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Abstract

According to estimates by the World Health Organization (WHO), over one billion people
worldwide suffer from some form of vision impairment. While being visually impaired (or blind)
does not necessarily limit the ability to navigate from one location to another freely, research has
revealed that accomplishing this safely and efficiently is one of the most significant barriers to
independence for blind and visually impaired people (BVIP). It is known that BVIP develop
additional orientation and mobility abilities relying on non-visual information (which is usually
overlooked by sighted people) to support safe and efficient navigation. Even so, difficulties are
often encountered when attempting to navigate safely. For example, common issues include
encountering holes, hanging objects, stairs, traffic scenarios, signposts, and wet flooring.

This doctoral thesis focuses on developing constructs to help BVIP through infrastructure-
based assistance for independent navigation and through remote assistance in a collaborative
assistance mode using a caretaker. The design science methodology was adopted to design,
develop, and evaluate these constructs iteratively. Two constructs were developed for
infrastructure-based navigation assistance, and one was developed for remote collaborative
assistance. Each construct was evaluated for usability and user experiences with BVIP having
differing degrees of visual impairment in Finland and Pakistan (with no other impediments).
Further, empirical studies were conducted in Finland, Pakistan, and Sweden.

 The results demonstrate how remote collaboration systems can be developed to assist with
navigation for BVIP and their caretakers. They also demonstrate how existing infrastructure-based
tactile paving blocks can be enhanced to provide orientation and mobility assistance interactively.
The thesis also provides future research directions to extend the work presented.

Keywords: blind, ICT, independence, navigation assistance technology, visually
impaired





Chaudary, Babar Shahzad, Informaatioteknologiapohjaisen navigointia tukevan
järjestelmän suunnitteleminen sokeille ja näkövammaisille. 
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Tiivistelmä

Maailman terveysjärjestön arvioiden mukaan yli miljardi ihmistä maailmanlaajuisesti kärsii jos-
tain näön heikkenemisestä. Vaikka näkövammaisuus ei välttämättä rajoita kykyä liikkua vapaas-
ti paikasta toiseen, tutkimukset ovat paljastaneet, että navigoiminen turvallisesti ja tehokkaasti
on yksi merkittävimmistä sokeiden ja näkövammaisten itsenäisyyden esteistä. Tiedetään, että
sokeat ja näkövammaiset pystyvät suunnistamaan ja liikkumaan hyödyntämällä myös ei-visuaa-
lista tietoa, jota näkevät ihmiset eivät välttämättä edes huomaa. Siitä huolimatta vaikeuksia koh-
dataan usein yritettäessä navigoida turvallisesti. Yleisiä ongelmia ovat esimerkiksi kulkureitillä
olevien kuopat, roikkuvat esineet, portaat, liikenne, kyltit ja opasteet sekä märät alustat.

Tämä väitöskirja keskittyy sokeiden ja näkövammaisten avuksi tarkoitettujen teknisten rat-
kaisujen kehittämiseen infrastruktuuripohjaisella avustamisella itsenäiseen navigointiin sekä etä-
avustamiseen yhteistoiminnassa lähiomaisen tai avustajan avulla. Suunnittelutieteen menetelmiä
hyödynnettiin näiden ratkaisujen iteratiivisessa suunnittelussa, kehittämisessä ja arvioinnissa.
Kaksi teknistä ratkaisua kehitettiin infrastruktuuripohjaista navigointiapua varten ja yksi kehitet-
tiin etäyhteistyötä varten. Jokaisen ratkaisun käytettävyyden ja käyttökokemuksen arvioivat eri-
asteiset näkövammaiset Suomessa ja Pakistanissa. Lisäksi empiirisiä tutkimuksia tehtiin Suo-
messa, Pakistanissa ja Ruotsissa.

Tulokset osoittavat, kuinka etäyhteistyöjärjestelmiä voidaan kehittää auttamaan sokeita ja
näkövammaisia, ja tukea heidän avustajiensa etänavigointia. Ne osoittavat myös, kuinka jo ole-
massa olevaan infrastruktuuriin perustuvia infrastruktuuriin perustuvia ratkaisuja voidaan paran-
taa tarjoamaan vuorovaikutteista orientaatio- ja liikkumisapua. Väitöskirja tarjoaa myös tulevai-
suuden tutkimussuuntia tehdyn tutkimustyön laajentamiseksi.

Asiasanat: ICT, itsenäisyys, navigointiaputekniikka, näkövammaiset, sokeat
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1 Introduction  

It is an important goal for society that all people have equal access to products, 

services, workplaces, and environments. Moreover, issues of the accessibility, 

usability, and acceptance of products and services have become more critical given 

the increasing percentage of older people in the world. Although some older people 

have no disabilities, the prevalence of disabilities (or limitations) is highest among 

this demographic group as sensory functions decline due to “normal” ageing. 

Moreover, the needs and abilities of people change as they advance from childhood 

to old age, and the abilities of individuals in any particular age group can vary 

substantially. It is important to recognize that functional and cognitive limitations 

vary from comparatively minor (such as mild hearing loss or only using spectacles 

to read), to blindness, deafness, or the inability to move all or part of the body. 

However, it should be noted that although some limitations may be minor in nature, 

in combination these can pose a significant problem, as with ageing (ISO/IEC 

Guide 71:2001; 2014). 

Navigating from one place to another is an essential element of life. The 

reasons for people needing to navigate include work, education, shopping, and 

other miscellaneous activities. It is known that vision plays a crucial role in 

navigation since it facilitates movement from one place to another. While it is 

relatively easy to imagine moving around without vision in a familiar environment 

(such as our own room or office space), it is difficult to navigate unfamiliar places. 

According to statistics from the World Health Organization (WHO), 

approximately one billion people have some form (or forms) of vision impairment 

(WHO, 2021). While being visually impaired does not necessarily equate to losing 

the ability to navigate independently, studies show that one of the biggest 

challenges to the independence of people with visually impairments is associated 

with safe and efficient navigation (Giudice & Legge, 2008). Over 75% of people 

with vision impairment are 75 years old and above, they might be less technological 

oriented. To facilitate safe and efficient navigation, people with impaired vision 

acquire orientation and mobility skills and use other non-visual information that is 

rarely considered by sighted people. However, challenges remain for people with 

vision impairment for safe navigation (Riazi et al., 2016). Apart from reaching the 

destination successfully and safely, other challenges routinely present themselves, 

including identifying holes in pavements, hanging obstacles, stairs, traffic 

situations, signposts, and wet floors (Manduchi et al., 2010).                
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The purpose of this study is to explore how information and communication 

technology (ICT) can help BVIP and their caretakers to live independent and self-

sufficient lives. The idea is to enable BVIP to navigate in surrounding and distant 

places as independently as possible and to empower caretakers with the ability to 

assist when required, regardless of location (i.e., remotely). The availability of 

assistance when required (not having to wait for the physical presence of the 

caretaker) will enable BVIP to move with more freedom and more frequently. In 

addition, this would save time and reduce the burden of care on caretakers.  

1.1 Background 

Navigating complex routes and finding objects of interest are challenging tasks for 

BVIP. Further, BVIP can face enormous limitations in terms of their mobility, and 

there is a lack of infrastructure in today’s world to make it easier. A system that 

assists navigation and orientation in real time would be of great benefit to achieve 

this demanding task.  

The process of navigation includes two action components: orientation and 

mobility (O&M). Orientation (or macro-navigation) involves processing the 

remote environment beyond that which is immediately perceptible. This includes 

multiple processes, such as being oriented, selecting an appropriate path, 

maintaining the path, and detecting when the destination has been reached. 

Mobility (or micro-navigation) relates to sensing the immediate (near field or 

indoor) environment, including potential paths in the vicinity, for moving through 

an area (Downs & Stea, 1977). In the case of BVIP, the main cues for sensing the 

environment (e.g., landmarks and paths) are degraded. This results in difficulties 

related to moving and heading in both navigation components (Katz et al., 2012). 

Accordingly, a system that helps BVIP to navigate in real time will be of great 

benefit.  

Research and development into delivering an effective navigation support 

system to solve the problems of BVIP span over three decades; however, the 

inherent problems remain largely unsolved (Kamiński & Bruniecki, 2012). 

Textured paving blocks, guide dogs, global positioning system (GPS) based 

navigation systems, various sensors and wireless-based systems, and the more 

recent real-time remote assistance commercial platforms are some of the 

established support systems for BVIP (Hersh & Johnson, 2008). Other widely 

employed technologies include radio frequency identification (RFID), using radio 

waves emitted from wireless local area network (WLAN) access points, infrared 
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(IR), Bluetooth, and ultrasound-based identification (USID) (Yelamarthi et al., 

2010). However, all these systems and navigation aids have certain drawbacks, 

meaning they are not optimal solutions for assisting BVIP to navigate. Textured 

pavement blocks are scarce. Moreover, compared to public spaces and 

transportation, there has been little or no progress made in delivering commercial 

facilities along such corridors. Public awareness about these facilities is also a 

concern, as vehicles are often parked in these areas. Further, while guide dogs offer 

the effective service of providing obstacle-free, protected walkways for BVIP, they 

are unable to locate destinations. Moreover, raising an animal brings its own set of 

problems, and a guide dog’s useful service life is limited. (Letham, 2011). With 

regard to GPS, perceived precision is a problem that can render it unsuitable for 

BVIP navigation in urban areas. This phenomenon is primarily caused by problems 

with satellite visibility in urban areas due to tall and congested buildings. Moreover, 

the phenomenon of urbanization often delays GPS start-up time, and most GPS 

navigation systems use speech to communicate instructions to the user. However, 

this technique is ineffective for real-time tasks, necessitating the creation of more 

fundamental audio and haptic interfaces. (Kolodziej & Hjelm, 2010). Further, the 

unavailability of GPS indoors limits its use in indoor navigation systems (Moreira 

et al., 1996). There are several flaws in RFID technology, including fluctuating 

signal accuracy, signal interruptions, reader and/or tag collisions, and slow read 

speeds (Moreira et al., 1996). Due to reflected signals from wireless LAN, obstacles, 

or the surrounding area, wireless LAN access point methods have issues with 

fluctuating positional accuracy. (Moreira et al., 1996). Interference from normal 

and artificial light is a disadvantage of IR-based systems (Moreira et al., 1996). 

Another is the high cost of installation and maintenance due to the large number of 

tags that must be added (Bulusu et al., 2000). With Bluetooth beacon-based systems, 

device delays force users to walk more slowly than with other technologies 

(Chawathe, 2009). Further, Bluetooth beacons suffer from high installation costs, 

maintenance requirements, and the requirement of line-of-site (similar to RFID and 

IR technologies) (Hightower & Borriello, 2001). The main problem with 

ultrasound-based systems is that signals can be reflected or blocked by walls (Ran 

et al., 2004). As a result, localization becomes less accurate (Lorincz & Welsh, 

2005). Tactile map-based guidance systems that are useful for generating mental 

maps are also being researched. However, learning to read tactile maps by touch 

takes time, rendering them difficult to use while moving (Wormsley & D’Andrea, 

1997).    
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Navigator needs info about POI while navigating effectively. That info should 

be conveyed verbally or non-verbally. Non-verbal is preferred for BVIP as they use 

their listening senses during navigation. Non-verbal communicating with people 

who are blind has always posed considerable challenges, with Braille being an 

alternative method of communication for the blind. The Braille system is a 

universally used tactile method of reading and writing (Braille, 1829; Wormsley & 

D’Andrea, 1997).  

1.2 Research questions 

The main contribution of this study is to produce navigation assistance prototypes 

to assist BVIP and their caretakers in different environments. Providing such 

assistance is important, as it can increase their independence and confidence levels. 

In turn, this would help them to become more self-reliant and to integrate more 

successfully into society through increased independence in outdoor navigation. 

Moreover, this would provide caretakers with more spare time for their own lives 

through a reduced burden of care. Altogether, this can result in greater wellbeing 

for society and could contribute to providing equal access to products, services, 

workplaces, and environments regardless of physical ability.  

Outdoor navigation is an important element of the lives of BVIP, with many 

essential activities (such as shopping, dining, and socializing) being conducted 

outside. Accordingly, engaging with such activities requires being able to navigate 

to certain places, both nearby and distant. To reach these destinations, BVIP require 

assistance from either tools, infrastructure, or another person. White canes and 

guide dogs are the most popular and accepted navigation assistance tools within the 

BVIP community, although these have their own limitations with regards to being 

optimum navigation aids. For example, although a white cane can provide low-

level scanning of the environment with efficient obstacle avoidance, it cannot 

detect destinations. Further, the trouble of raising animals, their cost, and the short 

effective service age are problems with guide dogs. When added to the limited 

levels of infrastructure-based navigation assistance (in terms of assistance offered 

and availability), these factors raise safety concerns for BVIP navigating 

independently to their destinations.        

The research work conducted in this thesis provides two modes of assistance 

to BVIP and their caretakers: an independent mode that relies on infrastructure-

based assistance and a collaborative mode that relies on the provision of remote 

assistance through remotely located caretakers and an enhanced white cane. The 
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following research question and sub-questions were employed to conduct the 

research and present the research results:   

How can ICT-based navigation assistance help BVIP and their caretakers in 

their everyday lives? 

This main research question can be divided into the following sub-questions: 

RQ1. How can the acceptance of ICT-based navigation assistance be increased 

among BVIP? 

RQ2. What characteristics in the built environment are relevant and should be 

considered? 

RQ3. What are the relevant factors for deciding when BVIP are willing to 

accept help? 

Table 1 indicates how the papers contribute to each research question. Papers I and 

II present the constructs that were designed and developed to assist BVIP when 

navigating nearby (familiar) environments and distant (non-familiar) environments. 

Papers I, III, and IV report on end user study results of the prototypes of the 

proposed systems. The results demonstrate that BVIP who tested the system 

provided positive feedback about the usefulness of the proposed technology in their 

navigation activities. It should be noted that when assisting BVIP, especially from 

remote locations, it is important to consider relevant factors from the environment 

to provide safe and smooth assistance, as neglecting them could compromise the 

safety of the person being assisted. Such factors are revealed and reported in Paper 

IV through end user testing results. Finally, it can be difficult for people to know 

when BVIP are willing to accept assistance. Consequently, a qualitative study 

comprising interviews was used to explore and report on such situations. 

Table 1. Papers and their contributions to the research questions. 

Research Question (RQ) I II III IV 

RQ1 X X  X 

RQ2   X X 

RQ3   X  
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1.3 Research method 

Conducting research requires definition of the methodologies used to answer the 

research questions formulated for the study. Some information science 

methodologies were considered to conduct this research. The nature of the solutions 

being presented for BVIP involves studying the needs and requirements of the users 

and the need to create ICT-based solutions. Hence, design science was chosen as a 

suitable research method because it offers guidelines and research cycles (on which 

this study is based) to create an instantiation in the form of a prototype.     

As defined by Hevner et al. (2004), a research paradigm is “the set of activities 

a research community considers appropriate to the production of understanding 

(knowledge) in its research methods or techniques”. This study utilizes the design 

science paradigm in which questions relevant to human problems are answered 

through the creation of innovative artefacts, thereby contributing new knowledge 

to the body of scientific evidence. In design science, knowledge and understanding 

of a design problem and its solution are acquired through the building and 

application of an artefact (Hevner, 2007). Moreover, the artefact should improve 

on existing solutions or possibly provide a first solution to an important problem 

(Hevner et al., 2004). 

The design science research (DSR) cycle combines the research framework of 

an information system and three inherent research cycles: relevance, design, and 

rigor (Hevner, 2007). The relevance cycle initiates DSR with an application domain 

that provides the requirements for the research as the input along with the 

acceptance criteria. The requirements (e.g., the opportunity/problem to be 

addressed) for the research and acceptance criteria for the evaluation of the research 

results are also defined. The application domain consists of people, organizational 

systems, and technological systems that interact to work toward a solution. In this 

research, the application domain consisted of BVIP and their caretakers, and the 

activity was outdoor navigation. The considered questions in this cycle are as 

follows: “Does the design artefact improve the environment?” and “How can this 

improvement be measured?” The output of the research is returned into the 

environment for study and evaluation in the application domain. The results of the 

field testing then determine whether additional iterations of the relevance cycle are 

required (Hevner, 2007).  

Design science draws from a knowledge base of scientific theory engineering 

methods that provide the foundation for rigorous DSR. In the rigor cycle, design 

science activities relate to scientific foundations that inform the research project. 
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This encompasses a consideration of the experience and expertise that define the 

state-of-the-art in the application domain of the research and existing artefacts and 

processes found in the application domain. The objective of the rigor cycle is to 

ensure that any designs produced are research contributions and not routine designs 

based on the application of known design processes and the appropriation of known 

design artefacts. Another objective is to ensure that research is grounded on existing 

ideas drawn from the domain knowledge base (Hevner, 2007). In this research, 

novel prototypes, test protocols, and test plans were developed as an extension to 

the existing knowledge base. The technology acceptance model UTAUT2 and the 

meCUE 2.0 user experience model were adopted and extended to the needs of the 

study.   

The DSR cycle lies at the heart of DSR, iterating between the 

development/building of an artefact, its evaluation, and subsequent feedback to 

refine the design further. In addition, the requirements are inputs from the relevance 

cycle, and the design and evaluation theories and methods are drawn from the rigor 

cycle. The design cycle is where the hard work of DSR is conducted, in which it is 

essential to maintain a balance between the efforts spent in constructing and 

evaluating the evolving design artefact (Hevner, 2007). As discussed in the 

subsequent chapter, three design science artefacts were built and evaluated in this 

study. The development of these artefacts followed an iterative prototype-based 

development approach where artefacts were developed and matured in a laboratory 

setting. Once developed, these were evaluated in a controlled laboratory or real 

environment setting with real test subjects. Figure 1 presents a chart showing how 

the DSR approach was applied in this study.   



 

26 

Fig. 1. Design science research approach applied in this study (Adapted from Hevner et 

al., 2004; Hevner 2007).  

1.4 Research environment and data collection  

The research environment in this thesis consists of studies in Pakistan, Finland and 

Sweden. Figure 2 presents the research environment and a timeline of the thesis. 

The work started in May 2013 with the literature review, followed by the 

development of first research artefact named as Construct I. There was an informal 

interview with a late blind former VTT scientist and one of his friends who took 

care of his blind daughter. Once matured in a laboratory environment, the 1st 

validation study was conducted in September 2014 in Pakistan and Finland with 

real BVIP. The results of the study were reported in Paper I. Based on the feedback 

from validation study I, the prototype of Construct I was improved, and Construct 

II was developed. Validation study II was conducted in Pakistan with real BVIP in 

2017, and the results were reported in Paper III in 2021. While work on the 

prototype of second artefact named as Construct II continued, the idea for third 

artefact named as Construct III was matured and published in Paper II in 2016. This 

was based on our discussion with retired VTT Technical Research Centre of 

Finland scientist who became late BVIP and his friend who had a BVIP family 

member. Validation study III (to validate Construct III) was conducted in December 

2020 in Pakistan, and the results were published in Paper IV in 2021. 
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Fig. 2. Research environment and thesis timeline. 

In the experiments, data collection methods were selected according to test setup, 

environment and participant’s role and a severity of blindness. The following table 

depicts the data collection methods during this thesis process (Table 2). 

Table 2. Data collection in Finland, Sweden, and Pakistan. 

Phase/ Paper Test Subjects Date Place Methods 

Requirements 7 BVIP, 1 Caretaker Jun-Dec 2014 Finland (Joensuu) Interview 

Requirements 10 Deaf-Blind Jun-Aug 2014 Sweden (Orebro) Interview 

Requirements  15 BVIP, 2 Caretaker Oct-Nov 2014 Pakistan (Lahore) Interview 

Requirements 1 Navigation expert Jun 2014 Finland (Oulu) Interview 

Requirements 2 ICT expert Sep 2014 Finland (Oulu, Kuopio) Expert evaluation 

Paper I 15 BVIP Oct-Nov 2014 Pakistan (Lahore, 

Islamabad, 

Abbottabad, Haripur) 

Interview, Usability 

test 

Paper II 19 BVIP Sep-Nov 2014 Finland (Oulu) Interviews, UTAUT2 

Paper III 14 BVIP Jan 2017 Pakistan (Lahore, 

Islamabad, 

Abbottabad) 

Interview, Usability 

tests, UTAUT2 

Paper IV 11BVIP, 1 Caretaker Dec 2020 Pakistan (Lahore) Interviews, Usability 

tests, meCUE 2.0, 

group discussions 
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1.5 Structure of the thesis 

This section presents the structure of the thesis. Chapter 1 contains the introduction, 

the research background, research questions, and method, while Chapter 2 presents 

the related work. Chapter 3 contains a description of the construct design and 

implementation, while Chapter 4 presents the empirical studies and findings. 

Chapter 5 presents the key findings, answers to the research questions, and a 

discussion of the results and limitations. Finally, Chapter 6 concludes the thesis. 



29 

2 Related work  

Primarily, BVIP use two types of assistance: primary and secondary. More 

commonly used items, such as the traditional white cane and professional guide 

dogs, provide primary assistance. Secondary assistance includes a wide range of 

aids that are primarily divided into two categories: electronic travel aids (ETAs) 

and orientation and navigation systems (ONSs). The former detects the nearfield 

environment to aid mobility, while the latter assists in orientation i.e., reaching the 

far-field environment (Loomis et al., 2007; Cardillo & Caddemi, 2019). The main 

usage of ETAs is for enhanced obstacle avoidance by extending the range of the 

white cane. However, they do not help with object recognition or more difficult 

navigation tasks. The technologies used to develop these systems include sonar or 

laser radars and computer vision. By comparison, ONSs are almost exclusively 

based on the use of the global positioning system (GPS) with adaptations for VIP 

(Loomis et al., 2005; Marston et al., 2006). Mobility and navigation assistance have 

been a hot topic in research and development for years, as they are essential for 

independent living and social integration. (Bhowmick & Hazarika, 2017). 

Currently, many BVIP own a smartphone and use a variety of apps, such as 

BlindSquare, RightHear, and Be My Eyes, which also supplement their needs 

(Avila et al., 2016; Be My Eyes, n.d.; BlindSquare, n.d.; RightHear, n.d.).  

Efforts to develop navigation assistance for BVIP have spanned over 70 years. 

Early products were designed for obstacle avoidance using sonar and laser 

technology, and the user interface (UI) for these devices was typically based on 

either vibrations or sounds (Benjamin, 1974; National Research Council, 1986). 

During the 1980s, developers were able to add computational capabilities to their 

artefacts. This expanded the range of relayed assistive information by filtering and 

processing input data, while also making improvements to the UI. (Maude et al., 

1983.) The arrival of the global navigation satellite system (GNSS), specifically 

GPS in 1996, made it possible to develop products for BVIP that allowed them to 

navigate to a destination more independently. These technological advancements 

facilitated a host of products being made available, such as Trekker, BrailleNote 

GPS, and Drishti. It also meant that location-based technology had become the 

backbone of navigation assistance (Library of Congress. n.d.; Humanware, n.d.; 

Ponchillia, 2007; Helal et al., 2001).  
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2.1 Remote assistance and technologies  

The MOBIC project was one of the first remote navigation assistance research 

projects for BVIP, where navigation assistance was provided verbally from a 

remote location using information from geographical information systems (GISs) 

and GPS. (Petrie et al., 1997). In 2003, Garaj et al. (2003) created a remote 

navigation assistance system that employed a personal computer to provide real-

time navigation assistance from a remote location. This was achieved by sending a 

video feed from a digital camera worn by the subject in addition to GPS and GIS 

location data. Using a video stream from a USB-based camera and two portable 

computers for wireless internet access, Bujacz et al. (2008) created a prototype in 

which a remotely located helper provides navigation assistance. Prototype testing 

was conducted in a controlled indoor setting. A more advanced version of this 

system was developed and evaluated by Baranski and Strumillo in 2015. Their 

evaluation was conducted in a real-world setting. The results indicated that the 

system was ineffective at busy crossings without traffic lights, and it suffered from 

low video quality during the day. Subsequently, they developed an improved 

version that supported two-way communication. They also recommended adding 

appropriate support people and providing them with training as measures to reduce 

stigmatization and increase acceptance among BVIP (Baranski & Strumillo, 2015). 

According to research, many BVIP are willing to cooperate and interact with 

others while performing navigation or orientation tasks (Balata et al., 2012, 2014). 

Moreover, several commercial applications that provide access to sighted guides 

are now available. Be My Eyes is a good example of a voluntary community-based 

assistive technology AT that helps BVIP and is widely adopted (Be My Eyes, n.d.). 

Here, BVIP can establish video and voice connections with volunteers using a 

smartphone application. The volunteers can then assess the situation from the real-

time video feed and answer any questions (Be My Eyes, n.d.). Although there are 

many benefits of using volunteers, quality assurance has been reported as a major 

concern (Avila et al., 2016). This quality assurance issue was addressed by a 

collaborative assistance platform (Aira), which provided communication training 

for their human agents (Aira, n.d.). VizWiz (n.d.), TapTapSee (n.d.), and 

BeSpecular (n.d.) are further examples of commercial platforms that have 

demonstrated the similar concept of using volunteers. These platforms are flexible 

and cost effective, as they allow real-time assistance in a variety of situations and 

reduce operational costs for the service. 
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2.2 Navigation assistance devices composition  

According to Chanana et al. (2017), the limitations of conventional assistive aids 

led to the evolution of technology-supported solutions that can guide BVIP by 

providing enhanced technological navigation assistance. The immense potential 

that emerged through advances in computing and communication platforms can be 

considered an advantage when designing navigation and accessibility solutions for 

BVIP (Manduchi, 2012). A technological assistance device consists of the sensing 

input unit(s) that receives inputs from the environment and a single or multiple 

feedback modalities to provide information to the user. These are described in detail 

in the following sections. 

2.2.1 Sensing inputs 

The commonly used sensing inputs in navigation assistance devices include general 

cameras, depth cameras, RFID, Bluetooth beacons, ultrasonic sensors, and infrared 

sensors. General cameras (such as smartphone cameras and IP cameras) can deliver 

good quality images/video and are sufficiently compact to carry easily. However, 

these cameras do not provide any depth information; hence, systems using such 

cameras cannot determine the distance of user from an obstacle. Accordingly, 

images/videos from general cameras can only be used to detect the presence of 

obstacles. 

Depth cameras can provide ranging information about objects. Microsoft 

Kinect is generally used as the core depth recognition hardware in vision analysis 

systems that analyze depth info (Filipe, 2012). Microsoft Kinect uses a time-of-flight 

(ToF) camera for depth computation, and images from depth cameras can provide 

more information about obstacles compared to general cameras. The main 

limitation of Kinect is that it cannot be used in intense light environments. Other 

depth-based cameras use the light detection and ranging (LiDaR) method for 

determining depth. However, a major disadvantage of both Kinect- and LiDaR-

based systems is their excessive size, rendering them impractical for carrying (i.e., 

not portable). Some current smartphones offer an inbuilt depth sensor in addition 

to the normal camera, meaning their use in visual processing-based systems could 

unleash the full potential of depth data for navigation assistance. 

The technology of RFID involves encoding digital data in tags or smart labels. 

The data is then read by readers via radio waves, meaning it is a wireless non-

contact employment of radiofrequency waves to transfer data. However, this 
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technology suffers from various disadvantages, including fluctuating signal 

accuracy, signal disruption, reader and/or tag collisions, and slow read rates. 

Moreover, the user needs to be aware of the RFID reader’s location in a navigation 

context (Wireless Advisory).      

Bluetooth technology is a standard that enables devices to be connected 

wirelessly and operates in the unlicensed industrial, scientific, and medical (ISM) 

band at 2.4 to 2.485 GHz. A Bluetooth low energy (BLE) beacon sends out data 

packets at regular intervals, and a mobile application (or pre-installed service) on 

nearby smartphones can detect these data packets. Since BLE transmits less data 

over a shorter distance, it uses less power than other navigation devices. However, 

the receivers (or emitters) must be mounted in the ceiling, meaning Bluetooth 

beacons have high installation and maintenance expenses (Chawathe, 2009). 

Near-field communication (NFC) is another communication technology based 

on RFID protocols. The main difference is that NFC devices can act as both a reader 

and a tag. This makes it possible to transfer information between two NFC devices 

(i.e., the devices can talk to each other).  

Ultrasonic-based navigation systems calculate the distance to obstacles and 

then relay this information to the user. However, due to the high beam angle of 

ultrasonic signals, these devices are unable to detect the precise location of 

obstacles. Furthermore, this technology is unable to distinguish between different 

types of obstacles, such as a car or bicycle (Fallah et al., 2013).  

Infrared (IR) sensors detect or emit IR signals to sense certain characteristics 

of the surroundings. They can also detect motion by measuring the heat generated 

by an object. However, the main disadvantage of IR-based systems is that natural 

and artificial light can interact with the devices. Further, due to the large number of 

tags that must be added and managed, IR-based systems are expensive to set up 

(Moreira et al., 1996). 

2.2.2 Feedback modalities 

While navigating, an electronic navigation aid with vision/non-vision sensory units 

can detect obstacles, as described previously. This knowledge combined with 

directional cues must then be sent to users for them to be able to navigate. Audio, 

tactile, and vibration feedback are all common modes of feedback. Some systems 

combine these modes, providing the user with a multimodal option for receiving 

navigation cues. 
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Audio feedback is typically provided through earphones or speakers. However, 

this can cause user disruption through information overload, and it can also be 

irritating when the user ignores the environment sounds due to auditory cues 

(Bourbakis & Dakopoulos, 2009). Many navigation systems use bone conduction 

headphones to help mitigate this issue by allowing sound to be transmitted to the 

inner ear, enabling the user to hear the audio signal without having to block the ear 

canal (Cai, Lenhardt, Richards & Madsen, 2002).  

Tactile feedback is used in some navigation feedback systems, where user body 

parts that can sense pressure (such as the foot, arm, or fingers) are used to provide 

feedback. This can alert the user to directional cues and help to avoid obstacles by 

sensing different body pressure points. Unlike audio feedback, tactile feedback can 

prevent users from being distracted by background noise (Fadell et al., 2013; Lander 

& Haberman, 1999).  
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3 Design and implementation 

This chapter presents the three main navigation assistance systems proposed in this 

study (Construct I, Construct II, and Construct III), which include two variants of 

an infrastructure-based independent mode navigation assistance system (Construct 

I, Construct II) and a remote tele-guidance-based collaborative navigation 

assistance system (Construct III). The work was conducted iteratively; hence, an 

explanation of the complete process (from first conception to final evolution) is 

provided. The iteration shown here explains the system design, the validation of 

the design, and how it affected the next iteration process and implementation of the 

design in a hierarchical format. 

The proposed system evolved from the initial concept in Construct I (Paper I) 

to Construct II (Paper III), where the concept changed from a vibration-based UI 

into a touch-based haptic concept. In Construct III, the system changed from 

independent mode to collaborative mode as tele-guidance-based remote 

collaborative navigation assistance. In addition, the concept was transformed into 

a modular plug-and-play UI working for both navigation concepts (i.e., Constructs 

II and III (Papers III and IV). This is also extendable to any future method of 

utilizing a plug-and-play based haptic user interface through other ways of 

guidance input, such as AI-based automated guidance or pre-stored rout guidance. 

The construct iteration is based on concept discussions—from the design aspects 

to implementation and from testing with end users to the analysis of the collected 

research data. 

3.1 Construct I: Augmented cane pulsing magnet outdoor NA 

(independent mode)  

As a first step, the initial concept of the system was garnered from a literature 

review of assistive devices for BVIP, from studying their needs and problems faced, 

and with consideration of future extension plans on the streets and pavements 

upgradation in Oulu using the design science approach. The needs of BVIP when 

navigating outdoors and on paved ways were used as system design goals. Second, 

improvements to the existing assistive infrastructure for BVIP were used as a 

starting point to create the design artefacts. A requirement that is often highlighted 

for the development of assistive technology for BVIP is that devices should not 

present an obstacle to using white canes, as these are their primary aid. Accordingly, 

the design decision was to build a navigation aid by augmenting the worth and 
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environment scanning capability of routine white canes used by BVIP, enhanced 

by infrastructure upgradation and the installation of ICT components. An additional 

design requirement was to minimize any increase in the weight of the cane, since 

any increase in weight would decrease its environmental scanning capability. A 

detailed description of the system can be found in Paper I. 

The aim of the first system design was to enhance textured paving block 

assistance. Textured paving blocks were invented in Japan and are one of the most 

widely used infrastructure-based assistance systems. However, although these 

systems are very practical for orientation purposes, the amount of information on 

the surroundings is limited. Obtaining information about the surroundings localizes 

a user to the environment, which is critical for their inclusion in society and 

consequently affects their wellbeing. Textured paving block systems work through 

a combination of a white cane and raised textures on the sidewalk. Accordingly, 

BVIP can sense the raised textures on the sidewalk with their cane or feet. If these 

are straight lines, it means the path is a straight line. When arriving at a decision 

point (such as at a corner), the textures on the sidewalk adopt the form of crossing 

lines. This informs the user that they have arrived at a decision point and that the 

path is no longer straight ahead only. Hence, the user must make a decision to turn 

or continue. The proposed system is an upgrade of this technology and comprises 

three components: (1) an augmented cane, (2) a stationary magnet point trail, and 

(3) pulsing magnet apparatus (Paper I).  

The augmented cane is a walking stick used by BVIP to take assistance from 

the underlying navigation infrastructure when walking on the sidewalks in city 

centers. It is basically a regular white cane augmented with the installation of a 

small, powerful, ring-shaped neodymium magnet [Neodymium magnet] reader at 

its tip (Fig. 2) (Paper I). 

 

Fig. 3. Augmented cane in Construct I. 
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The stationary magnet point trail is incorporated in sidewalks for BVIP in city 

centers. This trail comprises powerful disc-shaped Neodymium magnets buried 

beneath the sidewalk, forming a trail of magnetism (Fig. 3). Anyone walking on the 

sidewalk can sense and follow the trail of magnetism through the augmented cane’s 

magnetic reader. This will assist in orientating BVIP when walking independently 

towards their destination. (Paper I) 

 

Fig. 4. Stationary magnet point trail (left) and pulsing magnet apparatus (right). 

The pulsing magnet apparatus generates magnetized serialized vibrations to relay 

serialized braille encoded guidance message about a point of interest (POI) (such 

as a café, bus stop, or post office) for BVIP. The apparatus will be installed either 

directly next to POIs on the sidewalk or at points where a path divides into more 

trails. Any BVIP using an augmented cane will be able to sense these serialized 

vibrations emitting from the pulsing magnet apparatus through their augmented 

cane. The serialized vibrations transmit serialized encoded guidance messages that 

BVIP can obtain by decoding the serialized vibrations (Paper I).  

The proposed system works by BVIP following the magnetic trail on a 

sidewalk with the help of the augmented cane by sensing the magnets. When they 

arrive at a POI, BVIP can sense the vibrational brail message by cane vibration 

transmitted from the pulsing magnet apparatus installed at the decision point. This 

system assists BVIP when navigating interactively. These vibrational brail 

messages about POIs inform BVIP about their surroundings, helping them to 

localize in the environment. The end user test results validated the idea of assisting 

in this way (Paper I).  



 

38 

3.2 Construct II: Smart grip outdoor NA (independent mode) 

In Construct II, the concept of haptic-based guidance through the grip of the 

augmented cane was developed. Here, a haptic vibrator was installed in the grip of 

the cane, and a magnetic sensor was installed at the tip. The vibrator oscillates when 

the magnetic sensor detects a magnet on the stationary magnet trail. The idea behind 

this conceptual design was that more precise information about navigation could 

be provided through a combination of vibrators and vibrational patterns. To prove 

the concept, a simple prototype was developed for usability testing with real BVIP 

as test subjects. The results of the study indicated that the test subjects found the 

proposed navigation assistance method usable (Paper III). One user commented 

that although a cane is useful, it is a “dumb” device. This system mimics the cane 

talking to BVIP, providing feedback about continuation of the path. The test 

subjects provided ideas for further development of the system and suggested 

changes to the current prototype (Paper III). 

3.3 Construct III: Teleguidance-based remote NA (collaborative 

mode) 

While assistive devices and assistance from infrastructure present a basic level of 

support, the help of real people is essential for tasks that require human intelligence. 

Caretakers provide ample support (paid or unpaid) and play a valuable role in 

helping dependent people to be functional in society. However, they cannot always 

be present, sometimes when most needed. Therefore, an assistance solution that 

would benefit both BVIP and their caretakes would be of great benefit. It would 

also be helpful for caretakers. For example, studies reported in the UK have 

reported that 60% of caretakers were able to return to their jobs when they found 

some remote assistance method or tool. 

3.4 Summary of the conceptual system designs 

The developed teleguidance navigation assistance relies on cooperation between 

BVIP and their caretakers. It contains a multimodal interface that works over the 

Internet of Things (IoT) and relies on haptic and vocal communication between 

BVIP and their caretakers. The system comprises a smart cane, a mobile application, 

and a web server (Fig. 5). The smart cane comprises an augmented cane, an IoT 

module, a smartphone, and an open ear Bluetooth earpiece. The caretaker uses a 
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TeleNavigation App installed on a large-screen smartphone. The user interface of 

the TeleNavigation app shows the field of view transmitted from the smartphone 

placed on the chest of the BVIP, along with buttons to control the haptic vibration 

for guidance (Papers II and IV).  

Smart phone application based commercial solutions for remote assistance like 

BeMyEyes (n.d.) and Aira have become available in small scale during the time 

this research was being conducted. Though the research work presented in this 

thesis was started before development/introduction of most popular ones like i.e., 

BeMyEyes, but the significant difference to solution in this thesis contains is that 

it presents a remote assistance solution with its own innovative IoT-based haptic 

user interface for the BVIP (see Fig.5). The development of most popular off the 

shelf remote assistance platforms based following the assistance method proposed 

in this research work is also a confirmation to the validity of such assistance. 

 

Fig. 5.  Block diagram of the system (Paper IV). 

The system comprises a BVIP terminal and a remote caretaker terminal, which are 

presented in the following sections.   

3.4.1 BVIP Terminal / smart cane 

The BVIP terminal is a smart cane that incorporates four components: (a) an 

augmented cane, (b) an IoT module, (c) a smartphone, and (d) an open ear/bone 

conduction earpiece.  
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Augmented cane 

The augmented cane is an ordinary white cane with an enhanced grip. The grip 

includes a tactile UI comprising two alternate haptic methods to relay vibrational 

navigation instructions (Fig. 6). The first method has two adjacent actuators 

installed in parallel, while the second method only utilizes one actuator. These UI 

elements are installed on opposing sides of the grip. With the two adjacent actuators, 

the user needs to move either left or right based on which actuator is activated. 

When using one actuator, patterns are used for direction guidance as follows: if the 

actuator vibrates once briefly, the user should move to the right; if it vibrates three 

times in quick succession, the user should move left. These patterns match those 

used by Apple Watch for map directions, allowing a comparison between the 

navigation performance of our system and that of Apple Watch [Apple Watch]. The 

cane also has open connections for attachment to the IoT Module to receive a 

vibration control relay from a remote caretaker. The augmented cane was 

developed using a modular approach, meaning it can also connect to other sources 

of input. We optimized the position of the actuators so that vibrations could be felt 

when using a typical hand grip. This was based on an earlier user study conducted 

as part of this project (Paper III).  

Fig. 6. Augmented cane in Construct III.   

IoT module 

The IoT module is a custom-made removable module that attaches to the 

augmented cane (Fig. 7). It connects to the tactile UI through a wired connection. 

The circuitry of the chip is controlled by an Arduino MKR1010 MCU (Arduino 
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MKR 1010). It has both Wi-Fi and Bluetooth low energy (BLE) connectivity. 

Connection to the web server is established through Wi-Fi (BLE).  

Fig. 7. IoT module.   

Smartphone 

The smartphone is hung around the neck (via a necklet) and sends real-time video 

of the field of view to the caretaker. The reason for using a smart phone camera was 

that they are already available, are owned by most BVIP, and have a normal camera 

and network facilities. 

Open ear or bone conduction Bluetooth earpiece 

An open ear or bone conduction Bluetooth earpiece is worn by the user in one ear 

for voice communication with the caretaker. The reason for adopting this 

configuration was because it does not block sounds from the environment, meaning 

BVIP sensing capabilities from the environment (e.g., using echolocation) are not 

disturbed.  

3.4.2 Remote caretaker terminal 

The remote caretaker’s terminal comprises of two components: a mobile 

application (TeleNavigationApp) and a web server. 
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The mobile application (TeleNavigationApp) 

The mobile application is an app developed using the Blynk IoT library installed 

on the smartphone of the remotely located caretaker (Blynk) (Fig. 8). The UI has a 

top window showing a live video feed of the field of view in addition to two buttons 

at the base of the screen to control the actuators on the tactile UI of the smart cane.  

 

Fig. 8. User interface of TeleNavigationApp.    

The web server 

The web server hosts the control logic of communications between the mobile 

application and the IoT module. It is a cloud-hosted development server provided 

as a service by the Blynk IoT library. 
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4 Experimental findings 

This chapter presents the findings of the usability experiments that were conducted 

to validate constructs I, II, and III. 

The main goal of the usability test was to prevent troublesome issues from 

affecting users by developing a prototype of the proposed construct. Problematic 

issues are the most common reasons why systems are unable to achieve their 

optimal usability. Moreover, analyzing usability test activities makes it easier to 

build the system accurately and more precisely. To ensure the results are reliable, 

usability testing should comprise 4–6 participants. Further, a final report should 

summarize the findings and provide developers with actionable suggestions to 

update the system (Donahue, Weinschenk, & Nowicki, 1999; Nielsen, 1994). 

The setting for the usability experiment is defined as a specific number of 

participants, a moderator, and a set of tasks to test the system. From the developer's 

perspective, the findings describe issues that have been hidden in the construction 

process. Prior to conducting usability testing, a set of assumptions should be 

established, which should be evaluated after testing is completed (Jeng, 2005; 

Sauro & Kindlund, 2005).  

4.1 Validation study I 

In validation study I, concept I was evaluated (Paper I). The objective of this phase 

of the research was to determine whether BVIP could follow the magnetic trail with 

the augmented cane. A sub-test was conducted to determine whether users preferred 

to follow a trail of magnetism or to search for the next magnet point using their 

cane. The distance between two consecutive magnet points was shorter in the first 

case and longer in the second. Two test paths were created on a cardboard test bed: 

one straight line and another with turns.  

4.1.1 Experiment setup 

In validation study I, BVIP followed a straight line trail (100 cm) followed by a 45° 

curve (50 cm). In an introduction session before real tests, each test person was first 

given an oral briefing before the test about how the system is supposed to work and 

how it is. Then, subjects were familiarized with the testbed through touch and 

walking. They were also given the augmented cane to develop a feel for its magnet 

reader on the tip through touch. They were then asked to walk over the testbed and 
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sense the magnet point trail using the magnet reader in the augmented cane. 

Subsequently, the real test walk was observed in a following separate session (Fig. 

9), with the performance being evaluated based on how well the subject was able 

to follow the track from start to end. The subjects were then asked four feedback 

questions about the prototype (Table 3). All tests were video recorded for 

subsequent observations.  

 

Fig. 9. A test subject walking on testbed using the augmented cane.    

4.1.2 Participants in Pakistan, Finland and Sweden 

Validation study I in Pakistan and Finland consisted of qualitative interviews and 

usability tests. The BVIP subjects included two female university students in 

Finland and 15 test subjects (3 female and 11 male) in Pakistan (Table 3). The 

subjects had visual blindness levels ranging from 100% to 75%. They were divided 

into four age groups: 20–29, 30–39, 40–49, and 50–59 (Table 3).  

Validation study I in Sweden consisted of qualitive study which was conducted 

as interviews. Ten (6 female and 4 male) deaf-blind test subjects from Sweden 
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participated in this qualitative study (Table 4). These subjects belonged to the 34–

70 age group.  

Table 3. Gender (F = female, M = male), age group, degree of blindness and country.  

Test 

Subject 

Gender Age Group Degree of Blindness Country of Origin 

TS1 M 20–29 100% Pakistan 

TS2 M 40–49 ~100% Pakistan 

TS3 F 40–49 100% Pakistan 

TS4 F 30–39 100% Pakistan 

TS5 M 30–39 ~100% Pakistan 

TS6 M 20–29 100% Pakistan 

TS7 M 50–59 ~100% Pakistan 

TS8 F 40–49 ~100% Pakistan 

TS9 M 40–49 ~100% Pakistan 

TS10 M 30–39 80% Pakistan 

TS11 M 20–29 ~100% Pakistan 

TS12 M 20–29 90% Pakistan 

TS13 M 20–29 90% Pakistan 

TS14 M 20–29 80% Pakistan 

TS15 F 30–39 75% Pakistan 

TS16 F 20–29 100% Finland 

TS17 F 30–39 100% Finland 

  

Table 4. Gender (F = female, M = male), age group, auditory/vision loss and country. 

Test 

Subject 

Gender Age Group  auditory/vision loss Country of Origin 

TS1 F 34-70 Deaf-Blind Sweden 

TS2 F 34-70 Deaf-Blind Sweden 

TS3 F 34-70 Deaf-Blind Sweden 

TS4 F 34-70 Deaf-Blind Sweden 

TS5 F 34-70 Deaf-Blind Sweden 

TS6 F 34-70 Deaf-Blind Sweden 

TS7 M 34-70 Deaf-Blind Sweden 

TS8 M 34-70 Deaf-Blind Sweden 

TS9 M 34-70 Deaf-Blind Sweden 

TS10 M 34-70 Deaf-Blind Sweden 
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4.1.3 Main findings from validation study I 

The results of the validation study for Construct I were supportive of the proposed 

navigation assistance. In the tests, 15 out of 17 (88%) found the construct helpful 

for their navigation. The test subjects’ answers to magnetic force and distance 

varied (Table 4). For the question “Is magnetic force appropriate for navigation?” 

nine (53%) answered it was appropriate, while one added that it could be more 

appropriate on turns. According to four test subjects, there should be more magnetic 

force, although two wanted less. One subject was not sure of the appropriateness. 

When asked “Is distance between magnets appropriate for navigation?” 11 (65%) 

answered in the affirmative. However, from these responses, three participants 

provided examples where it was not appropriate, such as for turning (TS1) and if it 

did not match the footsteps (stride) of a walking blind person (TS5, TS7). Three 

subjects commented that distances should be less, while one suggested it should be 

more. One subject was not sure about the distance. 

Table 5. Test subjects’ answers for magnetic force and distance. 

TS Is magnetic force  

appropriate for navigation? 

Is distance between magnets appropriate for 

navigation?  

TS1 Should be less. Appropriate for straight path but should be less near 

turns. 

TS2 Should be less so as not to disturb the flow 

of taking steps while detecting.  

No, should be less.  

TS3 Should be little more so to be sensed by 

people with weaker senses.  

No, should be a little more to match the stride of the 

blind person.  

TS4 Should be more so that it may felt vividly. Appropriate 

TS5 It is appropriate like not stopping my cane 

at a magnetic point while sliding and I did 

not miss a magnetic point unnoticed. As I 

use pointing finger to put on cane, so it 

helps move my finger in the direction the 

path is going.  

Appropriate, but should match the stride of a 

walking blind person.  

TS6 It is appropriate. It is appropriate.  

TS7 It is appropriate, not difficult to detect and 

follow.  

It is appropriate but should match the stride of a 

walking blind person to facilitate smooth walking.  

TS8 Not sure. Not sure. 

TS9 Should be a bit more.  Appropriate.  

TS10 It is appropriate.  Should be less distance so no time is wasted on 

detecting the next magnet.  
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TS Is magnetic force  

appropriate for navigation? 

Is distance between magnets appropriate for 

navigation?  

TS11 It is appropriate.  It is appropriate. 

TS12 Magnetic force should be more to feel 

more on the cane.  

It is appropriate.  

TS13 It is appropriate but should be more on 

turns.  

It is appropriate.  

TS14 It is appropriate, easy to be felt without 

sticking the cane at magnetic points.  

It is appropriate.  

TS15 

TS16 

TS17 

This much is appropriate.  

This much is fine. 

It should be bit less. 

Should be less. 

It is appropriate. 

Distance should be little less. 

The test subjects also suggested changes to the existing prototype (Table 5). After 

observing the videos, it would appear that the test subjects' suggestions for changes 

to the new version were directly linked to how they used their white cane on the 

floor when navigating. Those who grasped their canes firmly and walked quickly 

obtained different inputs compared to those who held their canes gently and walked 

slowly. Compared to self-taught individuals, those with structured mobility and 

orientation education and training required a shorter learning curve for the proposed 

method. Users also had differing opinions on the required magnetic force, distance 

between magnets, and other features, implying that future designs would need to 

be personalized.  

Table 6. Suggestions for the system from the Test Subjects (TS). 

TS Suggestions for the system 

TS1 POI should be indicated more vividly by increasing the magnetic force or reducing inter-magnet 

distances. 

TS2 If a magnetic rail on the sidewalk could be used with a roller tip augmented cane, that would be 

helpful. 

TS3 Braille text on road direction and building signboards and adding voice guidance will benefit 

people unfamiliar with braille. This system will also need proper mobility & orientation training, or 

those with self-learned walking skills may suffer.  

TS4 The magnets should be raised to the surface so they can be felt by cane or foot for usability.  

TS5 This system (if installed) will be very helpful for BVIP navigation.  

TS6 In its current form, this system (if installed) will be helpful for VI navigation.  

TS7 This system will ease BVIP navigation.  

TS8 Voice guidance will be beneficial  

TS9 Text to speech guidance for shops signboards and road signboards  

TS10 This system (if installed) will make navigation pleasant.  
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TS Suggestions for the system 

TS11 This system will help in navigation.  

TS12 This system will be useful in navigation.  

TS13 This setup is helpful for navigation.  

TS14 Voice guidance on turns and other important points will be beneficial. Plus, the device should not 

be attached to a cane but put into infrastructure. This system will work fine with a rolling tip cane.  

TS15 A non-obstacle magnetic rail like of tracks of train on sidewalk will be more beneficial.  

4.1.4 Qualitative interviews about white cane usage with BVIP 

To acquire qualitative data from the participants, semi-structured interviews were 

conducted using participants’ native language. The first interview sessions were in 

2014, where information on white cane utilization specifications in Finland, 

Pakistan, and Sweden was gathered. The interviews were guided by the 

dramaturgical model (Myers & Newman, 2007).  

4.1.5 Findings from the study in Finland 

The following section provides a summary of the navigation preferences expressed 

by participants in the qualitative interviews. For navigation, all subjects utilized a 

white cane and swiped it across the ground. When walking on bricks, they used the 

cane in the same way, albeit at a slower pace. There were no differences when using 

the cane on a trail. The navigation method remained the same in rainy conditions. 

However, swiping a cane through soft snow is difficult, and the snow also hides 

landmarks. Hard snow also hides landmarks, although navigation is achieved more 

simply. Moreover, white canes can help in recognizing slippery hard snow.  

It is challenging to navigate large hallways because walls are used as 

navigational aids by BVIP. They walk in the middle of corridors by swiping their 

cane across the floor. When negotiating stairs, they hold the cane upright in front 

of them between the thumb and two or three other fingers. The tip of the cane 

collides with the edges of the steps, indicating the position and height of the next 

stair. They hold the cane in the same way as when walking on flat surfaces (without 

waving it or contacting the next stair) when going down the stairs. On an escalator, 

BVIP use a cane to locate the bumpy surface at the beginning. They are aware of 

the end of the escalator from the way the cane strikes the floor. Further, BVIP use 

a cane to identify the lift doors and to determine the height of the floor when 

walking outdoors. In this regard, three respondents did not have a set schedule, 
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while two subjects always planned ahead. The white cane can also help when 

boarding and alighting buses by sensing the stairs and foothold in addition to the 

sidewalk’s surface. However, the use of canes in taxis or cars is restricted, and they 

must be folded. 

4.1.6 Findings from the study in Pakistan 

On level-surfaced walkways, all BVIP use the technique of left–right tapping of the 

cane for outdoor navigation. The same procedure is utilized on bricked paths, albeit 

at a slower pace. Similar strategies are employed on trails, maintaining their cane 

at a safe height from the ground to avoid catching it on any shrub or grass. The 

navigation method remains the same when it rains. The cane is not used in taxis, 

cars, or rickshaws; instead, it is folded. When travelling on busses, they utilize the 

cane to locate footholds, bus stairs, and footpath floors. 

They walk in the middle of a corridor by tapping or swiping the cane. In large 

halls, they use walls and other objects (such as furniture) as navigational aids. Here, 

they hold the cane loosely between their thumb and middle fingers and hang it 

vertically so that it brushes the top of the next stair. They also use their cane to feel 

the depth and width of the next stair when moving down the stairs. The escalator's 

bumpy start signals its beginning, and they know when to step if their cane touches 

the ground by keeping it in front. They also use canes to locate lift doors and to 

gauge elevator floor heights. 

The importance of hearing for navigating was rated at more than 80% by all 

users. When going outside, most users schedule visits to locations at any time. For 

example, they go to parks and visit friends twice a week in the summer and once a 

week in the winter, and they go shopping once every two weeks. 

4.1.7 Findings from the study in Sweden 

In Sweden, BVIP navigate by rolling the cane side to side on flat areas. Moreover, 

instead of rolling, they tap the cane on brickwork. On trails, they carefully swipe 

the cane to avoid catching it in a shrub. Rain is an irrelevance with regards to how 

they swipe cane for navigation, although swiping the cane in soft snow is difficult. 

By contrast, it is relatively simple to negotiate hard snow, and the cane can help in 

the detection of slick snow. BVIP also use a cane to locate the height of footholds, 

stairs, and roads when riding in a bus or metro, but not when riding a cab or auto. 
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Generally, BVIP use walls as navigational aids in corridors. Without the aid of 

infrastructure, navigating large halls is impossible. They set the cane vertically one 

stair up to feel the next step when going up stairs, and they hold it firm when going 

down to detect the following stair. On escalators, they use their cane to locate a 

bumpy surface at the beginning and to determine the end (by striking the cane 

against the floor). They also use canes to locate lift doors and floor heights. They 

use a cane to locate the height of the foothold, stairs, and sidewalk when riding on 

a bus. However, this is not the case when riding in taxis or cars, with the cane 

needing to be folded in half. Navigation relies heavily on hearing, and echolocation 

aids in maintaining orientation and determining the distance between objects.  

4.2 Validation study II 

In validation study II, Construct II and an environment model were evaluated. In 

addition, a qualitative study about the use of ICT in caretaking was conducted with 

caretakers and family members of BVIP (Paper III). The aim of construct validation 

was to investigate usability and acceptance issues with the proposed terminal’s 

haptics-based user interface design of Construct II. Understanding how users 

respond to the proposed technical navigation concept is crucial to make the 

developed construct as helpful as possible. The aim was to investigate whether 

haptics-based navigation communication could be used to guide BVIP. Usability 

testing was carried out in three Pakistani cities: Lahore, Islamabad, and Abbottabad. 

The objective of the study was to investigate the following: 

– Can such haptics-based navigation assistance be usable for BVIP? 

– What changes or adjustments (e.g., vibration intensity) would be appropriate 

to make sensing vibrations easier? 

– Based on the one vibrator concept, what is their opinion about using more 

vibrators (2 or 3), to be used as directional and starting or stopping navigation 

aids (to be operated by remote caretaker).   

4.2.1 Experiment setup 

Construct II consists of a white cane with a smart grip and a cardboard testbed of a 

sidewalk on which a trail was created using neodymium magnets. This was 

validated in the experiment. The whole track consisted of two testbeds (each 1.80 

meter long) for ease of transport. This was necessary, as the testbed had to be 
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transported to various locations in different cities. The magnetic trail on one testbed 

was straight, while the magnetic trail on the other was curved. When connected, it 

made a magnetic trail on a sidewalk with a turn towards the end. The goal was to 

determine whether test subjects could follow the trail while focusing on the 

sidewalk when a turn arrived. An oral introduction of how the system works and 

how it is supposed to be used was given to all participants. Any questions from the 

test participants were answered, and they were provided with opportunities to 

practice navigation on the testbed to become familiar with the system before the 

usability test.   

A simple usability test scenario was developed. The test subjects were required 

to walk on the testbed while attempting to follow the magnetic trail using 

vibrational cues provided by the smart grip. The grip provided vibrational feedback 

every time a magnet from the magnetic trail was sensed, confirming that the route 

was being followed correctly. They continued to detect successive magnetic points 

and progressed along the sidewalk while remaining focused. Detecting and 

following the trail from start to finish was deemed the success condition for the 

usability scenario (Fig. 10).   
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Fig. 10. A test subject walking on the testbed with the help of a smart grip. 

4.2.2 Participants 

Validation study II was conducted with the help of 14 BVIP (2 female and 12 male). 

Their mean and median ages were 32 and 35, respectively. They were recruited 

through direct contact with blind associations in Pakistan. The links to the blind 

association were already established as part of continued user study. Informed 

consent was obtained from all participants before participation, and all participated 

voluntarily. Table 6 presents a description of the test subjects by showing the 

categories of visual impairment, gender, and age.  

Table 7. Demographics and participant acuity (F = Female, M = Male). 

Test Subject Gender Age Visual Acuity Onset 

TS1 M 18 Light perception By birth 

TS2 M 31 20/25 Late blind, at age 20 

TS3 M 27 Light perception By birth 
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Test Subject Gender Age Visual Acuity Onset 

TS4 M 38 Light perception By birth 

TS5 F 16 20/25 By birth 

TS6 F 33 Light perception Late blind, at age 9 

TS7 M 26 Light perception By birth 

TS8 M 18 Light perception Late blind, at age 9 

TS9 M 28 Light perception By birth 

TS10 M 26 Light perception By birth 

TS11 M 30 Light perception By birth 

TS12 M 33 Light perception Late blind, at age 15/16 

TS13 M 35 Partially blind, 4-5 m 

visibility 

By birth 

TS14 M 39 Light perception By birth 

4.2.3 Main findings from validation study II 

The test subjects were asked to concentrate on detecting vibrations and to provide 

input on whether they found the vibrations. All the participants stated that they 

could feel and use this method as a navigational aid. One participant noted, “It is 

like paving block, but interactive”. Test subjects thought the system was helpful for 

navigation, with one participant commenting that it can be especially helpful on 

turns. Two users provided feedback about the intensity and suggested it could be a 

little higher and quicker. One test subject suggested that even though the system 

would be helpful in navigation, there would be a learning curve and it could take 

some time to be familiarized. One participant commented that this type of system 

could be very cost-effective, especially in regions of South Asia.  

4.2.4 Survey on environment model for BVIP 

The purpose of the qualitative study was to gather information from BVIP about 

cognitive modeling of their environments to help in the development of assistive 

gadgets. This zone model extends the traditional separation between familiar and 

non-familiar living environment of BVIP.  The environment model was used when 

formulating the empirical study to gather assistance needs from BVIP and their 

caretakers. A questionnaire was developed that contained qualitative questions to 

obtain a deeper understanding of the provided feedback.  
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Participants 

In this study, the subjects were the same as in validation study II, and each subject 

was asked to complete a questionnaire. In this study, the research team was also the 

same. The author conducted the interviews while an assistant researcher recorded 

the audio. 

Environment model: Zone Model 

As part of this study, an environment model was created to help with the 

development of assistive technology (specifically navigation support), which was 

termed the “Zone Model”. The surrounding environment of the BVIP was divided 

into three zones: control, familiar, and discover (Fig. 11). 

The homes and offices of BVIP were included in the control zone. These are 

areas where they could recall the environment and change something if it was 

causing difficulties with navigation. Here, they did not require any navigation 

assistance, because they had memorized the environment and had the ability to 

effect changes if necessary.  

The neighboring surroundings of the control zone were termed the familiar 

zone. Here, BVIP could memorize their surroundings and have some control over 

how objects were arranged (or changed) if they represented an obstruction. This 

zone included the streets surrounding the residences of the subjects, in addition to 

office corridors. If this environment changed, they would require support. Tele-

guidance help (i.e., Construct III) would constitute a practical support tool in this 

zone for two reasons. First, no installation in the environment is required. Second, 

it may not be feasible to deploy infrastructure-based assistance on every street in a 

city (as in Construct I). 

The discover zone is a distant environment from the control zone. Here, BVIP 

are unfamiliar with the environment, have no control, and require navigational aid. 

Constructs I, II, and III would be viable support tools in this zone. Initially, trail-

based support (Constructs I and II) was employed, as this infrastructure can be 

created and maintained in urban areas. Teleguidance aids (Construct III) constituted 

a second line of defense in this zone, if required.   
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Fig. 11. Environment model with three zones, including what navigation assistance is 

appropriate in each zone. 

4.2.5 Survey for family members and caretakers 

People with impairments can utilize assistive technology to increase, maintain, or 

improve their functioning in daily tasks. Assistive technology can adopt the form 

of a service, equipment, an application, or instrument that assists disabled people 

and/or their caretakers in maintaining the functional capabilities of those being 

cared for or supported. Mechanical/electrical devices, wireless sensor networks 

(WSNs), IoT applications, the cloud, and edge-based devices are all examples of 

assistive technology. Assistive devices have been found to improve user 

functioning, promote participation, and reduce functional decline, regardless of the 

type of support they provide. 

With regard to benefits for caretakers, assistive technology has been found to 

reduce their burden. The prime benefit that ICT-based assistive technology brings 

to caretakers is a decrease in demand related to care and monitoring of the 

assistance recipient. The additional benefit of ICT-based assistance (compared to 

traditional assistive equipment) is that a person can be aided or contacted remotely, 

without having to be physically present with the care receiver. This function is 

especially important in the event of an emergency or a sudden need for assistance. 
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With their unpaid contribution, caretakers (whether family members, friends, or 

volunteers) are a crucial resource for taking care of people with disabilities. 

With the value they bring into performing and receiving assistance, ICT and 

IoT-based assistive solutions will provide many benefits for people with disabilities 

and their caretakers. The goals of this study were to determine how much ICT-

based assistive technology is used by BVIP and their caretakers and to evaluate the 

demands and perceived usefulness of ICT-based assistive technologies.   

Materials and methods  

A questionnaire containing both qualitative and quantitative questions was created 

to obtain input from BVIP caretakers. The five key categories of the survey were 

background, assistive technology and tools, time utilization, burden, and coping. 

For questions on assistive tools and ICT equipment, the qualitative study was 

utilized to gather data on the needs and expectations associated with the technology 

and on time consumption (to obtain data on remote and onsite support). As a 

perceived usefulness score (PUS), a five-point Likert scale was employed to rate 

the perceived usefulness of assistive aids and ICT gadgets and the burden of 

caregiving. 

The participants were contacted through third-party blind welfare 

organizations in Pakistan. The contacts with these organizations had already been 

established as part of an ongoing user study for this research project. The following 

people were interviewed: one sighted wife of a blind test subject (who participated 

in the BVIP study reported in paper III in Lahore city) and a volunteer caretaker 

who takes care of his seven friends and acquaintances after working hours in 

Abbottabad city. Some of the people taken care of by him also participated in the 

previously reported BVIP study. Caretaker1 (CT1) had 9 years of experience in 

assisting, and Caretaker2 (CT2) had 2.5 years. Further, CT1 lived within walking 

distance of the person he assisted, and CT2 lived in the same household (because 

she assisted her husband).  

Both caretakers used ICT in the form of a mobile phone for remote assistance, 

although they did not utilize any other form of ICT while assisting. The caretakers 

had no prior experience with telemonitoring (e.g., door alarms, GPS tracking 

devices, and fall detectors); however, both were willing to employ a telemonitoring 

or remote aiding system. 

Participants reported that mobile phones were the most common tools or 

gadgets they used for assisting, helping them occasionally (CT1) or regularly (CT2). 
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The white cane was the most popular assistive device. Both caretakers hoped that 

a new navigation assistance system would save them time (CT1) for their own lives 

and allow them to aid more people through their mobile phones (CT2). 

4.3 Validation study III 

In validation study III, Construct III was evaluated (Papers II and IV). The aims of 

the study were to verify the system design, to examine the two haptic-based 

guidance schemes (to determine the participants’ preferred choice), and to evaluate 

caretaker feedback to garner a better understanding of user experiences with the 

system. The meCUE 2.0 questionnaire was used to collect UX-related data, which 

was graded on a 7-point Likert scale (7 = strongly agree, 6 = agree, 5 = somewhat 

agree, 4 = neither agree nor disagree, 3 = somewhat disagree, 2 = disagree, and 1 = 

strongly disagree). The overall experience issue was graded on a scale of −5 to +5. 

Usability testing data was gathered from captured navigation videos, audio 

recordings of post-scenario questions, and overall participant input on the system 

(including a group discussion). The evaluation process also included observations 

made while familiarizing participants with the system. In particular, studying the 

learning curves of different participants was considered important. 

The prime benefit that ICT-based assistive technology brings to caretakers is a 

decrease in demand related to care and monitoring of the assistance recipient. In 

the case of ICT-based assistance, the additional benefit is that a person can be 

assisted (or contacted) remotely without the need to be physically present with the 

care recipient. This type of care is especially critical in emergencies or when 

assistance is required at an unexpected hour. Further, unpaid caretakers (whether 

family members, friends, or volunteers) are a valuable resource for taking care of 

people with disabilities.  

4.3.1 Experiment setup 

The augmented cane was used in the experiment by BVIP, and a Huawei Honor 8 

smartphone was hung around their neck with a necklet. In addition, a Bluetooth 

open-ear earpiece was mounted in one ear for verbal guidance. The remote terminal 

comprised a large-screen (6.3”) Galaxy Note 10 smartphone used by the caretaker. 

A portable Huawei 4G Wi-Fi router was employed to maintain consistent network 

coverage. Before the experiment, all participants were provided with an oral 

introduction to the system and the experiment protocol. They were also given the 
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opportunity to touch and grip the augmented cane for familiarization purposes. 

They were also provided with answers to any questions they had about the system 

or experiment protocol.  

The session began with a test run of the system, which lasted for approximately 

5 min. Several tactile cues and voice commands were issued to the BVIP to 

familiarize them with the device and to check the equipment. An important protocol 

to convey was how BVIP should react when taking a turn using vibrational cues. 

For example, participants had to keep turning for as long as they felt the vibration 

(in the case of the UI with two actuators). When the BVIP received a one-time 

vibrational cue from the single actuator UI method, they were required to turn 

through 45° and wait (Table 7). If no more vibrational cues were received, they 

could start walking straight ahead. Previous research has indicated that BVIP obey 

instructions more successfully if very basic “turn left/turn right” commands are 

given, with additional information simply adding to the mental burden. Accordingly, 

a very basic instruction set was used in this experiment (Table 7). 

Table 8. Haptic and voice guidance methods. 

Guidance Method Right Turn Left turn 

Two vibration 

actuators 

Vibrates until BVIP is oriented with new 

direction after turn. 

Vibrates until BVIP is oriented with new 

direction after turn. 

One vibration 

actuator 

Continuous vibration for three seconds. Vibrates three times for 1 s with a 1 s pause 

in between. 

Voice Turn right Turn left 

The navigation experiment setting used over the three sessions (one indoors and 

two outdoor) is shown in Fig. 12. There were four people present at each session: 

the person receiving care, the remotely located caretaker, a camera operator, and a 

safety person. The person receiving care was watched by the safety person. Each 

session lasted approximately 45 min and it took 5–7 min to complete the navigation. 

Subsequently, usability feedback questions (regarding navigation with the help of 

the system) were asked and an interview with the meCUE 2.0 questionnaire and its 

34 stated questions was conducted. Since the test session with each participant 

included navigation with both vibration actuator schemes successively for 

comparison purposes, the system feedback questions were asked at the completion 

of each route. The meCUE 2.0 questions were then asked at the end of the session. 

The primary mode of communication of the navigation assistance system was 

tactile. Voice commands were only used as a secondary navigation aid when 
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necessary to prevent the participants’ auditory senses from being engaged during 

navigation. The caretaker used voice commands in three situations: if they felt that 

the participant had not received a tactile command due to a technical error; if they 

thought  

 

Fig. 12. Navigation experiment setting. 

that the BVIP had misread the cue; or if there was an immediate change in terrain. 

The caretaker described the field of view to the BVIP at the start of the test. 

Participants then asked the caretaker for permission to begin navigating when ready. 

Tactile directional cues were received from the caretaker through the smart cane’s 

vibration actuator. The cues directed the participants at decision points or if they 

became disoriented. As previously stated, the caretaker used voice commands to 

convey any change in terrain, such as an incline at the start of a paved road. Figure 

13 shows a test subject navigating while using the system.   

The experiment was conducted both indoors (Islamabad) and outdoors 

(Lahore). Gulshan-e-Iqbal Park, a public open space with low levels of interference 

and danger, served as the outdoor testing site. The indoor route comprised a 

building corridor with exit railings and stairways that the participants had to avoid 

during the navigation task. The outdoor route had 8 decision points and changes of 

terrain, whereas the indoor route had 10 decision points. The lengths of the outdoor 

and indoor routes were approximately 76 meters and 46 meters respectively. Each 

navigation scenario was tested using both haptic vibration schemes. Data gathering 

was based on field laboratory design recommendations by Høegh et al. (2008). All 
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the experiments were video recorded for the purposes of analysis. Post-scenario 

questions were asked at the end of each scenario, and their answers were audio 

recorded. At the conclusion of the experiment, cumulative feedback on system 

usability and acceptance was requested and audio recorded. The meCUE 2.0 

questionnaire was then used to perform UX interviews, with responses recorded 

manually on paper. The participants’ native language (Urdu) was used for all 

communication, and their quotations were subsequently translated into English.  

Fig. 13. A test subject navigating with the help of the system. 

4.3.2 Participants 

The proposed system’s usability and user experiences were evaluated by 11 test 

subjects (3 female and 8 male) with mean and median ages of 32 and 35 years, 

respectively (Table 8). They were recruited through direct contact with two third-

party blind associations in Pakistan: the Pakistan Foundation fighting Blindness 

(PFFB) and the Prevention of Blindness Trust (POB). The links to both associations 

had already been established in previous studies. All participants provided written 

informed consent, and participation was entirely voluntary. Further, participants 

had the right to terminate their involvement in the study at any time. The caretaker 

was female, aged 38 years, and a former researcher of the University of Oulu. 
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Table 9. Demographics and Visual Impairment Onset/Category (USAB). 

Test Subject Gender Age Onset1 Category1 

TS1 F 21 C B1 

TS2 F 21 C B2 

TS3 F 23 L B1 

TS4 M 47 L B2 

TS5 M 36 C B1 

TS6 M 23 C B2 

TS7 M 38 C B1 

TS8 M 44 L B2 

TS9 M 35 L B2 

TS10 M 29 L B2 

TS11 M 44 C B1 

1Onset of impairment (C = congenital, L= late), Category of visual impairment (B1 = No light perception, 

B2 = Ability to recognize the shape of a hand. 

4.3.3 Main findings 

The results (Fig. 14) indicate that the system received mostly positive feedback, 

with participants perceiving the system as both usable and useful (Module I). Two 

participants thought the system was particularly useful for navigation (Table 9, 

TS11). Moreover, the proposed construct has the potential to increase independent 

mobility for BVIP according to participant feedback. One participant commented 

that the system could help them to connect with family and to obtain remote 

assistance without the need for physical contact. Another test subject presented a 

good example of a situation where they could not obtain (or did not want) help from 

strangers, preferring to receive support from their own caretaker remotely (Table 9, 

TS1). 

According to the meCUE 2.0 (n.d.) questionnaire results (Fig. 14), visual 

aesthetics, status, and commitment (Module II) were also appreciated. This is a 

good result, especially since the system was in the prototype development phase. 

Compared to a regular white cane, participants felt that this type of system could 

be more useful because of the extra aid provided. More specifically, the regular 

cane was perceived as being more limited and lacking in informational feedback. 

However, test subjects also expressed concern about the technical aspects of the 

new system (Table 9, TS5, TS7, TS10). 
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Fig. 14. Module mean values and standard deviations from participants according to the 

meCUE 2.0 Questionnaires (meCUE 2.0, n.d.). 

Emotions (Module III) were mainly positive, although two participants (TS1 and 

TS10) experienced negative emotions. They felt that the system made them tired, 

as using it was exhausting. One participant (TS11) stated that the system made him 

feel passive. Positive emotions were related to possibilities that the system could 

provide for everyday life (Table 9, TS2, TS4). In addition, one participant reported 

a greater sense of personal security (Table 9, TS3). 

Intention to use and product loyalty (Module IV) were rated reasonably highly 

(Fig. 5). For instance, all participants thought that they would use this system daily. 

Further, 64% answered that they would not swap this product for any other. The 

overall evaluation (Module V) of the system received high marks, with a mean 

value of 4.4 (on a scale of −5 to +5). Guidance was particularly highlighted as a 

system benefit (Table 9, TS2). 

Table 10. Participant feedback on the proposed system (Construct III). 

TS Comments 

TS1 There is no difficulty in using this system. Like you cannot get help from anyone any time but using this it 

is possible. If I go somewhere and need help, I must ask someone for help. If he refuses, it feels bad why 

I am in such a situation that I had to ask for the help. That is why I feel this system is very nice. With the 

help of this, I can take help from my caretaker and travel easily.     

TS2 We can follow the directional guidance well through this system. It can change our life. It will be easy to 

reach our destination. Now we use a normal cane, but that does not provide much info. But if someone 

guides us towards our destination, it will make it very easy. From these two methods, if patterns with one 

vibrator have bit longer vibration time, it will make it easier to understand.    
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TS Comments 

TS3 This system can help us a lot. It can connect us to our family for assistance. They do not need to 

accompany us. Now, where we must be on our own, using it we are informed beforehand of coming 

situations. That will increase our security. 

TS4 It’s a nicely thought-out system. If/when it is available in the market, it will bring pleasant change in the 

lives of the blind people together with providing assistance, because a normal cane is very limited in 

usability.     

TS5 It is helpful. Though only the front side view is not enough for a remote caretaker. He should be able to 

see sideways and backside too. So, he could select the view from his device if he needs to see other 

sides. A camera other than mobile phone will be better. As if I need to take a call, it will be difficult to set 

it again. Lost connection problems should be considered too. If an autonomous function is added that 

records a route like on a map one time and we can use it later without help needed from assistance to 

reach that destination will be very beneficial. 

TS6 I am not a regular white cane user, but I think it is better than a normal white cane. But in in order to use 

it, we will need a guide, either to hire one or some other means like family, friend.   

TS7 It is very helpful. Sometimes connection is not good, which creates problems. There needs to be some 

work done on that. I feel very pleasant when using this system.   

TS8 It is useful in navigation. Though it will require some practice in order to use it conveniently.  

TS9 It is helpful for both low vision and full blind.  

TS10 The position of the vibrators is not optimal for grip handling. It would be better if the vibrator is in a 

rectangle shape instead of a rounded shape. It is better to use a separate wirelessly connected camera 

than the mobile phone’s camera that can move for the remote caretaker to look around.    

TS11 This is useful in navigation. My sister (who must help me in navigation by accompanying) can assist me 

from home with this. 

4.3.4 Summary of the empirical findings 

Video recordings, interviews, group discussion involving participants (BVIPs and 

caretaker), and background data were analyzed, as summarized in Tables 10 and 11. 

The UI scheme preferences were categorized into four groups (G1–G4) that shared 

similar user characteristics (Table 10). The results indicate that the default choice 

of blind participants (G1) was the two-actuator setup if they were aged ≥29 years, 

while the one-actuator system was favored by those who were VIP and aged ≥29 

years (G3). Despite their visual acuity, younger VIPs (<23 years) preferred the two-

actuator system (G4). For blind participants who were not regular cane users and 

who were aged ≥29 years, the default choice was one actuator (G2). Following 

observations and discussions with participants, this behavior was rationalized. The 

blind participants had full concentration on the smart cane when navigating; 

therefore, it was easier for them to understand instructions from the twin actuators. 

A few blind participants even suggested adding a third actuator that would give 

them haptic cues about when to stop or start walking again. By contrast, VIP 

participants with some limited vision remaining reported that using two actuators 

made them focus too much on the cane. It proved easier for them to glean 
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instruction from one actuator as the mental load was lower. This behavior was 

associated with regular white cane users. If a participant was not a regular white 

cane user or had never used one before, then age became a factor.  

Table 11. Preference matrix for UI schemes by Groups (G1–G4). 

Groups User characteristics  Preference for guidance method 

 Blind or VIP Regular 

cane user 

Age <24  1st Preference 2nd Preference 

1 Blind Yes Yes  2 1 

1 Blind Yes No  2 1 

1 Blind No Yes  2 1 

2 Blind No No  1 2 

3 VIP Yes Yes  1 2 

3 VIP Yes No  1 2 

3 VIP No No  1 2 

4 VIP No Yes  2 1 

Further study is required with younger users aged <24 years. Here, younger users 

(whether fully blind or VIP) seemed to prefer two actuators, as they have the 

capacity to learn the required skills. By contrast, older participants (even those with 

little or no white cane experience) found it easier to learn to use a single-actuator 

system. Table 6 describes this difference in preference between groups of 

participants, while Table 10 presents the rationales for their setup preferences. 

Ultimately, several participants commented that learning to use the single- or two-

actuator setup requires a certain degree of practice. In future studies, it would also 

be important to conduct long-term evaluations. For instance, participants could use 

the system for one or two weeks and report their experiences using voice diaries. 

As the study did not incorporate any users aged between 23 and 29, this remains an 

unresolved area. More tests are required with this age group to determine their 

preferences, which might be overlapping in age case (i.e., BVIP of same age may 

have different preferences). 
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Table 12. User comments and preferences for one (1) or two (2) haptic vibrators (V). 

TS Comments on one vibrator Comments on two vibrators 1V/2V 

TS1 - It takes little time to familiarize with 

patterns. But when you practice and focus 

more, it becomes easy to follow.    

- It was confusing earlier, I become confused 

in concentrating on vibration. But when I 

started using with both eyes closed, then I 

was able to focus fully on it and it became 

easy to follow the vibrational guidance.   

2 

TS2 - It is a bit difficult to understand. Because 

the length of vibrations is short.   

- It is easy to follow 2 

TS3 - It is a bit confusing because the vibration 

patterns are a bit fast. We need some 

practice to learn it. 

- It is easy to follow. 2 

TS4 - It’s usable. We can understand the patterns 

to follow the direction. It’s easy to 

concentrate on one vibrator for all 

guidance. One figure gives you all the 

guidance info. Just like if a remote control 

has more functions in one button it is easier 

to use. It also makes gripping handy.   

- It can be followed—take some practice so 

we don’t miss any cues. 

1 

TS5 - It is usable but patterns of vibration timing 

need to be a bit longer. 

- It is possible to follow the directions of the 

remote guide through these. 

2 

TS6 - It is understandable, but sometimes 

confusion arises. 

- It is easy to differentiate between the two 

sides of vibration and to follow. 

2 

TS7 - It is possible to follow, but sometimes 

connection is lost and patterns are not read 

properly, which makes it confusing. 

- It is very easy to follow the guidance 

through this. 

1 

TS8 - It is possible to follow the right and left 

moving cues by differentiating the patterns. 

- It is possible to follow the directional cues 

from the remote caretaker. 

 

2 

TS9 - It is possible to follow the directional 

guidance through patterns. But length of 

vibrations should be more. By holding the 

grip for using this one, it’s possible that the 

cane sticks on the wrist. That can cause 

some difficulty. 

- Getting right left movement guidance 

through different vibrators is very helpful in 

navigation. The duration of the vibration 

should be more so that it’s not missed if 

one is not more attentive at some time. 

Sometimes we use a cane with two fingers 

aside the grip, it’s easy to use in that 

position.      

2 

TS10 - Single vibrator method is not very helpful in 

left / right movement guidance. 

- Two vibrators are convenient to follow.  2 

TS11 - It is easy. - It is confusing.   1 
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Table 13. Participant rationales for positive aspects of single and two vibration setup. 

Single vibrator Two vibrators 

- Usable 

- Easy to follow 

- Can understand the patterns to follow the 

direction 

- Easy to concentrate on one vibrator for all 

guidance 

- Possible to follow the left- and right-moving 

cues by differentiating the patterns 

- Easy to use 

- Possible to follow the directions of the remote guide. 

- Easy to follow guidance 

- Easy to differentiate between the two sides and 

follow guidance accordingly 

- Possible to follow the directional cues from a remote 

caretaker 

- Very helpful to receive left/right movement guidance 

through different vibrators 

- Easy to use cane with two fingers aside the grip. 

- Convenient to follow 

 

Table 14. Participant rationales for negative aspects of single and two vibration setup. 

Single vibrator Two vibrators 

- Understandable but sometimes confusing 

- Difficult to understand because the duration of vibrations is short.  

- Confusing because vibration patterns are too fast. 

- Usable but vibration timing needs to be longer. 

- Connection sometimes lost and patterns cause confusion. 

- Not very helpful for left/right movement guidance 

- Vibration duration should be 

longer, so it is not missed if user is 

inattentive at a given time. 

- Confusing 

- Requires some practice to learn 

4.3.5 Preliminary findings based on caretaker’s experiences 

It is important to investigate the perspectives of caretakers when evaluating a 

cooperative navigation assistance system. Equally, the role of caretakers should be 

considered when preparing the experimental procedures, UX methods, and 

questionnaires. Given their different roles as users of the system, caretakers and 

VIP have different interactions with the system. It is worth noting that, in this study, 

only one person participated in the role of caretaker. This person was also a part of 

the research team. We believe that reporting these preliminary results is still 

valuable because our goal is to involve more caretakers in future studies. These 

caretakers will come from various backgrounds and have different relationships 

with the VIPs. They can be professional caretakers, non-professional volunteer 

caretakers, family members, or friends.  
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We were interested in the usability of the caretaker terminal UI as part of the 

overall system in this study. Feedback was gathered through discussion between 

the test subjects, the researcher, and the caretaker, as shown in Table 12. It also 

included analysis of the video recordings from the experiment. Since we were only 

able to use a single caretaker in the trial of the system, these results are tentative; 

this should be taken into account when enhancing the usability and UX of the 

assistive device in the future. Certain technical aspects of the system need to be 

improved, based on feedback from BVIP participants and the caretaker, in order to 

eliminate disconnections and increase system reliability. 

Table 15. Usability feedback on caretaker terminal UI and system usage. 

 Feedback 

Indoor 

environment 

- Guidance is challenging in buildings where more small objects are around.  

- Voice communication is clearer indoors. 

- Detecting the environment is easier (e.g., how large or wide a place is, how 

surroundings change, or how the presence of a crowd is felt through echoing 

sounds). 

- It is easy to judge how well the participants are following the given guidance, i.e., 

left/right turns relative to surroundings. 

- Low radio signal availability is a particularly critical issue indoors, where the margin 

for error is lower. 

Outdoor 

environment 

- The view of surroundings is clearer because of the more open environment. 

- It is easy to re-orient the participants using vibrations, as there is more room to 

maneuver.   

- Low echoes and sideways voices are less indicative of surroundings compared to 

indoors. 

- Audio helps in recovery if video is lost, because the caretaker has a better 

understanding of the environment. 

Navigating BVIP 

participants 

- For blind participants familiar with white cane use, adapting to the system was 

relatively easy despite age or other factors. 

- For blind participants unfamiliar with white cane use, their complete focus was on 

learning to use the cane and observing caretaker feedback. 

- Blind participants responded to haptic cues quicker and made fewer errors in 

understanding haptic instructions than VIPs.  

- Visually impaired participants’ attention was somewhat diverted during navigation as 

they also tried to use their remaining sight to make sense of the environment. 

- Visually impaired participants’ response to haptic assistance was comparatively 

slower. 
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 Feedback 

Switching 

between haptic 

and voice 

commands 

- Voice guidance was understood quickly. 

- Switching back to vibration after voice instruction was slower for participants; it took 

several seconds for them to start using vibration smoothly again.  

- A meticulous and strategic use of voice-based guidance was required. 

Small 

smartphone 

screen 

- The screen size of the smartphone was found to be sufficient to observe the 

participants’ field of view [Samsung Galaxy Note 10]. 

- The position and angle of the smartphone camera are important. 

Participant 

safety 

- When outdoors, the caretaker can see potential hazards up ahead. 

- When indoors, consistent assistance is required, as there is less room for error.   
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5 Results and discussion 

This chapter presents a discussion of the findings of the research and what they 

mean in general for navigation assistance systems, BVIP, and their caretakers. The 

research questions in this work were answered and evaluated for how well they 

matched the research work. The implications that this work has on both theoretical 

and methodological levels are discussed in their own sub-chapters. 

5.1 Contribution of the research questions 

In this work, the possibility of using ICT to develop a navigation assistance system 

as a suitable navigation support for providing assistance to BVIP and their 

caretakers was explored. Extending navigation support from standalone 

independent mode assistance to interactive collaborative support from caretakers 

using the same tool developed in this research provides flexibility for BVIP when 

choosing suitable support based on their immediate needs and feasibility. It was 

verified in the validation study that the developed solutions have the potential to 

become usable navigation assistance for BVIP and their caretakers. 

The purpose of this thesis was to provide new knowledge pertaining to how 

ICT-based navigation assistance can help BVIP and their caretakers in their 

everyday lives. This main research question was divided into three sub-questions. 

The first question was “How to increase acceptance of ICT-based navigation 

assistance among BVIP?” Table 16 presents the acquired knowledge for RQ1. 

Table 16. Acquired knowledge for RQ1.  

Issue In the literature Findings from this thesis 

1 Individual needs are important determining 

factors in the acceptance and adoption of 

ETAs over time. 

Bring needs and requirements of users into design 

from the most diverse and widest user groups 

possible. 

2 Incorporating different user preferences 

can act as a facilitator of assistance 

adoption.    

Giving users choice to tailor assistance to their 

needs and requirements, as navigational skills of 

BVIP are dependent upon the time of onset of 

vision loss, is supportive and facilitate acceptability. 

3 Assistance solutions should be adaptable 

to users’ needs and goals.  

The willingness of people close to BVIP, especially 

caretakers to adopt changes in their routine that are 

created by newer assistance methods is crucial.  
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Issue In the literature Findings from this thesis 

4 The assistance should be helpful in 

achieving the goals of BVIP. 

The assistance should be designed around 

everyday use cases of the target user group to 

match the needs of users to usability of the 

assistance will increase its adoption. 

Traditionally, several significant barriers have inhibited the acceptance and 

adoption of navigation assistance devices among BVIP. Products have been 

cumbersome, unreliable, expensive, and not widely available (Cho & Kim, 2013; 

Roentgen et al., 2008). Ongoing miniaturization, maturity, and rapid advancements 

in technology, availability, and cost reductions have subsequently removed many 

of these barriers (Caddemi & Cardillo, 2019). Another issue for adoption is that 

most BVIP are elderly. According to Ojamo (2018), an estimated 69% of VIP in 

Finland are aged ≥65 years and 57% are aged ≥75 years. Moreover, they often have 

other cognitive and physical disabilities, meaning they may need multiple types of 

AT (Ojamo & Tolkkinen, 2020). However, many devices on the market are not very 

adaptable, and older people can be slow to adopt new technologies. By comparison, 

the emerging young elderly group has exhibited higher adoption rates (Mostaghel, 

2016). Similarly, younger people with disabilities are more willing to experiment 

with AT. This is because they are often very goal- and task-orientated, seeking to 

enhance their independence and performance (Ripat & Woodgate, 2017). Crucially, 

Roentgen et al. (2012) revealed that individual needs and preferences are important 

determining factors in the acceptance and adoption of ETAs over time. Other 

factors that can act as either facilitators or barriers include goals, expectations, 

requirements, functions, functionalities, device features, and the environment 

(Roentgen et al., 2012).  

Research has shown that many BVIP are willing to collaborate and 

communicate with other people when completing navigation- or orientation-related 

tasks (Balata et al., 2012, 2014). Moreover, several commercial applications that 

provide access to sighted guides are now available. Be My Eyes is a good example 

of a volunteer community-based AT in widespread use among BVIP (Be My Eyes 

n.d.). Using this free app, BVIP can establish video and voice connections to a host 

of volunteers using their smartphone. The volunteers can assess the situation from 

the real-time video feed and answer any questions that the BVIP might have (Be 

My Eyes n.d.). However, despite the many benefits of using volunteers (such as 

real-time assistance and reduced operational costs), quality assurance is a major 

issue (Avila et al., 2016). In response, the collaborative assistance platform Aira 
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provided communication training to their human agents (Aira n.d.). VizWiz (n.d.), 

TapTapSee (n.d.), and BeSpecular (n.d.) are further examples of commercial 

platforms that have incorporated the use of volunteers flexibly and cost-effectively.  

Three constructs were designed to find an answer to this question from the 

perspective of BVIP assistance development: two variants of a stand-alone 

independent mode infrastructure-based navigation assistance system and a 

teleguidance-based remotely collaborative assistance system. A number of 

qualitative studies and usability experiment studies were conducted as part of user 

studies. The UTAUT2 and MecUE 2.0 user study models were used to determine 

user responses, preferences, and suggestions to tailor these technological constructs 

to suit their needs and requirements. As a result, this would increase adoptability 

among BVIP.  

Cumulatively, it was evident from the user studies that BVIP are willing to 

adopt new technological methods of navigation assistance. They exhibited a 

willingness to spend time, money, and effort to buy, learn, and start using such 

technology (if available). Another critical aspect for the adoption of new ways of 

assistance is the willingness of people close to BVIP to change their routines if a 

suitable new assisting device is adopted, such as presented in this research. As a 

form of remote collaborative navigation assistance was one of the constructs, it was 

particularly critical to study this aspect. The results of our research indicated that 

people close to BVIP are willing to change their routines if the person they assist 

finds a newer, more favorable assistance method. Another critical element for 

increasing the acceptance of ICT-based assistance is to involve BVIP in the design 

process of the AT being developed. To address this aspect from a wider and diverse 

group of BVIP in society, construct testing and the accompanying qualitative 

studies were conducted in different geographical and societal regions of Pakistan 

by design. To address different regions on a wider level, usability and qualitative 

studies were also conducted in Finland and Sweden. The essence of the reasoning 

behind this diversification is that while the expectations and requirements of users 

are the same at a fundamental level, they have specific requirements that relate to 

their background. Hence, incorporating the feedback of users into the design 

process of such assistance is not sufficient if they only correspond with a small or 

specific segment of society. Preferentially, the representative sample should be as 

wide and diverse as possible.  

The second research question was “What characteristics in the built 

environment are relevant and must be taken into consideration?” Table 17 presents 

the acquired knowledge for RQ2. 
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Table 17. Acquired knowledge for RQ2. 

Issue In the literature Findings from this thesis 

1 Lack of kerb cuts, the lack of dropped 

kerbs, uneven or rough surfaces, narrow 

or congested roads, and steep gradients 

are most the obvious obstacles.  

Turns on sidewalks are challenging for BVIP, often 

resulting in a broken cane or a fall.  

2 Barrier-free sidewalks and pedestrian 

facilities (e.g. benches, shade trees) were 

also identified as environmental obstacles 

that prohibit BVIP from traveling 

independently as pedestrians. 

Outdoor noises (e.g., rain) can render navigation 

challenging by disturbing the echolocation ability of 

BVIP.   

3 Four-way cross signals were also 

identified as environmental obstacles that 

prohibit BVIP from traveling 

independently as pedestrians.  

Congested corridors are challenging for remote 

caretaker as room for guidance is tight and visible 

space is limited for advance planning of guidance.   

  Lighting conditions can affect the navigation 

capabilities of VIP, as it affects their perception of 

the surroundings. For example, people with light 

perception become fully blind when the light 

becomes dim.   

According to studies on the relationship between the built environment and BVIP 

mobility, different physical factors play major roles in limiting their ability to move 

independently. For example, Clarke et al. (2008) used face-to-face interview data 

to investigate the impact of block-level built environment characteristics on 

mobility impairment. According to Matthews and Vujakovic (1995) and Boodlal 

(2003), the most immediate forms of obstacles are a lack of dropped kerbs, uneven 

or rough surfaces, narrow or congested roads, and steep gradients. A lack of kerb 

cuts (depressed kerbs that serve as ramps in sidewalks), barrier-free sidewalks, 

pedestrian facilities (e.g., benches and shade trees), and four-way cross signals were 

also identified as environmental obstacles that prohibit BVIP from traveling 

independently as pedestrians (Beard et al., 2009; Bowling & Stafford 2007). 

Montarzino et al. (2007) investigated the relationship between environmental and 

transportation factors that can influence the walking behavior of BVIP. Their 

findings revealed that certain elements of the built environment (such as regulated 

road crossings and the location of bus stops) had a major impact on the degree of 

mobility among people with vision loss. Barlow, Bentzen, and Bond (2005) studied 

the crossing behavior of BVIP at complex signalized intersections as part of a 

thorough study into the challenges encountered by BVIP when crossing roads as 
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pedestrians. They discovered that participants had considerable difficulty detecting 

crosswalks, aligning to cross, and deciding when to cross. Further, according to 

Hersh (2014), road crossings are an obstacle to independent travel for BVIP and 

can cause significant stress and anxiety.   

There were two constructs presented in this research, both of which had 

different environmental characteristics to be considered when designing ICT-based 

navigation assistance for BVIP. The feedback from test subjects of Construct I 

suggested that ‘turns’ are especially troublesome on sidewalks, sometimes resulting 

in a fall or broken cane. Accordingly, navigation guidance on turns should be 

carefully addressed when designing a navigation support system for sidewalks. By 

comparison, Construct II was portable and worked both indoors and outdoors in a 

collaboration mode. Hence, it had different environmental characteristics for 

consideration. Based on the user study, the time to react (i.e., giving guidance) 

indoors and outdoors has different characteristics. There is little time to react 

indoors (such as in a corridor), whereas there is more time outdoors. The voice 

quality of communications improves indoors and deteriorates outdoors. Further, 

there is less path visible for planning in advance or for guidance indoors for remote 

caretakers. By comparison, caretakers have a broad view of the environment 

outdoors, meaning they can guide along a relatively larger part of the path ahead. 

These are the characteristics created by the environment that can affect the 

assistance method. Hence, they should be considered by designers of assistance 

technology for BVIP. Construct III has a multimodal user interface (i.e., haptic and 

voice-based). To maintain voice clarity and quality in indoors and outdoors (with 

its greater surrounding noise), haptics appears to be a good choice for outdoor 

assistance and a voice for indoors. This conclusion is complemented by the fact 

that the room to maneuver (or guide) is tight indoors and relaxed outdoors. This 

also implies that voice guidance is more suited to indoor use compared to haptic-

based guidance. Outdoors, where caretakers have a wider view of the surroundings, 

haptic-based guidance would be more suitable.      

The third research question was “What are relevant factors in deciding when a 

BVIP is willing to accept help?”. Table 18 presents the acquired knowledge for 

RQ3. 
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Table 18. Acquired knowledge for RQ3. 

Issue In literature Findings from this thesis 

1 Always ask before offering 

help (Stevens, 2003). 

BVIP are reluctant to take help from a stranger, which should 

be taken into consideration. (Paper III, Study II) 

2 Take into consideration the 

age and any other disabilities 

(Stevens, 2003).  

They need to be helped when the weather is inclement (e.g., 

rain or storms), in the presence of animals, and in natural 

disasters such as earthquakes (Paper III, Study II). 

3 Adopt the pace of BVIP 

(Stevens, 2003).  

Market areas, rush situations, and streets/roads are the places 

where BVIP will most likely need help (Paper III, Study II). 

4 Use meaningful directions 

(Stevens, 2003).  

In outdoor places where development work is underway, BVIP 

need help (Paper III, Study II).  

We must comprehend the challenges faced by BVIP, consider their abilities, and 

learn how to collaborate and interact with them in social settings. All walks of life 

are represented in BVIP: some are elderly and some are young, and could be 

athletes, gardeners, fishermen, or students. Despite having many abilities and 

achieving many things, there are times when they appreciate and welcome practical 

assistance. According to the Journal of Eye Health (Stevens, 2003), always consider 

a person’s age and any other disabilities before offering assistance, always inquire 

first, and do not be insulted if the offer of help is declined. Some people have had 

dreadful encounters with what a sighted person might consider “helpful”! Moreover, 

when giving directions, be specific—pointing and saying “it is down there on the 

right” is not very helpful and could be considered thoughtless. The use of a white 

cane does not always imply that a person is completely blind, and one should never 

make assumptions about where someone wants to go. Instead, inquire about where 

and how they would like to be led. It is not unusual to see BVIP being pushed or 

steered at a high speed! Allow them to walk at their own pace and walk side by side 

(always ‘hand to arm’) if room allows. If BVIP are accompanied by a guide dog 

and still require assistance, approach and walk on the opposite side. The animal has 

been taught that they are in control and in charge. One should also allow enough 

space around obstacles and hazards and enough time to react. Any unexpected 

changes in the environment should also be defined, and it is crucial to explain 

changes in ground surfaces, especially when approaching large open areas such as 

fields (Stevens, 2003).      

Knowing when BVIP are willing to accept help is important to ensure 

assistance efforts do not pose any problem or embarrassment for anyone. 

Qualitative studies that extensively targeted this aspect have been designed and 

conducted with BVIP. The results can be summarized as follows: there are two 
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factors to consider when deciding if BVIP are willing to accept help—human and 

environmental. To investigate human factors, BVIP were asked whether they would 

be willing to accept help from a stranger or from a person who was referred by a 

trusted person. The answers revealed that they were willing to accept help from a 

person recommended by a trusted person, whereas asking for help from a stranger 

was somewhat confusing. This is because it is embarrassing if the stranger refuses 

to help and leaves them questioning the impairment that resulted in this situation.  

With regard to environmental factors, there are two sub-factors: the relevance 

of BVIP to the environment and the environmental state. Relevance refers to 

whether BVIP are local to the environment or visiting. A zone-based environment 

model was developed to investigate this factor, where the space of a person who is 

blind was divided into three zones: (1) control, (2) familiar, and (3) discovery. The 

results of the validation study II revealed that they do not require assistance in the 

control zone (i.e., their home or office environment). Here, they have control over 

things and can arrange them accordingly. In the familiar zone i.e., space near to 

control zone i.e., nearby streets to their home or corridors in office building or 

parking space. Because they can memorize familiar zones and have partial control, 

BVIP do not require assistance if the environment remains the same. However, they 

do need assistance in familiar zones if the environment changes. The discovery 

zone consists of distant environments, such as a shopping mall in a city center. Here, 

BVIP require assistance. The state of the environment refers to the prevailing 

weather conditions, particularly whether it is raining heavily or snowing. These 

conditions can cause changes in both the familiar and discovery zones, such as by 

hiding landmarks in the case of snow. Further, these adverse conditions can disturb 

environment sensing and cause echoes (in the case of heavy rain), rendering it 

difficult for BVIP to use their navigation senses (e.g., echolocation) properly for 

navigating. Another factor revealed was fear. They are ready to accept assistance 

when in a state of fear. The results of the validation study II reveal that the fear 

factor involves fear of natural disasters (including earthquakes and storms), 

although some BVIP mentioned a fear of animals (e.g., cats and dogs).   

Table 19 presents the original publications from the perspective of viewing a 

summary of their findings. 
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Table 19. Original publications (P) with respect to purpose, findings, and target users. 

P Purpose Findings Platform Target users  

I Offer a stand-alone, independent 

mode navigation assistance on 

sidewalks and reports the results 

of the user study. 

(1) Magnetic trail is usable in 

orientation on sidewalks. 

(2) BVIP who gained formal 

orientation and navigation training 

learn to use the system quickly. 

Sidewalk, 

infrastructure 

BVIP 

II Propose a teleguidance based 

navigation assistance system. 

The paper proposed the architecture 

of navigation assistance and 

formulated the role of caretakers. 

Remote 

assistance 

BVIP, 

Caretaker1 

III Reports user test results of 2nd 

Construct design, presents 

results of qualitative study with 

BVIP, and their caretaker and an 

attitude study with BVIP, and 

proposes a zone-model for 

assistance  

(1) Haptics based guidance is usable 

in navigation. 

(2) The intensity of haptic feedback 

should be adjustable. 

(3) Interactive assistance is more 

user friendly. 

(4) Men and women react differently 

towards technological assistance 

tools. Women have more negative 

attitudes towards technology 

compared to men.  

(5) The zone model was introduced 

and used as a model to formulate 

interview questions.     

Infrastructure 

based 

assistance  

BVIP 

IV Reports user test results of 3rd 

Construct design  

(1) Blind users prefer two-vibrator-

based guidance while VIP prefer one 

vibrator. (2) Usability of general 

smartphone camera is sufficient for 

real time navigation assistance.            

(3) Findings on hand over of 

assistance between voice and 

haptics modalities revealed that the 

switching from one mode to another 

requires BVIP time to become 

familiar with using the other modality 

conveniently.      

Remote 

assistance, 

Infrastructure 

based 

assistance 

BVIP, 

Caretaker1 

1Caretaker here can refer to family, friends, relatives, professional, volunteers and others. 
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5.2 Theoretical and methodological implications 

The empirical research conducted in this study offers insight into how to conduct 

design processes when the target users are BVIP. The developed artifacts garnered 

positive feedback from the participants for being a usable navigation support and 

helped when determining the features that needed to be included for an acceptable 

navigation aid. The results of the study are based on qualitative analysis of the data 

due to the small sample size. Given that the users of the system were real BVIP, the 

feedback is promising. For quantitative purposes, a new study should be conducted 

with a larger cohort (especially remote caretakers) and in different scenarios. The 

results of this study indicate that the presented infrastructure- and remote teleguidance-

based concepts are usable for guiding BVIP. Further, the work has demonstrated that 

while the proposed constructs are effective in their current form, improvements are 

required (as suggested by users). However, if used over a long period, the skill levels 

of users will also increase, helping them to use these systems more effectively. This 

would require an evaluation to be conducted after long-term usage of the proposed 

system, which was clearly not possible currently. Although the proposed approaches 

work as a proof-of-concept, more robust testing will be needed to acquire extensive 

data.     

This work supports many of the current research implications from a 

theoretical perspective regarding the design of BVIP assistance and provides new 

insights into how remote haptic-based assistance by a caretaker (and on site) can 

be used to guide BVIP in navigation. The usability of haptic-based communication 

for guiding BVIP was verified through experiments and observations. However, 

results from experiments with elderly people (who might have multiple 

impairments) are lacking. This could have implications for a customizable 

technological system that can be tailored to suit the needs of users. The research 

also reveals that designing assistive devices for BVIP requires extensive knowledge, 

which should be gathered from the subjects themselves, experts in the field, 

caretakers, and family members close to the intended target users. Cumulatively, 

these results have created a knowledge base that can be added to the design 

guidelines for BVIP assistance.     

The use of DSR for this work proved suitable. The design science paradigm 

was applied, as described by Hevner et al. (2004), with a focus on utilizing the 

provided guidelines for producing ICT-based artefacts. Because the artifacts 

required rigorous requirement gathering and an evaluation, DSR was 



 

78 

complemented with the UTAUT2 technology acceptance and meCue 2.0 user 

experience models, respectively.  

5.3 Limitations and future work 

Some planned and implemented features of the presented work were fully explored 

due to the COVID-19 situation, which rendered it impossible to continue already-

planned test scenarios. One such feature was the use of two caretakers to provide 

support using the remote teleguidance concept. The possibility of contacting 

another caretaker arises in real life when one caretaker is not able to continue 

assisting with a required assistance task requested by BVIP. In such situations, the 

first caretaker can involve a second caretaker who knows (or is an expert) in the 

required assisting task. Accordingly, BVIP are assisted by another caretaker while 

continuing to receive assistance from the first (or primary) caretaker after the 

intervention. The presented system supports this type of three-point communication, 

and it was planned to conduct tests in Oulu during the summer of 2020, which was 

not possible due to the pandemic. Conducting these experiments would be 

beneficial for forwarding the research presented in this dissertation and for 

introducing this method of multiple assistance, which could provide enhanced 

levels of care.  

Another future research direction could be to conduct tests of both constructs 

with elderly BVIP. Testing with the elderly was not attempted in this work because 

they often have multiple health conditions, and the intention was to conduct testing 

with BVIP free of any other impairments. The reason for this restriction was to 

ensure that the system was tested fully for its developed functionality.    

With regard to developing further features in Construct III, it would be helpful 

for BVIP and their caretakers if routine tasks were automated and did not require 

constant human assistance and monitoring. Examples of such tasks include 

navigating through parking spaces or moving past bicycle parking spaces alongside 

a sidewalk. Environment sensing through machine vision and ultrasonic radars 

(interpretation by AI) could also be candidate technologies and methods to develop 

these features. Similar work was conducted by Anas, Basheer, Nikhitha, & Smrithi, 

2020, where they used deep learning and a convolutional neural network (CNN) to 

interpret obstacles for BVIP through voice commands that were detected through 

an ultrasonic sensor and from a smartphone camera video feed.  Here, recording 

the last navigation assistance as a hotspot and using it the next time when 

navigating the same route could also automate assistance and substantiate the idea 
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of independent navigation. These automated navigation recordings could also be 

shared by BVIP with their peers to take this concept further. 

Blockchain technologies are another candidate to enhance Construct III. If 

remote assistance is provided as a service, then issues of safety (for BVIP) and 

finding the best match from a pool of caretakers can arise. Here, a record of all 

authentic caretakers can be kept using Blockchain technology to satisfy this safety 

concern. Further, finding the best match for assisting BVIP can be accomplished 

by using a smart contract that uses blockchain-based caretaker data and a history 

of previous assists to find a match and designate (Beck, Mueller-Bloch, Rossi, & 

Thatcher, 2019).                         
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6 Conclusions 

This thesis presented the concept of assisting BVIP when navigating using two ICT 

methodologies: infrastructure-based independent mode navigation assistance and 

remote collaborative assistance by a caretaker.   

In Construct I, the concept was to provide assistance in an infrastructure-based 

independent way that BVIP could use on their own through vibration. In Construct 

II, the same concept was upgraded to use haptic-based guidance for infrastructure-

based independent navigation. In Construct III, the intention was to include human 

intelligence in the assistance, as not all the tasks can be accomplished without the 

inclusion of a human guide. Moreover, infrastructure-based assistance is not always 

available in all environments. One feature of the developed constructs was that the 

same hardware solution (the smart cane) works with all solutions, meaning users 

can switch from one way of assistance to another seamlessly.   

In Construct I, an ordinary white cane was augmented by adding a magnetic 

sensor and haptic vibration. The magnetic sensor detects a trail of magnets on 

sidewalk and causes the haptic actuator on the grip of the cane to vibrate. 

Accordingly, BVIP could then sense the vibration, helping with orientation in 

navigation. Here, a serialized braille vibrational message on a POI would inform 

about a decision point, such as a turn or an important landmark. Construct III 

involved the intelligence of a remote human guide. Here, the same augmented cane 

was enhanced with cellular communication and an audio-visual interface to enable 

connection with a remotely located caretaker who received a live feed of the BVIP 

field of view. Assistance could then be provided in the form of haptic and voice 

communication. 

The work completed in this dissertation offers insight into the process of 

assistance technology design for BVIP using DSR. Haptic-based communication is 

the preferred way of communicating with BVIP, and this research explored how it 

could be used independently and human-controllably to guide BVIP when 

navigating. There are more concepts in this field that were not explored, to focus 

on the plan for this research. Those concepts can be further developed by other 

DSR researchers working in this area or in a continuation of this work.     
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