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ABSTRACT 

Material perception is an important exploratory mechanism of humans through which 

they identify objects and their properties. Auditory cues contribute to multisensory 

perception during these interactions. A strong relationship between body movement and 

sound production has been researched and documented in recent years.  

This project was focused on an investigation of how changing texture sounds when 

touching a material surface can influence the way people touch it and also impact on 

their surface perception. We hypothesized that auditory cues can change the way people 

interact with a material surface. When asked to touch a surface with the finger and move 

a specific distance, participants’ finger movement speed and distance, pressure exerted 

on the surface, material perception, and emotional responses derived from touching the 

surface, will be evoked or changed by the altered auditory cues during the interaction. 

We have designed a working prototype of an interactive auditory display which can 

provide auditory feedback in response to users’ exploration of a material with the use of 

the finger. This interactive system was comprised of four main parts: pressure detection, 

finger movement capture, sound synthesis and playback, and emotional arousal 

measurement. Two other parts used in experiment, material perception and 

questionnaires for obtaining subjective emotional feedback, were applied in the user 

study with our interactive system. Six synthesised sounds from two source sounds were 

used as auditory stimuli.  

Twenty-eight participants’ finger movements, pressure on surface, output sound, 

galvanic skin response, and questionnaire feedback data were collected for analysis. The 

results showed that different auditory stimuli can cause significant differences in finger 

movement speed, perceived arousal, physical arousal, touching pressure and task 
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difficulty, and different perceptions of material roughness, hardness, coldness and 

judgement on the type of material. The results also indicated that the correlations within 

pleasure, smoothness, arousal, task difficulty, coldness, hardness, finger movement 

speed, and physical arousal were found.   

These findings provided useful considerations for future research into audio-haptic and 

multisensory effects. They also have implications for applicability in the design of 

interactive auditory displays: as sensory-substitution applications for touch-impaired 

users, online applications or video games, where the sensation of touching is present; as 

well as applications for motivating people to engage in physical activity and physical 

rehabilitation with the use of an optimised audio-haptic user interface. 
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Chapter 1: Introduction 

Material perception is an important exploratory mechanism of humans which helps 

them to identify objects and their properties. Material texture was predominantly 

thought to be related to tactile sense. However, people’s perception of the world is 

inherently multisensory, and under normal circumstance, humans approach and 

encounter objects via several senses simultaneously (Klatzky & Lederman, 2010). The 

auditory cues in object perception are important, as these contribute to multisensory 

perception during the interactions. Moreover, some studies have shown that human 

cross-modal correspondences between various stimuli features markedly in different 

sensory modalities (Spence, 2011), which means that sensory perception is not sensor-

separated, but is instead united in experience. Cross-modal interactions exist among 

many modalities, such as vision, touch, and audition (Eimer, Van Velzen, & Driver, 

2002).  

In recent years, the related research and exploratory topics have covered a wide range of 

areas, including multisensory experience, cross-modal sensory, perceptual illusions, and 

perception-action loops (Hermann, Hunt, & Neuhoff, 2011; Leman, 2007). The future 

value of sonic interaction has also increasingly been recognized (Serra, Leman, & 

Widmer, 2007), and the related research and experimentation in this filed are promising. 

However, relatively few researchers have explored the area of everyday sounds 

produced by the human body and how they may influence body action itself; also how 

these sounds inform the person about the type of material being touched, which will 

influence body action during interaction with a material. Moreover, there have been 

several conflicting results from previous studies. For example, different opinions arose 
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with regard to the use of sounds to help judge surface roughness (Guest, Catmur, Lloyd, 

& Spence, 2002; S J Lederman, 1979). 

This study has focused on an investigation of how changing texture sounds when 

touching a material surface can influence the way people touch it, and also impact on 

their surface perception. We have designed a working prototype of an interactive 

auditory display, which relates action and sound, by providing altered auditory feedback 

in response to user actions as the user explores the material with finger only. The 

experiments were designed to investigate people’s behaviour, material perception, and 

emotional changes in response to the auditory stimuli they heard when touching a 

surface. 

The implications of the research we have carried out in this study may have an influence 

on both psychological and human computer interaction (HCI) perspectives. From the 

psychological side, such research may help to discover whether people can perceive 

textures only from their sound, and whether they can use auditory information to adjust 

their patterns of movement when touching a surface. From the HCI aspect, audio-haptic 

effects have been known to help for better user interface development. Great effort is 

being targeted towards creating and optimising audio-haptic effects in order to improve 

the user interface (Chang & O’Sullivan, 2005). The AudioHaptics is one example, 

which is the synthesis of haptic and auditory senses (Yano, Igawa, Kameda, Muzutani, 

& Iwata, 2004). Moreover, a tactile-audio system has been designed as a new media to 

help blind persons read and write (Minagawa, Ohnishi, & Sugie, 1996). The 

applications were studied to help motivate people to engage in physical activity and 

rehabilitation, for example, in cases where movements when touching a surface are 

perceived as easier and more pleasant (Rosati, Oscari, Spagnol, Avanzini, & Masiero, 

2012). Furthermore, sensory-substitution studies have been explored in cross-modal 
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audio-haptic displays(Karam, Russo, & Fels, 2009), especially for touch-impaired users 

(Bird, Marshall, & Rogers, 2009). There are other uses, such as online applications or 

gaming applications that give the impression of touching a surface of a specific material.  

The thesis is set out as follows. Chapter 2 gives an overview of the research that is 

pertinent to the background of this project. Chapter 3 provides detailed introduction of 

the interactive system we have designed and implemented, and fully explains how it 

was executed, and how we have processed the raw data in this project. Chapter 4 

presents the analysed results of the experimental study. Finally, Chapter 5 discusses the 

main findings of the research, its limitations, and possible extensions of this study. 
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Chapter 2: Literature Review 

This chapter presents an overview of the previous research and how it has influenced 

this project. There are several types of previous works related to this study: the tactile 

perception, the study about the auditory perception and behaviour change, the 

multisensory perception of material texture especially the audio-haptic relationship, the 

emotional reactions to sound, and the audio technology can be used in experiments to 

sonify body movements.  

2.1 Tactile perception 

As one of fundamental means of exploring the external world, haptic stimulation can 

receive much sensory information such as pressure, temperature. The researches about 

the human tactile perception can be traced back for decades, which have a wide range 

from the basic material properties to human perception.  

The physical interactions with objects, such as touching, rubbing, tapping, help people 

to know textural features. There were several perception models were built upon these 

mechanical interactions (Klatzky & Lederman, 2010). Lederman’s roughness perception 

mechanical model suggested that the perceived roughness is mediated by the impact on 

skin deformation with an object surface (Susan J Lederman, 1983; Taylor & Lederman, 

1975).  

The texture usually refers to most of the physical properties of objects. It is generally 

defined as the detailed surfaces structure that can lead to perception, which has multi-

dimensions, including roughness, stickiness, hardness, or density (Klatzky & Lederman, 

2010). Tactual perception covers several types of touching related sensation: cutaneous 

stimulation, kinaesthetic stimulation and proprioceptive stimulation (Loomis & 

Lederman, 1986; Tiest, 2010). Moreover, there are also types of category methods to 
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differentiate texture perception, for example direct and indirect touch, active and 

passive touch (Loomis & Lederman, 1986; Yoshioka, Bensmaïa, Craig, & Hsiao, 2007). 

In this study, we focused direct and active touching with bare fingertip. 

The tactual perception of material physical properties with corresponded 

psychophysical functions has been studied from several aspects, such as roughness, 

compliance, coldness and friction (Tiest, 2010). The roughness is the most important 

feature in haptic textures exploration, the perception of roughness has received 

systematic study in physical and psychological area (Bergmann Tiest & Kappers, 2006). 

The physical researches indicated that perceived roughness of a surface depended on the 

physical contact: contact force, vibration frequency, and the vibratory energy (Loomis 

& Lederman, 1986; Taylor, Lederman, & Gibson, 1973). According to Altinsoy’s (2008) 

psychophysical research of the roughness perception, textures can be classified into two 

types: grooved and raised dots (Altinsoy, 2008). Moreover, two important parameters 

can be used to specify the different roughness: groove width and land width (spacing 

between grooves) (Loomis & Lederman, 1986). Minsky (1996) also investigated the 

relationship between lateral force and perceived roughness (Minsky & Lederman, 1996).  

 

2.2 Auditory perception and behaviour 

People have a natural ability to extract useful information from sound, these auditory 

cues are usually accompanied by touching or interaction with objects (Gaver, 1993). 

Sounds can be used as an acknowledgement of the completion of an action step, 

feedback to refine actions, and even to structure more complex actions (Hermann et al., 

2011). The auditory cues can deliver continuous feedback to the user’s actions during 

the touching, which provide an important contribution to perception. And auditory cues 
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contain useful information which can help people to assess the dimensions of objects 

and their texture (Freed, 1990; Wildes & Richards, 1988). Furthermore, the footstep 

sound study conducted by Li (1991) revealed that sound not only gives step 

acknowledgement information, but also provides the texture information of shoe and 

floor, and other clues such as impact energy, velocity (Li, Logan, & Pastore, 1991) . 

The strong relationship between body movements and sound production has been 

researched and documented in recent years. The research about how sound can change 

body perception indicated that tactile perception of size of stimuli touching the body is 

referenced to an implicit body-representation which is informed by auditory feedback 

(Tajadura-Jiménez et al., 2012). There were experiments in study of auditory-enhanced 

interfaces with the gestures such as walking and running (Rocchesso, Bresin, & 

Fernstrom, 2003), and exploration of the usage of gesture-guided sound applications 

(Rasamimanana et al., 2011). Furthermore, the study about the steps and sound 

feedback revealed that harder texture sounds lead to more aggressive walking patters 

while softer ones to more tender and sad walking styles (Bresin, de Witt, Papetti, 

Civolani, & Fontana, 2010).  

In addition, recent researches indicated that human is not only as a stimuli receiver, the 

perception-action loops is important in the interaction (Leman, 2007). Several 

neuropsychological experiments has suggested that human brain has mechanisms in 

processing action-related sounds, which can activate a mirror system to represents the 

cause of the sound (Pizzamiglio et al., 2005). These mechanisms are also associated 

with action-planning schemas, they can help listener to carry next reactions to the 

sounds unconsciously (De Lucia, Camen, Clarke, & Murray, 2009).  
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2.3 Multisensory perception of material texture 

Material texture was predominantly thought to be related to tactile sense. In a study by 

Lederman, people tended to use tactile information to perceive material roughness when 

they had both auditory and tactile cues available, which indicated that tactile texture 

cues are main factor in texture perception (S J Lederman, 1979). 

However, people’s perception of the world is essentially multisensory, and under 

normal circumstance, humans approach and encounter objects via several senses 

simultaneously (Klatzky & Lederman, 2010). Among all textual perception descriptors, 

some descriptors are primary to a certain modality, such as “shine” are related to vision, 

some descriptors such as “roughness” may involve with several modalities such as 

touch, vision and audition (Klatzky & Lederman, 2010). Klatzky and Lederman also 

carried out a series of researches on commonalities and differences in the perception of 

surface texture by some modalities (Klatzky & Lederman, 2010). Taylor (1973) 

suggested that texture perception is a combination of diverse modalities in sensory 

systems, such as kinaesthetic, tactile, and auditory (Taylor et al., 1973). The 

multisensory perception, especially the audio-haptic in texture perception, is related to 

this project. 

The touching of a surface can receive not only tactile information, but also multisensory 

information from several different sensory channels. The sounds act as bridges to 

connect perception and action. Several investigations were about the effect of touch-

produced sounds in the perception of surface texture. Study shows that people use both 

tactile and auditory cues to make their roughness estimates when they explore the 

surfaces by a rigid probe (Avanzini & Crosato, 2006; S J Lederman, Klatzky, Morgan, 

& Hamilton, 2002). This results contradicted Lederman's findings that people with the 

bare finger seem to rely only on tactile cues (S J Lederman, 1979). Moreover, Lederman 
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found that amplifying the touch-produced sounds can cause the , raise of the perception 

of the roughness(S J Lederman et al., 2002). The experiment of non-touch produced 

sounds, including both white noise and pure tones, with tactile roughness perception 

indicated that complex sounds have influence on tactile perception selectively, such as 

white noise (Yuika Suzuki, Gyoba, & Sakamoto, 2008). Another study revealed that the 

cross-modal congruency between the modalities is an important factor may affect tactile 

roughness perception  (Y Suzuki & Gyoba, 2009). 

There were a growing number of researches of multisensory interaction and substitution 

(Spence & Zampini, 2006). Some works investigated the combination effect of auditory 

and haptic perception to judge texture roughness with a virtual surface (McGee, Gray, 

& Brewster, 2001). Other researches in digital environment showed that the tactile 

perception can be enhanced with other sensory cues, or even be substituted. The user 

experience and their emotional engagement can be improved by using gestural 

interaction in textile feeling (Wu et al., 2011). Some pseudo-haptic interfaces have 

already been used in everyday life products (Fernstrom, Brazil, & Bannon, 2005), such 

as the click wheel in iPod, which has clicking sound feedback to provide pseudo-haptic 

sensations to replace previous mechanical wheel. 

Although the tactile sense was believed to be a reliable perception of the object's 

properties, there are many cases proved that the sound effects of a product in using can 

change its perceived quality (Nakatani, Howe, & Tachi, 2011; Spence & Zampini, 

2006). Auditory cues can change the roughness perception greatly in bimodal stimulus 

presentation conditions (Altinsoy, 2008). His findings showed that decreasing sound 

frequency or increasing sound loudness can increase the perceived roughness in some 

conditions, and in other conditions had contrary results. Guest’ Experiments 

demonstrate that changing auditory frequency can affect the perceived tactile roughness 
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and surface moistness greatly (Guest et al., 2002). In addition, the tactile roughness 

judgments can be influenced by the auditory cues generated by bare hands. Jousmäki 

and Hari have named this effect as “parchment-skin illusion” (Jousmäki & Hari, 1998). 

When sound frequency or sound level increased, people felt their skin was more paper-

like, and they perceived roughness and moisture of the palmar skin decreased.  

 

2.4 Emotional reactions to sound and touch 

The sounds have the power to influence the users’ emotions such as pleasure, 

excitement, and relaxation during the sonic interaction. The emotional reactions to 

sound have been studied both in daily life and laboratory environment (Guski, Felscher-

Suhr, & Schuemer, 1999; Ravaja, Turpeinen, Saari, Puttonen, & Keltikangas-Järvinen, 

2008; Tajadura-Jiménez, 2008). Moreover, the acoustic qualities of the sounds have 

influence on people’s emotions: pleasantness and perceived task difficulty (Hermann et 

al., 2011). Salminen (2008) conducted a rotating fingertip stimulator experiment, the 

results indicated that haptic stimulation could carry emotional information, such as 

pleasantness, arousal, dominance (Salminen et al., 2008). Some emotion studies 

suggested that the feelings can be described by several dimensions, such as valence, 

arousal and dominance (Scherer, Dan, & Flykt, 2006). And three different methods 

were suggested to be used in measurement of emotional response: affective reports, 

physiological responses, and behaviours (Peter J Lang, 1969). 

 

2.5 Sonic interaction technology 

With the development of the technical hardware and software, the audio technologies 

offer researchers the possibility of exploring the relationships between different 
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modalities (audition, touch, etc.). the requirement of dynamic sound models evoked the 

effective auditory display development from three aspects: auditory perception, physics-

based sound modelling, and expressive parametric control (Rocchesso et al., 2003). For 

example, the Modular Musical Objects (MO) allow for designing action-sound 

relationships and behaviours based on the interaction with tangible objects or free body 

movements (Rasamimanana et al., 2011).MO represent an ensemble of both hardware 

which contains a 3D accelerometer and 3-axis gyroscope, buttons and LEDs, and 

software components which are integrated into the Max/MSP software environment 

using MuBu library (Bevilacqua et al., 2013). Software environment such as Max/MSP 

supports building complex applications from relatively simple modular components 

(Max/MSP, 2013). The MuBu is an advanced audio processing tools which can be 

integrated with Max/MSP, its multi-track container can be used to extract or associate to 

sampled sounds (Schnell, Röbel, Schwarz, Peeters, & Borghesi, 2009). 

Furthermore, an new interdisciplinary field Sonic Interaction Design (SID) has recently 

emerged (Hermann et al., 2011). SID can support a closed-loop sonic interaction , 

which can be used in study information conveyed by sound, emotion in interaction, 

auditory psychology study, interactive product design, sound interfaces and other multi-

sensory interactions (Hermann et al., 2011). Such interactions have been used in applied 

and experimental settings (Rath & Rocchesso, 2005).  

In addition, the applications were studied to help motivate people to engage in physical 

activity and rehabilitation, for example, in cases where movements when touching a 

surface are perceived as easier and more pleasant (Brückner et al., n.d.; Rosati et al., 

2012). There are other uses, such as gaming applications that give the impression of 

touching a surface of a specific material. For example, the Wii Remote has basic audio 
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functionality, which can enhance users’ experience of the gestures in games through 

tightly coupled sound. 

 

2.6 Hypotheses 

Therefore we hypothesized that 1.) the behaviour, such as the velocity of movement and 

distance travelled, the pressure press on the surface, will be influenced by auditory cues, 

and that 2.) the material perception and the judgement of texture will be affected by 

auditory cues, and that 3.) the emotion, both objective and subjective feedback, will be 

evoked or be changed by auditory cues. 
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Chapter 3: Method 

3.1 Participants 

Twenty-eight participants were recruited to attend the experiment individually: nineteen 

females and nine males, between ages 19 and 35 years (see Appendix 10 for participants 

information). They were recruited by posting a recruitment advertisement in 

Groupspaces of the UCL's Institute of Cognitive Neuroscience Subject Database which 

sends email messages to its members (advertisement in shown in Appendix 1). Twenty-

three of them were students at the UCL. The criteria for screening participants required 

their age should be between 18 and 35; they were to have normal hearing and normal 

tactile perception; and be without neurological or psychiatric disorders. Participants 

were compensated for their participation and were also asked to give their informed 

consent prior to the study (information and consent form are in Appendix 2).  

 

3.2 Apparatus and materials 

In this chapter, all the experiment apparatus and materials we have applied during the 

project will be described. Since the perception of causality can be influenced by timing, 

our sonic interaction system provided real-time synchrony between sounds and 

behaviours. The experiment was comprised of five main parts: material perception and 

pressure detection, finger movement capture, sound synthesis and playback, emotional 

arousal measurement, and questionnaires for subjective emotional feedback.  

 

3.2.1 Material perception and pressure detection 
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The tactile stimuli were from a wood board (90cm × 45cm) surface when participants’ 

finger touched its surface. The reason we chose this natural physical material is because 

the feeling of touching wood could be pleasant and natural, and participants can easily 

evoke their feeling based on their previous experience with everyday objects(Hermann 

et al., 2011). The wood board was placed on a table in front of participants. A tape line 

was stuck onto the left side of the board, and used as the start position of finger 

movement in the experiment. Participants were blindfolded during the experiment 

session, but the tape line gave them a tactical feedback at the start position by touching. 

A Piezo sensor was mounted on the surface of the board with adhesive putty. The Piezo 

we used was a Schaller Model 723 (10/84) Oyster Pickup (see Figure 1), which was we 

selected for its powerful and lifelike sound reproduction. The Piezo was originally 

designed for the guitar and other acoustic (Oyster Pickup, 2013). 

 (Source: Photo copied from Schaller website) 

Figure 1. The Piezo sensor 

The main mechanism of the Piezo sensor is its piezoelectric effect, where at first a 

surface deformation is measured; it then detects the pressure and force applied and 

converts them into electrical signals (see Figure 2). Hence, the Piezo is an appropriate 

tool to capture the pressure generated by participants’ touch and movement on the board. 
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(This picture was downloaded from http://en.wikipedia.org/wiki/File:SchemaPiezo.gif) 

Figure 2. The mechanism of the Piezo sensor 

 

3.2.2 Finger movement capture 

Kinect is a typical depth sensing technology device designed by Microsoft (see figure 3). 

Using an infrared depth camera, Kinect can accurately capture three-dimensional spatial 

position information about objects placed in front of it. The fact that it is able to capture 

data at a rate of 30 frames per second enables it to be used successfully in tracking 

people’s normal movements. We have used Kinect in order to measure participants’ 

finger movement without imposing physical contact or interference. 
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(This picture was downloaded from http://commons.wikimedia.org/wiki/File:Xbox-360-

Kinect-Standalone.png) 

Figure 3. The Kinect 

In the experiment, participants were asked to touch a material board surface situated at 

elbow level in front of them. When the Kinect is placed at the front of the board, there is 

nothing between participant and Kinect. Therefore, we found that the simplest way to 

track participant’s finger movement was to track the closest point to the Kinect. In order 

to account for the background behind participant and other objects that could possibly 

be captured by and thus interfere with the Kinect camera, we applied both the 

background removal and scene analysis functions. 

The control software program was developed during processing in order to calculate 

each movement’s distance and duration, using SimpleOpenNI Processing Library 

(Simpleopenni, 2013) and OpenNI SDK (Openni, 2013) (for the source code see 

Appendix 3). 

 

3.2.3 Sound synthesis and playback 
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We select the RME Fireface UC (see figure 4) as our USB audio interface device; 

through this device we transferred signals from Piezo to the computer via a USB cable, 

and also to output synthesised sound from computer to headphones (Fireface, 2013). 

The auditory stimuli which participants received were delivered through a pair of closed 

headphones with very high passive ambient noise attenuation (Sennheiser HDA 300) 

(see Figure 5). 

 

Figure 4. The Fireface UC 

  

Figure 5. The Headphones (Sennheiser HDA 300) 
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The auditory stimuli consist of 7 types of different sound outputs, one of which was the 

real touching sound playback, whereas the other six identical outputs were synthesised 

sounds. The sounds were processed by Max/MSP patch, a specially designed sound 

analysis and synthesis method using the MuBu library in the Max/MSP software 

environment (Schnell et al., 2009) (Schwarz & Schnell, 2010) (see Appendix 4)1, a 

visual sound software program that allows users to control and create unique sounds 

(Max/MSP, 2013). In the patch, the most important component was the MuBu object, 

whose key role was to process segmented audio data with audio descriptors (Mubu, 

2013). The new sound can be created by synthesizing both the source sound and the 

pressure of touching the board surface detected by the Piezo. The Mubu component 

selected the portion of the sound to play back by matching the amplitude of the sound 

file to the finger pressure detected by the Piezo. Through manoeuvring the MuBu’s 

sample rating, frequency and low pass options to change the sound characters, different 

types of unique sounds for output were created as the auditory stimulus. The more 

detailed description of sound produce will be explained in the Design section. 

 

3.2.4 The emotional arousal measurement 

Emotional arousal was measured using the Affectiva Q Sensor (see Figure 6), a 

biosensor that can measure skin conductance, temperature and acceleration (Qsensor, 

2013). As a form of galvanic skin response (GSR), also known as electrodermal activity 

(EDA), skin conductance changes in accordance with changes in individual’s different 

emotional states or experience: increasing when engaged, stressed, excited or anxious, 

and decreasing when disengaged, bored, or relaxed (Boucsein, Koglbauer, Braunstingl, 

                                                             
1 We integrated the MuBu part provided by Frédéric Bevilacqua into this patch.  
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& Kallus, 2011) (Boucsein, 1992). This sensor can also reflect current cognitive 

workload or physical exertion (Qsensor, 2013). Its features, which include wireless, 

wearable, easy, small, and comfort without distraction, makes Qsensor suitable for this 

experiment. Furthermore, there are two types of common measurement: tonic (smooth 

and slow changing levels) and phasic (rapidly changing peaks), which can be used for 

long-term and short-term status comparison, respectively (Qsensor, 2013). In this 

experiment we have used mainly tonic measurement. 

  

Figure 6. The Q Sensor 

3.2.5 Questionnaire 

Questionnaires were developed in order to collect subjective emotional feedback and 

had two main parts: general emotion and attitude feedback, and perception of the 

material characters (Appendix 5).  

In the general emotion part, Self-Assessment Manikin (SAM) was applied to directly 

measure participants’ pleasure and arousal associated in response to internal feeling 

states (Peter J Lang, 1980). SAM is a non-verbal, graphic representational assessment 

method that can be used to examine all kinds of stimuli. Advantages of this pictorial 

tool are that it is quick, accurate and effective, and can be used with a variety of human 

populations (M M Bradley & Lang, 1994). Previous research has proved that SAM can 
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also be used to effectively study emotional responses in sound situations (Margaret M 

Bradley, 1994). Two primary dimensions, pleasure and arousal, with a 9-Point scales 

version were selected for our questionnaire (P J Lang, Greenwald, Bradley, & Hamm, 

1993) (Irtel, 2007).  

Mental effort was also rated with a one-question, post-task usability questionnaire 

known as the Subjective Mental Effort Questionnaire (SMEQ) (Houwing, Weithoff, & 

Arnold, 1994) (Sauro & Dumas, 2009) (Kirakowski & Cierlik, 1998). SMEQ is a 

simple and reliable measurement tool that allows participants to indicate the stress felt 

in performing previous tasks on a vertical and continuous scale from “Not at all hard to 

do” to “Tremendously hard to do”. 

The second part of the questionnaire, perception of material characters, focussed on the 

perception of material physical qualities. The psychophysical texture measurement 

approach used in this questionnaire is magnitude estimation, which needs participant to 

identify the intensity of certain textural characters (Klatzky & Lederman, 2010). Four 

dimensions (roughness, compliance, coldness and friction) were used to differentiate a 

diverse set of materials (Bergmann Tiest & Kappers, 2006; Tiest, 2010). According to 

research by Hollins et al. (2000), the character of roughness was consistently exited in 

the variety of objects (Hollins, Bensmaïa, Karlof, & Young, 2000). Moreover, three 

properties (roughness, coldness and hardness) have been used in research to study the 

correlation between physical properties and tactile perception (Wongsriruksa, Howes, 

Conreen, & Miodownik, 2012). These three properties were used as bipolar scales in 

our questionnaire.  

In addition, Based on Hollins’s research, we selected eight representative materials as 

natural stimuli from their research, such as glass, wood and metal, for our questionnaire 
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(Hollins, Faldowski, Rao, & Young, 1993). This was a good way for participants to 

express their tactile perceptions by rating (indicated by the scale) how likely the ‘natural’ 

materials are. 

 

3.3 Design 

In order to have an effective method to study the interaction of touching a surface and 

moving a specific distance with auditory feedback, we selected laboratory experiment 

(Hermann et al., 2011). The experiment was designed as within subjects with one 

independent variable. The independent variable was the real-time altered sound 

feedback, which can change according to the pressure exerted during the interaction.  

For the auditory stimuli, we created seven sound levels using two different 

manipulations of sound that can be related to two aspects that have previously been 

shown to affect the perceived roughness of the presented material surface: re-sampling 

of frequency, which can be associated to an increase or decrease of the element spacing 

of the surface grooves (S J Lederman, 1979) and augmentation or attenuation of high 

frequencies (Guest et al., 2002).  

According to the psychophysical researches on the roughness perception, textures were 

categorized into two types: grooved and raised dots (Altinsoy, 2008). We have selected 

two corresponding types of sounds from Freesound, a collaborative sound database, as 

the source sound to be processed by Max/MSP patch. Source sound one was ‘rice 

falling’ and source sound two was ‘gong’2. For source sound one, the different 

resampling may be associated with an increase/decrease of the inter-element spacing of 
                                                             
2 http://www.freesound.org/people/Batuhan/sounds/59888/ 
http://www.freesound.org/people/qubodup/sounds/160513/ 
 
 

http://www.freesound.org/people/Batuhan/sounds/59888/
http://www.freesound.org/people/qubodup/sounds/160513/
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the surface grooves. For source sound two, the different frequency filtering may be 

associated with augmentation/attenuation of high frequencies.  

 ‘Sound 1’ was the playback sound used in the first practice session and other six were 

different synthesis sounds. ‘Sound 2’ was source sound 1 with low MuBu resampling -

1200 and high frequency 1000. ‘Sound 3’ was source sound 1 with middle MuBu 

resampling 0 and middle frequency 500. ‘Sound 4’ was source sound 1 with high MuBu 

resampling 1200 and low frequency 100. ‘Sound 5’ was source sound 2 with MuBu 

lowpass filter frequency 1000 and low resampling -1200. ‘Sound 6’ was source sound 2 

with MuBu lowpass filter frequency 1000 and middle resampling 0. ‘Sound 7’ was 

source sound 2 with MuBu lowpass filter frequency 1000 and high resampling 1200. 

These six sound conditions were randomized each time to eliminate sequence effects. 

The seven sounds are shown below in Table 1. 

 
Source sound Max/MSP processing (MuBu object setting) 

Sound 1 Real touching sound none 

Sound 2 rice falling low resampling -1200 and high frequency 1000 

Sound 3 rice falling middle resampling 0 and middle frequency 500 

Sound 4 rice falling high resampling 1200 and low frequency 100 

Sound 5 gong lowpass filter frequency 1000 and low resampling -1200 

Sound 6 gong lowpass filter frequency 1000 and middle resampling 0 

Sound 7 gong lowpass filter frequency 1000 and high resampling 1200 

Table 1. Seven sounds with source and Max/MSP processing settings. 

The dependent variables are represented as the behaviour of touching a material surface, 

the accompanying emotion and material perception. The behaviour data was collected 

from Kinect and Piezo. The Microsoft Kinect was used to capture the position and time 
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of users’ finger movements when asked to move a given distance (50cm), and the Piezo 

was used to detect the pressure caused by participants’ finger touching the surface. The 

emotional data were gathered from post-test questionnaire and the biosensor. The 

questionnaires were used to measure subjective perceived effort and emotional 

responses. Galvanic skin response (arousal/stress measure) can be measured with 

Qsensor. Furthermore, the texture perception data were collected by using questionnaire 

also. 

A detailed explanation of the procedure is given below, in the Procedure section. 

 

3.4 System implementation  

As described above the materials in this experiment was comprised by five parts. Apart 

from the biosensor and questionnaires, the other three parts (material perception and 

pressure detection, finger movement capture, sound synthesis and playback) were 

combined together as a system within the experiment setting. Considering the limitation 

of computer performance, we used two computers PC 1 and PC 2 to run the Kinect and 

Max/MSP programs separately. This chapter will provide details about how they were 

connected and operated. 

The system photos (see Figure 7) and layout (see Figure 8) depict the equipment setting 

with the experiment in place. As discussed previously, the material board was placed on 

the table in front of the participant at elbow level. Since participants were asked to use 

one finger to touch the board and move from left to right to 50cm, tape is attached to 

left side of the board to indicate the start position of finger movements. A Piezo sensor 

was mounted on the surface of the board with adhesive putty on the right side, in order 

to not block the Kinect sensor. The Piezo sensor was connected to the audio interface, 
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FireFace, which in turn was connected to the PC 2 which was running Max/MSP patch.  

The pressure detected by the Piezo was transferred to PC 2 for processing. The sounds 

synthesised by the program running on PC 2 were transferred back to audio interface, 

and then output to participants through their headphones. The Kinect sensor was placed 

directly in front of the board about one meter away, in order to capture the entire finger 

movements during the experiment. PC 1 was connected to the Kinect sensor, which 

controlled the program of data capture and recorded the experiment. PC1 and PC 2 were 

connected by Ethernet cable for UDP communication. 

  

Figure 7. The experiment setting 

 

Figure 8. The experiment equipment layout 
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The detailed functions and procedure of the Kinect program can be described as below 

(for source code, see Appendix 3). Figure 9 depicts the flowchart of the Kinect control 

program developed in processing. After several functions of initialization, the program 

started to enable Kinect to detect the users. When a user was found, the nearest position 

was captured and calculated, and the position and time were recorded in a data file. 

When the program received the UDP packets containing the experiments’ control 

information, which included information on participants’ touch on the material board 

and other operations of the experimenter, such as changing sessions during the 

experiment, the program recorded these as marks. The Kinect processing display 

interface is shown in Figure 10. 

 

Figure 9. Kinect program flowchart 
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Figure 10. Kinect processing interface 

The detailed function and procedure of the Max/MSP patch is described below (for 

source code, see Appendix 4). When the experimenter selected different experimental 

conditions, the sound process pre-setting was applied. Then the Max/MSP patch waited 

for Piezo signals and UDP packets. When the patch input port received the sound 

signals from Piezo, the synthesis function worked, and the new sound was created. This 

sound was then output to participants’ headphones. Meanwhile, these action signals 

were sent to Kinect program via UDP delivery, and movement data was also received 

from Kinect via UDP. Both Piezo signals from input and synthesized to output were 

recorded. The flowchart is set out in Figure 11 below. 
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Figure 11. Max/MSP patch flowchart 

 

3.5 Procedure 

The experiment was lab-based and sound-related. It was conducted in the UCLIC 

usability lab, which is a quiet environment. Starting with a welcome and greeting, the 

participant was then asked to sit in front of the experiment table. After a brief 

introduction to the experiment, each participant was asked to sign a consent form. Then 

the experimenter helped the participant to wear a biosensor on the left wrist. The sensor 

was worn from the start of the experiment because it needed some time to build up 

moisture between the skin and the electrodes in order to activate (Qsensor, 2013). Any 

jewellery worn on the right arm, such as bracelet, or ring was asked to be removed to 

avoid unnecessary noise caused by bumping or other movements. Participants were 

required to use the right hand during the experiment regardless of whether they are left 

or right handed. Arm length was measured with a tape. This data will be used to verify 
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the proper distance chosen for this experiment, which has no relationship with 

movement. In the event of verbal misunderstanding, the experimenter gave a 

demonstration of the next steps that the participant need to do in subsequent sessions. 

Before the experiment sessions began, the biosensor, Kinect program and Max/MSP 

program were enabled and checked to ensure that they were functioning properly. 

The experimental session was comprised by seven blocks with the same procedures and 

lasted approximately 3-5 minutes each. The first block was used as a practice block with 

real sound playback of touching, and the other six blocks were randomly sequenced 

with altered sound feedback (see Appendix 7 for the random sequence). 

Next, each participant put on headphones and a blindfold and waited momentarily while 

the experimenter removed the cover of the material board and arranged it properly. The 

participant was then asked to stand up and sit down to make sure that the Kinect 

program recognized the user.  

Each experiment block had three different experimental phases: Pre “sensorimotor 

adaptation” (SA) phase, SA phase and Post SA phase.  

In the Pre SA, the experimenter selected the current block option in Max/MSP patch, 

and then instructed the participant to put his/her finger at the start position (the mark of 

tape) on the left side of the material board. Then the experimenter delivered a “beep” 

signal for the participant to move his/her finger a specific distance (50 cm / 19.7 inches) 

as accurately as possible on the material’s surface from the left to right, and then draw 

short lines back and forward for the 2 or 3 times as a mark, which is the final position of 

the end of movement; this activity ensure that the position was accurately detected by 

Kinect. These actions were repeated 5 times. In this phase no sound feedback was 

presented. 
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In the SA phase, participants were asked to press the button on the biosensor and 

explore the surface by touching it with one finger for one minute. Pressing the button 

was an indicator to add a time stamp to the GSR recording for easier extraction. 

Participants were not allowed to lift their finger, but had to keep touching the surface for 

the whole minute. At the end of this phase the beep sound generated a prompt to stop. In 

this phase sound feedback was presented. 

The next post SA was the same as the Pre SA phase, but with the difference that the 

sound feedback was different. At the end of this session the participant was asked once 

again to press the button on the biosensor.  

After this final step the experimenter covered and removed the material board. This 

ensured that participants never saw the surface they touched, because we need to use 

this same board in all conditions. Then, the participants removed headphones and 

blindfold, and were asked to fill in a questionnaire related to the experience during this 

block of the experiment. 

After seven blocks, the experiment ended. Thereafter the experimenter asked participant 

to provide feelings and feedback of the experiment in an informal way.  

 

3.6 Data processing and analysis 

The statistics analysis was done in SPSS after the extraction and processing of all the 

raw data. 

3.6.1 Independent variable 

Before analysing the dependent variable data, it is important to be able to understand 

acoustical parameters of each sound condition, not only the parameters such as pitch, 
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loudness, duration, and spatial position can be used as audio descriptors. Other reliable 

auditory attributes have also been used (Peeters, Giordano, Susini, Misdariis, & 

McAdams, 2011), including total energy, loudness and spectral to describe the sound 

conditions in this experiment. Total energy is defined as the total sound energy radiated 

by the source per unit time. The spectral centroid is computed as the weighted mean of 

signal frequencies, which represents the spectral centre of gravity (Grey & Gordon, 

1978; Peeters et al., 2011); it is a good measure of numeric spectral distributions in 

digital signal processing, and has a strong correlation with sound brightness. The sound 

loudness depends primarily on sound pressure level, frequency, waveform, and duration 

of the stimulus (Stevens, 1955), and is a subjective term describing the auditory 

sensation of a sound. 

We created an artificial ramp as a “line” sound object that ranges from minimum to 

maximum in 10 seconds as input for each sound condition under analysis (see Figure 

12).  

 

Figure 12. The ramp sound input (sample) 

A Max/MSP patch (provided by Frédéric Bevilacqua) was used to compute the detailed 

description of the sounds recorded (see Appendix 6). The reliable acoustical parameters 

extracted from the audio signal were calculated in average values to represent each 

sound’s characters (see Table 2 below). 
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Total Energy Loudness Spectral Centroid(Hz) 

Sound 2 0.001948859 1.400786433 1460.661186 

Sound 3 0.000865305 1.145224624 2237.865351 

Sound 4 0.000451439 1.08127517 4173.185309 

Sound 5 0.002282816 1.105849454 634.2017784 

Sound 6 0.001280517 1.061916763 1172.420634 

Sound 7 0.001078549 1.100173737 2136.730155 

Table 2. Breakdown of sounds 

 

3.6.2 Dependent variable 

We collected five sets of independent data for the analysis: finger distance travelled and 

time captured by Kinect in pre-SA and post-SA when asked to move a given distance, 

the touching pressure in SA recorded as audio files, output sound audio files in SA, 

galvanic skin response monitored by Q sensor in SA, and emotional feedback gathered 

from questionnaires. 

The Kinect program recorded finger position information in three dimensions, the 

number of milliseconds (thousandths of a second) since starting the program, and event 

marks (see Figure 13). For each movement, distance and time duration needed to be 

extracted from these raw data. 
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Figure 13. Kinect raw data sample 

The touching pressure was recorded in an audio file (see Figure 14), the five finger 

movements in phase 1(pre SA) and phase 3(post SA), as well as phase 2 (SA). The 

second phase, sensorimotor adaptation (SA) phase, the phase of one minute exploring in 

each block, was collected for pressure analysis. A one second time slot (0.5 to 1.5 

second) was selected as the baseline, and from the 5th second to 55th second was 

divided into 10 time slots of 5 seconds each. Other division numbers including 5, 20 and 

25 were also tested, but the number 10 was most suitable for visualizing the average 

data of all participants and for the analyses. The baseline was used mainly to control for 

sensitivity changes of the Piezo between session/block and participants. The average 

amplitude of sound wave of each slot was computed, then the difference between each 

5-second time slot and baseline were calculated for further analysis (for Matlab source 

code, see Appendix 7). 
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Figure 14. Pressure in audio file (sample file) 

Moreover, the input Piezo pressure energy was calculated. Based on the equation of 

E=∑𝐴2 (E: energy, A: amplitude), we calculated the total energy exerted in a period of 

time: in 10 time slots of 5 seconds and total energy in one minute SA phase (from the 

5th second to 55th second) (for Matlab source code, see Appendix 9).  

Because the output sound were also recoded and saved in audio files. The data 

extraction and energy calculation methods are same as which used in Piezo pressure 

introduced above. 

The galvanic skin response was monitored and recorded by Q sensor at the sampling 

rate of 32 times per second. The electrodermal activity (EDA) with marks of each block 

can be displayed as below (see Figure 15), where the units of measurement are 

microSiemens (μS). We used the same sampling time slot, which is consistent with that 

used in pressure processing. We also used the data in the second phase in each block to 

analyse participants’ changes in arousal level due to the altered sound feedback when 

touching the surface. One second time slot (0.5 to 1.5 second) was selected as the 

baseline, and from the 5th second to 55th second was divided into 10 time slots of 5 

seconds each. The baseline was selected at the beginning of the SA phase instead of 

before SA was because GSR is not instant response, and it has a short period of delay to 
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react external sound stimulus. Another reason is the button press action may generate 

some vibration which may cause interference to the GSR data captured. The ratio of 

average amplitude in each time slot to baseline was calculated to use in further analysis. 

 

Figure 15. GSR data (sample file) 

The average amplitude of EDA of each slot was computed, and thereafter the difference 

between each 5-second time slot and baseline were calculated for further analysis. There 

were some saw tooth waves in several GSR data (see Figure 16). These waves might be 

caused by the connection of the Qsensor and the skin, which had influence on the 

average amplitude. They have to be minimised before further calculation. Please see the 

Figure 17, the example of the better GSR waves processed with Matlab program (for 

Matlab source code, see Appendix 8). 
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Figure 16. Saw tooth wave in GSR (sample file) 

 

Figure 17. Processed GSR wave (sample file) 

The emotional feedback gathered from post-test questionnaires can be transformed and 

used for statistics analysis directly. The Self-Assessment Manikin (SAM) data was 

saved in 9-point Likert scale. The Subjective Mental Effort Questionnaire (SMEQ) data 

was numbered with one digital decimal, using cm as the unit of measurement. All the 

feedback of the material perception data saved in 7-point Likert scale. 
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Chapter 4: Results 

After the first round of raw data extraction and processing, we got data of movements, 

GSR, questionnaires, sound output, and touching pressure, which can be used in 

statistics analysis, apart from gender, age, and arm length. Since there were 7 blocks in 

this experiment, each block has the same type of data. We got 35 sets of movements 

data (see Table 3): distance, time and velocity (5 movements in each block), 7 sets of 

questionnaire data, 7 sets of pressure sound (the time has been divided into 10 time slots, 

and there were 10 data for each block), 7 sets of output sound and 7 sets of GSR data 

(the time has also been divided into 10 time slots, and there were 10 set of data for each 

block). A summary of significant statistic results is shown in Appendix 13. 

Variable Group Number of groups Detailed Variables 

Demographic 

variables 

1 Age, Gender, Arm length 

Movements 7 blocks × 5 times Distance, Time and Velocity (each time and 

average values) in phase 1&3 

Questionnaires 7 blocks Emotion (arousal, pleasure, etc.), Material 

perception (roughness, hardness, paper, etc.) 

Pressure 7 blocks Amplitude and energy (Baseline, 10 time slots 

of 5 seconds each, and total values) in Phase 2 

Output sounds 7 blocks Amplitude and energy (Baseline, 10 time slots 

of 5 seconds each, and total values) in Phase 2 

GSR 7 blocks Amplitude (Baseline, 10 time slots of 5 seconds 

each, and average values) in Phase 2 

Table 3. Variables 
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4.1 Movements  

A Spearman’s correlation (see Figure 18) for the arm length and average figure 

movement lengths revealed that there was no significant correlation between them, r(28) 

= -0.022, p = 0.911. This suggests that fifty centimetres is a proper task distance in this 

experiment, and all participants can perform finger moving tasks properly. There was no 

interference caused by the different length of participants’ arms. 

  

Figure 18. Correlation between arm length and average finger movements 

The average velocity (mm/s) of pre SA and post SA in 7 sound blocks were compared. 

A Shapiro-Wilk test of normality showed that the velocity data was normally distributed, 

for all blocks except the first practice block. The t-test was used to access these 

statistical significances. In Table 4, B7 means sound condition 7; F1 means pre SA; and 

F3 means post SA.  
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Dependent variable Condition Mean Std. Deviation t(df) 

Average velocity (mm/s) B2_F1_V_Avg 294.997 135.6550 .011 

 B2_F3_V_Avg 294.885 150.0296  

 B3_F1_V_Avg 319.541 157.4030 -.327 

 B3_F3_V_Avg 323.098 164.4380  

 B4_F1_V_Avg 315.249 164.0388 1.253 

 B4_F3_V_Avg 302.117 171.0264  

 B5_F1_V_Avg 322.769 168.4227 1.330 

 B5_F3_V_Avg 309.884 159.9004  

 B6_F1_V_Avg 313.231 164.1445 2.335* 

 B6_F3_V_Avg 293.617 158.7663  

 B7_F1_V_Avg 321.568 166.1654 .130 

 B7_F3_V_Avg 320.135 157.3326  

* p < .05 

Table 4. Mean velocity of pre SA and post SA in each sound condition 

As can be seen in Table 3, participants move faster at a speed of 313.2mm/s (SD=164.1) 

in block 6 in phase 1, than those movements’ average speed of 293.6mm/s (SD=158.7) 

in phase 3. The difference (19.6mm/s) is significant, t(27)=2.335, p=.027. This result 

suggests that the participants’ finger movements changed after a one minute 

sensorimotor adaptation phase. The mean velocity of pre SA and post SA in each sound 

condition is shown below in Figure 19. 
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Figure 19. Mean velocity of pre SA and post SA in each sound condition 

To compare average movement speed in pre and post SA in these six sessions, repeated 

measures of ANOVA was applied (see Figure 20). Since the significance of Mauchly's 

Test of Sphericity (p=.031) was less than .05 and correction factor epsilon value was 

less than 0.75, the Greenhouse-Geisser correction was used. The analysis result was 

close to significance between six conditions, F(3.7, 101)=1.95, p=.112 (see Table 5). If 

compare movement speed in post SA only, there is a more close to significant 

difference in all sound conditions F(3.6, 98)=2.14, p=.088.  

This finding indicates that different type of auditory feedback could have different 

influence on people’s touching movement. For the sound 1, middle resampling and 

frequency sound feedback resulted in the fastest movements. While in the sound 2, 

lowpass filter frequency and middle resampling sound frequency sound feedback 

resulted in the slowest movements.  
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Moreover, we ran separate ANOVA for sound1 (B2, B3, B4) and sound2 (B5, B6, B7). 

However, there was no significant difference in Sound 2, 3, 4 Friedman p>0.1, and there 

was no significant difference in Sound 5,6,7 Friedman, p>0.1. 

  

Figure 20. Movement speed in pre and post SA in six sessions 
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Source of Variation Sum of squares Degrees of 

freedom 

Mean square F-ratio 

Sound conditions 30942.42 3.75 8259.92 1.951* 

Residual error 428265.61 101.14 4234.20  

Pre - Post conditions 4439.78 1 4439.78 1.722 

Residual error 69602.48  27 2577.87   

Sound × 

Pre - Post conditions 

5891.28 3.84 1533.17 0.988 

Residual error 161033.21 103.75 1552.15  

* p is close to 0.1 

Table 5. Analysis of average movement speed summary table 

 

4.2 Subjective feedback  

The nonparametric tests, Friedman test, Wilcoxon test, and Spearman’s correlations 

were used in questionnaire data analysis.  

4.2.1 General emotion 

In SAM arousal (see Table 6), there was no significant difference in all sound 

conditions, Friedman χ2(n=28)=8.609, p=0.126. And there was a significant difference 

in Sound 2, 3, 4, Friedman χ2(n=28)=8.029, p=.018; a follow-up comparison (Wilcoxon) 

showed a significant difference between B4 and B3(z(28)=-2.08, two-tailed, p=0.037). 

Participants were more aroused in B4 sound condition than in B3. An analysis 

(Friedman) with Sound 5, 6, 7 was non-significant (p>0.1). 
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 Mean Std. Deviation Minimum Maximum 

B2_Arousal 4.32 1.765 1 7 

B3_Arousal 4.25 1.647 1 7 

B4_Arousal 4.68 1.982 1 7 

B5_Arousal 4.50 1.972 1 8 

B6_Arousal 4.29 2.106 1 8 

B7_Arousal 4.07 1.804 1 8 

Table 6. Arousal 

In the SAM pleasure (see Table 7), there was no significant difference in all sound 

conditions, Friedman p>0.1. Moreover, there was no significant difference in Sound 2, 3, 

4 Friedman p>0.1, and there was no significant difference in Sound 5, 6, 7 Friedman, 

p>0.1. 

 Mean Std. Deviation Minimum Maximum 

B2_Pleasure 5.54 1.753 2 9 

B3_Pleasure 5.32 1.249 3 8 

B4_Pleasure 5.39 1.595 2 9 

B5_Pleasure 5.21 1.663 2 9 

B6_Pleasure 5.00 1.540 2 9 

B7_Pleasure 5.25 1.323 3 9 

Table 7. Pleasure 

In the Difficulty (see Table 8), there was no significant difference in all sound 

conditions, Friedman p>0.1. And there was no significant difference in Sound 2, 3, 4 

sounds. However, the result of Wilcoxon analysis showed B3 and B4 (z(28)=-1.65, two-

tailed, p=.099). Participants believed that tasks were less difficult in B3 condition than 
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in B4. And there was close to significance, Friedman χ2(n=28)=4. 965, p=.084. But 

there was no significant difference found in Wilcoxon analysis. 

 Mean Std. 

Deviation 

Minimum Maximum 

B2_Difficulty 20.929 24.4092 1.0 95.0 

B3_Difficulty 22.982 27.6638 0.0 94.0 

B4_Difficulty 24.429 24.2188 0.0 87.0 

B5_Difficulty 18.411 19.2055 0.0 84.0 

B6_Difficulty 22.482 21.8367 0.0 84.0 

B7_Difficulty 20.393 21.8286 0.0 84.0 

Table 8. Difficulty 

 

4.2.2 Material perception 

In the perceived roughness, there was no significant difference in all sound conditions, 

Friedman p>0.1. And there was no significant difference in Sound 2, 3, 4 conditions, 

Friedman p>0.1. The results of the Wilcoxon analysis was close to significant 

difference between B2 and B4 (z(28)=-1.84, two-tailed, p=.065. Participants felt 

material was rougher in the B4 condition than in B2 (see Figure 21). The analysis 

(Friedman) with Sound 5, 6, 7 was not significant; Wilcoxon showed difference 

between B5 and B7 (z(28)=-1.63, two-tailed, p=.103), as participants felt that the 

material was rougher in the B7 condition. 
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Figure 21. Smooth - Rough 

In the perceived hardness, there was no significant difference in all sound conditions, 

Friedman p>0.1. And there was no significant difference in Sound 2, 3, 4 conditions, 

Friedman p>0.1. However, the results of Wilcoxon analysis was close to significant 

difference between B2 and B3 (z(28)=-1.53, two-tailed, p=.123), B3 and B4 (z(28)=-

1.60, two-tailed, p=.110). Participant believed that material was harder in B3 than other 

two sound conditions (see Figure 22). And there was no significant difference in Sound 

5, 6, 7 Friedman, p>0.1. 
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Figure 22. Soft - Hard 

In the perceived coldness, there was a significant difference in all sound conditions, 

Friedman χ2(n=28)=21. 558, p<.001. And there was a significant difference in all sound 

conditions, Friedman χ2(n=28)=7. 825, p<.020. There were significant differences 

between B2 and the other two sounds: B3 (Wilcoxon, z(28)=-2.207, two-tailed, p=.027) 

and B4 (Wilcoxon, z(28)=-2.581, two-tailed, p=.010). Participants believed that 

material was warmer in B2 condition than in B4 (see Figure 23). And there was no 

significant difference in Sound 5,6,7 Friedman, p>0.1. 
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Figure 23. Warm - Cold 

In material perception judgement, only paper and sandpaper had some significant results. 

The average ratings for each type of material in each condition are shown in Appendix 

12.  

In the Paper judgement, there was close to significant difference in all sound conditions, 

Friedman χ2(n=28)=10.651, p=.059. There was no significant difference in Sound 2,3,4 

conditions, Friedman p>0.1. There was close to significant difference in Sound 5,6,7 

conditions, Friedman χ2(n=28)=11. 306, p=.004. The results of Wilcoxon analysis 

showed a difference between B6 and B7 (z(28)=-2.263, two-tailed, p=.024), B5 and B7 

(z(28)=-3.001, two-tailed, p=.003). Participants thought that the material was more like 

paper in condition B7 than the other two (see Figure 24). 
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Figure 24. Paper 

In the Sandpaper judgement, there was a significant difference in all sound conditions, 

Friedman χ2(n=28)=11.989, p=.035. There was no significant difference in Sound 2, 3, 

4 conditions, Friedman p>0.1. There was a significant difference in Sound 5, 6, 7, 

Friedman χ2(n=28)=6.453, p=.040. Wilcoxon showed difference between B6 and B7 

(z(28)=-2.327, two-tailed, p=.020), B5 and B7 (z(28)=-2.469, two-tailed, p=.014). 

Participants thought that the material was more like sandpaper in condition B7 than 

other two (see Figure 25). 
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Figure 25. Sandpaper 

 

4.2.3 Emotion & material perception 

The correlations between changes in the different sound conditions were also measured 

due to change in sound parameters. Taking sound condition block 2 and 4 as an 

example, the value of difference of block 2 and block 4 (e.g. AROUSAL block 2 minus 

AROUSAL block 4, DIFFICULTY block 2 minus DIFFICULTY block 4, and so on for 

all measures) were correlational analysed. There are several significances found as 

listed below. In the Block 4 and 2, there were significant correlation between Arousal 

and Foam (r=-.443, p=.018), Difficulty and Textile (r=.419, p=.027), and Smooth and 

Foam (r=-.489, p=.008).  In the Block 7 and 5, there were significant correlation 

between Difficulty and Paper (r=.396, p=.037), Smooth and Sandpaper (r=.564, p=.002), 

Warm and Metal (r=.451, p=.016), Soft and Warm (r=.419. p=.026) (see Figure 26). If 

participant felt the material perceived softer, they feel it perceived warmer. 
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Figure 26. Correlation between hardness (B7-B5) and Coldness (B7-B5) 

Since the wood board was used in the experiment for perception, the analyses using 

wood as the baseline in each block were also calculated and applied (for example, 

B2_Paper_Diff=B2_Paper-B2_Wood.). Then the Friedman and Wilcoxon Test were 

conducted. Some significant results are listed below: the difference between 

B5_Paper_Diff and B7_Paper_Diff is significant (p=.021); the difference between 

B5_Sandpaper_Diff and B7_Sandpaper_Diff was close to significance (p=.092); the 

significant difference between all blocks of Cardboard_Diff (p=.042); the difference 

between B2_Cardboard_Diff and B4_Cardboard_Diff was close to significance 

(p=.080). It shows that the material in B7 is perceived as being more paper-like and 

sandpaper-like than in B5, that the material in B4 is perceived as being more cardboard-

like than in B2. 
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4.3 GSR 

The average ratio of participants’ electrodermal activities ((timeslot – baseline) / 

baseline) in SA were calculated from the 5th second to the 55th second, which were 

divided into 10 time slots of 5 seconds each (see Figure 33). As can be seen in Figure 33, 

the variations in one minute of sensorimotor adaptation had a turning point at the period 

around 40 seconds. After 40 seconds, there was a change in the slope across all 

conditions, and the time range for analysis needed to be justified. Given the turning 

point at 40 seconds, we considered this was perhaps due to people relaxing and paying 

less attention to the sound feedback. Therefore we considered the range from 5 to 40 

seconds in our analyses. 

  

Figure 27 GSR in SA (5s-55s) 

The time range from 5s to 40s (see Figure 28) was selected as a primary period to 

investigate the participants’ physiological changes in exploring material surface with 

auditory condition feedback. The slopes for average variation are shown in Figure 29, 

which indicate that participants had different emotion change trends under different 

sound conditions. 
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Figure 28 GSR in SA (5s-40s) 

  

Figure 29. The average slope of GSR variations in SA (5s-40s) 

The Friedman analysis of average GSR (from 5s to 40s) with all sound conditions was 

not significant.  

However, the analysis (Friedman) of GSR change slope (from 5s to 40s) with all sound 

conditions was significant (χ2(n=28)=12.536, p=.028). Wilcoxon showed significant 

difference between B3 and B2 (z(28)=-2.414, two-tailed, p=.016), B5 and B2 (z(28)=-
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2.596, two-tailed, p=.009), B7 and B2 (z(28)=-2.733, two-tailed, p=.006), B6 and B5 

(z(28)=-2.330, two-tailed, p=.020). The participant arousal level in B2 and B6 was 

increasing, and was decreasing in B3, B5 and B7. 

 

4.4 Sound received 

The total energy of auditory feedback (sound condition) in the one minute 

“sensorimotor adaptation” (SA) phase was analysed. The average energy from the 5th 

second to the 55th second was divided into 10 time slots of 5 seconds each (see Figure 

30).  

 

Figure 30. Average sound energy in SA (5s-55s) 

The Friedman analysis of sound energy with all sound conditions was significant 

(χ2(n=28)=42. 490, p=0.00). The results of further Wilcoxon analysis showed B4 and 

B2 (z(28)=-3.097, two-tailed, p=.002), B5 and B2 (z(28)=-2.664, two-tailed, p=.008), 

B6 and B2 (z(28)=-2.596, two-tailed, p=.009), B7 and B2 (z(28)=-3.826, two-tailed, 

p=.000), B4 and B3 (z(28)=-3.234, two-tailed, p=.001), B7 and B3 (z(28)=-3.188, two-

tailed, p=.001), B6 and B4 (z(28)=-3.211, two-tailed, p=.001), B7 and B5 (z(28)=-2.004, 
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two-tailed, p=.045), B7 and B6 (z(28)=-2.596, two-tailed, p=.009)were significantly 

different. The Figure 31 showed the average total sound energy in each sound condition.  

  

Figure 31. Average total sound energy 

 

4.5 Pressure of touching 

The total energy of pressure in the one minute “sensorimotor adaptation” (SA) phase 

was computed. There was no significant difference in all sound conditions, Friedman 

p>0.1. There was close to significant difference in Sound 2, 3, 4 conditions, Friedman 

χ2(n=28)=5.214, p=.074. Further analysis using Wilcoxon was close to significant 

difference between B3 and B2 (z(28)=-1.913, two-tailed, p=.056). Participants exert 

more pressure in B2 than in B3. There was no significant difference in Sound 5, 6, 7 

conditions, Friedman p>0.1. 
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Figure 32. Average pressure energy 

Regarding the analysis of the Piezo Energy, we used the baseline to calculate the 

percentage Energy_5-55s * 100/baseline. Then ratio were transformed to standardized 

values(z-scores). There was a significant difference in all sound conditions, Friedman 

χ2(n=28)=19.327, p=.002. And was a significant difference in Sound 2, 3, 4 conditions, 

Friedman χ2(n=28)=4.071, p=.016. There was a significant difference in Sound 5, 6, 7, 

Friedman χ2(n=28)=11.143, p=.000. The results of further Wilcoxon analysis showed 

significant difference between B7 and B5 (z(28)=-2.323, two-tailed, p=.020), and was 

close to significance between B6 and B5 (z(28)=-1.617, two-tailed, p=.106).  

 

4.6 Correlations within all variables 

Spearman’s correlation analyses were conducted within all subject feedbacks, 

movements, GSR, pressure, and output sound in all blocks. Some project related results 

are summarized below (for complete correlation tables and other significant results see 

Appendix 11).  
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There were significant negative correlations between Pleasure and Smoothness for half 

of the sounds (B2, B3 and B7): B2, r(28) =-.710, p=.000, B3, r(28)=-.476, p=.010, and 

B7, r(28)=-.415, p=.028, the perceived increased smoothness the less pleasure (see 

Figure 33). 

 

Figure 33. Correlations between Pleasure and Smoothness 

There were significant positive correlations between Arousal and Difficulty also for half 

of the sounds (B3, B4 and B7): B3, r(28)=.521, p=.004, B4, r(28)=.396, p=.037, and B7, 

r(28)=.504, p=.006, the more difficult more aroused (see Figure 34). 
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Figure 34. Correlations between Arousal and Difficulty 

There were significant positive correlations between Soft and Warm for the sound B2, 

r(28)=.515, p=.005, and B4, r(28)=.470, p=.012, the perceived softer the perceived 

warmer (see Figure 35). 

 

Figure 35. Correlations between Soft and Warmness 

There was a significant negative correlation between Pleasure and Soft for the sound B5, 

r(28)=-.422, p=.025, the perceived harder the less pleasure (see Figure 36). 
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Figure 36. Correlation between Pleasure and Soft 

There was a significant negative correlation between Arousal and Soft for the sound B3, 

r(28)= -.381, p=.045, the perceived harder the less arousal (see Figure 37). 

  

Figure 37. Correlation between Arousal and Soft 

There was a significant negative correlation between average post SA Velocity (finger 

movement) and perceived Difficulty for the sound B4, r(28)= -.386, p=.042, the more 

difficult the lower speed of finger movement (see Figure 38). 
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Figure 38. Correlation between Velocity and Difficulty 

There was a significant negative correlation between average post SA Velocity (finger 

movement) and perceived warmness for the sound B6, r(28)= -.477, p=.010, the 

perceived colder the lower finger movement (see Figure 39). 

  

Figure 39. Correlation between Velocity and Warm 
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There was a significant positive correlation between average GSR (ratio to the baseline) 

in SA and perceived warmness for the sound B3, r(28)= .396, p=.037, the colder the 

higher GSR (see Figure 40). 

 

Figure 40. Correlation between average GSR and Warmness 

There were significant positive correlations between sound energy received in SA and 

perceived arousal for the sound B6, r(28)=.393, p=.039, and B7, r(28)=.415, p=.028, the 

louder sound feedback the higher emotion arousal (see Figure 41). 

  

Figure 41. Correlations between sound energy and Arousal 
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There was a significant negative correlation between average GSR changes (ratio to the 

baseline) and sound energy received in SA for the sound condition B4, r(28)= -.466, 

p=.012, the more sound energy the smaller GSR changes in SA (see Figure 42). 

  
Figure 42. Correlation between average GSR and sound energy 

There was close to significant negative correlation between average GSR changes (ratio 

to the baseline) in SA and average post SA Velocity (finger movement) for the sound 

B6, r(28)= -.320, p=.097, the bigger GSR changes in SA the lower movement speed in 

post SA (see Figure 43). 

  
Figure 43. Correlation between average GSR and Velocity  
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Chapter 5: Discussion 

This chapter discusses the critical findings of the research with related previous study 

and works, justifies the hypotheses of this study with supporting reasons, along with the 

discussion of the limitations, and suggests possible extension research in this field. 

5.1 Discussion of findings 

We believed that using sonic interactive system we designed is possible to explore the 

interaction of sound, behaviour and emotion. The methodology described above was 

rapid developed, flexible, easy to adapt, and also can be extended to other related 

researches. Although there were some limitations, it was still an efficient and effective 

way to verify our hypotheses which were the modified auditory cues can change 

people's way of interacting with the surface, as well as material perception and emotions. 

The first hypothesis (H1) was that the behaviour, such as the velocity of movement 

and distance travelled, the pressure press on the surface, will be influenced by 

auditory cues.  

The results found in this study confirmed with previous studies about the relationships 

of auditory perception and behaviour. However, most of previous studies mainly 

focused on the whole body exercise (rowing, running) , which indicated that real-time 

sonification can improve the athletes’ performance (Bolíbar & Bresin, 2012; Fortmann 

et al., 2012; Schaffert, Mattes, & Effenberg, 2010). Apart from the whole body 

movements study, the precise control experiments (drawing trajectories, tracking 

exercise) also showed that continuous acoustic feedback can improve performance 

(Rosati et al., 2012). Different with them, our study were only ram movement with 

relative slow speed in simple tasks. The participants in this study moved slower in one 

altered auditory feedback condition which had lowest loudness among all conditions. 
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The different task requirements (rhythm and speed oriented task, or accurate arm 

movement task) might be responsible for these different effects. Sound feedback made 

people concentrate on the behaviour to the requirement of accurate distance. In general, 

the real-time and continuous auditory cues can be used as an extra calibration for better 

behaviour control. 

Moreover, the different types of auditory cues can influence behaviour differently. The 

two different source sounds may be related to two types of texture stimuli, the grooved 

and raised dots surface. In both groups, middle resampling resulted in exceptional 

movement, either maximum or minimum speed. This finding may be similar to the 

variation trend in Yerkes–Dodson law which is an empirical relationship between users’ 

arousal and their performance. The movement increases and then decreases with higher 

levels of sound sampling rates in grooved sound; the movement decreases and then 

increases with lower levels of sound sampling rates in dots sound.  

The study also found that the auditory feedback can make participants exert different 

pressure in finger movements. The more pressure in vertical direction, the more 

frictional resistance finger received, and the louder sound feedback created. However, 

the finger movement speed did not increase synchronously. These results revealed that 

the more force exert by participants arm and finger were mainly in vertical direction 

instead of both vertical and horizontal directions. It may predict that the higher loudness 

and total energy sound make user pay more attention on the sound creation than task 

itself, which also support the important perception-action loops in the interaction 

(Leman, 2007). 

The findings of this study indicated a significant relationship between speed and 

material roughness. Lederman (1974) found that the effect of hand speed on the 
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perceived roughness is small (Susan J Lederman, 1974). And there was a negligible 

effect between perceived roughness and stimulus velocity (Susan J Lederman, 1983). 

The horizontal force drives the finger movement, and the forth in this direction does 

have effect on physical contact to generate vibration for surface perception. 

 

The second hypothesis (H2) was that the material perception and the judgement of 

texture will be affected by auditory cues. 

Previous researches indicated that perceived roughness of a surface depended on the 

physical contact between the skin and touched surface (Loomis & Lederman, 1986; 

Taylor et al., 1973). The material in this study was always the same, and we only 

changed the real-time altered sound feedback in each experimental block. Finding in our 

study was that both B4 and B7 were perceived rougher than B2 and B5, which showed 

that the presented auditory cues can affect perceived roughness. This result supported 

by “parchment-skin illusion” effect that the tactile roughness judgments can be 

influenced by auditory cues which are generated by bare finger (Jousmäki & Hari, 

1998). And Lederman’s finding that amplifying the touch-produced sounds can cause 

the , raise of the perception of the roughness(S J Lederman et al., 2002). Moreover, 

Rasch (1982) suggested that auditory roughness is related to the tone perception of the 

frequency difference in a dissonant interval (Rasch & Plomp, 1982). We found the 

similar sound parameter spectral centroid of both B4 and B7 were higher than B2 and 

B5.  

In the Jousmaki and Hari (1998)’s “parchment-skin illusion” experiment, the increasing 

frequency and amplitude of the auditory cues enhanced the paper-like feeling (Jousmäki 

& Hari, 1998). In our experiment, B7 had a higher sound resampling rate with higher 
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spectral centroid. It could be explained that participants thought that the material was 

more like paper in condition B7 than other two (B5, B6). Another material, sandpapers 

were also widely used for the examination of roughness and smoothness perception 

(Ekman, Hosman, & Lindstrom, 1965; Minsky & Lederman, 1996). The result of 

perception of sandpaper were the same as the paper, the material perceived more like 

sandpaper in condition B7 than other two (B5, B6). This may resulted from several 

physical characters in common between paper and sandpaper.  

 

The third hypothesis (H3) was that the emotion, from both objective and subjective 

feedback, will be evoked or be changed by auditory cues. 

Hermann (2011) reported that the sonic interactions can potentially influence the 

difficulty of the operation in experiment (Hermann et al., 2011). Participants believed 

that tasks were less difficult in B3 condition than in B4. The B4 had a higher resampling 

rate and lower frequency, higher spectral centroid and lower energy than B3. These 

acoustic characters provided different feedback to user to make them have different 

feeling in control which can be reflected in the perceived task difficulty. 

The qualities of the sounds such as sharpness and naturalness also influenced the 

valence of the users’ feelings and emotions (Hermann et al., 2011). The loudness was 

treated as an proportional influence factor to valence and arousal (Kirke & Miranda, 

2011). Sound and arousal are analogous, the increasing intensity of sound results in an 

increasing corresponding (P J Lang, Bradley, & Cuthbert, 1990; Sokolov, 1958). This 

relationship was verified in B6, B7 conditions, the louder sound feedback the higher 

emotion arousal. However, the participants in this study were more aroused in B4 sound 

condition than in B3. Compare to B3, B4 was higher spectral centroid, lower loudness, 
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and lower total energy. It is contradicted to some previous researches results: the louder 

sound feedback the higher arousal. However, we found that the sound in B6 and B7 also 

had higher spectral centroid than in B5. The reason can be that other qualities such as 

spectral centroid might contribute more influence than loudness in emotion arousal.  

The changes of skin conductance level can reflect situational levels of arousal or 

activation (Qsensor, 2013). GSR change slope showed that there are significant 

differences among these sounds conditions. The highest or lowest frequency sound led 

percipients became relaxed and calm. On the contrary, the middle level frequency sound 

may let participants gradually engage or arouse, which requires increased level of 

emotion, cognition, or brain activity. It may connect to the reason of maximum or 

minimum movement speed in middle level sound condition. 

 

Other correlations between variables 

Apart from the changes caused by the altered auditory cues, some significant 

correlations between measures reveal cross-modal effect and multisensory perception. 

As we know from the neuroscience aspect, the processing of certain emotion and some 

sensory modalities were shared with the same responsible neural network in tactile 

experiences (Gallace & Spence, 2010).  

It is known that perceived coldness of a material is directly related to its thermal 

properties (the rate of heat conducted from the finger when it is in physical contact with 

that material) instead of the object’s temperature. The finding in study was that the 

lower finger movement the perceived colder. Since the wood board’s temperature is 

close the environment temperature, which was lower than human body. The longer 
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contact, the more heat lost from finger. This may account for the reason of colder 

feeling in slow movement.  

 

5.2 Limitations 

It is important to acknowledge that there were several factors from experiment design to 

data analysis may have limitations that could influence the final results. We have dealt 

with most problems in the best way. The limitations discussed here is to show the space 

that the experiment can be improved.  

5.2.1 Experiment design 

The design of this study is intended to find the difference both between pre SA and post 

SA in one sound condition block, and between sound condition blocks. Although pre 

SA can be used to compare with post SA, it had certain inference between blocks. The 

participants received the some feedback from pre SA in each block, and they knew the 

material didn’t change in the SA and post SA followed. In the perception of the material, 

participants might make a judgement based on the feeling in pre SA. Which might let 

they guess that the experimenter didn’t change material and gave same response 

regardless of the feeling in SA and post SA. Nevertheless we find significant results 

between sound conditions. This limitation has be seen from participants’ feedback, three 

participants self-reported that having guessed some of the goals of the experiment, but 

their data was not discarded and was nevertheless used in the final analysis. 

Moreover, the actions participants need to operate in experiment were just move finger 

on material board. This action is very simple and need low mental workload. Based on 

the observation in experiments, we found that participants were very easy to become 
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less interested and less concentrated, especially in the last several experiment blocks. 

Nevertheless we found differences between blocks. 

 

5.2.2 Sound control 

The study was based on a sound-related experiment. A high quality sound equipment 

and sound-attenuated environment are crucial in the whole experiment.  

Firstly, the pressure was transmitted and captured in sounds, and any sound not 

generated from physical touching movement can also be treated as a part of pressure 

which may have interference on the pressure value. The UCLIC Lab is not a sound 

proofed place, many sounds from outside were mixed in our experiment data which 

were very difficult to distinguish and eliminate.  

Secondly, although we have used a pair of a high quality closed headphones with very 

high passive ambient noise attenuation, participant still can hear touching sound slightly 

in pre SA which we expect participant hear nothing. These unexpected real touching 

sounds may have interfered our designed independent variables.  

Thirdly, between each experiment block, the experimenter needed to remove the cover 

of the material board and arrange it properly. These operations cannot guarantee no 

friction, bumping, touching sounds generated accidently, these real sounds from wood 

board may provide some clues which can affect participants’ judgement.  

Lastly, the synthesised sounds were not perfectly pure. The noise research indicated that 

noise even white noise can have influence on people’s perception (Yuika Suzuki et al., 

2008). Some participants reported that the sounds from the headphones have some 



76 
 

noises, such as electric current sound, resounding sound. These noises might have 

influence on their judgement. 

 

5.2.3 Behaviour capture 

There are some limitations in the behaviour capture, which were resulted from the 

equipment and procedure control.  

The Kinect are capable to capture data at a rate of 30 frames per second, which could be 

successful in tracking people’s finger movements in our experiment. However, the 

bottleneck was the frame rate in processing program we used to control Kinect. Without 

high performance computer support, our program can only support up to 6 or 7 frames 

per second. This limitation was largely lower the accuracy of the movement data 

captured, which made participants’ finger movement velocity values less reliable.  

Another problem came from the pressure detection equipment Piezo. The Piezo sensor 

was mounted on the surface of the board with adhesive putty. The fixation was not 

stabile. Nevertheless, the pressure captured was related to the sensitivity of Piezo. The 

operation of installing board might change the connection between Piezo and board. 

The pressure data in the whole experiment cannot be guaranteed to be consistent.  

In addition, the distance we required participants to move as accurately as possible. 

However, the data cannot be used to compare whether the movement accuracy 

improved or not, because we did provide actual 50cm for them as reference. In 

experiment, participants were asked to move 70 times total in about half an hour. The 

muscle memory might be consolidated in these repetition motor tasks. The influence 

from independent variable may be weakened a lot by this kind of procedural memory in 
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later several condition blocks. Although we designed random sequence, this influence 

still cannot be overlooked. 

 

5.2.4 Material perception 

Apart from the procedure and sound attenuation reasons, there were other causes might 

interfere the perception judgment. The finger perception may change over time. For 

example, in the experiment of touching different kinds of material, a cooling curves 

were observed (Schneider & Holcombe, 1991), which was highly correlated with 

subjective coolness initial period of time (Tiest, 2010). We have about 2 or 3 minutes in 

one condition block, percipients might report different perception judgement in different 

period of time in questionnaire. These kinds of results may have different reference 

level, and was difficult to compare and analyse.  

 

5.2.5 Data process 

In addition to the limitations discussed above, there were also some issues related to the 

data processing.  

The pressure of touching the surface was used as an important indicator of the 

participants’ behaviour. This behaviour was driven by the force or energy participant 

exerted. This force was divided into two parts: the vertical force and horizontal force. 

The mechanism of Piezo can only support capturing vertical force, and horizontal force 

represented in movement speed. They were calculated separately. The whole force or 

energy changed with auditory cues was hard to compute. 
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Furthermore, in Kinect data processing, the determining of each movement was not 

very precise. The end positions of each movement were indicated by several short finger 

movements. Ideally, several sets of movements’ data with similar position can be 

identified as the right position. However, participants had different methods to draw 

short mark lines, their range and position varied a lot, which increased the difficulty of 

data processing and also the possible of errors. 

 

5.3 Suggestions for future work 

Three suggestions including sound characters, behaviour types, and HCI applications 

are described for further investigation on this topic in future. Firstly, the auditory cues 

can be described with a series of parameters which represent certain sound character. So 

far, only few sound characters such as frequency, loudness, have been studied in cross-

modal and multisensory. There are more characters worth further research. Secondly, 

the sound and behaviour may have some correspondence, different sound may have 

different influence on different type of behaviour and may get divert results.  Further 

research can focus on the relationship of some particular behaviour and auditory cues. 

Thirdly, just like the example of tactile technology used in everyday life, mobile device 

using vibration mechanism delivering incoming messages and notifications. Future 

research could include application and equipment design of texture perception with 

auditory cures widely applied in HCI design area.  
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Appendices 

Appendix 1. The recruitment letter 
 

Participants needed for a behavioural study (auditory 
and tactile perception): £6 for 50 min 
 
Where: Malet Place Engineering Building 6th floor, UCL 
 
 
What: Our purpose of the study is to investigate how sensory stimulation affects 
our behavior and emotion. In the experiment, you will wear headphones and a 
blindfold. You will be required to touch a surface, whilst listening to touching 
sounds through headphones. You will also be asked to fill in a questionnaire and to 
wear a wrist sensor, which measures the amount of sweat produced at your wrist. 
This procedure is not painful or harmful in any way.  
 
Inclusion criteria (IMPORTANT!): 
 
age 18 to 35 
normal hearing 
normal tactile perception 
no neurological/psychiatric disorder 
 
 
If you are interested and eligible sign up in the hidden DOODLE POLL (link below) 
AND email me (b.liu@ucl.ac.uk) your full name, mobile number and your chosen 
time slot.  
 
You must email me to confirm your slot.  
   
Please follow the link in order to sign up in the Doodle poll: 
http ://doodle . com/nc7sm2vnzhrfex4f 
 
  
Many thanks! 
Bin Liu 
MSc student 
UCL Interaction Centre (UCLIC) 
University College London 
Gower Street, London WC1E 6BT 
Tel: 07955558572 
Email: b.liu@ucl.ac.uk 
   
Supervised by Dr Ana Tajadura-Jiménez 
Tel. +44 (0) 20 7679 0697 (30697) 
Email: a.tajadura@ucl.ac.uk 

 
 

 

 

https://db3prd0112.outlook.com/owa/redir.aspx?C=B4Z3nmXRvEyrS9sHZeQYt4l0axmLatAIKbIklWRPsQWUwHOWV9AKQ5yszP27abSrsp74P6yr3eE.&URL=http%3a%2f%2fe.groupspaces.com%2fclick%2f3djl5-4x6rz-kbhipgnla%3fu%3dhttp%253A%252F%252Fdoodle.com%252Fv6uyqidnp67udbfv
https://db3prd0112.outlook.com/owa/redir.aspx?C=B4Z3nmXRvEyrS9sHZeQYt4l0axmLatAIKbIklWRPsQWUwHOWV9AKQ5yszP27abSrsp74P6yr3eE.&URL=mailto%3ab.liu%40ucl.ac.uk
https://db3prd0112.outlook.com/owa/redir.aspx?C=B4Z3nmXRvEyrS9sHZeQYt4l0axmLatAIKbIklWRPsQWUwHOWV9AKQ5yszP27abSrsp74P6yr3eE.&URL=mailto%3aa.tajadura%40ucl.ac.uk


88 
 

Appendix 2. The information sheet and informed consent form 
 

Information Sheet for Participants in Research Studies 
You will be given a copy of this information sheet. 

 
Title of Project:   The hearing body 

This study has been approved by the UCL 
Research Ethics Committee as Project ID 
Number:  Staff/1213/003 

 
Name, Address and Contact Details of 
Investigators: 
 

 
Bin Liu 
b.liu@ucl.ac.uk, 07955558572 

 
Dr Ana Tajadura (supervisor),  
a.tajadura@ucl.ac.uk, 07772026812 
 
UCL Interaction Centre  
MPEB 8th floor, University College London 
Gower Street, London, WC1E 6BT 

 
We would like to invite you to participate in this research project. You should only participate if 
you want to; choosing not to take part will not disadvantage you in any way. Before you decide 
whether you want to take part, please read the following information carefully and discuss it with 
others if you wish. Ask us if there is anything that is not clear or you would like more 
information.  
 
Our purpose of the study is to investigate how sensory stimulation affects behaviour and 
emotion. During the experimental session, you will wear headphones and a blindfold. You will 
be required to touch a surface, whilst listening to touching sounds through headphones, for 
several stimulation blocks lasting for about 3-5 minutes each. Each block has three phases, in 
which you will be asked to perform the following behavioural tasks. In the first phase you will be 
asked to move your hand a specific distance (50 cm / 19.7 inches) on a material’s surface for 5 
times; in the second phase you will be asked to explore the surface by touching it with your 
hand for approximately 1 minute; in the third phase you will be again asked to move your hand 
a specific distance (50 cm / 19.7 inches) on the surface for 5 times. After each stimulation block 
you will be asked to fill in a questionnaire related to your experience during the experiment. You 
may omit questions that you do not wish to answer. 
 
In addition, you will be asked to wear a wrist sensor. This sensor measures the electrodermal 
activity (EDA), which is the amount of sweat produced at your wrist. This procedure is not 
painful or harmful in any way.  
 
This experiment does not involve any risk for you. In total this session consists of 7 blocks and 
will last about 50 minutes. You will be fully debriefed. You will be paid £6.00 for taking part. 
 
All data will be collected and stored in accordance with the Data Protection Act 1998 and will be 
kept anonymous. Researchers working with me will analyze the data collected. 
 
It is up to you to decide whether or not to take part. If you choose not to participate, you won't 
incur any penalties or lose any benefits to which you might have been entitled. However, if you 
do decide to take part, you will be given this information sheet to keep and asked to sign a 
consent form. Even after agreeing to take part, you can still withdraw at any time and without 
giving a reason.  
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Informed Consent Form for Participants in Research Studies 
(This form is to be completed independently by the participant after reading the Information Sheet 
and/or having listened to an explanation about the research.) 
 
 
 

Title of 
Project:   

The hearing body 

This study has been approved by the UCL Research Et  
Committee as Project ID Number: Staff/1213/003 ________________________________ 

 
 
 
 
 
 
 
 

 
Participant’s Statement 

I  …………………………………………...................................... 
agree that I have 
 
 read the information sheet and/or the project has been explained to me orally; 

 had the opportunity to ask questions and discuss the study; and 

 received satisfactory answers to all my questions or have been advised of an individual to 
contact for answers to pertinent questions about the research and my rights as a participant 
and whom to contact in the event of a research-related injury. 

 I agree to be contacted in the future by UCL researchers who would like to invite me to 
participate in follow-up studies. 

 

 
I understand that I am free to withdraw from the study without penalty if I so wish, and I consent to 
the processing of my personal information for the purposes of this study only and that it will not be 
used for any other purpose. I understand that such information will be treated as strictly 
confidential and handled in accordance with the provisions of the Data Protection Act 1998. 
 

 Signed: Date: 

 
Investigator’s Statement 

I  …………………………………………………………………….. 

confirm that I have carefully explained the purpose of the study to the participant and outlined any 
reasonably foreseeable risks or benefits (where applicable).  
 

 Signed: Date: 
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Appendix 3. The Kinect source code 
 

/* -------------------------------------------------------------------------- 
 * Hands Movement Tracking 
 * -------------------------------------------------------------------------- 
 * Programmer:  Bin LIU 
 * Current Ver 1.0 
 * Date:  06/07/2013 (dd/mm/yyyy) 
 * ---------------------------------------------------------------------------- 
 * This program shows how to track the hands movement  
 * and measures the time and distance between two points. 
 * 
 * Ver 1.0 
 * 1. Modified some comments 
 * 2. Deleted playSound function 
 * 
 * Ver 0.9 
 * 1. Added movement message  
 * 2. Deleted some empty functions 
 * 3. Modified data recording  
 * 
 * Ver 0.8 
 * 1. Added screen message for recording  
 * 
 * Ver 0.7 
 * 1. Added UDP data precess 
 * 2. Added oni recording 
 * 
 * Ver 0.6 
 * 1. Added UDP receiver 
 * 2. Added summary data record 
 * 
 * Ver 0.5  
 * 1. Ported to Processing 2.0 environment 
 * 2. Removed folder selection function 
 * 3. Added UDP sender function 
 * 
 * Ver 0.4 
 * 1. Modified the display method 
 * 2. Modified the tracking detection function 
 * 
 * Ver 0.3 
 * 1. Added data output function 
 * 2. Modified playSound function 
 * 3. Added exit mechanism 
 * 
 * Ver 0.2 
 * 1. Seperate global constant and variables 
 * 2. Modified point detection 
 * 
 * Ver 0.1 
 * 1. Seperate user from background 
 * 2. Basic fucntion of nearest point dection (easy way in my project) 
 * ---------------------------------------------------------------------------- 
 */ 
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import SimpleOpenNI.*; 
import processing.opengl.*; 
import ddf.minim.*; 
import java.util.*; 
import java.text.*; 
import hypermedia.net.*;// import UDP library 
 
/* -------------------------------------------------------------------------- 
 * global constants 
 * -------------------------------------------------------------------------- 
 */ 
int xDisplay = 640;  
int yDisplay = 480; 
// message postion 
int msgX = 10; 
int msgY = 25; 
// folder & file 
String beepSound = "Beep.wav"; 
String dataFolder = "/data"; 
String videoRecord =  "video.oni"; 
// UDP 
int portSend = 7400;    // the send & receive port 
int portDest = 7374;    // the destination port 
//String ip = "localhost";  // the remote IP address 
String ip = "192.168.1.22";  // the remote IP address 
// video record switcher 
boolean recordFlag = false; 
 
/* -------------------------------------------------------------------------- 
 * global variables 
 * -------------------------------------------------------------------------- 
 */ 
SimpleOpenNI kinect; 
boolean tracking = false; 
// data file 
String rFileName = "Data_"; 
//String sFileName = "Summary_"; 
PrintWriter rOutput; 
//PrintWriter sOutput; 
String msgScreen1 = "No user has been detected!"; 
String msgScreen2 = "Off"; 
// media player 
Minim minim; 
AudioSnippet player; 
// define the UDP object 
UDP udp;   
int currentPointx = 0; 
int currentPointy = 0; 
int currentPointz = 0; 
int currentmillis; 
 
/* -------------------------------------------------------------------------- 
 * setup 
 * initialization 
 * -------------------------------------------------------------------------- 
 */ 
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void setup() 
{ 
  kinect = new SimpleOpenNI(this); 
  // enable depthMap generation  
  if(kinect.enableDepth() == false) 
  { 
     println("Can't open the depthMap, maybe the camera is not connected!");  
     exit(); 
     return; 
  } 
  // enable RGBMap generation  
  if(kinect.enableRGB() == false) 
  { 
     println("Can't open the RGBMap, maybe the camera is not connected!");  
     exit(); 
     return; 
  } 
  // disable skeleton generation for all joints 
  kinect.enableUser(SimpleOpenNI.SKEL_PROFILE_NONE); 
 
  size(xDisplay, yDisplay); 
  frameRate(30); 
  textSize(18); 
  //smooth(); 
 
  // open data files 
  rOutput = getDataOutput(rFileName, dataFolder); 
  //sOutput = getDataOutput(sFileName, dataFolder); 
   
  // create a new datagram connection on port 
  udp = new UDP(this, portSend); 
  udp.listen(true); 
   
  if(recordFlag == true) 
  {   
    // setup the recording  
    kinect.enableRecorder(SimpleOpenNI.RECORD_MEDIUM_FILE, videoRecord); 
 
    // select the recording channels 
    //kinect.addNodeToRecording(SimpleOpenNI.NODE_DEPTH, 
SimpleOpenNI.CODEC_16Z_EMB_TABLES); 
    kinect.addNodeToRecording(SimpleOpenNI.NODE_IMAGE, SimpleOpenNI.CODEC_JPEG); 
  } 
} 
 
/* -------------------------------------------------------------------------- 
 * draw 
 * -------------------------------------------------------------------------- 
 */ 
void draw() 
{ 
  int[] userMap; 
  int closestValue = 8000; 
  int closestX = 8000; 
  int closestY = 8000; 
  msgScreen1 = "No user has been detected!"; 
  int temp = 0; // redundant code 
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  background(0); 
  kinect.update(); 
  image(kinect.depthImage(), 0, 0); 
  // get the depth array from the kinect 
  int[] depthValues = kinect.depthMap(); 
 
  if(tracking) 
  { 
    PImage rgbImage = kinect.rgbImage(); 
    //prep color pixels 
    rgbImage.loadPixels(); 
    loadPixels(); 
    PVector[] depthPoints = kinect.depthMapRealWorld(); 
     
    userMap = kinect.getUsersPixels(SimpleOpenNI.USERS_ALL); 
 
    for(int i=0;i<userMap.length;i++) 
    { 
      //if pixel is part of user 
      if(userMap[i] != 0)  
      { 
        // have to add message here 
        msgScreen1 = "User Detected"; 
        // set pixel color 
        pixels[i] = rgbImage.pixels[i];  
        int currentDepthValue = depthValues[i]; 
        // if that pixel is the closest one we've seen so far 
        if(currentDepthValue > 0 && currentDepthValue < closestValue) 
        { 
          // save its value 
          closestValue = currentDepthValue; 
          // and save its position (both X and Y coordinates) 
          closestX = i % xDisplay; 
          closestY = i / xDisplay ; 
          currentPointx =int(depthPoints[i].x); 
          currentPointy =int(depthPoints[i].y); 
          currentPointz =int(depthPoints[i].z); 
        } 
      } 
      temp += userMap[i]; 
    } 
    // redundant code 
    if (temp == 0) tracking = false; 
     
    updatePixels(); 
    // draw a red circle over it, 
    // positioned at the closestX and closestY coordinates 
    fill(255,0,0); 
    ellipse(closestX, closestY, 15, 15); 
    currentmillis = millis(); 
    text("X: "+currentPointx, msgX, msgY * 2);  
    text("Y: "+currentPointy, msgX, msgY * 3); 
    text("Z: "+currentPointz, msgX, msgY * 4); 
    text("Timer: "+currentmillis, msgX, msgY * 5); 
    // save to raw data file 
    rOutput.println(currentmillis + "," + currentPointx + "," + currentPointy + "," + currentPointz); 
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    rOutput.flush(); 
    // send out x value 
    udpSendint(currentPointx); 
  } 
 
  // Screen message 
  text(msgScreen1, msgX, msgY); 
  text(msgScreen2, msgX, msgY * 19); 
} 
 
/* -------------------------------------------------------------------------- 
 * onNewUser 
 * when a person ('user') enters the field of view 
 * -------------------------------------------------------------------------- 
 */ 
void onNewUser(int uID) 
{ 
  tracking = true; 
  println("New User Detected - userId: " + uID); 
  //msgScreen1 = "User Detected"; 
} 
 
/* -------------------------------------------------------------------------- 
 * onLostUser 
 * when a person ('user') leaves the field of view 
 * not sensitive! delay! 
 * have to add some redundant code to test tracking 
 * -------------------------------------------------------------------------- 
 */ 
void onLostUser(int uID) 
{ 
  println("User Lost - userId: " + uID); 
  //msgScreen2 = "Off"; 
  //tracking = false; 
} 
 
/* -------------------------------------------------------------------------- 
 * getDataOutput 
 * set files to stored data 
 * -------------------------------------------------------------------------- 
 */ 
PrintWriter getDataOutput(String filename, String foldername) 
{ 
  Date nowDate; 
  DateFormat dfm = new SimpleDateFormat("yyyyMMdd_HHmmss"); 
  nowDate = new Date(); 
  filename += dfm.format(nowDate) + ".data"; 
  filename = foldername +"/" + filename; 
  return createWriter(filename); 
} 
 
/* -------------------------------------------------------------------------- 
 * udpDataSend 
 * send out an integer data to Max/MSP 
 * -------------------------------------------------------------------------- 
 */ 
void udpSendint(int number) 
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{ 
  byte[] buffer = new byte[12]; 
  buffer[0] = byte('i'); 
  buffer[1] = byte('n'); 
  buffer[2] = byte('t'); 
  buffer[3] = byte(0); 
  buffer[4] = 0x2c; 
  buffer[5] = byte('i'); 
  buffer[6] = 0x0; 
  buffer[7] = 0x0; 
  buffer[8] = byte((number >> 24) & 0xFF); 
  buffer[9] = byte((number >> 16) & 0xFF); 
  buffer[10] = byte((number >> 8) & 0xFF);  
  buffer[11] = byte(number & 0xFF); 
 
  // send the message 
  udp.send(buffer, ip, portDest);   
} 
 
/* -------------------------------------------------------------------------- 
 * receive 
 * interpret an integer data from Max/MSP  
 * -------------------------------------------------------------------------- 
 */ 
void receive( byte[] data, String ip, int port ) 
{ 
  if(tracking) 
  { 
    int temp = data.length; 
    if (12 == data.length){ 
      if (data[0] == byte('i')){ 
        if (data[1] == byte('n')){ 
          if (data[2] == byte('t')){ 
            if (data[3] == byte(0)){ 
              int number = int(data[11]); 
              switch(number) 
              { 
              case 0: 
                println("0"); 
                rOutput.println("========= Block  End ========="); 
                rOutput.flush(); 
                break; 
              case 1: 
              case 2: 
              case 3: 
              case 4: 
              case 5: 
              case 6: 
              case 7: 
                rOutput.println("========= Block No." + number + " ========="); 
                rOutput.flush(); 
                msgScreen2 = "Block No." + number; 
                break; 
              case 11: 
                rOutput.println("========== Phase  1 =========="); 
                rOutput.flush(); 
                msgScreen2 += " ->P1"; 
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                break; 
              case 12: 
                rOutput.println("========== Phase  2 =========="); 
                rOutput.flush(); 
                msgScreen2 += " ->P2"; 
                break; 
              case 13: 
                rOutput.println("========== Phase  3 =========="); 
                rOutput.flush(); 
                msgScreen2 += " ->P3"; 
                break; 
              case 33: 
                rOutput.println("...... Start a movement ......"); 
                rOutput.flush(); 
                break; 
              case 101: 
                rOutput.println("S <--"); 
                rOutput.flush(); 
                break; 
              case 102: 
                rOutput.println("--> E"); 
                rOutput.flush(); 
                break; 
              } 
            } 
          } 
        } 
      } 
    } 
  } 
} 
 
/* -------------------------------------------------------------------------- 
 * exit 
 * close data files 
 * -------------------------------------------------------------------------- 
 */ 
void exit() 
{ 
  // Writes the remaining data to the files and finishes the file 
  if (rOutput != null) 
  { 
    rOutput.flush();  
    rOutput.close();  
  } 
  super.exit(); 
} 
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Appendix 4. The Max/MSP patch 
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Appendix 5. The questionnaires 
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Appendix 6. The sound descriptors (an example) 
 

Sound 2: 
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Appendix 7. The Matlab source code for sound processing 
 

function RESULT_audio = Audio_data 
%Audio_data is a function of extracting data from the piezo  
%input sound file. 
%The file name was started with blocks number and followed 
%by '_sound_2.aiff' 
  
close ALL 
  
threshhold = 10; % maximum value of background noise  
RESULT_audio = []; 
  
for j = 1:7 
    %input audio file 
    [x,Fs,NBITS,CHUNKDATA] = 
aiffread(strcat(num2str(j),'_sound_2.aiff')); 
  
    %select channel one 
    x=x(:,1); 
  
    %find start point in the file 
    markers=find(abs(x)>threshhold); 
    start=markers(1)+1; 
    x(1:start,:)=[]; 
  
    %N = length(x); %check how long is the file to calculate time 
variable 
    %t = linspace(0, N/Fs, N); %time variable 
    %plot(t, abs(x)); 
  
    temp = abs(x(0.5*Fs+1:1.5*Fs)); 
    temp(temp(:,1)<threshhold,:)=[]; 
    RESULT_audio_ts = mean(temp); 
     
    for i = 1:10 
        temp = abs(x(i*5*Fs+1:(i+1)*5*Fs)); 
        temp(temp(:,1)<threshhold,:)=[]; 
        RESULT_audio_ts=[RESULT_audio_ts; mean(temp)]; 
        %RESULT_audio=[RESULT_audio; 
mean(abs(x(i*5*Fs+1:(i+1)*5*Fs)))]; 
    end 
  
    RESULT_audio = [RESULT_audio, RESULT_audio_ts]; 
end 
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Appendix 8. The Matlab source code for GSR processing 
 

function GSR_RESULT=GSR_analysis (filename)  
%GSR_analysis is a function of extracting data from the GSR file. 
% 
%In readtext funtion file, the replacement empty value should  
%be changed from 0 to 999. 
  
GSR_RESULT=[]; 
color=['k','b','r','c','g','m','y']; 
  
%read file in string format to extract the sampling rage 
[a,b]= readtext(filename); 
  
%determine sampling rate 
column1=a(:,1); 
temp=column1{5}; 
Fs=str2num(temp(16:end)); %this is the sampling rate 
  
%read file in number format to extract GSR 
[a,b]= readtext(filename, '[,\t]', '#', '"', 'numeric-empty2zero'); 
[c,d]= readtext('GSR_point.txt', '[,\t]', '#', '"', 'numeric-
empty2zero'); 
  
%GSR vector 
GSR=a(9:end,6); 
  
%time vector (in seconds) 
N = length(GSR); 
t = linspace(0, N/Fs, N); 
t=t'; 
  
%find markers in the file 
markers=find(GSR==999); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for j = 1:7 
    start=markers(c(j,2))+Fs; 
    if c(j,3)==0 
        finish=start+60*Fs; 
    else 
        finish=markers(c(j,3))-Fs; 
    end 
  
    % eliminate outlier and make the wave to be more smooth 
    for i = start:finish 
        %if ((abs(GSR(i)-GSR(i+1))/GSR(i))>0.06) | (abs((GSR(i)-
GSR(i+2))/GSR(i))>0.08) | (abs((GSR(i)-GSR(i+3))/GSR(i))>0.1) 
        if (((GSR(i)-GSR(i+1))/GSR(i))>0.06) | (((GSR(i)-
GSR(i+2))/GSR(i))>0.08) | (((GSR(i)-GSR(i+3))/GSR(i))>0.1) 
           GSR(i+1)=GSR(i);  
        end 
    end 
  
    time_block1=t(start:finish)-t(start); 
    block1=[time_block1 GSR(start:finish)];  
    plot(time_block1,GSR(start:finish),color(j)), hold on 
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    phase2_base=block1(0.5*Fs+1:1.5*Fs,:); 
    GSR_RESULT_ts=mean(phase2_base(:,2)); 
     
    for k = 1:10 
        phase2_2=block1(k*5*Fs+1:(k+1)*5*Fs,:); 
        GSR_RESULT_ts=[GSR_RESULT_ts; mean(phase2_2(:,2))]; 
    end 
     
    GSR_RESULT(:,c(j,1))= GSR_RESULT_ts; 
end 
  
legend(num2str(c(:,1))), hold off 
%legend('1','2','3','4','5','6','7'), hold off 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix 9. The Matlab source code for sound & pressure energy calculation 
 

function Energy_audio = Energy_data 
%Energy_data is a function of extracting data from the piezo  
%input sound files and audio output sound files. 
%The files name were started with blocks number and followed 
%by '_sound_2.aiff' or '_piezo_2.aiff'. 
  
close ALL 
Energy_audio = []; 
  
for j = 1:7 
    %input audio file 
    [x,Fs,NBITS,CHUNKDATA] = 
aiffread(strcat(num2str(j),'_sound_2.aiff')); 
    %[x,Fs,NBITS,CHUNKDATA] = 
aiffread(strcat(num2str(j),'_piezo_2.aiff')); 
  
    %select channel one 
    x=x(:,1); 
     
%     x=x(5*Fs:55*Fs,1); 
%     Energy_audio_ts = sum(x.^2); 
     
   temp = x(0.5*Fs+1:1.5*Fs); 
   Energy_audio_ts = sum(temp.^2); 
   for i = 1:10 
       temp = x(i*5*Fs+1:(i+1)*5*Fs); 
       Energy_audio_ts=[Energy_audio_ts; sum(temp.^2)]; 
   end 
  
   Energy_audio = [Energy_audio, Energy_audio_ts]; 
end 
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Appendix 10. The participants information 
 

Ppt# Age(year) Gender Arm Length (cm) Sound session sequence 
P1 28 Female 69 1247536 
P2 23 Male 82 1724365 
P3 21 Female 66 1742653 
P4 24 Male 72 1236475 
P5 26 Female 65 1352746 
P6 24 Female 70 1623475 
P7 23 Female 70 1265374 
P8 23 Female 63 1572634 
P9 21 Female 69 1264537 
P10 23 Female 71 1457623 
P11 35 Male 79 1762453 
P12 34 Female 77 1245673 
P13 21 Female 68 1453627 
P14 27 Female 76 1624735 
P15 24 Female 75 1546372 
P16 22 Female 65 1257346 
P17 25 Female 72 1724635 
P18 28 Female 79 1427563 
P19 24 Female 69 1437265 
P20 23 Female 68 1374562 
P21 34 Male 73 1674523 
P22 25 Male 69 1274635 
P23 19 Male 80 1475236 
P24 22 Male 78 1562374 
P25 26 Female 72 1275364 
P26 20 Female 68 1625743 
P27 23 Male 72 1357246 
P28 25 Male 76 1643572 
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Appendix 11. The correlation tables of subjective feedback 
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In block 2, significant correlation between Pleasure and Smooth, r(28) =-.710, p=.000, 

Difficulty and Wood, r(28)=-.386, p=.043, Smooth and Sandpaper, r(28)=.448, p=.017, 

Soft and Warm, r(28)=.515, p=.005, Soft and Paper, r(28)=.493, p=.008, soft and wood, 

r(28)=.507, p=.006, Soft and foam, r(28)=-.385, p=.043 were found. 

In block 3, significant correlation between Arousal and Difficulty r(28)=.521, p=.004, 

Arousal and Soft, r(28)=-.381, p=.045, Arousal and Wood, r(28)=-.395, p=.037, 

Pleasure and Smooth, r(28)=-.476, p=.010, Difficulty and Sandpaper, r(28)=.464, 

p=.013, Smooth and Metal, r(28)=.392, p=.039, Soft and Wood, r(28)=.581, p=.001, 

Soft and metal, r(28)=-.380, p=.046,, Soft- textile, r(28)=-.403, p=.034, Soft and Glass, 

r(28)=-.417, p=.027, Warm and Glass, r(28)=-.441, p=.019 were found. 

In block 4, significant correlation Velocity and difficulty, r(28)=-.386, p=.042, Arousal 

and difficulty, r(28)=.396, p=.037, Difficulty and Sandpaper, r(28)=.501, p=.007, 

Smooth and paper, r(28)=.378, p=.047, Soft and Warm, r(28)=.470, p=.012, Soft and 

Textile, r(28)=-.634, p=.000, Soft- wood, r(28)=.396, p=.037, Soft-Foam, r(28)=-.446, 

p=.017, Warm and Sandpaper, r(28)=-.409, p=.031 were found. 

In block 5, significant correlation between Pleasure and soft, r(28)=-.422, p=.025, 

Smooth and Sandpaper, r(28)=.431, p=.022, Soft and wood, r(28)=.596, p=.001, Soft 

and Paper, r(28)=-.427, .024, Warm –Metal, r(28)=.384, p=.044 were found. 

In block 6, significant correlation between Velocity and Warm, r(28)=-.477, p=.010, 

Pleasure and Metal, r(28)=-.387, p=.042, Pleasure and Glass, r(28)=-.389, p=.041, 

Difficulty and Wood, r(28)=-.398, p=.036, Difficulty and Cardboard, r(28)=.414, 

p=.029, Soft and Textile, r(28)=-.448, p=.017, Soft and Sandpaper, r(28)=-.606, p=.001, 

Soft and Foam, r(28)=-.596, p=.001, Warm and Wood, r(28)=-.463, p=.013 were found. 

In block 7, significant correlation between Pleasure and Smooth, r(28)=-.415, p=.028,  

Arousal and Difficulty, r(28)=.504, p=.006, Difficulty and Wood, r(28)=-.451, p=.016, 

Smooth and Sandpaper, r(28)=.396, p=.037, Soft and Warm, r(28)=.442, p=.0.19, Soft 

and Sandpaper, r(28)=.434, p=.021 were found. 
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Appendix 12. The ratings of material perception 
 
B2: 

 Mean Std. Deviation Minimum Maximum 

B2_Paper 1.86 1.177 1 4 

B2_Metal 1.93 1.609 1 7 

B2_Textile 1.75 1.456 1 6 

B2_Sandpaper 1.89 1.370 1 6 

B2_Glass 1.71 1.213 1 5 

B2_Wood 4.71 2.275 1 7 

B2_Foam 1.86 1.604 1 7 

B2_Cardboard 2.21 1.572 1 7 

 
B3: 

 Mean Std. Deviation Minimum Maximum 

B3_Paper 1.68 .905 1 4 

B3_Metal 2.50 2.028 1 7 

B3_Textile 1.50 .923 1 5 

B3_Sandpaper 1.68 1.156 1 5 

B3_Glass 2.07 1.654 1 6 

B3_Wood 4.43 2.201 1 7 

B3_Foam 1.46 1.071 1 5 

B3_Cardboard 2.29 1.718 1 7 
 
B4: 

 Mean Std. Deviation Minimum Maximum 

B4_Paper 1.79 1.134 1 5 

B4_Metal 2.32 1.964 1 7 

B4_Textile 1.64 1.193 1 5 

B4_Sandpaper 1.79 1.197 1 5 

B4_Glass 2.11 1.873 1 7 

B4_Wood 4.36 2.041 1 7 

B4_Foam 1.64 1.254 1 5 

B4_Cardboard 2.43 1.731 1 6 



115 
 

 
B5: 

 Mean Std. Deviation Minimum Maximum 

B5_Paper 1.57 .836 1 4 

B5_Metal 2.39 2.149 1 7 

B5_Textile 1.75 1.323 1 6 

B5_Sandpaper 1.68 1.090 1 5 

B5_Glass 2.04 1.503 1 6 

B5_Wood 4.46 2.045 1 7 

B5_Foam 1.57 .959 1 4 

B5_Cardboard 2.21 1.475 1 6 
 
B6: 

 Mean Std. Deviation Minimum Maximum 

B6_Paper 1.82 1.156 1 5 

B6_Metal 2.25 1.956 1 7 

B6_Textile 1.64 1.224 1 6 

B6_Sandpaper 1.86 1.433 1 6 

B6_Glass 2.21 1.729 1 6 

B6_Wood 4.36 2.231 1 7 

B6_Foam 1.89 1.548 1 6 

B6_Cardboard 2.54 1.732 1 6 

 
B7: 

 Mean Std. Deviation Minimum Maximum 

B7_Paper 2.46 1.644 1 7 

B7_Metal 1.96 1.710 1 7 

B7_Textile 1.79 1.134 1 5 

B7_Sandpaper 2.61 1.833 1 6 

B7_Glass 1.82 1.362 1 7 

B7_Wood 4.50 2.117 1 7 

B7_Foam 1.71 1.182 1 5 

B7_Cardboard 2.89 1.833 1 7 
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Appendix 13. The summary of findings (significance in statistics) 
 

Findings (significant results or trends):  

• Participants move faster at speed of 313.2mm/s (SD=164.1) in block 6 in phase 1, 

than those movement of 293.6mm/s (SD=158.7) in phase 3. 

• Comparison of average movement speed in post SA in these six sessions: 

o For the sound 1, middle resampling and frequency sound feedback resulted 

in the fastest movements.  

o While in the sound 2, lowpass filter frequency and middle resampling sound 

frequency sound feedback resulted in the slowest movements. 

• Participants were more aroused in B4 sound condition than in B3. 

• Participants believed that tasks were less difficult in B3 condition than in B4. 

• Participants felt material was rougher in B4 condition than in B2; participants felt 

that the material was rougher in B7 condition than in B5. 

• Participant believed that material was harder in B3 than other two sound conditions 

(B2, B4). 

• Participants believed that material was warmer in B2 condition than in B4. 

• Participants thought that the material was more like paper in condition B7 than other 

two (B5, B6). 

• Participants thought that the material was more like sandpaper in condition B7 than 

other two (B5, B6). 

• In comparing the Block 7 and 5 (B7-B5), if Participant felt that the perceived 

material was softer, they got more feeling of warmer. 

• GSR change slope showed that there are significant difference between B2 and B3, 

B5 and B2, B7 and B2, B5 and B6. The participant arousal level in B2 and B6 was 

increasing, and was decreasing in B3, B5 and B7. 

• Sound energy with all sound conditions was significant. 

• Participant press more pressure in B2 than in B3. 
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Significant correlations between measures 

• In the sounds (B2, B3 and B7): the perceived smoother the less pleasure. 

• In the sounds (B3, B4 and B7): the more difficult more aroused. 

• In the sounds (B2, B4): the perceived softer the perceived warmer. 

• In B5, the perceived harder the less pleasure. 

• In B3, the perceived harder the less arousal. 

• In B4, the more difficult the lower speed of finger movement. 

• In B6, the perceived colder the lower finger movement. 

• In B3, the colder the higher GSR. 

• In the sounds (B6, B7): the louder sound feedback the higher emotion arousal. 

• In B4, the more sound energy the smaller GSR changes in SA. 

• In B6, the bigger GSR changes in SA the lower movement speed in post SA 
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