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ABSTRACT 

Blind children engage with their immediate environment much 

less than sighted children, particularly through self-initiated 

movement or exploration. Research has suggested that providing 

dynamic feedback about the environment and the child’s actions 

within/against it may help to encourage reaching activity and 

support spatial cognitive learning. This paper investigated whether 

the accuracy of peripersonal reaching (space within arm’s reach) 

can be improved by the use of dynamic sound from both the ob-

jects to reach for and the reaching hand itself (via a worn speak-

er). We ran two studies that tested the efficacy of static and dy-

namic audio feedback designs with blind and visually impaired 

young people, to identify optimal feedback designs. Study 1 was 

with young adults aged 18 to 22 and Study 2 involved children 

aged 12 to 17. The results showed that dynamic audio feedback 

helps to build spatial connections between the objects and the 

reaching hand and participants were able to reach more accurate-

ly, compared to unchanging feedback.   
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1. INTRODUCTION 
Children who are congenitally or early blind can be less engaged 

with objects in their immediate environment [4,22] due to a lack 

of location awareness and a slower cognitive development of 

object existence/permanence [27]. Sound and touch can be used to 

inform the child of the object’s existence/location and encourage 

him or her to reach for it [14]. However, these activities typically 

require a parent or caregiver to facilitate the interaction, by mov-

ing the object, touching the child or making sounds. Providing a 

means with which children could, of their own accord, learn of the 

existence of objects, and their own position relative to them, 

might encourage more self-initiated movement [22,27]. Sounding 

objects have been used several times (e.g., [11,29,34]) but they 

require adult activation. A computer-based system that can control 

the playing of environmental sounds based on the child’s activity 

could provide more complex and engaging feedback to encourage 

the child to be “more active against the world” [27]. As these 

children get older, even into adulthood, environmental sound may 

also be a way to support the development of accurate reaching 

within peripersonal space (i.e., space within arm’s reach [19,23]). 

 

The ABBI project [12] is developing technologies and procedures 

to (re)habilitate spatial cognition in visually impaired children 

through natural audio-motor associations. The primary focus is 

developing the ABBI bracelet, which is placed on the wrists of 

children (and adults) with visual impairments: it detects move-

ment (acceleration and orientation) and produces sound based on 

the nature of that movement. Thus it uses the auditory modality to 

convey spatial information about the movement of the person’s 

own body within personal and peripersonal space, in a natural and 

direct manner similar to feedback provided by the visual modality 

in sighted people. These sound sources may then allow the visual-

ly impaired child to build a better representation of his/her move-

ment in space and, ultimately, a representation of space itself.  

The research in this paper investigated extending the audio-motor 

association beyond the limb to build associations with objects in 

the environment. Environmental sounds can encourage reaching 

[22,29,34] and wrist-based sound can improve spatial movements 

[8,12]. Therefore, this research looked at whether the combination 

of environmental sounds and wrist-based sound can guide and 

improve peripersonal reaching in blind and visually impaired 

people. The paper describes two studies that measured reaching 

accuracy and got subjective responses about the feedback design, 

including which was preferred and whether it established a con-

nection between the hand and the reached-for object. The studies 

were similar other than the age of the participants taking part. 

Access to young (< 5) blind children is very limited, as is the 

amount of time that it is possible to engage them in experimental 

situations [2]. Older children and young adults can provide more 

detailed and reasoned feedback than young children to the the 

design process. Therefore, as a first step, Study 1 was run with 

blind and visually impaired young adults (aged 18 to 22) to de-

termine which of three audio designs best supports reaching. The 

results showed a benefit of dynamic audio feedback but no clear 

advantage for either sound design and so we continued to Study 2 

involving blind and visually impaired children aged 12 to 17. 

2. RELATED RESEARCH 

2.1 Reaching in Peripersonal Space 
In a series of experiments, Brungart and colleagues looked at the 

localisation of sound sources within 1 metre of the head [6,7]. 

Blindfolded sighted participants sat in an anechoic chamber and 

placed their chin on a rest to immobilise the head. The experi-

menter placed a sound source on the end of a curved tube and 

manually placed the source in positions around the participant’s 

head from 0° to 180° azimuth, -90° to +90° elevation and distanc-

es of ~15cm to 1m, all relative to the chin. Participants closed 

their eyes and, after the sound played, they used the end of a 30cm 

wooden rod to point to the perceived sound location. 

They first tested localisation of white noise (200Hz – 15kHz) 

pulses (5 x 150ms, separated by 30ms) with amplitude-based dis-

tance cues removed [6]. Azimuth error averaged at 12.6°, with 

error decreasing as distance increased. Azimuth error was higher 
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for targets at lower elevations (below head-level) and more so for 

near distances. Average elevation error was 11.3°, with higher 

error in front of the participant, than at the sides. As distance cues 

were removed, distance error was unsurprisingly high (30-40%). 

A follow-up study, using the same experimental setup, tested the 

effects of different stimulus characteristics on localisation [7]. 

They used the same fixed amplitude to provide distance cues and 

compared the same previous white noise stimulus with two fil-

tered versions (low and high pass) and a monaural stimulus, by 

blocking the sound in one ear. The smallest azimuth error (12.2°) 

and elevation error (10.5°) came from the fixed-amplitude original 

broadband noise stimulus, with the low pass filter resulting in the 

highest azimuth error (14.7°) and both filtered version having 

equal elevation error (~15.5°). Providing distance cues improved 

distance perception but azimuth error decreased as distance in-

creased. These results impact the use of sound in peripersonal 

reaching, as 1) they show that the sound design will impact locali-

sation and 2) objects are commonly nearby and below head-level, 

so their sound will be more difficult to localize than distant 

sources, or those nearer head-level. 

Brungart et al. [6,7] gave participants a wooden rod with which to 

point to the perceived location, but we are interested in reaching 

with an open hand, as that is how children will reach for and in-

teract with objects, and research suggests the method used to indi-

cate perceived direction influences accuracy [16]. One of few 

studies to examine the accuracy of pointing with the finger in 

reaching space was conducted by Macé et al. [19]. Blind and 

blindfolded sighted participants sat in front of a semi-circular 

horizontal array of loudspeakers, arranged in 5 columns of 5 

speakers placed at 30° intervals through 120°, starting straight in 

front. They studied the effect of varying the length and number of 

white noise (20Hz to 20kHz) bursts: single bursts of 10, 25, 50 or 

200ms and multiple bursts of 2, 3 or 4 25ms bursts (separated by 

30ms silence). Following stimulus presentation, the participant 

was to point to the perceived location and then return to facing 

straight ahead. They found that blind participants were signifi-

cantly more accurate along the azimuth, although only by 0.5°, 

but were significantly less accurate in judging distance, but again 

only by ~10mm. Azimuth and distance errors decreased as the 

length of single bursts increased, but all multiple burst stimuli 

were more accurately localised than single burst stimuli, although 

only significantly so compared to the shortest single burst. Multi-

burst error sat at around 10.5-11°. This suggests that multi-burst 

stimuli may better support reaching, over single sounds. 

Parseihian et al. [23] extended the study by Macé et al. [19] look-

ing at the effect of dominant vs. non-dominant hand and using 

physical touching (with tip of the fingers) instead of pointing to 

indicate the perceived location of the sound. This is important, as 

the physical contact is a more direct correlate of reaching for ob-

jects. They found no effect of reaching hand on azimuth or dis-

tance errors. They found that, potentially due to biomechanical 

limitations, placing the hand at nearby objects (33cm) was diffi-

cult and so led to significantly worse azimuth judgements, com-

pared to distant objects. This may also be related to the poorer 

localisation of sounds nearer the head [6,7]. 

2.2 Sound Localisation 
Reaching accuracy is inherently influenced by the perceived loca-

tion of the sound source. We are primarily interested in the accu-

racy of the reaching movement itself (we do not measure localisa-

tion alone) and a full discussion of localisation research is outside 

the scope of this paper. Therefore, we present a discussion only of 

particularly relevant research, focusing on the effects of sound 

parameters on localisation, as we are interested in identifying 

suitable audio designs to support reaching. Localisation accuracy 

is typically measured by the ‘minimum audible angle’ (MAA) 

[24] or ‘localisation blur’: the smallest perceivable change in loca-

tion. Localisation in sighted people is more accurate straight 

ahead (and behind) compared to directly at the sides [3]. In a se-

ries of experiments, Hartmann & Rakerd looked at various stimu-

lus (and room) effects on localisation of sound sources [17,25]. 

Removing attack transients (very slow onsets) led to only chance-

level localisation accuracy for 200Hz and 500Hz sine tones, but 

broadband noise stimuli were better localised. In general, the 

greater the spectral complexity of a stimulus, the better localised it 

will be [17]. 

Having shown that slow onsets disrupt localisation, Rakerd & 

Hartmann [25] identified the threshold onset length for poor local-

isation as somewhere between 100ms and 500ms, depending on 

room acoustics. Accuracy improves as onset reduces to 0ms. They 

also found no effect of stimulus duration, and little effect of 

stimulus offset on localisation. Perrott [24] also found that the 

MAA increased as duration increased from 1ms to 500ms, but 

only for 2kHz stimuli, not low (500Hz) or high (5kHz) stimuli. 

However, research is currently split on whether blind and visually 

impaired people have better or worse auditory localisation than 

sighted people [15,19,26]. Macé et al. [19] found that longer 

stimulus durations led to better pointing accuracy, although they 

used white noise, rather than the sine tones used in these other 

studies. Overall, the research suggests that sounds we use should 

have fast onsets (<=100ms) and should avoid simple sine tones. 

2.3 Environmental Engagement 
Congenitally or early blind children develop motor skills more 

slowly than sighted peers and can be less engaged with objects in 

their immediate environment [4,22] due to a lack of awareness of 

their locations and a slower cognitive development of object ex-

istence or permanence [27]. Millar [22] provides recommenda-

tions on how to support a blind child’s understanding of, and in-

teraction with, the space around them. She stresses that simple 

audible ‘lures’ are an insufficient substitute for the visual feed-

back that attracts attention in sighted children. Instead, she sug-

gests, “what is needed…is some means whereby sounds can be 

systematically connected with more than one other source of in-

formation” (Ch. 9, emphasis added). Hearing should be connected 

with reaching in the same way that vision is. The ABBI bracelet 

can provide information about the position and movement of the 

arm [12,13], but dynamic feedback coming from the arm and/or 

external objects will provide information about 1) arm location 

relative to the person, 2) object location and 3) the proximity of 

the hand to the object. This may add some redundancy of infor-

mation, but this is recommended, particularly for young children 

[22]. Millar also suggests some ways to encourage reaching, in-

cluding placing objects nearby that make noises when touched. 

Ross & Tobin [27] also discuss the need for more complex sounds 

than simple ‘lures’. They recommend that an infant be provided 

with access to changes in sound over time, sounds that inform the 

child about the object’s existence or action. They use the word 

“Flux” to refer to these changes and that perceptual information 

comes from how objects change over time. In particular, to coun-

ter a blind child’s lack of self-initiated action, they recommend 

the adoption of a rehabilitative program that forces the child to be 

“more active against the world”. The earlier children are engaged 

in rehabilitation, the more benefit is gained from them [27]. 

The Royal National Institute of Blind People (RNIB) in the UK 

recommends the use of “sensory resource boxes” [28], wooden 
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structures that hang objects with different sounds and textures for 

a child lying underneath to interact with (see Figure 1). The RNIB 

guide says these boxes “motivate children to notice the changes in 

their environment and then to begin to explore these changes”. 

The boxes initially rely on the accidental contact of the child’s 

limb with the objects, or the parent/carer moving the child’s hand 

into contact with them. After this the child may remember the 

location to deliberately reach for the objects. The ABBI device 

can inform the child of the location of his/her arm, and a sensory 

resource box augmented with sounding objects could use the spa-

tialised sound to inform the child of the location of objects they 

might enjoy interacting with. Tracking hand position relative to 

the objects could mean that the sounds could provide more infor-

mation, support or encouragement for reaching. 

  

Figure 1: Blind children reaching for hanging objects in a 

“sensory resource box” (L) and for sounding chains (R) 

The research in this paper sought to design a system that systemat-

ically connects [22] a person’s movement to objects nearby that, 

when applied to children, might encourage them to be “active 

against the world”. It is “systematic” as the feedback was de-

signed to vary in predictable and logical ways, and the feedback 

designs were tested with target user groups to ensure they were 

useful. The dynamic changes in feedback based on proximity are 

aimed to “connect” the hand and the object and encourage action. 

3. EXPERIMENTAL APPARATUS 
The apparatus consisted of 7 small speakers connected to a Win-

dows 8.1 PC via USB soundcards and a Microsoft Kinect v2 

depth camera, which tracked hand and speaker positions. Six of 

the speakers (KitSound [18] Mini Buddy “Magic 8 Ball”) were 

used as the target objects and a variant of the same model was 

used for the wrist speaker (“Owl”) (see Figure 2). The back sur-

face houses the speaker (which always faced the participants) with 

the following characteristics: 100Hz to 20kHz frequency re-

sponse, 36mm driver, S/N of 85dB and output of 2W RMS @ 4 

ohms. Hand tracking was achieved using Kinect’s in-built API 

with a One-Euro Filter [10] applied for smoothing. 

 

Figure 2: Speakers used as targets (“8 Ball”, left) and placed 

on the wrist (“Owl”, right). Images from [18]. 

An ABBI device was not used at this time because the dynamic 

audio feedback required was not yet incorporated into the device. 

The KitSound speakers were chosen for several reasons. The AB-

BI device is deliberately designed to be small, light and cheap to 

produce, to maximise its validity and usefulness in clinical and 

home settings with children as young as several months. The use 

of large or high quality speakers would not reflect the capabilities 

of the ABBI device, nor likely those of sounding toys, so the re-

sults may not be transferrable. These KitSound speakers are simi-

lar in size and weight to ABBI so can be held on the wrist with a 

strap, and they are representative of the intended final sound ca-

pabilities. They also allowed us to test more complex feedback in 

preparation for that functionality being added. While the speakers 

were connected to audio cables, the cable length and low speaker 

weight (50g) meant there was no movement restriction or encum-

brance. As we are working with blind and visually impaired chil-

dren, these speakers were also chosen because they include fun 

and colourful designs (for low-vision), and have different tactile 

qualities, which would provide a constant base across qualita-

tive/quantitative research opportunities. 

The “Magic 8 Ball” was chosen for its smooth and uniform shape, 

to provide no distractions, obstacles or haptic cues during reach-

ing. The “Owl” was chosen as the protruding ‘ears’ provided pur-

chase for the elastic bands holding the speaker to a rubber watch-

strap and the ‘feet’ helped keep the otherwise spherical speaker 

from rotating during use, which would result in the speaker facing 

the wrong direction. The 6 target speakers were placed on top of 

10cm high plastic beakers, to give them greater size and have 

them at a height suitable for reaching (see Figure 3). 

  

Figure 3: Experimental setup (left), speaker on wrist (right) 

4. FEEDBACK DESIGNS 
The purpose of the research was to determine which of several 

potential sound designs best supports accurate reaching and best 

conveys an interconnection between the hand and the object being 

reached for. While both are desirable, a design that only accom-

plishes one could still be of benefit in helping a child (or adult) 

relate his/her own movements to available objects nearby. The 

two studies presented below looked at both dynamic audio de-

signs, which change based on the proximity of the hand to objects, 

but also constant, unchanging feedback. This was to establish if 

dynamic feedback, which would require more complex and ex-

pensive computing hardware in order to track the hands and object 

locations, provides any extra benefit in reaching accuracy over 

more basic feedback, which could be provided more simply and 

cheaply by a continually playing toy. 

Three feedback designs were compared: 1) a dynamic Geiger 

counter, 2) a dynamic pitch and 3) a constant (unchanging) design 

that remained the same regardless of proximity. A Geiger counter 

is a common design that has been used successfully in navigation 

[21], and changes in pitch have strong effects on perceptual 

streaming [5]. Also, changes in frequency (pitch) and tempo (sim-

ilar to Geiger counter) are commonly associated with changes in 

size [30] (in our case distance changes in size). We wanted to 

measure the effect of feedback emanating from the object alone, 

the wrist alone and the object and wrist combined, and so each 

feedback design had two aspects: an Individual, single speaker 

design and a two-speaker Coalescent design. 
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Both designs, but particularly the Coalescent design, were based 

on perceptual streaming [5], where sounds are perceived to be 

from one or multiple sources. Alternating notes that are close 

together in time or pitch are perceived as coming from the same 

source, while more distant notes are separated into multiple 

streams [5]. Therefore, the feedback designs changed in a way 

that, at a distance, the hand and object may be perceived as sepa-

rate, but as proximity increases, they may be perceived as a single 

source, increasing the association of hand to object. The designs 

provided multiple interconnected pieces of information [22] and 

may provide “Flux” information [27]. 

For the interaction to be accepted by children, the sounds need to 

be enjoyable, or at least pleasant. A workshop with blind and 

visually impaired children revealed that synthetic sounds were as 

preferable as natural sounds, and were more easily tracked in 3D 

space [33]. To minimise experimental complexity as much as 

possible, all the sound designs were made using 0.2s synthetic 

“pluck” tones (similar to a guitar string) of different pitch generat-

ed from the free Audacity application [1]. They are composed of a 

single pitch (e.g., 523.25Hz) but with a non-sinusoidal waveform 

which, in combination with an onset of 0ms and rapid decay, 

should increase localisation accuracy over pure sine tones [25]. 

Regardless of the condition, the target speaker always played C5 

(523.25Hz) to provide a constant reference. The target speaker 

was always indicated by a burst of five C5 tones, one every 

200ms. A burst was used over single tones to increase localisation 

accuracy, as per Mace et al. [19]. 

It should be noted that ABBI habilitation activities are deliberate-

ly short and periodic, to help children develop their own skills, 

rather than replacing them or providing a crutch on which they 

depend. Therefore, the feedback designs were intended to be sim-

ple, minimalistic and so (potentially) easily understandable. 

4.1 Geiger Counter 
In this design, a pluck tone of pitch C5 was played at an increasing 

rate/rapidity as the hand approached the object. For the Individual 

speaker design, the sound was produced by either the object or 

wrist, depending on the condition. Research has suggested that 

there is an inherent association between increasing the rapidity of 

sounds and decreasing proximity [32]. Therefore, the feedback 

began when the hand was 50cm from the target, with a tone play-

ing every 900ms. As the hand approached the object, inter-tone 

delay decreased by 100ms for every 5cm advance, to a minimum 

delay of 100ms (10 per second) when the hand was within 7.5cm 

of the target centre (see Table 1). The two-speaker Coalescent 

design was similar, but the tones alternated between playing on 

the object and the wrist. The sound from the object and wrist 

speakers changed in rapidity (based on proximity) the same way 

as the individual design, but the tones were played in alternation, 

up to a maximum rapidity of 50ms (100ms alternated). To in-

crease the perceptual distinction [35] between object and wrist, 

the object played C5 and the wrist played G4 (392Hz) and both 

tones played together when touching the target. 

4.2 Increasing Pitch 
Bregman [5] suggested that rapid notes close in pitch are grouped 

into a single stream, while notes distant in pitch are perceived as 

two separate streams. Therefore, the Individual design played the 

8 tones in a C major scale that increased in pitch from C4 

(261.63Hz) up to C5 as proximity increased (Table 1). A discrete 

mapping was chosen over a continuous function to provide per-

ceptually clear changes but also to provide potentially more pleas-

ant feedback, using harmonious musical steps and feedback that 

was not constantly changing. The notes were played at a constant 

rate of 200ms. The mapping of increasing pitch (notes) to a de-

crease in distance is based on previous research that found it more 

in line with mental models of size compared to decreasing pitch 

for decreasing size (distance) [30]. For the Coalescent design, 

both the object and wrist speakers played tones at 100ms rapidity, 

but played alternately, resulting in an overall frequency of 50ms. 

In this case, the target always played the highest C5 tone and the 

wrist tone increased based on proximity as in the Individual de-

sign, so that the tones matched when the target was touched. 

Table 1: The mapping of Geiger inter-tone delay (ITD) and 

Pitch to the distance of the hand to the centre of the target 

Distance (cm) 50 45 40 35 30 25 20 15 7.5 

ITD (ms) 900 800 700 600 500 400 300 200 100 

Pitch Note C4 C4 D4 E4 F4 G4 A4 B4 C5 

4.3 Constant Design 
The constant audio design was a continual repetition of the target 

object sound throughout the entire reaching action: a C5 tone re-

peated constantly every 200ms. It either played from the target 

object, the wrist or both the object and the wrist. When both the 

object and wrist played, the tones were alternated at 100ms, like 

the Geiger counter and the wrist played G4 (392Hz). 

5. STUDY 1: REACHING IN ADULTS 
As access to blind children is very limited we first used blind and 

visually impaired young adults, with the intention that the best 

sound design identified during the study would be used in future 

research with children. Six participants aged 18 to 22 (mean = 

18.8) took part (1 female). All were legally blind: four totally 

blind, one had minimal light vision (Leber congenital amaurosis) 

and one had retinal dysfunction (the latter two wore a blindfold). 

Participants took part in all conditions and were paid £10. 

The experiment had a 3 x 3 (Feedback Design x Sound Source) 

within-subjects design, giving 9 conditions, but a Control condi-

tion was added, where only the initial target sound was played (no 

other signals during the reaching action). Participants completed 

these 10 conditions over 60 minutes in a random order. Within 

each condition, each object speaker was the “target” to be reached 

for 3 times in a random order, following 6 practice trials. At the 

start of each trial the “target” object was indicated by five C5 

pluck tones played every 200ms. The participant was then free to 

start reaching for the target with the right hand. They were free to 

touch multiple objects in their hunt for the perceived target but 

were instructed to be as fast and accurate as possible. To “select” 

a speaker, the participant was instructed to place the palm of their 

right hand on top of it (see Figure 3) and press the space bar on a 

keyboard with the left hand. 

5.1 Speaker Positions 
Due to the number of conditions, two different speaker layouts 

were used to minimise the likelihood that participants would learn 

the positions, and so reach for a known location, rather than the 

location of the sound. The two layouts of the targets relative to the 

participant are shown in Figure 4. As it was not possible to fully 

counterbalance speaker position with the experimental conditions, 

speaker layouts were alternated between successive conditions. 

Research has suggested that reaching accuracy is similar for the 

dominant and non-dominant hands [23] and so, to limit the length 

of the experiment, only the right hand was tested. The participant 

sat at the left-edge of a desk, facing forward. As distance and 

relative position can influence peripersonal pointing accuracy 
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[6,7,23] the speakers were placed so that they varied in both, 

while reachable with an out-stretched arm. In both layouts, two 

speakers were each placed on an arc 55cm, 61cm and 67cm from 

the participant. The azimuth angles for each speaker in each lay-

out, relative to speaker 1 at 0° straight ahead, were 7°, 14°, 

36°/31° (layout 1/layout 2), 44°/50° and 52° for speakers 2, 3, 4, 5 

and 6 respectively. This had the effect of varying the azimuth 

angle between speakers, to determine if this had an effect. Dis-

tances of 50cm+ were chosen due to the difficulty in localising 

[23] and reaching for [6,7] nearer sounds. 

  

Figure 4: Target speaker layouts 1 (left) and 2 (right), includ-

ing distance arcs. Participant sat facing speaker 1. 

5.2 Variables & Measures 
The Independent Variables were Feedback Design (Geiger, Pitch 

and Constant), Sound Source (Object, Wrist and Both), Speaker 

Layout (1 and 2) and Speaker Position (1 to 6). The Dependent 

Variables were: Accuracy (whether the correct speaker was cho-

sen) and Task Time (time between the “target” sound finishing 

and participant selection, in milliseconds). We also recorded the 

participants’ Movement Trace (all their hand movements during 

the trial in metres) to measure if different audio designs supported 

more direct and less exploratory reaching. This was done by 

summing the Euclidean distances between all Kinect hand posi-

tions. After each Feedback Design we asked three questions rated 

on 7-point Likert scales from “Strongly Disagree” (1) to “Strongly 

Agree” (7): “The sounds created a connection between the hand 

and the object”, “The combination of the hand and object speak-

ers was beneficial”, “The sound was pleasant”. We also asked for 

Feedback Design preferences. While subjective views are im-

portant, Walker et al. suggest that experimentally derived map-

pings are better than only using “what sounds good” [30,31]. 

5.3 Results 

5.3.1 Accuracy 
No significant learning effect on accuracy was observed (F(2, 538) = 

0.65, p > 0.05) and so the accuracy data were analysed using a 3 x 

3 repeated-measures ANOVA and is summarised in Figure 5. 

There was a significant main effect of Feedback Design (F(2, 214) = 

13.838, p < 0.001), Bonferroni pairwise comparisons showed that 

the Constant design had a significantly higher error rate (24.1%) 

than both the Geiger counter (12.0%) and Pitch (12.7%) designs. 

There was no significant main effect of the Sound Source: the 

Wrist speaker resulted in 18.5% error, Both speakers were 14.5%, 

and the Object speaker was 15.7%. There was no significant inter-

action effect between Feedback Design and Sound Source.  

Each individual Feedback x Sound Source condition was com-

pared to the Control condition, to look at the effect of adding 

feedback. A one-way repeated-measures ANOVA with the 10 

conditions was run, followed by Bonferroni-corrected paired 

comparisons. There was a significant effect of Condition (F(9, 963) 

= 7.672, p < 0.001): the Control condition resulted in significantly 

more errors (36.1%) than all Dynamic feedback conditions except 

Geiger + Wrist. There were no differences between the Control 

condition and the Constant conditions. A 6 x 2 repeated-measures 

ANOVA found no significant effect of either Speaker Position (6) 

or Speaker Layout (2) and no interaction effect. Based on the pat-

tern of selection errors and the azimuth positions of the speakers, 

the average angular error was 11.4°, with means for the two lay-

outs of 15.5% (layout 1) and 13.3% (layout 2). 

 

Figure 5: Mean Study 1 target selection error for all Feedback 

Designs and Speaker Locations. Error bars = 95% CI. 

5.3.2 Selection Time 
The selection time data violated the normality assumption, and so 

non-parametric analyses were carried out. Two separate Friedman 

tests were run to analyse Feedback Design and Sound Source. 

Following a significant effect, Bonferroni-corrected Wilcoxon 

pairwise comparisons were carried out (the necessary value for 

significance was p = 0.05/3 = 0.0167). A summary of the data can 

be seen in Figure 6. There was a significant effect of Feedback 

Design on reaching time (2 (2)=13.16, p=0.001), with the Pitch 

design being significantly faster (mean = 3237ms), than both the 

Constant (3488ms) and Geiger (4103ms) designs. 

 

Figure 6: Mean Study 1 target selection times for all Feedback 

Designs and Speaker Locations. Error bars = 95% CI. 

There was also a significant effect of Sound Source on reaching 

time (2 (2)=22.80, p<0.001). Sound from the Object alone result-

ed in significantly faster times (mean = 3784ms) than sound from 

Both speakers (4079ms). The Wrist condition had a mean time of 

4011ms, between the other two. Similar to the accuracy data, we 

compared movement time during the Control condition to the 

other conditions. The Control condition resulted in significantly 

faster selection times (2 (9)=106.43, p<0.001; 2666ms) than all 

other conditions, except for Pitch with the Wrist Speaker. 

A Friedman test found a significant effect of Speaker Position on 

Movement Time (2 (5)=13.45, p<0.05), as Position 1 took signif-

icantly longer (mean = 4237ms) than Positions 4 (3705ms) and 5 

(3697ms). A Wilcoxon comparison found no significant effect of 

Speaker Layout: mean Times were 3936ms for Layout 1 and 

3619ms for Layout 2. 
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5.3.3 Movement Traces 
We looked at the total distance the reaching hand travelled during 

each trial (in metres) to see if any feedback design led to more 

direct movement towards the target (a shorter distance would 

suggest less searching behaviour). As the data were not normally 

distributed, we used Friedman tests in the same way as for the 

time data. There was a significant main effect of Feedback Design 

on the total movement distance (2 (2)=15.63, p<0.001). The Con-

stant feedback resulted in significantly less movement (mean = 

1.23m) than both the Geiger (1.62m) and Pitch (1.56m) designs. 

There was no main effect of Sound Source, with means of 1.52m, 

1.45m and 1.67m for the Wrist, Object and Both, respectively. 

5.3.4 Subjective Responses 
In response to the statement “The sounds created a connection 

between the hand and the object”, the average response was 6 for 

Geiger and 6.3 for Pitch (between “Agree” and “Strongly Agree”) 

but only 4.7 for the Constant design (between “Neutral” and 

“Slightly Agree”). Based on the average responses to “The com-

bination of the hand and object speakers was beneficial”, provid-

ing sounds from both the Wrist and Object did not really provide 

any benefit over one speaker alone. All ratings were <4, between 

“Slightly Disagree” and “Neutral”. Two participants said express-

ly that providing sounds from both was unnecessary, as sound 

from only one (particularly the Object) was sufficient. One partic-

ipant also commented that having two different Pitches in the 

Coalescent design made it more difficult to process the feedback. 

However, two participants said having the two sounds meant that 

comparing the two could help to guide the hand. Two participants 

expressed that having sounds coming only from the wrist made 

reaching more difficult than having it from the Object, or having 

sounds from Both. All Feedback Designs were “pleasant” (> 4), 

with the Dynamic designs having slightly higher ratings. 

When participants were asked which of the audio designs they 

preferred, one expressed no preference, one preferred the Geiger 

counter, three preferred the Pitch design and one expressed pref-

erence for different aspects of both the Geiger and Pitch designs. 

When asked why they chose these, the participant that preferred 

the Geiger counter, and the one who preferred aspects of both, 

said it was because they thought the changes in sound (based on 

proximity) were more “intuitive” or “instinctual” than the changes 

in pitch, as people who are not musical may struggle to make use 

of the pitch changes. In contrast, one of the participants who pre-

ferred the Pitch feedback believed it to be the more “intuitive” 

design, while the other two preferred it because the changes were 

more obvious and so easier to distinguish, making it more helpful. 

The participant who preferred aspects of both designs said that he 

appreciated the immediate feedback in the Pitch design, as the 

Geiger counter inter-tone delay is long (900ms) when the hand is 

far away, so it requires more time to hear any feedback, compared 

to the Pitch design. This may be why Pitch was significantly faster 

than the Geiger design. He is the participant who stated that hav-

ing two Coalescent Pitches made them more difficult to process, 

which may have been exacerbated by his difficulty in making use 

of Pitch changes in general. Finally, two participants said that 

dynamic changes were “necessary” in order to help reaching accu-

racy, as the constant feedback was not helpful. 

5.4 Initial Discussion 
Both Dynamic feedback designs led to greater accuracy and more 

positive subjective responses than the Constant design, and Pitch-

based feedback was also significantly faster than the other de-

signs. Constant feedback provided no benefit in accuracy over 

providing only a brief cue (Control), despite the Constant condi-

tion taking significantly longer than the Control. We interpret the 

shorter movement distance and faster movement time for the Con-

stant/Control conditions as meaning that, in the absence of useful 

feedback, participants are left with only their initial location per-

ception to rely on, and so make direct movements to the perceived 

(but more often incorrect) source. 

Comparing the two Dynamic designs, the Pitch design had a sig-

nificantly faster Movement Time than the Geiger counter, but 

there was no significant difference in accuracy, suggesting that 

participants were more hesitant in moving using the Geiger coun-

ter, potentially due to the long initial ITD in the Geiger, as the 

lack of a difference in reaching distance suggests they were not 

searching or investigating during this time. The subjective re-

sponses were more strongly in favour of the Dynamic designs, 

based on the higher average ratings of 6-6.3 compared to 4.7 for 

the Constant design, as well as individual comments from partici-

pants, such as the perceived requirement of dynamic changes to 

reach accurately. Therefore, the results from Study 1 suggested 

that dynamic audio feedback may be useful in helping blind and 

visually impaired children accurately reach for nearby objects. 

The reasons given for preferring either the Geiger or Pitch designs 

were similar: the changes were clearer, more “intuitive” and more 

helpful. There is a suggestion that pitch-based sonifications are 

more effective than tempo-based designs [31] (like the Geiger), 

although musical ability may play a part in how participants un-

derstand and make use of pitch sonifications [20]. 

The position of the Sound Source (Wrist, Object or Both) also had 

a moderate impact on objective and subjective results. There was 

no significant effect on accuracy, despite some moderate differ-

ences between the values. Providing sound through Both speakers 

provided little benefit over a single speaker alone. Using Both 

resulted in the lowest error value, but this was not significant, and 

using the Object alone was significantly faster than using Both, 

with the Wrist in between these values. Subjective participant 

responses generally did not agree that providing sound from both 

speakers provided a benefit (3.2-3.8 out of 7), perhaps because it 

did not provide additional information over one speaker. 

There was no effect of target azimuth on reaching error, and only 

Speaker Position 1 vs. Positions 4 and 5 were different in reaching 

time (but only by ~540ms), suggesting that azimuth had little 

effect on reaching accuracy. Research that shows an effect of 

azimuth on auditory localisation tends to use short sound bursts 

presented to stationary ears [3], whereas the sounds here were 

more often continuous and the head was free to move. The aver-

age azimuth angular error of 11.37° is similar to the figure found 

by Macé et al. [19] (10.8°) using multi-burst sound in their peri-

personal reaching study. The two Speaker Layouts equally affect-

ed performance and did not interact with Speaker Position. 

Overall, the results showed a benefit of dynamic audio feedback 

but no clear advantage for either sound design or sound source 

and so we carried out Study 2 involving blind and visually im-

paired children to gain further insight. 

6. STUDY 2: REACHING IN CHILDREN 
Study 2 was largely the same as Study 1 but was conducted with 

blind and visually impaired children to establish if age has an 

influence in what sound designs are most useful. Eight children (3 

female) aged 12 to 17 (mean = 14) were recruited from the visual 

impairment unit at a local school. The experiment took place in a 

school office and the distance to the speakers was reduced by 

approximately 20cm to accommodate the shorter arm reach of the 
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children. The experimental setup and procedure were almost iden-

tical to Study 1, with the exception that the number of repetitions 

was reduced to minimise fatigue in the younger participants. Each 

child still completed all ten conditions, but only one trial for each 

speaker (instead of the three in Study 1). The order of Feedback 

Designs was counterbalanced and the order of the Sound Source 

conditions randomised. Due to the limited number of trials, only 

Speaker Layout 1 was used for all conditions. The same variables 

and measures as Study 1 were also used, except for Layout. 

6.1 Results 

6.1.1 Accuracy 
The accuracy data were analysed using a 3 x 3 Repeated-measures 

ANOVA and are summarised in Figure 7. There was a significant 

effect of Feedback Design (F(2, 94) = 3.456, p < 0.05, ηp
2 = 0.07): 

Bonferroni pairwise comparisons showed that the Pitch design 

had a significantly higher error rate (36.1%) than the Geiger coun-

ter (24.3%). The Constant design was in between (30.6%). There 

was no significant main effect of the Sound Source: the Wrist 

speaker resulted in 38.9% error, Object was 27.1%, and Both 

speakers were 33.3%. There was no interaction effect. 

 

Figure 7: Mean Study 2 target selection error for all Feedback 

Designs and Speaker Locations. Error bars = 95% CI. 

Each individual condition was compared to the Control condition. 

A one-way repeated-measures ANOVA with the 10 Conditions 

was run and found a significant effect of Condition (F(9, 423) = 

3.803, p = 0.01, ηp
2 = 0.07): the Control condition resulted in 

significantly higher errors (54.2%) than the Geiger + Both speak-

ers (14.6%) and Constant + Object speaker (20.8%). A one-way 

repeated-measures ANOVA found a significant effect of Speaker 

Position on accuracy (F(5, 395) = 9.259, p < 0.001, ηp
2 = 0.10), with 

mean error values of 15%, 27.5%, 50.0%, 33.8%, 41.3% and 

28.8% for Positions 1 to 6, respectively. Position 3 had signifi-

cantly higher error than Positions 1 and 2, and Position 1 also had 

significantly lower error than positions 4 and 5. Like the young 

adults, the majority of confusions were for speakers adjacent to 

the actual sound source (only 6.6% of responses perceived the 

sound as further away). The average angular error was 9.88°. 

6.1.2 Selection Time 
The selection time data again violated normality and so non-

parametric analyses were used. There was a significant effect of 

Feedback Design on Selection Time (2 (2)=22.545, p<0.001), 

with the Constant design being significantly faster (mean = 

3665ms), than both the Geiger (4937ms) and Pitch (4830ms) 

designs. There was also a borderline significant effect of Sound 

Source (2 (2)=5.972, p=0.05), with Wrist sounds resulting in 

significantly slower times (mean = 5076ms) than Object sounds 

(4211ms). Both sounds were in between (4428ms). As with the 

accuracy data, we compared Selection Time during the Control 

condition and found a significant effect of Condition (2 

(9)=41.16, p<0.001), with the Control condition resulting in sig-

nificantly faster selection times (3058ms) than all the Dynamic 

conditions except for Geiger + Object and Pitch + Both. 

6.1.3 Movement Traces 
There was no significant main effect of Feedback Design on the 

total movement distance, with mean movement distances of 

1.83m, 1.73m and 1.84m for the Geiger, Pitch and Constant de-

signs, respectively. There was also no main effect of Sound 

Source on movement with means of 2.0m, 1.62m and 1.74m for 

Wrist, Object and Both, respectively. 

6.1.4 Subjective Responses 
In response to the “Connection” statement the average response 

was 5.6 for Geiger, 5.7 for Pitch and 4.9 for the Constant design. 

The average responses to the “benefit of combination” statement 

were below 4 (“Slightly Disagree”) for the Geiger and Constant 

designs but 4.5 for the Pitch (“Slightly Agree”). Most participants 

said that providing sounds from both locations made the task more 

difficult, as the extra sounds were distracting and confusing. All 

Feedback Designs were rated as similarly “pleasant” (> 4). 3 par-

ticipants preferred the Geiger counter, 2 preferred the Pitch and 3 

had no preference. 

6.2 Initial Discussion 
As there were a different number of data points for the two 

groups, we did not carry out a statistical comparison of the results. 

However, there are still some clear differences between the age 

groups. Accuracy levels were much worse in the children: the 

young adults had an overall mean error of 17.7% while the chil-

dren’s overall value was 30.3%. In particular, the young adults 

gained more benefit from the Dynamic feedback designs: error 

was significantly lower under the Dynamic designs compared to 

the Constant in young adults. In the children, there was no signifi-

cant difference between the Dynamic and Constant designs, and 

the Pitch design was actually significantly worse than the Geiger. 

Also, while the Control condition led to the highest errors in both 

groups, it was only significantly worse than two other conditions 

in young children; it was worse than almost all conditions in 

young adults. However, comparing Figures 5 (Study 1) and 7 

(Study 2) show very similar patterns of reaching error based on 

condition, even if the absolute values are much higher in children. 

Reaching times were just under 1 second longer on average in 

children, which constitutes approximately a 30-40% increase, but 

is not a high value in real terms, and reaching distance was also 

slightly higher, but only by around 20-30cm. 

Azimuth position had different effects on the groups: there was no 

effect of Speaker Position on accuracy in young adults, but there 

was with younger children. Position 3 (Figure 4, left) had signifi-

cantly higher error than Positions 1 and 2. Position 3 was the most 

physically distant along the median plane from the children, alt-

hough the distance was set to be within arm’s reach (37cm) and 

Position 6 had the same distance. Positions 1 and 6 had low error 

in both groups, as they only have one adjacent speaker, so it may 

be the combination of physical distance and close azimuthal prox-

imity (to Positions 2 and 4) that made Position 3 hard to find. 

Despite the differences, the two groups had similar average azi-

muth errors (11.37° in Study 1 and 9.88° in Study 2) that were 

similar to Macé et al. [19] (10.8°), but lower than in other re-

search [6,7]. It should be noted that, while we deliberately limited 

the number of trials to minimise fatigue, it is possible that perfor-

mance could improve over time or more experimental sessions, 

despite the lack of a learning effect among the Study 1 data. 
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Subjective views were similar, with the Dynamic designs creating 

more of a connection between the hand and the object, and 

providing sound from both the Wrist and Object together was not 

seen as providing much benefit over just one speaker alone. The 

feedback preferences were slightly at odds with the objective 

measurements in Study 2. While the Pitch design resulted in sig-

nificantly more errors than the Geiger, and also in the longest 

movement time, it had the highest ratings for all three subjective 

responses. However, only two participants preferred the Pitch 

design, with three preferring the Geiger counter (three had no 

preference). This contrasts with the young adults, three of whom 

preferred the Pitch design (only one preferred the Geiger). As 

mentioned earlier, musical ability can influence the usefulness of 

pitch-based sonifications [20] and so it may be that the two groups 

had different musical ability, but it could also be that the more 

developed older adults were better able to make sense and use of 

the changes in pitch. We will investigate this in the future. Either 

way, the results strongly suggest that personalisation is an im-

portant part of feedback design, and previous research on what 

kinds of sound blind and visually impaired children like/dislike 

showed a large degree of variety [33].  

Young visually impaired children develop spatial and motor skills 

more slowly than sighted peers [4,22] and auditory spatial percep-

tion is worse at a young age [9]. These findings, along with our 

own (which show a similar trend), highlight the poorer spatial 

cognition in younger visually impaired children, bolstering the 

case for ABBI and using sound to support rehabilitation and im-

prove spatial cognition in young children. 

7. GENERAL DISCUSSION 
Overall, the results from the two studies suggest that dynamic 

auditory feedback better supports reaching movements compared 

to constant (unchanging) feedback or only a brief initial cue (Con-

trol condition). Subjective comments from participants also 

showed a clear preference for dynamic changes, including the 

view that dynamic changes are “necessary” to guide movement. 

The results also suggest that sounds from nearby objects are more 

conducive to accurate reaching than sounds from the wrist, and 

providing feedback from both the wrist and the object does not 

appear to provide any benefit over sounds from a single speaker. 

There was only one significant difference between Sound 

Sources: the Object-only condition leading to faster Movement 

Times than when using Both speakers in Study 1. 

However, there were some large differences in the results from 

children compared to young adults. The results from Study 1 

(young adults) show a much clearer benefit of dynamic audio 

feedback over constant (unchanging) feedback, as dynamic feed-

back did not provide a strong benefit to younger children in Study 

2. The control condition had the highest error in both studies, 

which suggests that these brief signals are not sufficient to inform 

children or young adults about the location of objects nearby. 

7.1 Implications for ABBI & Rehabilitation 
Our results have important ramifications for the use of spatialised 

and on-body sound in learning or habilitation activities. Providing 

hand guidance information through dynamic changes in sound is a 

potentially beneficial approach, which suggests that more com-

plex engagement and play setups for children, such as ‘sensory 

resource boxes’ augmented with tracking and sounding objects, 

could be more beneficial than simple adult-activated ‘lures’ [22]. 

However, providing sounds from the wrist alone (as in ABBI), or 

both the wrist and the object, may only partially support accurate 

reaching, and less so than providing sound through only the object 

to be reached for. Still, it should be noted that the results from 

Study 2 suggest that object (e.g., toy) positioning might also be 

important in encouraging accurate reaching: the high errors sug-

gest objects should be placed more than 10° apart. Also Position 3 

was more difficult to find so it may be best to position objects 

much closer than an arm’s reach (even though near sounds are 

harder to localise in adults [6,7]). 

In the case of our feedback designs, the Coalescent design does 

not appear to have added beneficial information over the Individ-

ual designs. While this is disappointing, we believe our findings 

can still be useful to other researchers, but there are a few points 

to consider. Firstly, there is the manner in which sound from the 

wrist was incorporated into the design. Previous focus group par-

ticipants suggested that sound from the wrist, together with sound 

from the environment, would be appreciated in guiding the person 

to objects of interest in the room. However, it may be that contin-

uous feedback from the wrist distracts attention from the location 

of the environmental source, and more sporadic or discrete feed-

back that compliments the environmental sound may be more 

suitable. Some participants commented that sound from the wrist, 

physically distant from the target, was distracting or confusing. 

A second point is Millar’s recommendation to provide redundancy 

and multiple pieces of systematically interconnected information 

in the sounds presented to young blind children [22]. We hypothe-

sised that the Coalescent feedback may provide these, which may 

benefit children, but this does not seem to be the case. It may be 

that the two perceptual streams [5] utilised in the feedback pre-

sented additive, and so more perceptually saturating, information 

rather than repeating (redundant) information. While it is possible 

that younger children (0-12 years) may make different use of the 

Coalescent feedback, the drop in accuracy with age observed here 

suggests they may not find benefit in the specific design imple-

mented here. Finally, it should be kept in mind that a key aim for 

the research, which the Dynamic feedback designs appear to have 

achieved, was to identify a design that creates a connection be-

tween the hand and the object: informing the child that there are 

objects nearby and that they are reachable. In future, we will test 

if this encourages children to self-initiate engagement with their 

environment more often. In this case, precise reaching is less im-

portant than the elicitation of the reaching itself.  

8. CONCLUSIONS 
This paper presents the results from two studies involving young 

visually impaired people aged 12-22 that looked at whether dy-

namic audio feedback from nearby objects and from a speaker on 

the wrist can improve peripersonal reaching, compared to un-

changing feedback and no online feedback at all. The results 

showed that children (aged 12-17) were less accurate than young 

adults (18-22) but, overall, both studies showed a benefit of dy-

namic feedback on reaching accuracy and sounds from reachable 

objects are more likely to help reaching than sounds from the 

wrist or from both the object and wrist together. The dynamic 

sounds established a perceived connection between the hand and 

object, which may help young children create an internal connec-

tion between his/her movements and the environment, and so 

support self-initiated engagement. 
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