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ABSTRACT 
There is an increasing interest in HCI in multisensory interactive 
systems, creating a need to deepen our understanding of how mul-
tiple sensory modalities relate to and afect each other. We extend 
prior research on crossmodal correspondences by investigating 
colour and emotional associations with pure vibrotactile stimuli. 
We asked 32 participants to assign colour properties (hue and bright-
ness) and emotional categories (pleasure, arousal, and dominance) 
to stimuli of varying amplitude and angular frequency. We found 
that perceptions of pleasure and arousal increased with amplitude 
and angular frequency, but negative and relaxing emotional states 
were challenging to convey. We also found associations between 
vibrotactile stimuli and colour properties. High amplitude stimuli 
were linked to warm colours and darker shades, while low am-
plitude was associated with brighter shades and greater variance 
in hue. We fnish by discussing the causal mechanisms of cross-
modal correspondences and contribute a design space for creating 
multisensory experiences. 

CCS CONCEPTS 
• Human-centered computing → Empirical studies in HCI; 
Laboratory experiments. 
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1 INTRODUCTION 
In the last decade, we have witnessed an increased interest in mul-
tisensory experiences or, more broadly, the role of diferent human 
senses when designing interactive experiences. Indeed, the use of 
multisensory stimuli can lead to novel forms of engagement, real-
ism, and inclusion [3, 15, 43, 54]. Particularly, researchers have been 
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increasingly exploring the sense of touch: from vibrotactile and 
thermal feedback of mobile and wearable devices [24, 75] to force 
feedback [25, 44], texture changing interfaces [18, 23], and electrical 
muscle stimulation in mixed reality [31]. However, to combine mul-
tiple sensory modalities properly, i.e. create efective multisensory 
experiences, designers need to understand how diferent modalities 
relate to one another and infuence each other. 

In HCI, there has been a growing body of work investigating 
crossmodal correspondences (CCs) to characterize the relationship 
between sensory modalities [18, 28, 39, 75]. CCs are defned as 
nonarbitrary associations across perceptual modalities [66]. A large 
body of research from cognitive sciences shows that mappings be-
tween sensations across a wide range of sensory modalities are 
common in the general population [20, 48, 53, 55, 67, 71]. Exam-
ples include perceptual associations between visual shape size and 
auditory pitch [48], temperature and colours [20], smell and spa-
tial attention [55], and taste and shape [71]. More recently in HCI, 
researchers have shown associations between haptic experiences, 
using 3D-printed and shape-changing objects [18, 28], and colour. 
Moreover, they show that CCs can also reveal at a more abstract 
level, relating sensory properties (e.g., tactile "spikiness") to emo-
tions [18, 28, 39, 66]. Further investigating haptic CCs can tell us 
more about how diferent aspects of our senses are interlinked 
and can have applied efects in the feld of design, aesthetics, and 
multisensory experiences. 

We contribute to the body of work of CCs by examining map-
pings between vibrotactile stimuli, colour, and emotions. We focus 
on vibrotactile feedback as it is often used to complement other 
senses in multisensory experiences. Furthermore, it is a cheap, ro-
bust, easily programmable, and widely available interactive modal-
ity. It can be incorporated into multiple of-the-shelf devices, such as 
mainstream mobile devices, controllers, wearables, AR/VR headsets, 
smart objects, and robotic devices. Still, we lack an understanding 
of how vibrotactile stimuli relates to other perceptual modalities, 
namely visual perception. Particularly, colours are often used in 
computer interaction to structure content, diferentiate objects, 
make aesthetic choices, and enhance the overall experience. Fur-
thermore, colours may have a cultural and emotional meaning (e.g., 
red to indicate danger or love) to enable afective communication 
in HCI [19]. 

This paper presents an empirical study where we asked 32 partic-
ipants to associate colour (hue and brightness) and emotional cate-
gories (pleasure, arousal, and dominance) with vibrotactile stimuli. 
The stimuli were designed by manipulating the angular frequency, 
and amplitude within a commonly used sine wave in interactive 
systems [14, 45, 75]. The fnal set of stimuli comprised 18 models 
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of varying amplitude (3 levels) and angular frequency (6 levels). 
Results show statistically signifcant associations between vibro-
tactile properties and the emotional categories of pleasure, arousal 
and dominance as well as colour. The highest angular frequency 
stimuli were perceived as pleasant and aroused. High vibrotactile 
amplitudes conveyed excited and in-control emotional states and 
were associated with warm hues (i.e., red and yellow) and darker 
shades. On the other hand, low amplitude stimuli were linked to 
higher levels of brightness and a wider range of hues: from brown 
and aqua to pink and green. Overall, expressing relaxing emotional 
states using vibrotactile stimuli is challenging as arousal ratings 
are mostly above neutral. Perception of pleasure and arousal in-
creases with vibrotactile amplitude and angular frequency. Warm 
colours are associated with high vibrotactile amplitudes, while in 
low amplitudes, the colour association depends on the angular fre-
quency. Finally, colour brightness is inversely related to vibrotactile 
amplitude. 

The key contributions of this paper are: (1) an extension of pre-
vious work on CCs and new empirical evidence associating vibro-
tactile characteristics with colour and emotional dimensions, and 
(2) a CCs design space for creating multisensory experiences that 
allow designers to select vibrotactile stimuli that are closely related 
to colourful experiences or trigger specifc emotional precepts. 

2 RELATED WORK 
We discuss related work along three key topics: frst, we analyse 
crossmodal correspondence research, particularly within HCI. Sec-
ond, we describe previous studies that investigate tactile-visual 
mappings. Finally, we present prior research in both tactile and 
visual afective feedback. 

2.1 Crossmodal Correspondences 
Humans perceive the world using their diferent senses by com-
bining concurrent stimuli. However, it is still hard to know how 
each stimulus can relate and how humans sense it [66]. Crossmodal 
correspondences refer to the compatibility efect perceived by the 
general population of the concurrent stimulus attributes with the 
diferent sensory modalities [20, 48, 53, 55, 67, 71]. Previous re-
search has attributed CCs to four main causes [48, 66]: afective 
where associations between two dimensions are based on similar 
emotional valences; semantic correspondences, which are based on 
similar meanings between dimensions; statistical, which depend 
on sensory patterns built through experience; and structural corre-
spondences are innate or exist due to maturing of sensory coding 
structures. Correspondences are more likely to occur the closer the 
stimuli are presented in time and space [66], and are often shared 
across ages and cultures. 

CCs can vary from a low-level physical attribute correlation 
such as temporal, space or synaesthetic (e.g., associations between 
pitch, lightness, brightness, and size) to a high-level cognitive cor-
respondence based on meaning and pleasure, such as semantic or 
emotional. One example is the correlation of audio with bright-
ness, space, colours, and shapes. High-pitched pitch tones are more 
likely to be matched to brighter surfaces, yellow colour, and a 
higher space location [48, 66]. Another example is the associations 

humans tend to make between sounds and shapes. A typical ex-
ample is the Bouba/Kiki efect, which illustrates a visio-linguistic 
correspondence [53]. Considering two drawings, one looks like a 
jagged piece of shattered glass and the other an inkblot consisting 
of rounded curves. When asked, "Which of these is ‘Bouba’ and 
‘Kiki’?" 97% of people pick the inkblot as Bouba and the other one 
as Kiki. At a pleasure level, emotions can also relate to scents and 
shapes [12, 40]. Angular shapes and lemon scent elicit arousing 
emotions while round shapes and vanilla scent relate with calming 
emotions [40]. 

When designing interactive systems, it is crucial to be aware of 
the CCs between multiple feedback modalities as the combining 
efect may (positively/negatively) afect the experience. A user in-
terface’s colour and its elements impact many perceptual attributes, 
namely the weight, temperature, speed, and relevance [29]. Simi-
larly, vibrotactile feedback is also often used to enhance user ex-
perience. It can improve input accuracy [21], create safer driving 
experiences by replacing the visual cues of a car touchscreen [5] or 
improve afective communication by enriching facial expressions 
[6]. 

Overall, HCI has increased interest in exploring crossmodal cor-
respondences, particularly when considering multisensory experi-
ences. We build on this body of work by investigating associations 
between vibrotactile stimuli, colour, and emotions. 

2.2 Tactile-Visual Associations 
There are no direct physiological links between the sensory mecha-
nisms of colours in the retina, and vibrotactile perception triggered 
by mechanoreceptors in the skin. Still, this perceptual split does not 
prevent the formation of haptic-colour associations at more central 
cognitive levels. Indeed, these associations have been previously 
demonstrated where colours could represent various haptic stim-
uli [64, 66] including texture, shape, force feedback, temperature, 
electric stimulation, and vibrotactile stimuli. 

Slobodenyuk et al. [64] investigated crossmodal correspondences 
between colour and various force-feedback stimuli with varia-
tions in the intensity of roughness-smoothness, heaviness-lightness, 
elasticity-in-elasticity, and adhesiveness-non-adhesiveness. Results 
showed that the brighter shades are associated with low-intensity 
stimuli, and the opposite for darker shades. In terms of hue, high 
intensity stimuli showed a trend towards red, violet and blue while 
yellow and green were often associated with low-intensity stimuli. 

More recently, research has investigated CCs between active 
haptic exploration of 3D objects and colour [18, 28]. Results show a 
trend to associate high degrees of complexity and angularity with 
red colours and low brightness. On the other hand, less complex 
round objects were associated with blue colours and high bright-
ness. Interestingly, these fndings on 3D objects contrast with cross-
modal efects triggered by 2D shapes. However, some authors argue 
that further research is needed to fully understand CCs between 
shape and colour due to the lack of replicability and consistency of 
fndings [16], which also applies to CCs with vibrotactile stimuli. 

Despite the ubiquity of vibration motors in consumer devices, we 
witness a lack of research in CCs between vibrotactile feedback and 
colour. An exception is Delazio’s et al. work [14]. The authors found 
a trend for low-frequency vibrations to be associated with violet 
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or red as the amplitude increased, while high-frequency vibrations 
moved from green to red with increasing amplitude. Similarly to 
other types of haptic feedback [32, 64], results showed a negative 
relationship between brightness and vibrotactile frequency. 

We extend prior research on CCs by systematically investigat-
ing both colour and emotional associations with pure vibrotactile 
stimuli of varying amplitude and angular frequency. 

2.3 Tactile and Visual Afective Feedback 
Overall, emotion emerges from appraisals of events, which in-
volves an evaluation process that originates a response (emotion) 
[13]. The most common conceptualization of emotion is the three-
dimensional pleasure (emotional pleasantness), arousal (emotional 
excitation), and dominance (feeling of control) framework [37]. Un-
derstanding how to elicit emotional reactions to an object or event 
has been the focus of much HCI research. 

Vibrotactile feedback has been previously explored to convey 
emotion, particularly as a nonvisual feedback modality. Short and 
rapid vibrotactile stimuli are often associated with higher arousal 
levels [34, 61, 77]. Stimuli’s frequency and amplitude have shown 
to be positively related to pleasure and arousal perceptions. More-
over, vibrations are usually perceived as highly arousing, and there 
is a narrow pleasure range with most stimuli tending towards 
unpleasant-neutral. More recently, several authors focused on sup-
porting the design of vibrotactile stimuli. For example, Seif et al. 
[62] proposed fve taxonomies for describing vibrations to aid de-
signers in navigating a library with diverse functional and afective 
characteristics. Others have used crowdsourcing [60] or person-
alised models [49] to streamline vibrotactile design, particularly 
to convey afective properties. Terenti and Vatavu [68] presented 
an authoring tool to facilitate the specifcation of vibrotactile pat-
terns for mobile and wearable applications. Previous research also 
explored specifc afective vibrotactile applications such as interper-
sonal communication devices [26, 51], and multimodal emoticons 
[2]. Still, understanding how vibrotactile feedback integrates with 
other senses is largely unexplored. 

Prior studies on CCs using tangible objects, either 3D and shape-
changing objects, showed associations with the emotional dimen-
sions of pleasure and arousal [18, 22, 28]. The angularity, complexity, 
size, and changing frequency infuence humans’ emotional asso-
ciations. For instance, sharper objects are associated with high 
arousal levels while rounded shapes elicit positive pleasure levels 
[28]. There are exceptions due to the symbolic meaning of shapes, 
e.g., diamonds’ shape, despite being sharp, is related to positive 
pleasure (i.e., love); similarly, stars are usually related to pride [12]. 

Other work outside the HCI community has also explored hap-
tics to convey emotion [22, 65]. In Human-Robot Interaction (HRI), 
robotic devices can convey happiness using colour-motion com-
binations by blinking lights and using fast movements. Sadness 
can be conveyed by a sound and motion of a falling beep and slow 
movements, while fear is better perceived using hiding movements 
and red lights. Anger can be expressed with high vibrotactile am-
plitude [30, 33]. Material properties have also been explored in HRI 
to convey emotions. Sato et al. [58] investigated the use of multiple 
materials (e.g., plastic resin, aluminium, clay, velcro, and cotton) 
with diferent temperatures, and contact patterns (i.e., tap fast, tap 

slowly, stroke fast or stroke slowly) to elicit emotional reactions. For 
instance, by changing the contact movement, a robot can express 
excitement and boredom using velcro. 

Regarding visual afective feedback, much research has explored 
the use of 2D shapes [16], abstract designs [70], complex graphics 
[41], or inherent associations of colour to emotional dimensions 
[1, 69, 73]. For instance, according to Valdez and Mehrabian [69], 
blue, green, and purple are associated with high levels of pleasure, 
whereas yellow with the lowest levels of pleasure. Green and yellow 
are the most arousing hues, while purple-blue and yellow-red are 
the least arousing. However, these associations can be infuenced by 
cultural diferences, individual preference, and concurrent sensory 
modalities (e.g., haptics) [28, 73]. 

Vibrotactile experience design is often woven together with 
other multisensory design eforts [59]. However, few studies have 
examined the multisensory interactions between vibrotactile feed-
back and other senses. Prior work on vibrotactile CCs either used 
discrete emotional labels (e.g., sadness) [47, 65], which limits the 
generability of results, or used abstract visual shapes rather colour 
properties [75]. The present work expands this line of research by 
investigating how vibrotactile stimuli elicit colour properties (hue 
and brightness) to create multisensory experiences that infuence 
afective communication. 

3 USER STUDY 
This study aimed to explore the crossmodal correspondences be-
tween vibrotactile stimuli, colour and emotions. In a similar ap-
proach to Lin et al. [28], who examined the associations between 
tangible 3D objects, colour and emotions, we asked subjects to asso-
ciate specifc colours and emotions with a set of vibrotactile stimuli. 
The vibrotactile stimuli varied in levels of amplitude and angular 
frequency. The research protocol was approved by the Instituto 
Superior Técnico’s Ethics Committee, and participants signed con-
sent forms. We share the study’s guide and data as supplementary 
materials. 

3.1 Participants 
Thirty-two adults, sixteen females and sixteen males, aged between 
20 and 54 years (M=25, SD=7.8), participated in the user study. They 
were recruited through opportunity sampling at the local Univer-
sity. Thirty-one participants reported being right-handed, while 
one reported being left-handed. Only one of them reported not 
using vibrotactile feedback on their smartphone. All participants 
reported having typical sight without experiencing any strong form 
of synaesthesia [42, 52, 57] (i.e., stimulation of one sensory modality 
causes a simultaneous stimulation of another, unrelated sensation). 

3.2 Task 
We followed a within-subjects design where participants performed 
two tasks in each session: frst the vibrotactile-emotion association 
and then, the vibrotactile-colour association. Participants experi-
enced 18 vibrotactile stimuli in both tasks, displayed randomly to 
avoid ordering efects. Each stimulus had a duration of 10 seconds 
[35]. Participants provided one answer per stimuli for each associ-
ation task; however, they could repeat the stimuli multiple times 
via a web interface. Participants felt the stimulus by placing their 
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Figure 1: Web interface presented to participants in the vibrotactile-colour association task. At the top is the colour palette for 
hue selection, and at the bottom, the brightness selection using a slider. 

non-dominant hand on top of an object and using their dominant 
hand to fll the response screen. 

In the the vibrotactile-emotion association task, participants were 
asked to associate three emotional scales with each stimulus. We 
used the nine-point Self-Assessment Manikin (SAM) [7], which is 
a nonverbal pictorial assessment technique that directly measures 
the pleasure, arousal, and dominance associated with a person’s 
afective perception of the stimuli [37]. We asked participants to 
focus on what they thought the object was emotionally expressing 
rather than the feeling the stimuli invoked in them. Because people 
may react diferently to emotional expression depending on the 
interaction context and situation, we wanted to avoid adding an 
additional layer of interpretation, i.e., what they felt after perceiving 
the emotional expression of the object. Our goal was to derive 
guidelines to aid designers in representing afective states through 
vibrotactile feedback. We did this by asking: "feeling the stimulus 
with my hand, the object is ..." and then chose the rating that best 
ft. Thus, results should be interpreted as users’ perception of the 
object’s emotional expression. For instance, the Dominance scale 
was described as how dominant they thought the stimuli were. 
In addition to the SAM, we also used opposite paired terms for 
each dimension as recommended for using the Pleasure-Arousal-
Dominance Emotional-State Model: Pleasure (pleasant-unpleasant), 
Arousal (calm-excited), and Dominance (lack of control-in control). 
This task took, on average, 10.47 minutes (SD=3.3). 

In the vibrotactile-colour association task, participants were asked 
to choose a rating of the hue and brightness of the colour they 
thought matched the vibrotactile stimulus. Particularly, they were 
asked to select a colour from a palette of 10 hues (red, blue, grey, 
green, purple, yellow, pink, orange, aqua, and brown) and select 
the brightness using a slider (Figure 1). Hues were inspired based 
on the fve principal (red, yellow, green, blue, purple) and the fve 
intermediate hues of the Munsell Color System. The palette showed 
three variations of each hue, representing a darker, neutral, and 
brighter colour. These colour options cover a wide range of hues 

and are similar to the ones used in other typical studies assessing 
colour CCs [16, 28]. The vibrotactile-colour association task took, on 
average, 7.14 minutes (SD=1.4). After, we asked the participants to 
explain the rationale for their responses. The full interview guide is 
available as supplementary material. The semi-structured interview 
took, on average, 4.76 minutes (SD = 0.5). The duration of the overall 
study took, on average, 22.37 minutes (SD=2.0). 

3.3 Apparatus 
The vibrotactile stimuli were presented to participants through a 
mushroom-shaped object (Figure 2). This shape was chosen for 
two main reasons: 1) to allow participants to rest their hand on 
the object comfortably, and 2) to provide an embodiment, which 
facilitates attributing an emotional state in the vibrotactile-emotion 
association task. The object had a neutral grey colour to mitigate 
the risk of priming participants in the colour association task. 

We attached a linear resonant actuator (LRA) vibration motor1 

to the back of the object, which was connected to an Arduino UNO 
Rev3 2. We chose an LRA vibration motor as it is commonly used 
in mainstream devices and has a fast start-up time. A response 
screen was provided via a web interface on a laptop computer. 
Participants entered their responses via mouse input. The interface 
allowed them to repeat the stimulus and initiate the next stimulus 
presentation. 

3.4 Vibrotactile Stimuli 
We designed 18 vibrotactile stimuli that vary in amplitude (three 
levels) and angular frequency (six levels). Each stimulus was a sine 
wave illustrated by Equation 1 with a 100 Hz sampling rate. 

� = ��������� ∗ ���� (������� − � �������� ∗ ����) (1) 

1https://www.adafruit.com/product/1201 
2https://store.arduino.cc/products/arduino-uno-rev3/(accessed in 16�ℎ of December 
of 2021) 
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Figure 2: Experimental setup. On the left is the prototype used in the study, and on the right is a participant during the 
experiment. 

The highest amplitude level corresponded to the maximum volt-
age of the microcontroller (5V). The lowest amplitude level was 
derived from pilot studies of perceivable vibrotactile stimuli (2.5V), 
and the medium amplitude level was the average between high 
and low levels (3.8V). The frequency of the vibrotactile stimuli was 
varied by increasing the angular frequency of the sine wave. We ex-
plored six levels of angular frequency, defned by the total number 
of cycles in 10 seconds: 2, 4, 8, 16, 32, and 64 cycles (represented 
as F2 - F64), which incrementally alter the wave along a gradient 
from 2 to 64 peak amplitudes. 

3.5 Procedure 
The study took place in a quiet room to minimize distractions and 
guarantee similar experimental conditions between participants. 
Participants sat comfortably in a chair in front of a table with a 
laptop computer, mouse, and vibrotactile object. We placed the 
vibrotactile object on the side of their non-dominant hand and the 
mouse on the dominant hand’s side. We encouraged participants 
to put their hand’s palm on top of the object and wrap their fngers 
around it to experience the stimuli. Participants controlled the pace 
of the experiment through a web interface that allowed them to fll 
in responses, repeat the stimulus, and advance to the next stimulus. 

At the beginning of the session, we informed participants that 
they would be exploring a variety of vibrotactile stimuli and as-
sociating emotional scales, and colours with those stimuli. Par-
ticipants were then familiarised with the web interface, particu-
larly the colour palette and the SAM scale. Afterwards, participants 
started the experiment and completed the two tasks (i.e., vibrotactile-
emotion association and vibrotactile-colour association). Vibrotactile 
stimuli were presented randomly. Sessions were audio recorded to 
collect participants’ comments. Moreover, we interviewed partici-
pants at the end to collect their rationale for associations. 

3.6 Measures and Data Analysis 
In the vibrotactile-emotion association task, we applied the nine-
point SAM scale [7]. In the vibrotactile-colour association task, we 

collected the hue from a set of ten diferent hue colours and bright-
ness values from 0 to 100%. At the end of each task, we audio 
recorded the interviews to collect qualitative data. 

We performed the nonparametric Aligned Rank Transform (ART) 
procedures [76] on the SAM scores. In brief, these procedures al-
low the use of factorial ANOVAs on data that initially do not fulfl 
all the required assumptions (e.g., continuous dependent variable, 
normally distributed data). This preliminary step ensures that the 
resulting ANOVA will have main efects and interactions with ap-
propriate Type I error rates and suitable power. In their most recent 
work, the authors extended the ART approach with an additional 
procedure (ART-C) developed to facilitate post-hoc pairwise com-
parisons [17]. In this paper, we applied both procedures to SAM 
scores. We then ran a two-way repeated measures ANOVA to de-
termine the associated efect of angular frequency and amplitude 
on three emotional ratings. We tested for sphericity (Mauchly’s 
test) and used the Greenhouse-Geisser correction when the assump-
tion was not met. We frst analysed interactions between factors; 
if no statistically signifcant interaction was found, we report the 
main efects. We used Bonferroni corrections while examining the 
diferences between amplitude and angular frequency levels by 
multiple pairwise comparisons. We also computed polynomial con-
trasts to analyse the correspondences between vibrotactile stimuli 
characteristics and emotional ratings by a linear relationship. 

Concerning the vibrotactile-colour associations, we used a similar 
approach to other authors that analyse shape-colour associations 
[16, 28]. Our experimental design was identical to theirs, particu-
larly in terms of colour palette and the number of available colours. 
Thus, we leveraged the same method of analysis using Pearson’s 
Chi-Square test. We calculated the expected frequency of colour 
ratings for each stimulus separately. Next, we calculated adjusted 
standardised residuals, which indicate whether the frequency of 
colour associations was greater than expected. Standardised resid-
uals greater than two suggest that the colour was selected more 
frequently than expected by chance [16]. For brightness, we ran a 
two-way repeated measures ANOVA. 

Regarding the interviews, we transcribed the audio recordings to 
analyse the qualitative data. We then conducted a thematic analysis 
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with an inductive coding approach. One researcher created the 
initial codes of the transcriptions while producing an afnity dia-
gram to fnd general patterns about participants’ main association 
strategies. We then conducted a peer validation process, where two 
researchers discussed and reviewed codes, and emerging themes. 

4 RESULTS 
Our goal is to understand associations of vibrotactile stimuli with 
colour characteristics and emotional dimensions. The following sec-
tions describe the results on each of the association tasks: vibrotactile-
emotion association and vibrotactile-colour association. Finally, we 
present fndings related to the rationale and strategies used by 
participants to make such associations. 

4.1 Vibrotactile-Emotion Association 
We assessed vibrotactile-emotion associations in terms of ratings 
for three separate emotion categories: Pleasure, Arousal, and Dom-
inance. 

4.1.1 Pleasure (unpleasant - pleasant). There was no interaction 
efect of angular frequency * amplitude (� (10,310) = 1.83, � = 
.055, �2 = .056) on associated pleasure ratings. However, we found 
a main efect of angular frequency (� (5,155) = 10.212, � < .001, �2 = 
.248) and amplitude (� (1.309,40.564) = 3.991, �< .05, � = .114). There 
was a statistically signifcant diference between stimuli with difer-
ent levels of angular frequency, with the two highest levels showing 
higher pleasure associations compared to the two lowest levels 
(Figure 3). That is, there was a statistically signifcant increase in 
pleasure ratings (p<.05) from stimuli with 2 (4.56 ± 2.334, mean 
± standard deviation unless otherwise stated) and 4 cycles (4.35 
± 1.90) to 64 (5.71 ± 2.45) and 32 cycles (6.09 ± 2.32). Regarding 
amplitude, there was a statistically signifcant increase in pleasure 
(p<.05) from low (4.63 ± 1.93) to medium (5.49 ± 2.11) amplitude. 
There was no signifcant diference between medium (5.49 ± 2.11) 
and high (5.35 ± 2.66) amplitudes or low (4.63 ± 1.93) and high (5.35 
± 2.66) amplitudes. Although we found statistically signifcant asso-
ciations between vibrotactile characteristics and pleasure ratings, it 
is noteworthy that mean pleasure ratings throughout the study are 
between slightly unpleasant and mildly pleasant scores (i.e., 4 - 6.7 

ratings). This result suggests that expressing extreme (dis)pleasure 
through vibrotactile stimuli can be challenging. 

We also conducted a polynomial contrasts analysis to further 
explore the relationship between vibrotactile stimuli characteristics 
and pleasure ratings. We found a positive linear relationship be-
tween pleasure and angular frequency (� (1,31) = 22.019, � < .001). 

4.1.2 Arousal (calm-excited). There was no statistically signifcant 
interaction between factors (� (10,310) = 1.573, � = .114, �2 = .048) 
on associated arousal ratings. However, we found a signifcant 
main efect of angular frequency (� (3.408,105.644) = 17.686, � < 
.001, �2 = .363) and amplitude (� (2,62) = 125.698, � =< .001, �2 = 
.802). The main efect on angular frequency showed a statistically 
signifcant diference between the lowest frequency stimuli (i.e., 
2 and 4 cycles) and all the remaining levels (p<.05). The highest 
frequency stimuli received overall higher ratings of arousal with 
signifcant diferences (p<.05) between levels 8 to 64 cycles and 
levels 2 to 4 cycles (Figure 3). However, there were no signifcant 
diferences between angular frequency levels above 8 cycles. 

In terms of amplitude, we found statistically signifcant difer-
ences between all levels (p<.001) with high amplitude stimuli being 
perceived as the most aroused (7.10 ± 1.74), followed by medium 
amplitude (5.85 ± 2.07), and low amplitude (4.05 ± 2.12). Positive 
linear relationships were found between arousal and amplitude 
(� (1,31) = 31.872, � < .001) and between arousal and angular 
frequency(� (1,31) = 226.785, � < .001). 

4.1.3 Dominance (lack of control - in control). There was a sta-
tistically signifcant interaction between angular frequency and 
amplitude (� (10,310) = 1.957, � < .05, �2 = .059) on associated 
dominance ratings. Overall, participants associated dominance 
with higher amplitude levels through a positive linear relation-
ship (� (1,31) = 19.499, � < .001); however, these diferences are 
less noticeable in the highest angular frequency stimuli. We found 
statistical diferences between the low and high levels of ampli-
tude in 2 - 32 cycles stimuli (p<.05; however, we did not fnd any 
statistically signifcant diferences in the 64 cycle level (Figure 4). 
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Figure 3: Mean ratings of pleasure (left) and arousal (right) across all levels of amplitude and angular frequency. The neutral 
point is fve. Error bars denote 95% confdence intervals. 
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Figure 4: Mean ratings of dominance (left) and brightness (right) across all levels of amplitude and angular frequency. The 
neutral point in dominance perception is fve. Ratings of brightness vary between 0 (darker) and 100 (brighter). Error bars 
denote 95% confdence intervals. 

4.2 Vibrotactile-Colour Association 
In this section, we report vibrotactile-colour associations in terms 
of colour hue and brightness. 

4.2.1 Colour Hue. Results suggest a signifcant association be-
tween vibrotactile stimuli and hue, �2 (153) = 266.811, � < .001. 
Vibrotactile stimuli with high amplitude throughout all frequency 
levels (e.g., 64 cycles, z=3.5; 32 cycles, z=3.1; 16 cycles, z=2.7) were 
signifcantly more often associated with warm colours such as red 
and yellow than any other colours. On the other hand, partici-
pants selected a wide range of colours for low amplitude stimuli 
depending on the angular frequency. High frequency stimuli were 
signifcantly more often associated with pink (64 cycles, z=2.3) and 
green (32 cycles, z=2.3) while lower frequency stimuli were asso-
ciated with brown (2 cycles, z=2.5) and aqua (4 cycles, z=5). For 
medium amplitude stimuli, we did not fnd an overarching associa-
tion pattern with colour. Overall, red and yellow were the colours 
most frequently associated with vibrotactile stimuli (Figure 5). 

4.2.2 Colour Brightness. There was no statistically signifcant in-
teraction between angular frequency and amplitude (� (6.607,204,810) = 
1.232, � = .289, � = .661) on associated brightness scores. Results 
show that colour brightness was generally associated with vibro-
tactile amplitude (� (1.314,40.730) = 15.189, � < .001, � = .657). 
There was a decrease in brightness ratings (p<.001) from low am-
plitude stimuli (63.45 ± 29.67) to both medium (46.44 ± 23.03) 
and high amplitude (39.03 ± 25.28) stimuli. Participants associ-
ated darker shades with higher amplitude vibrotactile stimuli (Fig-
ure 4). Indeed, we found a negative linear relationship between 
brightness and amplitude (� (1, 31) = −6.337, � < .05). Further-
more, although we did not fnd statistically signifcant diferences 
between levels of angular frequency, results indicate a negative lin-
ear relationship between colour brightness and angular frequency 
(� (1, 31) = −16.966, � < .001). 

4.3 Association Strategies 
In this section, we report on the main strategies for both association 
tasks: vibrotactile-emotion and vibrotactile-colour. 

4.3.1 Vibrotactile-Emotion Association Strategies. Most participants 
(n=30) were able to explicitly express their rationale for vibrotactile-
emotion associations. We categorised their strategies in two broad 
themes: 1) Stimuli Characteristics where the strategy was directly 
linked to the vibrotactile features, and 2) Everyday Situations, 
where participants leveraged familiar activities, objects, and beings 
to attribute emotional ratings. Participants consistently associated 
the stimuli characteristics (i.e., angular frequency and amplitude) 
with specifc emotional categories (e.g., pleasure, arousal). For exam-
ple, participants consistently associated higher frequency stimuli 
with excitement and lower frequency stimuli with calmness - e.g., 
"When the stimuli were faster, I just imagined in my mind someone 
saying ’go go go’, thus more excited" - P2. There were instances 
where participants described how stimuli characteristics can com-
plement each other, e.g. "When it [the stimuli] is stronger [higher 
amplitude] I associated it with higher levels of arousal, particularly 
when it was fast. With slower stimuli, even if they were strong, I 
associated with calmness" - P9. Still, we found individual diferences 
when associating pleasure and dominance with vibrotactile stimuli. 
These diferences can be partially explained by participants’ lived 
experiences and their afective correspondences to everyday situ-
ations. For example, while some associated lower frequencies to 
pleasantness - e.g., "those stimuli that were slower really felt like a 
cat purring, so I associated with pleasure and happiness" - P4 - other 
associated to unpleasantness, e.g. "when it [the stimuli] was faster I 
associated with happiness and excitement as in a party, otherwise I 
associated it with being nervous in my workplace" - P10. Other situa-
tions included meditation, where lower frequencies and amplitudes 
were associated with calmness, happiness, and in control. Finally, 
some people mapped physiological characteristics to vibrotactile 
features - "I associated the vibration to my heart rate; when it was 
fast I was happy, when it was slow I was sad" - P10. 

4.3.2 Vibrotactile-Colour Association Strategies. 28 participants 
were able to discuss their colour association strategies while four 
participants described their strategies as "instinct". Four main strat-
egy patterns emerged: 1) Stimuli Characteristics where partic-
ipants made explicit reference to the vibrotactile features of the 
stimuli to describe their association strategies. For example, stimuli 
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with higher amplitude or angular frequency were often associated 
with darker and warmer colours - "The higher the intensity and 
frequency [of the stimuli], the darker it is" - P1, "When the vibration 
is strong and fast, I related them to warm colours such as brown, red, 
and yellow. When the vibration is weak it feels like cold and brighter 
colours such as blue or green" - P16; 2) Colour Meaning refers to 
associations based on the cultural meaning of colours and their 
correspondent emotions, e.g. "Some stimuli felt happy and excited, 
which relates to yellow, others I perceived them as angry or red, while 
annoyed corresponds to black and purple." - P4; 3) Individual Pref-
erence where participants based their associations on individual 
preference for specifc colours, e.g. "I associated pleasant stimuli 
with pink, which is my favourite colour" - P13; and 4) Lived Ex-
periences where participants chose colours that refected lived 
experiences, e.g. "Unpleasant vibrations are like going to the dentist, 
which reminds me of red. Darker red when the vibration is faster, and 
lighter when is slower" - P6, "I associated stronger vibrations with my 
sports team and their colour is red. Going to the games is always an 
intense and crowded experience" - P13. 

5 DISCUSSION 
This paper explores CCs between vibrotactile properties and emo-
tional and colour dimensions. Our goal is to inform the design of 
multisensory interactive systems that are able to combine visual and 
nonvisual stimuli to elicit specifc emotional precepts. We extend 
prior work on CCs by systematically investigating varying levels 
of amplitude and angular frequency of pure vibrotactile stimuli and 
their efect on colour and emotional mappings. In the following 
sections, we discuss our results in light of previous research on 
vibrotactile feedback, and CCs on haptics. Finally, we contribute 
with a design space to help designers interpret CCs in HCI. 

5.1 Vibrotactile-Emotion Association 
Pleasantness perception increases with amplitude and an-
gular frequency. Our fndings showed crossmodal associations 
as we found mappings between vibrotactile properties and the 
emotional dimensions of pleasure, arousal, and dominance. Results 
showed that exists an angular frequency-pleasure association. Par-
ticularly, stimuli with increased angular frequency were associated 
with higher levels of pleasantness. We also found an association 
between amplitude-pleasure with perceived pleasantness increasing 
with amplitude level; however, results suggest that higher ampli-
tude may not be always better, particularly when combined with 
high angular frequency. Perception of pleasure trends to an in-
verted U-shape where there is an optimal level of angular frequency 
and amplitude at which people perceive the stimuli as pleasant. 
Comparing these fndings with previous experiments investigating 
vibration-afect associations, we fnd similarities and contrasting 
results. Similarly to prior research, the range of pleasure ratings 
is limited and conveying a wide range of pleasure levels through 
vibration can be challenging. However, while vibrotactile stimuli 
were previously reported as unpleasant-neutral [61], our results 
are within the slightly-negative to slightly-positive range. 

Medium amplitude stimuli express positive pleasure. It 
is noteworthy that the average pleasure rating was ±2 of neutral 
ratings, meaning most stimuli were perceived as conveying both 
pleasant and unpleasant emotions, depending on the participant. 
These then can cancel each other resulting in a more neutral mean 
value, which means individual diferences play a critical role. Thus, 
we analysed the reliability of each stimulus by looking at how often 
it was rated as pleasant (pleasure >5) or unpleasant (pleasure <5). 
Prior research considered 75% as an appropriate threshold to deem 
a stimulus reliably pleasant or unpleasant [8, 9, 74]. Contrasting 
previous research, we did not fnd a reliable stimulus to convey 
negative pleasure. However, medium and high amplitude stimuli 
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(with 32 cycles) were reliably rated as pleasant (i.e., above neu-
tral). Higher and lower amplitudes/angular frequencies are close 
to chance levels (20%-60%). We hypothesise that these diferences 
to prior research may be related to stimuli design, particularly in 
leveraging the inverted U-shape of pleasantness perception and 
combining optimal levels of angular frequency and amplitude. 

Arousal is positively associated with amplitude and angu-
lar frequency. We found associations between amplitude-arousal 
and angular frequency-arousal. The arousal level increased (per-
ceived as more excited) as the vibrotactile stimuli increased in 
amplitude and angular frequency. Our results replicate previous 
research by showing that vibration is highly efective to convey 
neutral-high levels of arousal and is positively related to both vibro-
tactile properties [75]. This result means that expressing relaxing 
emotions (either positive or negative) through vibration can be chal-
lenging. Indeed, only the lowest amplitude and frequency stimulus 
was reliably rated as low arousal (i.e., 75% of ratings below neutral). 
On the other hand, all high amplitude and most medium amplitude 
stimuli (angular frequencies above F4) are reliably perceived as 
conveying excited emotional states. 

Convey dominance with varying levels of amplitude and 
low angular frequency. Overall, angular frequency and amplitude 
infuence both pleasure and arousal perceptions simultaneously, 
with increases in either property increasing both emotional dimen-
sions. In terms of dominance, there is little research exploring the 
efect of vibrotactile associations. Results show that perceived con-
trol was associated with increased amplitude. This perception is 
most visible in low angular frequency stimuli. Overall, it means that 
the vibration-dominance association is more efective with varying 
amplitude in lower angular frequency stimuli. 

5.2 Vibrotactile-Colour Association 
High amplitude stimuli elicit warm colours. Findings link spe-
cifc stimuli to a specifc colour or set of hues. Indeed, results show 
a vibrotactile amplitude-hue association, particularly stimuli with 
high amplitude and angular frequencies between F4 and F64 are 
mostly mapped to warm colours (i.e., red and yellow). On the other 
hand, lower amplitude stimuli show high variance in hue associa-
tions, suggesting that such relationships are highly user-dependent 
and can be mediated by multiple individual factors. Similar results 
have been reported in the case of shape-colours correspondences 
[16, 36] 

Negative relationship between amplitude and brightness. 
Results showed that there exists a negative amplitude-brightness 
association independent of the angular frequency of the stimuli. 
Higher amplitude vibrotactile stimuli are associated with darker 
shades, while lower amplitude stimuli are mapped to lighter shades. 
Moreover, results show a gradient in the association, in which 
brightness decreased with increasing amplitude. This fnding goes 
in line with other haptic-brightness associations (e.g., 3D shapes 
and force-feedback), where brightness decreased with "rougher" 
shapes [28, 64]. On the other hand, it contrasts with results on corre-
spondences with 2D shapes [72]. In the visual domain, "rougher" or 
more angular shapes have been associated with higher brightness. 
Thus, haptic CCs seem to follow unique principles and cannot be 
extrapolated from the visual domain. 

5.3 Causal Mechanisms of Associations 
We found consistent crossmodal associations between vibrotac-
tile stimuli, emotional categories, and colour properties. Qualita-
tive analysis of participants’ self-reported association strategies 
revealed links to stimuli features and lived experiences. Moreover, 
in colour associations, participants also leveraged cultural mean-
ings of colour and individual preference. These results indicate that 
whatever choices individuals make regarding emotional categories 
or colour features associated with vibrotactile stimuli, they seem 
to be driven by afective appraisals and preferences. These fndings 
go in line with previous work exploring the nature of CCs [66]. Af-
fective correspondences are associations of two dimensions based 
on similar hedonic responses; for instance, vibrotactile stimuli are 
associated with relaxing situations (e.g., massage, cat pouring) or 
excitement (e.g., parties, drilling) depending on the amplitude and 
angular frequency. 

We also found participants making associations, particularly 
vibration-colour associations, due to the emotional meaning of 
colours. This result also suggests emotionally-mediated associations 
and transitional features between CCs, where vibrotactile stimuli 
are associated with specifc emotional appraisals, and these are 
associated with colours. For example, high amplitude stimuli are 
associated with pleasantness and, thus, associated with warmer 
colours and darker shades. Similarly, previous research on CCs 
already suggested transitional features between shape’s angularity 
- pleasure - brightness [28]. 

Although emotional appraisals seem to play a relevant role in 
the mechanisms that underlie vibration-emotion and vibration-
colour associations, nonemotional concepts, such as preference, 
also contribute. It is the case when participants associate pleasant 
stimuli with the colour they like the most. Overall, participants 
often choose colours they liked for stimuli they liked, as well as 
colours more emotionally consistent in their associations with the 
vibrotactile stimuli that aligned with these emotional associations 
[11]. 

Even though our study cannot quantitatively confrm the inher-
ent nature of CCs, it sheds light on its potential causes, which are 
consistent with current models of cognitive sciences and multi-
sensory research [11, 66]. Moreover, we confrm that vibrotactile 
amplitude and brightness share the same emotional pleasure and 
arousal. 

5.4 A Design Space for Vibrotactile and Visual 
Crossmodal Correspondences 

Design spaces have been previously proposed in HCI across multi-
ple technologies: from input devices and smartphones [4, 10, 46] to 
shape-changing and voice user interfaces [27, 40]. They are often 
used to synthesise knowledge, highlight research gaps, and guide 
designers in shaping new products or services. 

Based on our fndings, we propose a design space to visually rep-
resent the crossmodal links between vibrotactile stimuli, emotions, 
and colour (Figure 6). The vibrotactile stimuli properties are mapped 
to the pleasure (x-axes) and arousal (y-axes) model. Furthermore, 
we represent the stimuli that were reliably perceived by partici-
pants (i.e., at least 75% of participants rated the stimuli above/below 
neutral) alongside their hue associations as background. 



CHI ’23, April 23–28, 2023, Hamburg, Germany Soares, et al. 

Figure 6: Design Space for Vibrotactile and Visual Crossmodal Correspondences. The sun icon illustrates higher levels of 
brightness while the moon represents the darker shades. 

Results link vibrotactile stimuli to emotional categories (Figure 
6, dashed lines). Particularly, higher levels of amplitude and angular 
frequency are most efective in conveying neutral to positive plea-
sure and neutral to aroused emotions. Lower levels of amplitude 
and angular frequency can elicit perceptions of slight unpleasant-
ness and calmness. Amplitude was also linked to dominance, i.e., 
higher amplitude levels trigger a sense of control. In terms of visual 
CCs, higher amplitudes were associated to warmer hues and darker 
shades, while lower amplitude levels were linked to higher levels of 
brightness and multiple hues (e.g., brown, aqua, pink, and green). 

Overall, we articulate a CCs design space for creating vibrotac-
tile multisensory artefacts that can trigger specifc emotional pre-
cepts. High amplitude/frequency vibrotactile stimuli (F32H) could 
be combined with low brightness/red to trigger pleasant/aroused/in-
control emotions while low amplitude/frequency stimuli (F2L) could 
be combined with high brightness/brown to trigger calm emotions. 
The design space provides actionable design recommendations on 
how to combine vibrotactile stimuli with colour while highlighting 
the limited range of reliable emotions that can be conveyed. Reliable 
perceptions are within two pleasure-arousal quadrants: positive 
pleasure - positive arousal, and negative pleasure - negative arousal. 
These results complement prior CCs research on tangible objects 
where emotional percepts were located mostly on negative pleasure 
- positive arousal and positive pleasure - negative arousal [18, 28]. 
Thus, designers should carefully consider the use of vibrotactile 

feedback in multisensory interaction to elicit congruent emotional 
precepts, particularly whether used as a complementary or replace-
ment modality. 

Given the ubiquity of vibrotactile capabilities of consumer de-
vices, the design space can be used in a wide range of applications. 
For example, XR experiences are increasingly coupling visual in-
formation with haptic feedback to enhance the sense of immer-
sion and invoke emotional responses [31, 50]. Others are creating 
visio-haptic content to improve mobile gaming experiences [63]; 
however, these works did not account for CCs efects and could, 
thus, leverage our fndings. In inclusive education, particularly in 
mixed-visual abilities settings, the design space could inform the 
creation of emotionally-rich multisensory learning experiences 
(e.g., storytelling [3], play [38], and computational thinking [56]). 
In interpersonal and intimate communication applications that of-
ten use abstract visual feedback [19], they could convey specifc 
emotional states, provide more engaging experiences, and manage 
users’ attention through vibrotactile stimuli. 

5.5 Limitations and Future Work 
Our 32-participant sample mostly included young adults recruited 
from a local University. Although it guarantees some consistency in 
terms of educational background, it falls short of exploring a broader 
spectrum of cultural, educational, and generational profles. Further 
research can replicate the reported study with a wider demographic 
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and account for individual diferences (e.g., age, personality traits, 
creativity). 

We assessed CCs between vibration and emotion and between 
vibration and colour separately. Although we gained valuable in-
sights into how vibrotactile stimuli afect other modalities, future 
research can extend this work by investigating combined efects 
(e.g., [75]). Particularly, how modalities are combined and whether 
appraisals are averaged or added across two modalities. Moreover, 
assessing the dominance and congruence between senses would be 
an interesting research avenue. 

In the presented user study, we used a force-choice paradigm; i.e., 
we requested participants to provide emotional or colour associa-
tions for all stimuli. We expected stimuli with no clear associations 
to have a random-like or neutral response distribution. However, 
results show colour associations greater than expected by chance 
and reliable emotional responses (either positive or negative) to 
specifc vibrotactile stimuli. Nevertheless, future work can include 
a choice of ‘none of the above’ to allow the participants to respond 
when they do not feel any clear association or attempt to measure 
individual diferences in the experience of the task by including a 
scale from ‘I chose completely randomly’ to ‘This feels very right’. 

Finally, we systematically investigated three vibrotactile ampli-
tude levels and six angular frequency levels. In terms of perceived 
pleasure, we found a trend for a U-shaped distribution, suggesting 
the existence of an optimal level for vibrotactile properties that max-
imise the perception of pleasure. Here, our fndings highlight the 
possible limitations to the linear predictability of CCs. Future work 
should explore the adequacy of multi-factor (i.e., amplitude, angu-
lar frequency) non-linear models to explain vibrotactile-emotion 
associations as well as additional levels of amplitude and angular 
frequency and their efect on participants’ CCs. 

6 CONCLUSION 
We presented a systematic exploration of vibrotactile stimuli with 
emotional categories and colour properties. Results show statisti-
cally signifcant associations between vibrotactile amplitude and 
angular frequency with emotional dimensions of pleasure, arousal, 
and dominance. We also found amplitude-hue associations and a 
negative amplitude-brightness relationship. Moreover, we provide 
qualitative data on participants’ association strategies, highlighting 
the role of vibrotactile parameters and previous lived experiences. 
These results extend prior work on haptic crossmodal correspon-
dences, particularly when using vibrotactile feedback. We synthe-
sise the fndings in a design space that can aid designers in creating 
multisensory experiences. 
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