (5.2).

Comparisons with related work
HRS is developed to specify a haptic system and to develop the specification without prior
knowledge. Participatory design requires that the user and developers collaborate in all phases
of design, this however, causes some limitations when users are not able to communicate
appropriately[23]–[25].
Hendricks[30] and Mayer[25] note that in their work with patients of dementia it is difficult
to use participatory design, this is because equal collaboration between the designer and the
user may be too stressful for both user and designer[30], with communication problems being
one of the reasons for this difficulty[25]. This limitation in communication creates a troubling
situation[27], HRS attempts to solve this limitation by its three-phase approach. HRS is not
limited to development for the visually impaired we only use the development of a haptic
glove for the visually impaired as a case by which we explore the HRS.
HRS recognizes also the fact that the developer might not know what to develop[24] as a
solution to the identified problem, therefore, HRS works with the requirements engineer, the
designer and the user to develop a minimalistic requirements specification which is then
handed over to the developer can use to develop the a solution even without coming into
contact with the user. The validator can now work with the same minimalistic requirements
specification to validate what the developer has developed.
HRS uses the reference model for requirements and specification developed by Gunter et
al [2] as a template by which the system and the features of the environment are related. In
our application of the reference model. the designer/designer maps the sensor’s characteristics
onto the feature of the world(environment) he seeks to detect or measure and then maps the
actuator’s characteristics onto the user’s body in such a way as to inform the user about what
the sensors detect from the environment. The user’s interaction with the environment via the
haptic interface is observed and this observation leads to learning, the specifications are
developed from this learning. Cycles 1,2 and 3 were based on this model
The HRS recognizes an interface made of 1) a sensor which pertains to a feature in the
environment and 2) an actuator which pertains to a haptic feedback the user shall feel. The
sensor is not chosen by user participation with the user but by the designer’s activity of
matching a sensor to an environmental feature. The actuator is not chosen by user participation
with the user but by a designer’s activity of matching an actuator to a haptic feedback the user
shall feel.
HRS presents three steps which result in the specification of a system. The three steps of
the HRS are step 1: the interaction between the system interface and the environment. Step 2:
the interaction between the interface and the user. step 3: the interaction between the user and
an iteratively developed prototype and the environment. steps 1 and 2 require the activity of
the designer working without the user, the user comes into the process at step 3. Figure 25
shows the role of the designer’s activity and that of the user.
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Figure 25: the place of user participation and designer (expert) activity in HRS

.

Figure 26: How user observation iteratively affects interface specifications

The diagnosis, action planning and reflection steps of cycles 1,2 and 3 pertain to the phases
1 and 2 of the HRS whereas the intervention steps pertain to phase 3 of the HRS. The
observations of the user lead to learning and this learning leads to a development of
specifications, these specifications could lead to a fine-tuning in the interface attributes thus
the specifications are created by learning and the product evolves by learning as well.
The relationship between the phases encourage communication between stakeholders and
facilitate the development specifications that are free of redundant and outdated information,
facilitates traceability and is such that all stakeholders share a common understanding and
agreement on what the requirements are[36], it is also reusable, flexible enough for adaptation
and makes provision for hardware as well as software demands on the system[37].
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In phase 1 and phase 2. The activities of the designer and his/her knowledge of the in a
given domain fills in for the user’s lack of ability to communicate his/her needs in that domain.
User participation in HRS comes in when the user interacts with the haptic interface in the
target environment in which the haptic interface is to be used[38], the user’s interaction is
observed and this observation leads to learning, activities mastered by the user are recorded
and analysed by video[39], situations that are difficult to the user while using the interface are
noted, user errors are noted, dangerous situations the user might enter into are noted and
improvements that could be made to the current interface are noted as well. These notes are
then acted upon on the next iteration of the prototype’s interface and the resulting components,
component attributes and user requirements are recorded in a minimalistic requirements
specification.

Figure 27 The role of user observation in the learning process to determine interface specifications

Our method differs from the approaches described by Kim[16], [29] in that it is not about
engineering haptic sensations such as roughness or smoothness but is about developing haptic
interfaces for tools used by visually impaired users in their everyday environment. Sections
(4.1.2), (4.2.2) and (4.3.2) show users being observed as they use our prototype to walk
through the hallways seen in figures 5-8.
HRS uses real functioning prototypes that actually measure/identifies/detects attributes of
the real environment in which the user acts, it does not use conceptual prototypes in virtual
environments and this is one aspect in which it differs from Bahn’s work [5] as the user uses
the prototype observations are captured observed and analyzed and learning is attained.. See
sections (4.1.4), (4.1.5). While we agree with Hebler[3], Kim [16], [29] and Bahn[5] in the use
of prototypes of some sort we differ in the sense that we suggest that the use of widgets and
conceptual prototypes may not the same results as actual functioning components would.
Gunter[2] suggest the use of a machine in the specification of a system and thus we suggest
that a working device a machine be built as a prototype for elicitation of requirements by
observation.
Our methodology recognizes the importance of oral feedback Kim[16], [29], Hebler [3],
in fact, we took surveys during our research and present the results (4.2.5), (4.3.5), however,
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we recommend that user feedback should be complimented by an expert’s validation of the
user interaction process. There are some observations which may not be gleaned by user
feedback but by designer observation. This was made even clearer as we noted the
phenomenon of finger wiggling, where users wiggled the finger which had the vibration motor
which corresponded to the direction in front of them, we noticed that finger wiggling took
place when there was a multiplicity haptic feedback as discussed in section (4.2.5), finger
wiggling however disappeared when the number of sensors were reduced from 5 to 1.
With respect to our research we come to realize that requirements engineering for haptic
interfaces for visually impaired users is not a process which is completed at the beginning
before other developmental processes Wiesner[37] take place but rather is a process that occurs
throughout the development lifecycle of the interface and culminates in the extraction of a set
of specifications [3], [5], [16], [29], thus it can be said that the specifications for haptic
interfaces gotten this way are not predictive in nature predicting what the system would look
like but descriptive in nature, describing what the system is made of, how it affects the user
and its attributes. The reflection step of our CAR as seen in sections (4.1.5), (4.2.5) and (4.3.5)
confirm this.
The requirements specification for haptic interfaces is made up hardware, software and the
human body as a computer interface, with respect to the environment as indicated by
Gunter[2] who indicates that the requirements engineering model takes care of the interplay
between the environment and the device developed such that the in the light of the
requirements and the programming that runs the system however unlike Gunter we do not
present the programming platform as part of the model for specifications as it may already be
integrated into the submitted modules. In the intervention step of cycle 3 section (4.3.3) the
developer was provided with the already written code, he did not have to write any code
himself.
Our methodology is flexible and it is reusable [37], the format of it is also such that it can
easily be communicated without difficulty. Every aspect of our approach is such that it allows
for communication between all stakeholders involved in the specification process, and refined
after each prototyping cycle, the evolution of the specifications document is such that it can
be traced through all cycles of the prototyping process for both hardware and software and is
developed by a collaboration between developer, designer, validator and users
Penzenstadler[36]. See section (4.3.4).
Our method recognizes, Elicitation (by observation), Prototyping (by implementation),
Validation (by observing the interaction of the visually impaired user with the prototype), and
Communication (by handing the extracted requirements specification over to a developer).
In elicitation, data is collected not by the study of diagrams, but by the keen observation of
a prototype at work. In requirements elicitation with sighted clients diagrams might be
used[36] but with respect to the visually impaired, we suggest an entry level prototype should
be used instead. A keen observation directly and by observing the recorded videos one would
have enough information to answer the question “what system characteristics do I need to
modify, include or exclude”.
The identification of system characteristics for haptic interfaces for the visually impaired
is an evolutionary process, but there a few basics that must be catered for, firstly, the
requirements engineer must identify the phenomenon under consideration, the knowledge of
this phenomenon would inform the nature of the prototype to be built. This identification
process is described in the diagnosis processes of cycles 1, 2 and three in section 4.
The developed prototype is then presented to the user for validation. And observations
recorded, the results of the observation are documented, this validation enables the validator
to note the errors found, find out that which is difficult or easy for the user, and note dangerous
situations and with this information the validator can adapt the prototype to increase its fidelity
see figure 24, in CAR cycle 2 we noticed that the swinging glass door was a dangerous
situation so we shall advise users of our product to remove swinging doors from their homes.
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After the prototype has been updated with these changes it is presented to the user and this is
the presentation phase. The Elicitation to validation phases may be repeated as many times as
it takes to reduce the difficulties and remove the errors and eliminate dangerous situations and
make mastery easier.
With respect to how the haptic interface may be specified the requirements specification,
we ascertained from our learning process that is to be made of three views, the developer view,
the designer view, and the validator’s view. The developer view simply declares the
components needed for the system and how they are to be set up, this view is not to be include
the component attributes or the user requirements. The designer view comprises component
attributes of interest to the solution, it is not to include the user requirements. The component
attributes must be attributes that can be tested at the evaluation step of a CAR. The validator’s
view may just include the user requirements needed for the system, it may neither include the
component attributes, nor an elaborate description of the component but rather a holistic
description of what the user is to experience from the system, these requirements must be
observable and measurable. A template of the views of the minimalistic requirements
specification is found in section (5.2) whereas Appendix 1 shows the minimalistic
requirements specification we produced from cycle 3

Implications for practitioners
Practitioners may use the principles outlined in this study as a guide to create suitable haptic
products for visually impaired users. Practitioners would find it more useful using iterative
prototyping as the engineering methodology by which they build products for the visually
impaired.
System engineering methodologies that do not make room for iteration may not be suited
to practitioners seeking to design the systems described in this document. Practitioners must
be warned however that they might have to carry out multiple iterations before arriving at a
solution that satisfies both the practitioner and the client, the impact of these iterations may be
high costs in acquisition of hardware and software components as well, high costs in acquiring
and maintaining specialized labour and potentially time delays caused by a series of factors
such as an understood human reaction to a haptic impulse.
Practitioners stand to benefit from HRS if the detailed study is done to understand the
environmental features, physical requirements and user requirements before purchasing
components, if this study is done properly the chances of procuring a component which does
not perform to desired standards could be minimized.
The three view approach used by HRS allows practitioners to benefit from division of
labour as well as a loose coupling of the activities of designers, developers and validators.
An advantage of HRS is that the observation of the visually impaired user as he/she
interacts with the prototype leads to learning which leads to the development of specification
of a haptic products built for the visually impaired user that satisfy his/her peculiar needs,
products are not simply built and forced upon him/her, thus making the practitioner who uses
this research meet his client’s needs more fully than those who use methodologies that do not
involve the user.
Another advantage of HRS to the practitioner is that it allows him to have a shared
understanding of the needs of the visually impaired user on what system characteristics should
be specified for a haptic interface used by the client by a process which even bypasses the
visually impaired user’s lack of knowledge of what he/she need, the observations by video
allow for vital information which may not be captured otherwise. as what users do and say are
often not the same[39].

Implications for researchers
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HRS relates the features of the real world environment to a sensor(s) and informs the human
user of features in the environment by actuator(s), the sensor(s) and actuator(s) form an
interface. The specifications of this interface are developed by a prototyping approach of
increasing fidelity by a process of learning by observation. HRS, therefore, is a method by
which various features of the environment. The observation is carried out as a user interacts
with the environment via the use of the prototype.
HRS proposes the use learning by observation as the user interacts with an interface built
based on Gunter’s model as the user is involved in HRS the system specifications could be
developed by learning as the user is observed, by this the communication and sensory
limitations could be bridged in the iterative adaptation, observation and learning that result in
1) the creation of a prototype that meets the user’s needs and 2) the creation of a minimalistic
requirements specification that could be used independently by the developer, designer. and
validator.
Researchers working with patients suffering from dementia, down’s syndrome, blindness
or any form of impairment that limits the patient’s ability to corporate with the developer to
develop a working system by participatory design could use HRS and not only build solutions
for the patients but also gain a greater understanding into how patients relate to their
environment.
In addition, researchers could also research on the integration of the internet of things (IoT),
and artificial intelligence into HRS for example the creation of an intelligent glove that tells
the user which the best turn to make is.

Conclusion
This paper reports the findings of a canonical action research (CAR) which seeks to find
answers to three research questions. 1) RQ1: What system characteristics need to be specified
in a haptic interface built for visually impaired people 2) RQ2: What views are needed for the
communication of requirements of the haptic interface for the visually impaired? 3) RQ3:
RQ3: How shall the requirements of the haptic interface for visually impaired users be
developed? This CAR is carried out in partnership with a Swiss company named
Earsandeyes.ch which provides accessibility solutions to visually impaired people. It goes
through 3 cycles of a CAR each with a diagnosis step, action planning step, evaluation step
and a reflection step. The output of each cycle of the CAR was a haptic glove built according
to requirements engineering method we create and implement, cycle three had as an added
output the HRS specification method and template. In all 15 blindfolded students and one
student developer were involved in the research which took place in the premises of the
Blekinge Institute of Technology.
The CAR provided results by which we were able to answer our three research questions.
In response to RQ1 The requirements are developed by a process of learning through
evolutionary prototyping and the observation of users as they interact with the prototype. With
respect to RQ2 The system should comprise three views, a view for the developer, a view for
the designer and a view for the validator, the answer to RQ2 was arrived at by keen observation
of the developer, designer and validator as they used the HRS specification document shown
in Appendix 1. With RQ3 we noted the same principle of observance of the evolution of the
prototype and learning from the outcomes provided us with the needed answer, every step
within each cycle of our CAR either resulted in the maintenance or revision of a component,
an attribute or a specification as well as new information to be reflected upon, therefore by the
end of the CAR we had a complete set of specifications.
The data gleaned from the three cycles of the CAR were studied and analyzed, this data
included data from the diagnosis of the environment in the light of the user’s visual
impairment, data concerning the planned actions that were to be implemented, the validator’s
observation of the users interacting with the prototype, a study of the videotaped recordings
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from the intervention steps and results from the reflection step, the analysis of this data helped
us to understand various aspects of the interplay between the user, the system and the
environment, and helped us to trace the changes in the system development from the beginning
to the end as well as giving us information to understand our research questions much better.
Various researchers have researched on the issue of requirements engineering for visually
impaired users, this include Bahn[5] and Kim[16], [29], we carry out a comparison of our work
with theirs and build on the knowledge provided by them, differences however exist between
our work and theirs in that we use actual functional prototypes that are able to
measure/detect/identify features of a real rather than virtual environment. We also declare that
HRS is a method of choice for practitioners who seek to develop haptic interfaces for visually
impaired users as it enables them to be involved in the process that develops systems to be
used by them. However, it may be a costly approach due to the change in components it may
entail as well as the domain expertise it might require. We hint that HRS may be able to
produce for researchers a way by which safe homes may be planned for visually impaired
users, Medicare, virtual physiotherapy, advances in cyber-physical systems and much more.

Future Research
The researcher seeks to research into the possibility of developing requirements for cyberphysical systems through the integration of Artificial Intelligence into HRS where the learning
would be carried out by the application of machine learning to Gunter’s method[2].
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APPENDICES
APPENDIX 1
Requirements specifications for 3rd Cycle of Canonical action research implementation step
1. The world: the environment in which the system will be used
The system shall be used by blinded users in building hallways. The hallways may contain
features like corners, doors, stairs, other people walking around, and other obstructions.
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2. The requirements: what the user needs from the system
The system shall have the following effects on the environment.
Effects

Measurements to be Optimized

Usefulness: as a blinded user, I would
Satisfaction with the support received
like to be able to walk a pathway I already from the device based on Opinion Score.
know without the help of another person to
Number of times support was needed.
be as independent as possible.
Time needed to reach the destination.
Freedom from risk: as a blinded user, I
Feeling of safety based on Opinion Score.
would like to know that I am getting into a
Number of times the blinded user was
dangerous situation to act in a way that I
entering a dangerous situation.
remain safe.
Context coverage: as a blinded user, I
Qualitative: list of situations the blinded
would like to use the system anywhere in the person succeeded to master.
building to have flexibility of movement as
Qualitative: list of situations the blinded
any other person.
person did not succeed to master.
Comfort: as a blinded user, I would like
Feeling of comfort based on Opinion
the system to be comfortable to avoid Score before walking around.
getting tired from using it.
Feeling of comfort based on Opinion
Score after 15 minutes of system use.
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3. The platform: the basis on which the system shall be built
The system shall be built based on the following parts.
A glove

Sonar sensors

Vibrating motors

An Arduino

Fitting material
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Arduino IDE

Android app

Bluetooth Module

4. The specification: the system’s external interfaces
The system shall have the following structure of components and interfaces.
Environment

Features

System

Sonar
Sensors

Arduino
User

Vibrating
Motors

Physical requirements:
Attribute

Values

Rationale

Mounting

Attached to the user’s hand

Usefulness

Workspace

Space the user is able to with his hand

Usefulness
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Ergonomics

No restrictions to user movement

Usefulness

Dimensions

Maximum 50mm x 100mm x 100mn

Comfort

Weight

Maximum 500g

Comfort

Stability

Survive a drop of 10cm without
damage

Transparency
Operational
Temperature

Support
collisions

light

No boxing required

Targeting of TRL 5

0°C – 50°C

Context coverage

Feature measurement with Sonar Sensors
Attribute
Distance
covered
Black Spots

Values

Rationale

1000 cm

Usefulness

No black spots allowed within
hemisphere coverage at 1.5m depth range.

Reading Rate

Minimum 10Hz

Freedom from risk
Usefulness

Haptic feedback with Vibrating Motors
Attribute

Values

Rationale

Amplitude

G = 0.8

Usefulness,
Comfort

Frequency

200Hz

Comfort

Attribute

Values

Rationale

Battery lifetime

During normal usage 4h at least

Targeting of TRL 5

Values

Rationale

Energy consumption

Emissions
Attribute
Noise

-50dB with full haptic feedback at 10cm
distance of system. The feedback shall be
arranged such that the intensity of the
feedback is inversely proportional to the
distance from the obstruction, the greater
the distance from the obstruction the lower
the vibration and the lower the distance
from the obstruction the greater the
vibration

Comfort
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