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Abstract 

This study investigated crossmodal correspondences 
across cultures between acoustic properties of user 
interface sounds and five sensations: finish, weight, 
opacity, texture and physical state. Correspondences 
between these sensations and mean fundamental 
frequency (f0), melodic and loudness contour, and 
dissonance in 30 sounds were compared across three 
countries: France, China, and the USA. Results showed 
links between mean f0 and two sensations, finish and 
opacity, in France and the USA but not China. 
Similarly, many links were shown between sensations 
and melodic and loudness contour and dissonance for 
France and the USA, whereas correspondences were 
rarer for China. Potential mechanisms for this cross-
cultural difference include linguistic and cultural 
associations. These crossmodal associations (where they 
exist) have important implications for product sound 
design.  
Keywords: crossmodal correspondences, user interface 
sounds, cross-cultural comparisons, sound design 

1. Introduction 
Crossmodal correspondences are associations 
commonly reported between two modes or senses (see 
[1] for an overview). The present study focuses on the 
auditory domain and crossmodal associations between 
acoustic characteristics of user interface (UI) sounds 
and five sensations relevant for physical product 
development: Visual texture (rough/smooth), finish 
(shiny/matte), state (solid/liquid), weight 
(light/heavy), and opacity (transparent/opaque). We 
test these associations with participants in three 
countries: France, the USA, and China.  

1.1 Texture 
The words “rough” and “smooth” can be used for visual 
and tactile texture as well as sounds in English, French, 
and Mandarin. “Roughness” in sound is a 
psychoacoustic measure of perceived abrasiveness [2]. 
An association between dissonance and visual 
roughness has been demonstrated in Greek participants 
[3], but dissonance and auditory roughness were 
dissociated among the Tsimane’, a native Amazonian 
society [4], so this association may be culturally 
variable. Associations have also been shown between 
pitch height and texture. Higher pitch has been linked 
to the word “smooth” [5] and to tactile softness [6], 
though tactile smoothness was only linked to higher 
pitch for blind individuals [6].  

1.2 Weight 
High-pitched isolated tones have been linked to small 
size [6], [7], [8] and lightness in weight [6]. Lower pitch 
is linked to heavier objects [9]. Higher-pitched music 
was found to be associated with the words thin and 
light (as opposed to heavy) [5].  

1.3 Opacity, Finish & State 
Little evidence exists for crossmodal associations 
between acoustic aspects and these three sensations. 
However, higher pitches and spectral centroids have 
been linked to colors with higher luminance in humans 
[10] as well as in chimpanzees [11]. For opacity and 
finish, more transparent and shinier materials transmit 
or reflect more light. Hence, they could have higher 
luminance and be linked with higher pitches. For 
physical state, one study on semantic rating of sound 
mass demonstrated that sounds featuring short 
“granular” sound events in the mid-high register or 
slow, continuous motion were rated high on a “liquid-
crystal” dimension and pieces with loud dynamics, 
spectral saturation and low register were high on the 
“voluminous-solid” dimension [12]. Hence, we can 
hypothesize that moving melodic contours or higher-
pitched sounds may be more linked to liquid than solid.  
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1.4 Emotional mediation  
The emotional mediation theory posits that 
associations between complex sounds and colors or 
odors may be modulated by emotion; if they each evoke 
a similar emotion, they will be more likely to be 
associated together [13] [14]. This highlights the 
potential importance of emotion in crossmodal 
correspondences. Our previous work [15] showed strong 
emotional effects of melodic and loudness contour 
direction. For example, ascending melodic contours 
were rated as the most positive, and constant the most 
negative. Much of the crossmodal auditory research to 
date has focused on single pitches or music with 
frequent changes in pitch direction. The association 
between direction of pitch or loudness contours and 
textures or sensations has not yet been thoroughly 
explored, and we hypothesize that it will be related to 
the contour’s emotional impact. 

1.5 Cross-cultural crossmodal correspondences 
Cross-cultural studies examining crossmodal 
correspondences including the auditory domain are 
rare. One study found subtle differences between 
Taiwanese and North American participants in the 
well-known “Bouba-Kiki effect” [16]. Another study 
examined crossmodal associations with individual notes 
from Chinese musical instruments and found that 
Chinese participants matched higher pitches to silk 
than to terrycloth – the silk was both smoother and 
lighter than the terrycloth [17]. However, they did not 
examine any other culture’s perception of these 
instruments.  

1.6 Auditory dimensions of interest 
The following auditory dimensions are of interest, based 
on [15] and an internal pilot study:  
Mean fundamental frequency (f0) – a correlate of 
pitch height and timbral brightness [17] 
Median spectral centroid – a link with timbral 
brightness, which may be related to visual brightness 
[10]  
Melodic contour – this was shown to have strong 
emotional and functional connotations in the previous 
work cited above 
Loudness contour – see melodic contour  
Dissonance category – These short melodies or 
chords have one to three intervals in them, depending 
on note count. Using Schellenberg & Trehub’s 
dissonance hierarchy and categorization of interval 
frequency ratios [18], each sound was categorized by its 
most dissonant interval. If it fell in the perfectly or 
imperfectly consonant category, (octaves, P5, P4, M3, 
m3, M6, m6) it was considered to be consonant, and if 
it fell in the dissonant category (m2, M2, m7, M7, and 
tritones) the sound was considered to be dissonant. 
Sounds with one note repeated were considered 
consonant.  
Though the existing literature is sparse, we can 
hypothesize a few results: 1) High pitch has been linked 
with smaller size, so higher average f0 will be linked 
with lighter weight. 2) Dissonant (vs. consonant) 
intervals may be linked to roughness. 3) Ascending 

melodic and loudness contours should be linked to more 
“positive” sensations — potentially smoothness, 
shininess, lightness, and transparency.  

2. Method 

2.1 Stimuli 
Novel UI sounds were created by our sound designer, 
based on existing sounds from household devices, 
largely using synthesized tones with occasional sampled 
instruments. They were created to have a variety of 
melodic and loudness contours and intervals among 
notes. Thirty of these were selected for the present test. 
Ten were chosen for each melodic contour (ascending, 
descending, or constant). The other variables were 
balanced to the best of our ability. Interactions between 
loudness contour and melodic contour are shown in 
Table 1. Dissonance was the least balanced, with the 
majority of the sounds being consonant (n = 21) (note 
that constant melodies, i.e., unchanging pitches, were 
coded as consonant). Mean f0 was calculated for each 
of the melodies (range: 156 – 1886 Hz, M = 539, SD = 
369). One of the melodies had a noisy timbre with no 
clearly identifiable pitch, so it was excluded from the 
regression analyses, leaving a total of 29 stimuli, and 
only nine with a descending melodic contour. Total 
duration for these 29 sounds ranged from 431 ms to 
3430 ms, M = 1150, SD = 503.  
Table 1. Melodic and loudness contour interactions 

  Melodic Contour 
  Ascending Constant Descending 

Lo
ud

ne
ss

 
C

on
to

ur
 

Getting 
Louder 

4 2 3 

Static 3 4 4 
Getting 

Softer 
3 4 3 

 

2.2 Participants 
Participants were tested in the US (N = 301; 150 F), 
France (N = 308; 178 F), and China (N = 485; 253 F). 
They ranged in age from 18-55. Age was recorded in 
five-year brackets. Participant recruitment was 
coordinated by the agency Igonogo with international 
panel providers, who relied on local field agencies in 
each country to recruit participants meeting the 
predefined inclusion criteria. Participants were 
compensated for their time, informed consent was 
obtained from all participants, and all testing was done 
in accordance with the Declaration of Helsinki. 

2.3 Procedure 
Participants responded to the study on a smartphone. 
After the consent document, they completed a set of 
screening questions verifying that they were frequent 
users of smartphones, reported no problem in hearing, 
vision or cognitive function, and were currently wearing 
headphones or earbuds. Screening questions (counting 
the number of sounds at different frequencies and 
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reporting whether a sound came from the left or right 
ear) verified that they had headphones/earbuds. 
During the test, they heard a UI sound, replayed it as 
many times as they wished, and responded to a series 
of questions on emotions, sensations and other 
associations evoked by this sound. This was repeated 
twice more, for a total of three sounds per person, 
resulting in at least 90 ratings per sound. Only the 
sensation data is reported here. In a series of untimed 
screens, they saw the question “If this sound were a 
sensation, what would it be?” for four of the items and 
“If this sound were a weight, what would it be?” for the 
weight question. Each was accompanied by a pair of 
images and a one-word description. They responded by 
clicking on the corresponding image (Fig. 1).  

2.4 Analyses 
Data preprocessing and analyses were performed in R 
[19]. First, the data were examined for relations among  
the predictors using correlations for continuous 
predictors, Fisher’s Exact Tests for categorical 
predictors and ANOVAs for categorical/continuous 
predictors. The only significant result was a high 
Pearson correlation (r = .85) between median spectral 
centroid and mean f0. Because of the extensive 
crossmodal literature on pitch height, we chose to keep 
mean f0 rather than spectral centroid to be able to add 
to existing research.   

Figure 1. Test images participants saw for each sensation: 
a. Finish, b. Weight, c. Opacity, d. Texture, and e. State. 
Words were presented in French and Mandarin for the 
France and China groups.  

Mixed-effect logistic regressions were performed with 
scaled mean f0 as a continuous fixed factor and three 
categorical fixed factors: melodic contour (reference 
level = Constant), loudness contour (reference level = 
Static), and dissonance (reference level = Consonant). 
Random factors were stimulus and participant. One 
regression was performed for each sensation/country 
combination using the glmer function in lme4 [20]. This 
model returned a boundary singular warning, 
indicating that the estimated variance of a random 

effect was at or near zero. Given that each participant 
heard only three of the 30 sounds, the model was tested 
with and without participant using likelihood ratio 
tests. These were nonsignificant in 14 out of 15 of the 
models, indicating negligible contribution of participant 
as a random effect in all but the China Texture model, 
which was significant at p = .009.  
To keep consistent models across countries, participant 
was eliminated from all models. The results of the 
China Texture model are reported with and without 
participant. Because multiple models were run in each 
country, a Benjamini-Hochberg correction was applied 
to all results.  

3. Results 

3.1 Regression analysis 
The significant results after correction are shown in 
Table 2 and Figure 2. Adding participant as a random 
factor to the model for China Texture did not change 
the results (melodic contour remained the only 
significant fixed effect), so the results without 
participant are reported here for all models.  For 
dissonant (vs. consonant) sounds, opaque was chosen 
more often in the USA, and heavy was chosen more 
often in France and China. For loudness contour, the 
only effects were in the USA: When getting softer  
(relative to static loudness contour), participants chose 
solid and heavy more often. For mean f0, in both 
France and the USA, higher f0 was associated with 
more frequent selection of shiny and transparent. For 

melodic contour, ascending melodic contours (relative  
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Figure 2. Significant results from the regression analyses 
after correction. Bars indicate 95% CI.   

to constant) were associated with more frequent 
selection of smooth (in all three countries), liquid (in 
France only), and shiny, transparent, and light weight 
(in both France and the USA). Descending melodic 
contours were also associated with selection of smooth 
(in France) and transparent and light weight (in France 
and USA). 
Table 2. Significant regression results from the 15 models, 
corrected for multiple comparisons (Asc = ascending, Desc 
= descending). 

Country 
Sensa-
tion 

Acoustic 
factor 

Esti-
mate 

Std. 
Err. 

Z 
value 

Corr. 
p 

value 

China 
Texture Mel: Asc 0.42 0.14 3.01 0.02 
Weight Dissonant -0.31 0.12 -2.60 0.04 

France 

Finish 
f0 (scaled) 0.69 0.14 5.03 <.001 
Mel: Asc 0.86 0.26 3.34 0.01 

Opacity 
Mel: Asc 1.22 0.24 5.08 <.001 
Mel: Desc 0.69 0.24 2.85 0.02 
f0 (scaled) 0.30 0.12 2.50 0.05 

State Mel: Asc 0.57 0.20 2.85 0.02 

Texture 
Mel: Asc 1.42 0.31 4.56 <.001 
Mel: Desc 0.99 0.31 3.22 0.01 

Weight 
Mel: Asc 1.55 0.29 5.36 <.001 
Mel: Desc 1.05 0.29 3.66 0.003 
Dissonant -0.68 0.26 -2.64 0.04 

USA 

Finish 
f0 (scaled) 0.50 0.14 3.50 0.005 
Mel: Asc 0.99 0.30 3.32 0.01 

Opacity 

Dissonant -0.84 0.21 -4.03 0.001 
Mel: Asc 0.82 0.22 3.64 0.003 
Mel: Desc 0.63 0.22 2.84 0.02 
f0 (scaled) 0.29 0.11 2.64 0.04 

State Get softer -0.60 0.22 -2.74 0.03 
Texture Mel: Asc 1.22 0.36 3.44 0.01 

Weight 
Mel: Asc 1.14 0.30 3.84 0.002 
Get softer -0.90 0.29 -3.10 0.012 
Mel: Desc 0.75 0.29 2.56 0.04 

 

4. Discussion 
Results showed strong associations in France and the 
USA between several acoustic measures of UI sounds 
and five sensations. Two associations were shown in 
China as well: sounds with dissonant intervals were 
rated as heavier weight, and ascending melodic contour 
was rated as smoother, but the Chinese sample showed 
few crossmodal associations with the UI sounds. A few 
effects showed up in only France or only the USA 
(associations with dissonance and loudness contour, for 
example) but the two countries mapped together for f0 
and much of melodic contour.  
Regarding our initial hypotheses, some were confirmed, 
at least partially, whereas others were not. High pitch 
was associated with transparency/shininess (both 
linked to higher luminance) in France and the USA, 
but not in China. Ascending melodic contours being 
linked to the intuitively more positive sensations was 
confirmed in France and the USA for “shiny,” “light,” 
and “transparent,” in France for liquid, and across all 

three countries for “smooth.” However, high pitch was 
not associated with lighter weight as predicted, and 
dissonance had no significant roughness association. 
These predicted effects may be absent due to variability 
in sound stimuli, size of pitch range, or factors inherent 
to the sensation measures such as their visual rather 
than tactile nature.  

4.1 Potential mechanisms underlying 
associations.  
Statistical associations in nature may underlie certain 
correspondences: Melodic motion vs a repeated note 
may be suggestive of lightness and liquidity, as a lighter 
object is more likely to be mobile than a heavy, solid 
one. As discussed above, the findings connecting high 
pitch to shininess and transparency could be related to 
higher luminance in colors. Spence & Deroy speculate 
that the origin of this link could be an environmental 
association between small size, high pitch, and being 
found higher in the sky (birds and insects vs. large land 
or water animals), where sunlight comes from [21]. 
However, luminance in colors and light reflection or 
transparency are not equivalent, so it would be 
worthwhile to explore this link further.  
Associations with dissonance and the associations 
between melodic motion and smoothness, transparency 
and shininess fit better with the emotional mediation 
hypothesis [14]. One of our predictions for the present 
study was that ascending melodic contours would be 
associated with the emotionally positive poles of the 
sensation binaries. The results of the study confirm this, 
while also showing that it is not only upward motion 
but motion in general that appears to have more 
positive associations, though the effects were stronger 
and more universal for ascending relative to descending 
contours.  
The loudness contour effect (sounds that get softer over 
time being heavier and more solid for USA 
participants), has no obvious explanation. Auditory 
looming, the impression of an object approaching when 
a sound is getting louder and receding when a sound is 
getting softer [22] has no direct connotation of weight 
or solidity. Even so, we would predict that an 
approaching object would be more associated with 
heaviness and solidity than a receding object, which is 
the opposite of what was shown here.  

4.2 Potential explanations for the cross-cultural 
difference 
We find no obvious explanation for the loudness 
contour results being significant only in the USA. It 
could have to do with semantic or sound symbolism 
specific to English, or American cultural factors. This 
should be further explored in future studies.   
Regarding the major differences we see between China 
and France/USA, one explanation could be linguistic 
factors. The labels under the pictures were necessary to 
ensure participants understood which contrast was 
indicated. However, these labels may have contributed 
to the cross-cultural result pattern. First, there may be 
semantic differences in the way pitches or sounds are 
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described that could affect crossmodal correspondences. 
However, Mandarin is one of the languages that use the 
same word to describe “high” pitch and “high” in space, 
like English. Though this does not eliminate the 
possibility that other semantic differences may exist 
which could affect crossmodal association, the way 
pitch height is described in the two languages is 
unlikely to contribute to different perception. Words 
used to describe the sensations “rough” and “smooth” 
also have auditory connotations, and this was 
confirmed across the three languages via conversations 
among native speakers on the research team. Subtle 
differences in these descriptions could have influenced 
responses but are unlikely to have had an impact as 
large as shown here.  
The more likely linguistic explanation is that Mandarin 
is a tonal language. Two of the factors we examined, 
mean f0 and melodic contour, depend on pitch height 
and patterns, and there is evidence that speakers of 
tonal languages process pitch in a unique way. A meta-
analysis of tonal language speakers’ musical ability 
showed improved melodic discrimination [23]. However, 
tone contours may be processed in a different way 
because of language experience—Mandarin speakers 
may show differential sensitivity to the four tone 
categories present in their language [24]. This 
automatic encoding by category could interfere with 
the development of crossmodal associations.  
Alternatively, other cultural or musical factors may 
affect how sounds are processed, both semantically and 
emotionally. Traditional Chinese music varies in many 
ways from Western music [25], though participants 
have likely exposed to Western music. 

4.3 Implications for product sound design 
UI sounds should be designed with a number of 
constraints. For example, 1) they must communicate 
useful information about the current state of the 
product or device 2) they should be audible but not too 
obtrusive, evoking neutral to mild positive emotions 
and avoiding annoyance (alarms are the exception to 
this rule) and 3) they should be coherent with the 
product/device and its intended market and brand 
image. This third constraint is the one for which these 
crossmodal correspondences are especially important to 
keep in mind. Multisensory and emotional congruence 
have been demonstrated in previous studies to facilitate 
cognitive processing [26], potentially reducing mental 
load for consumers, and to enhance customer 
evaluations in retail settings [27]. Hence, UI sounds that 
are congruent with a device’s physical appearance likely 
have positive impacts on the user experience. This 
study also highlights the importance of taking cultural 
differences into account for product design.  

4.4 Limitations and future directions 
This study was performed on a small set of UI sounds, 
with mean f0 and spectral centroid too correlated to 
examine separately. It would be worthwhile to examine 
crossmodal correspondences in noisier or atonal sounds, 
which could allow easier separation of these two factors 
(though c.f. [28] which shows that loudness-weighted 

spectral centroid affects pitch perception in non-
harmonic sounds). Data on individual factors such as 
participant age and musical experience were not 
collected for this study (only age brackets were noted) 
and each could potentially play a role in perception.  
Another limitation of the study is that all sensations 
were presented visually. This is notable especially for 
texture and weight, which are not normally visually 
determined, at least not exclusively. Follow-up studies 
integrating tactile perception would be useful to further 
explore these perceptions.  

4.5 Conclusions 
This study has demonstrated that, across three 
disparate cultures, ascending melodic contour in a UI 
sound is associated with smoother (visually presented) 
textures. It demonstrated numerous other associations 
among acoustic aspects and sensations, but these varied 
by culture. Many effects of melodic motion were 
significant in both France and the USA but not China: 
shiny for ascending melodies, and transparent and light 
for both types of melodic motion. Similarly, higher 
mean f0 was linked with shiny and transparent in both 
France and the USA but not China. Dissonant chords 
were associated with heavy in France and China, but 
not the USA, and other effects appeared only in France 
or the USA. This study’s novel contributions are testing 
pitch height and pitch motion in short UI sounds and 
adding to the literature on crossmodal associations with 
consonance and loudness contours across three cultures. 
The results of this study provide implications for UI 
sound design (in countries where associations are 
demonstrated) and congruence of products and 
experiences across the senses.  
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