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ABSTRACT 
Research has shown that two popular types of wearable tactile 
displays, a back array and a waist belt, have successfully aided 
pedestrian navigation.  Each type has its proponents and each has 
been reported as successful in experimental trials.  However, it is 
not clear which of the two is more effective for tactile-based 
navigation.  In this short paper, we summarise the results from a 
direct experimental comparison of the back array and waist belt 
approaches.  Results indicated that the tactile belt allowed 
participants to perform significantly faster and more accurately 
than the tactile back array. 

Categories and Subject Descriptors 
H5.m. Information interfaces and presentation (e.g., HCI): 
Miscellaneous. 

General Terms 
Performance, Design, Experimentation. 

Keywords 
Evaluation/methodology, haptic i/o, user interfaces, wearable 
computers. 

1. INTRODUCTION 
Despite the current popularity of visual and audio-based 
navigation aids, there are situations where users’ visual and audio 
channels are occupied or ineffective.  Interaction based on touch 
may help overcome such challenges in situations where visibility 
and audibility are limited (e.g. [3], [11]) or not available at all 
(e.g. [8], [10]), and in challenging environments such as a smoke-
filled building or a crowded, noisy space.  A variety of tactile 
directional displays to assist pedestrian navigation has been 
developed and evaluated.  Evaluations have included presenting 
directional information on different areas of the body to facilitate 
navigation tasks.  Some of these systems (e.g. [2], [4], [10) have 
been tested in real environments and have been reported to be 
successful.  Since several tactile-based directional displays have 
been proposed, we were interested in comparing their 

effectiveness.  Of the proposed forms, we focused on wearable 
systems that use the torso as a display site, specifically the belt-
type and back torso vest devices.  According to previous research 
(e.g. [12], [13]), their shape, size, and body contact areas 
effectively support representation of a number of cardinal (i.e. 
north, east, west and south) and ordinal (i.e. northeast, northwest, 
southeast and southwest) directions and other information.  We 
decided not to consider a headband system because it was 
reported that users had experienced discomfort wearing them [9].  
For systems worn on the wrists or feet, the body contact area is 
too small effectively to afford the display of 8 directions.  We also 
did not consider systems worn on the fingers because of the 
preference for users to keep their hands free to perform other 
activities when interacting in many situations. 
The physical interface layout of systems worn on the torso has 
most commonly followed one of two forms: (i) a back array of 
vibrators generating straight-line patterns (e.g. [10], [12]); and (ii) 
a waist belt embedded with vibrators generating absolute point 
vibrations (e.g. [1], [3], [13]).  Researchers have reported each of 
these interfaces as effective. 

The back array represents cardinal and ordinal directions by 
generating different stimulation patterns on an array of vibrators 
to create the sensation of a dotted line, known as the “cutaneous 
rabbit” phenomenon [7], [12].  These patterns are also known as 
saltatory signals.  The tactile flow patterns generated by this 
approach represent directions of movement [10].  Most of the 
wearable tactile interfaces using this approach are in the form of a 
vest and stimulate the user’s back.  Tan et al. [12], and Ross and 
Blasch [10] built their interfaces using a 3x3 motor array.  Each 
direction was generated as a simulated line using three motors, 
e.g. motors vibrating in the middle vertical row of the array from 
bottom to top conveyed north.  The systems were tested with 
drawing [12], and street-crossing [10] tasks.  The researchers 
reported that tactile interaction intuitively presented spatial 
information [12], and effectively assisted visually impaired 
pedestrians in street-crossing tasks [10]. 
The waist belt interface represents a direction by triggering 
vibration at the corresponding location around the waist.  The 
tactile representation of absolute positions directly represents 
directions [3].  Erp et al. [3], Duistermaat [1] and Tsukada et al. 
[13] built prototypes in the form of a waist belt with 8 embedded 
motors distributed around the belt.  Each motor represented one of 
the eight cardinal and ordinal directions, with each directional 
signal being generated using one motor.  For example, vibrating 
the motor located at the front in the middle of the waist conveyed 
north.  The locations of motors around the waist were adjusted to 
account for differences in body shape and size.  Evaluation results 
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suggested that tactile interfaces were effective for conveying 
directional information in operational environments including 
pedestrian navigation during daytime [13]), and in low visibility 
environments such as at night [1]; navigation in visually cluttered 
environments (e.g. in the cockpit of an aircraft [3]), and in 
vibrating environments (e.g. in a fast boat [3]). 
These two interface designs, the back array presenting a saltatory 
line and the waist belt presenting absolute points, have dominated 
research on tactile navigation displays on the torso, with each 
claiming success as a navigation aid.  There is, however, no 
reported research that directly compares the performance of these 
two different approaches.  Therefore, to inform the design of 
effective pedestrian navigation systems, we directly compared 
these two established versions of wearable tactile displays in a 
controlled experiment. 

2. EXPERIMENTAL COMPARISON 
We closely followed the designs of both established interfaces, 
both in terms of the form of the wearable devices and the tactile 
stimuli patterns used for each.  We used a directional pointing task 
because it requires similar skills to those needed when 
maintaining spatial orientation while navigating in many real 
environments, e.g. the ability to maintain one’s “sense of 
direction” in order to hold a heading toward the desired 
destination [10]. 

Tan et al. [12] reported that different array sizes could affect 
performance; specifically, smaller participants performed better 
with an array with an inter-motor distance of 50 mm whilst bigger 
participants performed better with a bigger array (inter-motor 
distance of 80 mm).  Geldard [7] suggests that vibrators in a back 
array should be spaced at least at 40 mm but no greater than 100 
mm to create a saltatory signal “line effect”.  With little other 
evidence, there is no established optimum value for inter-vibrator 
distance.  Therefore, for our initial experiments we built and 
tested two sizes of back array, 50 mm and 80 mm. 

Our 50 mm back array consisted of 9 motors mounted into a 
fabric pad in a 3-by-3 array.  The motors had an equal inter-
spacing of 50 mm.  Our 80 mm back array was similar in shape 
but had an inter-spacing distance between motors of 80 mm.  The 
waist belt tactile interface consisted of 8 motors mounted in a belt.  
Following previous research (e.g. [3], [13]), the motors had an 
unequal interspacing (from 50 mm to 130 mm) to account for 
participants’ varying body shape and size.  All the interfaces were 
worn over light clothing such as a T-shirt. 

 
Figure 1.  Layouts of the two interfaces. 

The design of our tactile stimuli drew on tactile interaction design 
guidelines [2], the results of previous research [6], [12] and our 
own pilot studies.  We designed two sets of tactile stimuli: set A 

(Table 1) for the 50 mm and 80 mm back arrays, and set B (Table 
2) for the belt.  Stimuli set A contained eight saltatory signals 
representing the directions east, west, south, north, southeast, 
southwest, northeast, and northwest.  Stimuli set B represented 
the same eight directions based on the location of the motors 
around the participant’s waist, with north represented by front 
centre (i.e. motor number 3). 

Both sets of stimuli had the same constant frequency (200 Hz) and 
inter-stimulus duration (50 ms).  The vibration pattern for stimuli 
set A involved actuation of 3 motors and consisted of 4 repetitions 
of signals at 50 ms pulse and inter-pulse on each motor, i.e. 12 
pulses in total for each stimulus. 

The pattern for stimuli set B involved actuation of one motor and 
consisted of 12 repetitions of signals at 50 ms pulse and inter-
pulse duration.  Hence, the number of pulses and duration of 
signal were the same across both stimuli sets. 

Table 1.  Stimuli Set A’s Signal Pattern   
Stimuli 
code 

Signal pattern Direction 

A1 444455556666 East 

A2 666655554444 West 

A3 222255558888 South 

A4 888855552222 North 

A5 111155559999 Southeast 

A6 333355557777 Southwest 

A7 777755553333 Northeast 

A8 999955551111 Northwest 

Note: number in signal pattern represents motor number in Figure 1A. 
 

Table 2.  Stimuli Set B’s Signal Pattern   
Stimuli 
code 

Signal pattern Direction  

B1 111111111111 East 

B2 222222222222 Northeast 

B3 333333333333 North 

B4 444444444444 Northwest 

B5 555555555555 West 

B6 666666666666 Southwest 

B7 777777777777 South 

B8 888888888888 Southeast 

Note: number in signal pattern represents motor number in Figure 1B. 

2.1 Experimental Procedure 
We investigated whether performance with the three interfaces 
would differ for a pointing task in which participants identified 
perceived directions by touching corresponding sensors on 
surrounding walls.  We compared a range of performance 
measures: response time, correctly perceived directions 
(accuracy), failure to identify any direction for a given stimulus 
(breakdowns), and incorrectly identified directions (errors). 

There were 16 participants, 12 males and 4 females, with an 
average age of 25.  All participants reported no irregularity with 
tactile perception on their back and around their waist at the time 
of the experiment.  We established from pre-test questionnaires 



that all participants understood the concept of “direction” and had 
no difficulty identifying directions.  They had never previously 
worn or experienced tactile displays.  Each participant used all 
three interfaces in random order. 

For the 50 and 80 mm back arrays, the middle column of the array 
was placed along the midline of the body to avoid the spinous 
processes of the thoracic vertebrae (i.e. the concave area along the 
spine).  Velcro straps were fastened comfortably tight for all 
motors to have good contact with the back area.  Fitting the waist 
belt was done carefully: the motors’ locations were individually 
adjusted to ensure that all motors were located at the appropriate 
body sites to denote the 8 directions correctly for each participant. 

Participants stood at a marked point in the middle of a closed 
square room, which had 8 touch sensors on the walls denoting the 
8 directions.  When the experiment started, the tactile stimuli were 
generated.  Participants responded to the directions they perceived 
by tapping on the corresponding touch sensor on the wall.  Each 
participant responded to 8 stimuli for each interface.  Response 
direction and response time (in ms) were automatically logged. 

We predicted that, although the signal durations were the same, it 
would take longer for users to interpret the tactile flow generated 
by the back array than to interpret the absolute point generated by 
the belt.  This is because one must remember the start and end 
points of the tactile flow and decode it to a direction before 
responding, and is consonant with Gallace et al.’s finding [5] that 
reporting and interpreting several stimuli positions required more 
time than simply reporting the number of presented stimuli.  Thus, 
we hypothesised that using the belt would allow participants to 
identify directions faster than using the arrays.  However, there 
was no a priori evidence on which to base predictions of 
differences in the other performance measures. 

2.2 Results  
2.2.1 Overall accuracy and response time analysis 
Mean of performance measures is shown in Table 3.  A one-way 
repeated-measure ANOVA with Interface as the independent 
variable was used to analyze the results. 
Table 3.  Mean Accuracy, Breakdowns, Errors and Response 

Time across 3 Tactile Interfaces 
 50mm Array 80mm Array Waist Belt 

Accuracy 4.50 (0.82) 5.44 (1.21) 7.62 (0.50) 

Errors 2.81 (1.17) 2.38 (1.26) 0.38 (0.50) 

Breakdowns 0.69 (0.87) 0.19 (0.54) 0.00 (0.00) 

Time  4.12 (1.24) 2.61 (0.67) 1.86 (0.68) 

Scores: n of 8 (directions); time in seconds.  SDs in parentheses. 
 

For the accuracy scores (Table 3 first row), Mauchly’s test 
indicated that the assumption of sphericity had been violated 
(X2(2) = 7.71, p<0.05); therefore, degrees of freedom were 
corrected using Greenhouse-Geisser estimates of sphericity 
(ε=0.70).  Results showed a significant effect by tactile interface 
on accuracy (f1.41,21.08 = 90.05, p<0.002).  Post hoc Bonferroni 
pairwise tests revealed significant main effects between the 50 
mm array and the belt (p<0.002), between the 80mm array and the 
belt (p<0.002), and between the 50 mm and the 80 mm arrays 
(p=0.002).  The results suggest that participants performed best 
using the belt and worst using the 50 mm array. 

Participants made most errors (Table 3 second row) with the 50 
mm array and fewest with the belt.  A one-way repeated-measures 
ANOVA found a significant effect by tactile interface on errors 
(f2,30 = 43.52, p<0.002).  Post hoc Bonferroni tests showed 
significant effects between the 50 mm array and the belt 
(p<0.002), and between the 80 mm array and the belt (p<0.002).  
There was no significant difference between the 50 mm and the 
80 mm arrays (p=0.39, n.s.). 

 
Figure 2.  Accuracy of responses (%) for all directions with 

the 50 mm array, the 80 mm array and the waist belt. 
For breakdowns (i.e. failure to identify a direction, Table 3 third 
row), a one-way repeated-measures ANOVA found a significant 
effect by tactile interface on breakdowns (f2,30 = 6.53, p<0.05).  
Post hoc Bonferroni pairwise tests showed a significant main 
effect between the 50 mm array and the belt (p<0.05).  There was 
no significant difference between the 80 mm array and the belt 
(p=0.56, n.s.) or between the 50 mm and the 80 mm arrays 
(p=0.12, n.s.). 

Mean response times are shown in the fourth row of Table 3.  
Mauchly’s test indicated that the assumption of sphericity had 
been violated (X2(2) = 10.77, p<0.05); therefore, degrees of 
freedom were corrected using Greenhouse-Geisser estimates of 
sphericity (ε = 0.65).  A one-way repeated-measures ANOVA 
demonstrated a significant effect by tactile interface on response 
time (f1.30, 19.52 = 31.80, p<0.002).  Post hoc Bonferroni pairwise 
tests showed significant effects between the 50 mm array and the 
belt (p<0.002), between the 80 mm array and the belt (p<0.002) 
and between the 50 mm and the 80 mm arrays (p=0.001).  The 
results suggest that participants responded fastest using the belt 
and slowest using the 50 mm array. 

2.2.2 Accuracy and response time by stimulus 
Further detailed analysis was carried out on accuracy scores and 
response time for each direction stimulus (see Figures 2 and 3).  
Participants reacted fastest with the belt, then the 80 mm array and 
slowest with the 50 mm array for all directions. 

For both array prototypes, participants performed worst in 
accuracy and response time with vertical saltatory signals (north 
and south).  This might be due to an effect of the neurological gap 
on participants’ backs [12].  On average, they performed faster 
and more accurately with all diagonal saltatory signals (northeast, 
northwest, southeast and southwest).  For the 50 mm array, the 
orientation of inaccurate answers ranged widely from 45 to 180 
degrees both to the left and to the right of the intended direction, 
while that of the 80 mm array ranged from 45 to 135 degrees. 
Using the belt, there was no significant difference in participants’ 
accuracy and response times with different stimuli.  Almost all 



incorrect answers were 45-degree errors (e.g. responding south for 
the southeast stimulus), with only one 180-degree error.  
Participants made the highest number of errors with east, south 
and southeast respectively.  A detailed analysis of the data reveals 
that the smaller participants contributed to this part of the results. 

 
Figure 3.  Response time (in second) for all directions with the 

50 mm array, the 80 mm array and the waist belt. 
We accepted the hypothesis since the results of the experiment 
showed that participants performed fastest with the belt.  The 
results also indicated that participants performed significantly 
more accurately with the belt than with the arrays. 

3. CONCLUSION 
Direction can be represented straightforwardly by placement of 
vibrating devices relative either to each other or to parts of the 
body.  This is feasible because this representation requires a small 
set of discrete values that can be mapped directly to simple 
stimuli.  Two types of wearable tactile displays, back array and 
waist belt, have been reported as successfully representing 
direction in experimental trials.  However, there is no previous 
research directly comparing the performance of the two. 
The primary aim of our experimental evaluation was to directly 
compare the effectiveness of these two common designs that have 
each claimed success in assisting pedestrian navigation.  Our 
results suggest that the array, in either incarnation, was less 
effective than the belt, with participants unable quickly and 
reliably to identify directions, especially the vertical saltatory 
signals (north and south).  Our findings are consistent with those 
of a previous study [12], which suggested that to improve 
performance on vertical signals, a ‘thick line’ signal (simultaneous 
activation of all 3 columns on the array) might be used. 
The experimental results showed the belt as significantly better 
than the array across a range of conditions.  From the results, we 
conclude that the most important factor conveying effective 
directional information is the direct mapping of motor locations 
on the body surface to corresponding directions.  The layout of the 
belt wearable interface provides this affordance.  As a result, 
directional information displayed via the belt is more precise and 
easier to interpret than that displayed via the back array. 

Overall, the results suggest that the belt is a better choice for 
wearable tactile direction indication than the back array.  Our 
experiments did not seek to tease out which particular features of 
these two established approaches led to the observed differences.  
The 2 approaches actually vary on at least 3 potentially significant 
features: physical layout of vibrators, stimuli patterns (tactile flow 
vs absolute point), and body contact areas.  We have found no 
published research that attempts to systematically vary these 3 

features.  In the experiments reported here, we have shown that 
the belt is more effective than the array in the form in which each 
of these designs has most commonly been realized. 

The back array may be useful in some circumstances such as 
where a tactile display cannot be worn or when it is more 
appropriate to embed an array into everyday objects such as chairs 
or car seats.  In these cases it may be worth conducting further 
research to improve the effectiveness of the back array.  We did 
not examine the effects of more extensive training or long-term 
use.  Other studies would be required to investigate these effects, 
which might help to improve the performance of the back array. 
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