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19 

Multisensory information can help resolve perceptual ambiguity, in situations such as the 20 

alternating visual experience during binocular rivalry. Across four experiments, participants 21 

viewed dichoptically presented spiky and round rival targets while simultaneously touching spiky, 22 

neutral, or round shapes in 3D printed forms. The primary aim was to investigate the influence of 23 

visuotactile shape congruence in the curvature dimension. In addition, the roles of voluntary 24 

action and spatial colocalization on successful crossmodal integration were investigated. 25 

Voluntary action was tested between active touch (Experiments 1 and 2) and passive touch 26 

(Experiments 3 and 4) conditions. Visual stimulus type differed between rapid successions of 3D 27 

rendered images (Experiments 1 and 3) and real-world video recordings (Experiments 2 and 4), 28 

with the latter involving bodily cues to promote visuotactile colocalization. In general, the results 29 
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showed that tactile shape congruence can lead to relative dominance of the corresponding visual 30 

target, especially when visuotactile colocalization was encouraged with video recordings as visual 31 

targets. The results suggest beneficial effects of crossmodal shape congruence on disambiguation, 32 

which seems to be generally comparable between the two modes of active versus passive touch. 33 

Using three-dimensional (3D) stimuli and observing free voluntary action, the study provides novel 34 

and connecting insights into the naturalistic object processing behavior of humans. 35 
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Introduction 43 

The nature of the world surrounding us is multisensory. Multisensory integration refers to the 44 

process of combining between senses to create unitary perceptual experiences, especially in the 45 

direction that multimodal activation is considered as more effective than that of its unimodal 46 

components (Alais, Newell, & Mamassian, 2010; Driver & Spence, 2000; Stein & Stanford, 2008).  47 

One of the important roles of multisensory integration is on perceptual disambiguation—the 48 

process of the sensory system that mitigates the ambiguity from the environment to form a coherent 49 

percept of the world (Attneave, 1971; von Helmholtz, 1925; Wertheimer, 1923). This characteristic of 50 

perception is well exemplified by bistable perception, in which two subjective interpretations can 51 

exist for a single physical input, therefore inducing spontaneous alternations between the two percepts 52 

(Kim & Blake, 2005; Leopold & Logothetis, 1999). In such ambiguous situations of bistable or even 53 

multistable perception, when a signal from a single sensory modality is insufficient to create a robust 54 

percept, assistance from other sensory modalities can help make the percept clearer (Ernst & Bülthoff, 55 

2004; Green & Angelaki, 2010; Lee, Blake, Kim, & Kim, 2015). 56 

Among possible crossmodal combinations, the main topic of the current study is the interaction 57 

between vision and touch. Existing literature has generally suggested that in visual multistability 58 

situations, concurrent stimulation in touch can aid in disambiguation towards the congruent visual 59 

percept (Blake, Sobel, & James, 2004; Bruno, Jacomuzzi, Bertamini, & Meyer, 2007; van Ee, Boxtel, 60 

Parker, & Alais, 2009). However, studies have mostly tested on one or two-dimensional stimuli, such 61 

as sinusoidal gratings or simple motions (Hense, Badde, & Röder, 2019; Liaw, Kim, & Alais, 2022; 62 

Lunghi & Alais, 2013; Lunghi & Alais, 2015; Lunghi, Binda, & Morrone, 2010; Lunghi & Morrone, 63 

2013; Lunghi, Morrone, & Alais, 2014; van Ee et al., 2009). Vision and touch are both renowned for 64 

their superiority in three-dimensional (3D) object processing (Klatzky, Lederman, & Metzger, 1985; 65 

Lacey & Sathian, 2014; Lederman & Klatzky, 1987; Newell, Ernst, Tjan, & Bülthoff, 2001), which 66 

makes the common stimuli designs in the previous literature a significant shortcoming. In this context, 67 

the study of Blake et al. (2004) is noteworthy since it introduced a 3D tactile globe matching the 68 

visually bistable stimulus, which is closer to the properties of everyday objects. Still, more studies 69 

using 3D stimuli could lead to richer insights regarding the process of visuotactile integration. 70 

Another important component in visuotactile object recognition is the voluntary action of the 71 

perceiver. In previous literature, static contacts or monotonous finger strokes were commonly 72 

instructed (Blake et al., 2004; Hense et al., 2019; Liaw et al., 2022; Lunghi & Alais, 2013; Lunghi & 73 

Alais, 2015; Lunghi et al., 2010; Lunghi et al., 2014; van Ee et al., 2009). However, in real-world 74 

situations, perceivers can lift a 3D object and hold it in their palms, or enclose it tightly in their hands 75 

and feel its contour (Lederman & Klatzky, 1987). Indeed, haptic perception involving exploratory 76 

motor activity, which is henceforth referred to as active touch, can be dissociated from tactile 77 
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perception with passive touch (Gibson, 1962; Reed & Ziat, 2018). Particularly regarding 3D stimuli, a 78 

variety of hand movements can be made; thus the importance of investigating the influence of 79 

voluntary action is raised to better understand the mechanisms underlying object recognition.  80 

To sum up, regarding naturalistic 3D object recognition, the effects of visuotactile congruence on 81 

visual disambiguation is yet to be studied. To this end, binocular rivalry was selected as the 82 

experimental tool to induce perceptual ambiguity. In binocular rivalry, two different images are 83 

presented dichoptically to each eye and what is viewed as dominant alternates back and forth between 84 

the two eyes (Blake & Logothetis, 2002; Levelt, 1965). This phenomenon allows the systematic 85 

examination of processes governing perceptual competition, neural dynamics, and selection of the 86 

contents of visual awareness (Alais & Blake, 2005). In general, previous literature has reported longer 87 

dominance and shorter suppression towards visual targets with congruent touch, suggesting beneficial 88 

impacts of visuotactile integration in binocular rivalry (Lunghi & Alais, 2015; Lunghi & Morrone, 89 

2013; Lunghi et al., 2010; van Ee et al., 2009).  90 

The present study used 3D objects as experimental stimuli during binocular rivalry, to understand 91 

the influence of visuotactile integration on perceptual disambiguation. Across four experiments, 92 

congruence in vision and touch were manipulated by curvature in shape. Novel 3D stimuli of spiky, 93 

round, and neutral shapes were used. Spiky and round stimuli were dichoptically introduced in 94 

binocular rivalry, while tactile presentations of either the spiky, neutral, or round stimulus in 3D 95 

printed forms were simultaneously provided. Shape congruence between the visual and tactile stimuli 96 

was the main concern in the current study. In addition, the role of voluntary action was investigated 97 

by dividing between active touch (Experiments 1 and 2) and passive touch (Experiments 3 and 4). 98 

Moreover, visual stimulus types were varied between 3D rendered images (Experiments 1 and 3) and 99 

video recordings including a touching hand (Experiments 2 and 4) to test the influence of spatial 100 

colocalization in visuotactile integration. The general hypothesis was that concurrent tactile 101 

stimulation will lead to dominance of congruent visual shape in binocular rivalry, along with the 102 

investigation of additional factors such as the presence of voluntary action or spatial colocalization. 103 

 104 

 105 

 106 

 107 

Experiment 1 108 

The aim of the first experiment was to study the effects of visuotactile integration on binocular 109 

rivalry dynamics while participants actively explored tactile stimuli. While rapid successions of 3D 110 
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rendered images of spiky and round shapes were presented dichoptically through the binocular rivalry 111 

paradigm, a spiky, neutral, or round 3D printed object was presented for the participants to freely 112 

explore in their palms with their fingers. The hypothesis was that active touch experience of a certain 113 

shape would bring the congruent visual percept into dominance during binocular rivalry. 114 

 115 

Methods 116 

Participants 117 

16 individuals (6 women; mean age, 28.1 ± 3.0; range, 24-33 years) with normal or corrected-to-118 

normal vision participated in the experiment. Because of the design and aim of the experiment to 119 

explore the effect of visuotactile integration when touching 3D stimuli, only right-handed participants 120 

were recruited. Participants showing strong eye dominance were excluded from the analyses. The 121 

study was approved by the Korea University Institutional Review Board (KUIRB-2019-0313-02). 122 

 123 

Apparatus 124 

The experiment was run in a quiet, dark room. Participants sat in front of a 19-inch CRT monitor 125 

(1,024 x 768 resolution, 60 Hz refresh rate, 52 cm viewing distance), and the experiment was 126 

conducted using MATLAB version 2016 (The Mathworks, Inc., Natick, MA, USA) and 127 

Psychophysics Toolbox version 3 (Brainard, 1997; Pelli, 1997). 128 

 129 

Stimuli 130 

Novel 3D shape stimuli modulated in curvature were created using a parametric shape model 131 

(“superformula”; Gielis, 2003; Kwak, Nam, & Kim, 2018). Each spiky and round shape was created 132 

initially, with similar base shapes of five protruding arms. Using the coordinates of the shape models, 133 

a range of eleven shapes gradually going from spiky to round shapes were created via linear 134 

interpolation (Figure 1A). A preliminary experiment was conducted to validate that these 135 

mathematically created stimuli were indeed perceived in the intended roundness (Figure 1B). Among 136 

the eleven shapes, seven shapes were used in the psychophysics experiment where participants 137 

explored the shape stimuli in their hand and performed a 2-alternative-forced-choiced (2AFC) task of 138 

whether the perceived shape was spiky or round. When fitted with a psychometric curve, the results 139 

indicated that the two extremes of the shape model were indeed perceived as the spikiest and the 140 

roundest, thus were chosen as the spiky and round stimuli for the experiment. Moreover, the shape 141 
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closest to the equal proportion of spiky and round responses was chosen as the neutral stimuli (Figure 142 

1). 143 

 144 

 145 

Figure 1. (A) Eleven shape stimuli ranging from the spikiest to the roundest were created using a parametric 146 
shape model. The three boxed stimuli were chosen to be used in the main experiments; the far left, spiky 147 
shape, the middle, neutral shape, and the far right, round shape. (B) The results of the preliminary experiment 148 
conducted to choose and validate the stimuli. A psychometric curve is fitted on the proportion of “round” 149 
responses collected from the 2AFC task. Seven stimuli used in the preliminary experiment are shown on the x-150 
axis. The three boxed stimuli were chosen to be used in the main experiments.  151 

 152 

As for the visual stimuli, spiky and round stimuli were 3D rendered using MATLAB. Each 153 

stimulus was placed on a fixed axis and illuminated so it would sufficiently show the shape from a 154 
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typical point of view. Snapshots were captured every 2 degrees of rotation, resulting in a total of 180 155 

rendered images. These images were presented in rapid succession, creating the appearance of 156 

smooth, continuous rotation (Supplementary Movie S1). 157 

As for the tactile stimuli, the spiky, neutral, and round shapes were 3D printed using polyamide 158 

material, in white color (EOS, Germany). 159 

 160 

Procedures 161 

The experiment was conducted across two days. Upon arrival, participants sat on the left side of the 162 

table, while a black curtain was drawn in the middle of the table to ensure that they could not see the 163 

tactile stimuli (Figure 2). Calibration procedures were implemented to induce stable rivaling 164 

experience. On the first day of the experiment, a practice session was conducted to familiarize with 165 

the task, and to screen out those showing strong eye dominance. 166 

The main session consisted of three blocks with one visual only block and two visuotactile blocks. 167 

The visual only block was always conducted first, on the first day of the experiment, followed by one 168 

visuotactile block. The remaining visuotactile block was done on the second day of the experiment. 169 

The two conditions of blocks differed in the sense that the visual only block presented only visual 170 

stimuli during binocular rivalry, and that the visuotactile blocks simultaneously presented tactile 171 

stimulation along with rivaling visual stimuli. 172 

 173 

 174 

Figure 2. Experiment 1 setting and procedures. Rapid successions of 3D rendered images that resemble 175 
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continuous rotations of each spiky and round shape were presented to the same retinal positions of the two 176 
eyes through a mirror stereoscope. Participants were to report their visual experience with the keyboard (1 if 177 
spiky dominant, 2 if round dominant) using their left hand. In visuotactile trials, a spiky, neutral, or round 178 
shape of 3D printed tactile stimulus was given to the participants for them to rotate using their right hand. A 179 
black curtain was drawn in the middle to prevent the viewing of tactile stimuli.  180 

Regardless of the block condition, the task was the same for every trial, to track the dominant visual 181 

percept during binocular rivalry. A simplified version of the calibration could be done before a trial 182 

started, to ensure the binocular alignment of stimuli throughout the experiment. Pressing the spacebar 183 

confirmed the calibration and initiated the trial. When a beep sound signaled the start of rivalry, rapid 184 

successions of 3D rendered images resembling continuous rotations of the spiky shape stimulus and 185 

of a round shape stimulus were presented on the monitor. Stimuli were adjusted to be presented onto 186 

the same retinal positions of the two eyes and were dichoptically viewed using a mirror stereoscope 187 

(Figure 2). A pair of high contrast checkerboard windows framed the visual targets to promote stable 188 

binocular alignment. Participants were to focus on the shape of the visual stimuli and report the 189 

current state of visual dominance by pressing the appropriate button with the left hand and holding it 190 

down for as long as the percept lasted (‘1’ for spiky, ‘2’ for round). Upon experiencing a mixed 191 

percept of two shapes, they were to press both buttons (Figure 2). A trial ended with another beep 192 

sound. The duration of a single binocular rivalry trial was approximately 30 seconds, although the 193 

trial did not terminate until the participant indicated a switch in percept. The eye location (left/right) 194 

for each shape was counter-balanced for each trial. Moreover, the rotations in the two eyes were 195 

presented in opposite directions. For instance, if the spiky shape was presented as rotating clockwise, 196 

the round shape was presented as rotating counterclockwise. 197 

In the visuotactile blocks, as each trial began, one of the three shape objects was handed to the 198 

participants in their palm of the right hand which was reached out over the curtain. The participants 199 

were told to hold and rotate the 3D printed object with their fingers while engaging in the task (Figure 200 

2). When the trial ended, the stimulus was taken from the participant. In each visuotactile block, the 201 

tactile rotation direction was fixed as either clockwise or counterclockwise, different in the two 202 

blocks. Participants were instructed to rotate the tactile stimulus in their hand with the designated 203 

direction within a block. This resulted in the congruency of the rotation direction of the tactile 204 

stimulus with only one of the visual targets. The order of the visuotactile blocks was counter-205 

balanced. 206 

In a total of 160 trials, 40 trials were visual only trials, and the remaining 120 trials were 207 

visuotactile trials. For the visuotactile trials, spiky, neutral, and round tactile shape conditions were 208 

presented 40 times each. Considering the rotation direction congruence, in half of the 40 trials for the 209 

spiky and round shape conditions, the visual target congruent in shape was also congruent in rotation 210 

direction. In the other half, the visual target congruent in shape was incongruent in terms of rotation 211 
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direction. In the 40 neutral shape condition trials, 20 trials consisted of the clockwise rotation of the 212 

spiky shape and the counterclockwise rotation of the round shape. In the other 20 trials, this rotation 213 

direction was reversed. The order of the trials regarding the tactile shape and direction congruence 214 

condition in the visuotactile blocks was randomized. There were 90-second breaks during each block. 215 

 216 

Analyses 217 

Perceptual experiences of participants during binocular rivalry were analyzed using the indices of 218 

predominance, first percept, and normalized dominance duration for each spiky and round visual 219 

target. 220 

Predominance was defined as the proportion of each visual percept being exclusively dominant 221 

along the total duration of a trial. Note that because a mixed percept of spiky and round can also 222 

occur, the predominance values of each exclusive percept do not add up to 100%. To serve the 223 

primary aim of the current study to focus on the spiky or round shape congruence of vision and touch, 224 

analyses were done focusing on the predominance of each visual percept being exclusively dominant. 225 

Analyses regarding the mixed percept proportion were addressed as well, but only briefly and with 226 

supplementary purpose. 227 

First percept is the initial percept a participant experiences at the onset of binocular rivalry. The 228 

number of times each visual target was first perceived as a dominant percept at trial onset were 229 

calculated. 230 

As for the dominance duration measure, durations either shorter than 300 ms or deviating more 231 

than three standard deviations from the mean were excluded from the analysis. For normalization 232 

purposes in considerations of individual variability of dominance durations (Carter & Pettigrew, 2003; 233 

Logothetis, Leopold, & Sheinberg, 1996), the mean dominance duration of each spiky and round 234 

shape in the visual only block was used to normalize the mean dominance durations for the according 235 

visual percept in the visuotactile blocks. The computed normalized dominance durations were first 236 

analyzed into frequency histograms with best-fit gamma distributions. This was done to observe 237 

whether the data resembled the characteristic of typical duration distribution reported by previous 238 

research (Brascamp, van Ee, Pestman, & van den Berg, 2005). 239 

Predominance was used as a rough measure to observe the overall tendency of dominance, while 240 

first percept and normalized dominance duration were considered as main measures to investigate the 241 

detailed dynamics of binocular rivalry regarding visuotactile shape congruence. Therefore, after 242 

investigating the general pattern of dominance for each condition using the predominance measure, to 243 

serve the main purpose of the current study, first percept and normalized dominance duration data 244 
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were analyzed by pooling the trials into the congruent, incongruent, and neutral conditions in terms of 245 

shape congruence. In general, repeated-measures ANOVAs were conducted on each index, with a 246 

Greenhouse-Geisser correction when Mauchly’s test of sphericity indicated that the assumption of 247 

sphericity had been violated. Post-hoc comparisons using Bonferroni correction were conducted 248 

following significant main or interaction effects. In addition, to check whether the congruence of 249 

rotation direction affected rivalry dynamics, analyses including direction congruence were conducted. 250 

 251 

Results & Discussions 252 

First of all, the effect of rotation direction congruence was examined using two-way repeated-253 

measures ANOVAs with shape congruence and direction congruence as within-participant factors 254 

(Figure 3). Concerning the main purpose of the analyses, there were no significant main effects of 255 

direction congruence over all indices of predominance (F(1, 15)=0.146, p=.708, η2p=.010; Figure 3A), 256 

first percept (F(1, 15)=0.078, p=.784, η2p=.005; Figure 3B), and finally, the normalized dominance 257 

duration (F(1, 15)=2.182, p=.160, η2p=.127; Figure 3C). Similarly, results indicated no significant 258 

interaction effects of shape congruence and direction congruence for all measures (predominance: 259 

F(1.093, 16.398)=0.534, p=.491, η2p=.034; first percept: F(1.016, 15.234)=1.461, p=.246, η2p=089; 260 

normalized dominance duration: F(2, 30)=0.095, p=.910, η2p=.006; Figure 3). This lack of main and 261 

interaction effects regarding direction congruence provided the grounds to collapse data across 262 

rotation directions and to focus on our main scope of shape congruence in the following analyses.  263 
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 264 

Figure 3. Direction congruence based results from Experiment 1. (A) Mean predominance values, (B) mean 265 
number of times of first percepts, and (C) mean normalized dominance durations plotted for shape 266 
congruence conditions, separately shown by direction congruence. 267 

 268 

 269 

The spiky percept accounted for 36.39 ± 11.97% and the round percept for 34.60 ± 9.58% of the 270 

total perceptual time. A two-way repeated-measures ANOVA on predominance of exclusive percepts 271 

was conducted, with visual shape and tactile shape as within-participant factors (Figure 4A). 272 

Importantly, a significant interaction effect was revealed (F(1.227, 18.401)=8.245, p=.007, η2p=.355). 273 

Post-hoc analyses indicated significantly higher predominance of spiky shape when touching the 274 
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spiky shape, compared to when touching the neutral shape (t=3.535, p=.045, Cohen’s d=0.386). Main 275 

effects of both visual shape and tactile shape did not reach significance (visual shape: F(1, 15)=0.391, 276 

p=.541, η2p=.025; tactile shape: F(2, 30)=1.578, p=.223, η2p=.095). For completeness, we also 277 

examined the proportion of mixed percept across tactile shape conditions. While the mixed percept 278 

accounted for 29.00 ± 18.41% of the total perceptual time, the one-way repeated-measures ANOVA 279 

revealed no significant effect of tactile shape (F(2, 30)=1.578, p=.223, η2p=.095).  280 

A one-way repeated-measures ANOVA with shape congruence as the within-participant factor was 281 

conducted on first percept (Figure 4B). The main effect of shape congruence was significant regarding 282 

the first percept results (F(1.026, 15.391)=6.352, p=.023, η2p=.297), however, the following post-hoc 283 

comparisons did not reach statistical significance. 284 

Normalized dominance durations for each shape congruence condition all conformed closely to the 285 

gamma distribution (Figure 4C left). Meanwhile, a one-way repeated-measures ANOVA with shape 286 

congruence as the within-participant factor did not indicate any significant main effect (F(1.349, 287 

20.385)=2.105, p=.158, η2p=.123; Figure 4C right). 288 
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 289 

Figure 4. Results from Experiment 1. (A) Mean predominance values of spiky and round percepts plotted for 290 
tactile shape conditions. Mixed percept is excluded. (B) Mean number of times of first percepts plotted for 291 
shape congruence conditions. (C) Frequency histograms with best-fit gamma distributions of normalized 292 
dominance durations (left) and mean normalized dominance durations plotted for shape congruence 293 
conditions (right). *p<.05. 294 

Contrary to our hypothesis, the congruence in shape between visual and tactile stimuli showed 295 

limited impact on rivalry dynamics.  296 

To review our experiment setup in line with our hypothesis, we presented successive images of 3D 297 

rendered shapes on the computer screen while the participants actively explored the 3D objects in 298 

their hand. One governing principle in successful multisensory integration is the spatial coherence of 299 

crossmodal information–crossmodal cues are well integrated when perceived to be sharing a common 300 

spatial source (Meredith & Stein, 1996; Stein & Stanford, 2008). Considering the spatial disparity 301 
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between Experiment 1’s visual stimuli (shown on computer screen) and tactile stimuli (explored in 302 

participant’s outreached right hand), the insignificant results are not unusual.  303 

Unfortunately, it is impossible to physically match the spatial location of the visual and tactile 304 

stimuli under the rivalry paradigm. As an alternative, we decided to replace the visual stimuli to 305 

induce a stronger feeling of connection with the tactile stimuli, by including bodily cues. Video 306 

recordings of a hand touching the 3D printed tactile object were provided as rivalry stimuli in the 307 

following experiment. The appearance of a hand actually touching the given real-world object was 308 

expected to play as an additional bodily cue for integration, thus resulting in spatial remapping 309 

between vision and touch (Maravita, Spence, & Driver, 2003). It is commonly known from the 310 

example of the rubber hand illusion that humans are flexible in their bodily schemas, even in 311 

situations where they are perfectly aware that it is a dummy hand (Botvinick & Cohen, 1998; 312 

Maravita et al., 2003). Similarly, bodily self-identification could resolve the conflict between vision, 313 

touch, and proprioception in the current experimental setup. 314 

Compared to the current visual stimuli projecting a 3D model rotating midair in virtual space, our 315 

new video stimuli depicting a human hand physically touching the 3D printed stimuli are expected to 316 

bias the perception of spatial coherence between the visual and tactile stimuli, so that the two senses 317 

are colocalized to provide the grounds for successful multisensory integration. 318 

 319 

 320 

Experiment 2 321 

The aim of the second experiment was to study the effects of visuotactile integration on binocular 322 

rivalry dynamics under active touch conditions, in a setup with stronger spatial colocalization between 323 

visual and tactile stimuli. Video recordings depicting a hand exploring the 3D printed spiky and round 324 

objects by turning them in the palm using fingers were used as visual targets. Bodily cues involved in 325 

the visual stimuli were thought to lead to illusions in body schemas, thus resulting in colocalization 326 

bias (thinking the visual and tactile stimuli are coming from the same location). Simultaneous with the 327 

visual stimulation, a spiky, neutral, or round 3D printed object was presented for the participants to 328 

freely explore with their hands. With this change in visual stimulus type, the goal was to study the 329 

potentially stronger effects of visuotactile integration on rivalry dynamics. In addition, to focus on the 330 

research question of shape congruence, rotation direction was fixed so that it was always congruent 331 

between vision and touch, with shape being the sole factor to determine visuotactile congruence. The 332 

hypothesis was that active touch experience of a certain shape would bring the congruent visual 333 
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percept into relative dominance in binocular rivalry, with a stronger sense of visuotactile spatial 334 

coherence rising from the bodily cues in the video recording stimuli.  335 

 336 

Methods 337 

Participants 338 

14 individuals (9 women; mean age: 29.3 ± 2.6; range, 27-33 years) with normal or corrected-to-339 

normal vision participated in the experiment. Because of the design and aim of the experiment to 340 

explore the effect of visuotactile integration when touching 3D stimuli, only right-handed participants 341 

were recruited. Participants showing strong eye dominance were excluded from the analyses. The 342 

study was approved by the Korea University Institutional Review Board (KUIRB-2019-0313-02). 343 

 344 

Apparatus 345 

Apparatus was identical to that of Experiment 1. 346 

 347 

Stimuli 348 

Visual stimuli were achromatic video recordings of the experimenter’s hand actively touching the 349 

3D printed objects of each spiky and round shape. A GoPro Hero5 Camera (GoPro Inc., San Mateo, 350 

CA, USA) was used to record the videos. The recorded videos displayed the experimenter’s right 351 

hand holding each stimulus, turning it in the clockwise direction in her palm using her fingers 352 

(Supplementary Movie S2). The duration of each video lasted about 30 seconds. 353 

Tactile stimuli were identical to those of Experiment 1. 354 

 355 

Procedures 356 

Compared to Experiment 1, the experiment was shortened and was conducted on a single day. 357 

Upon arrival, participants sat on the left side of the table, while a black curtain was drawn in the 358 

middle of the table to ensure that they could not see the tactile stimuli (Figure 5). Calibration 359 

procedures were implemented to induce stable rivaling experience. A practice session was conducted 360 

to familiarize the participants with the task, and to screen out those showing strong eye dominance. 361 
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 362 

Figure 5. Experiment 2 setting and procedures. Video recordings of a hand rotating each spiky and round shape 363 
with the fingers were presented to the same retinal positions of the two eyes through a mirror stereoscope. 364 
Participants were to report their visual experience with the keyboard (1 if spiky dominant, 2 if round 365 
dominant) using their left hand. In visuotactile trials, a spiky, neutral, or round shape of 3D printed tactile 366 
stimulus was given to the participants for them to rotate using their right hand. A black curtain was drawn in 367 
the middle to prevent the viewing of tactile stimuli. 368 

The main session consisted of visual only and visuotactile trials. The two conditions of trials 369 

differed in the sense that the visual only trials presented only visual stimuli during binocular rivalry, 370 

and that the visuotactile trials simultaneously presented tactile stimulation along with rivaling visual 371 

stimuli.  372 

The overall procedure and task for the main session was identical to those of Experiment 1, with 373 

the major difference being the visual stimuli. Video recordings of a hand actively touching a spiky 374 

tactile stimulus and a round tactile stimulus were dichoptically viewed using a mirror stereoscope 375 

(Figure 5). The videos depicted a hand turning the tactile stimulus in the clockwise direction. The 376 

duration of a single binocular rivalry trial was approximately 30 seconds, although the trial did not 377 

terminate until the participant indicated a switch in percept. 378 

The tactile stimuli in the visuotactile trials were the same as Experiment 1. However, the 379 

participants were told to hold and rotate the object in the clockwise direction with their fingers while 380 

engaging in the task (Figure 5). Importantly, the rotation direction of the visual and tactile stimuli 381 

were fixed and matched as clockwise in every visuotactile trial. 382 

In a total of 60 trials, 15 trials were visual only trials, and the remaining 45 trials were visuotactile 383 

trials. For the visuotactile trials, spiky, neutral, and round tactile shape conditions were presented 15 384 

times each. The order of the trials was randomized. 385 
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 386 

Analyses 387 

Analysis procedures were identical to those of Experiment 1. 388 

 389 

 390 

Results & Discussions 391 

The spiky percept accounted for 45.61 ± 7.67% and the round percept for 41.78 ± 5.44% of the 392 

total perceptual time. A two-way repeated-measures ANOVA on predominance of exclusive percepts 393 

was conducted, with visual shape and tactile shape as within-participant factors (Figure 6A). 394 

Importantly, there was a significant interaction effect (F(2, 26)=13.425, p<.001, η2p=.508). Post-hoc 395 

results indicated significantly higher predominance of spiky shape when touching the spiky shape, 396 

compared to when touching the round shape (t=4.912, p=.004, Cohen’s d=0.893). In contrast, 397 

compared to when touching the neutral shape, the predominance of spiky shape was significantly 398 

lower when touching the round shape (t=-5.175, p=.003, Cohen’s d=-0.843). Lastly, the 399 

predominance of round shape was higher when touching the round shape, compared to when touching 400 

the neutral shape (t=4.576, p=.008, Cohen’s d=0.820). Main effects of both visual shape and tactile 401 

shape did not reach significance (visual shape: F(1, 13)=1.764, p=.207, η2p=.119; tactile shape: F(2, 402 

26)=2.990, p=.068, η2p=.187). For completeness, we also examined the proportion of mixed percept 403 

across tactile shape conditions. The mixed percept accounted for only 12.61 ± 7.79% of the total 404 

perceptual time, and the one-way repeated-measures ANOVA revealed no significant effect of tactile 405 

shape (F(2, 26)=2.990, p=.068, η2p=.187).  406 
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 407 

Figure 6. Results from Experiment 2. (A) Mean predominance values of spiky and round percepts plotted for 408 
tactile shape conditions. Mixed percept is excluded. (B) Mean number of times of first percepts plotted for 409 
shape congruence conditions. (C) Frequency histograms with best-fit gamma distributions of normalized 410 
dominance durations (left) and mean normalized dominance durations plotted for shape congruence 411 
conditions (right). *p<.05, **p<.01. 412 

A one-way repeated-measures ANOVA with shape congruence as the within-participant factor was 413 

conducted on first percept (Figure 6B). However, the main effect of shape congruence was 414 

insignificant (F(1.003, 13.038)=0.751, p=.402, η2p=.055).  415 

Normalized dominance durations for each shape congruence condition all conformed closely to the 416 

gamma distribution (Figure 6C left). A one-way repeated-measures ANOVA with shape congruence 417 

as the within-participant factor indicated a significant main effect (F(2, 26)=8.431, p=.002, η2p=.393; 418 

Figure 6C right). Post-hoc results showed that congruent conditions led to longer dominance durations 419 
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compared to both incongruent and neutral conditions (congruent−incongruent: t=3.835, p=.006, 420 

Cohen’s d=0.576; congruent−neutral: t=3.290, p=.018, Cohen’s d=0.474).  421 

To sum up, our video stimuli that provide cues for colocalization between vision and touch led to 422 

significant crossmodal influences during binocular rivalry. This significant crossmodal impact was 423 

mainly indicated in predominance and normalized dominance duration indices, illustrating that 424 

congruent tactile stimulation in shape can lead to both higher dominance proportion and longer 425 

dominance durations, compared to situations with incongruent or neutral tactile stimulations. 426 

Therefore, the current results suggest novel evidence on the topic of active tactile stimulation on 427 

visual disambiguation. 428 

However, in our attempts to address the naturalistic behavior of touch exploration, we have 429 

instructed participants to freely explore the given object. That is, factors such as specific finger 430 

movement patterns or rotation speed were not controlled. Considering the controlled experimental 431 

settings in previous investigations, there could be some concern interpreting these results in 432 

comparison with them. Therefore, while voluntary action of perceivers is a meaningful factor in 433 

naturalistic 3D object recognition, in the next two experiments, we attempted to replicate the research 434 

questions under controlled, passive touch conditions. This was to observe the novel insights of 435 

Experiments 1 and 2 within carefully controlled experimental setups more commonly adopted in 436 

previous literature.  437 

 438 

Experiment 3 439 

The aim of the third experiment was to study the effects of visuotactile integration on binocular 440 

rivalry dynamics under controlled passive touch conditions. The visual stimuli were the same as in 441 

Experiment 1, which were rapid successions of 3D rendered images of spiky and round shapes. As for 442 

the tactile manipulation, participants were to make stationary hand contact with the rotating spiky, 443 

neutral, or round 3D printed objects. Through this passive touch design, additional factors such as the 444 

speed, direction, or axis of rotation were matched between the visual and tactile stimuli to eliminate 445 

potential confounding factors. The hypothesis was that tactile shape congruence experienced by 446 

passive touch would lead to visual dominance in binocular rivalry dynamics. Although Experiment 1 447 

did not yield results supporting this hypothesis, we thought it significant to reinvestigate it under a 448 

more controlled, passive touch condition. 449 

 450 

Methods 451 
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Participants 452 

23 individuals (12 women; mean age = 24.7 ± 4.8 years; range, 19-38 years) with normal or 453 

corrected-to-normal vision participated in the experiment. Because of the design and aim of the 454 

experiment to explore the effect of visuotactile integration when touching 3D stimuli, only right-455 

handed participants were recruited. Participants showing strong eye dominance were excluded from 456 

the analyses. The study was approved by the Korea University Institutional Review Board (KUIRB-457 

2022-0370-04). 458 

 459 

Apparatus 460 

The experiment was run in a quiet, dark room. Participants sat in front of a 19-inch CRT monitor 461 

(1,024 x 768 resolution, 60 Hz refresh rate, 43 cm viewing distance), and the experiment was 462 

conducted using MATLAB version 2018b (The Mathworks, Inc., Natick, MA, USA) and 463 

Psychophysics Toolbox version 3 (Brainard, 1997; Pelli, 1997). 464 

An Arduino board (Uno R3) was used to control the 6V 16 rpm DC motor (JGA25-370, OEM, 465 

China) via motor driver (L298N, STMicroelectronics, Switzerland). Using Arduino IDE 1.8.19 to 466 

program the Arduino board, stimuli were rotated to provide passive tactile stimulation to the 467 

participants. 468 

 469 

Stimuli 470 

Visual stimuli were the same as those of Experiment 1, which were rapid successions of 3D 471 

rendered images, except for the rotation direction and speed. For both left and right eye stimuli, 472 

rotation was always fixed in the clockwise direction. Adjustment in visual rotation speed was done to 473 

match that of the tactile stimuli rotation (Supplementary Movie S3). 474 

Spiky, round, and neutral tactile stimuli were identical to those of Experiments 1 and 2, except that 475 

a pillar and a stand were added to connect the stimuli onto the motor. The three shapes were 3D 476 

printed using polyamide material, in white color (Materialise, Leuven, Belgium). Each stimulus was 477 

installed onto the motor to be rotated at a nominal speed of 254 rpm, as specified with the Arduino 478 

command. This specific speed value was selected to match the rotation speed of the tactile stimuli 479 

with that of the visual stimuli (Supplementary Movie S4). 480 

To note, the same spiky, neutral, and round tactile shapes used in Experiments 1 and 2 were tested 481 

in advance through a preliminary experiment and were validated to be perceived in the intended 482 
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curvature within passive touch context. 483 

 484 

Procedures 485 

The calibration and practice procedures were identical to those of Experiment 2. The main session 486 

consisted of four blocks with one visual only block and three visuotactile blocks. The visual only 487 

block was always conducted first, followed by three visuotactile blocks. The two conditions of blocks 488 

differed in the sense that the visual only block presented only visual stimuli during binocular rivalry 489 

and that the visuotactile blocks simultaneously presented tactile stimulation along with rivaling visual 490 

stimuli. 491 

Regardless of the block condition, the task was the same for every trial, to report the alternations in 492 

dominant percepts during binocular rivalry. The specifics were mostly identical to those of 493 

Experiment 1 (Figure 7), while the rotation direction of the visual stimuli was fixed to the clockwise 494 

direction. The duration of a single trial lasted for approximately 38 seconds. 495 

 496 

Figure 7. Experiment 3 setting and procedures. Rapid successions of 3D rendered images that resemble 497 
continuous rotations of each spiky and round shape were presented to the same retinal positions of the two 498 
eyes through a mirror stereoscope. Participants were to report their visual experience with the keyboard (1 if 499 
spiky dominant, 2 if round dominant) using their left hand. In visuotactile trials, a spiky, neutral, or round 500 
shape of 3D printed tactile stimulus was installed onto the motor and rotated, and the participants were to 501 
make stationary hand contact with it using their right hand. Importantly, the rotation direction and speed 502 
matched that of the visual stimuli. A black curtain was drawn in the middle to prevent the viewing of tactile 503 
stimuli.  504 

In the visuotactile blocks, as each trial began, one of the three tactile stimuli was installed on the 505 

motor and rotated, and the participants were told to reach out their right arm over the curtain to 506 



22 

enclose their right hand around the tactile stimulus. Participants were instructed to minimize hand 507 

movements and feel the tactile stimulation given from the shape of the rotating object while engaging 508 

in the task (Figure 7). When the trial ended, the rotation stopped, and the participants were instructed 509 

to retrieve their hand. 510 

In a total of 80 trials, 20 trials were visual only trials, and the remaining 60 trials were visuotactile 511 

trials. For the visuotactile trials, spiky, neutral, and round tactile shape conditions were presented 20 512 

times each. The order of the trials regarding the tactile shape condition in the visuotactile blocks was 513 

randomized. There were 90-second breaks between blocks. 514 

 515 

 516 

Analyses 517 

Predominance and first percept indices were computed with procedures identical to those of 518 

Experiments 1 and 2. 519 

As for the dominance duration measure, dominance durations that were ongoing at the end of each 520 

trial were considered truncated durations and were additionally excluded. Other analysis procedures 521 

were identical to those of Experiments 1 and 2. 522 

The general method for statistical tests was identical to those of Experiments 1 and 2. 523 

 524 

Results & Discussions 525 

The spiky percept accounted for 49.15 ± 7.44% and the round percept for 49.21 ± 7.51% of the 526 

total perceptual time. A two-way repeated-measures ANOVA on predominance of exclusive percepts 527 

was conducted, with visual shape and tactile shape as within-participant factors (Figure 8A). 528 

However, none of the interaction effect (F(2, 44)=2.725, p=.077, η2p=.110) or the main effects was 529 

significant (visual shape: F(1, 22)=3.495×10-4, p=.985, η2p=1.589×10-5; tactile shape: F(1.173, 530 

25.807)=0.204, p=.694, η2p=.009). For completeness, we also examined the proportion of mixed 531 

percept across tactile shape conditions. The mixed percept accounted for only 1.64 ± 3.17% of the 532 

total perceptual time, and the one-way repeated-measures ANOVA revealed no significant effect of 533 

tactile shape (F(1.173, 25.807)=0.204, p=.694, η2p=.009).  534 
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 535 

Figure 8. Results from Experiment 3. (A) Mean predominance values of spiky and round percepts plotted for 536 
tactile shape conditions. Mixed percept is excluded. (B) Mean number of times of first percepts plotted for 537 
shape congruence conditions. (C) Frequency histograms with best-fit gamma distributions of normalized 538 
dominance durations (left) and mean normalized dominance durations plotted for shape congruence 539 
conditions (right). *p<.05. 540 

A one-way repeated-measures ANOVA with shape congruence as the within-participant factor was 541 

conducted on first percept (Figure 8B). The main effect of shape congruence was significant (F(1.063, 542 

23.391)=9.664, p=.004, η2p=0.305). Post-hoc analyses revealed significant differences between the 543 

congruent and incongruent conditions (t=3.156, p=.014, Cohen’s d=1.332), the congruent and neutral 544 

conditions (t=2.852, p=.028, Cohen’s d=0.633), and lastly, the incongruent and neutral conditions (t=-545 

3.183, p=.013, Cohen’s d=-0.698). 546 

Normalized dominance durations for each shape congruence condition all conformed closely to the 547 
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gamma distribution (Figure 8C left). Meanwhile, a one-way repeated-measures ANOVA with shape 548 

congruence as the within-participant factor did not indicate any significant main effect (F(1.349, 549 

20.385)=2.105, p=.158, η2p=.123; Figure 8C right).  550 

To sum up, only the first percept index showed results in line with our hypothesis. Predominance 551 

and normalized dominance duration measures did not suggest the influence of visuotactile shape 552 

congruence in rivalry dynamics.  553 

This weak evidence was in line with the insignificant results of Experiment 1. The visual targets of 554 

3D models rotating midair are thought to have weak relevance to the 3D objects participants are 555 

exploring in their hands, without bodily cues to hint at colocalization between visual and touch 556 

experiences. Therefore, in our last experiment, we used video recordings as visual targets to 557 

encourage spatial colocalization between the two modalities and boost visuotactile integration, under 558 

passive touch contexts. 559 

 560 

 561 

 562 

Experiment 4 563 

The aim of the last experiment was to study the effects of visuotactile integration on binocular 564 

rivalry dynamics under controlled passive touch conditions, using video recordings as visual targets. 565 

The new visual stimuli were similar to the stimuli used in Experiment 2, except that it displayed 566 

passive touch. Video recordings showed a stationary human hand making contact with rotating 3D 567 

printed spiky and round objects. The bodily cues embedded in the visual targets were expected to 568 

heighten the perception of colocalization between the visual and tactile stimuli, therefore promoting 569 

visuotactile integration. For the tactile manipulation, participants were instructed to keep their hand 570 

stationary and steady as the rotating spiky, neutral, or round 3D printed objects came into contact, in 571 

the same way as the video recordings. The hypothesis was that passively touching a certain tactile 572 

shape would bring the congruent video target into relative dominance in binocular rivalry to a stronger 573 

degree, with the experimental setting enhancing visuotactile colocalization compared to the previous 574 

experiment. From this passive touch design, the aim was to eliminate potential confounds from the 575 

active touch conditions in Experiment 1 and 2. This could also provide more comprehensive insights 576 

when interpreted together with previous literature. 577 

 578 
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 579 

Methods 580 

Participants 581 

24 individuals (15 women; mean age = 22.8 ± 2.7 years; range, 19-30 years) with normal or 582 

corrected-to-normal vision participated in the experiment. Because of the design and aim of the 583 

experiment to explore the effect of visuotactile integration when touching 3D stimuli, only right-584 

handed participants were recruited. Participants showing strong eye dominance were excluded from 585 

the analyses. The study was approved by the Korea University Institutional Review Board (KUIRB-586 

2022-0370-04). 587 

 588 

Apparatus 589 

Apparatus was identical to that of Experiment 3. 590 

 591 

Stimuli 592 

Visual stimuli were achromatic video recordings of the experimenter making stationary hand 593 

contact with rotating 3D printed objects of each spiky and round shape. A GoPro Hero5 Camera 594 

(GoPro Inc., San Mateo, CA, USA) was used to record the videos. Using the same experimental setup 595 

as that of Experiment 3, the recorded videos displayed each stimulus installed onto the motor and 596 

rotating clockwise, with the experimenter’s hand enclosed around it (Supplementary Movie S5). 597 

While minimizing hand movements, the experimenter’s hand maintained contact with the rotating 598 

stimulus throughout the whole duration of the video, which lasted about 38 seconds. 599 

Tactile stimuli were identical to those of Experiment 3. 600 

 601 

Procedures 602 

The overall procedures were identical to those of Experiment 3, with the major difference being the 603 

visual stimuli. Video recordings of a hand making stationary contact with a rotating spiky tactile 604 

stimulus and with a rotating round tactile stimulus were dichoptically viewed using a mirror 605 

stereoscope (Figure 9). 606 
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 607 

Figure 9. Experiment 4 setting and procedures. Video recordings of a hand making stationary contact with each 608 
rotating spiky and round shape were presented to the same retinal positions of the two eyes through a mirror 609 
stereoscope. Participants were to report their visual experience with the keyboard (1 if spiky dominant, 2 if 610 
round dominant) using their left hand. In visuotactile trials, a spiky, neutral, or round shape of 3D printed 611 
tactile stimulus was installed onto the motor and rotated, and the participants were to make stationary hand 612 
contact with it using their right hand. A black curtain was drawn in the middle to prevent the viewing of tactile 613 
stimuli.  614 

 615 

 616 

Analyses 617 

Analysis procedures were identical to those of Experiment 3. 618 

 619 

Results & Discussions 620 

The spiky percept accounted for 57.50 ± 7.50% and the round percept for 41.13 ± 7.42% of the 621 

total perceptual time. A two-way repeated-measures ANOVA on predominance of exclusive percepts 622 

was conducted, with visual shape and tactile shape as within-participant factors (Figure 10A). 623 

Importantly, there was a significant interaction effect (F(1.136, 26.122)=15.710, p<.001, η2p=.406). 624 

However, the main effect of visual shape was also highly significant (F(1, 23)=29.041, p<.001, 625 

η2p=.558), with post-hoc tests indicating a trend of spiky percept predominating over the round 626 

percept (t=5.389, p<.001, Cohen’s d=1.846). Thus, only the significant comparisons indicating the 627 

effect of shape congruence between vision and touch, rather than the strong dominance of spiky 628 

percept itself, were focused. The predominance of spiky percept was higher when touching the spiky 629 
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shape, compared to when touching the round (t=4.063, p=.007, Cohen’s d=1.066) or neutral shape 630 

(t=3.306, p=.046, Cohen’s d=0.443). Similarly, the predominance of round percept was higher when 631 

touching the round shape, compared to when touching the spiky (t=4.100, p=.007, Cohen’s d=1.068) 632 

or neutral shape (t=4.086, p=.007, Cohen’s d=0.621). The main effect of tactile shape was 633 

insignificant (F(2, 46)=0.108, p=.898, η2p=.005). For completeness, we also examined the proportion 634 

of mixed percept across tactile shape conditions. The mixed percept accounted for only 1.37 ± 1.00% 635 

of the total perceptual time, and the one-way repeated-measures ANOVA revealed no significant 636 

effect of tactile shape (F(2, 46)=0.108, p=.898, η2p=.005).  637 

 638 

Figure 10. Results from Experiment 4. (A) Mean predominance values of spiky and round percepts plotted for 639 
tactile shape conditions. Mixed percept is excluded. (B) Mean number of times of first percepts plotted for 640 
shape congruence conditions. (C) Frequency histograms with best-fit gamma distributions of normalized 641 
dominance durations (left) and mean normalized dominance durations plotted for shape congruence 642 
conditions (right). *p<.05, **p<.01. 643 
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A one-way repeated-measures ANOVA with shape congruence as the within-participant factor was 644 

conducted on first percept (Figure 10B). The main effect of shape congruence was significant 645 

(F(1.032, 23.726)=5.873, p=.023, η2p=.203). Post-hoc results indicated a significant difference 646 

between the congruent and neutral conditions (t=2.793, p=.031, Cohen’s d=0.538). 647 

Normalized dominance durations for each shape congruence condition all conformed closely to the 648 

gamma distribution (Figure 10C left). A one-way repeated-measures ANOVA with shape congruence 649 

as the within-participant factor indicated a significant main effect (F(1.232, 28.332)=14.927, p<.001, 650 

η2p=.394; Figure 10C right). Post-hoc analyses revealed significant differences between the congruent 651 

and incongruent conditions (t=4.067, p=.001, Cohen’s d=0.769), the congruent and neutral conditions 652 

(t=3.892, p=.002, Cohen’s d=0.457), and lastly, the incongruent and neutral conditions (t=-3.034, 653 

p=.018, Cohen’s d=-0.312). 654 

The results indicated strong crossmodal effects of shape congruence on visual disambiguation, 655 

consistently reported over all indices of predominance, first percept, and normalized dominance 656 

duration. In line with the hypothesis, touching a 3D printed object led to relative dominance of the 657 

visual percept that is congruent in shape.  658 

By introducing video recordings with bodily cues so participants would perceive the presented hand 659 

as theirs, we enhanced spatial colocalization of vision and touch. The results provided clear insights 660 

into the crossmodal disambiguation process between vision and touch in 3D object recognition. This 661 

evidence is consistent with many previous studies proposing the beneficial effects of visuotactile 662 

congruence on perceptual disambiguation. 663 

 664 

Discussions 665 

The present study aimed to investigate the visuotactile crossmodal congruence effects on binocular 666 

rivalry dynamics. To test for shape congruence in curvature, spiky, neutral, and round shapes were 667 

used as 3D tactile stimuli to aid in disambiguation of dichoptically presented spiky and round visual 668 

stimuli. The overall results across the four experiments are summarized in Figure 11. Experiment 1 669 

encouraged voluntary action of participants to explore the tactile object freely with their hands and 670 

fingers, but suggested weak evidence regarding shape congruence. We suspected that the results could 671 

be due to the spatial disparity between visual and tactile stimuli that inevitably arises from the rivalry 672 

paradigm. Thus, visual stimuli were replaced by video recordings that displayed a hand touching the 673 

tactile object, to work as a bodily cue to bias the impression of crossmodal spatial coherence. With 674 

this, in Experiment 2, the results showed stronger dominance for the visual target with active 675 
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exploration of a congruent tactile object. Meanwhile, our experimental setting of encouraging free 676 

exploratory action inevitably led to incompatibility in movement factors between vision and touch. 677 

Such inconsistency between the visual and tactile experiences could lead to confounding factors and 678 

diverge from the controlled setup of existing literature. Therefore, in Experiments 3 and 4, we 679 

attempted to replicate the findings under passive touch conditions, which was experienced by making 680 

stationary hand contact with a rotating tactile object. While Experiment 3 using 3D images as visual 681 

stimuli yielded significant results only for the first percept measure, the video recording stimuli in 682 

Experiment 4 led to prominent shape congruence effects across all indices of predominance, first 683 

percept, and normalized dominance duration. Overall, from experimental settings that encourage 684 

spatial colocalization and thus successful multisensory integration, the results proposed that 685 

simultaneous tactile experience of both active and passive touch can lead to dominance of the relevant 686 

visual target during binocular rivalry.  687 
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 688 

Figure 11. Summary of the main findings in Experiments 1-4. Experiments could be divided in terms of touch 689 
type and visual stimulus type. Experiments 1 and 2 employed active touch, and Experiments 3 and 4 employed 690 
passive touch. Experiments 1 and 3 used rapid successions of 3D images for visual stimuli, and Experiments 2 691 
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and 4 used video recordings for visual stimuli. The characteristics of each design manipulation are described. 692 
Using the binocular rivalry paradigm, the indices including predominance, first percept, and normalized 693 
dominance duration were observed regarding the spiky and round shape dominance. The diagram in the 694 
middle visualizes the definition and computation of each measure by illustrating an example trial of rivalry 695 
experience. The results of each experiment are summarized in each box. 696 

 697 

The results are in line with previous studies that had tested on visuotactile congruence effects 698 

during binocular rivalry, in the sense that rival targets with crossmodally congruent features are 699 

boosted to become dominant (Hense et al., 2019; Liaw et al., 2022; Lunghi & Alais, 2013; Lunghi & 700 

Alais, 2015; Lunghi & Morrone, 2013; Lunghi et al., 2010; Lunghi et al., 2014; van Ee et al., 2009). 701 

For instance, van Ee et al. (2009) extended the crossmodally congruent benefits from the audiovisual 702 

to the visuotactile domain along a series of experiments, demonstrated by longer dominance for 703 

targets with the same movement pattern as the sound and tactile vibration. Moreover, several studies 704 

report the existence of crossmodal interaction also during the suppression state (Lunghi & Alais, 705 

2015; Lunghi et al., 2010). In the current study, we focused on the dominance phase rather than 706 

suppression, since our primary aim was to examine how consciously perceived shape congruence 707 

biases visual selection. Nevertheless, our results add further support for a beneficial influence of 708 

visuotactile integration on disambiguation during binocular rivalry, suggesting that shape information 709 

in the tactile modality can increase the dominance of the congruent visual target.  710 

In addition, the current study first gains novelty in the 3D nature of stimuli. In previous literature, 711 

orientation has most often been manipulated across visuotactile modalities (Lunghi & Alais, 2013; 712 

Lunghi & Alais, 2015; Lunghi & Morrone, 2013; Lunghi et al., 2010; Lunghi et al., 2014). Other 713 

works have focused on motion direction or motion pattern (Hense et al., 2019; Liaw et al., 2022; van 714 

Ee et al., 2009). Compared to such one or two-dimensional stimuli, 3D shapes used in this study 715 

closely resemble objects in our daily lives. A recent review points out that 3D stimuli are different 716 

from two-dimensional stimuli in their nature of behavioral and neural processing (Kyler, 2024). It has 717 

been suggested that 3D stimuli are better perceived, recognized, or remembered, compared to two-718 

dimensional stimuli (Korisky & Mudrik, 2021; Shimizu, Saida & Shimura, 1993; Snow, Gomez, & 719 

Compton, 2023; Snow, Skiba, Coleman, & Berryhill, 2014). Some also report that the two stimuli 720 

types differ in their neural mechanisms of repetition adaptation (Snow, Pettypiece, McAdam, 721 

McLean, Stroman, Goodale, & Culham, 2011). In the current study, rather than conventional one or 722 

two-dimensional stimuli, we have chosen 3D objects to add valuable object-level insights on 723 

visuotactile integration. 724 

Moreover, the present study gains novelty in terms of including voluntary action in investigating 725 

visuotactile interaction. Although tactile experiences can be passive, active touch with exploratory 726 
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muscle movements can better represent naturalistic haptic experiences. Still, not many studies have 727 

explored how exploratory muscle movements can influence visuotactile perceptual disambiguation. A 728 

study by Bruno et al. (2007) proposed that active touch led to longer durations and less reversals when 729 

perceiving a Necker cube compared to passive touch. While the researchers managed to build a 3D 730 

Necker cube with wires, the study still carries limitations in the sense that their results are only 731 

interpretable within the particular bistable phenomenon of the Necker cube. Meanwhile, Lunghi and 732 

Morrone (2013) dissociated between the active exploration and passive touch conditions during 733 

binocular rivalry, and the results suggested equally effective influence of tactile stimulation in 734 

perceptual disambiguation. However, their active exploration condition was defined as stroking the 735 

sinusoidal grating stimuli with the right index finger, which differs in stimulus nature from the 3D 736 

stimuli used in the current study. Compared to this, in the active touch experiments of the current 737 

study, participants held the tactile objects in the palm of the hand and used all five fingers to grasp 738 

and rotate the object in a fluid motion (without the help of any device or external influence). These 739 

movements are analogous to how we would explore a real-life object in a naturalistic environment, 740 

and thus carries advantage when investigating perception as an active and interactive process 741 

(Hommel, 2009; Schroeder, Wilson, Radman, Scharfman, & Lakatos, 2010).  742 

Despite this significance, active touch did not yield a clearly distinguishable impact over passive 743 

touch; the results were overall comparable between the two modes of tactile exploration. It is difficult 744 

to draw a firm conclusion, however, since additional confounding factors prevented direct statistical 745 

comparisons between active and passive touch. That is, due to the unrestricted nature of voluntary 746 

action, a certain degree of incompatibility occurred between vision and touch in the active touch 747 

conditions of Experiments 1 and 2. Specifically, factors such as rotation speed, direction, or muscle 748 

movement may have acted as potential confounding factors, also creating a gap from the controlled 749 

experimental settings of previous studies. Indeed, a study suggested that the tight temporal coupling 750 

of action and its consequences, which they referred to as ‘contingency’, was critical for perceptual 751 

benefits in visuotactile integration (Suzuki, Schwartzman, Augusto, & Seth, 2019). Because 752 

visuotactile contingency is inherently intertwined with voluntary action, we could not directly isolate 753 

the pure influence of active compared to passive touch in the present design. Similar to the virtual 754 

reality setups that reflected participant behavior in real time (Suzuki et al., 2019), building an 755 

interactive experimental environment that ensures the tight coupling between visuotactile experiences 756 

would be beneficial in future research to enable direct comparisons between the two modes. 757 

In the current study, we mention spatial colocalization as another factor to explain the results. The 758 

spatial rule is a core principle in multisensory integration; that there is a higher possibility for 759 

multisensory integration when the stimuli are perceived to be coming from the same spatial source 760 

(Meredith & Stein, 1996; Stein & Stanford, 2008). By introducing the video of a human hand 761 
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touching 3D objects as the visual target, we added bodily cues of a hand exploring the object. In 762 

previous research of the rubber hand illusion, people acted as though the presented rubber hand was 763 

their own, demonstrating the malleable nature of proprioception (Botvinick & Cohen, 1998; Lloyd, 764 

2007; Maravita et al., 2003). In the same vein, the added context of a hand exploring objects in 765 

Experiments 2 and 4 provided the necessary cues for participants to perceive the visual and tactile 766 

information as colocalized. Under this environment of visuotactile spatial coherence, the current study 767 

suggests benefits of multisensory integration in perceptual disambiguation, in both active and passive 768 

exploration contexts. 769 

The current findings not only contribute to our understanding of behavioral dynamics in visual 770 

disambiguation but also offer important implications for the neural mechanisms of binocular rivalry 771 

and visuotactile integration. Binocular rivalry has long been considered as a useful tool to study the 772 

neural correlates of visual perception and awareness (Blake, 1989; Blake & Logothetis, 2002; Tong, 773 

Meng, & Blake, 2006). Competition between the two rivaling eyes are thought to be primarily 774 

resolved in the early visual areas such as V1 (Blake, 1989), however, it is also suggested that input 775 

signals from other brain regions can influence these early neural representations (Tong et al., 2006). 776 

Indeed, relevant studies have suggested the link between the somatosensory and visual systems as the 777 

neural mechanism underlying the intervention of touch in binocular rivalry (Lunghi & Alais, 2013; 778 

Lunghi & Alais, 2015; Lunghi et al., 2010; Lunghi et al., 2014). As for the current study, the lateral 779 

occipital complex (LOC) can additionally be discussed as the candidate region to produce feedback 780 

inputs to resolve the competitive neural signals. Although initially thought as a visual region, the LOC 781 

is now reported to represent shape information in both visual and tactile modalities, and is highlighted 782 

for its processing in object-level stimuli (Amedi, Malach, & Hendler, 2001; James, Humphrey, Gati, 783 

Servos, Menon, & Goodale, 2002; Lacey & Sathian, 2014; Pietrini, Furey, Ricciardi, Gobbini, Wu, 784 

Cohen, Guazzelli, & Haxby, 2004; Ptito, Matteau, Wang, Paulson, Siebner, & Kupers, 2012; Reed, 785 

Shoham, & Halgren, 2004). Thus, considering the 3D stimuli characteristics in the current study, the 786 

top-down feedback signals from the LOC region could be a possible disambiguating factor that 787 

influenced the neural representations in the early visual areas. 788 

Taken together, the present study expands the understanding regarding visuotactile integration in 789 

perceptual disambiguation, especially in terms of 3D object processing. By testing on active versus 790 

passive touch, and between 3D image successions and video recordings, the roles of voluntary action 791 

and spatial colocalization on successful integration were investigated. When spatial coherence 792 

between vision and touch was encouraged from bodily cues displayed in the video recording stimuli, 793 

concurrent tactile experience could boost the congruent visual shape into dominance in binocular 794 

rivalry, compared to the incongruent rival shape. In such situations of visuotactile colocalization, both 795 

active and passive touch led to beneficial influences in disambiguation. The results provide the 796 
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grounds to advance further into the insights on naturalistic behavior of humans, by utilizing 3D 797 

objects as stimuli and encouraging voluntary actions of the perceivers. 798 

 799 

 800 

Keywords: binocular rivalry, visuotactile integration, three-dimensional shape, voluntary action, 801 

shape congruence, spatial colocalization 802 
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