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1. General Introduction 

Feeling the world by touch is a complex process. When we explore objects with 

our hands, sensory receptors respond to the different forces on our skin, such as 

vibration, pressure, or friction. This information is transmitted and processed along 

the somatosensory pathway of our nervous system, and these simple inputs are 

integrated to provide us with a rich, unified experience of our interactions with the 

object or surface we are exploring. Touch is often not a passive, static experience. 

In our everyday life, we perform different actions to extract tactile information 

from the world: we stroke a piece of clothing to appreciate its fabric, we push on 

materials to feel their softness, we trace the edges of an object to recognize its 

shape. This further complexifies touch, as somatosensory inputs arising from the 

skin-surface contact are also integrated with motor signals guiding our actions to 

perceive the environment by touch, as well as with proprioceptive inputs informing 

us about the position of our body in the external space relative to the position of 

the object or surface we are exploring. Tactile experiences are also often 

accompanied by signals from other sensory modalities, such as sound: we hear the 

sounds elicited by stroking a surface, or the transient sounds elicited when briefly 

contacting the edges of an object we are interacting with. 

In the neuroscientific literature, relatively little is known about the cortical 

mechanisms that underly such complex multisensory experiences in conditions of 

active touch. How are inputs from touch and sound integrated when we actively 

explore a texture? How do transient sounds elicited by transient contacts between 

the skin and an object help us locate it? Scalp electroencephalography (EEG) is a 

non-invasive neurophysiological technique allowing to study cortical processes 

with high temporal fidelity, making it a good candidate to assess how brain 

responses to a given stimulation evolve over a small, sub-second time scale, 
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allowing us to investigate the temporal dynamics of processing of sensory inputs 

arising from multisensory active tactile experiences. Although EEG has poor spatial 

resolution, the fact that the primary somatosensory cortex (S1) is somatotopically 

organized, that is, each body part is represented within S1 within anatomically-

defined regions, allows us to disentangle whether a sensory stimulus is processed 

early within the cortical somatosensory hierarchy, or within higher order 

multisensory areas. Indeed, if processing of a sensory stimulus mainly involves S1, 

the distribution of responses over the scalp would differ when the same stimulus is 

applied to the hand or to a different body location.  

This doctoral thesis aimed to develop and validate three neuroscientific 

approaches to study auditory-tactile interactions in conditions of active, dynamic 

touch, focusing on perception and processing of edges and textures: psychophysics 

(Chapter 2), EEG frequency-tagging (Chapter 3), and recording of EEG event-related 

potentials (Chapter 4). 

Chapter 1 will provide an overview of the relevant theoretical background. 

First, it will introduce the somatosensory system, focusing on the interplay of the 

sensory receptors involved in active tactile sensing and the hierarchical processing 

of tactile and proprioceptive inputs along the somatosensory axis. Next, the 

Chapter will delve deeper into processes that are specific to active tactile sensing, 

including sensorimotor control, gating of somatosensory signals, and integration of 

proprioceptive and tactile inputs during active tactile exploration. Then, the 

Chapter will specifically introduce the neuroscientific evidence for interactions 

between the auditory and tactile modalities, and the candidate techniques to 

investigate such interactions in conditions of active touch both behaviorally using 

psychophysics and at the cortical level using scalp EEG. Lastly, the Chapter will 
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introduce the aims and objectives of this doctoral thesis, and outline the 

experimental work implemented to meet such aims. 

In Chapters 2, 3, and 4, the experimental work carried out during this doctoral 

thesis will be presented in detail, including the addressed questions, hypotheses, 

methodological approaches, and discussion of the results. Chapter 2 will present a 

psychophysical experiment in which we investigated auditory-tactile interactions in 

the context of localization of edge-like tactile stimuli in conditions of active touch. 

Chapter 3 will present an EEG experiment in which we investigated the role of S1 in 

processing fine-grained changes in vibrational patterns distinguishing different 

vibrotactile textures, in conditions of passive touch. Chapter 4 will present an EEG 

experiment in which we investigated time-locked responses to edge-like tactile 

stimuli in conditions of active touch. 

Chapter 5 will summarize and briefly discuss the experimental work reported 

in the previous chapters and the possible future applications of the techniques 

validated during this project for the study of the cortical mechanisms of audio-

tactile integration in conditions of active, dynamic touch. Lastly, the Chapter will 

critically evaluate the stimulation platforms that are currently available to 

investigate such questions, their advantages and disadvantages, and provide 

insights on the technical needs for a robust, systematic investigation of such 

processes using EEG techniques. 
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2. The somatosensory system 

2.1. Sensory receptors  

The sense of touch arises from the synergetic activity of sensory receptors 

located both within the skin and within deeper tissue structures, such as muscles, 

tendons, and joints. Such sensory receptors include skin mechanoreceptors, and 

joint, muscle, and tendon proprioceptors. Skin mechanoreceptors are located both 

within glabrous and hairy skin, and they convey exteroceptive mechanical 

information (i.e. coming from an external source), specifically mechanical skin 

deformations. Proprioceptors convey, as the name suggests, proprioceptive 

information, that is, information about the position of the body in the external 

space. The interplay between mechanosensation and proprioception is especially 

relevant to haptic experiences involving active, dynamic touch, as will be discussed 

in the next sections. Below, the main classes of skin mechanoreceptors and 

proprioceptors, and their functions, are described. 

2.1.1. Skin mechanoreceptors 

Tactile sensations including shape, texture, vibration, and object size are 

rendered by mechanical deformations of the skin, which activate specialized 

sensory receptors in the skin. These receptors are collectively known as skin 

mechanoreceptors, and are classified on the basis of the rate of adaptation and 

receptive field size of the afferent fibers that innervate them. Slowly-adapting 

mechanoreceptors type 1 (SA1) and slowly-adapting mechanoreceptors type 2 

(SA2) both display sustained responses during mechanical skin deformations. On 

the contrary, rapidly-adapting mechanoreceptors type 1 (RA1) and rapidly-adapting 

mechanoreceptors type 2 (RA2) respond to transient changes in the rate of skin 

indentation or changes in the rate of the forces applied to the skin, respectively 
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(Delhaye et al., 2018; Johnson, 2001; Jones and Smith, 2014; ten Donkelaar et al., 

2020). The type 1 vs. type 2 classification distinguishes the size of the innervating 

fibers’ receptive fields, with type 1 having small receptive fields and type 2 having 

larger receptive fields. RA1 fibers are thought to innervate Meissner’s corpuscles, 

RA2 fibers to innervate Pacinian corpuscles, SA1 fibers to innervate Merkel’s disks, 

and SA2 fibers to innervate Ruffini corpuscles (Figure 1) (Johansson and Vallbo, 

1979; Johnson, 2001; Jones and Smith, 2014; Vallbo and Johansson, 1984). 

However, besides Pacinian corpuscles, which have been well characterized thanks 

to their very large size, the exact association between mechanoreceptor 

morphology and afferent fiber is still debated (Jones and Smith, 2014).  

 

Figure 1. Skin mechanoreceptors within the hand. Different classes of skin mechanoreceptors are 

located at different depths within the skin (A) and differ in terms of their receptive field size and rate 

of adaptation (B), with type 1 receptors having small receptive fields and type 2 receptors having large 

receptive fields, while RA receptors respond to the onset and offset of stimulation and SA receptors 

display sustained responses. Type 1 receptors innervate the skin more densely at the fingertip than 

type 2 receptors, which display more uniform distribution throughout the hand. From Delhaye et al. 

(2018). 

With regard to encoding of vibration, tactile fibers display time-locked 

responses to the frequency of vibratory stimuli, with SA1 fibers responding to 
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frequencies up to 5 Hz, RA2 being most sensitive to frequencies of around 250 Hz, 

and RA1 fibers responding to intermediate frequencies (Delhaye et al., 2018; Talbot 

et al., 1968). Due to their response properties, different classes of 

mechanoreceptors encode different aspects of textures. For instance, local skin 

deformations elicited by coarse textures such as Braille-dots activate SA1 (and RA1) 

fibers, which mediate encoding of such textures via a spatial code (Harvey et al., 

2013; Weber et al., 2013). Similarly, the peripheral encoding of shape is given by 

the spatial pattern of activation of cutaneous mechanoreceptors (Khalsa et al., 

1998; LaMotte and Srinivasan, 1996). On the other hand, encoding of fine textures 

such as sandpapers requires movement of the surface against the skin (Hollins and 

Risner, 2000). RA1 fibers are particularly implicated in the detection of skin motion 

and encode object slip and sudden changes in forces acting on the skin, thus also 

highlighting their important role in texture perception as well as grip control 

(Johnson, 2001). During exploration of fine textures, the skin vibrations elicited by 

dynamic skin-surface interactions activate RA1 and RA2 fibers, whose activity 

reliably reflects the properties of fine textures at the millisecond scale (Mackevicius 

et al., 2012; Weber et al., 2013).  

Even though, for several years, each class of mechanoreceptor has been 

attributed a specific perceptual role, for example with SA mechanoreceptors being 

associated with the perception of shapes, RA1 mechanoreceptors being associated 

with the perception of textures, and RA2 being associated with the perception of 

rapid vibrations (Johnson, 2001), more recent views favor the idea that different 

classes of mechanoreceptors work together to transmit mechanical information 

about different forces acting on the skin (Saal et al., 2017; Saal and Bensmaia, 

2014). Such models of population coding are discussed below. 
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2.1.2. Mechanoreceptors population coding 

For years, there has been a general agreement on a one-to-one link 

between mechanoreceptor type and their contribution to the processing of a 

specific tactile submodality, such as shape, texture, motion, or friction (i.e., 

submodality segregation). For instance, SA1 fibers have long been associated with 

encoding information about shape, RA1 fibers to encode information about 

motion, and RA2 fibers to encode information about vibration (Johnson, 2001). 

However, the seminal work that has characterized the response properties and 

putative functions of tactile afferent fibers has relied on single-unit recordings 

(LaMotte and Srinivasan, 1996) or psychophysical experiments which exploited 

masking or adaptation of a specific class of afferent fiber (Bolanowski et al., 1988; 

Saal and Bensmaia, 2014). Single-unit recordings, while useful to model the 

behavior and properties of each individual fiber class, are limited by the fact that 

the activity originating from different classes of fibers cannot be measured 

simultaneously (Talbot et al., 1968; Vallbo and Hagbarth, 1968; Saal et al., 2017). 

Modelling studies are particularly useful to investigate population-level responses 

within different classes of fibers conveying somatosensory information (Saal et al., 

2017). Indeed, in more recent years, such work has provided compelling evidence 

in favor of the view that instead, different afferent classes within a population act 

synergistically to process information about tactile stimuli (i.e., submodality 

convergence) (Deflorio et al., 2022; Saal et al., 2017; Saal and Bensmaia, 2014). For 

example, edge orientation, a spatial feature of tactile stimuli, is not solely encoded 

by the spatial pattern of activation of SA1 fibers. Indeed, while SA1 fibers do carry 

more precise information about edge orientation when their responses are 

measured in isolation, RA1 fibers also encode such information, and their greater 

density compensates for their less precise responsiveness. Indeed, modelling 

studies have shown that combining responses across the two fiber populations 
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significantly improves classification of edge orientation compared to relying on the 

responses of either population alone (Saal et al., 2017). Further evidence 

supporting the idea that shape processing does not solely involve the spatial 

patterning of SA1 responses comes from studies reporting that presenting letters 

using a sensory substitution device (OPTACON) that conveys shapes via arrays of 

vibrating pins (Goldish and Taylor, 1974) does not impair subjects’ ability to 

recognize the letters, even though the device activates RA1 and RA2 fibers, but not 

SA1 fibers (Bliss et al., 1970; Gardner and Palmer, 1989). Texture is also conveyed 

by the activity of multiple classes of mechanoreceptive afferents. For instance, the 

patterning of SA fiber responses has been associated with conveying spatial 

information and the timing of RA fibers with conveying temporal information about 

skin indentation (Weber et al., 2013), and behavioral evidence has suggested that 

spatial and temporal codes underlie perception of coarse and fine textures, 

respectively (Hollins and Risner, 2000).  

2.1.3. Proprioceptors 

Proprioceptors are a specialized class of sensory receptors specifically encoding 

muscle, tendon and joint load, length, and stretches. Muscle spindles are structures 

of connective tissue embedded deep within mammalian skeletal muscle. Within 

muscle spindles, two classes of proprioceptors are found. Group Ia afferents 

encode muscle length and the velocity of change in muscle length, while group II 

afferents encode static muscle length (Proske, 1997; Proske and Gandevia, 2012; 

Tuthill and Azim, 2018). These two types of fibers work together to convey 

information about body position: group Ia fibers detect rapid changes in body 

position, and group II fibers encode larger scale postural changes (Hunt, 1990; 

Proske and Gandevia, 2012; Tuthill and Azim, 2018). Between muscles and tendons, 

a third group of proprioceptive afferents is found: type Ib fibers, called Golgi tendon 
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organs. These encode limb load and specifically fire in the presence of increased 

muscle tension. Within the joint, specialized mechanoreceptors fire at certain joint 

positions, often firing maximally at extreme positions. Joint mechanoreceptors are 

classified depending on their location within the joint: type I joint 

mechanoreceptors are located at the outer layers of the joint capsule and are 

slowly adapting. Type II joint mechanoreceptors are located in the deeper layers of 

the joint capsule and are rapidly adapting. Type III joint mechanoreceptors are 

found in ligaments and tendon ends near the joint capsule, and are slowly adapting. 

Lastly, type IV joint nociceptors convey painful information and are found 

throughout the joint capsule (Tuthill and Azim, 2018). Importantly, skin 

mechanoreceptors also contribute to movement and position senses (Edin, 2001; 

Edin and Abbs, 1991; Proske and Gandevia, 2012; Tuthill and Azim, 2018). Indeed, 

during limb movement and joint rotation, the cutaneous tissue on one side of the 

joint is stretched while the other is compressed, and SA2 fibers display sensitivity 

to such stretches (Aimonetti et al., 2007). Furthermore, microneurography studies 

have reported that both SA and RA mechanoreceptive fibers respond during natural 

movements of the hand and during knee rotation (Edin, 2001; Edin and Abbs, 1991). 

The reciprocal interactions between tactile and proprioceptive inputs will be 

discussed more in detail in Section 3.3. 

2.2. Somatosensory pathways 

From the periphery, sensory afferents bundle together into nerves and reach 

the dorsal root ganglia (DRG). From the DRG, afferent fibers ascend and form 

synapses with neurons within the dorsal column nuclei (DCN) of the brain stem 

(Delhaye et al., 2018; Smith and Deacon, 1984). Here, three nuclei are found: the 

cuneate and external cuneate nuclei receive inputs from the upper body, and the 

gracile nucleus receives inputs from the lower body. The cuneate nucleus 
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comprises a rostral, a central, and a caudal region, with the first two receiving 

predominantly proprioceptive (joint and muscle) input, and the latter also 

displaying Pacinian-like responses (Dykes et al., 1982; Loutit et al., 2021). The 

external cuneate nucleus, on the other hand, receives mainly proprioceptive input 

from muscles, tendons, and joints (Loutit et al., 2021). Lastly, the gracile nucleus is 

involved in processing of both proprioceptive and cutaneous inputs (Dykes et al., 

1982; ten Donkelaar et al., 2020; Whitsel et al., 1969). The DCN is implicated in the 

transmission of afferent somatosensory signals with high temporal fidelity (Hsiao, 

2008; Wang et al., 1995), and more recent evidence suggests that some level of 

feature extraction already occurs within this region, which is thus more than a 

simple relay station transmitting unprocessed signals (Bengtsson et al., 2013; 

Delhaye et al., 2018). Moving along the somatosensory hierarchy, the DCN projects 

onto the contralateral ventroposterior complex of the thalamus (ten Donkelaar et 

al., 2020). As in the DCN, somatosensory neurons in this region also display similar 

response properties to afferent fibers, suggesting that sensory processing at this 

stage is still minimal. The ventroposterior complex of the thalamus is divided into 

the ventroposterior nucleus (VP; further divided into lateral (VPL) and medial 

(VPM)), the ventroposterior superior nucleus (VPS) and the ventroposterior inferior 

nucleus (VPI) (Krubitzer and Kaas, 1992). Each of these regions displays an 

anatomically-defined contralateral map of the body (i.e., somatotopy) (Lenz et al., 

1988). The VPL and the VPM both receive cutaneous input from RA1, SA1 and SA2 

receptors (Lenz et al., 1988), with the first receiving it from the DCN and the second 

from the trigeminal nucleus. The VPS receives proprioceptive input, especially from 

deep receptors within muscle spindles (ten Donkelaar et al., 2020; Wiesendanger 

and Miles, 1982), while the VPI received nociceptive and thermoceptive input (Lenz 

et al., 1993). Neurons from the thalamus project to different areas and layers of 
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somatosensory cortices (Figure 2), described in the next section (Behrens et al., 

2003; Delhaye et al., 2018; Krubitzer and Kaas, 1992). 
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Figure 2. Overview of somatosensory pathways from the periphery to the cortex. From the 

periphery, afferent fibers within the skin, muscle, tendons, and joints project to the spinal cord 

through the dorsal root. At the spinal cord, they branch into two projections: one towards the dorsal 

horn and one towards the DCN, which projects contralaterally to the thalamus, which in turn projects 

to the somatosensory cortex. From Delhaye et al. (2018). 

2.3. Somatosensory cortices 

The hierarchical processing of somatosensory inputs continues at the cortical 

level (Iwamura, 1998). The first cortical region involved in the processing of tactile 

and proprioceptive inputs is the anterior parietal cortex (APC). The APC comprises 

four distinct areas: area 3a, 3b, 1, and 2, each of which is somatotopically organized, 
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(Iwamura, 1998; Jain et al., 2001, 1998; Kaas, 1983; ten Donkelaar et al., 2020). Area 

3b represents the primary somatosensory cortex (S1) and it is the first cortical 

region receiving and processing tactile inputs (Kaas, 1983). Indeed, lesions to this 

area completely abolish tactile abilities, including shape and texture discrimination 

(Delhaye et al., 2018; Randolph and Semmes, 1974; Semmes and Turner, 1977). 

Neurons in area 3b respond to cutaneous stimulation and receive input from SA1, 

RA1 and RA2 fibers (Delhaye et al., 2018; Pei et al., 2009). Moving along the 

hierarchical organization of the somatosensory cortex, area 3b projects onto area 

1 (Krubitzer and Kaas, 1990), where neurons also respond to cutaneous inputs, and 

have larger receptive fields compared to neurons in area 3b (Iwamura et al., 1993, 

1983; Ploner et al., 2000). Following lesions to area 1, shape discrimination has 

been reported to be preserved, while texture discrimination is abolished (Carlson, 

1981). Area 1 projects upstream to area 3a (Krubitzer and Kaas, 1990), where 

neurons mainly respond to proprioceptive inputs and display yet larger receptive 

fields than areas 3b and 1 (Iwamura et al., 1993). Area 3a projects to area 2, as well 

as the primary motor cortex (M1) and supplementary motor area (SMA) (Krubitzer 

and Kaas, 1990). The last area in the APC is area 2, which processes tactile and 

proprioceptive inputs, with some neurons responding to both modalities (Delhaye 

et al., 2018; Iwamura et al., 1993; Kaas, 1993; ten Donkelaar et al., 2020). Here, 

cells have even larger receptive fields, which can sometimes be bilateral, making 

somatotopy in area 2 less fine-grained than in the previous areas of the APC 

(Delhaye et al., 2018; Pons et al., 1985). Neurons in the APC encode vibrations 

through phase-locked activity (temporal code) as well as through increases or 

decreases in firing rate (rate code) in response to low frequency vibratory stimuli, 

while at higher frequencies, only a subpopulation of neurons still displays a phase-

locked patterning of responses encoding frequency content (Delhaye et al., 2018; 

Mountcastle et al., 1969). The mechanisms of texture encoding in the APC are not 
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fully understood. Some neurons within the APC are sensitive to the spatial 

properties of tactile stimuli, thus possibly mediating encoding of coarse textures, 

whereas others respond to the temporal patterns of skin vibrations, thus possibly 

encoding finer textures (Connor et al., 1990; Connor and Johnson, 1992; Delhaye et 

al., 2018). The cortical processing of shape also begins within the APC, with neurons 

in areas 3b and 1 responding to specific orientations of skin indentation (Bensmaia 

et al., 2008; Delhaye et al., 2018). Area 2 displays responses to more complex 

features of shape compared to area 3b, such as curved shapes with multiple 

orientations (Delhaye et al., 2018; Yau et al., 2013). Similarly to tactile afferents, 

neurons in APC respond to the direction and magnitude of shear forces elicited 

during object manipulation or surface scanning, as well as encoding movement 

direction and speed when an object or texture slides against the skin (Costanzo and 

Gardner, 1980; Delhaye et al., 2018; Dépeault et al., 2013; Fortier-Poisson et al., 

2016). APC areas project onto the lateral and posterior parietal cortices (LPC and 

PPC) (Krubitzer and Kaas, 1990; ten Donkelaar et al., 2020). 

The LPC comprises two areas: the secondary somatosensory cortex (S2) and the 

parietal ventral area (PV) (Fitzgerald et al., 2004; ten Donkelaar et al., 2020). The 

LPC processes both cutaneous and proprioceptive inputs, and comprises neurons 

with large receptive fields and bilateral responses (Delhaye et al., 2018; Fitzgerald 

et al., 2006, 2004; Taoka et al., 2016; ten Donkelaar et al., 2020). With regard to 

frequency encoding, most LPC neurons display phase-locked responses to low 

frequencies up to 10 Hz, and frequency is more strongly encoded in this area by the 

neurons’ firing rates (Burton and Sinclair, 1991; Delhaye et al., 2018; Salinas et al., 

2000). In monkeys, it has been shown that neurons within S2 do not follow the 

temporal pattern of vibratory stimuli, but two frequency-dependent neuronal 

populations have been identified and implicated in frequency-discrimination 

(Romo et al., 2003). During texture processing, neurons in the LPC respond to 
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groove width, contact force, and/or scanning speed, and some neurons also encode 

the presence of a change in the spatial pattern of a texture (Jiang et al., 1997; Pruett 

et al., 2000). In the context of shape processing, LPC tuning for shape curvature is 

very refined and analogous to visual area V4 (Delhaye et al., 2018; Yau et al., 2009), 

and lesions to this area also impair shape discrimination in monkeys (Murray and 

Mishkin, 1984) as well as object manipulation in humans, suggesting its implication 

in sensorimotor integration (Roland, 1987). LPC is deeply interconnected with other 

cortical and thalamic regions, projecting to the insula, the posterior parietal cortex 

(PPC), the APC, the VPL, as well as premotor areas, and receiving inputs from the 

APC and thalamic areas (Delhaye et al., 2018; Disbrow et al., 2003).  

The PPC comprises two areas: area 5 and area 7. Of these, area 5 includes two 

subregions: a lateral one, or area 5L, and a medial one, or parietal reaching region 

(PRR) (Delhaye et al., 2018; ten Donkelaar et al., 2020). Area 5L receives inputs from 

both the APC and the thalamus, and projects to area 5, area 7, LPC, motor cortices, 

and the superior temporal gyrus. It is thought to be involved in grasp and reaching 

behaviors associated with shape and texture exploration (Delhaye et al., 2018; 

Vingerhoets, 2014). The PRR is a multisensory region whose neurons respond both 

to proprioceptive and visual stimulation, receiving inputs from both area 5L and 

parietal visual areas. The PRR is involved in the planning and execution of reaching 

movements (Connolly et al., 2003; Delhaye et al., 2018; Filimon et al., 2009). The 

somatosensory subregion of area 7 is area 7b, which receives inputs from area 5, 

the LPC, the thalamus, as well as visual areas, and projects to premotor areas and 

the caudal PPC. Neurons in area 7b respond during both voluntary and passive limb 

movement, and to tactile, thermal, nociceptive, and visual stimuli, with some 

neurons responding to more than one modality (Delhaye et al., 2018; Dong et al., 

1994; Leinonen et al., 1979).  
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3. Active touch 

3.1. Active vs. passive touch 

Gibson (1962) distinguished active and passive touch, defining passive touch as 

the perceptual experience of being touched, and active touch as touching, which is 

an effortful, intentional act to optimally extract information from the external 

world (Gibson, 1962). Part of the neural mechanisms involved in active tactile 

exploration are inherently different from those underlying passive tactile 

perception (Table 1). While passive touch mainly involves inputs from cutaneous 

receptors of the skin, active touch also encompasses proprioceptive and motor 

processes (Simões‐Franklin et al., 2011). Passive touch can be static or dynamic. In 

passive static touch, a tactile stimulus, which can take the form of an electrical, 

pressure, or vibrotactile stimulation, is applied onto the subject’s skin, and 

perception of the stimulus does not require any movement. In passive dynamic 

touch, which can be implemented, for example, to deliver textural stimuli, either 

the stimulus is displaced against the subject’s skin while the subject’s limb is kept 

static, or the subject’s limb is displaced against the stimulus.  
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Table 1. Components distinguishing active dynamic touch from passive static and passive dynamic 

touch. 

 
Active dynamic 

touch 
Passive static 

touch 
Passive 

dynamic touch 

Skin 
deformation 

   

Somatosensory 
inputs 

   

Limb 
displacement 

 ×  / × 

Proprioceptive 
inputs 

 ×  / × 

Sensorimotor 
control 

 × × 

Volition  × × 

 

By drawing parallels with engineering and computer science, active touch 

(and active sensing in general) can be seen as a mechanism by which the sensor 

(i.e., the skin coming into contact with the explored surface or object) moves 

against the stimulus to be measured while implementing and adapting its 

movement strategies depending on the feedback it receives, in order to maximize 

extraction of useful data and minimize the costs associated with active control 

(Bajcsy, 1988; Prescott et al., 2011). Indeed, during haptic exploration, subjects 

typically employ different exploration strategies depending on the task: stroking 

movements to extract textural features of different materials, pressing against a 

surface to assess its softness or hardness, sliding movements to explore the edges 
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of planar shapes, or even keeping the skin stationary against a surface to extract 

thermal information (Lederman and Klatzky, 1993). Thus, a crucial aspect 

distinguishing passive from active touch (as operationalized in this thesis) is the 

volitional aspect of the exploratory movements performed to extract tactile 

information from the external world. As such, one might even wonder if active 

touch, as discussed in this thesis, should be further described as “voluntary, active 

dynamic touch”. Indeed, touch associated with movement is not always 

intentional. For instance, self-generated tactile input arises from several actions, 

such as clothes stroking against the skin while moving, or the sole of the foot 

pressing against the ground while walking. Even reaching for and manipulating an 

object, such as a cup, could be described as active, dynamic touch action lacking 

the volitional aspect specifically directed at extracting tactile information. While 

tactile information is undoubtedly necessary to perform such actions, it is not their 

final goal, as in the case of appreciating a piece of fabric or exploring the contours 

of a shape. 

In the literature, several studies have aimed to characterize behavioral 

differences between active and passive touch in terms of perceptual advantages 

yielded by either condition as well as the neural factors potentially contributing to 

such advantages (or disadvantages). Seminal work on this topic has famously 

shown that active, dynamic touch was superior to passive touch, in that it provided 

a perceptual benefit reflected by shorter times necessary to correctly identify 

simple shapes compared to both passive static and passive dynamic touch (Heller, 

1984). However, this effect has not always been observed when comparing 

behavioral performance between conditions of active and passive touch, and some 

conflicting evidence exists in the literature. For instance, early work on texture 

perception, in which subjects were required to report the perceived roughness of 

different materials reported no differences between the resulting magnitude 
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estimations obtained under conditions of active and passive touch, thus suggesting 

that active touch may not always offer a perceptual benefit over passive touch 

(Lederman, 1981). Other studies investigating texture perception also found no 

differences between active and passive touch and showed that discrimination of 

different surfaces rather appears to be affected by the roughness of the material 

being explored, such that accuracy was similar for fine and coarse textures, while 

performance was much lower for medium-roughness textures (Simões‐Franklin et 

al., 2011). Possible mechanisms have been proposed to explain the underlying 

neural mechanisms that may be driving facilitation or suppression of tactile 

perception under conditions of active touch. However, one cannot but wonder 

whether merely comparing active and passive touch in terms of perceptual 

advantages or disadvantages offers a meaningful appreciation of the mechanisms 

of tactile perception guided by voluntary exploratory movements. The 

differentiation between passive and active touch as ‘’being touched’’ vs. 

‘’touching’’ itself appears overly simplistic. Indeed, as mentioned above, active 

touch can be operationalized as a complex sensorimotor process by which the 

sensor (i.e., the exploring limb) is constantly adapted to its own state and to the 

environment to optimize the information to be extracted, by suppressing some 

signals and enhancing others, via a complex interplay of cutaneous, proprioceptive, 

and motor signals (Prescott et al., 2011). Furthermore, during active touch, tactile 

sensations are often accompanied by inputs from other modalities, such as the 

sound elicited by knocking on a door, or by stroking a textured surface. 

In the next sections, we will discuss processes that are specifically associated 

with active tactile sensing, including sensorimotor control, movement-related 

gating of somatosensory signals, and the contribution of tactile and proprioceptive 

cues to tactile perception associated with voluntary movements. 
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3.2. Sensorimotor control during active touch 

During active touch, fine-tuned sensorimotor control sees a balanced interplay 

between tactile inputs and motor outputs. Tactile inputs from afferent 

mechanoreceptive fibers provide information about the speed, intensity, and 

direction of forces acting on the skin, which are given by the object’s size, shape, 

weight, and texture. In turn, the speed, direction, and force of the exploratory 

movements necessary to extract information from the environment are adapted to 

further enhance tactile perception (Jones and Smith, 2014). For example, when 

holding an object, grip forces and control are adapted depending on the object’s 

weight or slipperiness and depending on the coefficient of friction between the skin 

and the object’s surface. Indeed, object manipulation becomes a difficult task in 

the absence of or with disrupted tactile inputs (Augurelle et al., 2003), and 

adaptation and efficiency of precise grip control have been shown to be impaired 

when the palmar skin of participants’ digits was covered by a thin layer of plastic 

material (Bilaloglu et al., 2016). Thus, during active tactile tasks such as object 

manipulation or feeling a texture by scanning movements, reciprocal influences 

occur between the somatosensory and motor systems. 

When comparing active and passive touch, some suggest that active touch is 

”superior” to passive touch, in that it provides additional information to interpret 

the incoming sensory information (Sciutti et al., 2010). By its very nature, active 

touch comprises somatosensory, proprioceptive, and motor components. Thus, 

during haptic exploration, we receive afferent information from the periphery, but 

also from the motor commands necessary to initiate the exploratory movements 

(Deecke et al., 1976; Kornhuber and Deecke, 1985). The forward model of motor 

control suggests that the motor system predicts the arm trajectory and the sensory 

consequences of the movement (Kawato, 1999). Indeed, sensorimotor control 
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related to haptic tasks relies on predictive mechanisms whereby the motor output 

is adapted to the physical characteristics of the object or surface being explored, 

and afferent tactile input guides the timing and control of motor actions (Johansson 

and Edin, 1993). When trying to account to performance differences in conditions 

of active and passive touch, it has been hypothesized that, when we perform 

exploratory movements to extract information about a given object or surface, a 

copy of the motor command, also known as efference copy, or predicted sensory 

feedback (PSF), enables the sensorimotor system to predict the consequences of 

the exploratory action, thus potentially providing an additional channel of 

information regarding the surface or object being actively explored, compared to 

when the same surface or object is passively perceived (Sciutti et al., 2010). 

However, this facilitating effect of the PSF on haptic perception is not always clear. 

In a curvature discrimination task, where subjects were asked to judge the 

curvature of a virtual contour under both active and passive conditions, no 

differences were observed between the two for neither detection nor 

discrimination thresholds, suggesting that the PSF, while providing redundant 

sensorimotor information, does not improve haptic perception (Sciutti et al., 2010). 

In addition, some have suggested that the perceived timing of stimuli delivered 

under the two conditions would differ, and that sensory stimuli originating from 

active touch would be perceived before those originating from passive touch, as 

the PSF would be available to the brain about 290 ms prior to the incoming sensory 

information (Macefield et al., 1989; Winter et al., 2008). However, in a temporal 

order judgment (TOJ) task, no differences were observed for neither point of 

subjective simultaneity (PSS) nor for just noticeable difference (JND) under active 

and passive touch, suggesting that no clear temporal benefit arises from the 

presence of a copy of the motor command (Winter et al., 2008). Other accounts 

suggest that the PSF contributes to the attenuation of somatosensory perception 
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during self-generated movements (Bays et al., 2006), with evidence showing that 

self-generated taps were felt by participants as significantly less intense compared 

to taps generated by passive finger displacements (Kilteni et al., 2020). Given the 

limited evidence, whether, to what extent, and under which circumstances the PSF 

contributes to the sometimes-observed superior perceptual performance during 

active touch remains an open question.  

3.3. Proprio-tactile interactions 

During active, dynamic tactile exploration, information about the position of 

the exploring limb relative to the object or surface being explored is continuously 

processed and updated (Ghez et al., 1990; Rincon-Gozalez et al., 2012; Longo and 

Haggard, 2010).  As introduced in the previous sections, along the somatosensory 

hierarchy, neurons within the VPS, area 3a and area 2 in the APC, PV and S2 in the 

LPC, area 5L, PRR, and the rostral part of area 7b in the PPC respond to both 

cutaneous and proprioceptive inputs (Delhaye et al., 2018). Functional magnetic 

resonance imaging (fMRI) investigations of proprio-tactile integration have shown 

that a very similar network of sensorimotor brain areas was activated when illusory 

limb motion is elicited by the tactile or proprioceptive channels, including the 

bilateral S1, the SMA, the inferior parietal lobule, the inferior frontal gyrus, the 

anterior cingulate cortex, and the insula (Kavounoudias et al., 2008). When the 

illusion was elicited by congruent proprioceptive and tactile inputs, areas activated 

selectively under bimodal stimulation were found in the inferior parietal lobule, the 

superior temporal sulcus, as well as subcortical regions, including the bilateral 

anterior insula and thalamus, and the right putamen (Kavounoudias et al., 2008). 

The interactions between proprioceptive and tactile cues during tactile exploration 

appear to be bi-directional, with tactile cues shown to improve the accuracy of 

estimations of hand location (Rincon-Gonzalez et al., 2011), and proprioceptive 
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cues manipulated by means of changes in posture shown to affect the perception 

of the timing of tactile cues (Heed and Azañon, 2014; Shore et al., 2005). 

Interestingly, when subjects have to judge the location of their hands when these 

are out of sight, they make constant and systematic estimation errors, suggesting 

the existence of a stable proprioceptive representation, or proprioceptive map, of 

the arm (Rincon-Gonzalez et al., 2011). In an experiment in which subjects had to 

judge the position of their finger after this was passively displaced at a specific 

location of a platform, it was shown that when they did touch the platform prior to 

making estimation judgments (i.e., when they also received tactile feedback) the 

pattern of such estimation errors remained stable, although tactile cues did reduce 

the magnitude of these errors, which was not the case for electrical stimulations 

applied at the fingertip without physical contact with the platform, suggesting that 

local mechanoreceptor activation and shear forces applied to the fingertip impact 

proprioceptive arm representation, without completely disrupting it (Rincon-

Gonzalez et al., 2012). Furthermore, single-unit recordings in monkeys within area 

1 and 3b in S1 showed that activity of cells responding to textural characteristics of 

the object being grasped can be modulated by the object’s orientation in the 

external space (Rincon-Gonzalez et al., 2012). 

It has been suggested that when subjects perform voluntary exploratory 

movements to discriminate angle width, they rely on two cognitive strategies: 

mental images of the whole angle and the pattern of cutaneous feedback when the 

finger reaches the angle intersection (likely with a strong contribution of SAI 

mechanoreceptors) (Voisin et al., 2002a). Angle discrimination performance was 

shown to be significantly reduced with local finger anesthesia, when subjects could 

only rely on kinesthetic inputs, and thus could not use information about skin 

deformation at the angle intersection. Angle discrimination performance was also 

significantly reduced in conditions of passive touch, when the angle was displaced 
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against the participants’ finger in the absence of limb movement, suggesting that 

2D shape perception in an integrative process drawing information from both 

inputs of cutaneous mechanoreceptor at the level of the fingertip and muscle and 

joint proprioceptors at the level of the shoulder (Voisin et al., 2002b).  

Some studies have also attempted to investigate integration of position 

(proprioceptive) and force (tactile) cues within the framework of the maximum 

likelihood estimation (MLE) model of multisensory integration, according to which 

inputs coming from different sensory modalities carry different perceptual weights, 

which are given by their variance, and the final multisensory percept is a product 

of the weighted average of the estimates of each sensory cue (Drewing and Ernst, 

2006; Ernst and Banks, 2002; Rohde et al., 2016). In these studies, it was shown 

that in the presence of a conflict between cues associated with the position of the 

finger following the geometry of an arch signaling one curvature and cues 

associated with the direction of the forces acting on the fingertip signaling a 

different curvature, the final curvature percept was a compromise between the 

two, suggesting that integration of force and position cues was achieved by a 

weighted average of their respective weights, as predicted by the MLE model 

(Drewing and Ernst, 2006; Drewing and Kaim, 2009). Cue combination between 

tactile and proprioceptive inputs is also particularly relevant for motor control, as 

evidenced by studies testing a well-validated tactile illusion of motion direction first 

reported in conditions of passive touch, where when participants explore a ridged 

surface, the perceived direction of movement is biased towards the axis 

perpendicular to the ridges (Bicchi et al., 2008; Pei et al., 2008). When subjects were 

asked to perform straight reaching movements against such ridged surfaces, they 

made trajectory errors in the opposite direction. When the tactile cues (i.e., the 

ridges on the surface) were made unreliable by having subjects wear a rubber 



40 

 

glove, the compensatory trajectory errors were reduced significantly (Moscatelli et 

al., 2019).  

Together, these findings highlight the intricate relationship between touch, 

proprioception, and motor control in conditions of active, dynamic touch.  

3.4. Gating of somatosensory responses during active touch 

It has been frequently reported that, during movement execution, 

somatosensory processing is at least partially suppressed (Chapman, 1994). 

Investigations of differences between active and passive touch have reported that, 

at the neural level, a suppression of sensory signals occur when tactile perception 

is accompanied by movement, via a process called movement-related gating, or 

somatosensory gating (Jiang et al., 1991). In humans, gating of somatosensory-

evoked potentials (SEPs) has been described using high resolution 

electroencephalography (EEG). Concomitant movement execution and medial 

nerve stimulation resulted in significantly reduced SEP components between 30 

and 45 ms post stimulus (Rossini et al., 1999). The temporal aspects of 

somatosensory attenuation have also been investigated using transcranial 

magnetic stimulation (TMS) (Voss et al., 2006). Here, it was shown that cutaneous 

stimuli delivered to a moving finger had to be about 169% larger than stimuli 

delivered to the resting finger in order to be perceived of equal intensity. In 

addition, delivering a TMS pulse over M1 first determined an involuntary twitch, 

followed by a silent period which preceded the onset of voluntary movement. 

When the cutaneous stimulus was delivered during the silent period, a similar 

increase in point of subjective equality (PSE) was observed to that elicited by 

delivering the tactile stimulation during movement, therefore suggesting that 

central motor commands which precede movements play a significant role in 

somatosensory attenuation (Voss et al., 2006). While several studies have observed 
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a suppression of SEPs in correspondence of voluntary movements, one possibility 

remains that, when movement is necessary to extract features of the object or the 

surface being explored, the gating effects of movements are reduced. Early work in 

primates used single unit recordings to investigate the effects of voluntary 

movements on the activity of neurons both within and outside the receptive fields 

of the digit exploring a surface to perform a roughness discrimination task 

(Ageranioti-Bélanger and Chapman, 1992). Here, recordings revealed a 

convergence of activity in cells within the receptive fields of interest associated with 

the exploring digit, with more caudal areas more likely to show an increase in 

activation and less likely to show no modulation. In cells with receptive fields 

located elsewhere, an opposite trend was observed, with a decrease of activity 

observed going from rostral to caudal areas, and an increase in cells showing no 

modulation going towards caudal areas. These results suggest that, while tactile 

signals that are irrelevant to the task are subjected to somatosensory gating and 

are therefore filtered out at later stages of processing, signals that are relevant to 

the task are passed on to higher areas (Ageranioti-Bélanger and Chapman, 1992). 

In addition, recent investigations have reported that, in the presence of a task 

requiring detailed somatosensory information and accurate control of complex 

movements, gating of somatosensory signals is absent at later stages of processing 

(Wasaka et al., 2017). In a ball rotation task, which requires fine coordination of 

finger movements, early SEP components elicited by electrical stimulation of the 

median nerve were attenuated, in line with previous evidence of somatosensory 

suppression during movement. However, a later component (M38) was enhanced 

during the motor task, adding to previous evidence indicating that, when 

somatosensory information is necessary to control movements, SEPs are enhanced 

(Knecht et al., 1993; Wasaka et al., 2017). Behavioral evidence in favor of this view 

has been provided by studies showing that, while active movement significantly 
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decreases performance on a vibrotactile discrimination task when the reaching or 

exploring movement is irrelevant to the perception of the vibratory stimuli, active 

touch appears significantly superior to passive touch when the executed 

movements are relevant to the incoming sensory information (Juravle et al., 2013). 

Thus, it seems plausible to suggest that movement-related somatosensory gating 

represents yet another mechanism which is part of the optimal extraction of tactile 

information that characterizes active touch sensing, where irrelevant information 

is suppressed to facilitate processing of signals that are instead relevant to the 

sensorimotor task being performed. 

4. Audio-tactile interactions in (active) touch 

Haptic exploration and interactions with objects by touch are often 

accompanied by the sounds elicited by the skin acting on the surface being 

explored: tapping on a table, knocking on a door, stroking a textured surface, or 

typing on a keyboard are all inherently multisensory experiences encompassing 

touch and sound. Integration of touch and sound in conditions of active, dynamic 

touch has largely focused on the perception of textures. This seems reasonable if 

we consider hearing as being best suited to process the timing of stimuli, as 

opposed to vision, which is thought to be more relevant for spatial processing (Alais 

and Burr, 2004; Burr et al., 2009). Indeed, in the context of frequency-coding, the 

somatosensory and auditory systems are analogous in the way in which the 

temporal patterning of afferent responses reflects the frequency-composition of 

the incoming sensory information with high fidelity (Saal et al., 2016). 

Texture perception is also strongly linked to the temporal aspect of the tactile 

percept, at least for finer-grained textures, which is thought to rely on a temporal 

neural code associated with the spike timing of RA mechanoreceptors (Harvey et 
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al., 2013; Hollins, 2001; Hollins and Risner, 2000). Evidence on the behavioral 

effects of audio-tactile interactions during texture perception is conflicting. Early 

findings of the effects of touch-produced sounds on tactile roughness perception 

revealed that, in the presence of both audition and touch, auditory cues are largely 

ignored, and magnitude estimation curves obtained under bimodal conditions 

appear highly similar to those obtained in tactile-only conditions (Lederman, 1979). 

When participants explored textured surfaces using a probe rather than their bare 

finger, on the other hand, a contribution of touch-produced sounds on roughness 

magnitude estimations emerged, although tactile cues still appeared to dominate 

perception under bimodal presentation (Lederman et al., 2002). Studies of audio-

tactile integration under conditions of active touch have also revealed that 

modulating the frequency content of touch-produced auditory stimuli affects the 

perceived roughness/smoothness of tactile stimuli, namely through a phenomenon 

called the parchment-skin illusion (Jousmäki and Hari, 1998). In this illusion, the 

perception of hand dryness/wetness is affected when the sounds elicited by the 

subjects rubbing their hands against each other are amplitude-modulated, with 

amplification of high-frequency sounds leading to increased feelings of 

roughness/dryness, and attenuation of high-frequency sounds leading to increased 

feelings of smoothness/moisture (Jousmäki and Hari, 1998). Similarly, in the 

context of texture perception, high-frequency attenuation of sounds altered the 

perception of an actively explored textured surface, which was reportedly 

perceived as smoother, while high-frequency amplification of the touch-produced 

sounds led to the textured surface to be perceived as rougher (Guest et al., 2002). 

While most studies have employed auditory feedback by means of touch-produced 

sounds, some have also attempted to exploit artificial complex sounds, such as 

white noise, as these can be acoustically comparable with sounds produced by 

texture exploration, in order to determine whether auditory perception of complex 



44 

 

sounds is specifically associated with tactile perception of roughness, and not with 

other tactile percepts (such as length) (Suzuki et al., 2008). When comparing the 

effects of white noise and pure tones on the tactile perception of abrasive papers, 

it was shown that, while pure tones did not affect perception of roughness nor 

length, white noise influenced roughness perception (but not length perception), 

as revealed by significantly smaller magnitude estimation slopes compared to a 

control condition in which the auditory feedback consisted of short beeps. Thus, 

processing of complex sounds, such as white noise, and processing of roughness by 

touch appear to be related (Suzuki et al., 2008), further supporting the idea that, 

with regard to texture, the processing of auditory and tactile stimuli is more 

strongly related with the temporal aspects of stimulation. Neuroimaging studies 

have also reported that vibrotactile and pulse tactile stimuli presented in unimodal 

conditions activate the contralateral superior temporal gyrus more strongly than 

the ipsilateral superior temporal gyrus, and that vibrotactile-auditory co-activation 

is observed within the auditory belt area contralaterally to the hand receiving the 

vibrotactile stimulation (Schürmann et al., 2006). Importantly, concurrent 

somatosensory stimulation by means of sandpaper passively stroked against the 

participants’ fingertips and auditory stimulation in the form of bandpass-filtered 

white noise resulted in stronger activation of the left superior temporal gyrus, 

compared to the summed activation from both modalities presented in isolation, 

thus indicating multisensory integration between sound and touch early within the 

primary auditory cortex (Foxe et al., 2002). EEG studies have also reported 

multisensory effects across the two modalities. Corroborating the fMRI findings, it 

has been shown that concurrent somatosensory (median nerve stimulation) and 

auditory (1000 Hz tones) led to multisensory ERP responses that were significantly 

stronger than the sum of unisensory ERPs between 50 and 79 ms post-stimulation. 

Interestingly, the scalp topography at around 50 ms was characterized by a 
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central/postcentral negativity, with a concurrent positivity which was strongest at 

the vertex, which is consistent with the hand representation within S1. The later 

component at about 70 ms, on the other hand, was characterized by a more 

anterior negativity and a concurrent occipito-central positivity, thus reflecting 

activity generating from the posterior auditory cortex. These results further support 

the view that integration of inputs from different sensory modalities, including 

audition and touch, are integrated at an early stage within the cortical hierarchy 

(Foxe et al., 2000). 

Integration of sound and touch in the context of shape perception has been 

less extensively investigated compared to visuo-tactile integration. This is not 

surprising, since vision and touch are highly similar in the way in which they code 

spatial information both peripherally and centrally, with the spatial pattern of 

receptors in the retina and within the skin mirroring the spatial pattern of the 

stimulation (Saal et al., 2016). Indeed, previous work has shown that neurons in 

visual area V4 and in somatosensory SII are similarly sensitive to shape processing 

(Yau et al., 2009). Behaviorally, it has also been shown that, in the context of shape 

perception, vision and touch are integrated in a statistically optimal manner, as 

predicted by the MLE model of multisensory integration, and that activity in 

somatosensory area 2 is enhanced when visual information was manipulated to be 

less reliable (i.e., blurred) (Helbig et al., 2012; Helbig and Ernst, 2007). Being 

reflected by the pattern of cutaneous mechanoreceptor activation, more than by 

their spike timing, shape processing is a spatial process more than an auditory one. 

Nevertheless, research on multisensory interactions and sensory substitution has 

shown that an abstract representation of shape can be driven by the auditory 

modality (Kim and Zatorre, 2011, 2010). When coding artificial sounds to convey 

shape information, with frequency coding for the vertical dimension, and stereo 

panning and time coding the horizontal dimension, it has been shown that 
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participants were able to correctly match a shape explored by touch to its 

corresponding soundscape. Interestingly, this association also transferred to the 

visual modality, and subjects were able to correctly match a visually presented 

shape to its corresponding soundscape, with a high level of performance even for 

unfamiliar shapes (Kim and Zatorre, 2010). A subsequent fMRI investigation 

showed that the lateral occipital complex, which is typically associated with shape 

and object recognition via vision, was activated during both auditory and tactile 

shape recognition (Kim and Zatorre, 2011). However, in these studies, the 

soundscapes delivered during shape exploration were not time-locked to the exact 

moments in which the finger contacted the contours of the raised shapes. Thus, the 

cortical mechanisms of integration between transient sounds delivered 

concurrently with the transient contacts between the finger and the edges of a 

planar shape during free exploration remain to be investigated.  

5. Methodological considerations for the study of auditory-tactile interactions 

in active touch and rationale for the chosen approaches. 

5.1. Psychophysics 

5.1.1. General terms in psychophysics 

Psychophysics is the science investigating the link between physical 

characteristics of sensory stimuli and perception. In psychophysical experiments, a 

certain feature of a stimulus is varied, and participants are required to make specific 

judgments about the stimuli presented to them. Psychophysical tasks can be 

classified as detection tasks (“Did you perceive a stimulus?”; “In which interval did 

you perceive a stimulus, interval 1 or interval 2?”) or discrimination tasks (“Which 

stimulus was more/less x, stimulus 1 or stimulus 2?; “Was the stimulus more x or 

y?”). Typically, in psychophysical experiments, participants are not given the option 
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to respond ‘’I do not know’’. From this arises the nomenclature ‘’N-forced choice 

task’’, where forced-choice signifies that participants are given a certain number of 

response alternatives (typically 1, 2, or 3) from which they are obliged to choose, 

and N corresponds to the number of stimulus alternatives presented in each trial 

(“Was the stimulus x or y?”), as defined by Kingdom and Prins (2010).  

From psychophysics experiments, psychometric functions are estimated 

based on participants’ performance on a given task. The psychometric function 

describes participants’ behavior (probability (p) of a given response) depending on 

the magnitude of variation of a given physical characteristic of the stimulus, such 

as intensity, position, brightness, contrast, and so on. The psychometric function 

comprises several parameters that describe its shape. The most often investigated 

parameters are the threshold (α) and the slope (β) parameters, which are 

associated with the underlying sensory mechanism (Kingdom and Prins, 2010). Two 

other parameters define the level of curve saturation at the extremes of the range 

of stimulus intensities used in the experiment. These are the guess (γ) and the lapse 

(λ) rates. The guess rate represents chance level performance for forced-choice 

tasks and the probability of reporting detection of a stimulus even if the stimulus is 

not there for yes/no detection tasks, i.e., by just guessing. The lapse rate represents 

the probability of not detecting a stimulus even at very high stimulus intensities and 

therefore reflects errors in judgment by the participants due to distraction, errors 

in reporting the intended answer, as well as errors by the experimenter in recording 

the reported answer. The threshold parameter, also referred to as bias, defines 

where the curve is placed along its x-axis (i.e., the levels of stimulus intensities). The 

threshold parameter can take the form of both an “appearance” measure, in tasks 

where there is no true correct or incorrect answer, such as tasks measuring the 

magnitude of a perceptual illusion, or a “performance” measure, where judgments 

about stimuli can be classified as correct or incorrect (as in the case of the 
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experiment we report in Chapter 2). Generally, in performance-based tasks, the 

threshold parameter describes how accurate participants are on a given task, that 

is, how close their perception is to the ‘’true’’ reference intensity of the stimulus. 

The slope parameter, which represents the rate of change in perception per unit of 

change in stimulus intensity, describes how precise participants are on a given task, 

that is, how consistent they are when making their judgments. High accuracy but 

low precision would lead to a psychometric function having a shallow slope, but a 

0.5 probability corresponding to the true reference value (e.g., a threshold value of 

0). High precision but low accuracy would lead to a psychometric function having a 

steeper slope, but a biased 0.5 probability further away from the true reference 

value (e.g. a threshold value of 5) (Figure 3). Even in performance-based 

psychophysical tasks, both perceptual and response biases can occur, where the 

estimated threshold does not align with the true value of reference stimulus 

intensity (Kingdom and Prins, 2010). Therefore, the slope parameter can arguably 

be regarded as a more robust measure of participants’ performance on a 

psychophysical task. Nevertheless, in performance-based tasks, the two measures 

both provide information about participants’ ability to detect or discriminate the 

stimuli and should thus be considered. 
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Figure 3. Accuracy (threshold) and precision (slope) in psychophysical experiments. The figure 

depicts two scenarios: one where accuracy is high but precision is low (blue distribution and 

psychometric function), and one where accuracy is low but precision is high (red distribution and 

psychometric function). In the left graph, the precision of the distributions is given by their spread. 

The dashed blue and red vertical lines represent the mean of the distributions. The mean of the high-

accuracy blue distribution matches the true reference value (green dashed line), while the mean of 

the high-precision red distribution is displaced relative to the true reference value, thus displaying a 

bias (green arrow). This is reflected in the resulting psychometric functions (right graph): high accuracy 

but low precision would correspond to a curve displaying a threshold at or very close to the true 

reference value (e.g. the distance from the center in the experiment reported in Chapter 2, where 

participants had to report the location of their finger while they explored a ultrasonic haptic display 

relative to a visually displayed midline at the onset tactile, auditory, or audio-tactile stimuli), and to a 

shallower slope (i.e., more variance in the localization responses). High precision but low accuracy 

would be reflected by a threshold further away from the true reference value (here, the curve shows 

a 5 cm bias), but a steeper slope (i.e., less variance in the localization responses). 

5.1.2. Psychophysical methods 

Method of limits 

The method of limits is used to estimate the threshold parameter. In this 

method, stimulus intensities are presented in both ascending and descending 
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sequences, where ascending sequences stop as soon as the subject reports 

perceiving the stimulus, while descending sequences stop as soon as the subject 

reports not perceiving the stimulus anymore (for detection tasks) (Gescheider, 

1997; Jones and Tan, 2013; Kingdom and Prins, 2010). The method of limits as an 

important pitfall: the error of habituation. As the sequence progresses, the subject 

may become used to reporting that they perceive (or not) the stimulus, thus leading 

to wrong estimates of the threshold as lower or higher than the real threshold 

(Kingdom and Prins, 2010). Importantly, the method of limits does not allow to 

estimate the slope of the psychometric function, thus not allowing a full 

investigation of multisensory gain effects. 

Method of constant stimuli 

In the method of constant stimuli, a pre-defined range of stimulus 

intensities is presented a given number of times, such as 20 trials per stimulus 

intensity (Jones and Tan, 2013). It is important to design an appropriate range of 

stimulus intensities to be used during the experimental session, as selecting a too 

narrow range would not allow to properly model responses to barely perceivable 

or very intense stimulus intensities, thus impairing estimation of the slope 

parameter, while selecting a too wide range of stimulus intensities would either 

make the experimental session too long, or limit the number of times each intensity 

level can be presented, to avoid an overly long experimental session, thus impairing 

estimation of both the threshold and the slope parameters. Such pitfalls of the 

method of constant stimuli can be particularly problematic for designs involving 

more than one sensory modality, as at least three experimental conditions would 

be involved in such designs. Even more so, the very large number of trials and very 

long testing times needed to properly assess the psychometric function’s 
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parameters through the method of constant stimuli are not appropriate for designs 

also implementing conditions of active, dynamic touch (Jones and Tan, 2013). 

Adaptive methods 

Adaptive psychophysical methods are aimed at optimizing estimation of the 

psychometric function’s parameters while limiting the necessary number of trials. 

This is achieved by adjusting the level of stimuli presented on a trial-by-trial basis 

depending on what level allows to better gain information about the parameters of 

interest. Thus, unlike the method of constant stimuli, one does not have to present 

all stimulus intensities a pre-specified large number of times. Some adaptive 

methods only allow estimation of the threshold parameter. These include simple 

up-down staircases, where the stimulus intensity is adjusted after every trial 

depending on the participant’s response on the previous trial. Similarly, running fit 

methods estimate the psychometric function at each trial depending on the 

responses on all previous trials, and the selected stimulus intensity corresponds to 

the best estimate of the threshold parameter, while no information is gained on 

the slope parameter. The psi method, on the other hand, is a Bayesian algorithm 

that selects the most efficient stimulus intensity on a trial-by-trial basis to gain 

information and estimate both the threshold and the slope parameters (Kontsevich 

and Tyler, 1999). With the psi method, prior distributions for the threshold and 

slope parameters are defined. During the experiment, the algorithm will update 

posterior distributions of the parameters based on the participants’ response after 

every trial and considering the values defined in the prior distributions and select 

the next stimulus intensity as the one that will be more likely to allow gain of 

information about the parameters (Kingdom and Prins, 2010; Kontsevich and Tyler, 

1999). A variant of the classical psi method, the psi+ method, also allows estimation 

of the lapse and guess rates (Prins, 2012). The advantage of the psi+ method is that 
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it does not require setting the guess and lapse rates at (arbitrary) fixed values. 

Indeed, when the actual values of these parameters differ from the pre-defined 

fixed values, both the threshold and slope parameter estimates can become biased 

(Prins, 2012).  One possible disadvantage of the psi+ method is the fact that a larger 

than necessary number of trials may be used for the estimation of such ‘’nuisance’’ 

(i.e., not associated with the underlying perceptual process) parameters. An 

alternative proposed by Prins (2013) is the psi-marginal method. Here, as in the psi+ 

method, prior distributions are also specified for the guess and lapse rates, but the 

algorithm will only estimate their posterior distributions when doing so aids the 

estimation of the primary parameters (i.e., the threshold and the slope) (Prins, 

2013). Typically, for experiments employing the psi, psi+, or psi-marginal method, 

a total of 100 trials per experimental condition allows good estimation of both the 

slope and threshold parameters, which is dramatically less than the number of trials 

required with non-adaptive psychophysical methods (Courtin, 2022; Courtin et al., 

2020). Sensory signals already being embedded in noise, it is crucial, for an 

estimation of the psychometric function’s parameters that reflects true perception 

as closely as possible, that participants maintain a high level of attention and 

motivation throughout the duration of the task. In experiments involving active 

touch, participants are asked to repetitively perform the same or similar 

exploratory movements, and thus such designs face similar constraints as those 

faced by experiments involving painful or uncomfortable stimulations, where the 

number of trials has to be as limited as possible to ensure participants’ comfort and 

compliance (Courtin et al., 2020). Thus, the psi method seems to represent the 

most efficient approach for the psychophysical investigation of tactile perception 

and multisensory integration in conditions of active, dynamic touch, thus 

motivating us to implement this approach for Study 1. Here, we used the psi+ 

method to investigate whether concurrent auditory stimulation improves 
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participants’ performance in a task where they had to localize the finger used to 

perform exploratory movements while receiving haptic stimulation through an 

ultrasonic haptic display.  

5.2. Neurophysiological methods 

5.2.1. EEG frequency-tagging 

EEG frequency-tagging is a technique based on the concept that a periodic 

stimulation or a periodic modulation of a stimulus elicits a periodic response in the 

EEG signal. Transforming the time-domain EEG signal to its corresponding 

frequency spectrum using a fast-Fourier transform (FFT) allows characterization of 

such periodic activity which becomes evident at the frequency of stimulus 

modulation and its harmonics (Lenc et al., 2021; Norcia et al., 2015; Nozaradan, 

2014; Rossion, 2014).  

EEG frequency-tagging is advantageous in that such responses will be 

constrained within specific frequency bands, and time-domain averaging will 

considerably reduce the impact on non-periodic noise and activity that is unrelated 

to the periodic stimulation (Norcia et al., 2015; Regan, 1989, 1966). EEG frequency-

tagging is often used to investigate processing of higher-level perceptual 

categorization of high-level stimuli, such as faces, tools, or rhythm (Chemin et al., 

2014; De Keyser et al., 2018; Lenc et al., 2021; Moungou et al., 2016a; Rossion et 

al., 2015; Rossion and Boremanse, 2011). Similarly, EEG frequency-tagging has also 

proven useful for the investigation of sustained, slow periodic painful thermic 

stimulations eliciting activity in slowly-adapting thermonociceptive C-fibers, which 

are not stimulated in isolation when using rapid, transient heat stimuli typically 

used to measure thermonociceptive ERPs (Colon et al., 2017). Perceptual 

categorization of textures arguably also involves a more sustained exposure to the 
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material than that required, for example, for the perception of a sharp edge, which 

represents a rather phasic interaction. Indeed, when exploring a surface to isolate 

its physical and perceptual attributes relating to texture (e.g. roughness vs. 

smoothness) we typically make relatively slow, repetitive lateral exploring 

movements, rather than rapidly pressing on the surface, a strategy linked to 

extraction of surface hardness information (Lederman and Klatzky, 1993). As such, 

EEG frequency-tagging represents a valid candidate technique for the investigation 

of the cortical processing of natural textures (Moungou et al., 2016a). Furthermore, 

EEG frequency-tagging can be implemented in combination with periodic oddball 

paradigms, where a periodic sequence of standard or unchanging stimuli is 

periodically embedded with oddball stimuli that differ, in some way, from the 

standard stimuli (Nozaradan et al., 2017). As such, the combination of the two 

approaches allows characterization of responses that are specific to the processing 

of changes in stimulation, such as rapid changes in auditory pitch, which is relevant 

to the study of speech perception and processing (Nozaradan et al., 2017). This 

motivated us to use this approach to investigate, in Study 2, the cortical 

underpinnings of categorization of features distinguishing different textures. 

Indeed, while the cortical processing of natural textures has been reported at the 

level of S1 using EEG frequency-tagging (Moungou et al., 2016a), whether the fine-

grained vibrational features of different textures are processed within S1 is 

unknown. In Chapter 5, we discuss possible future applications of these techniques 

to investigate the cortical mechanisms of audio-tactile interactions in the context 

of the processing of natural textures. 

5.2.2. Event-related potentials 

Event-related potentials (ERPs) represent transient, discrete waveforms of 

cortical activity in the time-domain which are time-locked to the onset of a 
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transient stimulation (Sutton et al., 1965; Vaughan, 1982). ERPs have been well-

characterized across sensory modalities, and can reflect low-level sensory 

processing steps as well as higher-level perceptual, attentional, and cognitive 

processes (Alain et al., 2013; Brandeis and Lehmann, 1986; Herrmann and Knight, 

2001; Muzyka and Estephan, 2019; Yamada et al., 1980). SEPs have been 

extensively studied using different types of innocuous stimulation types in 

conditions of passive, static touch. These include short-, mid-, and late-latency 

SEPs, reflecting different stages of the cortical processing of somatosensory stimuli 

within S1 and S2 (Allison et al., 1991; Muzyka and Estephan, 2019). During active, 

dynamic touch exploring a planar shape would involve different exploration 

strategies compared to exploration of textures. These include strategies in which 

the subject remains in close vicinity of the shape’s edge, which are named contour 

following strategies, as well as strategies in which the subject performs movements 

crossing more distant parts of the shape’s contour, which are named contour 

scanning strategies. Contour following strategies involve linear exploration 

movements along the shape’s edge, as well repetitive crossing of the shape’s edges 

with oscillating movements Figure 4 (Lederman and Klatzky, 1993; Mizrachi et al., 

2022).  
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Figure 4. Planar shape exploration strategies during active touch. Exploratory movements associated 

with planar shape perception can broadly be classified in contour following (top blue panels) and 

contour scanning (bottom red panels) strategies. When adopting contour following strategies, 

subjects spend most of the exploration time in the vicinity of the shape’s edges, and can either 

perform linear movements tangential to the shape’s contour (top left), oscillatory movements 

perpendicular to the shape’s contour (top middle), or a combination of the two (top right). When 

adopting contour scanning strategies, subjects spend a larger proportion of the exploration time 

further away from the shape’s contour. Adapted from Mizrachi et al. (2022). 

Recording of SEPs seems particularly useful for the characterization of cortical 

responses elicited via contour following with oscillating motion as well as via 

contour scanning, as in such cases, the tactile input is characterized by phasic 

contact with the shape’s edge. To date, no studies have characterized SEPs elicited 

in response to transient tactile stimuli encountered by the subjects via exploratory 

sliding movements. Indeed, measuring SEPs in conditions of active touch in 

response to transient edged physical stimuli is particularly difficult, as the timing of 

stimulation is driven by the participants’ exploratory movements, and it is not 

externally controlled by the experimenter.  Study 3 was a proof-of-concept 
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experiment in which we aimed to overcome some of the technical challenges 

associated with recording SEPs in conditions of active, dynamic touch, particularly 

those associated with precisely time-lock EEG responses to the onset of contact of 

the participants’ finger with the tactile stimulus encountered during the 

exploratory movements. In Chapter 5, we discuss future possible applications of 

the setup we developed for the investigation of mismatch responses in the context 

of planar shape exploration as well as of how concurrent auditory stimulation 

affects the formation of mental representations of the explored shapes. 

6. General aims of the thesis and overview of the experimental work 

The investigation of tactile sensing and cortical processing of tactile stimuli in 

conditions of voluntary, active dynamic touch is a difficult endeavor. The main 

challenge associated with designs using voluntary, active dynamic touch lies in the 

fact that the experimenter does not have full control over the movements that 

participants perform to encounter and perceive the tactile stimuli. This challenge is 

especially relevant to EEG experiments and, possibly due to such difficulties, both 

the behavioral and electrophysiological evidence for integration of touch with 

sound in such conditions remains scarce.  

The overarching aim of this doctoral thesis was to design and develop new 

methodological approaches for the study of multisensory integration under 

conditions of active, dynamic touch. This was achieved by investigating two areas 

of tactile perception: perception and processing of transient haptic stimuli (i.e., 

edges) and perception and processing of dynamic variations in the pattern of 

vibrations elicited at the skin-surface interface distinguishing different textures. 

Three neuroscientific approaches were employed to address our aims: 
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psychophysics (Chapter 2), EEG frequency-tagging (Chapter 3), and EEG recording 

of SEPs (Chapter 4). 

In Study 1 (reported in Chapter 2), we employed an adaptive psychophysical 

method (the Psi+ method) to assess whether multisensory enhancement effects 

can be observed when participants reconstruct the location of haptic stimuli 

perceived in conditions of voluntary, active dynamic touch when these are 

concomitantly presented with auditory cues compared to when they are presented 

in isolation. As this experiment allowed us to assess multisensory integration 

effects in conditions of voluntary, active dynamic touch, it represents an important 

milestone motivating further investigations to study such effects at the cortical 

level using scalp EEG. 

In Study 2 (reported in Chapter 3), we aimed to address the question of 

whether S1 is able to resolve fine variations in the spectrotemporal (frequency over 

time) content of vibrations distinguishing different tactile textures. To this aim, we 

used EEG frequency-tagging in combination with a periodic oddball paradigm, 

where we employed sequences of bandpass-filtered white noise that differed in 

their spectrotemporal content but not in their average frequency and intensity. As 

discussed in Section 4, multisensory effects between touch and sound have been 

reported in the context of texture perception, such as the parchment-skin illusion. 

However, the cortical mechanisms underlying such effects remain unknown. By 

using this novel paradigm to show that S1 activity reflects processing of complex 

vibration patterns associated with different textures, we open new avenues to 

investigate whether activity within S1 is altered when concomitant sounds change 

the roughness perception of the same texture remains to be determined. Possible 

developments of this design in the context of multisensory integration are 

discussed in Chapter 5. 
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In Study 3 (reported in Chapter 4), we aimed to test the feasibility of recording 

SEPs elicited by physical edged tactile stimuli in conditions of voluntary, active 

dynamic touch. As discussed in Section 5.2.2, previous studies that have 

characterized SEPs have employed conditions of mainly static, passive touch. While 

this literature provides us with knowledge of the general cortical mechanisms of 

somatosensory processing, it does not allow a deep understanding of such 

mechanisms in ecological conditions of voluntary, active dynamic touch. However, 

measuring transient cortical responses to tactile stimuli using scalp EEG comes with 

several challenges, particularly associated with time-locking the onset of 

stimulation to the observed responses. Through this proof-of-concept study, we 

reported a method to overcome such challenges, laying the path to the study of 

SEPs in naturalistic conditions. Possible future applications of this novel 

experimental setup in the context of multisensory integration are discussed in 

Chapter 5.  
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Chapter 2: Integration of auditory and tactile 

inputs to localize haptic stimuli during active 

touch. 
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Abstract 

Exploring our environment through touch often entails integration of tactile input 

with auditory and/or visual cues. The mechanisms by which mechanosensation 

integrates with other sensory modalities during active touch remain poorly 

understood, despite their ecological importance. Here, we investigated auditory-

tactile integration in the context of edge localization during active tactile 

exploration. We assessed how accurately participants could determine the position 

of their moving finger in relation to the onsets of tactile, auditory, and auditory-

tactile stimuli with respect to a visually displayed midline. We hypothesized that 

localization precision would be improved in the presence of combined auditory-

tactile stimulation. In Experiment 1, the auditory, tactile, and auditory-tactile 

conditions were presented in separate blocks while in Experiment 2, they were 

interleaved within blocks. For both experiments, we found that concurrent 

auditory-tactile stimulation did not increase localization precision. We also 

observed across all modalities an inclination to localize the finger position towards 

the right, possibly due to a shift induced by the left-to-right finger movement. This 

bias was reduced in the auditory-tactile condition of the second experiment, 

suggesting that when modality was not predictable, integration of auditory and 

tactile input may have led to a more accurate representation of finger position at 

stimulation onset. In conclusion, we show that combined auditory-tactile input may 

reduce biases in reconstructing the spatial location of a tactile stimulus generated 

by sliding the finger onto a flat surface.  These observations have potential 

implications for the design of haptic technologies involving active touch. 
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1. Introduction 

Touch is a dynamic process: we explore the world, its shapes, textures, and 

materials by actively interacting with them. While passive touch is defined as the 

experience of being touched, active touch is defined as an intentional act 

performed to optimally extract tactile information from the external world (Gibson, 

1962; Lederman and Klatzky, 1993). Localizing stimuli in the external world through 

active dynamic touch requires not only the ability to localize where tactile stimuli 

occur on the body surface, but it also entails the ability to integrate this 

somatotopic information with information on where the touched body surface was 

located in external space at the onset of tactile stimulation. This process often 

engages the integration of signals from proprioception (e.g., information on the 

location and movement of the exploring fingers), motor commands (e.g., the 

efference copy), and vision or audition when it is present (e.g. viewing the exploring 

fingers manipulating an object, or hearing the sounds generated by finger contact 

with a texture) (Gibson, 1962; Lederman, 1979; Prescott et al., 2011; Sciutti et al., 

2010; Simões‐Franklin et al., 2011). As such, active touch can be thought of as a 

dynamic, multisensory experience. However, studies investigating the integration 

of touch with other sensory modalities in the context of active tactile exploration 

remain scarce, despite their ecological validity (Matusz et al., 2019).  

In the context of the spatial localization of auditory and tactile stimuli, some 

evidence exists for cross-modal effects in passive touch conditions. A well-

established cross-modal interaction phenomenon in the spatial domain is the 

ventriloquist illusion (Bertelson and Aschersleben, 1998; Bertelson and Radeau, 

1981), where localization of an auditory stimulus is biased towards the location of 

a concurrently presented visual stimulus (Alais and Burr, 2004; Bertelson and 

Aschersleben, 1998). Evidence for ‘’tactile ventriloquism’’ has also been reported, 
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with previous studies reporting that a sound can influence the perceived spatial 

position of touch (Bruns et al., 2011; Bruns and Röder, 2010; Caclin et al., 2002; 

Plöchl et al., 2016; Vercillo and Gori, 2015).  

Even though such studies conducted in conditions of passive touch provide 

valuable information on cross-modal effects between touch and audition, they are 

of limited relevance for active touch. Indeed, in a static passive touch experiment, 

localization of the tactile stimulus relies solely on our ability to determine where it 

occurs on the body surface (spatial somatotopic discrimination) and where that 

body part is located in external space. In contrast, in conditions of active dynamic 

touch, where one is actively exploring the environment with the fingertip, spatial 

localization in external space of an object contacted by the fingers requires 

integrating information on when the tactile stimulus generated by the finger-object 

contact occurs (temporal discrimination) and where the exploring fingers are 

located in space (integration with proprioceptive, motor control, and/or visual 

information on finger position). Furthermore, the mechanical energy dissipated 

during a transient fingertip-object interaction in active touch will often generate – 

in addition to a tactile stimulus – a temporally-coinciding auditory stimulus (for 

example, the sound generated by knocking fingers on a door). In the context of 

multisensory integration in the temporal domain, temporal ventriloquism effects 

have been described, in which auditory stimuli can bias the perceived temporal 

onset of visual stimuli  (Fendrich and Corballis, 2001; Morein-Zamir et al., 2003; 

Vroomen and De Gelder, 2004). Such temporal effects of multisensory interactions 

are particularly relevant to active touch where, as mentioned above, spatial 

information about limb position needs to be integrated with temporal information 

on the onset of a stimulus. 
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To investigate auditory-tactile interactions in conditions of active touch, we 

designed a psychophysical experiment aiming at evaluating the contribution and 

potential integration of transient tactile and auditory feedback during active sliding 

of the finger against a surface. A key feature of multisensory integration is 

multisensory enhancement, where behavioral performance in bimodal versus 

unimodal conditions improves the ability to detect and/or make judgements about 

stimuli and shortens reaction times (Stein and Stanford, 2008). For instance, in 

passive touch conditions, synchronously presented vibrotactile stimuli have often 

been shown to increase the detectability and perceived loudness of faint auditory 

tones (Gillmeister and Eimer, 2007). These findings are compatible with modern 

theories of perception which posit that, rather than being a simple read-out of 

physical stimuli, perception results from inferential processes integrating sensory 

evidence and prior knowledge (Aggelopoulos, 2015; Rohde et al., 2016). This 

integration is usually thought to be approximately Bayesian, meaning that the 

contribution of different sources of information (prior expectations, sensory 

evidence from various modalities...) are weighted by their precision (inverse 

uncertainty) (Ernst and Banks, 2002; Rohde et al., 2016). If two stimuli are 

presented at different spatial locations, or at different temporal onsets, the 

perceived location/onset would be a compromise between these locations/onsets, 

weighted by the relative precision of the modalities. If two stimuli are presented at 

the same location in space or close in time, precise localization should be easier 

when several sensory cues are available as compared to a single cue. In this study, 

our aims were to investigate how well participants can evaluate, during an active 

touch exploration task, the position of their moving finger relative to the onset of a 

tactile, auditory, or auditory-tactile stimulus. Specifically, we tested whether 

bimodal auditory-tactile stimulation improves localization precision compared to 

both unimodal tactile stimulation and unimodal auditory stimulation, which would 
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be consistent with multisensory enhancement effects. It is important to note that 

for active tactile exploration, localization refers to the process of integrating 

temporal (given by the onset of the stimulation) and spatial (given by 

proprioceptive, motor, and visual information about finger position) cues to 

determine where the exploring finger was at the time the stimulation was received.  

2. Methods 

2.1. Participants 

The study received ethical approval by the UCLouvain Ethics Committee. Forty-

five healthy participants (with no self-reported history of motor or auditory 

disorders, or loss of sensitivity at their hands) were recruited. Twenty participants 

were recruited for Experiment 1 (17 females, 3 males, aged 18 to 34), and twenty-

five were recruited for Experiment 2 (18 females, 7 males, aged 18 to 35). Data 

collection had to be discontinued for 3 participants who were recruited for 

Experiment 2 because they struggled to perceive the haptic stimuli. Additionally, 

two participants who were recruited for Experiment 2 struggled to properly identify 

the stimulus types during the experiment, which led to many stimulus repetitions. 

For this reason, the data from these participants was excluded from the final 

dataset. Thus, the final sample for Experiment 2 included twenty participants. All 

participants gave written informed consent prior to participation. The choice of 

sample size was based on previous studies which used the Psi method to assess 

differences between experimental conditions in within subject designs (Courtin et 

al., 2023; Filbrich et al., 2017). 
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2.2. Experimental setup 

Tactile stimuli were delivered using the E-VITA haptic display (Rekik et al., 2017) 

(Figure 1A). This device works by means of amplitude-modulated ultrasonic 

vibrations, which render tactile feedback upon dynamic touch by reducing the 

coefficient of friction between the finger and the glass plate of the display. By 

controlling the vibration amplitude as a function of fingertip position, monitored 

using an embedded capacitive touch screen (Banana-LCD-5’’-TS, Marel, China, 50 

Hz sampling frequency), the display can create tactile shapes or textures that are 

felt at the exploring fingertip at defined locations as it slides on the display (Rekik 

et al., 2017). The effect of ultrasonic vibration of the display on friction has not been 

completely elucidated, but might be mediated at least in part by ultrasonic 

lubrication and the ‘’squeeze film’’ effect, where a thin layer of compressed air is 

created by the ultrasonic vibrations at the finger-surface interface (Wiertlewski et 

al., 2016).  

An external infrared (IR) touch screen (model TOT104UIR009, active area 

dimensions: 213x161 mm) frame was used to detect finger position (position 

accuracy: 2 mm) and thereby trigger the auditory stimuli at a given finger location 

on the tactile display (Figure 1A).  

2.3. Tactile, auditory and auditory-tactile sensory cues 

The tactile (T) stimulus was a transient reduction of friction rendered by 

ultrasonic stimulation when the fingertip was located within an active area shaped 

as a vertical rectangle with a height of 100 mm and a width of 2 mm. In the context 

of planar shape exploration, a transient change in friction is expected to occur as 

the fingertip crosses the raised edges of the shape (Janko et al., 2018). The transient 
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change in friction rendered via the haptic display used in this experiment thus 

artificially reproduced part of the tactile experience of crossing an indentation.  

The auditory (A) stimuli were bursts of white noise lasting 22.7 ms delivered 

using the Matlab Psychtoolbox. Transient white noise was selected because the 

sound elicited by the friction between a moving fingertip and a surface resembles 

white noise (Zahouani et al., 2009).  

The bimodal auditory-tactile (AT) stimuli consisted of the same stimuli 

temporally synchronized and delivered when the fingertip reached a given position 

on the haptic display (Figure 1B). Importantly, the auditory stimuli were delivered 

through a single small speaker placed just behind the tactile display, and were thus 

not spatially modulated according to when they were triggered depending on the 

location of the exploring fingertip (i.e., they were always delivered in the same way 

via the external speaker). Similarly, the tactile stimulus also remained unchanged 

relative to the fingertip’s location on the display (i.e., the same portion of fingertip 

skin was subjected to the transient change of friction). Localization of “where” the 

tactile, auditory and auditory-tactile stimuli occurred on the tactile display thus 

relied entirely on integrating temporal information about the onset of tactile 

and/or auditory feedback relative to spatial information about limb position 

provided by proprioceptive and/or visual feedback of fingertip location (Figure 1B). 

To avoid stimuli from one modality being perceived more strongly, a standard 

one-up one-down staircase was used at the beginning of each experimental 

session, to match the perceptual intensities of the auditory and tactile stimuli. 

Participants were presented with AT stimuli and had to report which modality 

(tactile or auditory) was perceived as more intense. Since the intensity of tactile 

stimuli was kept constant across participants, only the volume of the auditory 

stimulus was adjusted with the staircase procedure. The staircase ended after ten 
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reversals and the volume for the auditory stimuli was set to the average volume of 

the last nine reversals. 

2.4. Procedure 

To allow participants to familiarize themselves with the stimuli and task, a brief 

training session was included. Participants were presented with stimuli placed at 

extreme distances from the midline (+/- 3.5 cm, with steps of 0.5 cm, six per 

modality), for a total of 18 training trials, as described below.  

2.4.1. Experiment 1 (blocked design) 

Participants were asked to slide the index fingertip of their dominant hand 

in a horizontal left-to-right direction along the surface of the haptic display. To allow 

for more ecological tactile exploration conditions, participants were not 

constrained to a fixed scanning velocity. They were instructed to slide their finger 

simply avoiding extremely fast or extremely slow scanning speeds, which would 

have impaired perception of the tactile feedback delivered with the haptic display. 

On the display, a black vertical line (0.5 mm width) was displayed against a white 

background to mark the midline position. At the end of each fingertip slide, 

participants were asked to report whether they had perceived the tactile, auditory 

or auditory-tactile stimulus while their finger was in the first half (left) or second 

half (right) of the display relative to the visual midline position (two-alternative 

forced-choice task). Participants were informed about what modality they would 

receive (T, A, or AT) prior to each block, and were encouraged to report lack of or 

incorrect detection of the stimuli (e.g., only hearing the A stimulus in AT trials), in 

which case the trial was repeated. 
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Figure 1. Experimental setup. (A) Participants were asked to slide from left-to-right their right index 

fingertip against a flat visuo-haptic display which renders tactile stimuli via friction-modulation (a). An 

infrared frame was placed on top of the display to monitor finger position and to trigger the auditory 

feedback (c), which was delivered via an external speaker placed just behind the haptic display (d).  
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Participants had to report, after each trial, whether they perceived the stimulation (tactile, auditory, 

or audio-tactile) while their finger was located to the left or to the right of a visually-displayed midline 

(b). The figure shows an example of a stimulus delivered while the fingertip was located to the left of 

the visually displayed midline (red dashed line). (B) Audio-tactile, tactile, and auditory stimuli were 

presented as follows. Participants performed horizontal left-to-right movements over the haptic 

display (bottom panel, diagonal arrow). Auditory (blue) and/or tactile (green) stimuli were triggered 

when the fingertip reached a given location on the haptic display (horizontal and vertical dashed red 

lines), relative to the visually displayed midline. The grey areas show the range of locations that were 

used to estimate the psychometric curves in the two experiments. In Experiment 1 (darker grey area) 

the range was -2 cm to + 2 cm. In Experiment 2 (lighter grey area) the range was -3 cm to +3 cm. 

The distance relative to the midline of the T, A or AT stimuli was determined 

on a trial-to-trial basis using the psi+ method, run using the Palamedes toolbox in 

Matlab (Prins, 2012; Prins and Kingdom, 2018). The psi+ method is an extension of 

the original psi method proposed by Kontsevitch and Tyler (1999), a Bayesian 

adaptive algorithm aiming at optimizing stimulus placement to gain information on 

the psychometric function parameters: the threshold α (mid-point of the function), 

the slope β (rate of change parameter), and the lapse rate λ (determining the upper 

and lower asymptotes of the function). To do so, it keeps track of a joint probability 

distribution for the function parameters, selects stimulus placement to optimize 

entropy reduction on these parameters, updates the full joint distribution based on 

the response to the presented stimulus, and selects the next stimulus following the 

same approach for a given number of stimuli (Kontsevich and Tyler, 1999).  

The method was run separately for the different conditions (A, T, AT). The 

psychometric function shape to be estimated by the algorithm was set to a 

cumulative Gaussian. Given the nature of the task, classification errors at both 

extremes of the stimulus range were considered lapses and the upper and lower 

asymptote values of the psychometric function were estimated jointly. The method 

was constrained to select stimulus locations relative to the midline ranging from –
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2.0 cm to +2.0 cm in steps of 0.5 mm, and to consider threshold α values in the 

same range. It was also constrained to consider slope β values between 0.05 and 5, 

and lapse rate λ values between 0 and 0.2.  Threshold (alpha) and slope (beta) priors 

were uniform on the predefined range. Lapse rate (lambda) prior was a half-normal 

with mean 0 and standard deviation 0.5, normalized to integrate to 1 on the 

predefined range.  

The experimental session comprised a total of 300 trials (100 per modality), 

divided into twelve blocks of 25 stimuli, four for each modality (T, A and AT). The 

order of the blocks was pseudo-randomized across participants: to avoid too many 

repetitions of blocks of the same modality, the order of the blocks was randomized 

for every sequence of three blocks (e.g. block 1 = A, T, AT; block 2 = T, AT, A etc.) 

2.4.2. Experiment 2 (interleaved design) 

In Experiment 1, participants were informed about what modality would be 

presented to them prior to each block. Such a blocked design could have led 

participants to choose the sensory cue (tactile or auditory) that they perceived as 

more reliable during bimodal trials, thus disregarding the sensory cue from the 

other modality. For this reason, a follow-up experiment was conducted using an 

interleaved design mixing T, A and AT trials within each testing block. Participants 

were not informed about modality prior to each trial, and could therefore not 

choose to focus on one modality or the other during bimodal trials. The task 

performed by the participant was identical to Experiment 1. To ensure correct 

perception of each modality, participants were also asked, at the end of each trial, 

to report what type of stimulation they perceived (T, A or AT), in addition to 

reporting the perceived location of their finger at the time the stimulus was 

presented. In case of lack of detection or incorrect detection of a stimulus (for 

example, only perceiving a T or A stimulus during AT trials), the trial was repeated, 
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and participants were not informed that they would be presented with the same 

stimulus. 

The same Psi+ adaptive procedure was employed. The stimulation and prior 

alpha ranges were increased compared to Experiment 1 from ± 2.0 cm to ± 3.0 cm 

as the results from Experiment 1 showed that, for some participants, the 

psychometric curve failed to saturate within the ± 2.0 cm range (Supplementary 

Fig. 1 and 2). The prior beta (slope) and lambda (lapse) distributions were the same 

as in Experiment 1. 

The experimental session comprised a total of 300 trials. The experiment was 

divided into 10 blocks, each comprising 30 trials (10 of each modality). Within each 

block, the order of presentation of the three conditions was interleaved and 

pseudo-randomized for each participant: to avoid too many repetitions of the same 

modality, the randomization procedure was repeated every six trials, thus 

obtaining two repetitions of stimuli of each modality within twelve trials (e.g. 

A;T;A;AT;T;AT – T;AT;T;A;A;AT etc.). 

2.5. Data analysis 

Rather than using the estimates of the psychometric function’s parameters 

returned by the psi+ method (threshold, slope, and lapse rate), we decided to use 

the raw stimulus-response pairs to fit new hierarchical models able to better 

account for the structure of the data (condition within participants, participants 

within group). This was motivated by the fact that independent psi+ runs need to 

be used for each participant and conditions, corresponding to untenable 

assumptions of total independence between participants and conditions, and by 

the fact that we would have to either drop the uncertainty of these estimates and 

treat them as single observations (rather than as the results of fitting a model to 
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100 trials) or use complicated meta-analysis techniques to weight these estimates 

by their uncertainty.  

2.5.1. Model choice 

Assuming sensory noise to be the sum of many independent sources, this 

noise should be approximately normally distributed in accordance with the Central 

Limit Theorem (Kingdom and Prins, 2010). For such theoretical reasons, we chose 

to use a probit (i.e. cumulative normal) regression model, which is regarded as 

‘’perhaps the most justifiable form’’ of psychometric function (Kingdom and Prins, 

2010). 

In order to assess within participants differences in threshold and slope 

with the modelling, the AT condition was chosen as the intercept of the linear 

predictors, and the difference between AT and T and between AT and A were 

modelled. As stimuli located at more positive values along the x-axis of the display 

(i.e., more to the right) should lead to a larger probability of reporting a stimulus 

on the right half of the screen, the slope was constrained to be positive by making 

it a base 10 exponential. As we did not expect the different conditions to affect 

lapses, the lapse rate was treated as a nuisance parameter, and was allowed to vary 

between participants, but not between conditions.  
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This gives us the following model: 

𝐹𝑜𝑟 𝑖 𝑖𝑛 1 𝑡𝑜 𝐼  

𝐹𝑜𝑟 𝑘 𝑖𝑛 1 𝑡𝑜 𝐾    

𝑦𝑖   ∼  𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙 (𝜑𝑖 ,  𝑛𝑖) 

𝜑𝑖   =  𝜆𝑘   +  
(1 − 2𝜆𝑘)

2
. 𝑒𝑟𝑓𝑐 (

−𝛽𝑘  . (𝑥𝑖 − 𝛼𝑘)

√2
) 

𝛼𝑖 = 𝑐𝑜𝑒𝑓𝛼 𝐴𝑇𝑘[𝑖] + 𝑐𝑜𝑒𝑓𝛼 𝐴𝑇−𝑇𝑘[𝑖] .  𝑖𝑠𝑇𝑖 + 𝑐𝑜𝑒𝑓𝛼 𝐴𝑇−𝐴𝑘[𝑖].  𝑖𝑠𝐴𝑖  

𝛽𝑖 = 10∧ (𝑐𝑜𝑒𝑓𝛽 𝐴𝑇𝑘[𝑖] + 𝑐𝑜𝑒𝑓𝛽 𝐴𝑇−𝑇𝑘[𝑖] .  𝑖𝑠𝑇𝑖 + 𝑐𝑜𝑒𝑓𝛽 𝐴𝑇−𝐴𝑘[𝑖].  𝑖𝑠𝐴𝑖) 

𝜆𝑖 =
1

1 + 𝑒
−𝑐𝑜𝑒𝑓𝜆𝑘[𝑖]

 

 

𝑐𝑜𝑒𝑓𝛼 𝐴𝑇𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛼 𝐴𝑇 ,  𝜎𝛼 𝐴𝑇) 

𝑐𝑜𝑒𝑓𝛼 𝐴𝑇−𝑇𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛼 𝐴𝑇 − 𝑇 ,  𝜎𝛼 𝐴𝑇 − 𝑇) 

𝑐𝑜𝑒𝑓𝛼 𝐴𝑇−𝐴𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛼 𝐴𝑇 − 𝐴,  𝜎𝛼 𝐴𝑇 − 𝐴) 

 

𝑐𝑜𝑒𝑓𝛽 𝐴𝑇𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛽 𝐴𝑇 ,  𝜎𝛽 𝐴𝑇) 

𝑐𝑜𝑒𝑓𝛽 𝐴𝑇−𝑇𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛽 𝐴𝑇 − 𝑇 ,  𝜎𝛽 𝐴𝑇 − 𝑇) 

𝑐𝑜𝑒𝑓𝛽 𝐴𝑇−𝐴𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝛽 𝐴𝑇 − 𝐴,  𝜎𝛽 𝐴𝑇 − 𝐴) 

 

𝑐𝑜𝑒𝑓𝜆𝑘 ∼  𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝜆,  𝜎𝜆) 
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Where K is the number of subject, k is a varying index corresponding to the subject 

identity, I is the number of data points, i is a varying index corresponding to the 

current data point, n is the number of stimuli presented at a given intensity, φ is the 

probability to report the stimulus on the right part of the visually displayed midline,  

λ is the lapse rate, α is the threshold, β is the slope, erfc is the complementary error 

function, isA and isT are binary variables taking 0 (false) or 1 (true) value depending 

on the type of stimulus being used (A: isA=1, otherwise, isA=0; T: isT=1, otherwise, 

isT=0) 

2.5.2. Model fitting 

The model was fitted in Stan (Stan Development Team, 2016) using the 

Cmdstanr package (Gabry et al., 2023) within the R statistical program (R Core 

Team, 2021) and the R Studio interface (Allaire, 2012). To fit the model, four chains 

of 5000 iterations (including a warm-up period of 2500 iterations, which was 

discarded) were used, leading to a total of 10000 draws from the posterior 

distribution.  

Experiment 1 

A total of 1958 stimulus response pairs, coming from 20 participants and 3 

conditions, were used to fit the model. Priors on standard deviations (σ) were 

constrained to be positive.  The hyperprior (prior on group level parameter) for the 

intercept of the threshold predictors (µαAT, σαAT) was a normal distribution with 

mean 0 and standard deviation 1. The hyperpriors for the slopes of the threshold 

predictors (µαT, σαT; µαA, σαA) were normal distributions with mean 0 and standard 

deviation 0.5. The hyperprior for the intercept of the log10(slope) predictors (µβAT, 

σβAT) was a normal distribution with mean 1 and standard deviation 0.5. The 

hyperpriors for the log10(slope) predictors (µβT, σβT; µβA, σβA) were normal 
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distributions with mean 0 and standard deviation 0.25. The prior for the group 

mean of the logit transformed lapse rate was a normal distribution with mean -4 

and standard deviation 1.  

Experiment 2 

A total of 2067 stimulus response pairs, coming from 20 participants and 3 

conditions, were used to fit the model. The hyperprior for the intercept of the 

threshold predictors (µαAT, σαAT) was a normal distribution with mean 0 and standard 

deviation 1. The hyperpriors for the threshold predictors (µαT, σαT; µαA, σαA) were 

normal distributions with mean 0 and standard deviation 0.5. The hyperprior for 

the intercept of the log10(slope) predictors (µβAT, σβAT) was a normal distribution 

with mean 1 and standard deviation 0.5. The hyperpriors for the log10(slope) 

predictors (µβT, σβT; µβA, σβA) were normal distributions with mean 0 and standard 

deviation 0.25. The prior lapse rate was a normal distribution with mean -4 and 

standard deviation 1. 

2.5.3. Model diagnostics 

Following model fitting, appropriate sampling of the posterior distributions 

was assessed using the ShinyStan (Stan Development Team, 2017): absence of 

divergent transitions, not reaching maximum tree depth, good alignment of energy 

diagnostic plots, E-BFMI larger than 0.2, effective sample size larger than 10% of 

the total sample size, Monte Carlo standard error smaller than 10% of the posterior 

standard deviation, and Rhat equal to or smaller than 1.01. Individual participant 

data fits were inspected visually as a posterior predictive check (see supplementary 

Figs. 1-4). 



78 

 

2.5.4. Differences between conditions 

For both experiments, the presence of significant interindividual threshold 

or slope differences between conditions (AT vs T; AT vs A; T vs A) were assessed 

based on the posterior probability distributions of µαT, µαA, and µαA - µαT (thresholds) 

and µβT, µβA, and µβA - µβT (slopes). These distributions correspond to the population 

means of differences in threshold and slope between AT and T, between AT and A, 

and between A and T, respectively. These parameters were used to estimate the 

posterior probability (P) of our different null hypotheses by comparing 105 random 

draws from their posterior distributions with 0. When comparing threshold 

estimates across conditions, bilateral tests were used, as we made no predictions 

on the effects of modality on threshold values within participants. For estimation 

of interindividual differences in slope, we conducted unilateral tests when 

assessing differences between the two unimodal and the bimodal conditions, given 

our pre-registered (Experiment 1: https://doi.org/10.17605/OSF.IO/Y4GBN; 

Experiment 2: https://doi.org/10.17605/OSF.IO/X69UZ) hypothesis that 

concurrent auditory-tactile stimulation would improve precision, and bilateral tests 

when comparing the two unimodal conditions, since we did not have a pre-

registered hypothesis on the slope difference between these two. We considered 

the null hypothesis to be rejected when its posterior probability was less than 0.05. 

To better illustrate the psychometric function fitted from the posterior 

distribution of the model parameters, an expected function was constructed, for 

each condition. This was achieved by constructing 104 functions using random 

draws from the posterior distribution of the parameters and taking, for each 

temporal delay, the 50th percentile of the stimulus detection probability. To get a 

sense of the uncertainty around these values, the pointwise 2.5th and 97.5th 

percentiles (95% credible interval) were also plotted. These psychometric functions 

https://doi.org/10.17605/OSF.IO/Y4GBN
https://doi.org/10.17605/OSF.IO/X69UZ
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can be interpreted as the expected values for a new unobserved participant coming 

from the same population. 

3. Results 

3.1. Experiment 1 (blocked design) 

The model diagnostics revealed appropriate sampling, and the model appeared 

to fit well to the individual participants’ raw data (see supplementary Figs. 1 and 2). 

As can be seen in Figure 2, when the different conditions were presented in 

separate blocks (Experiment 1), thresholds of all three stimuli (A, T, AT) tended to 

be negative, indicating that participants reported that their finger was to the right 

of the midline when stimuli were presented close to it. Furthermore, the threshold 

for the tactile-only stimulus T was significantly more negative than that of the 

auditory-tactile stimulus AT (P(T≠AT|data)=0.034). The threshold of the auditory-only 

stimulus A appeared less negative than the thresholds of the other stimuli, but 

these differences were not statistically significant (P(A≠AT|data)=0.708, 

P(T≠A|data)=0.107).  The slopes of the AT and T psychometric functions appeared very 

similar (P(T<AT|data)=0.581) and both were significantly greater than the slope of the 

A psychometric function (P(A<AT|data) = 0.001, P(T≠A|data)=0.004), indicating greater 

localization precision in the case of tactile stimulation (T or AT).  
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Figure 2. Posterior psychometric function parameter estimates for Experiment 1 (blocked design).  

The top row represents the population mean estimates for the threshold (left) and log10(slope) (right) 

for the three conditions. In the model, these parameters correspond to µαAT / µβAT (AT), µαAT + µαT / 

10^(µβAT + µβT) (T), and µαAT + µαA/ 10^(µβAT + µβA) (A). The bottom row represents estimates of 

threshold (left) and log10(slope) (right) differences between conditions. In the model, these 

correspond to µαT/µβT (T-AT) and µαA/µβA (A-AT), and µαA - µαT/µβA - µβT (A-T), where T-AT, A-AT, and A-

T represent the population means of differences in threshold and slope between AT and T, between 

AT and A, and between A and T, respectively. In all cases, the horizontal lines represent the 95% 

highest probability density intervals of the posterior distributions and the dots represent the medians 

of the posterior distributions. 

A posterior predictive psychometric function, corresponding to what can 

be expected for a new participant coming from the same population taking 

Experiment 1, is displayed in Figure 3. 
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Figure 3. Posterior expected psychometric functions for Experiment 1 (blocked design). Bold lines 

represent the function constructed with the most likely parameter values (i.e. the median of 103 

random draws from the posterior distribution of the model parameters). Dotted lines represent the 

pointwise uncertainty around the posterior expected function (95% highest probability density 

intervals).   

3.2. Experiment 2 (interleaved design) 

The model diagnostics revealed appropriate sampling, and the model appeared 

to fit well to the individual participants’ raw data (see supplementary Figs. 3 and 4). 

As can be seen in Figure 4, when the different stimulus conditions were 

intermingled within the same blocks (Experiment 2), the threshold of the auditory-

tactile AT stimulus was significantly less negative (closer to the display midline) 

compared to the auditory-only A stimulus (P(T≠AT|data)=0.005) and the tactile-only T 

stimulus (P(A≠AT|data)<0.001), which were extremely similar (P(T≠A|data)=0.801). The 

slope of the AT psychometric function appeared steeper than the slope of the T 

psychometric function (not significant; P(T<AT|data)=0.209) which itself was 

significantly steeper compared to the slope of the A psychometric function 

(P(A<AT|data)=0.001, P(T≠A|data)=0.028).  
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Figure 4. Posterior psychometric function parameter estimates for Experiment 2 (interleaved 

design). The top row represents the population mean estimates for the threshold (left) and 

log10(slope) (right) for the three conditions. In the model, these parameters correspond to µαAT / µβAT 

(AT), µαAT + µαT / 10^(µβAT + µβT) (T), and µαAT + µαA/ 10^(µβAT + µβA) (A),. The bottom row represents 

estimates of threshold (left) and log10(slope) (right) differences between conditions. In the model, 

these correspond to µαT/µβT (T-AT) and µαA/µβA (A-AT), and µαA - µαT/µβA - µβT (A-T), where T-AT, A-AT, 

and A-T represent the population means of differences in threshold and slope between AT and T, 

between AT and A, and between A and T, respectively. In all cases, the horizontal lines represent the 

95% highest probability density interval of the posterior distributions and the dots represent the 

medians of the posterior distributions. 

A posterior predictive psychometric function, corresponding to what can 

be expected for a new participant coming from the same population performing 

Experiment 2, is displayed in Figure 5. 
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Figure 5. Posterior expected psychometric functions for Experiment 2 (interleaved design). Bold 

lines represent the psychometric function constructed with the most likely parameter values (i.e. the 

median of 103 random draws from the posterior distribution of the model parameters). Dotted lines 

represent the uncertainty around the posterior expected function (95% highest probability density 

intervals).  

4. Discussion 

In this study, we aimed to investigate how observers integrate the onsets of 

auditory and/or tactile feedback to localize events in external space occurring 

during active tactile exploration (sliding the fingertip against a surface). Specifically, 

we assessed whether concurrent auditory-tactile stimulation improves localization 

performance compared to unimodal-tactile and unimodal-auditory stimulation. To 

address this question, two experiments were performed. In a first experiment, 

participants received information on the modality of the incoming sensory 

information prior to each block (auditory, tactile or auditory-tactile). With such a 

design, participants could be inclined to ignore one of the sensory cues during 

bimodal trials, and simply respond to what they perceived as the most reliable cue. 

Therefore, in a second experiment, the three modalities were interleaved within 
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blocks, and participants did not receive any information about the incoming 

sensory information prior to each trial. Results from both experiments revealed 

better localization precision (indexed by the slope of the fitted psychometric 

functions) for unimodal tactile stimulation compared to unimodal auditory 

stimulation. This suggests that the onset of tactile cues during fingertip sliding was 

more informative on localization than the onset of auditory cues. Given the nature 

of the task, where participants used their finger to actively explore a surface, it 

seems reasonable to expect a finer grained spatial representation of where the 

finger is when a tactile stimulus is perceived at its extremity than when a concurrent 

auditory stimulus without somatosensory counterpart is perceived.  

While we had hypothesized that the combination of tactile and auditory 

sensory cues would lead to an improvement of localization precision, this was not 

the case in Experiment 1. In this experiment, participants knew in advance what 

type of stimulus would occur. It is thus likely that some participants focused on the 

more informative tactile modality when receiving bimodal stimuli, which poses a 

significant limitation to the interpretation of the group-level results from the first 

experiment. For this reason, the rest of the discussion will focus on the 

interpretation of the results from Experiment 2.  

In that experiment, participants did not know in advance what type of stimulus 

they would receive and therefore could not beforehand focus on a specific 

modality. In this experiment, the slopes for the different psychometric functions 

followed our hypothesis (auditory<tactile<auditory-tactile), but the slope estimates 

between the T and AT modalities were not significantly different, whereas the slope 

estimate for the unimodal A condition was markedly lower than the other two 

conditions. This suggests that such as in Experiment 1, tactile cues were more 

informative on localization as compared to auditory cues, and that combined 

auditory-tactile stimulation did not significantly improve localization precision.  
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The exploratory analysis of threshold estimates provides interesting insights in the 

effects of bimodal stimulus presentation on localization bias. In both experiments, 

and for all conditions, the psychometric curves were shifted towards negative 

threshold values. This indicates that, irrespective of modality, when stimuli were 

presented while the exploring finger was close to the midline, participants tended 

to respond that their finger was to the right of the midline. Several reasons could 

explain this effect. First, our results are consistent with leftward biases observed in 

bisection tasks (left side underestimation, or pseudoneglect) frequently reported 

in the literature in healthy subjects, who tend to place their perceived midpoint 

towards the left of the true midpoint of a line (Bradshaw et al., 1985; Varnava et 

al., 2002). Second, the haptic display used to deliver the tactile stimuli modulates 

friction of the entire fingertip contacting surface, rather than a specific fingertip 

location. This is due to the fact that ultrasonic vibrations are triggered across the 

whole plate once the finger is detected within a pre-defined active zone (Vezzoli et 

al., 2016). Given that the display was explored in a single left-to-right direction, and 

taking into consideration the size of the fingertip contacting surface, it is therefore 

possible that the bias in the tactile modality was influenced by the fact that 

participants perceived the change in friction on the entire fingertip surface as soon 

as it entered the haptic rectangle. Thus, for stimuli presented at short distances to 

the left of the visual midline, the friction modulation also occurred at locations on 

the fingertip skin that had already crossed the midline, biasing perception to the 

right. A further possibility is that delays between detection of finger position via the 

capacitive screen of the E-VITA haptic display as well as the infrared frame and 

triggering of both tactile and auditory stimuli also contributed to the observed bias. 

However, such delays would also have been present in the bimodal condition, and 

the bias reduction in this condition in experiment 2 still points towards the presence 

of multisensory effects. Lastly, the observed perceptual rightward bias may relate 
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to the effect of representational momentum, or forward displacement. This 

phenomenon occurs when, in the presence of motion, the localization of a stimulus 

is shifted towards the direction of movement (Freyd and Finke, 1984; Hubbard, 

2018, 2005; Merz et al., 2020). More specifically, our findings appear to be 

consistent with a special case of representational momentum, the flash-lag effect, 

which is observed when the position of a stationary object is assessed relative to a 

moving target object (here the position of the finger sliding against the display) 

(Hubbard, 2013). Different accounts of the mechanisms underlying the flash-lag 

effect have been proposed, including a longer processing time for stationary than 

for moving stimuli (Whitney et al., 2000), and the effect has already been described 

for haptic stimuli (the buzz-lag effect) (Cellini et al., 2016; Drewing et al., 2018; 

Drewing and Vroomen, 2022), and for cross-modal stimuli (Alais and Burr, 2003). In 

our experiments, participants had to continuously integrate motor, proprioceptive, 

and visual inputs, to estimate the timing of stimulation relative to the estimated 

fingertip position, as neither the tactile nor auditory stimuli (corresponding to the 

flash in the flash-lag effect or the buzz in the buzz-lag effect) carried explicit spatial 

information in themselves (i.e. the somatosensory and auditory stimuli were 

identical regardless of where the finger was located on the haptic display). Since 

the task only involved left-to-right movements, it seems plausible that the 

estimated position of the exploring fingertip at the moment of transient auditory 

and/or tactile stimulation was shifted forward relative to the visually displayed 

midline, giving rise to a rightward perceptual bias in both experiments. In 

Experiment 2, where modality of the upcoming sensory cue was not predictable, 

bimodal stimulation led to a reduced bias compared to the unimodal auditory 

stimulation, suggesting that concurrent presentation of the auditory and tactile 

stimuli increased the temporal binding between the auditory-tactile stimuli and the 

estimated position of the exploring fingertip relative to the visually displayed 
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midline. Such cross-modal effects on temporal binding have also been previously 

reported in the context of the flash-lag effect between the visual and auditory 

modalities (Vroomen and De Gelder, 2004). In these experiments, it was shown that 

a sound concurrently presented with a visual flash significantly reduced the 

magnitude of the flash-lag effect, and that presenting the sound with an offset 

relative to the visual flash biased the effect linearly with the introduced delay, 

consistent with a temporal ventriloquism effect (Vroomen and De Gelder, 2004). In 

drawing parallels between auditory-visual and auditory tactile interactions in the 

context of representational momentum, a key difference is that, while in the flash-

lag effect the moving target is passively presented to participants (i.e., a dot moving 

horizontally across a screen), during the buzz-lag effect as well as in our task, the 

moving target is voluntarily displaced by the participants (i.e., the exploring 

fingertip). Localization during active finger sliding movements therefore relies on 

dynamically integrating spatial information about limb position at a given time 

(given by visual and/or proprioceptive cues) and temporal information about the 

onset of the tactile and/or auditory stimuli. In contrast with our results, a study 

investigating the effects of modality on the buzz-lag and flash lag-effects across 

vision and touch found that the magnitude of the effect was not different between 

unimodal versus bimodal conditions (Drewing et al., 2018). However, a key 

difference with the present work is that we tested differences between a bimodal 

(temporally synchronized auditory and tactile stimuli) and unimodal (tactile- or 

auditory-only) stimuli, while both the stationary object (the visually displayed 

midline) and the moving object (the exploring finger) were always the same across 

our experimental conditions. In line with our results, Drewing and colleagues 

((Drewing et al., 2018)) reported that the characteristics of the flash (e.g., its 

intensity or duration) modulate the magnitude of the illusion, as they represent a 

temporal trigger to estimate the moving object’s position, and the time necessary 
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to trigger the estimation depends on the processing timing of the flashed object 

(Drewing et al., 2018; Hubbard, 2014).  This is consistent with a redundant signals 

effect, which predicts that multisensory gain is reflected by faster response times 

in bimodal compared to unimodal conditions (Otto and Mamassian, 2017; Raab, 

1962), and which has been reported in a large number of studies investigating 

audio-visual, visual-tactile and auditory-tactile interactions (Diederich and 

Colonius, 2004; Forster et al., 2002; Girard et al., 2013; Murray et al., 2001; Zampini 

et al., 2007). In line with such gain effects, it is possible that, in the bimodal 

condition of our study, participants made quicker decisions about the stimuli, and 

therefore were faster at reconstructing the position of their finger relative to when 

the stimulus was perceived, thus leading to a more accurate localization of finger 

position relative to the stimulation onset. However, since we have no measure of 

reaction times to the stimulations used in our experiment, it is not possible to 

evaluate whether the effects we observed on accuracy could result from simple 

statistical facilitation and be driven by the fastest modality (as predicted by the race 

model (Otto and Mamassian, 2017; Raab, 1962)), or whether sensory integration 

took place prior to the decisional process (as predicted by the co-activation model 

(Miller, 1982; Otto and Mamassian, 2017)). Furthermore, bimodal stimulation did 

not lead to significant improvements in precision (i.e., the slope of the 

psychometric function), possibly highlighting the fact that tactile stimuli provided 

sufficient information in isolation for participants to reach ceiling performance 

levels.  

Importantly, the movement-related bias we observed could be intrinsic to different 

types of active tactile exploration. While the use of only one direction of movement 

does not allow us to fully exclude effects of left-side underestimation, previous 

studies that have reported buzz-lag effects in active touch employing both 

directions of movement have shown that the lagging effect occurs in both 
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directions (Cellini et al., 2016). Therefore, it seems plausible to suggest that the bias 

we observed is more closely related to representational momentum. Our finding 

that concurrent sound reduces such bias could therefore have important 

implications for the design of haptic technologies. 

In conclusion, we show that, under our experimental conditions, concurrent 

auditory stimulation did not lead to a significant improvement of the localization 

precision of the fingertip at the time it receives a tactile stimulus in conditions of 

active touch, possibly due to the higher reliability and relevance of fingertip tactile 

input compared to auditory input during tactile exploration. Interestingly, however, 

our exploratory analysis revealed a localization bias compatible with the 

audiovisual flash-lag effect or the tactile-visual buzz-lag effect, which was 

significantly reduced under bimodal stimulus presentation. Therefore, cross-modal 

effects between sound and touch in conditions of active haptic exploration could 

increase the temporal binding between transient auditory-tactile cues relative to 

the estimated position of the moving fingertip. This more veridical perception of 

finger position when tactile stimuli are jointly presented with sounds can have 

implication for the design of efficient devices that need to be explored haptically. 
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Supplementary materials 

 

Supplementary Figure 1. Individual participants’ fits of the model (experiment 1; Participants 1-10). 

For each participant (columns) and condition (rows), the detection probabilities for the various delays 

are depicted as dots, color-coded based on the number of trials used to compute the plotted 

probability. The PF constructed using the most likely parameter (median) is plotted in black. 100 PFs 

constructed using random draws from the posterior distribution of the parameters are plotted in grey 

(uncertainty around the true parameter values).  
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Supplementary Figure 2. Individual participants’ fits of the model (experiment 1; Participants 11-

20). For each participant (columns) and condition (rows), the detection probabilities for the various 

delays are depicted as dots, color-coded based on the number of trials used to compute the plotted 

probability. The PF constructed using the most likely parameter (median) is plotted in black. 100 PFs 

constructed using random draws from the posterior distribution of the parameters are plotted in grey 

(uncertainty around the true parameter values). 
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Supplementary Figure 3. Individual participants’ fits of the model (experiment 2; Participants 1-10). 

For each participant (columns) and condition (rows), the detection probabilities for the various delays 

are depicted as dots, color-coded based on the number of trials used to compute the plotted 

probability. The PF constructed using the most likely parameter (median) is plotted in black. 100 PFs 

constructed using random draws from the posterior distribution of the parameters are plotted in grey 

(uncertainty around the true parameter values). 
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Supplementary Figure 4. Individual participants’ fits of the model (experiment 2; Participants 11-

20). For each participant (columns) and condition (rows), the detection probabilities for the various 

delays are depicted as dots, color-coded based on the number of trials used to compute the plotted 

probability. The PF constructed using the most likely parameter (median) is plotted in black. 100 PFs 

constructed using random draws from the posterior distribution of the parameters are plotted in grey 

(uncertainty around the true parameter values). 
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CHAPTER 3: Processing the fine-grained 

features of tactile textures involves the 

primary somatosensory cortex1.  

 

 

 

 

 

 

 

 

 

 

 

 

1Published as: Esposito, G., Nozaradan, S., Kuzminova, A., Collignon, O., Mouraux, A. (2024) 

Processing the fine-grained features of tactile textures involves the primary somatosensory 

cortex. Imaging Neuroscience, 2: 1-15.  
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Abstract  

Dynamic tactile perception and discrimination of textures require the ability to 

encode and differentiate complex vibration patterns elicited at the level of the skin 

when sliding against a surface. Whether the primary somatosensory cortex (S1) can 

encode the fine-grained spectrotemporal features distinguishing textures remains 

debated. To address this question, electroencephalography (EEG) frequency-

tagging approach was used to characterize responses to vibrotactile oddball 

contrasts between two textures. In a first session designed to identify the 

topographical distribution of responses originating from the hand and foot 

representations in S1, standard and deviant stimuli were pure sinusoidal vibrations 

differing in frequency and intensity. In a second session, standard and deviant 

stimuli were two different snippets of bandpass-filtered white noise matched in 

terms of intensity and average frequency content, but differing in terms of their 

complex spectrotemporal content. Using the S1 functional localizer, we showed 

that oddball responses to a spectrotemporal contrast follow the somatotopical 

organization of S1. Our results suggest that the encoding of fine-grained 

spectrotemporal features associated with different vibration patterns involves S1.  

Keywords: EEG, vibrotactile, frequency-tagging, texture, somatosensory, S1 
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1. Introduction 

During tactile exploration of a textured surface, minute and complex 

deformations of the skin activate mechanoreceptors located within cutaneous and 

subcutaneous structures. It is believed that two main codes underlie our ability to 

discriminate textures: a spatial code, whereby texture information is conveyed by 

the differential activation of mechanoreceptors having small receptive fields, and a 

temporal code mediated by differences in the temporal dynamics of activity 

generated within rapidly adaptive mechanoreceptors (Connor et al., 1990; Connor 

and Johnson, 1992; Hollins and Risner, 2000; Muniak et al., 2007). Indeed, sliding 

the finger against a fine-grained textured surface generates mechanical vibrations 

at the skin-surface interface that preferentially activate rapidly adapting 

mechanoreceptors types I and II (Bensmaïa and Hollins, 2005; Hollins et al., 2001). 

Therefore, the frequency content and time course of skin vibrations during 

exploration of natural textures may carry information about individual texture 

identity (Manfredi et al., 2014). More specifically, the intensity of vibrations 

recorded at the level of the hand and wrist during dynamic exploration of a textured 

surface was shown to carry information about texture roughness for both periodic 

and non-periodic textures, while their frequency content allowed discrimination of 

different samples of periodic textures (Delhaye et al., 2012). In primates, several 

studies have reported temporal encoding of skin vibrations and fine textures within 

vibration-sensitive mechanoreceptors, with millisecond-scale precision 

(Mackevicius et al., 2012; Weber et al., 2013). The temporal pattern of activation 

of rapidly adapting types I and II fibers has been shown to reliably reflect individual 

texture identity, and has thus been suggested to mediate fine texture perception 

(Weber et al., 2013). Other studies conducted in non-human primates have shown 

that millisecond-level temporal patterning of responses to natural textures is also 

represented at the cortical level, in the primary somatosensory cortex (S1) 
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(Birznieks and Vickery, 2017; Harvey et al., 2013; Long et al., 2022). The cortical 

activity generated by high-frequency vibrations has been related to the envelope 

and the frequency content of skin vibrations elicited by surface scanning of the 

fingertip (Harvey et al., 2013). 

In humans, scalp electroencephalography (EEG) can be used to non-invasively 

characterize brain responses to a sensory stimulus with a very fine time scale. 

However, measuring high-frequency cortical activity to high-frequency vibrations 

using scalp EEG is a challenging endeavor and, using pure sinusoidal mechanical 

vibrations, EEG responses have been previously shown to only be reliably recorded 

at stimulation frequencies below 100 Hz (Breitwieser et al., 2012; Srinivasan et al., 

1990; Vialatte et al., 2009). 

Besides the recording of event related potentials (ERPs) which allow 

characterizing synchronized and transient cortical responses to the onset of single 

sensory events, EEG can also be used to characterize cortical activity induced by the 

periodic and selective modulation of a property of the sensory stimulus using the 

frequency-tagging approach (Lenc et al., 2021; Norcia et al., 2015; Nozaradan, 

2014; Rossion, 2014). In this approach, periodic modulation of a sensory feature 

elicits a periodic variation in cortical activity, which is expected to project at the 

frequency of the periodic modulation and its harmonics in the EEG spectrum 

(Nozaradan, 2014; Rossion, 2014). Therefore, an advantage of the frequency-

tagging approach is the fact that it allows specific characterization and 

quantification of the elicited responses as they are constrained within exact narrow 

frequency bands determined by the rate at which the sensory feature is modulated 

(Norcia et al., 2015; Regan, 1989, 1966). Using this approach, Moungou et al. 

(2016a) were able to isolate and describe, in humans, cortical activity related to the 

processing of natural fine-grained textures. To do so, they periodically modulated 
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the envelope of high-frequency vibrations elicited at the fingertip by introducing a 

small 3 Hz sinusoidal vertical displacement of the textured surface while it was 

concurrently sliding against the finger. Besides showing that the EEG frequency-

tagging approach was able to capture stimulus-related cortical activity tagged at 

the frequency of this vertical displacement, they also reported that the magnitude 

of these responses was related predominantly to the magnitude of the high-

frequency vibrations recorded at the fingertip. Furthermore, the topographic 

pattern of the periodic texture-related activity was contralateral to the stimulated 

hand, suggesting an involvement of S1 (Moungou et al., 2016a). Classification of 

textures differing in their levels of roughness has also been recently achieved using 

EEG, indexed by variations in the total power of Mu- (8–15 Hz) and beta-band (16–

30 Hz) oscillations (Eldeeb et al., 2020). Importantly, texture classification accuracy 

was highest around electrodes contralateral to the stimulation site (Eldeeb et al., 

2020), further supporting tactile texture representation within S1. However, 

whether the processing and discrimination of different fine-grained textures are 

implemented within S1, or whether they require higher cortical areas remains 

unknown. In a recent investigation, decreases in alpha-band power were observed 

over bilateral sensorimotor areas in response to both smooth-to-rough and rough-

to-smooth changes in textures in conditions of active, dynamic touch (Henderson 

et al., 2023), possibly suggesting involvement of areas beyond S1. Some 

neuroimaging studies have reported texture-selective activity in S1 (Lederman et 

al., 2001) as well as in the secondary somatosensory cortex (S2) and the insula 

(Kitada et al., 2005; Simões‐Franklin et al., 2011). Neuroimaging studies have 

reported an involvement of S2 and the insula in the categorization of textures based 

on high-level texture characteristics, such as perceived roughness, while activity 

within S1 would be more closely associated with low-level differences in the 

physical characteristics of textures, such as their spatial period (Eck et al., 2016). 
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With some exceptions (Henderson et al., 2023, 2022; Moungou et al., 2016a), 

previous studies have largely relied on simple synthetic stimuli, such as raised dots 

or ridges, displaying very regular spatial characteristics. Such physical features 

poorly relate to the complex patterns of vibrations that are elicited upon scanning 

of natural textures. At the same time, previous work has largely focused on higher-

level aspects of texture processing, for instance comparing rough and smooth 

textures. What thus needs to be further investigated is whether S1 is able to resolve 

minute variations in the frequency composition over time of vibrations that 

distinguish fine-grained textures, and, therefore, whether contrast-specific 

responses to spectrotemporal differences in vibrotactile input matching in terms of 

their overall intensity and spectral content involve S1. 

Here we address this question using a variation of the EEG frequency-tagging 

approach referred to as periodic oddball stimulation. In this paradigm, a deviant or 

oddball stimulus periodically replaces a standard stimulus within a regular 

sequence repeated at a constant frequency (Norcia et al., 2015; Rossion, 2014; 

Rossion et al., 2015). The strength of the approach lies in the fact that it allows 

distinguishing EEG responses that are related to the processing of stimulus features 

that are shared across the standard and deviant stimuli from those related to 

processing the specific features distinguishing the standard stimulus from the 

deviant stimulus. Indeed, the first will appear in the EEG frequency spectrum as 

peaks at the frequencies corresponding to the base rate of stimulation— and its 

harmonics— whereas the second will appear as peaks at the frequencies 

corresponding to the rate of presentation of the deviant stimuli—and its harmonics 

(Nozaradan et al., 2017). The approach has been widely employed to characterize 

cortical processes involved in auditory (Nozaradan et al., 2017) and visual (Norcia 

et al., 2015; Rossion, 2014). To date, no studies have implemented periodic oddball 
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stimulation to investigate somatosensory processing of changes in vibrotactile 

stimulation. 

The aim of this experiment was thus to explore whether it is possible to record 

EEG responses to fine-grained vibrotactile contrasts using the periodic oddball 

stimulation paradigm, and to examine whether these responses originate, at least 

in part, from the contralateral S1. In a first condition, the difference between the 

oddball and standard stimuli consisted in a low-level contrast in tactile vibration 

frequency and intensity. In a second condition, we implemented a higher-level fine-

grained spectrotemporal contrast, where standard and oddball stimuli were 

complex bandpass filtered (40-200 Hz) white noise vibrations that did not differ in 

terms of their average intensity or average frequency content, but in the time 

course of their envelope and spectral content. Our main hypotheses were (1) that 

oddball EEG responses can be recorded to both frequency-intensity and 

spectrotemporal contrasts and (2) that the topography of the oddball responses to 

spectrotemporal contrasts would be consistent with activity originating at least 

partly from S1, based on recent evidence that fine-grained texture discrimination 

involves S1 (Moungou et al., 2016a). To test the second hypothesis, we stimulated 

two body sites that would allow assessing whether the topography of oddball EEG 

responses would follow the somatotopical organization of S1: the index finger of 

the right hand, for which we expected to observe responses clearly lateralized to 

the contralateral hemisphere, and the sole of the right foot, for which we expected 

responses localized at central scalp electrodes (Dowman and Schell, 1999; Heid et 

al., 2020). While somatotopy has also been characterized in areas beyond S1 such 

as S2 and the insula using functional magnetic resonance imaging (fMRI) and 

magnetoencephalography (MEG) (Björnsdotter et al., 2009; Del Gratta et al., 2002; 

Ruben et al., 2001), hand versus foot somatotopy in these higher-order areas is not 
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expected to generate marked differences in EEG scalp topography (Ruben et al., 

2001). 

2. Methods 

2.1. Participants 

Eighteen healthy participants (5 males, 13 females, aged 22-32 years) were 

recruited to participate in the study. Participants received information about the 

study and gave written informed consent. All participants confirmed they had no 

current or history of neurological or psychiatric disorders, and no loss of skin 

sensitivity at their hands or feet. The study was approved by the UCLouvain Ethics 

Committee. Data from one subject were excluded due to highly noisy EEG 

recordings. The final sample thus included 17 healthy participants (14 right-handed; 

1 left-handed; handedness information missing from 2 participants). 

2.2. Stimuli and apparatus 

Vibrotactile stimuli were designed in MATLAB (version R2020b) and consisted 

of sequences of vibrotactile stimuli delivered according to an established (AAAAB) 

oddball pattern (Liu-Shuang et al., 2014; Nozaradan et al., 2017; Rossion, 2014). 

The base repetition frequency was 8 Hz. The frequency of the oddball B stimulus 

was 8/5 Hz = 1.6 Hz. For each trial, this pattern was looped 64 times, for a total of 

40 s of periodic oddball vibrotactile stimulation. The rate of stimulation was chosen 

as, at 8 Hz, the 125 ms duration of individual stimuli was long enough to optimize 

contrast detection, but not so fast as to impair individual stimulus detection due to 

fusion effects, as vibrotactile stimuli modulated at frequencies up to 10-13 Hz are 

still perceived as individual events (Jurado et al., 2021; Park and Choi, 2011). 

Further, a relatively fast stimulation rate allowed presenting more stimuli in a short 
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amount of time, thus optimizing signal-to-noise ratio. These 40-s sequences were 

delivered in separate trials to the right index finger or the right inner midfoot. 

2.2.1. Frequency–intensity contrast 

In this first condition, individual A and B vibration stimuli were sine waves 

lasting 125 ms, with the amplitude of vibration linearly ramping up from 0 to 1 (full 

amplitude) and down from 1 to 0 during 15 ms at the beginning and end of each 

stimulus, respectively. The A stimuli had a frequency of 300 Hz and the B stimuli 

had a frequency of 200 Hz. These frequencies were chosen as responses to both A 

and B stimuli would be processed preferentially by rapidly adapting 

mechanoreceptors type II, responding maximally to frequencies in the 200–300 Hz 

range (Holmes and Tamè, 2023; Verrillo, 1985), and thought to largely contribute 

to the perception of fine textures (Bensmaïa and Hollins, 2005; Hollins et al., 2002). 

This condition was used to assess the feasibility of recording oddball responses to 

a low-level contrast in frequency and/or intensity of stimulation. Indeed, 

considering the frequency dependence of skin mechanoreceptors, changing the 

frequency of stimulation inevitably produces changes in the intensity of 

mechanoreceptor activation, and differential activation of different 

mechanoreceptor classes (Johansson and Vallbo, 1983). This condition was also 

used to obtain a topographic template of EEG responses to vibrotactile stimulation 

of the hand and foot, as described in Section 2.6.4. 

2.2.2. Spectrotemporal contrast 

In this second condition, A and B stimuli were also of 125 ms duration, with 15 

ms ramps up and down. The only difference with the first condition was that A and 

B stimuli were made of broadband noise instead of sine waves. For each trial, A 

stimuli consisted of 125-ms white noise, and B stimuli were generated by shuffling 
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the amplitude values of noise A across time points. The two obtained white noise 

samples were then band-pass filtered between 40 and 200 Hz, to specifically 

stimulate within the preferred frequency band of rapidly adapting 

mechanoreceptors types I and type II (Johansson and Vallbo, 1983), and reduce 

potential confounding auditory stimulation elicited by high frequencies which 

would not concomitantly contribute to mechanoreceptor activation, which is 

typically observed at frequencies up to 1000 Hz (in the case of rapidly adapting 

mechanoreceptors type II) (Bell et al., 1994; Jones and Smith, 2014). Eight different 

trials were generated using eight random samples of white noise (stimulus A) and 

their shuffled version (stimulus B). For both conditions, A and B stimuli were RMS 

normalized to equalize their total energy. The A and B stimuli were thus matched 

in terms of energy and average spectral content, but differed in terms of envelope 

and spectral time course. All stimuli were delivered using a vibrating device 

(Minishaker Type 4810, Brüel & Kjaer) connected to a power amplifier (Type 2718, 

Bruel & Kjaer). A curved metal plate (45 mm length, 22 mm width) was attached to 

the top of the actuator using a 10-32 UNF screw. To maintain intensity of 

stimulation perceptually similar in both conditions, the amplitude of the 

frequency/intensity contrast sequences was set to about half that of the white 

noise sequences, as determined by pilot experiments. The stimulation laptop was 

connected to a digital-to-analog converter (USB 6363, National Instruments), which 

delivered the analog output to the amplifier and sent triggers to the EEG recording 

system at the onset of each trial. A custom platform was built to ensure participants 

received stimulation in an optimal manner while being in a comfortable position 

and to minimize finger and foot movements. The vibrating device was placed inside 

the platform, and support pistons allowed to adjust the height of the device. For 

hand stimulation, participants rested their forearms on the platform, placing their 

right index finger on the vibrating plate. For foot stimulation, participants rested 
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their right foot on the platform, placing their inner midfoot on the vibrating plate. 

The choice of location for foot stimulation was justified by previous studies 

reporting lower tactile perception thresholds for the inner midfoot compared with 

the big toe (Kekoni et al., 1989), which we reasoned would allow maximizing the 

EEG responses to foot stimulation. 

2.3. Procedure 

The experiment consisted of a total of 64 trials, divided into 4 blocks (2 for hand 

and 2 for foot stimulation). Within each block, 16 trials (8 frequency/intensity trials 

and 8 spectrotemporal trials) were randomly presented. During each trial, subjects 

listened to white noise played through headphones to cover any auditory noise 

generated by the vibrating device. To ensure participants did not hear the 

sequences, they were presented with one frequency/ intensity and one 

spectrotemporal sequence without concomitant tactile stimulation, and the level 

of white noise was adjusted until participants reported not hearing the sequences. 

To avoid any order effects, the order of stimulation location (hand or foot) was 

counterbalanced across participants. Subjects were asked to pay attention to the 

stimuli and to report, at the end of each trial, whether they were able to detect 

only one type of vibration (no contrast) or more than one type of vibration 

(contrast). 

Prior to the experimental session, participants were presented with two 

example sequences, one with no contrast (only 47 Hz vibrations) and one with 

contrast (where A = 47 Hz and B = 197 Hz), to make sure they familiarized 

themselves with the oddball contrasts. 
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2.4. EEG data acquisition 

Participants were instructed to relax, avoid moving their head and body as 

much as possible, and fixate on a point in front of them. A 64 Ag-AgCl electrode cap 

(ANT) was used for EEG recordings and placed on the participants’ scalp according 

to the International 10/10 system. The signals were recorded using an average 

reference. Sample rate was set at 2,000 Hz and impedances were kept below 10 

kΩ. 

2.5. Spectrotemporal stimuli envelope dissimilarity analysis 

For each of the eight spectrotemporal sequences, the A and B stimuli were 

designed to be matched in terms of total energy and average frequency content. 

However, they could differ both in terms of their temporal envelope (envelope 

contrast) or their fine-grained spectral content over time (spectrotemporal 

contrast). In order to investigate whether the oddball EEG responses to these 

stimuli could have been driven predominantly by differences in the time course of 

the envelopes of A and B white noise stimuli, a dissimilarity index was computed 

for each of the eight trials as the sum of the absolute point-by-point difference 

between the envelope of the A stimulus and its corresponding B stimulus (obtained 

by means of a Hilbert transformation of the A and B stimuli) in the time domain. As 

shown in Figure 1C, one of the eight sequences used (spectrotemporal sequence 

#2) exhibited a strong dissimilarity in envelope as compared with all other 

sequences. 
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Figure 1. (A) Time course of spectrotemporal A and B stimuli 1-8 (x-axis: time in seconds.; y-axis: 

amplitude (AU), where 1 is maximum amplitude output). (B) Time course of the envelopes of 

spectrotemporal A and B stimuli 1–8 (x-axis: time in seconds.; y-axis: amplitude (AU), where 1 is 

maximum amplitude output). (C) Index of envelope dissimilarity between A and B stimuli 1-8. (D) 

Index of envelope onset (first 50 ms) dissimilarity between A and B stimuli 1–8. 

The EEG analyses reported in the manuscript were performed excluding 

responses to the highly dissimilar spectrotemporal sequence 2. Results obtained 

using the dataset including spectrotemporal sequence 2, and additional analyses to 

explore whether oddball responses to spectrotemporal contrasts could have been 

driven by differences in the envelope of the A and B stimuli are reported as 

Supplementary Materials. 

2.6. EEG Analysis 

2.6.1. Preprocessing 

EEG data preprocessing and analysis steps were performed using the 

Letswave (version 6; https://www.letswave.org/) Matlab toolbox for EEG signal 

https://www.letswave.org/
https://www.letswave.org/
https://www.letswave.org/
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processing. First, a DC removal and linear detrend were applied on the continuous 

EEG traces to remove drifts in the signals. Next, a bandpass Butterworth filter (4th 

order) was applied between 0.1 and 40 Hz. To facilitate data handling, EEG traces 

were then downsampled to 500 Hz and segmented from 0 to 40 s relative to trial 

onset. Occasional noisy channels were identified visually and replaced by the 

average of the signals recorded at the three closest neighboring electrodes. A total 

of 12 channels were interpolated across 6 subjects. To remove ocular artifacts (eye 

blinks and eye movements), an independent component analysis (ICA) was 

performed using the RUNICA algorithm (constrained to 63-N independent 

components, where N corresponded to the number of interpolated channels). 

Independent components capturing electrooculographic activity were identified 

visually (based on their time course and topography) and removed. Finally, trials 

presenting remaining large-amplitude artifacts were automatically rejected using 

an amplitude criterion of 500 µV. A total of 47 trials were removed (14 and 9 trials 

for the frequency/intensity condition at the hand and foot; 19 and 5 trials for the 

spectrotemporal condition at the hand and foot) across 14 subjects. Finally, signals 

were re-referenced to the average of all scalp channels. 

2.6.2. Frequency domain analysis 

For each participant, stimulation type and stimulation site, EEG signals were 

averaged across trials in the time domain to reduce the contribution of signals that 

were not time locked with the trial onsets. A fast Fourier Transform (FFT) was 

applied to obtain amplitude spectra with a resolution of 0.025 Hz (i.e., 1/40 s), 

which allowed further analysis of responses at the frequencies of interest and their 

harmonics. To evaluate the periodic EEG response to the base and oddball stimuli, 

a baseline subtraction was applied to the single-subject amplitude spectra at each 

scalp channel by removing, at each frequency bin, the average of the 24 
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neighboring frequency bins (12 on each side, excluding bins immediately before 

and after the bin of interest). The baseline subtraction procedure minimizes the 

contribution of background EEG activity and noise to the activity at frequency bands 

of interest. In the absence of a periodic EEG response at the frequency of interest, 

baseline-subtracted amplitudes should tend toward zero (Chemin et al., 2014; 

Freeman et al., 2003; Mouraux et al., 2011; Nozaradan et al., 2017, 2011). 

2.6.3. Significance testing of base and oddball EEG responses 

For each participant, condition, and stimulation site, the baseline-

subtracted frequency spectra were averaged across all scalp channels. 

To assess whether a periodic response was elicited at the base frequency, 

baseline-corrected amplitudes at the base frequency and its harmonics were 

averaged up to 40 Hz (8, 16, 32, and 40 Hz). The resulting average values were 

tested against zero using a one-sample t-test (right tailed), separately for each 

stimulation type and stimulation site. Similarly, to test for the presence of an 

oddball response, baseline-corrected amplitudes at the oddball frequency and 

harmonics were averaged for frequencies up to 40 Hz—excluding frequencies 

corresponding to the base frequency and its harmonics— and tested against zero. 

Aggregation of harmonics is recommended as it allows to more effectively compare 

responses across conditions because different EEG response time courses may lead 

to different levels of amplitude at different harmonics, and inclusion of higher 

harmonics allows a better characterization of overall responses (Retter et al., 2021). 

2.6.4. Topographic analysis of somatotopy 

Next, we aimed to investigate our central hypothesis that a substantial part 

of the oddball EEG response to spectrotemporal contrasts originates from S1. 
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Because a periodic intensity modulation of vibrotactile input may be expected to 

generate a strong periodic variation in S1 activity, the base responses to the 

frequency/intensity sequences can be expected to predominantly reflect activity 

originating from S1 (Colon et al., 2014, 2012). Indeed, fMRI and MEG studies have 

shown that vibrotactile stimulation primarily activates the contralateral S1 (Kim et 

al., 2015; Stippich et al., 1998; Tuunanen et al., 2003), and that the magnitude of 

S1 responses increases with increasing amplitude of vibrotactile stimuli under task-

free conditions (Nelson et al., 2004). Most importantly, and notwithstanding the 

fact that the vibrotactile stimuli are expected to generate activity beyond the 

contralateral S1, the differences in the scalp topography generated by vibrotactile 

stimulation of the hand versus the foot may be expected to predominantly result 

from the somatotopical organization of S1. The EEG responses to the base 

repetition of frequency–intensity contrasts were thus used to generate two 

weighted channel templates, one built using the base response during hand 

stimulation to capture the topographical distribution of activity originating from the 

hand representation within S1, the other built using the base response during foot 

stimulation to capture the topographical distribution of activity originating from the 

foot representation within S1. To construct each of the two templates, we first 

identified the base frequency harmonics exhibiting amplitude values significantly 

greater than zero when applying the frequency/ intensity stimulus to the hand or 

foot, respectively (t-test against zero using the frequency spectra averaged across 

all scalp channels). Then, amplitude values at each channel were averaged across 

significant harmonics. Negative amplitude values were set to 0, and the obtained 

channel template was divided by its sum across channels, such that the sum of the 

template would be equal to 1. In this way, a weight was assigned to each channel, 

depending on the relative amplitude of the base response across channels. This 

procedure allowed us to assess S1 somatotopy while maintaining the spatial 
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information provided by all electrodes, rather than by using an a priori selection, 

and at the same time by accounting for the relative contribution of each electrode 

(represented by the weight assigned in the templates) to the observed responses 

following hand and foot stimulation. Indeed, a similar topographical distribution of 

responses at both stimulation sites would lead to similar weights being assigned to 

the same electrodes. As such, even in the presence of differences in amplitudes 

following hand and foot stimulation, multiplying the amplitude of responses of one 

stimulation site by the weights of the two templates would lead to very similar 

results. However, in the presence of topographical differences at the two 

stimulation sites, different weights would be assigned to the same electrodes in the 

two templates, and multiplying the amplitude of responses of one stimulation site 

by the weights of the two templates would allow us to capture such differences of 

spatial distribution. 

For each participant and stimulation site, the EEG response to the base 

frequency of the spectrotemporal contrast (average of baseline-subtracted 

amplitudes at base frequency and harmonics up to 40 Hz) and the EEG response to 

the oddball frequency of the spectrotemporal contrast (average of baseline-

subtracted amplitudes at the oddball frequency and its harmonics up to 40 Hz, 

excluding frequencies corresponding to the base harmonic frequencies) were 

multiplied with each of the two weighted channel templates. The obtained 

weighted amplitudes were then averaged across all channels, yielding four values 

for each participant and stimulation site, corresponding to the base and oddball 

EEG responses weighted by the hand and foot templates, respectively. 

Finally, the magnitudes of the responses elicited by hand versus foot 

stimulation weighted by the hand versus foot template were compared using a 2 
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by 2 repeated-measures ANOVA with the factors “stimulation site” (hand vs. foot 

stimulation) and “channel template” (hand template vs. foot template). 

Our hypothesis was that, in the presence of S1 somatotopy, the repeated-

measures ANOVA would reveal a significant interaction between the two factors, 

because the amplitude of the response elicited by stimulation of the hand weighted 

by the hand template would be significantly greater than the amplitude of that 

same response weighted by the foot template; whereas the response elicited by 

stimulation of the foot would be greater when weighted by the foot template as 

compared with the hand template. When significant, post hoc comparisons using 

paired-sample t-tests were used to compare, for each stimulation site, the 

amplitudes of the oddball response weighted by the hand template versus the foot 

template. 

3. Results 

3.1. Base and oddball EEG responses 

Both for hand stimulation and foot stimulation, significant base responses 

(averaged across all harmonics up to 40 Hz) were observed for the 

frequency/intensity contrast condition (hand: mean = 0.005 µV; SD = 0.007 µV; p = 

0.004; foot: mean = 0.003 µV; SD = 0.004 µV); p < 0.001) (Figure 2). 
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Figure 2. Baseline-subtracted EEG frequency spectra in the frequency/intensity contrast condition 

across hand and foot stimulation, averaged across participants and EEG channels.  Harmonics are 

color-coded, with base responses depicted in blue, and oddball responses depicted in red. Filled dots 

depict harmonics with amplitude values significantly higher than zero (t-test, right-tailed). Vertical 

bars represent expected base and oddball frequencies. Topographical plots represent signal 

amplitude averaged across significant harmonics. 

Significant base responses (averaged across all harmonics up to 40 Hz) were 

also observed the spectrotemporal contrast condition (hand: mean = 0.016 µV; SD 

= 0.015 µV; p < 0.001; foot: mean = 0.010 µV; SD = 0.008 µV; p < 0.001) (Figure 3). 
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Figure 3. Baseline-subtracted EEG frequency spectra in the spectrotemporal contrast condition 

across hand and foot stimulation, averaged across participants and EEG channels.  Harmonics are 

color-coded, with base responses depicted in blue, and oddball responses depicted in red. Filled dots 

depict harmonics with amplitude values significantly higher than zero (t-test, right-tailed). Vertical 

bars represent expected base and oddball frequencies. Topographical plots represent signal 

amplitude averaged across significant harmonics.  

All base frequencies up to 40 Hz exhibited baseline-subtracted amplitude 

values significantly greater than zero in at least one stimulation condition or 

stimulation site (Figures 2 and 3). 

Similarly, both for hand and foot stimulation, significant oddball responses 

(averaged across all harmonics, excluding base frequencies) were observed both 

for the frequency/intensity contrast (hand: mean = 0.017 µV; SD = 0.005 µV; p < 
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0.001; foot: mean = 0.007 µV; SD = 0.003 µV; p < 0.001) and for the spectrotemporal 

contrast (hand: mean = 0.003 µV; SD = 0.002 µV; p < 0.001; foot: mean = 0.001 µV; 

SD = 0.002 µV; p = 0.013). Oddball harmonics from 1.6 to 14.4 Hz and from 19.2 to 

36.8 Hz exhibited amplitudes significantly greater than zero in at least one 

stimulation type (frequency/intensity or spectrotemporal contrast), at one or both 

stimulation sites (hand or foot) (Figure 2). 

Visual inspection of the topographical distribution of the periodic EEG 

responses showed that, across both types of contrasts, both the base response and 

the oddball response were localized over central and parietal scalp electrodes 

contralateral to the stimulated limb. In contrast, for base and oddball responses to 

foot stimulation, the responses to both types of stimuli were localized over central 

scalp electrodes. Figure 4 shows the topography of the responses to hand 

stimulation using the spectrotemporal contrasts across clusters of oddball 

harmonics (1.6–6 .4 Hz; 9.6-14.4 Hz; 17.6-22.4 Hz; 25.6-30.4 Hz; 33.6–38.4 Hz), 

which remained stable and contralateral to the stimulated hand. 

 

Figure 4. Topographical plots of the oddball EEG responses to the spectrotemporal contrast 

averaged across clusters of oddball harmonics (1.6 Hz-6.4 Hz; 9.6 Hz-14.4 Hz; 17.6 Hz-22.4 Hz; 25.6 

Hz-30.4 Hz; 33.6 Hz-38.4 Hz). 

3.2. Topographic test for somatotopy 

Significant harmonic frequencies that were averaged to generate the weighted 

channel templates were 8, 16, 24, 32, and 40 Hz for hand stimulation, and 16, 24, 
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and 40 Hz for foot stimulation. The 10 channels showing maximum amplitudes in 

the hand template were FC1, FCz, C3, C1, FC3, CP3, F1, Fz, Cz, and CP5. For the foot 

template, they were CPz, Cz, CP2, C2, Pz, P1, CP1, FCz, FC2, and POz. The templates 

are shown in Figure 5. 

3.2.1. EEG response to the base repetition of spectrotemporal contrasts 

The repeated-measures ANOVA showed a significant interaction between 

stimulation site (hand vs. foot) and channel template (hand vs. foot template), 

indicating that the topography of the base response to the spectrotemporal 

contrast depended on the site of stimulation (F = 14.666, p = 0.001, η2 = 0.031). 

Post hoc t-tests (one sided) showed S1 somatotopy: the base response to 

stimulation of the hand was greater when weighted with the hand template as 

compared with the foot template (p = 0.003, Cohen’s d = 0.784), whereas the base 

response to stimulation of the foot was greater when weighted with the foot 

template than when weighted with the hand template (p = 0.002, Cohen’s d = 

0.823). 

3.2.2. Oddball EEG response to the spectrotemporal contrasts 

The repeated-measures ANOVA showed a significant interaction between 

stimulation site and channel template for the oddball EEG response to the 

spectrotemporal contrasts (F = 23.442, p < 0.001, η2 = 0.019). Post hoc t-tests (one-

sided) showed that the oddball response to stimulation of the hand was greater 

when weighted with the hand template than when weighted with the foot template 

(p < 0.001, Cohen’s d = 1.098), and that the oddball response to stimulation of the 

foot was greater when weighted with the foot template than when weighted with 

the hand template (p = 0.022, Cohen’s d = 0.532) (Figure 5). 
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Visual inspection of activity at a transversal subset of central electrodes (C1, 

C3, Cz, C2, and C4) confirmed that the topographical pattern of hand and foot base 

and oddball responses to the spectrotemporal sequences were maximal over 

contralateral central electrodes for hand stimulation (C1, C3), and maximal over the 

midline (Cz) for foot stimulation (Figure 5C). 

 

Figure 5. Topographic test for somatotopy in the spectrotemporal contrast condition. A. Weighted 

channel templates for hand and foot stimulation, generated using the base response to the 

frequency/intensity contrast. B. The left and right graphs show the responses to hand and foot 

stimulation, while the upper and lower graphs show the responses to the base and oddball EEG 

responses. Each graph compares the amplitude values weighted using the hand versus foot template. 

The thin blue and red lines display the data for each participant, and the thick black line shows the 

average across participants. Note that both for the base responses and the oddball responses, 

amplitude values following stimulation of the hand were greater when weighted with the hand 

template compared to the foot template, whereas amplitude values following stimulation of the foot 
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were greater when weighted with the foot template compared to the hand template. C. Visual 

comparison of base and oddball EEG responses to hand and foot stimulation at central electrodes C1, 

C3, Cz, C2, and C4. Individual data points represent the grand-average of the activity averaged across 

the base and oddball harmonics pre-selected in the main topographic test for somatotopy. 

3.3. Behavioral results 

Data from one subject are missing from the behavioral analysis due to issues 

with saving of behavioral responses. On average, participants reported perceiving 

the contrast within the sequence on 69.9% (SD: 28.0%) and 69.1% (SD: 28.9%) of 

the frequency/intensity contrast condition trials, for hand and foot stimulation, 

respectively. For the spectrotemporal contrast condition, participants reported 

perceiving the contrasts on 34.0% (SD: 24.7%) and 41.4% (SD: 28.1%) for hand and 

foot stimulation, respectively. A repeated measures ANOVA found no main effect 

of sequence on contrast detection within the spectrotemporal sequences for hand 

(F = 0.789, p = 0.598) nor for foot (F = 0.829, p = 0.566) stimulation. 

To further assess whether explicit contrast perception in the spectrotemporal 

condition was related to the magnitude of the observed EEG responses, the pre-

processed EEG trials of each participant following hand stimulation were 

categorized based on whether the participants had detected the contrast (two 

categories: detected and non-detected) and analyzed separately as described in 

Sections 2.6.3 and 2.6.4. For both detected and non-detected trials, we observed a 

significant base response (detected: mean 0.027 µV; SD = 0.0153; p < 0.001; non-

detected: mean = 0.019 µV; SD = 0.013; p < 0.001) and, most importantly, a 

significant oddball response (detected: mean = 0.007 µV; SD = 0.008; p = 0.0036; 

non-detected: mean = 0.005 µV; SD = 0.003; p < 0.001) (Figure 6). A paired-sample 

t-test revealed no significant differences in the magnitude of the oddball responses 

collected in detected versus non-detected trials (p = 0.506; N = 13 participants with 
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both detected and non-detected trials), indicating that presence of an oddball 

response to the spectrotemporal contrast did not require conscious perception of 

the contrast. 

 

Figure 6: Baseline-subtracted EEG frequency spectra for detected and non-detected 

spectrotemporal contrast sequences, averaged across participants and EEG channels. Harmonics are 

color-coded, with base responses depicted in blue, and oddball responses depicted in red. Filled dots 
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depict harmonics with amplitude values significantly higher than zero (t-test, right-tailed). Vertical 

bars represent expected base and oddball frequencies. 

4. Discussion 

With this experiment, we aimed to characterize the cortical responses to fine-

grained changes in the spectral pattern of vibrotactile textures (two different 

random noise vibrations matched in terms of average intensity, average spectral 

content and duration), and test the involvement of S1 by comparing these 

responses following stimulation of the hand and foot. 

The spectrotemporal contrasts induced significant base responses (8 Hz and 

harmonics) and oddball responses (1.6 Hz and harmonics). When stimulating the 

right index finger, both responses were localized over contralateral parietal and 

frontal regions, compatible with the hand representation in S1. In contrast, when 

stimulating the foot sole, both responses were localized over central midline 

electrodes, consistent with the foot representation in S1 (Heid et al., 2020; Langdon 

et al., 2011; Moungou et al., 2016a; Snyder, 1992; Tobimatsu et al., 1999). 

To further investigate the cortical origin of spectrotemporal contrast responses 

elicited by stimulation of the hand and foot, we implemented a simple approach to 

assess how closely their topographies matched -across all channels- the 

topographical distribution of the base response to hand and foot stimulation using 

the frequency–intensity contrast, used as a functional localizer of activity 

originating from the hand and foot representations within S1, respectively. The 

analysis showed that the topography of the oddball response to spectrotemporal 

contrasts delivered onto the hand matched more closely the S1 hand 

representation as compared with the S1 foot representation, while the opposite 

was observed when stimuli were delivered onto the foot. Taken together, and 
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without excluding a contribution of cortical areas outside S1, these results indicate 

an involvement of S1 in the processing of fine-grained contrasts in the pattern of 

complex vibrations such as those elicited during the tactile exploration of textures. 

Interestingly, despite their topography being highly similar, the base responses to 

the frequency/intensity sequences were overall lower than the base responses to 

the spectrotemporal sequences. While we did not expect such differences in the 

magnitude of activation, it is possible that these results are linked to the 

frequencies used for the standard and oddball stimuli in the frequency/intensity 

contrast condition. Indeed, seminal work has shown that the detection threshold 

of vibrotactile stimuli across different frequencies follows a U-shaped curve, being 

lowest at around 200 Hz (Mountcastle et al., 1972), corresponding to the frequency 

of the oddball stimulus used in the current experiment. Thus, it is possible that a 

stronger response to the oddball stimulus within the frequency/ intensity contrast 

condition led to a weakening of the response to the base stimuli. Furthermore, in 

the frequency/intensity contrast condition, the response at the fundamental 

frequency of 8 Hz was not significant. This is not necessarily surprising, as the 

sinusoidal periodic stimulation is not expected to elicit an EEG response that is 

sinusoidal, due to the non-linearity of the system. Instead, the response is expected 

to project onto a number of harmonics of the periodic repetition rate when 

analyzed in the frequency domain, with a distribution of amplitudes over these 

harmonics depending on the shape of the periodic response (Chemin et al., 2018; 

Lenc et al., 2024). Furthermore, in our experiment, the sharp ramps at the onset 

and at the offset of each tactile event likely generated strong onset and offset 

responses within rapidly adapting mechanoreceptors, which could partly explain 

the larger peak observed at 16 versus 8 Hz. 

Interestingly, the somatotopical scalp topography of the oddball response to 

spectrotemporal contrasts was present across all harmonic frequencies, indicating 
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a contribution of S1 to both the slower and the faster EEG signals triggered by the 

oddball stimuli. 

The standard and oddball stimuli constituting the spectrotemporal sequences 

were matched in terms of their average intensity and spectral content. However, 

they varied in terms of both their envelope and their spectral time course. A 

supplementary analysis was thus conducted to evaluate whether the observed 

oddball responses to the spectrotemporal sequences could have been driven solely 

by differences in envelope time course (Rossion et al., 2015). This analysis revealed 

that one of the spectrotemporal sequences exhibited a much stronger envelope 

dissimilarity than the other sequences, and that the oddball EEG response to that 

specific sequence was greater than the EEG responses to the other sequences, 

suggesting a contribution of envelope dissimilarity to the elicited EEG response. 

However, the analysis also showed that the oddball EEG response was present in 

each of the seven other spectrotemporal sequences, and that there was no 

significant relationship between envelope dissimilarity and the oddball EEG 

response across these seven sequences, indicating that the EEG response to the 

contrast was not solely driven by envelope dissimilarity. Such a posteriori 

exploration of the respective contributions of envelope versus spectrotemporal 

contrast across a limited number of sequences should be interpreted cautiously. 

Future studies are thus necessary to further establish the specific features 

contributing to the spectrotemporal oddball response. One approach could be to 

employ sequences where standard stimuli would be a random sequence of 

different natural textures differing greatly in terms of their low-level properties 

such as intensity and frequency content, while the oddball stimulus would 

correspond to the same texture or texture category repeated throughout the 
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sequence— possibly also using scrambled versions of the stimuli (see De Keyser et 

al., 2018). 

The magnitude of oddball responses to the spectrotemporal sequences when 

participants explicitly perceived the contrasts was not significantly different from 

the magnitude of oddball responses to the spectrotemporal sequences when the 

contrast was not perceived, suggesting that emergence of an oddball EEG response 

to the spectrotemporal contrasts did not require conscious perception of that 

contrast. Confirming that periodic oddball responses to fine-grained vibrational 

contrasts can occur in the absence of any explicit contrast perception will require 

further psychophysical studies. Indeed, in this experiment, participants were simply 

asked to report, at the end of each trial, whether they had perceived a contrast 

within the sequence, and no further controls such as sequences without oddball 

stimuli were implemented. 

In conclusion, we show that minute and often unperceived variations in the 

spectrotemporal content and envelope of complex vibration patterns similar to 

those generated during the tactile exploration of textures generate a differential 

response within the contralateral S1. This finding indicates that fine-grained tactile 

texture discrimination involves or modulates S1 (or upstream subcortical structures 

relaying somatosensory input to S1). Most interestingly, distinguishing the oddball 

stimuli from the standard stimuli within the spectrotemporal sequences required 

to build a representation of the temporal pattern of vibrotactile stimuli (i.e., 

frequency content over time or intensity over time), indicating that S1 may have 

the ability to build such complex representations. Thus, similarly to the mechanisms 

underlying change-specific ERPs such as the P300 (Polich, 2007) or the mismatch 

negativity (Kekoni et al., 1997; Näätänen and Escera, 2000), over repeated 

presentation of the standard stimulus, a mental representation of the vibrotactile 
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texture may be formed and maintained at the level of S1. In turn, presentation of 

the oddball vibrotactile texture, whose spectrotemporal features differ from that 

of the standard stimulus and, hence, the formed mental representation, would 

elicit a differential S1 response. 

By demonstrating that the frequency-tagging approach, in combination with a 

periodic oddball paradigm, can be used to capture cortical responses to fine-

grained changes in the spectrotemporal content of complex vibrotactile stimuli, our 

results open new avenues to study how the somatosensory system processes 

natural textures during dynamic touch. 
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Supplementary Materials  

Contribution of envelope dissimilarity to the spectrotemporal contrast EEG 

responses  

First, we quantified the amplitude of the base and oddball EEG responses as 

described above (averaging across the same harmonics that were selected for the 

main analysis, and across channels using the weights from the S1 functional 

localizer constructed in the main analysis), but separately for each of the eight 

spectrotemporal sequences. We then carried out a linear regression analysis 

between the magnitude of the EEG responses to each spectrotemporal contrast 

and the index of envelope dissimilarity between the A and B stimuli, separately for 

each stimulation site. We hypothesized that if differences in envelope directly 

drove the oddball response, greater oddball responses would be observed for 

sequences exhibiting a stronger envelope dissimilarity.   

An important feature of the stimulation envelope may be its attack segment. 

Therefore, the same analysis of envelope dissimilarity was performed considering 

only the first 50 ms of the A and B envelopes, to assess the potential contribution 

of envelope dissimilarity at the onsets of the A and B stimuli.   

Analysis of the EEG responses to each individual spectrotemporal contrast revealed 

significant base and oddball responses for all eight sequences and for both 

stimulation sites (Supplementary Fig. 1).   
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Supplementary Figure 1: Baseline-subtracted EEG frequency spectra of the responses to each 

spectrotemporal contrast sequence (1 to 8, top to bottom) for hand stimulation (left) and foot 

stimulation (middle). Harmonics with amplitude significantly higher than zero (t-test, right-tailed) are 

color-coded, with base responses depicted in blue, and oddball responses depicted in red. The right 

panel shows baseline-subtracted frequency spectra of the individual AAAAB sequence envelopes.    

As shown in Supplementary Fig. 2, the envelopes of the A and B stimuli of the 

spectrotemporal sequence #2 exhibited a strong envelope dissimilarity as 

compared to the other sequences. When including this outlier sequence, the linear 

regression analysis showed a significant correlation between envelope dissimilarity 

and magnitude of the oddball EEG response for hand stimulation (R2= 0.360, p= 

0.007), and for foot stimulation (R2= 0.049, p= 0.01). In contrast, no significant 

correlation was found when the spectrotemporal sequence #2 was excluded from 

the linear regression analysis (hand stimulation: R2= 0.010, p= 0.271; foot 

stimulation: R2= 0.003, p= 0.578).   

Similarly, a significant correlation was found between envelope dissimilarity at the 

onset of the A and B stimuli and magnitude of the oddball EEG responses for hand 

stimulation  
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(R2= 0.182; p<0.0001), but not for foot stimulation (R2= 0.012; p= 0.200). When 

excluding spectrotemporal sequence #2, no significant correlation was found for 

either stimulation sites (hand: R2= 0.0002; p= 0.872; foot: R2= 0.007; p= 0.372). 
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Supplementary Figure 2: Relationship between magnitude of the spectrotemporal oddball EEG 

responses and sequence envelope dissimilarity (top) and sequence envelope onset dissimilarity 

(bottom), following stimulation of the hand (left) and the foot (right). Individual dots represent single 

subject baseline-subtracted amplitudes, averaged across significant oddball harmonics (excluding 

corresponding base harmonics) and across channels, weighted according to their corresponding 

template. Linear regression analyses were performed including (red lines) or excluding (blue lines) 

spectrotemporal sequence #2 (blue dots).   
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Chapter 4: Investigating Somatosensory-

Evoked Potentials in Conditions of Active 

touch. 
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Abstract 

Exploratory movements are a key component of tactile sensing to extract haptic 

information from the external world. While much of the research in the 

somatosensory field has employed artificial tactile stimuli delivered in passive 

touch conditions, more recently, much interest has been put in the study of active, 

dynamic touch. An ecological study of tactile processing during active touch comes 

with several challenges, particularly with regard to electrophysiological techniques, 

such as scalp electroencephalography. Here, we report a novel experimental setup 

to record somatosensory evoked potentials in conditions of active, dynamic touch, 

where participants performed voluntary and minimally controlled exploratory 

finger-sliding movements against a surface to come into contact with an edged 

haptic stimulus. Our results showed that it is possible to record cortical responses 

to a physical, transient haptic stimulus. The pattern of responses revealed early-

latency components with a contralateral topography, consistent with activity 

originating from the primary somatosensory cortex, followed by later components 

displaying a more central/bilateral pattern of activity, consistent with activity 

originating from higher-order areas. In summary, our results reveal the feasibility 

of recording time-locked cortical responses to tactile stimuli in conditions of active 

touch, with important implications to study somatosensory processing related to 

active tactile sensing. 

Keywords—electroencephalography, somatosensory-evoked potentials, active 

touch 
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1. Introduction 

Touch is often a dynamic process, and we actively perform exploratory 

movements to extract haptic information from the external world: ‘’Is this fabric 

rough or smooth?’; ‘’Is there a bump or indentation on this surface?’.  

Much of the work investigating the sense of touch has employed tactile 

stimulations delivered in conditions of passive   touch, especially when exploring 

the cortical processing of somatosensory inputs using scalp 

electroencephalography (EEG) (e.g., Guidotti et al., 2023; Hämäläinen et al., 1990; 

Schubert et al., 2006). Although passive touch can be both static and dynamic, it is 

inherently different from active touch. In active touch conditions, the subject 

performs voluntary, dynamic movements to explore the texture or shape being 

presented to them (Gibson, 1962). As such, active touch is a complex process which 

involves integration of somatosensory and proprioceptive inputs, as well as 

sensorimotor control (Simões‐Franklin et al., 2011).  

In passive static touch, no movement of the subject’s limbs is required to 

perceive the tactile stimulus, which can take the form of a pressure, vibrotactile, or 

electrical stimulation applied onto an area of the subject’s skin. In passive dynamic 

touch, a haptic stimulus, such as a piece of fabric, can be moved against the 

participant’s skin (e.g. Moungou et al., 2016b, 2016a), or the movement of the 

subject’s limb can be externally guided, for example using a robot. Thus, while both 

active and passive touch involve mechanical deformation of the skin, in passive 

touch conditions either the stimulus is displaced against the skin, or the subject’s 

limb is passively displaced against the stimulus, while the key feature of active 

touch is the voluntary component associated with displacement of the skin against 

a surface. Crucially, active touch is characterized by a purposeful act aimed at 
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optimally extracting haptic information from the external world (Gibson, 1962; 

Prescott et al., 2011). 

Event-related brain potentials (ERPs) represent discrete waveforms of 

cortical activity recorded using EEG following the onset of a sensory stimulus. ERPs 

are classified based on the polarity of the signal (P= positive; N= negative), and the 

latency at which they occur following stimulation onset (e.g., the P300 is a positive 

defection occurring around 300 ms following the onset of stimulation) (Nelson and 

McCleery, 2008; Sutton et al., 1965; Vaughan, 1982). Several waveforms 

representing somatosensory-evoked potentials (SEPs) have been described, in 

conditions of passive touch. Among these, short-latency SEPs are often recorded in 

paradigms implementing direct transcutaneous electrical stimulation of a 

peripheral nerve at the level of the wrist or of the fingertip skin, such as the 

N20/P20 complex elicited by median nerve stimulation (Deiber et al., 1986; 

Desmedt and Bourguet, 1985; Shaw, 1986). These early responses have been 

shown to be localized over contralateral parietal and central scalp electrodes, 

indicating involvement of the hand representation within the primary 

somatosensory cortex (S1) (Allison et al., 1991). Mid-latency SEPs have also been 

recorded in response to vibrotactile stimuli (Dionne et al., 2013; Eimer and Forster, 

2003). These include the N30, P50, N70, and P100 waveforms (Allison et al., 1992). 

The first three peaks have been shown to be stronger and to display shorter 

latencies at contralateral compared to ipsilateral electrodes, suggesting that they 

also represent activity originating at least partly from S1 (Allison et al., 1992). The 

P100, on the other hand, is characterized by bilateral activation, suggesting that it 

might predominantly reflect activity originating from higher somatosensory areas, 

such as (bilateral) activation of the secondary somatosensory cortex (S2) and/or 

multimodal areas. Thus, somatosensory areas appear to be sequentially activated 

during the processing of somatosensory stimuli (Hämäläinen et al., 1990). 
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To date, no studies have characterized SEPs in conditions of active, dynamic 

touch, when participants perform voluntary exploratory finger-sliding movements 

to generate the tactile stimulation. Several technical challenges arise when 

investigating SEPs in ecological conditions of active, dynamic touch. Indeed, in 

experimental designs involving active touch, the experimenter has little to no 

control over exactly when and how the stimulation is delivered to the subjects: it is 

their free, dynamic movements that will lead them to encounter the haptic 

stimulus. Importantly, since the timing of stimulation is not controlled by the 

experimenter, time-locking the exact moment at which the stimulus is delivered 

(i.e. encountered by the subject performing the movement), which represents a 

crucial aspect of EEG experiments, is a difficult endeavor. 

In this study, we aimed to test the feasibility of recording SEPs when 

participants actively performed sliding movements on a flat surface using the index 

finger of their dominant hand and encountered physical edged tactile stimuli. 

Investigating cortical responses to transient, edged tactile stimuli in such conditions 

is particularly relevant to the study of processing and perception of planar shapes. 

When exploring planar shapes, we typically employ exploration strategies such as 

contour following with oscillating motion, where the finger crosses the contours of 

the shape while remaining in their proximity via small back and forth movements, 

or contour scanning, where the finger crosses the contours of the shape via 

relatively large movements reaching further away from the shape’s boundaries 

(Lederman and Klatzky, 1993; Mizrachi et al., 2022), similarly to the sliding 

movements that participants performed in our study to encounter and to cross the 

tactile stimuli. Here, we describe the experimental setup, methodology and EEG 

analysis steps, and characterize the main waveforms recorded using our design. We 

hope that our novel methodological approach and experimental setup will help 
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fellow haptics researchers develop and design new approaches for the study of the 

cortical processing of tactile stimuli in ecological active touch conditions.  

2. Methods 

2.1. Participants 

Seventeen healthy participants (7 females, 10 males; aged 22 to 47; 4 left-

handed) with no self-reported history of neurological, psychiatric, or motor 

disorders volunteered to take part in the experiment. All participants gave written 

informed consent prior to participation. Data from one participant was excluded 

due to technical issues that led to very low signal-to-noise ratio of the recorded 

signals. Data collection had to be discontinued from another participant due to 

technical issues with the experimental setup. The final sample thus included data 

from a total of fifteen participants. The study received ethical approval from the 

Saint-Luc - UCLouvain ethics committee (approval number: 2023/11AVR/177). 

2.2. Experimental Setup 

The haptic stimulus was a small 3D-printed trapezoidal prism (3.2 mm x 14 mm) 

strip of plastic mounted on the upper face of a wooden parallelepiped (145.6 mm 

x 25 mm x 25 mm) via 10 mm rods, 90.5 mm from the left edge. The height of the 

tactile stimulus was 0.6 mm (Figure 1b). To monitor finger position and generate 

trigger events in the EEG recording upon participants’ reaching the haptic stimulus 

with their exploring finger, a parallel-plane laser light-based position tracking 

sensor (Neonode NNAMC1220PCEV (122 mm), Neonode Inc., Sweden, Figure 1a) 

was placed at 25 mm distance behind the wooden platform. This tracking device 

generated a continuous 200 Hz stream of values depending on the position of the 

finger onto the plate. Using as threshold the value of the position tracking sensor 
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corresponding to when the finger was positioned over the plastic edge, the position 

of the finger was monitored during each trial to generate a trigger marking when 

the finger slided above the plastic edge. 

To more precisely identify when the finger encountered the plastic edge, an 

accelerometer (amplifier Nexus 2696A-0S4, tri-axial accelerometer type 4524-B, 

Brüel & Kjaer, Denmark) was attached via double-sided tape to the nail of the index 

finger that participants used to perform the exploratory movements. To stabilize 

the accelerometer sensor, participants wore two plastic elastic ring bands around 

their index finger, to ensure that the wire attached to the sensor remained in place. 

The accelerometer was used to record the vibrations generated when the sliding 

finger encountered the edged stimulus 
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Figure 1. Experimental setup. The wooden platform onto which participants performed fingertip 

sliding strokes was fixed in front of a position sensor (a) used to send trigger events to the EEG 

recording system when the exploring finger reached the location of the haptic stimulus (b), which was 

mounted onto one face of the wooden platform via 10mm rods. The wooden platform was connected 

to a DC stepper motor (c), which allows to rotate the platform to display 3 faces, where additional 

stimuli at different locations may be fixed. For this proof-of-concept study, only one of the faces and 

one stimulus location was used. The section below shows a detailed view of the tactile stimulus and 

its dimensions. 
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2.3. Procedure 

Participants were asked to use the index fingertip of their dominant hand to 

perform horizontal left-to-right strokes on the platform. To avoid any visual 

feedback, the platform was placed inside a wooden box presenting an opening at 

the front where participants could place their hand to perform the exploratory 

movements. The location of the platform inside the box was adjusted so that both 

the platform and the participant’s hand were outside of the participants’ field of 

vision. To avoid any auditory feedback, participants wore earphones through which 

white noise was played. Two participants were not presented with white noise. 

However, the auditory feedback from the finger encountering the haptic stimulus 

was very faint (as it was not produced by an external motor or stimulation device), 

and these participants never reported hearing a sound associated with the change 

in friction upon questioning. 

Participants were instructed to perform the strokes maintaining a relatively 

stable but natural exploration velocity, avoiding very fast or very slow strokes. After 

each stroke, participants were instructed to remove their hand from the box, and 

to wait for a signal from the experimenter before re-contacting the platform and 

initiating the next stroke. When re-contacting the platform, participants were 

allowed to look at their hand to properly position their exploring finger at the 

starting position. To ensure a baseline period of minimal accelerometer signal 

variations, participants were instructed to wait about a second after contacting the 

platform prior to initiating the next stroke. The number of trials was set to 150, 

divided in three blocks of 50. 

Pilot tests had revealed a delay between the trigger event sent via the position 

sensor and the actual contact onset of the finger with the tactile stimuli which was 

tracked via the accelerometer recording. This delay appeared to be variable and 
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dependent on the velocity of exploration. For this reason, the accelerometer 

recording was used to create new trigger events marking the precise onset of 

stimulation for each participant, as described in the next section. 

2.4. Alignment of Trigger Events with Accelerometer Recordings 

Within the vertical (z-axis) accelerometer recordings, we expected to see a 

transient change in signal amplitude occurring when the fingertip pad of the 

exploring finger contacted the edge of the rectangular stimulus. In most trials, a 

clear onset could be observed upon visual inspection (Figure 2, top left). For some 

trials, the accelerometer signal was noisier, and we could not observe clear contact 

onset (Figure 2, top right). Figure 2 (bottom panel) shows the rectified 

accelerometer signals averaged across all trials included in the EEG analysis, 

illustrating how, on average, the 0 ms time point following alignment of trigger 

events corresponded to a sharp change within the accelerometer recordings. 

To identify the contact onset within the z-axis accelerometer signals, a 200 ms 

baseline was defined upon visual inspection of each individual trial for each 

participant. The chosen start time of the baseline was defined depending on the 

noisiness of the signal in the 1000 ms prior to the position sensor trigger event, as 

well as the delay between the position sensor trigger event and the change in 

accelerometer signal corresponding to the time of contact of the finger with the 

haptic stimulus. By default, the baseline started at -400 ms relative to the position 

sensor trigger event, and was adjusted on a trial-by-trial basis for each participant, 

with a starting time ranging from -800 to -250 ms prior to position sensor trigger 

event. The time of the first peak in the accelerometer recording (corresponding to 

the onset of contact between the finger and the haptic stimulus) was identified as 

the time in which the absolute amplitude of the signal exceeded x times the 

standard deviation of the baseline (x*SD threshold). The default value of x was set 
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to 3. Due to the high trial-by-trial variability of the accelerometer signals, the value 

of x value was adjusted on a trial-by-trial basis using values ranging from 3 to 8, as 

follows. The accelerometer signal was plotted, with the accelerometer-derived 

trigger event displayed as a vertical line. If, upon visual inspection, the new trigger 

event did not correspond to a clear change in the accelerometer amplitude, the 

baseline and/or x*SD threshold parameters were adjusted (Figure 2). Both the 

baseline and the x*SD threshold were adjusted as needed, due to trial-by-trial 

variability of signal noisiness. The corresponding time points were then added to 

the EEG recording file as new trigger events, and subsequently used to segment the 

EEG signals for further analysis.  

Lastly, the accelerometer signals were segmented between -500 to +1000 ms 

relative to the new event trigger. Next, each epoch was visually inspected to 

determine whether the accelerometer signals allowed determination of the new 

trigger events. When participants performed the exploring movements, they would 

occasionally hit the metal support located at the end of the platform. This would 

not only generate a strong peak in the accelerometer recording (visible in Figure 2, 

top panels), but also potentially a subsequent somatosensory response, as 

participants would receive a rather strong tactile input by the sudden contact with 

the metal support on the side of their fingertip, which could therefore translate to 

an additional response in the EEG recording. For this reason, trials were excluded 

whenever the time interval between the event trigger and the end of the 

movement was less than 200 ms. 



 
 

 

Figure 2. Determination of contact onsets from the accelerometer z-axis displacement recording. 

The top left panel shows the accelerometer signal recorded in a trial displaying clear onset/offset 

peaks. The top right panel shows a recording with a lower SNR. The red dots represent the trigger 

events generated by the position sensor. Note that the accelerometer signals show that the actual 

onset of stimulation due to fingertip contact with the plastic edge preceded that trigger, justifying the 

use of the accelerometer signal to mark the actual stimulation onsets. The chosen baseline interval is 

plotted in black. Horizontal dotted blue lines represent the default +/- 3*SD threshold, Light blue dots 

represent the time of contact onset found using this default threshold. Horizontal blue lines represent 

the +/- x*SD threshold selected to define the time of contact onset. Dark blue dots represent the 

accelerometer-derived time of contact onset using this adjusted threshold. The bottom panel shows 
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the group-average of rectified accelerometer signals, aligned relative to the accelerometer-derived 

triggers (dotted red line). 

2.5. EEG Recordings 

Participants were instructed to relax, avoid moving their head and body as 

much as possible, and fixate their gaze on a fixation cross placed in front of them. 

An EEG recording system (ActiveTwo, Biosemi, the Netherlands) and a 64 Ag-AgCl 

electrode cap with pre-amplified electrodes (Biosemi, the Netherlands) was used 

for EEG recordings. The cap was placed on the participants’ scalp according to the 

International 10/10 system. Sample rate was set at 2048 Hz and impedances 

(electrode offsets) were kept below 20 mV. 

2.6. EEG Preprocessing 

First, the EEG signals were re-referenced to the average of all scalp electrodes. 

Next, a 0.1 Hz filter (4th order Butterworth filter) was applied to the continuous EEG 

signals. This type of filter is typically used to characterize early, transient 

components (<100 ms) (Cruccu et al., 2008; M. Rossini et al., 1981). However, the 

noisiness of the resulting waveforms and the fact that, upon visual inspection, we 

did not observe any distinct transient waveforms motivated us to instead apply a 

bandpass filter between 0.1 Hz and 40 Hz (4th order Butterworth filter), which is 

commonly used for the recording of SEPs using different types of stimulation when 

the focus is not specifically on short-latency components (Guidotti et al., 2023; 

Hämäläinen et al., 1990; Miller et al., 2019). This filtering window, however, 

revealed strong slow drifts in the EEG signals, which were likely due to expectation 

of the stimulus during the sliding movements. Given the presence such drifts in the 

signals, the EEG signals were also bandpass-filtered between 3Hz and 40Hz (Figure 

3). 
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The following pre-processing steps were applied to the 0.1 Hz highpass-

only, and to the 0.1 Hz – 40 Hz and the 3 Hz – 40 Hz filtered signals. An additional 

notch FFT filter (50 Hz, 100 Hz, 150 Hz, 200 Hz; notch width: 2 Hz; slope cutoff width: 

2 Hz) was applied. The continuous EEG signals were then segmented from –200 ms 

to +600 ms relative to the accelerometer-based onset of contact with the haptic 

stimulus. A DC removal and linear detrend was then applied to the epoched signals. 

Ocular artifacts (eye blinks and lateral eye movements) were removed following an 

independent component analysis (ICA) (calculated from the 0.1 Hz – 40 Hz filtered 

signals). This led to the removal of a total 27 ICs across 13 participants (mean= 1.8; 

SD= 1.08). To remove further artifacts, epochs were excluded when the signal 

exceeded 100 µV in the interval between –200 ms and +400 ms relative to the 

accelerometer-based onset of contact with the haptic stimulus. A baseline 

correction (-200 ms to 0 ms) was then applied to the epoched data. For left-handed 

participants, left and right electrodes were flipped. Lastly, trials were averaged in 

the time domain and grand-averaged across participants for visualization. 
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Figure 3. Signal filtering procedure. The three lines represent group-level average of activity at 

electrode CP3 preprocessed using a highpass only and two different highpass cutoff frequencies in 

the bandpass filter applied to the continuous EEG recordings. The signal noisiness was high when only 

a highpass filter was applied to the data (black trace). When the cutoff highpass frequency was set to 

0.1Hz, a strong drift was visible in the pre-stimulus interval (red trace), which was attenuated in the 

3-Hz high-passed signals (blue trace). 

2.7. Assessment of Significant Responses 

To assess the presence of significant ERP waveforms, a cluster-based permutation 

test against 0 was performed as follows, using the 3 Hz – 40 Hz filtered signals. 

Individual participants’ trials were averaged in the time domain. Next, a non-

parametric point-by-point cluster-based permutation test was performed to 

identify, at each channel, time-intervals of the averaged ERP waveforms that 

deviated significantly from zero across participants (Maris and Oostenveld, 2007; 
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van den Broeke et al., 2015). The approach assumes that stimulus-evoked 

amplitude changes in the signal will tend to occur over contiguous time points 

(Groppe et al., 2011). First, the ERP waveforms were compared using a point-by-

point t-test against zero. Then, clusters of contiguous time points above the critical 

t-value corresponding to a p-value of 0.05 were identified, and an estimate of the 

magnitude of each cluster was computed by summing the t-values constituting 

each cluster. Random permutation testing (2000 permutations) was then used to 

obtain a reference distribution of maximum cluster magnitude. As cluster 

magnitudes could be negative or positive depending on the polarity of the signals, 

clusters in the observed data were regarded as significant when their magnitude 

was either above the 97.5th percentile or below the 2.5th percentiles 

(corresponding to a 2-sided test). 

2.8. Differences across Contralateral and Ipsilateral Electrodes 

To assess whether the ERP components exhibited hemispheric lateralization, a 

paired cluster-based permutation test was performed as described in Section 2.7, 

comparing the signals recorded at the following electrode pairs: C3 vs. C4 and CP3 

vs. CP4. 

3. Results 

For nine participants, a few trigger events were missing due to faulty tracking 

of the position sensor. Three participants performed an extra trial due to an error 

by the experimenter in tracking the number of performed trials. One participant 

reported looking at their hand during the first seventeen trials. These trials were 

excluded and the participant performed seventeen extra trials at the end of the 

experiment. One participant performed an extra block at the end of the 

experiment, as he performed very rapid movements in the second block. However, 
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since visual inspection of the signals showed that the velocity they used was 

acceptable, the trials from the extra block were not included in the analysis. A total 

of 92 epochs across 13 participants were excluded from the dataset. Of these, 35 

represented extra triggers accidentally sent by the position sensor when 

participants displaced their finger between trials, or extra triggers sent by position 

sensor within the same trials. The remaining 57 epochs represented actual trials 

that were excluded (among 12 participants) due to unclear determination of the 

accelerometer-derived trigger because of noisy signals or because participants 

performed excessively rapid exploration movements. Among real trials, the 

accelerometer signals allowed marking contact onsets in most cases (mean= 97.4%, 

SD= 2.5%). In total, 2152 trials were included in the final dataset for further 

processing (average per participant= 143.5, SD= 5.9). Following EEG artifact 

rejection, a total of 23 trials were removed across 5 participants in the 0.1 Hz – 40 

Hz filtered signals, and a total of 7 trials were removed across 3 participants in the 

3 Hz – 40 Hz filtered signals. 

3.1. SEP Responses Across Pre-Selected Electrodes and Topographical 

Distribution of Activity Over Time 

Based on previous studies characterizing SEPs in static touch conditions, we 

expected early-latency responses originating from the contralateral S1, and later 

responses having a central topographic distribution. Therefore, here we report the 

results across six pre-selected electrodes: C3 and CP3 (contralateral to the 

stimulated finger); Fz and Cz (fronto-central); C4 and CP4 (ipsilateral to the 

stimulated finger) (3 Hz – 40 Hz bandpass-filtered signals).  

Visual inspection of the responses between -200 ms and +400 ms relative to 

the accelerometer-based event triggers revealed SEP responses across 

contralateral, fronto-central as well as ipsilateral electrodes. Visual inspection of 
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the topographies over time between 0 and 240 ms revealed that, earlier 

components (before ~120 ms) were characterized by a clear lateralization, 

contralateral to the exploring finger. Later, components (between ~120-220 ms) 

appeared to be characterized by a more central/bilateral scalp topography (Figure 

4). 

 

Figure 4. Group-level averaged topographical maps and time course of the signals recorded at 

contralateral (C3, CP3), fronto-central (Fz, Cz), and ipsilateral (C4, CP4) electrodes. Each 

topographical map represents scalp activity within 30 ms intervals between 0 and 240 ms (top panel). 

The bottom panels represent EEG responses in the time domain. Dashed lines mark the 30 ms 

intervals. 
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3.2. Assessment of Significant Responses 

The cluster-based permutation test revealed several time-intervals where 

activity was significantly different from 0 (p<0.05) at contralateral (C3, CP3), fronto-

central (Fz, Cz), and ipsilateral (C4, CP4) electrodes (Figure 5). 

The onset, offset, peak, and cluster statistics (p-values) of the time intervals 

where activity was significantly different from 0 are reported in TABLE 1. 
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Figure 5. Group-level averaged waveforms across contralateral (C3, CP3), fronto-central (Fz, Cz), and 

ipsilateral (C4, CP4) electrodes. Shaded red areas represent time intervals of activity that were 

significantly different from 0 (point-by-point cluster-based permutation test; p<0.05).  
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TABLE 1. One-sample cluster-based permutation test statistics across contralateral (C3, CP3), 

fronto-central (Fz, Cz), and ipsilateral (C4, CP4) electrodes. 

Electrode Onset (ms) 
Offset 

(ms) 

Peak 

(ms) 
Cluster p-value 

C3 
57 91 72 0.008 

113 172 131 0.002 

CP3 

-35 36 25 <0.001 

90 146 119 0.003 

173 221 207 0.029 

Fz 

2 39 27 0.021 

48 141 109 <0.001 

169 221 193 0.002 

Cz 
39 86 59 <0.001 

142 199 174 0.002 

C4 
0 62 48 0.002 

139 186 165 0.006 

CP4 -2 59 47 <0.001 
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3.3. Lateralization of SEPs 

Cluster-based permutation paired tests revealed time-intervals where activity 

was significantly different between contralateral and ipsilateral electrode pairs (C3 

vs. C4; CP3 vs. CP4) (Figure 6). 

 

Figure 6. Comparison of group-level averaged waveforms between pairs of contralateral and 

ipsilateral electrodes (C3 vs. C4; CP3 vs. CP4). Shaded red areas represent time intervals where 

activity differed significantly between electrode pairs (p<0.05). 

The onset, offset, and cluster statistics (p-values) of the time intervals that 

differed significantly between ipsilateral and contralateral electrode pairs are 

reported in TABLE 2. 
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TABLE 2. Paired-sample cluster-based permutation test statistics between pairs of contralateral and 

ipsilateral electrodes (C3 vs. C4; CP3 vs. CP4). 

Electrode 

comparison 
Onset (ms) Offset (ms) Cluster p-value 

C3 vs. C4 
62 86 0.020 

108 140 0.019 

CP3 vs. CP4 88 135 0.002 

4. Discussion 

The current experiment aimed to record, for the first time, SEPs elicited in 

conditions of active, dynamic touch, in response to physical edged haptic stimuli. In 

recent years, research in the field of haptics and tactile perception has seen a 

growing interest in the study of tactile sensing in conditions of active, voluntary 

dynamic touch (e.g., Brahimaj et al., 2023; Casado-Palacios et al., 2023; Eldeeb et 

al., 2020; Henderson et al., 2023, 2022; Moungou et al., 2016b). However, the 

cortical responses to haptic stimuli delivered in conditions of active dynamic touch 

remain unknown, possibly due to the technical challenges associated with 

measuring such responses while participants perform voluntary movements. 

Perhaps the most important challenge for recording ERPs in such conditions is the 

difficulty of time-locking responses to the actual onset of the mechanosensory 

stimulation produced by the subjects’ free movements. Here, to overcome this 

challenge, we developed a novel experimental setup that allowed us to align EEG 

responses to the moment at which the subject’s fingertip encountered the physical 

edged haptic stimulus. Our analysis revealed that our experimental setup 

successfully allowed us to identify the onset of stimulation and thereby record SEP 

components, with a topographical sequence consistent with hierarchical 
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somatosensory processing, starting within the hand representation of the 

contralateral S1, and then progressing towards bilateral responses possibly 

originating from S2 and/or multimodal areas (Iwamura, 1998; Whitehead et al., 

2019). 

The earliest component we identified was a negative deflection appearing 

at 25 ms at contralateral centro-parietal electrode CP3. The scalp distribution of this 

early negativity resembled the N20 component, one of the earliest SEPs that can be 

measured using scalp EEG, which reflects early stages of stimulus processing within 

S1 (Allison et al., 1991). This component is characterized by a dipolar configuration, 

with a concurrent positivity observed at frontal electrodes (Deiber et al., 1986; 

Desmedt et al., 1987), which is consistent with the topography we observed at this 

latency, as we found a concomitant significant positivity at frontal electrode Fz. 

However, the N20 component is typically recorded in response to electrical stimuli 

generating a highly synchronized afferent volley. Furthermore, the latency of the 

components we identified must be interpreted cautiously as mechanosensory 

stimulation may have initiated before the accelerometer-derived trigger. Thus, 

despite similarities in latency and scalp distribution, it is premature to interpret the 

early negativity we observed in our study as an equivalent of the somatosensory 

N20 observed after transcutaneous electrical stimulation of the median nerve. 

Nevertheless, the latency and topography of the response clearly indicates that it 

reflects early stages of somatosensory processing originating primarily from the 

hand representation of the contralateral S1. 

The second component we recorded was a negativity appearing at 72 ms at 

contralateral electrode C3. This deflection displayed a similar latency and scalp 

topography as the somatosensory N70 component, which is typically localized 

around central and posterior contralateral electrodes (Hämäläinen et al., 1990) and 
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is thought to also originate from the contralateral S1 (Allison et al., 1992). Unlike 

the N20, the N70 component has also been reported in response to mechanical 

stimulation (Eimer and Forster, 2003; Guidotti et al., 2023).  At this time interval, 

we also observed a significant lateralization when comparing the signals recorded 

at electrodes C3 and C4, further suggesting that this peak is compatible with a mid-

latency SEP whose activity likely originates from S1. 

Next, we observed a central bilateral positivity, peaking at 119 ms at CP3 

and at 131 ms at C3. Positive deflections at this latency are often reported as the 

somatosensory P100, which is associated with explicit perception of somatosensory 

stimulation (Schubert et al., 2006). This component is thought to originate within 

S2 bilaterally and to be associated with a bilateral pattern of scalp distribution 

(Forss et al., 1996; Hogendoorn et al., 2015). Compared to what we observed, the 

P100 is usually reported at shorter latencies in response to both electrical/nerve 

(80-110 ms) (Hogendoorn et al., 2015; Miller et al., 2019) and single slow, large 

amplitude mechanical pulse stimulation (97 +/- 3.6 ms) (Hämäläinen et al., 1990), 

although some studies involving mechanical finger stimulation have reported 

windows between 100 and 125 ms (Eimer and Forster, 2003), which is closer to the 

latency we observed in the current study. However, as discussed for the earlier 

components, given the novelty of our stimulation paradigm, which involved 

dynamically self-generated somatosensory inputs, whose exact duration and 

intensity depended on the nature of participants’ free exploration strategy (such as 

the pressure they applied on the platform and the speed with which they explored 

it) the exact latencies of SEPs we measured should be interpreted cautiously, as 

discussed below.  

Furthermore, when assessing lateralization of the SEP waveforms we 

recorded, we did find a statistically significant difference between both pairs of 
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contralateral and ipsilateral electrodes (C3 vs. C4; CP3 vs. CP4), suggesting a 

contribution of activity originating from the primary somatosensory cortex at these 

later latencies. 

At fronto-central scalp electrodes, we measured a negativity peaking at 109 

ms at Fz and at 59 ms at Cz, followed by a positivity peaking at 174 ms at Cz and at 

193 ms at Fz. This is consistent with the N1/P2 component, or the vertex potential, 

which has been reported in response to both innocuous mechanical and painful 

somatosensory stimulation, as well as auditory stimulation (Guidotti et al., 2023; 

Mouraux and Iannetti, 2009), and is thought to be an index of higher-level stimulus 

processing, mainly associated with the saliency of the stimulus irrespective of 

modality (Mouraux and Iannetti, 2009).  

The temporal evolution of topographical distribution of activity revealed 

that, for earlier components, responses were strongly lateralized over the 

contralateral scalp hemisphere, consistent with early stages of somatosensory 

processing mainly occurring within S1. After ∼120 ms, responses were 

characterized by a central and bilateral scalp distribution, consistent with activity 

originating from higher cortical areas, such as S2. These results are consistent with 

sequential activation of somatosensory areas (Hämäläinen et al., 1990), and 

resemble previous reports investigating SEPs in conditions of passive touch that 

used mechanical tactile stimulation of different sites on the hand (Guidotti et al., 

2023). However, the exact latencies we report are less consistent with such previous 

reports. Our stimuli differ from phasic short-lasting electrical, mechanical, or 

vibrotactile stimuli employed in passive touch paradigms, since the somatosensory 

input was dynamically self-generated by participants in our study. The skin is an 

elastic organ, and during sliding complex spatiotemporal patterns of skin 

deformation and strain occur, which in turn give rise to complex patterns of 
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mechanoreceptor activation (Delhaye et al., 2016). Importantly, it has been shown 

that fingertip strains vary with the normal force applied against the fingertip as well 

as with the velocity with which the stimulus (a flat glass plate) was displaced against 

the fingertip (Delhaye et al., 2016). Furthermore, scanning speed has been shown 

to affect vibrations elicited at the fingertip during texture exploration, which would 

also in turn affect responses of mechanoreceptive afferents (Greenspon et al., 

2020). Importantly, the movements performed by subjects in our study were 

minimally controlled. No specific constraints were imposed on subjects, besides 

instructions to avoid very fast or very slow movements. Thus, it is likely that the 

pattern and magnitude of mechanoreceptor activation self- generated by 

participants in our experiment was influenced by the pressure used by subjects 

when sliding their finger on the platform, as well as their speed of exploration. Such 

variations are not only to be expected between participants, but some variability is 

also likely to occur on a trial-by-trial basis within participants. Thus, compared to 

passive touch designs, we can expect more variability in the amplitude as well as 

the latency of the recorded SEPs. To address such questions, future efforts should 

be made to characterize the exact dynamics of fingertip deformation during sliding 

and contact with a physical edged tactile stimulus, for example using high-speed 

cameras (Doumont et al., 2025), and subsequently using microneurography and 

modeling approaches to elucidate the exact nature of afferent responses during 

such conditions. 

One potential limitation of our stimulation setup lies in the determination 

of contact onset from the accelerometer z-axis recordings. While we defined 

contact onsets as the first time point associated with a sharp change in 

accelerometer signal, it is possible that contact of the finger with the edge and 

hence onset of mechanosensory stimulation had already occurred some 

milliseconds before the accelerometer-derived trigger. Thus, it is possible that a 
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small delay was still present in the event triggers we defined a posteriori, thus 

leading to shorter SEP latencies. Furthermore, it is also possible that the tactile input 

was strongest when the pulp of the fingertip was in full contact with the tactile 

stimulus, thus leading to longer recorded SEP latencies. For this reason, as discussed 

above, the exact latencies reported in this study have to be cautiously interpreted. 

Nevertheless, the overall pattern and cortical distribution of responses we observed 

is consistent with well-characterized SEP components triggered, for example, by 

transcutaneous electrical nerve stimulation. To obtain more robust and 

reproducible results on the exact timing of SEPs in conditions of active, dynamic 

touch, future efforts should be made into assessing the exact dynamics of finger 

displacement during active sliding movements to determine the most appropriate 

method to define true contact onset of the exploring fingertip with the haptic 

stimuli. During pilot experiments, unsuccessful attempts were made to assess true 

contact onset by measuring the impedance between the finger and the edge 

printed using electrically-conductive plastic. 

Our results have important implications to address questions in the field of 

active tactile sensing and processing. For instance, it is widely known that cortical 

responses to somatosensory stimuli are suppressed or reduced during voluntary 

movement, via a mechanism known as movement-related somatosensory gating 

(Chapman, 1994; Rossini et al., 1999). However, in most studies reporting such an 

effect, the active movements were unrelated to the concomitantly delivered tactile 

stimulation. Early work on primates has in fact shown that, when movements are 

necessary to perceive the somatosensory stimuli, activity in S1 neurons having 

receptive fields associated with the fingertip performing the exploratory 

movements is enhanced, rather than suppressed. Specifically, the proportion of 

neurons showing enhanced activity increases along the hierarchical rostral-to-

caudal sequential processing within S1, with increasing activation going from area 
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3b, to area 1, to area 2. An opposite pattern of modulation is instead observed for 

neurons with receptive fields outside of the digit coming into contact with the 

tactile stimuli (Ageranioti-Bélanger and Chapman, 1992). Our setup could help 

further investigate movement-related somatosensory gating in humans by 

implementing matched active and passive dynamic touch conditions, as done by 

Moungou et al. (2016b).  

A key issue to consider is that, in active touch conditions, it is difficult to 

disentangle motor signals from purely tactile signals, and that, in such conditions, 

motor-related activity may reduce the signal-to-noise ratio of the recorded 

responses. Nevertheless, previous studies have been able to characterize EEG 

responses to both textures (Eldeeb et al., 2020, 2019) and to transient changes in 

friction during active touch (Moungou et al., 2016). Importantly, Moungou and 

colleagues (2016) showed that periodic EEG responses were comparable (although 

smaller in amplitude) to those recorded in matched passive touch conditions 

(Moungou et al., 2016). While such work has investigated EEG responses in the 

frequency and the time-frequency domains, we believe that such similarities should 

also be observable in the time domain through recordings of SEPs. Thus, compared 

to such previous EEG investigations of tactile processing during active touch, the 

main contribution of our study is the characterization of the temporal pattern of 

time-locked responses to a single tactile event. Having time-locked responses 

precisely to the onset of contact with the tactile stimulus, as well as the similarity 

of the SEPs we recorded with well-characterized SEPs recorded in conditions of 

passive touch make us confident that the responses we observed were largely 

somatosensory in nature. However, it is still possible that sliding over the tactile 

stimulus triggered some reaction of motor-related activity, which would have also 

been time-locked to the stimulation onset. To further investigate this possibility and 

fully disentangle motor-related activity from purely somatosensory responses, 
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future work should include electromyography recordings, as well as normal and 

tangential force measurements. Furthermore, future studies should also aim to 

perform similar active-passive touch matching conditions to Moungou et al. (2016) 

to investigate how responses to tactile edges vary with and without voluntary 

movement.  

In conclusion, our study sets the basis for overcoming important 

methodological challenges associated with measuring cortical responses to 

naturalistic tactile stimuli encountered by participants via voluntary exploratory 

movements. With the growing interest on tactile perception in conditions of active, 

dynamic touch, the use of EEG to record cortical responses to tactile stimuli 

encountered via voluntary movement could help elucidate the mechanisms 

underlying behavioral outcomes obtained via psychophysical approaches, such as 

participants’ ability to recognize planar shapes during haptic exploration (Rohou-

Claquin et al., 2025). Furthermore, measuring time-locked responses using scalp 

EEG is also advantageous to complement results obtained using other neuroimaging 

techniques, such as functional magnetic resonance imaging (fMRI). Indeed, while 

fMRI allows to determine the cortical locus of activity associated with sensory 

processing with high spatial resolution in the order of few millimeters, it does not 

allow determination of the precise timing of time-locked response at the 

millisecond scale, due to its temporal resolution being limited, at best, to half a 

second (Abreu et al., 2018). Our approach involving SEP recordings, on the other 

hand, allows us to assess cortical responses with a high temporal precision at the 

millisecond scale. Thanks to the somatotopical organization of S1, our approach also 

allows to differentiate activity originating from S1 or higher-order areas, albeit with 

much lower spatial resolution, thus enabling an investigation of the temporal 

evolution of somatosensory responses and the sequential activation along the 

somatosensory cortical hierarchy. Our work also opens new possibilities to 
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elucidate additional cortical mechanisms associated with active dynamic touch, 

such as movement-related somatosensory gating. Importantly, we show that 

effectively time-locking the time of finger contact with the physical haptic stimulus 

allowed us to characterize SEP components of tactile processing in conditions of 

active touch, which appear consistent in both their latency and topographical 

distribution with SEPs identified in studies involving passive touch conditions. 

Future investigations will be necessary to further characterize such components and 

assess their reproducibility. 
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CHAPTER 5: General discussion. 
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In recent years, the study of active touch sensing and multisensory 

integration in conditions of active, dynamic touch has drawn the interest of 

researchers across several disciplines. In the engineering and computer science 

fields, great efforts are being made with the prospect to develop novel haptic 

technologies, such as tablet-like devices or touch screens to provide tactile 

feedback in the absence of or with reduced visual feedback. However, relatively 

little is known about both the behavioral and the neurophysiological mechanisms 

that underlie interactions between touch and other sensory modalities during 

haptic exploration of shapes and surfaces. Indeed, one key challenge we 

encountered when planning the development of EEG studies of multisensory 

integration in conditions of active, dynamic touch is the fact that the neuroscientific 

literature is very limited in this regard. Many of the studies carried out in the 

somatosensory field have employed passive, static touch conditions. At the same 

time, most of the studies that have employed conditions of active, dynamic touch 

have only reported behavioral outcomes, and the studies that have investigated 

cortical responses in conditions of active, dynamic touch were carried out in 

unimodal tactile conditions (Eldeeb et al., 2020; Henderson et al., 2023; Moungou 

et al., 2016b). The aim of this doctoral thesis was to develop new approaches to 

specifically investigate the cortical mechanisms underlying auditory-tactile 

integration in conditions of active, dynamic touch. Touch itself, whether active or 

passive, is a complex mechanism encompassing several submodalities: friction, 

shear forces, tangential and normal forces, vibration, transient skin contacts and 

local mechanical skin deformation, temperature, wetness, and more, which are 

combined to give rise to different tactile experiences. For the purpose of this 

doctoral thesis, we focused on developing EEG approaches aimed at investigating 

two such experiences of active tactile sensing: perception and processing of 

textures (Study 2), and perception and processing of edges and planar shapes 
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(Study 1 and Study 3). It is worth mentioning that in Study 2, the tactile stimulations 

were presented passively to participants. This was motivated by the fact that, (1) 

to date, no studies had used EEG frequency-tagging to investigate the cortical 

processing of changes in vibrotactile stimuli (even simple, pure vibrations), and (2) 

that whether S1 is involved in the processing of changes in more complex vibrations 

(such as white noise) remained an unanswered question. Therefore, for this study, 

we reasoned that taking a step back and implementing simpler stimulation 

conditions would allow us to validate the frequency-tagging approach for future 

investigations involving more naturalistic stimuli and tactile exploration conditions.  

This discussion will first present the key findings and interpretations of the 

studies carried out in this doctoral thesis. Next, future developments of the 

techniques employed for this doctoral thesis will be discussed, as well as their 

applications to address unanswered questions related to the cortical processing 

audio-tactile interactions in conditions of active touch. In the last Section, the 

different types of stimulations currently available to investigate cortical 

somatosensory processing and their advantages and disadvantages will be 

discussed. Lastly, the discussion will aim to define the technical requirements 

necessary to allow more systematic, interpretable, and reproducible studies on 

active tactile sensing involving EEG methods. 

1. Summary and interpretation of main findings. 

In Study 1, we used psychophysics to investigate whether auditory feedback 

concurrently presented with tactile feedback (edge-like transient changes in 

friction delivered via an ultrasonic haptic display) would improve participants’ 

performance in a task in which they had to localize the position of their exploring 

digit at the onset of the auditory and/ or tactile stimulation, compared to when 
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tactile stimuli were presented in isolation. Here, we showed that while localization 

precision (i.e., the slope of the psychometric function) of tactile stimuli was not 

significantly improved by concurrent presentation of auditory stimuli, localization 

accuracy (i.e., the threshold of the psychometric function) was significantly 

improved in the bimodal compared to either unimodal stimulation. The threshold 

parameter in performance psychophysical tasks provides some information about 

how well participants perform on the task, as it is a measure of how close their 

perception is to the true value of the stimulation. However, this parameter can be 

affected by both perceptual and response biases, which is the reason why we 

focused our specific hypothesis on the slope parameter, which represents how 

consistent participants are when making their perceptual judgments, and only 

assessed threshold differences as exploratory analyses. Indeed, we observed a 

rightward perceptual bias across subjects and across all modalities, which, as 

discussed in Chapter 2, could be due to an effect of representational momentum, 

or the tactile ‘’buzz-lag’’ effect, whereby, at the onset of the stimulation, the 

position of the exploring finger was perceived to be shifted further away in the 

direction of movement (Cellini et al., 2016). The finding that this bias was 

significantly reduced under bimodal stimulus presentation partially supports our 

hypothesis that performance would be enhanced when the haptic feedback was 

accompanied by concurrent auditory feedback, indexing multisensory gain effects. 

Such evidence of integration between the tactile and auditory modalities during 

active sliding movements further motivates us to develop EEG approaches to 

investigate the possible cortical mechanisms that underlie such interactions.  

In Study 2, we sought to investigate whether S1 is able to resolve the time-

varying frequency composition of different textures, in the absence of differences 

of gross textural features, such as highly dissimilar envelopes of the vibrations 

elicited by the finger sliding against a textured surface. Indeed, while the cortical 
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processing of natural textures has been reported to involve activity originating from 

S1 (Moungou et al., 2016a), whether the processing of changes in textures also 

occurs early in the cortical somatosensory hierarchy remains to be determined. 

Exploiting the somatotopical organization of S1, we stimulated the right index 

finger and the sole of the right foot, using spectrotemporal vibrotactile sequences 

delivered in a periodic AAAAB oddball pattern. In accordance with our hypothesis, 

we showed that the topographical distribution of the periodic oddball responses to 

spectrotemporal contrasts differed significantly between the two stimulation sites, 

suggesting that the processing of rapid changes in vibrotactile textures takes place, 

at least in part, within S1. One key limitation of this study lies in the fact that we did 

not control for envelope differences between the base and oddball stimuli. In fact, 

we decided, a posteriori, to exclude the data from one of the spectrotemporal 

sequences we used, as it displayed a larger index of envelope dissimilarity 

compared to the other sequences. The exploratory analyses we conducted to 

assess whether envelope differences contributed significantly to the observed 

responses revealed that indeed this sequence drove stronger oddball responses. 

While correlational analyses with the remaining sequences showed that envelope 

dissimilarity was not positively associated with the magnitude of the oddball 

responses, it is not unreasonable to predict that even small envelope contrasts had 

at least a partial contribution. However, it is important to remember that we used 

artificial stimuli in our design, and delivered them in conditions of passive touch. 

While a potential optimization of the design would be to account for low-level 

differences between the base and oddball stimuli by keeping the oddball stimuli 

always the same, while randomizing the base stimuli (as done by De Keyser et al., 

2018), in naturalistic conditions we would expect that the somatosensory system 

does in fact process changes in textures by combining information from different 

sources, including spectrotemporal and envelope features of the elicited vibrations, 
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speed, local skin indentation, and shear forces. Furthermore, in conditions of 

voluntary, free exploration of textures, the exploration strategies and motor 

control would be adapted continuously to better extract textural information from 

the surface (Prescott et al., 2011). Thus, while our results do support the hypothesis 

that S1 is involved in the processing of textures by resolving changes in the 

distribution of frequency over time of complex vibrations, they do not fully allow 

us to disentangle the specific contribution and cortical mechanisms of other aspects 

of texture processing that are part of active tactile exploration. 

In Study 3, we aimed to develop a novel experimental setup that would allow 

SEPs characterization in response to edged tactile stimuli encountered by 

participants performing exploratory sliding movements. This study was motivated 

by the fact that, to date, SEP responses elicited in such conditions have not been 

characterized, likely due to the technical challenges of time-locking the onset of 

contact between the exploring fingertip and the stimulus, a crucial aspect of EEG 

investigations. To overcome such issues, we used finger position and accelerometer 

data to re-align the EEG signals to the exact time of contact between the exploring 

finger and the edged tactile stimulus, thus allowing characterization of time-locked 

cortical responses. This proof-of-concept study showed that it is possible to record 

SEPs elicited in response to raised tactile edges, and that the temporal evolution of 

the topographical pattern of such responses is compatible with previously reports 

of SEPs in conditions of passive touch, with early responses showing a clear 

contralateral lateralization, thus suggesting S1 activity, and later responses being 

more centrally localized, thus indicating recruitment of higher-order 

somatosensory areas (Allison et al., 1991; Deiber et al., 1986; Desmedt et al., 1987; 

Desmedt and Bourguet, 1985; Guidotti et al., 2023). The exact latencies of the 

responses, on the other hand, were less easily comparable with known SEPs. This 

is not necessarily surprising, given the novelty of the stimulations and conditions 
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that we implemented. Also, while we time-locked EEG responses to the transient 

onset of stimulation (i.e., the initial contact of the fingertip with the edge of the 

tactile stimulus), somatosensory input continued as the pulp of the fingertip 

continued sliding over the tactile stimulus. Thus, the stimulations we used are not 

as transient as those used in SEP reports involving passive touch, such as short-

lasting vibrations or electrical stimuli. Furthermore, in conditions of active touch, 

different sensory channels are processed in parallel, including proprioceptive 

feedback and motor commands (Chapman, 1994; Prescott et al., 2011), which 

makes a direct comparison with SEPs recorded in passive touch conditions less 

straightforward. Importantly, besides prompting additional studies to better 

characterize SEPs associated with edge processing during planar shape exploration, 

our design opens new avenues to investigate, in humans, whether and how 

voluntary movement affects the cortical processing of tactile inputs, when the 

movement is related to and necessary for the perception of tactile stimuli. 

Suppression or gating of somatosensory signals has been reported in the presence 

of voluntary movements in both humans and non-human primates (Chapman, 

1994; Nakata et al., 2003; Rossini et al., 1999). However, the somatosensory stimuli 

reported in such studies were unrelated to the movement being performed. 

Instead, in studies were the two were related, only gating of irrelevant 

somatosensory information was reported in monkeys, while relevant inputs were 

passed on through the somatosensory hierarchy (Ageranioti-Bélanger and 

Chapman, 1992), and SEPs in humans have been shown to be enhanced during 

touch-relevant movement (Knecht et al., 1993; Wasaka et al., 2017). Measuring 

SEPs in humans in matched active dynamic and passive dynamic conditions would 

help further elucidate such mechanisms. 
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2. Future perspectives to study the cortical mechanisms of audio-tactile 

integration in conditions of active, dynamic touch. 

2.1. EEG frequency-tagging to study the cortical mechanisms of audio-tactile 

integration during texture exploration. 

Despite involving artificial tactile stimuli delivered in conditions of passive 

touch, Study 2 opens important avenues for the investigation of the processing of 

changes in natural textures in conditions of dynamic touch, as well as the effect of 

sounds on the perception of natural textures. A landmark of audio-tactile 

interactions in the context of texture perception is the parchment skin illusion 

(Jousmäki and Hari, 1998). In this phenomenon, the perception of texture 

roughness can be modulated by modulating the amplitude of the high-frequency 

components of both sounds elicited by the skin-texture interaction, as well as by 

complex artificial sounds such as white noise (Guest et al., 2002; Suzuki et al., 2008). 

While compelling behavioral evidence exists for the illusion, no studies to date have 

investigated the cortical processes associated with it. Does perception of the 

illusion modulate activity in early somatosensory areas, or does it recruit higher-

order association cortical areas? Using fMRI, it has been shown that cortical areas 

originally thought to be unisensory actually display patterns of activation also in 

response to stimuli from other sensory modalities (Liang et al., 2013). In both 

monkeys and humans, concurrently presented tactile stimuli have also been shown 

to modulate activity within the primary auditory cortex (Foxe et al., 2002; Kayser et 

al., 2005; Schürmann et al., 2006). Thus, during the parchment-skin illusion, where 

auditory feedback modulates the perception of textural stimuli, it is possible that 

integration of the two modalities would already be observable at the level of S1. To 

test this hypothesis, future studies could build upon the methodology we used in 

Study 2. First, such investigations should aim to characterize the topographical 
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distribution of texture-related tactile oddball responses which, based on our 

results, would likely originate from S1, and of auditory oddball responses, which 

would be localized along fronto-central scalp electrodes (Nozaradan et al., 2017). 

Next, including an audio-tactile condition in which only the auditory sequences 

would include oddball stimuli (AAAAB), while the tactile stimuli would be kept 

constant (AAAAA) would allow assessing the presence of lateralization of auditory 

oddball responses contralaterally to the hand receiving the tactile stimulation. If 

this were the case, it would be an indication of multisensory integration across 

touch and sound occurring at an early stage along the somatosensory cortical 

hierarchy. Previous EEG investigations using median nerve stimulation have in fact 

shown that auditory-somatosensory integration effects are observable 50 ms post-

stimulation, and that the topography associated with these responses is consistent 

with S1 activity (Foxe et al., 2000). 

2.2. Measuring SEPs to study the cortical mechanisms of audio-tactile 

integration during planar shape exploration. 

Perception of angles during active exploration relies on two cognitive 

strategies: the formation of a mental representation of the global structure of the 

angle, and the local pattern of skin indentation and cutaneous feedback at the angle 

intersection (Voisin et al., 2002a). Such mental representations represent a 

‘’memory trace’’ of the stimulus. Indeed, the ability of participants to recognize 

shapes previously explored haptically both intra- (by touch) or inter-modally (by 

vision) relies on the presence of a memory trace acquired through the haptic 

exploration (Abravanel, 1971). Evidence exists pointing towards a role of S1 as a 

locus of cortical storage of short-term working memory traces of somatosensory 

stimuli. Indeed, participants’ performance on a memory task in which they had to 

compare the frequency of two vibrotactile stimuli presented with a 1500 ms 
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interval was significantly reduced when a TMS pulse was delivered to the 

contralateral S1 early (in the first 600 ms) during the interval, while no effect was 

found when TMS was applied to the ipsilateral S1 (Harris et al., 2002). The study of 

sensory memory traces using scalp EEG often relies on designs aimed at measuring 

novelty responses: in the presence of a memory trace of a stimulus, a randomly and 

infrequently presented stimulus would generate a specific response indexing 

processing of the deviance between the ‘’standard’’ and ‘’oddball’’ stimuli (Polich, 

2007). With regard to cortical processing of novelty, or mismatches between 

expected and unexpected stimuli, two ERP components have been identified and 

extensively investigated in the literature: the P300 (Polich, 2007) and the mismatch 

negativity (MMN) (Näätänen et al., 2007, 2004). The P300 is a positive ERP complex 

typically recorded around 300 ms following the onset of a sensory stimulus (Polich, 

2007). The neural mechanisms underlying the P300 are thought to involve an 

attention-mediated comparison of the incoming sensory information with the 

representation of the memory trace of previous sensory information. In the 

presence of a mismatch between the two, an update in the neural representation 

of the stimulus will give rise to a P300 response (Polich, 2007). The P300 is a 

complex of individual ERP components, each relating to different aspects of the 

processing of novel or unfamiliar stimuli.  The P3a is the earliest component of the 

P300, which is observed around 220-280ms following stimulus onset over centro-

frontal scalp electrodes. The P3a is thought to be associated with an involuntary, 

bottom-up attention shift that occurs in response to a rare ‘’oddball’’ or ‘’deviant’’ 

stimulus being presented at random intervals within a sequence of frequent 

‘’standard’’ stimuli, regardless of whether stimuli are attended or unattended 

(Polich, 2007). The second P300 component, the P3b, on the other hand, is 

measured around 300 following stimulus onset over parietal scalp electrodes, and 

it is thought to involve a voluntary attention orienting response to attended deviant 
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stimuli. Thus, this component is observed in active oddball paradigm involving overt 

attention to the stimulation, such as when participants need to either count or 

respond to deviant stimuli (Polich, 2007).  

The MMN is an ERP component which, similarly to the P300, is elicited by rare 

presentation of deviant stimuli embedded in a sequence of frequent standard 

stimuli. First described and extensively studied in the auditory modality (Näätänen 

et al., 2007), a key feature of the MMN is that it occurs in response to discriminable 

changes in stimulation, and, unlike the P3b, it is elicited irrespective of attention 

(Näätänen et al., 2004). The processes underlying the MMN response are thought 

to involve an automatic comparison of the incoming sensory information with the 

memory trace which is formed upon repetitive presentation of standard stimuli 

(Näätänen et al., 2007, 2004).  In the literature, somatosensory mismatch 

responses have been reported, with many studies investigating the processing of 

different low-level contrasts in tactile stimuli, such as their location on the body 

surface (Shen et al., 2018a, 2018b), their frequency (Butler et al., 2012; Kekoni et 

al., 1997), intensity (Zhang et al., 2019), and duration (Isenstein et al., 2024).  While 

such findings shed light on the cortical processing of somatosensory mismatches, 

the fact that they involved somatosensory stimulation delivered in conditions of 

passive touch limits their ecological interpretation. An intrinsic characteristic of 

active touch and digit-mediated surface exploration is that the same body surface 

will come into contact with a changing stimulus or surface. In the case of edge 

localization during planar shape perception, the physical characteristics of the 

tactile object may also remain unchanged, while only their location is displaced. In 

order to differentiate the expected vs. actual location of the edge, integration of 

motor and proprioceptive inputs associated with the exploratory movement would 

be necessary, as the tactile information received by the same body location would 

not be sufficient to signal a change in the surface being explored. The setup we 
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developed in Study 3 includes a stepper motor that allows rotating the wooden 

platform to display different faces. Thus, it will be useful in future designs 

investigating responses to mismatches in the physical location of edges and planar 

shapes. In such a design, the same finger and portion of the finger would come into 

contact with tactile stimuli whose location (or other sensory attributes, such as 

orientation or material) would be varied. As the results from Study 2 indicate, 

concurrent auditory stimulation improves the localization of transient haptic 

stimuli encountered through exploratory sliding movements, compared to when 

these are presented in isolation, in that they give rise to a more accurate 

representation of haptic stimuli in space. Thus, it would be interesting to test 

whether sound facilitates the formation of mental representation of edges and 

planar shapes, which would be indexed by P300/MMN responses in bimodal 

conditions that are significantly different from the sum of the responses elicited in 

unimodal conditions. 

3. Technical considerations: what does the ideal neuroscientific active touch 

setup look like? 

Drawing on the strengths, limitations and challenges of the work carried out in 

this doctoral thesis, important insights can be gained as to what can be achieved 

with the tactile stimulation platforms that are currently available, and what their 

relative advantages and disadvantages are. Crucially, the diverse methodological 

approaches we used in the experiments we report allowed us to thoughtfully 

consider the technical necessities associated with investigating multisensory 

integration in the context of active touch sensing using neuroscientific approaches.  

In Study 2, we used vibrotactile stimuli delivered in conditions of passive touch. 

An obvious advantage of using stimulations delivered to participants via an external 
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source is the ease of controlling the onset, the magnitude, and the duration of the 

stimulations. This is particularly important for EEG experiments, as the time of 

stimulus onset can easily be recorded and used to assess time-locked cortical 

responses. With the aim to assess how voluntary movement affects the temporal 

perception of somatosensory stimuli, some experiments have employed this 

approach to deliver vibrotactile stimuli to participants as they were moving their 

hands (Cellini et al., 2016; Drewing and Vroomen, 2022). However, receiving an 

electrical or vibrotactile stimulus from an external source which is unrelated to the 

performed exploratory movement is quite different from the somatosensory input 

received when the movement is necessary to receive the tactile input. Thus, this 

type of stimulation, while very well controlled and adaptable, is of limited 

ecological validity.  

In Study 1, we used a visuo-tactile ultrasonic haptic display, which modulates 

the coefficient of friction between the exploring finger pad and the glass of the 

display, thus generating a tactile sensation (Wiertlewski et al., 2016). Similarly to 

vibrotactile or electrical stimuli delivered in passive touch conditions, one 

advantage of such devices lies in the ease of controlling and measuring the timing 

of stimulation. In a previous experiment (Brahimaj et al., 2023), we used the same 

haptic display to investigate the perception of temporal synchronicity between 

tactile and auditory stimuli. In this study, the onset of auditory stimuli was triggered 

by the voltage output emitted by the haptic display when the exploring finger pad 

reached a pre-defined region of the plate, via a data acquisition card (Brahimaj et 

al., 2023). However, a key limitation of such devices is that they cannot locally 

stimulate a portion of the skin at the finger pad. While the plate can be 

programmed to vibrate when the finger reaches a specific location by defining an 

active zone, or taxtel, the amplitude-modulated ultrasonic vibrations necessary to 

render the haptic feedback are present across the whole surface of the display 
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(Rekik et al., 2017). Therefore, the generated tactile input does not elicit local skin 

deformations typically associated with tactile exploration of both rougher textures 

or planar shapes. Indeed, similarly to the OPTACON sensory substitution device, 

which convey shapes via an array of vibrating pins (Goldish and Taylor, 1974), such 

devices would likely not generate activity in SA mechanoreceptors. However, unlike 

the OPTACON device, they also do not locally modulate FA1 activity, as the whole 

surface of the finger pad in contact with the display will be subject to the friction 

modulation induced by the amplitude-modulated ultrasonic vibrations. Therefore, 

rendering planar shapes using such devices is particularly challenging, as users do 

not receive input signaling the orientation of the shape’s edges, or information 

about the shape’s curvature or angles. A recent investigation has indeed shown that 

participants’ ability to recognize more complex shapes on such devices is not above 

chance level, and even for a simple straight or sine line it sits at only about 65/70% 

(Rohou-Claquin et al., 2025). Another potential limitation of devices that rely on 

tracking fingertip position to generate haptic feedback comes from potential delays 

between the signal monitoring fingertip position and actual fingertip position 

and/or delays to trigger stimulation, which is a crucial aspect to consider in EEG 

investigations. These delays should be precisely quantified and mitigated by 

engineers and manufacturers of such devices.  

In Study 3, we designed a more ecological approach, where the edged tactile 

stimulus explored by participants was a physical stimulus. The tactile input that 

participants received when contacting the stimulus was therefore more 

naturalistic, encompassing local skin deformation activating SA fibers, and RA fibers 

activated by skin motion, as well as friction and slip from the edge’s surface. 

Therefore, it seems that physical stimuli are better suited to generate tactile 

sensations in conditions of active touch and in the context of planar shape 

processing as they involve the multiple tactile submodalities that characterize 
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haptic experiences. However, as previously mentioned, the use of physical tactile 

stimuli comes with some limitations, particularly in the context of EEG 

investigations. Perhaps the key limitation lies in the fact that the onset of 

stimulation is not controlled, nor is the exact manner in which the stimulation is 

delivered and thus perceived by the subjects. Indeed, the exact pressure, speed, 

constancy, and movement trajectory before, during, and after contact with the 

stimulus solely depend on the participants’ exploration strategy. In our setup, we 

took care to record finger vertical displacements and position, to re-align, as 

precisely as possible, the exact onset of contact between the finger and the 

stimulus. However, a potential limitation of our approach is that we did not assess 

the exact dynamic of finger movement and skin deformations. Are the onsets we 

defined true contacts without finger displacement, or do they represent the 

moment in which the finger had already surpassed the first edge of the raised 

tactile stimulus? Answering this question solely using accelerometer recordings is 

not trivial. Indeed, even if we were to record signals at the moment the finger 

touched the stimulus prior to overcoming its edge, it is likely that a change in 

accelerometer signal would still be elicited by the sudden halting of the finger’s 

horizontal displacement. Future efforts should be made to address these issues, 

possibly using high-speed camera measurements to align local finger geometry at 

different phases of contact with the physical tactile stimuli (true contact, upward 

vertical displacement, scanning, downwards vertical displacement) (Delhaye et al., 

2014; Janko et al., 2018). The setup we used in Study 3 presents another important 

limitation, in that the stimuli were fixed via holes drilled on the parallelepiped 

wooden platform, which limits the adaptability of the setup. Indeed, since the 

stimuli are fixed on the exploring platform, testing different types of stimuli or 

stimuli at different positions would require assembling of a new platform. 

Therefore, the setup should be adapted in the future to accommodate 
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interchangeable exploring surfaces and tactile stimuli, such as different shapes, 

different orientations, or different materials. 

Future collaborative efforts between engineering and neuroscience should aim 

at developing devices that could be easily interfaced with different EEG recording 

systems. Similarly, to overcome the lack of control over the timing and magnitude 

of stimulations presented to participants, it will be important for future setups to 

allow precise recordings of fingertip dynamics during free exploration. Such 

measurements could include online finger tracking in the x, y, and z axis, to measure 

velocity, accelerations and decelerations, direction and changes in direction, which 

are particularly useful to precisely time-lock responses to stimuli and 

simultaneously assess exploration strategies as the finger approaches the stimuli. 

At the same time, such precise online measurements would be particularly critical 

to generate accurate planar shapes in devices which generate haptic feedback 

depending on finger position during active tactile exploration, such as the EVITA 

ultrasonic display (Wiertlewski et al., 2016). Similarly, measurements of normal and 

tangential forces would be useful to relate cortical responses to the forces acting 

on the fingertip at the moment of contact with the tactile stimuli.  

4. General Conclusion 

This doctoral thesis contributed to the field of tactile perception in different 

ways. On the one hand, it allowed us to address important questions with regard 

to the cortical processing of tactile inputs, including the role that S1 plays in the 

context of processing of textures and changes in textures, as well as measuring, for 

the first time, cortical responses to raised edges during active fingertip sliding 

movements. Our psychophysical investigation also provides evidence for audio-

tactile integration in the context of edge localization during active sliding 



177 
 

movements. Importantly, on the other hand, the present work sets the basis for 

future investigations of audio-tactile integration during haptic exploration, by 

validating psychophysical and EEG approaches for their future applications to study 

the behavioral and cortical mechanisms underlying such interactions. Lastly, the 

different techniques and stimulation types employed here highlighted the 

limitations of the devices currently available for the study of active tactile sensing, 

providing us with insights and a deeper appreciation of the technical needs that 

should be met to systematically investigate touch in ecological conditions. 
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