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ABSTRACT

Pedestrian navigation systems commonly rely on visual guidance, but such guidance 
may divide attention during walking. Haptic guidance has been proposed as an eyes-
free alternative, yet its effectiveness across different outdoor environments remains 
unclear. We report a within-subjects field study comparing minimal visual arrow 
guidance and wrist-worn haptic guidance across urban and non-urban pedestrian 
routes. Fourteen participants completed navigation tasks in both modalities and both 
environments using a custom Android system integrating smartphone GPS/GNSS 
and compass input with Bluetooth-connected wrist-worn haptic devices. Performance 
was assessed using average speed, route deviation, and completion time; subjective 
measures included the NASA-TLX and a haptic experience questionnaire. Data were 
analyzed using 2 × 2 repeated-measures aligned rank transform (ART) ANOVA, testing 
the main effects of Mode, Environment, and their interaction. Environment had a strong 
effect on average speed, and a significant Mode × Environment interaction indicated that 
modality differences depended on environmental context. Visual guidance produced 
lower route deviation and shorter completion times overall, whereas haptic guidance 
was associated with higher mental demand. Haptic experience ratings did not differ 
significantly across environments. These findings suggest that pedestrian navigation 
performance is shaped by both interface modality and environmental context, and that 
the benefits of haptic guidance are not uniform across settings. The results highlight the 
importance of ecologically valid, context-sensitive evaluation of navigation interfaces.
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INTRODUCTION

Screen-based, turn-by-turn pedestrian navigation has become the dominant 
interaction paradigm in contemporary guidance systems (Miola et al., 2024). 
Yet these systems require users to repeatedly attend to a handheld display, 
reducing situational awareness and increasing cognitive load during walking 
(Fonseca et al., 2021; Shimokihara et al., 2025). Despite these costs, visual 
navigation remains the default modality in most pedestrian systems (Kappers 
et al., 2024).
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A further limitation in this literature is the tendency to treat environmental 
context as secondary to interface design. Urban environments can support 
navigation through rich external cues such as landmarks, signage, and structured 
street networks (Kim et al., 2023). Yet even here, smartphone use requires 
pedestrians to divide attention between the display and a dynamic environment 
(Argin et al., 2020). Non-urban environments present a contrasting challenge: 
fewer landmarks, less structured paths, and more consequential navigational 
decisions make errors harder to detect and recover from (Nuhn et al., 2025). 
These differences suggest that navigation performance and experience may not 
generalise across environmental settings.

Wrist-worn haptic navigation has been proposed as an eyes-free alternative 
that conveys directional information through vibrotactile cues, reducing 
reliance on visual attention (Dobbelstein et al., 2016). However, prior work 
remains fragmented, with haptic and smartphone-based navigation often 
evaluated under differing conditions, limiting comparability (Kappers et al., 
2024). It is therefore unclear whether their advantages persist in real-world 
settings. To address this, we conduct a field study comparing smartphone-
based visual GPS and wrist-worn haptic navigation across urban and non-
urban environments. Our study is guided by two research questions:

RQ1: How does navigation modality (smartphone-based visual GPS vs. 
wrist-worn haptic navigation) affect pedestrian navigation performance?

RQ2: How does environment (urban vs. non-urban) shape navigation 
performance and workload, and does it interact with navigation mode?

To investigate these questions, we developed an Android application 
integrating GPS and compass input and conducted a field study with 14 
participants. Participants completed navigation tasks using smartphone-
based visual guidance and a Basslet wrist-worn haptic device across both 
urban streets and non-urban forest trails.

RELATED WORK

Pedestrian navigation has long been framed as an interaction problem in 
which users must coordinate movement, decision-making, and interface 
attention while traversing real-world environments (Ishikawa et al., 2008; 
Shimokihara et al., 2025). Screen-based turn-by-turn guidance remains the 
dominant paradigm for mobile pedestrian navigation, prized for its explicit 
route instructions but criticised for the frequent visual attention it demands 
(Kappers et al., 2022; Pielot & Boll, 2010; Savino et al., 2026). Because 
pedestrians must repeatedly glance at the device to interpret guidance, 
visual navigation can interfere with natural walking behaviour and reduce 
awareness of landmarks, obstacles, and traffic (Ishikawa et al., 2008). Prior 
work has measured these attentional costs using behavioural indicators such 
as walking speed, navigation errors, and self-reported cognitive load, raising 
questions suitability of screen-based guidance across contexts (Ishikawa et 
al., 2008; Pielot & Boll, 2010).

To reduce reliance on visual attention, researchers have explored haptic 
navigation systems that deliver directional cues through vibrotactile feedback, 
using wrist-worn, belt-based, or handheld devices (Kappers et al., 2022, 2024). 
By encoding turns or directional changes through vibration patterns, these 
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systems enable eyes-free navigation and support continuous environmental 
awareness (Cœugnet et al., 2018; Pielot & Boll, 2010). Controlled comparisons 
suggest haptic guidance can support wayfinding effectively, with some evidence 
of advantages in walking speed and reduced visual workload (Cœugnet et al., 
2018; Pielot et al., 2012). However, the literature also reflects mixed findings: 
haptic effectiveness depends on factors such as cue mapping, intensity calibration, 
and route complexity, and performance does not consistently exceed that of 
visual systems (Kappers et al., 2024; Pielot & Boll, 2010). These results position 
haptic navigation as a viable but context-sensitive alternative to visual guidance. 

Environmental structure shapes navigation performance beyond interface 
modality alone (Barhorst-Cates et al., 2021). Urban environments offer 
dense landmarks, clear signage, and regular street layouts that support route 
monitoring and error recovery, whereas non-urban environments provide 
sparser cues, irregular paths, and fewer decision points, conditions that may 
amplify navigational errors (Barhorst-Cates et al., 2021; Wattne & Volden, 
2023). Despite this, the environmental context has received limited attention 
relative to modality comparisons, with most studies conducted in urban or 
indoor settings (Kappers et al., 2022, 2024).

Direct comparisons of visual and haptic pedestrian navigation remain 
limited (Kappers et al., 2022). Existing studies typically evaluate one modality 
in isolation or compare modalities under differing environmental conditions 
and participant samples, making it difficult to isolate the effects of interface 
type. In particular, haptic systems have predominantly been tested indoors, 
in simplified outdoor spaces, or in constrained urban contexts, leaving non-
urban field performance largely unexplored (Kappers et al., 2024; Tang & 
Huang, 2025). Even though non-urban navigation is relevant to various 
activities such as hiking, rural travel, or emergency response, it remains 
understudied relative to its distinct demands (Wattne & Volden, 2023, 
2025). Also, no prior work has systematically contrasted urban / non-urban 
conditions for both modalities within a single controlled design. 

METHODS

Participants

The study was conducted in Tampere, Finland, with 14 participants (7 female, 
7 male; age: M= 31.0 years, SD = 5.1). All participants reported normal or 
corrected-to-normal vision and no mobility impairments affecting walking 
or navigation. Participants were also required to have no recent familiarity 
with either test location to reduce the influence of prior spatial knowledge. In 
addition, participants reported regular smartphone use and prior familiarity 
with pedestrian navigation applications. All participant provided informed 
consent and could withdraw at any time. 

The study was conducted in accordance with Finland’s Medical Research 
Act (488/1999) and the guidelines governing the ethical review of research 
involving human subjects.
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Apparatus

The navigation system consisted of a custom Android application developed 
in Android Studio. Mapbox1 (mapping and route engine) was used for 
map rendering and route logic, while real-time position and heading were 
obtained through Android location and compass inputs (phone location and 
heading sensors). Position tracking was based on Android location services 
and compass sensing. To improve positional stability during outdoor field 
trials, the system additionally incorporated an external RTK-assisted GNSS2 

 receiver using FINPOS3  correction data delivered via NTRIP4. The resulting 
RTK-corrected positions were injected into Android as mock locations 
(injected location feed) to improve tracking accuracy. Before each trial, a 
predefined baseline route in GPX format (route file format) was loaded into 
the application and used as the reference path for real-time guidance and 
subsequent trajectory analysis. During each trial, the application continuously 
logged navigation traces (recorded movement paths) and session metadata 
(trial system logs) for offline analysis. 

The application supported two navigation modes, visual and haptic, within 
a unified software architecture. In the haptic condition, the smartphone was 
mounted on the participant’s chest to prevent visual access, and guidance was 
delivered through two Bluetooth-connected Basslet devices worn on the wrists 
(Figure 1). The haptic cue mapping and trigger conditions are summarized in 
Table 1. In the visual condition, guidance was provided through a minimalist 
on-screen interface showing a directional arrow toward the next waypoint. 
No underlying map was displayed, allowing the condition to isolate arrow-
based guidance from map-based spatial reasoning. Screen color indicated 
route status: black signalled correct alignment with the route, whereas red 
indicated deviation outside the tolerated corridor, while the directional arrow 
remained continuously visible (Figure 2).

Both conditions used the same GPX-defined route model consisting of 
three nested regions: the Designed Path, the Exploration Zone, and the 
Signalling Zone. The Designed Path served as the reference trajectory for 
navigation and analysis. Route deviation was computed by projecting the 
participant’s current GPS position to the nearest segment of the GPX path. 
The Exploration Zone defined a tolerated corridor around the route, while 
the Signalling Zone triggered corrective feedback when participants deviated 
outside the allowed boundary, similar to prior work on deviation-triggered 
haptic guidance (Ziat et al., 2024)(Figure 3 c). 

Waypoint progression was handled dynamically by updating the remaining 
route segment in real time from the participant’s current position. The 
sampling rate for location updates was 1Hz, while heading updates from the 
TYPE_ROTATION_VECTOR sensor were obtained at approximately 5 Hz. 
For offline analysis, orientation and direction data were logged at a sampling 

1https://docs.mapbox.com/android/maps/guides/
2https://play.google.com/store/apps/details?id = com.gnssmaster
3https://www.maanmittauslaitos.fi/finpos
4https://www.ardusimple.fi/product/simplertk2blite-bt-case-kit/
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rate of 10 Hz. Smoothing/filtering of heading was handled through Android’s 
built-in sensor fusion of the accelerometer, gyroscope, and magnetometer, 
so no additional application-level filtering was applied. The system also 
remapped coordinates to account for both standard phone orientation and 
chest-mounted use. 

Figure 1: a) Participant wearing Basset in both hands and the mobile phone mounted 
on the chest. b) mobile device and Basslet.

Figure 2: Smartphone display: a) Visual mode black screen with an arrow means you 
are walking on the right path; if red, this means you are outside the deviation zone. 
b) Haptic mode: no information is displayed.

Table 1: Haptic cue mapping and trigger conditions.

Cue Frequency Wrist(s) Trigger Condition Stop Condition

Route 
correction

60 Hz 
(recursive)

Left or Right Heading error requires 
directional correction

Participant returns 
to on-track heading 
corridor

Wrong-way 
alert

60 Hz Both wrists Heading approximately 
opposite POI (~180° error)

Heading no longer in 
opposite direction

Arrival 
notification

100 Hz  
(3 pulses)

Both wrists Arrival at destination 
waypoint

End of 3-pulse 
pattern
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Procedure

The study was conducted in two real-world outdoor environments: an urban 
area (City Central Square / Keskustori Centrum)5 (Figure 3 a)) and a non-
urban area (Pyynikki Nature Preserve)6 (Figure 3 b)). Each session began 
with a standardized briefing introducing the study and the two navigation 
modalities (Visual vs. Haptic). Participants were then familiarized with both: 
in the visual, they followed an on-screen arrow, whereas in the haptic, they 
received guided training on interpreting vibration cues. The study employed a 
within-participants 2 × 2 design with four conditions: Urban-V, Urban-H, Non-
Urban-V, and Non-Urban-H, formed by crossing Environment (Urban, Non-
Urban) and Modality (Visual, Haptic). Condition order was counterbalanced 
across participants using four fixed sequences that simultaneously balanced 
environment and modality order. This design controlled for learning and order 
effects. After a familiarization task leading participants to the route start, they 
completed the navigation tasks in both environments according to the assigned 
condition sequence.

The urban and non-urban routes were designed to be broadly comparable 
in navigational complexity while preserving the ecological characteristics 
of each environment. Both routes were approximately similar in overall 
walking distance and contained multiple decision points requiring 
directional updates. However, the environments differed intentionally 
in structural characteristics: the urban route consisted of paved streets, 
intersections, and dense external landmarks, whereas the non-urban route 
included irregular trails, fewer salient landmarks, and less structured 
path geometry. GPS reception remained stable throughout testing in both 
environments, although minor fluctuations typical of outdoor pedestrian 
navigation were observed.

Figure 3: Map showing the route, start and end position of participant, a) urban and  
b) non-urban path, c) Designed path, Exploration & signalling zones.

5https://visittampere.fi/en/architecture/keskustori-central-square/
6https://visittampere.fi/en/attraction/pyynikki-nature-reserve/
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During visual trials, participants used the smartphone display for guidance, 
whereas during haptic trials the phone was chest-mounted and guidance was 
delivered exclusively through tactile feedback. Participants were instructed to 
always prioritize real-world safety. After each task, they completed workload 
and user-experience questionnaires. Navigation performance was logged 
automatically for offline analysis.

RESULTS 

Because the study used a 2 × 2 within-subjects factorial design, Environment 
(urban, non-urban) and Mode (visual, haptic) were analyzed using repeated-
measures aligned rank transform (ART) ANOVA. ART ANOVA was selected 
because the data violated assumptions required for parametric repeated-
measures ANOVA. All 14 participants completed all conditions. Some GPS or 
device interruptions occurred during data collection, but affected trials were 
repeated and no trajectories were excluded. Because both factors had only two 
levels, post hoc comparisons were only conducted for significant interactions.

NASA-TLX (Figure 4): Mental Demand showed significant main effects of 
Mode, F(1,13) = 6.01, p = .029, η² = .316, and Environment, F(1,13) = 7.78, 
p = .015, η² = .374, with higher ratings in the haptic (M = 2.75) than visual 
condition (M = 2.07), and in non-urban (M = 2.71) than urban environments 
(M = 2.11). Physical Demand showed a significant effect of Environment, 
F(1,13)  = 11.35, p = .005, η² = .466, with higher ratings in non-urban 
(M = 2.79) than urban conditions (M = 1.86). Performance ratings showed 
a significant effect of Mode, F(1,13) = 6.42, p = .025, η² = .331, with lower 
perceived performance in the haptic (M = 2.75) than visual condition (M = 
2.14). No significant effects were observed for Temporal Demand, Effort, or 
Frustration (ps > .05), and no significant interactions were found for NASA-
TLX measures.

Objective measures (Figure 5): For Average Speed, there was a strong main 
effect of Environment, F(1,13) = 119.77, p<.001, η² = .902, and a significant 
Mode × Environment interaction, F(1,13) = 13.99, p = .002, η² = .518, 
while the main effect of Mode was not significant, F(1,13) = 0.87, p = .369. 
Participants walked faster overall in urban (M = 1.252 m/s) than non-urban 
environments (M = 0.926 m/s). Follow-up ART-C tests showed significantly 
higher speed in the urban haptic condition compared with urban visual 
guidance, t(13) = 2.99, p = .011, dz = .80. Remaining simple effects were 
non-significant (ps > .05).

Route Deviation showed significant main effects of Mode, F(1,13) 
= 7.25, p = .018, η² = .358, and Environment, F(1,13) = 7.78, p = .015, 
η² = .374, with larger deviations in the haptic (M = 6.18 m) than visual 
condition (M = 3.58 m), and in non-urban (M = 5.39 m) than urban routes 
(M = 4.36 m). Completion Time showed a strong main effect of Mode, 
F(1,13) = 28.00, p<.001, η² = .683, with longer completion times in the 
haptic (M = 311.12 s) than visual condition (M = 258.47 s). No significant 
Environment or interaction effects were observed for Completion Time.
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Within the haptic condition, Wilcoxon signed-rank tests showed no 
significant environmental differences for HX measures including Expressivity, 
Harmony, Involvement, or Realism (ps > .05). 

Overall, the results indicate that environmental context strongly influenced 
navigation behaviour, particularly walking speed and workload, while guidance 
mode primarily affected route precision, completion time, and perceived 
mental demand. The only significant interaction was observed for Average 
Speed, indicating that modality effects depended on environmental context.

Figure 4: Box plot and strip plot for cognitive load metrics across urban and non-
urban areas for 2 modes: visual and haptics.

Figure 5: Box Plot and Strip Plot representing average speed in m/s, route deviation in 
meters and completion time in seconds for two modes: visual and haptics.
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DISCUSSION

This study compared minimal visual arrow guidance and wrist-worn 
haptic guidance across urban and non-urban pedestrian routes. The 
results showed that environmental context strongly influenced navigation 
behaviour, particularly walking speed, and that the effectiveness of guidance 
modality depended on the environment. Visual guidance produced lower 
route deviation and shorter completion times, whereas haptic guidance was 
associated with higher mental demand.

These findings align with prior work describing pedestrian navigation as 
a trade-off between guidance precision and attentional demand(Ishikawa 
et al., 2008; Shimokihara et al., 2025). Although visual guidance improved 
navigation efficiency, it may also increase reliance on screen attention, 
potentially reducing environmental awareness (Argin et al., 2020; Cheng 
et al., 2022). In contrast, haptic guidance supported eyes-free interaction 
but introduced additional interpretive effort, reflected in higher mental 
demand ratings. However, haptic experience ratings remained stable across 
environments, suggesting that haptic interaction quality was not negatively 
affected by route context.

The study also highlights the importance of environmental context in 
pedestrian navigation. Both modalities performed better in urban settings, 
while non-urban routes resulted in slower speeds, greater route deviation, and 
higher workload. These findings support earlier research suggesting that sparse 
landmarks and irregular paths increase navigational uncertainty in non-urban 
environments (Barhorst-Cates et al., 2021; Wattne & Volden, 2023).

A limitation of the study is that the visual and haptic conditions differed 
not only in sensory modality but also in device placement and interaction 
behaviour. During haptic trials, the smartphone was chest-mounted, whereas 
participants actively viewed the display during visual trials. These differences 
may have influenced posture, hand use, and attention distribution. In addition, 
the modest sample size, short route lengths, and simple haptic cue vocabulary 
limit generalizability. Future work should evaluate larger and more diverse 
samples, longer navigation tasks, and hybrid multimodal interfaces while 
controlling for device form factor more consistently.

CONCLUSION

This study compared smartphone-based visual arrow navigation and wrist-
worn haptic navigation across urban and non-urban environments. The 
results indicate that environmental context influenced several aspects of 
pedestrian navigation behaviour, particularly walking speed and selected 
workload measures. Visual guidance supported lower route deviation and 
shorter completion times, whereas haptic guidance was associated with 
higher mental demand despite stable experiential ratings across environments.  
Performance differences between modalities were not uniform across all 
measures, and the strongest interaction effect was observed for average 
walking speed.
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Overall, the findings suggest that the universal benefits of eyes-free 
navigation and highlight the need for context-sensitive evaluation in HCI. 
Rather than prioritizing a single modality, future designs should consider 
how interface characteristics interact with environmental structure.
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