


 of 2 52

Abstract:	 Typical pedestrian navigation systems available on 
modern smartphones today still use the same map-
based navigation paradigm adopted from car navigation. 
This is although traveling on foot and in traffic, presents 
considerably different challenges in terms of safety and 
efficiency. Walking in traffic while looking at a screen to 
read a map is a potential safety risk. Turn-by-turn 
navigation doesn’t represent the diversity and flexibility 
of options available to pedestrians. Modern 
smartwatches usually copy this approach of screen-
based navigation, although displayed on a smaller screen 
size. This project presents the design and development 
of a novel multimodal interface for pedestrian navigation 
that facilitates visual and eye-free feedback using haptic 
feedback on the wrist. The prototype uses location and 
motion tracking to track the user’s location and 
movement. This report describes the design and 
development considerations made during the project. 
Participants were used as testers and observed using the 
prototype in a realistic context to evaluate the final 
design. The final prototype consists of an Apple Watch 
and companion iPhone app that the participants could 
install on their own devices during in-person testing and 
to provide ongoing feedback during the span of the 
project.
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Prototype Download Link 

https://testflight.apple.com/join/45iwXw1N

Requires TestFlight and a paired Apple Watch series 5 or newer

https://testflight.apple.com/join/45iwXw1N
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Prototype Source Code

https://github.com/Brodersen/HapticNavigation


GitHub Repository

https://github.com/Brodersen/HapticNavigation
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Introduction

Ever since the invention of Global Positioning Systems (GPS) made its 
way from car navigation to personal navigation services and apps on 
smartphones, the idea of visually reading a map on screen and listening 
to spoken turn-by-turn directions has been the predominant approach to 
guiding the user to their chosen destination. Although turn-by-turn navi-
gation is suitable for vehicle navigation driving on clearly defined roads, 
this same navigation paradigm presents interesting challenges when 
used in a pedestrian navigation context (Gartner et al., 2011; Pielot et al., 
2010a; Renaudin et al., 2017). Several attempts have been made to de-
velop alternative solutions to pedestrian navigation that are both more 
convenient, practical, and safer to use in traffic than classic turn-by-turn 
navigation. A considerable subset of these solutions utilize haptic tech-
nology in wearables as an attempt to provide eyes-free navigation that 
allow the user to keep their attention on the road and avoid distractions 
from screen-based navigation.


The hardware used in many of these projects, such as GPS, motion-
tracking sensors, and haptic technology, are now common additions to 
commercially available smartwatches. Some of these smartwatches are 
open for software developers to develop creative solutions that utilize 
these hardware capabilities, combined with the wearability and feasibility 
offered by smartwatches. The use of modern smartwatches presents a 
suitable candidate to explore potential solutions to current challenges 
with screen-based pedestrian navigation systems. The presented project 
is exploratory, presenting the design, development, and testing of a 
wrist-worn prototype utilizing haptic feedback to improve the human-

computer interaction (HCI) involved in pedestrian navigation. The project 
examines the challenges of pedestrian navigation in relation to car navi-
gation since the dominant solutions still used today are derived from the 
same map-based navigation paradigm.


The use of a modern smartwatch is considered for its benefits as a con-
duit for haptic feedback being in direct contact with the user’s skin. The 
smartwatch also presents an interesting opportunity as a motion tracking 
device, for its placement near the hand that is at the same time easily 
accessible and appropriate as a wearable. The project consists mainly of 
the design and development of a prototype aimed to answer the follow-
ing research question:


	 “How can haptic technology be utilized in a 
smartwatch for eyes-free pedestrian navigation?”


The final prototype delivered consists of an Apple Watch and iPhone app 
bundle, chosen as the platform of choice. 


Findings from tests conducted with participants are described, present-
ing relevant observations, proof of concept tests, and key insights gath-
ered from observing participants and potential end-users using the app 
on their own devices and for navigating in realistic and public urban and 
suburban settings.
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Related Work

The following section describes problems with current navigation sys-
tems for pedestrians that are not solved by adopting car navigation. A 
case is made for exploring haptics as an opportunity to address the chal-
lenges of pedestrian navigation and how the popularity of modern 
smartwatches presents a timely platform for design exploration. Finally, 
related projects are explored within the area of pedestrian navigation, 
and the design of haptic interfaces to solve navigation challenges are 
explored, providing the foundation for this project.


This project is inspired by previous work done by the author, exploring 
the use of vibrotactile feedback on the wrist as an interface to communi-
cate directional information (Brodersen, 2019).


Challenges with Pedestrian Navigation

Navigating on foot typically requires the user to hold a smartphone in 
hand in order to read the on-screen map from a navigation app, thereby 
taking their attention away from the road and traffic. To avoid walking 
into something while looking at the screen, a person might stop walking 
while looking and only start walking again when not looking at the screen. 
To interpret the information presented on a screen, such as a user’s loca-
tion and the direction of the roads and suggested route, requires that the 
user mentally orientate the map’s frame of reference to their own frame 
of reference in the real world. This transformation of the frame of refer-
ence can cause a noticeable cognitive load depending on how much ro-
tation is needed to relate the map with the real world (O'Modhrain, 
2004). Depending on ones ability to interpret a map, the rotation prob-

lem  can be remedied by the user rotating the map or turning around 
themselves in order to line up the direction of the map with their own di-
rection in the world, reducing the cognitive load of interpreting their 
presence and orientation on the digital map (Laurier & Brown, 2008). 
With car navigation, this map is typically automatically rotated to fit the 
car’s driving direction, eliminating the need to perform any mental rota-
tion.


Navigating using a hand-held map also means that the user must occa-
sionally take their attention away from their surroundings in order to in-
terpret the map and the progress of their navigation, posing a potential 
safety risk (Hyman Jr et al., 2010; Pielot et al., 2011a). This can be more 
challenging if the screen is hard to read, such as in direct sunlight or in 
bad weather. Hand-held navigation also requires that the user have one 
or both hands free to hold and interact with the smartphone, making the 
interaction unsuitable while carrying objects or wearing gloves. The user 
can temporarily put away the smartphone to avoid holding it in hand or 
exposing it to environmental conditions, but this also makes the state of 
navigation temporarily unavailable.


Another option is to use audio cues, such as sound alerts and spoken 
navigation instructions, as common with car navigation, to assist the map 
navigation and allow the driver to keep their eyes on the road. If sound 
navigation should be used in a walking context, headphones are usually 
preferred to keep the information private and to avoid disturbing others 
nearby. However, wearing headphones and using voice navigation while 
walking in traffic poses the safety risk of not paying attention to one’s 
surroundings (Lichenstein et al., 2012). Headphones can also be incon-
venient to use while navigating with others. These problems of privacy 
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and paying attention to traffic is less prevalent while driving, where navi-
gation can only be heard by the people inside the car, and where shield-
ing out ambient noise can be a preferred feature of the car.


In terms of navigation accuracy, car navigation also has considerable ad-
vantages to pedestrian navigation. The geolocation and direction of the 
car can be estimated by associating the location and direction with data 
about nearby roads, as cars will likely be on a mapped road. Since the 
location and direction of cars can be tied to the map data of the road on 
which they are driving, and since speed and acceleration is often rela-
tively predictable on roads, the system can use this information to esti-
mate the state of the navigation to closely match the reality under typical 
driving conditions. 


To change course while driving is also typically limited to the next up-
coming intersection or junction. Although the same predictions can be 
applied to pedestrian navigation when walking on roads, there are some 
noteworthy differences. First, traveling on foot means that the user is 
often exposed to more options for changing their routes. Their options 
are typically the same as cars, but with the added freedom of walking off 
the road and taking paths that are inaccessible to cars. These include 
taking shortcuts and cutting corners, walking on unmapped roads, hiking 
paths, walking over open terrain such though parks, playgrounds, plazas, 
vacant lots, fields, town squares, forests, etc. Entering and passing 
through public buildings like a train station or mall with multiple exits is 
also an option and can compromise the quality of the GPS signal. Sec-
ond, the direction of walking can be less predictable since a person is 
free to make spontaneous changes in their walking direction and can 

start or stop at any point — something that is not always possible (safe or 
legal) to do in a car mid-driving on roads.


Measuring the direction of a person is also a challenge compared to the 
direction of a car. A car can have hardware censored fixed in place in the 
car’s frame, and the direction is often one way or the other on the road 
on which the car is driving on. In contrast, a person might have their 
smartphone stored in a pocket, a bag, or held in their hands, which 
means that rotation and direction of the smartphone relative to the direc-
tion the person is facing cannot be guaranteed. These challenges also 
mean that navigation instructions using voice commands suitable for car 
navigation are not always compatible for use in pedestrian navigation. For 
example, "Turn Right" can mean many things when walking through an 
open park or town square. "Take the next left turn" can be ambiguous or 
confusing when the pedestrian is exposed to multiple upcoming paths 
that might not all be accounted for on a map or can mean different an-
gles of directions than just 'left'.


The current challenges with pedestrian navigation on everyday mobile 
devices present an interesting design space for exploring alternative fu-
tures of how these devices can be used and improved to make the navi-
gation experience more convenient, accessible, and safe.
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An Opportunity for Haptics

The previous section examined how the visual and auditory modalities 
are used in pedestrian navigation using a map-based approach. A third 
modality often underappreciated in the design of digital artifacts is the 
sense of touch, which can be distinguished as three types of sensory 
experiences: Cutaneous, kinesthetics, and haptic (Biswas & Visell, 2021). 
The haptic perception in particular — which can be stimulated using hap-
tic technology by applying forces, vibrations, or motions to the user — is 
the most widely used in digital devices today. This is likely due to the 
ease of creating vibrotactile stimulation using small vibrating motors that 
can fit into many types of mobile electronic consumer products. In 
smartphones, the use of haptic is often used to provide silent feedback 
about messages or incoming phone calls by vibrating the phone. 


Depending on the capability of the technology used, haptic feedback can 
be expressed by various patterns with different sharpness, intensity, and 
rhythm, to express different types of information. These patterns can in-
clude anything from transient experiences such as brief clicks, taps or 
impulses, to continuous events like sustained vibrations and buzzing. By 
varying sharpness and intensity, haptics can feel soft and rounded, sharp 
and mechanical, or anything in-between. Haptic Icons can be created by 
associating meaning to different haptic patterns and using them consis-
tently throughout the interface in which they are used (Maclean & En-
riquez, 2003). For example, by associating visual information — such as 
clicking a failure or success button in the user interface of an app, with 
corresponding haptic icons like a buzzing pattern (for failure) and quick 
taps (for success) — the user can create associations between the haptic 

information and the visual information presented, connecting the two 
sensory experiences.


Haptic feedback is interesting because it provides unique advantages 
and disadvantages compared to other interactive modalities (Sreelakshmi 
& Subash, 2017). For one, haptic interfaces can be used to provide eyes-
free information to the user, as long as the emitted feedback can be felt 
by the user’s skin. This type of feedback can also be silent enough to 
provide a private information delivery that other people cannot see or 
hear while also being socially convenient by avoiding disturbing others. 
Another benefit comes from situations where the user’s visual or auditory 
attention is already occupied. In these situations, interfaces that require 
attention using the same sensory channels can lead to attentive con-
flicts, fragmented attention, and decreased performance (Barnard et al., 
2006; Oulasvirta et al., 2005). Instead of providing multiple sources of 
feedback on the same sensory channels already occupied, an alternative 
approach is to explore the use of other sensory channels that are less 
stimulated. Spreading out information feedback to the other human 
senses using multimodal interfaces to appeal to senses not already oc-
cupied, can provide a coherent overall experience with potential benefits 
over unimodal systems (Oviatt, 1999). In relation to pedestrian naviga-
tion, where the user’s visual and auditory perception is used to navigate 
the environment and pay attention to traffic, the sense of touch is rarely 
used. This presents an opportunity to explore how haptics might be used 
in navigation interfaces, to support the visual and auditory senses (Pielot 
et al., 2012; Rodríguez et al., 2019).
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An Opportunity for Smartwatches

Another digital wearable utilizing haptic feedback that has seen in-
creased adoption and popularity in recent years is smartwatches (Rimol, 
2021). Compared to smartphones, smartwatches can contain the same 
required hardware to enable navigation services and haptic feedback, 
albeit with a smaller screen size for displaying map data. Where smart-
watches stand out in terms of utilizing haptic technology is that they are 
worn directly on and in contact with the skin on the user's wrist at all 
times. Even if the skin on the wrist is not as sensitive as, for example, the 
hand and fingers, it still offers great tactile acuity for vibrotactile stimula-
tion (Cholewiak & Collins, 2003) while still being unobstructed and keep-
ing the hands free for other interactions (Heikkinen et al., 2009). The 
smartwatch presents an opportunity to hide haptic technology in a wear-
able that is already socially established, as well as placing it near an ac-
ceptable part of the body and still visually accessible to the user (Oakley 
et al., 2006). Unlike carrying a smartphone, which might not always be 
carried close to the skin, the smartwatch provides an always available 
source of feedback through haptics that does not require or conflict with 
the user's visual or listening attention. Since it can be worn and does not 
require the user to hold it, it provides the affordance of always being 
available, allowing the user have their hands free for other purposes 
(Rawassizadeh et al., 2014).


Smartwatches present an interesting opportunity to explore alternative 
approaches to pedestrian navigation supported by haptic technology, but 
these opportunities have not yet been embraced by the companies de-
veloping the standard navigation services available on these devices. The 
default navigation services that ship with most smartwatches are essen-

tially an extension of the classic map-based approach that is the default 
on the smartphone they are paired with. Brands like Apple, Samsung, and 
Fitbit, use navigation services like Google Maps or Apple Maps to provide 
turn-by-turn navigation. The haptic interface used with these services is 
primarily to alert the user of when to make a turn and when the user has 
arrived at their destination. Taking the Apple Watch as an example, when 
the user is suggested to take a left turn to follow a predefined route, two 
haptic taps three times in a row means turn left, while twelve steady taps 
mean turn right, and a long vibration means that the user has arrived at 
the destination. At the start of this project, this interface was tested 
while navigating by foot, showing that the haptics alone was not suffi-
cient to guide the user to a location that was unfamiliar to them. At the 
time of this writing, Apple has not disclosed if this is intended as an at-
tempt to provide eyes-free navigation or just to support existing screen-
based information, or potentially both.


Although the use of existing technology implies its own benefits and con-
straints to the design process, other devices embedded with haptic 
technology were also considered for this project, including the develop-
ment of a custom device. However, developing a new piece of digital 
wearable for the sole purpose of improving pedestrian navigation raises 
the question of what added value such device can offer a potential user 
in contrast to the inconvenience of having to purchase, wear, and man-
age yet another digital device. Working within the constraints of design-
ing on existing smartwatch devices — including the limitations of the 
available operating system and APIs provided to these devices — has the 
added benefit that any proposed design can be installed and tested di-
rectly on users existing choice of smartwatch and wristband material 
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which they are already accustomed to and comfortable wearing, and 
which could lead to a more holistic examination of how users might wear 
or use the prototype in everyday scenarios.


Technical Challenges of Today’s Navigation Technology

The technical challenges of designing a pedestrian navigation system 
include the need for high fidelity data about the user’s position, direction, 
and data about their surroundings. The interface design challenge then 
lies in how this data is communicated back to the user in an appropriate, 
informative and convenient manner. Ideally, a perfect system would use 
accurate and up-to-date data about the user’s position and direction, 
combined with absolute geographic and architectural data about the 
user’s surroundings. The reality, however, is that although the accuracy 
of GPS systems in smartphones is (at the time of this writing) typically 
accurate to within a five meters radius around the user’s actual 
position under clear sky ideal circumstances, it can decrease significant-
ly depending on the height and material of nearby obstacles like build-
ings and terrain, and overhead objects like trees and roofs (Diggelen & 
Enge, 2015). Furthermore, the fidelity of today’s map data — which can 
vary based on the service provider and location coverage — is less likely 
to include smaller walking paths, passages, alleys, etc., compared to 
larger objects like roads, streets, and highways. Although improving ei-
ther of these — the precision of GPS or the fidelity of map data — is out-
side the scope of this project, a proposed system must still accommo-
date imperfections with currently available technology.


Related Projects

Several research projects have examined the use of wrist-worn haptic 
interfaces for spatial guidance purposes, utilizing the advantages of 
eyes-free HCI (Guo et al., 2009; Schätzle et al., 2006; Sergi et al., 2008; 
Weber et al., 2011). Many of these projects outline the benefits of using a 
wrist-worn device that is unobstructed and always in contact with the 
skin (Heikkinen et al., 2009), while at the same being time socially ac-
ceptable and does not occupy the hands for other interactions (Hong et 
al., 2016). Several projects have explored using the skin on the forearm 
using different types of wristbands and armbands (Hong et al., 2017; Ng 
& Man, 2004; S. Panëels et al., 2013; Sergi et al., 2008). Spatial direc-
tional sensing using tactile cues on the wrist has been shown to be able 
to successfully direct a users attention towards a target direction 
(Brodersen, 2019; Cammann et al., 2017; Jacob et al., 2011; van Erp, 
2001; Weber et al., 2011), although also showcasing various proposals to 
how this information can be interfaced to the user. For pedestrian navi-
gation purposes specifically, these proposals typically involve either:


• the use of haptic icons with embedded meanings associated with 
specific navigation instructions the user must follow to navigate to 
the target destination (Cammann et al., 2017; Ghouaiel et al., 2013), 
or;


• the use of one or more tactors placed strategically on the body to 
communicate the horizontal angle (bearing) towards the target des-
tination relative to the user’s current position (Heuten et al., 2008; 
Jacob et al., 2011; 2012; Jones, 2017), or;
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• some combination of both approaches (Dobbelstein et al., 2016; 
Pielot et al., 2010b).


To differentiate the interactive approaches suggested by haptic re-
searchers, Fröhlich et al. (2011) suggest two predominant types of haptic 
interface design exemplified using the following two metaphors:


The Magic Wand describes how a hand-held device can be used as a 
pointing device, directed at locations around the user. Using haptic feed-
back, this hand-held device can communicate information back to the 
user — through haptic vibrations in the device — about what it is being 
pointed at. For example, in a navigation context, a user might point in a 
direction of a road and get feedback about if this is still the correct direc-
tion to go. The magic wand approach can be made possible using GPS to 
get information about the user’s geographical location, combined with a 
digital compass embedded in the device to get the horizontal angle that 
the user is pointing. Although The Magic Wand metaphor is suggested as 
a hand-held device, wearing the pointing device on the wrist would leave 
the hands free for other activities. Another consideration with the Magic 
Wand approach is the requirement that the user must be actively point-
ing in order to get relevant feedback. However, this can also serve as a 
way for the user to control when or at what intervals to receive the feed-
back.


The Sixth Sense metaphor describes how haptic information can be de-
livered to the user discreetly and effortlessly from a haptic display as if 
this information came to the user as a hidden sixth sense. Using this ap-
proach does not necessarily require the haptic display to be positioned at 
a specific location on the body, as long as it can be efficiently felt by the 
user and consistent with the direction the user is moving. In a navigation 

context, this approach could be used to discreetly signal information to 
the user as they are walking, if they need to make changes to their route 
or if they have arrived at their destination.


Both metaphors are interesting in that they suggest approaches to haptic 
interface design that serves related but different affordances. The Magic 
Wand approach suggests a way for the user to communicate with the 
device about their intentions and get immediate feedback relative to their 
embodied interaction. The Sixth Sense approach exemplifies how the use 
of haptics can be designed to be unobstructed, discreet, and private. 
This project explores the possibility of combining both metaphors in the 
final interaction design.
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Methodology

The project presents a research approach to exploring potential futures 
of how pedestrian navigation can be improved using haptics and smart-
watches. In doing so, various solutions and features of the design and 
development process are explored and evaluated. However, it is worth 
noting that the nature of the problem does not inherently imply an opti-
mal or ideal solution due to the multitude of ways in which the problem 
can be framed and evaluated. The problems of pedestrian navigation in-
volve an examination of the diversity of users' behavior and the variety of 
use cases and contexts in which potential solutions can be evaluated. 
Any solution will have to face the paradox of providing sufficient and 
timely information to the user while at the same time not distracting them 
from the reality of their surroundings. These challenge of pedestrian nav-
igation in today's urban, suburban and rural environments presents a 
wicked problem. Potential solutions can be evaluated from a:


• Commercial perspective, evaluating how feasible the presented so-
lution could be as a potential business case.


• Safety perspective, evaluating how using the proposed solutions 
can lead to safer pedestrian navigation in traffic under different cir-
cumstances.


• UX perspective, evaluating how solutions influence user behavior in 
terms of characteristics like usability, usefulness, and desirability.


• Technical perspective, evaluating how the solution might relate to 
other solutions in terms of navigation accuracy, power consumption, 
integration, etc.


• Anthropological perspective, evaluating how possible solutions can 
influence behavior, both alone and in a social context.


These perspectives are neither mutually exclusive or complete. They un-
derline different ways of approaching the same problem and evaluate 
design outcomes. Although the focus of this project is to explore poten-
tial design ideas as an inquiry to doing research and answer the research 
question, all the listed perspectives present lenses through which the 
designer can see opportunities to extract meaning from doing design. 
For the purpose of exploring the unknown, a Research Through Design 
(RtD) approach was used, focusing on the design, development, and 
testing cycle as the primary means for generating knowledge (Zimmer-
man et al., 2007). This process of conducting RtD focuses on the role of 
the prototype, using it as an instrument of inquiry for generating design 
knowledge (Keyson & Bruns Alonso, 2009). The approach is useful to 
explore complex interactions and issues within a realistic user context 
relevant to the project’s scope. The designer can reflect back on the 
process and decisions made, not only based on the observed user inter-
actions and experiences of the prototype but also through the designer’s 
own reflections working with the prototype. The experiential and often 
tacit knowledge obtained through this design activity is an essential part 
of the design practice (Schön, 1983). By observing the design process, 
observations can be used to guide further research as an iterative 
process and help focus the design space.


The creative process was followed by taking notes throughout the 
project, documenting relevant findings, which, together with the devel-
oped prototype and this report, comprises the research outcome. The 
project was supported by examining relevant and related projects to draw 
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inspiration and knowledge from existing work in the areas of haptic HCI, 
wrist-worn haptic interfaces, and pedestrian navigation (see Related 
Work).


Testing

As part of the iterative design process, participants were used in pilot 
tests, preliminary tests, and to provide feedback on the prototype at var-
ious stages of development. Additional participants were invited using a 
public link and email invitations to onboard additional testers using the 
beta testing service TestFlight . 
1

A total number of six participated in the in-person testings (see Table 1). 
During in-person testing, participants that were not Apple Watch users 
would borrow an Apple Watch with an adjustable wrist band. The partici-
pants were observed while using the prototype in different navigation 
situations in public, performing various tasks. The typical tasks involved 
getting familiar with the interface by navigating to a destination in full 
disclosure of where the destination location was and also allowed them 
to look at the user interface to learn the association between the visual 
and haptic feedback as they approached the location. Gradually the par-
ticipants were exposed to more complex tasks, such as navigating to a 
destination that was secretly chosen, to the most difficult; using the app 
without looking at the user interface and by relying on haptic feedback 
alone (the UI on the Apple Watch was hidden programmatically to avoid 
accidental peeking). All testing of the prototype was done outdoor, in 
public, and in urban or suburban environments. The participants were 
questioned using an unstructured interview approach both during and 
after navigation about their experiences. Unstructured interviews were 
used to ask about the participant's experiences as they happened and 
allowed to adapt the questions according to the events of the navigation.


Some participants were only used for testing once at the end of the 
project, while others participated in several trials throughout the project 
to test changes in the design. During testing, the participant's ability to 
navigate to a location, the observer was walking along in the background, 
using the paired iPhone to monitor the status of the testers Apple Watch, 
the system's interpretation of the user's location and orientation, and in 
relation to waypoints and the final destination on a map only visible to the 

 TestFlight 􀉣 https://developer.apple.com/testflight/1
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Tester Sex Age Smartwatch user

#1 Female 26 Yes

#2 Female 27 No

#3 Female 28 Yes

#4 Male 30 Yes

#5 Female 61 No

#6 Male 64 No

Table 1: A total of six testers participated in in-person testing of the 
prototype at various stages of development. Three of these were already 

smartwatch users.

https://developer.apple.com/testflight/


observer (see Figure 1). Depending on the task and focus of each test, 
the testers were questioned about different aspects of the system and 
what they were experiencing. To test alternative behaviors of the system 
interface, the observer was able to perform changes to the interface re-
motely on the iPhone and get feedback from the tester about the impact 
of these changes.


During testing, navigation data were also captured, including timestamps 
with route and location data, GPS accuracy, changes in motion gestures, 
and activity type at different intervals, from the start and until the goal 
was reached. This data made it possible to revisit a navigation event, find 
bugs and issues with the prototype or hardware sensor's accuracy, and 
understand the participant's behavior at key points in their navigation.
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Figure 1: Test setup. The observer is using the smartphone 
app to view what the participant is experiencing and 
information about the ongoing navigation.



Design

The approach used in this project is inspired by the use of a compass as 
the primary mediator of implicit directional guidance on the smartwatch. 
This section describes the main challenges and considerations that went 
through the design of a multimodal smartwatch interface and an interac-
tion model to accommodate both visual and haptic “eyes-free” naviga-
tion. The proposed interaction design is exemplified in the multimodal 
interface used in the final project prototype.


Using a Digital Compass for Directional Guidance

Similar to a magnetic compass always pointing towards magnetic north, 
the digital compass suggested for the final prototype always points in the 
direction that the user must go to reach their chosen destination. In the 
app, this direction is displayed visually using a rotating 􀰿 arrow and 
haptic vibrations associated with these rotations to indicate if the user is 
pointing towards a chosen destination.


Navigating using a digital compass has a number of relevant differences 
compared to turn-by-turn navigation:


Learning Curve: The use of a pointing direction to indicate the direction 
to go is similar to the innate ability of humans to express spatial direction 
using the hand gesture to point. This familiarity of directional pointing as 
a mental model for how the interface works can result in a lower learning 
curve for new users.


Relatable: Knowing the direction (i.e., the beeline) towards a location 
means that the user can get a sense of their own presence relative to 

that location. This is in contrast to getting an explicit navigation instruc-
tion (like “turn left”) that does not necessarily tell the user anything 
about where they are relative to where they are going. Both types of in-
formation can be supported by displaying the remaining distance that the 
user is from the final destination, giving more context to the user.


Exploration: By not being constrained to follow a specific route and 
turn-by-turn navigation, the user can feel free to explore their surround-
ings and choose their own way towards the destination (Dobbelstein et 
al., 2016). However, attempting to take the most direct route is not al-
ways the fastest approach when large obstacles like water, buildings, 
railroads, or impassable terrain are blocking the path. In these situations, 
the user can be better off being guided, following a route around the ob-
stacles.


Data type: The direction that the compass is pointing can be expressed 
as an angle of how much the user must turn in order to face the direction 
of the compass, i.e., when the angle is zero, the user is facing in the 
same direction as the direction towards the target. The value of this an-
gle is relatively easy to visualize in a haptic display, either using haptic 
icons to indicate a range of intervals (as seen in Pielot et al., 2010a), or 
by changes in rhythm or amplitude based on how close or far the angle is 
from the zero-angle (as seen in Pielot et al., 2011b). In cases where a 
navigating user encounters multiple route options not marked with visible 
street signs, these options can be challenging to describe linguistically 
without more detailed mapping data. In these cases, the use of a pointing 
direction towards the route to take can be faster and more convenient 
than having to look around for a street sign. On the contrary, confirming 
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one's location using street signs when they are available can be reassur-
ing and help prevent navigation errors.


Accuracy: As the user moves away from the beeline to the target desti-
nation (such as to walk around a blocking object), the compass will have 
to update to reflect the new angle towards the target. How much this an-
gle change is directly related to the remaining distance from the user to a 
target: If the target is very far away, this change in angle is minimal. For 
example, if a user is standing some distance away from a target and then 
walks 50 meters to the left or right away from the beeline (still maintain-
ing the same relative distance to the target), then the angle to the target 
will naturally have changed. If this distance is 1 kilometer, the user's 
compass will only have changed by 2.87°; if instead the distance is 100 
meters, the change is 28.96°. Using directional navigation means that the 
precision of the GPS signal relative to the precision of the direction dis-
played to the user is less of a concern at a distance than when the user 
gets close to the target. If the user is far away from the target and can 
get a sense of the general direction to the target using the arrow, this 
benefit can mean that the user is less inclined to check their device for 
changes repeatedly. This is, of course, only relevant unless waypoints are 
used, i.e., how many and how they are placed on a suggested route. If a 
waypoint is used on every turn where turn-by-turn navigation would also 
be used, then this advantage is diminished.


Determining the Direction of the User

With car navigation, determining the direction of the car is relatively sim-
ple. It is the direction that the car is facing, potentially supported by a 
compass attached to the frame of the vehicle. However, for a pedestrian 

using a smartwatch with a compass, the only direction known to the sys-
tem is the direction of the smartwatch. Since a user is able to move their 
arm and hand freely, this direction of the smartwatch can be in potential-
ly any position and not necessarily in the same direction as the user is 
facing. This problem of relating directional haptic feedback to the user's 
navigation direction has led researchers to explore solutions such as em-
bedding the navigation device into belts (Pielot et al., 2008; Tsukada & 
Yasumura, 2004), around the torso (Van Erp, 2005), or head-mounted 
(Kerdegari et al., 2016). These locations are relatively stable relative to 
the body-facing positions and stable on the horizontal plane used when 
guiding to geographic locations. Solutions to the challenge of expressing 
a direction on the wrist regardless of arm/hand orientation has been done 
previously (Brodersen, 2019; Sabrina Panëels et al., 2013), although with 
the use of multiple tactors around the wrist for the added dimensionality 
that it provides. Since most currently available smartwatches contain 
only one haptic engine placed on top of the wrist, using multiple tactors 
was not considered for this project and presented an interesting design 
challenge.


The approach suggested in this project is to track the motion of the 
smartwatch and use the Magic Wand metaphor by detecting when the 
smartwatch (and thereby the hand) is held in a position where it can be 
used to point in a horizontal angle. As with a compass that is required to 
be held horizontally to work, the same constrain is used in the prototype 
interface design. In order to point in a horizontal direction, however, it 
requires that the user actively hold their hand in a position where the di-
rection of the compass makes sense (where the screen is horizontal). 
Although this approach seems to only limit the usability of the design at 
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first, the gesture of moving the hand up to horizontal or down again can 
be used as a toggle switch for the user, such as to control when to en-
able and disable directional feedback and haptic vibrations:


• When the user raises their smartwatch — such as to glance at the 
clock to read the time — the same gesture can be used to check the 
direction of the active navigation by enabling feedback (see Figure 
2). 


• When the user lowers their smartwatch again — such as with the 
hands down alongside the body, when walking or standing — this 
stance can function as a gesture to pause the directional feedback.


Regardless of the arm orientation, the user still continues to receive noti-
fications about when the destination or a waypoint has been reached, 
akin to the Sixth Sense metaphor. In other words, the user does not have 
to keep their hand raised to navigate — only to check on their current 
direction relative to the next waypoint or the final destination.


With the ability to control the interface with a gesture, the user can con-
trol when and for how long to be exposed to vibrations. Although a dif-
ferent approach with continuous feedback would mean that the user 
would be able to feel the direction constantly throughout the duration of 
the navigation, this could lead to tactile stimulation fatigue, desensitiza-
tion, and discomfort (Craig, 1993), as well as battery drain on the smart-
watch.
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Figure 2: The arrow is always pointing towards the destination location. As the user rotates their smartwatch, the direction 
of the location changes. The green arrow indicates that the user is pointing their watch at the 􀋌 target destination. 



Using Haptics for Directional Guidance

With the hand raised to view the compass 􀰿 arrow, another challenge in 
the design is how to relate the watch's horizontal direction with the 
user’s direction. In other words, how does the device know in which di-
rection the user is facing in order to provide the relevant haptic feed-
back. Visually, the compass 􀰿 arrow can suffice the user’s need by 
showing graphically the direction of where to go — regardless of the 
user’s own facing direction. However, to indicate using haptics how much 
the user must turn to face this direction, i.e., the bearing (horizontal an-
gle), requires that the device can relate the direction of the arrow to the 
direction that the user is facing. At the start of the project, the initial de-
sign used the pointing direction of the hand that the smartwatch is worn 
on, similar to the Magic Wand metaphor, although with the “wand” at-
tached to the wrist instead of being held in hand. To use this approach 
means to point in the direction of the hand on which the smartwatch is 
worn as if pointing with the hand. Specifically, this is using the right side 
of the screen as the pointing direction if the hand is worn on the left 
hand. However, during testing, it was discovered that this posture was 
not natural for the participants and was found to be awkward to perform 
in public. An alternative approach was also proposed, to instead uses the 
top of the smartwatch screen to point. Using the top of the screen means 
that the smartwatch can be held up in front of the chest, using the same 
gesture as when a person checks the clock (see Figure 3). The top of the 
watch is then pointing in the same direction that the user is facing. This 
approach became the most popular option amongst testers (see Find-
ings).


With knowledge about the direction that the user is facing and the direc-
tion towards the next target, the bearing can be calculated. A bearing of 
0° means that the user is facing perfectly in the direction of the target. A 
bearing of 180° means that the user is facing directly away from the tar-
get. This change in bearing — although simple at first — can be ex-
pressed in numerous ways, several of which were tested through the de-
sign and development phase:


As the user is turning towards the target, the bearing approaches 0°. Us-
ing haptic feedback to express this gradual change in bearing to the user 
can be done by changing the frequency and interval between haptic vi-
brations. As the user closes in on the target direction and the bearing 
approaches 0°, the haptic frequency increases. This approach creates 
familiarity as it is similar to the proximity alarm in some car parking sys-
tems that also beeps with increasing frequency to warn the driver when 
the car gets closer to nearby obstacles. The advantage of the gradual 
approach is that even if the user is not pointing exactly at the target, the 
feedback can still give the user clues about how close or far off the user 
is while the user continues to locate the target direction. However, this 
haptic signal is also more complex, as the user would have to get used to 
the association between the bearing and the change in frequency. An-
other drawback is that a user unfamiliar with the limit of the increase in 
haptic frequency might overstep their rotation until they start to feel a 
decrease in frequency again. Although this interaction can be improved 
with practice, it requires mental memory about the range of frequencies 
used by the app.


When testing this approach, it was realized that this approach required 
considerable focus if the starting direction was off, as the user had to 
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focus their attention on the haptic interface, potentially diminishing their 
attention to their surroundings. Focusing the attention on the haptic in-
terface also meant that the participant would stop walking. To check the 
direction, the user would rotate slowly to feel how their change in direc-
tion impacted the feedback they received. This ‘rotate → feel → rotate → 
feel’-activity loop was considered inefficient in practice. If trying to feel 
the direction took too long, the participants would just look at the smart-
watch screen directional arrow instead for a quick confirmation, ques-
tioning the affordance of using a haptic interface altogether.


Another approach tested was to use a simple binary signal: If the user is 
pointing towards the target, the user feels vibrations; if the user is point-
ing away, the user feels no vibrations. The drawback of not knowing how 
close or far away the user is from the target (and in which direction to 
rotate to get there the fastest) was less of a problem than anticipated. 
Using the binary approach meant that the interface could only be in two 
states, which makes it very easy to react to. The user can rotate more 
quickly than with the gradually increasing haptic and react to the haptic 
feedback when they are pointing in the right direction. Using this ap-
proach means that a tolerance angle must be specified for when the user 
is considered pointing towards the target. If this angle is zero or too nar-
row, the user has to point almost exactly at the target, which is both diffi-
cult to do and impractical for getting quick confirmation of the current 
direction. If the angle is too wide, the user might become unsure about 
the actual direction of the target and make wrong decisions on what 
route to take. Using a too wide angle also means that the user has to 
check the boundaries of this angle to estimate a midpoint as the direc-
tion towards the target. Other projects have tackled this problem of 

specifying an ideal bearing tolerance, suggesting that no perfect solution 
exists, as different people and different contexts can call for different 
precision in directional sensing (Dobbelstein et al., 2016), with one sug-
gestion that a dynamic angle could be used based on for example the 
number of routes options available at any given location (Robinson et al., 
2010). In the final prototype, a default horizontal tolerance angle of 30° 
was used (15° to either side of the target) and with the option to change 
this value in the app’s settings.


The final prototype presents two approaches to how the haptic interface 
is used for directional guidance. Both types use the same style of contin-
uous haptic vibration when the user is pointing towards the target. Where 
they differ is how they act when pointing away from the target:


􀍽 Proximity: When pointing away from the target, the smartwatch 
vibrates using a haptic pattern with intermediate delays between 
them. The interval of these delays increases based on how far 
away the user is from pointing at the target. This is similar to the 
gradual approach explained earlier, but with a unique haptic vi-
bration when pointing at the target (within the threshold) to avoid 
the issue of overshooting. 


􀎬 Compass: When pointing away from the target, the smartwatch 
only vibrates subtly with a mechanical tick vibration every 15° of 
rotation. This approach is the simplest and resembles the binary 
approach discussed earlier, only with the added tick. This tick 
indicator was added only to sense the rotation on the smartwatch 
and to give feedback to the user that the app was monitoring 
their rotation.
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Figure 3: Two different pointing settings for the smartwatch. The left photo shows the user is pointing out from the top of the 
watch screen, facing away from the user. The right photo shows the user is pointing out from the right side of the watch screen.



Although some testers liked the idea of 􀍽 Proximity, in the end, it was 
the 􀎬 Compass approach that was preferred by all testers for its sim-
plicity. Attempts were also made to improve the interface by using dis-
tinct haptic patterns for left and right directions to make it possible to 
feel to which direction from the target that the user was pointing, to 
make it easier to turn in the right direction. However, it was observed that 
this addition made the interface too complex.


Using Haptics for Distance Sensing

Alongside the direction to a target location, the distance to the target is 
also relevant for the user to help them orient themselves and to detect 
progress as they navigate. Visually, this is presented numerically on the 
smartwatch as the distance to the destination (optionally also to the next 
waypoint). Three options for indicating distance using haptics were ex-
plored, including the option to disable it:


• Proximity: When pointing at the target location, the user receives 
continuous vibrations. With this option, the frequency of these vi-
brations becomes faster as the user approaches the target. Instead 
of using a linear increase in frequency, the increase was done using 
three discreet tiers to make the change in the distance more notice-
able. These tiers only kick in and increase the frequency when the 
user gets sufficiently close to the target. The tiers are more than 160 
meters, between 160 and 80 meters, and less than 80 meters. Less 
than 40 meters means that the target has been reached. Proximity 
is, therefore, only useful to get a sense of approaching the target; 
not to read the exact distance.


• Intervals: When pointing at the target location, a vibration is felt for 
every 100 meters remaining, followed by a pause. Then, the pattern 
repeats itself, i.e., 1200 meters is felt as 12 vibrations followed by a 
pause. This approach is more precise than proximity when the dis-
tance is above 100 meters but also more demanding, as the user 
would have to count vibrations, making it impractical for longer dis-
tances.


• None: This feature is disabled. The distance can only be interpreted 
visually.


Of the first two options, these do not express the exact distance in me-
ters but only rounded to the closest 100 meters (Intervals) or a sense of 
getting close (Proximity). Trying to express the exact distance down to 
the meter would require a more advanced interface, potentially introduc-
ing more complexity than what is beneficial to the user. This should be 
contrasted with the user’s option of glancing at the smartwatch screen 
for visual confirmation. For most testers, though, this feature of feeling 
the distance was deemed too complex when first learning the haptic in-
terface, although the idea of feeling the proximity was appealing.


Creating Eyes-Free Navigation

Using the described interaction design patterns, the prototype presents 
a multimodal interface providing directional and distance information 
feedback to the user, both visually and using haptics. This enables the 
user to take advantage of both or either sensory modalities depending on 
the use context and what is most convenient to the situation. If the user 
is navigating and focused on paying attention to their surroundings, they 
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can resort to simply raising the smartwatch briefly to engage with the 
haptic interface. This way, they can get quick confirmation about the di-
rection they are going or how they need to change their direction — all 
without looking at the screen. When the user reaches their destination, 
they will feel haptic vibrations indicate that their navigation has finished. 
If the user is using waypoint navigation, they will feel a different vibration 
pattern indicating that the direction has moved to the next waypoint. 
They must then raise the watch to scan for the next waypoint location 
and continue the walk in that direction. If the user is interested in more 
detailed information about the current navigation, they can always con-
firm the state of the navigation visually on the smartwatch’s screen. Even 
when the eyes-free aspect of the proposed design is the focus of the 
navigation, the UI plays an important role in associating the haptic feed-
back with visual and precise information to create an appropriate mental 
model of how the navigation and interface works.


Although the user is able to use either visual, haptic, or both feedback 
modalities in the final prototype, the feature of being able to hide the UI 
on the smartwatch during testing was added for testing purposes only 
(see Figure 4). With practice, users who had gained experience with the 
navigation style and the haptic interface were able to locate a secretly 
selected location and navigate to it using haptics alone (see Findings).
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Figure 4: On the left, the arrow is visible. On the right, the arrow is hidden.



The Final Prototype: Haptic Navigator

This section presents the final version of a working pedestrian navigation 
tool named Haptic Navigator (see Figure 5). The presented prototype 
consists of both a smartwatch app for Apple Watch and a companion 
smartphone app running on the iPhone paired with the Apple Watch.


Although the smartwatch app can be used without launching the smart-
phone app, the smartphone app can be useful to make certain actions 
more convenient, like typing on a keyboard to search for a destination or 
viewing multiple or complex types of information. Starting and stopping 
the navigation can also be done from both the smartphone and smart-
watch apps, but the activity of navigating, and sensing motion and direc-
tion, happens through the smartwatch. The user can rely solely on using 
the smartwatch app if preferred, but utilizing the smartphone in this 
project provided several benefits which are elaborated later. Although the 
app prototype was developed and tested on Apple Watch Series 5 and 
newer devices, the presented design is not restricted to Apple hardware 
and software. The app concept could essentially be ported over to a sim-
ilar solution for Google Wear OS or other suitable smartwatch platforms.


A Tool for Wayfinding

To describe how the app works as a tool for navigation, we first address 
how it can be used for its primary purpose of pedestrian wayfinding. Typ-
ical wayfinding consists of a four-step process involving the following 
steps; Orientation, Route Selection, Route Control, and Recognition of 
Destination (Downs & Stea, 1973). 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Figure 5: The final prototype called Haptic Navigator.



Orientation

At the start of the wayfinding process, the user must orient themselves 
and find out where they are with respect to their surroundings and the 
destination they wish to navigate to. This step is highly influenced by the 
users existing knowledge about their surroundings and the destination. 
When using a navigation device, orientation implies that the device is in-
formed about where the user is and where the user wants to go.


Haptic Navigator presents the following user flow to achieve these steps:


• To start a new navigation, the user must first select where they want 
to navigate to (see Figure 6). This can be done in one of two ways:


• Search for a destination using a name or address. As the user 
enters a query in a search field in the app, the app suggests a 
list of destinations that matches the query. To make the sug-
gested destinations more likely to be relevant, the user’s current 
location in the world is taken into account so that search results 
closest to the user are shown at the top.


• Search for a destination using a map. The user is presented 
with a map around the user’s current location and can then pan 
around the map to place a map pin (􀎪) at any location. As the 
pin is placed, the app informs the name or address of the loca-
tion where the pin is placed. This then has to be confirmed by 
the user as the destination to use.


• After choosing a destination, the user is presented with a pre-navi-
gation screen, where the user can confirm information about the lo-
cation and route and start the navigation (see Figure 7). This screen 
contains the following information:
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Figure 6: On the left, searching for a destination by typing the 
name or address of the location. On the right, searching for a 

destination by placing a 􀎪-pin on the map.



• A map where the user can see their current location and the lo-
cation of their chosen destination.


• An option to switch choice of navigation guide (see below) and 
view the suggested route based on this choice, before starting 
the navigation.


• Meta information about the navigation, including:


􀝢  Estimated travel distance (using a walking path)


􀐯  Estimated travel duration (by walking)


􀐫  Estimated time of arrival (by walking)


Although this flow of searching and selecting a destination, confirming 
the navigation information, and starting a navigation can be done from 
both the smartwatch and paired smartphone. The smartphone is general-
ly easier to use and can be put away again when the navigation has been 
started on the smartwatch.
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Figure 7: Pre-navigation screens showing a map with the two choices of 
guidance: direct navigation or waypoint navigation.



Route Selection

A user walking to a destination typically has the choice between several 
routes to take. The choice of route can vary depending on a users’ sub-
jective priorities such as:


• Taking the (perceived) fastest route or most direct route.


• Taking the most convenient route, mentally (e.g. using familiar or 
well-defined roads) or physically (e.g. avoiding obstacles, steep or 
bumpy roads, heavy traffic, etc.).


• Taking the most enjoyable route (e.g. sightseeing, exploration, etc.).


• Any combination based on personal preference.


The app presents two ways of being guided to the final destination, 
which controls in which direction the navigation arrow should point. The 
choices are:


􀫱 Direct navigation. The arrow always points directly at the final 
destination, leaving it up to the user to decide which route to take 
to get there.


􀣱 Waypoint navigation. The arrow always points at the next closest 
waypoint along a suggested path to the final destination. As the 
user approaches a waypoint (or walks a sufficient distance past 
it), the waypoint is cleared, and the arrow switch to point at the 
next waypoint on the route until the final destination is reached.


Before starting a navigation, the user can see all waypoints forming a 
suggested route from their location to the chosen destination. When a 
navigation is started and in progress, however, the smartwatch only dis-
plays the direction to the next waypoint using the compass 􀰿 arrow.


For more information about the ongoing navigation in progress, the user 
can use the smartphone to view a map of all relevant information, includ-
ing the user's current location, the destination location, and the location 
of all remaining waypoints, including which one the smartwatch is point-
ing to next.


The user is always able to switch freely between direct navigation and 
waypoint navigation at any time. If direct navigation is chosen, the sys-
tem still clears waypoints in the background without notifying the user. 
This is done to keep the state of the waypoints relevant if the user sud-
denly decides to switch to waypoint navigation.
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Route Control

When a user is trying to find their way to a destination or intermediate 
location, it is important to get up-to-date information about the state and 
progress of their navigation. 


In Haptic Navigator, the information provided on the smartwatch UI is:


• The compass 􀰿 arrow;


• The remaining distance to the final destination;


• Feedback about when the destination has been reached.


If waypoint navigation is being used, this information also includes the 
distance to the next waypoint (if any), as well as visual and haptic feed-
back whenever a waypoint has been cleared, so the user knows to check 
the direction again for the next waypoint. When the final destination has 
been reached, the navigation is finished automatically.


From both the smartwatch and smartphone, the user is able to control 
the following actions during an active navigation (see Figure 8):


• Pause/Resume the navigation


• Finish the navigation prematurely


• Disable/Enable haptics


• Change navigation guide (between direct and waypoint navigation)


Furthermore, the smartphone can also be used to change and experi-
ment with settings (in the app’s Settings screen), which will take effect 
on the smartwatch immediately without interrupting the navigation in 
progress.
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Figure 8: The user can control the navigation from 
both the smartphone and smartwatch.



Recognition of Destination

The user might be unfamiliar with how their destination looks and, there-
fore, might risk walking past it. Thus, it is important to inform the user — 
preferably ahead of time — that they have reached their destination or 
are about to do so. In Haptic Navigator, a user has reached the final des-
tination if their geo-location is ever measured to be within a radius of 40 
meters around the destination coordinates, or between 25–40 meters for 
waypoints, depending on current GPS conditions. Although this choice of 
geofence radius was chosen based on experience testing the app, a 
once-size-fits-all geofence radius is not always ideal (see Findings).


When reaching the final destination, the Haptic Navigator presents a 
“Finished navigation” screen followed by haptic feedback to inform the 
user that they have arrived at their destination (see Figure 9). On the fin-
ished navigation screen, the user can also see more information about 
the navigation that has just finished, such as the estimated traveled dis-
tance, duration, etc. This screen is also accessible if the navigation is 
finished manually before the destination has been reached, although 
without displaying the “Destination Reached” animation.
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Figure 9: Screens shown when the destination is reached.



Sensing Direction as a Reaction to Interaction

Using the smartwatch’s sensors to track the user's location, pointing di-
rection and arm/wrist motion, then combine the data to compute the ap-
propriate feedback and deliver it back to the user in a timely manner, is 
requires to provide a responsive and fluid interaction between the user 
and the interface. The user can receive feedback both passively as they 
walk or stand still and notices the feedback relative to their current loca-
tion; and actively as they explore their surroundings by pointing and re-
ceive instantaneous feedback from their movement. Although wearable 

tactile devices, like the smartwatch using vibrations, are categorized as 
using cutaneous passive haptics (Rodríguez et al., 2019), the instanta-
neous feedback loop from detecting wrist movement and providing tac-
tile stimulation accordingly, as if the user was actively hitting some ob-
ject with their wrist, enables and supports an active exploration of the 
interface (see Figure 10).
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The user moves, either 
independently or in response to 

feedback from the app.

The app processes data from its 
sensors and internal state 
changes to calculate the 
appropriate feedback.

Feedback from the app is delivered back to the user 
using both haptic and visual feedback.

Hardware sensors detects changes in the smartwatch’s 
physical rotation, orientation, and geographic location.

Figure 10: The information flow between the user and the smartwatch.



Taking Advantage of the Smartphone

Most smartwatches do not live in a vacuum; they are often used as an 
extension to a smartphone to present information and to exchange data 
and services. If one device lacks certain capabilities, then a common 
strategy is to take advantage of hardware features and capabilities that 
the other device can provide. For example, the smartwatch used in this 
project does not have cellular internet connectivity on its own. However, 
it can use a short-range Bluetooth connection to use the paired smart-
phone as a relay for internet communication. This enabled searching for 
a destination location on the smartwatch; by sending the request to the 
smartphone, which then forwards the request to an online map service; 
the service responds with search results which the smartphone delivers 
back to the smartwatch. Smartwatches usually have smaller screens, lim-
ited storage, and less processing power than the smartphone they are 
paired with, which means that some user activities like typing on the 
screen or viewing complex data like geolocations on a map are best done 
on the smartphone when it is available. This project is an example of this. 
Although the navigation experience could be conceived entirely on a 
smartwatch alone, it was realized during the project that creating a coun-
terpart iPhone app for iPhone made working with the Apple Watch signif-
icantly more convenient and efficient. Four key advantages were behind 
this decision:


􀀺 Searching for and looking up locations to start a new navigation is 
considerably easier on the iPhone due to the larger screen and 
keyboard. Specific native map services were also only available 
on iOS and not WatchOS, such as searching for a location using a 
string query or searching for route suggestions.


􀀼 During testing on participants, the iPhone could be used as a re-
mote monitoring device to:


• Remote control the Apple Watch to assist the tester at a social 
distance, such as to easily pause/resume or turn off vibrations 
during questioning.


• View additional navigation statistics for the currently active 
navigation, such as:


• A map view of the tester’s location (as interpreted by the 
GPS) and pointing direction of the watch (bearing) on a 
map.


• Live GPS accuracy.


• Waypoint’s locations on the map.


• Destination location on the map.


• Metadata, including traveled distance, duration, remaining 
waypoints, etc.


• Remotely viewing the direction arrow displayed on the 
smartwatch, including when the arrow was otherwise hid-
den from the tester for testing purposes.


􀀾 Adjusting and fine-tuning advanced setting remotely on the 
smartwatch during active navigation.


􀁀 View recorded navigation history data, such as timestamps 
recorded at time and distance intervals, and timestamps captured 
whenever an activity like clearing a waypoint, reaching the desti-
nation, changing navigation mode, or raising the hand to sense 
direction was recorded (see Figure 11).
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Another advantage worth mentioning is how although the Apple Watch 
has its own GPS module, in cases where the GPS signal is poor, the pro-
totype can attempt to use the iPhone’s GPS signal to improve accuracy 
(in case the iPhone can receive a better signal). This was done by re-
questing location updates from the iPhone to the Apple Watch if needed 
and only using the returned data if it was sufficiently accurate or if previ-
ous readings were significantly outdated (older than 10 seconds). Due to 
the potentially limited space on an Apple Watch, the iPhone was also 
used to store and process navigation records (data collected throughout 
during an active navigation) to avoid using the limited space available on 
the Apple Watch.


Smartwatches are typically used as an extension to one’s smartphone, 
providing quick access to glanceable information and simple interactions. 
This paradigm is also apparent in Apple’s documentation, where only re-
cently creating Independent Watch Apps has become possible . These 2

roles are switching in this project; the smartwatch is responsible for the 
navigation experience, and the smartphone is supporting that experi-
ence. 

 WWDC 2019: Creating Independent Watch Apps 􀉣 https://developer.apple.com/videos/play/wwdc2019/208/2
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Figure 11: Navigation history data on smartphone and smartwatch. 
The data is presented when reaching the destination but can also be 
accessed later through the history section in the smartphone app.

https://developer.apple.com/videos/play/wwdc2019/208/


Development

This session discusses some of the decisions behind the choice of hard-
ware and software platform used in the project, including some of the 
challenges introduced by these choices. The development process is ex-
plained briefly, including an outline of how the system was designed in 
software.


Hardware Considerations

The Apple Watch represents a common modern smartwatch that in-
cludes the capabilities you can expect from typical consumer smart-
watches available today. These capabilities include being a small wrist-
worn mobile device with the following hardware components that were 
relevant for this project: A screen, a processor, a battery, Bluetooth or 
other capable wireless connectivity, a haptic feedback engine, GPS, a 
gyroscope, an accelerometer, a magnetometer, and an adjustable wrist-
band to accommodate different wrist sizes.


Alternative hardware choices and platforms were also considered at the 
start of this project. Still, the choice of using an Apple Watch and iPhone 
was favored due to availability and familiarity, the capabilities of the 
hardware, and an assessment of the development ecosystem and avail-
able frameworks. Regardless of the choice of platform, it was considered 
that any choice would include a significant learning curve and potential 
platform-specific, vendor-specific, and hardware-specific constraints. 
For this reason, a Do-It-Yourself (DYI) approach was also considered, 
working with custom-built prototypes and sketching in hardware using 
hobby electronics, similar to previous projects (Brodersen, 2019). How-

ever, the benefits of working with existing technology and on devices 
people already own and are accustomed to have its obvious benefits (as 
discussed in An Opportunity for Smartwatches). A DYI approach can 
also introduce significant overhead and resource costs of acquiring and 
combining capable hardware components in a complex system and in a 
design that can be worn as a wearable on the wrist and be worn in public 
without being socially awkward testers.


Software Development

Developing the software on both the iOS and WatchOS platforms was 
done using the Xcode integrated development environment (IDE) and 
programmed entirely in Swift. GitHub was used for version control and 
TestFlight was used for distributing beta versions to testers. The project 
source code behind the Haptic Navigator app bundle consists of three 
code bases: One for iOS (iPhone app), one for WatchOS (Apple Watch 
app), and one for code shared by both platforms.


Although the project relied heavily on test-driven development and es-
tablishing a quick design and development loop, the use of haptic feed-
back, motion tracking, location tracking, and cross-platform communica-
tion presents a challenge. Typical IDE tools such as simulators and emu-
lators are not sufficient to test non-screen-based interactions in a non-
static context, such as testing haptics with motion-sensing while walking. 
Testing must instead be done on real devices and occasionally require 
the developer to move around and go for a walk to try a specific naviga-
tion feature and get a sense of distance, direction, and freedom of 
movement. However, while away from the IDE, the developer loses the 
benefit of diagnostic tools and developer consoles, as the devices must 
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be disconnected from the IDE. For these reasons, several intermediary 
tools and debug screens were developed to give feedback about the 

state of the devices during testing, as well as to make sense of sensor 
readings in different contexts (see Figures 13 and 14).
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Figure 14: An early versions of the app and implementation 
of the directional guidance.

Figure 13: An early version of a debug tool used to experiment with, 
and debug, motion data. The red, blue and green circles indicate X, Y, 

and Z vectors in 3D space.



As the development progressed and the prototype interaction design be-
came more refined, experimentation with various design modifications 
became a more significant part of the process. Some of these design de-
cisions showed themselves to be more opinionated and subjective, advo-
cating for the ability to make on-the-spot changes and tweaks directly on 
the device while testing for quick experimentation. This was especially 
true when working with participants and exploring alternative designs, by 
being able to modify the experience of the device remotely from the 
smartphone, affecting the experience by the participant on the smart-
watch (see The Final Prototype as a Research Artifact and End-User 
Product). The final version of the prototype contains the following op-
tions in the Settings screen (see Figure 15):


• Select which arm (left or right) the watch is worn.


• Select preferred device pointing direction (Left, Right, Top, or Bot-
tom), see Determining the Direction of the User.


• Set the default Navigation Guide (Direct or Waypoint).


• Select the type of haptic feedback style (Compass or Proximity). See 
Using Haptics for Directional Guidance.


• Select the specific type of haptic patterns to use for each feature of 
the haptic interface relative to the users pointing direction and the 
status of the navigation:


• On target


• Left of target (Proximity only)


• Right of target (Proximity only)


• Compass tick (Compass only)


• Waypoint cleared


• Destination reached


• Select the horizontal angle tolerance of how close the user must 
point towards the target to count as pointing at the target. Select a 
value between 1° and 45° (default is 15°).


• Select the vertical angle tolerance of how much the user must raise 
or lower their hand to activate or deactivate the pointing arrow and 
haptic feedback. Select a value between 1° and 45° (default is 20°).


• Select the style of haptic feedback to receive as indications of dis-
tance to the next target when pointing at the target (None, Proximity, 
and Interval). See Using Haptics for Distance Sensing.


• Toggle showing or hiding the visual animation of the arrow vibrating 
whenever haptics is vibrating.


• Toggle if the GPS algorithm used should attempt to place the user’s 
location on nearby roads on the map (used in car navigation), or if 
the app should use raw location data to place the user independent-
ly of the map or other sensors.


• Toggle to save finished walks to count towards the user’s activity 
goals (Apples Workout features).


• Delete all saved navigation data.


• Restore settings to defaults. 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Figure 15: Scrolling the Settings screen and available options in Haptic Navigator.



Software Architecture

A Model–View–ViewModel (MVVM) software architecture was adopted 
throughout for compatibility with the SwiftUI framework to develop the 
front-end. To control the variety of data flows from different sensors and 
cross-platform wireless connectivity, the Combine framework was used 
extensively throughout for asynchronous event handling . The project’s 3

ViewModel data structure is described in the figure below (see Figure 
16), outlining the primary components that make up the functionality of 
the app to give some sense of the various parts that makes up the final 
prototype. These components consists of:


The  ConnectivityManager  classes manage the connectivity between 
the two platforms, including availability and reachability. The app will 
show if the other app is out of reach, not installed or if a watch is not 
even paired.


The SyncManager  classes manage which data to send and which re-
ceived data to keep or discard.


The NavigationManager  classes manage the active navigation and its 
states, which can be either in  setup,  active,  paused, or  finished. On 
Apple Watch, this class is responsible for combining data from multiple 
sources (LocationManager, MotionManager, RoutePlanner, SettingsMan-
ager, etc.) and calculate the appropriate navigation state. 


The HapticManager on Apple Watch observes the NavigationManager to 
calculate the appropriate haptic response.


The WatchSearchProvider and WatchSearchRequester handle search 
requests from the Apple Watch sent to the iPhone, which attempts to 
fetch search results and route data to return to the Apple Watch. This 
approach was used since route planning and querying the Apple map 
service are not available on WatchOS.


The SettingsManager maintains loading, updating, and saving changes 
to settings to persistent storage.


The LocationManager handles location services and data privacy con-
trols related to user location. Location updates are only started and 
stopped when a navigation is active, but the user’s location is also re-
quested when searching for a destination, starting from the user’s cur-
rent position.


The  GeoCoder  is responsible for fetching human-readable address 
names and point-of-interest names from geographic coordinates.


The MetricFormatters  is a group of classes  responsible for converting 
various metrics to appropriate representations in the UI.


The LocationSearchCompleter monitors user typing and suggests loca-
tion search results based on complete or partial search queries.


The  LocationSearcher  is responsible for fetching geographic coordi-
nates based on location names or addresses.


The RoutePlanner is responsible for fetching route suggestions between 
two locations, including estimating distance and arrival time. It is also 
responsible for creating waypoints based on the route data.


 Apple’s Combine Framework 􀉣 https://developer.apple.com/documentation/combine3
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The  SearchManager manages the LocationSearcher  and  Location-
SearchCompleter as a coherent search experience, including the search 
regions to improve location searching to provide more relevant search 
results.


The NavigationStore  is responsible for loading, sorting, deleting, and 
saving navigation records (recorded data during navigation) to persistent 
storage.


The  ComplicationController  handles Apple Watch complications. To 
integrate Haptic Navigator with the users existing watch face. Complica-
tions provide quick, glanceable information about the app’s state when 
the app is not in the foreground. Complications are also used as a short-
cut to open the app from the watch face.


The  HapticManager  manages haptic feedback, including timing and 
queuing of haptic patterns based on observed user preferences and nav-
igation state (including motion and location state).


The MotionManager manages motion sensor readings, including gyro-
scope, accelerometer, and compass readings. Quaternion rotation is 
used to rotate two unit vectors corresponding to the watch’s pointing 
direction and screen facing direction (perpendicular to the watch screen) 
and based on left or right-hand settings and watch pointing direction 
preferences. The MotionManager also manages user motion data privacy 
and is used to estimate pedometer data to calculate travel distance.


The WorkoutManager  is used to manage Apple’s HealthKit service, to 
record pedestrian “Workout” data in the users HealthStore if allowed. 
This is primarily used to gain performance and background execution 

benefits to the Apple Watch that would otherwise not be permitted for 
non-workout purposes (see Platform Limitations).
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Platform Limitations

Although choosing a commercial platform for development has its bene-
fits, several drawbacks using a closed system were also encountered. 
Although working under the constraints of the system used for develop-
ment, learning these limitations and how to work with or around is an im-
portant aspect of the feasibility of a proposed solution. As an example, 
the Apple platform is strict on user data privacy. This has to be account-
ed for in the app, as handling users' location and motion data is privacy 
sensitive. The final prototype, therefore, requests permission to use this 
data. The data is only gathered if permitted by the user. The user is 
prompting once at startup with an option to accept or deny the use of 
this data, with a description of how and why the data is used. The app 
does not send any data to a third party, as all computations and naviga-
tion records are handled and stored locally on the user's device.


Haptic API Limitations

Using appropriate haptic patterns for the various interface features pro-
vided is critical to the overall experience of navigating using haptics. On 
the iOS platform, custom haptics can be created and used freely. Howev-
er, on WatchOS (at the time of writing), using custom-designed haptic 
patterns is not possible, presenting a considerable constraint to the 
project. Instead, only a fixed set of twelve haptic patterns are available 
on Apple Watch, representing various feedback styles such as Success, 

Failure, Start, Stop, Click, etc. This selection of haptics is referred to 
programmatically as WKHapticType (Watch Kit Haptic Type), including 
information about each haptics intended purpose .
4

Since none of the available types provide a continuous vibration, they 
must be played together in short successions. However, it was not possi-
ble to find public information or documentation describing the technical 
details (such as duration) about each one. If a developer attempts to play 
these haptics in quick successions and too close to each other, the oper-
ating system imposes a minimum delay of 100 milliseconds before en-
gaging the haptic engine again to generate the next feedback . To work 5

with these limitations and experiment with the haptic options available, a 
small utility app, WKHaptics (see Figure 17), was developed for this pur-
pose alone. 


Using WKHaptics, the following available types of patterns were exam-
ined when played in quick successions. The shortest rate at which each 
could be played reliable (without system intervention) was noted down 
and used in the final prototype (see Table 2).


Since other developers or researchers might be faced with the same 
problem working with haptic vibrations on Apple Watch, the standalone 
app WKHaptics was made public as a free download . 6

 Apple Developer Documentation: WKHapticType 􀉣 https://developer.apple.com/documentation/watchkit/wkhaptictype4

 Apple Developer Documentation: Play WKHaptic 􀉣 https://developer.apple.com/documentation/watchkit/wkinterfacedevice/1628128-play5

 App Store: WKHaptics 􀉣 https://apps.apple.com/dk/app/wkhaptics/id15634519476
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Figure 16: The ViewModel classes used in the final prototype.

The two boxes show classes used in the iPhone and Apple Watch apps respectively. 


Their overlap shows classes that are shared. Class inheritance is visualized with arrows.



Another limitation was the lack of control of the strength (intensity) of 
haptics on the system. This is controlled by the user, in the Apple Watch 
Settings app, and can be set to either Default or Prominent. Users were 
suggested to change this to Prominent when testing the app on their own 
devices.





WKHapticType name Description Duration (in seconds)

Notification Notification vibration 0.8

DirectionUp Two quick clicks up 0.2

DirectionDown Two quick clicks down 0.2

Success Three quick clicks 0.4

Failure Buzzing failure 0.4

Retry Buzzing retry 0.4

Start One click 0.2

Stop Two clicks 0.7

Click Very subtle click 0.1

NavigationLeftTurn Three pairs of clicks 2.5

NavigationRightTurn Twelve quick clicks 2.5

NavigationGenericManeuver Buzzing then click 1.0

Table 2: The list of available types of haptic patterns on Apple Watch, 
including a subjective description and the minimum rate at which they can be 

played consecutively and reliably.
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Figure 17: A screenshot from the WKHaptics app. The 
user can browse the available haptic patterns offered on 
Apple Watch and experience them played with different 

intervals that can be adjusted.



Findings

In this section, relevant findings are presented primarily related to results 
and observations from testing the final prototype, and conducting the 
research through design process including iterating through the design, 
development and testing process. Figures 18–21 show participants test-
ing the prototype in various settings and contexts.


User Feedback and Observations


Learning Curve

After having introduced the participants to the concept of Haptic Naviga-
tor and getting them familiar with how to interpret the user interface, it 
was noted that although the basic idea of following the compass arrow to 
a destination seemed intuitive and simple to understand, learning to get 
comfortable with it was significantly more difficult for some of the partic-
ipants. For two participants, although the visual confirmation of the arrow 
pointing direction was understood, the experience of the repeated haptic 
vibrations was first understood as a negative alert that should be avoided 
(instead of as a confirming interaction).


In general, the participants seemed to have high expectations about the 
system’s accuracy, especially when using waypoint navigation. For ex-
ample, if the arrow pointed into a wall too early before a turn or into an 
object that the participant could walk around, the participants would still 
be unsure about the system’s intentions and if it was reliable. The partic-
ipants could also follow the arrow too strictly and start jaywalking in the 
middle of the street if the arrow pointed slightly inwards from the side-
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Figure 18: A participant in an urban setting in the 
moment of testing the right-pointing direction of 
the 􀰿 compass arrow. 



walk towards the middle of the street. However, it was noted that with 
practice, the participants became better at making their own judgement 
about how to follow the arrow and get around obstacles.


As the participants got more experienced with the interface, checking 
the direction of the arrow using haptics alone also became significantly 
faster. Less experienced participants were observed to be more likely to 
stop in their tracks to scan and confirm their direction before walking 
again. As the participants became more experienced, they were more 
likely to quickly raise and lower the hand while walking to do a quick 
check of direction. Less experienced participants would check the inter-
face more often, sometimes keeping their hand raised for longer while 
walking, compared to when they gained more experience and only 
checked briefly most of the time.


Eyes-Free Navigation

With practice, experienced participants were able to navigate using the 
haptic interface alone, although less confidently than when visuals were 
allowed. These attempts were made by the observer selecting locations 
secretly, such as using a seemingly random nearby street address that 
required multiple streets turns to reach. When reaching the destination, 
the participant would stop and announce that they had reached their final 
destination.


A considerable drawback of relying on the haptic interface for directions 
alone was that the participants had less of a sense of how far they were 
from finishing the navigation as they walking from waypoint to waypoint. 
The haptic distance indicator was only relevant up until the next waypoint 
or (depending on settings) only distinct and useful up to a shorter dis-
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Figure 19: A participant walking on a small path in 
the moment of testing the top pointing direction of 
the 􀰿 compass arrow. 



tance. Some users preferred switching it off entirely to reduce complexity 
in the interface. In contrast, others preferred it as an indicator of when 
reaching the next location (destination or waypoint) was imminent. This 
finding presents an argument for why directional guidance can be prob-
lematic when used in a vacuum and should preferably be supported by 
distance guidance for eyes-free haptic navigation.


When walking down long straight roads, the lack of a sense of remaining 
distance was also a concern, as participants could become increasingly 
uncertain if they were still on the right track or if they were misinterpret-
ing the interface. One participant suggested getting an occasional vibra-
tion now and then to confirm the walking direction, also to not having to 
raise the wrist so often to reaffirm the walking direction. In contrast, an-
other participant suggested introducing haptic feedback to alert if the 
participant was walking in the wrong direction. This was less of a prob-
lem when visuals were allowed as the participant could simply read the 
distance from the smartwatch screen, although requiring the user to look 
down while walking.


Social Acceptance

Using the pointing direction of the hand (as if pointing with the index fin-
ger to feel vibrations) was an easily understood mental model to use 
when learning the concept. But in practice, performing the required ges-
ture to raise the wrist and point was considered impractical and socially 
awkward, as it required the participant to point in public or have their arm 
extended straight out from their body. One comment was that it resem-
bled a Nazi salute. Instead, a more socially acceptable solution was to 
adjust the settings to point out from the top of the smartwatch screen. 
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Figure 20: A participant walking in an open field surrounded 
by trees following the directions using waypoint navigation.



This setup was the preferred choice for almost all participants, except 
one participant who preferred to point downwards in front of the body 
with a high enough vertical activation tolerance.


The issue of avoiding actions that are socially awkward was also ob-
served when rotating the watch to scan for the target direction. It was 
noted that it was challenging to turn one's arm and upper body enough 
to scan for locations while walking, depending on the required amount of 
rotation. This meant that when the participants were checking for loca-
tions that were not directly in front of them, they would usually stop 
walking to more easily be able to rotate their bodies until they found the 
right direction to go. It was observed that waypoint navigation was more 
convenient in this regard, as reaching a waypoint (often at an intersec-
tion, turn, or crossing) gave a convenient opportunity to stop and scan 
for the next waypoint, which most of the time was a straight line walk.


Personal Preferences

The final prototype contains several options to modify the navigation ex-
perience and the behavior of the haptic interface — both for testing fea-
tures and to adjust for personal preferences. As the participants experi-
mented with various settings, it became clear that some can have very 
different opinions about what works best for them. The majority of par-
ticipants preferred waypoint navigation, with one expressing the prefer-
ence towards being guided as much as possible. Only one participant 
preferred direct navigation stating that it gave the participant more free-
dom to choose one’s own way to the destination. Some participants also 
preferred the strongest possible haptics, while others were easily over-
whelmed with it and preferred more subtle haptics.
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Figure 21: A participant walking in an urban setting 
following the directions using the direct navigation mode.



A general preference towards a simple haptic interface with fewer types 
of haptic patterns to distinguish between was a reason that using the 
Compass over Proximity feedback style was preferred by most partici-
pants. One participant also chose to enable features like the distance 
indicator, while the majority preferred to keep the haptic interface as 
simple as possible to make the interface easier to interpret and quick to 
respond to.


In terms of differences in haptic sensitivity, it was noted that personal 
preferences with smartwatch sizes, wrist band materials, and how tight 
the smartwatch was around the wrist could play a significant role in this.


Technical Observations

Although most navigations were conducted without significant issues, 
technical difficulties were encountered mainly related to the accuracy of 
GPS and reliability problems with the magnetometer inside the Apple 
Watch.


A situation with a participant who wore a band containing magnets had a 
significant influence on the direction arrow in the prototype, making it 
unpredictable. For this reason, the participant had to use a different 
wristband for testing. The finding signifies the importance of being aware 
of the diversity and preferences of wearables and how they can influence 
each other.


Testing the prototype in an urban environment, walking against tall build-
ings and in narrow streets had a significant influence on GPS accuracy, 
often placing the user’s estimated location incorrectly inside buildings 
they were walking past. Although walking in the middle of the street 

would theoretically improve the signal by moving away from the side-
walks and away from tall buildings, this was not practical. Experiments 
were done using the default location service for navigation available in 
Apple’s Core Location framework, but this service attempted to estimate 
the user’s location to road maps, occasionally moving the user’s location 
down the wrong road. Instead, using raw GPS location readings results in 
the most reliable experience.


The issue with GPS accuracy problems in tight urban areas where less 
evident with direct navigation than when using waypoint navigation. This 
was primarily due to the longer distance to the final waypoint than to 
each waypoint along the destination route.
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Conclusion

In this thesis, the design and development of a wrist-worn pedestrian 
navigation tool were presented, built around a novel approach of utilizing 
haptic technology, motion sensing, and location awareness for eyes-free 
navigation. The final prototype presents a design proposal for an end-
user pedestrian navigation system running on a smartwatch and, at the 
same time, a research tool used to examine the developed design in real-
istic settings. Developers and researchers can use the tool to perform 
their own exploration of how haptics can be used for navigational pur-
poses.


Following a research through design methodology, the project describes 
critical design and development considerations, followed by feedback 
gathered from participants that tested the prototype during various 
stages of the project. The end product is a body of knowledge contained 
in a piece of software that suggests further examinations, including some 
of the tools to perform these examinations. It is the hope of the author 
that the project can inspire other developers and designers to think out-
side the limitations of screen-based interactions and explore alternative 
futures where the digital can become both accessible and invisible. 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