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Abstract

Haptic interactions with objects induce complex vibrotactile signals that are central to tactile perception. Despite the broad litera-
ture on vibrotactile perception, surprisingly little is known about the sensory processing of complex tactile signals made of multi-
ple pure tones. To fill this gap, the study reported here investigated the impact of the constitutive pure tones of a complex
vibrotactile signal on its perception. Participants completed a three-alternative forced choice (3-AFC) task in which they were
asked to identify an odd signal among two complex references. The odd signal was created by removing one pure tone from
the reference, which varied in spectral composition, harmonicity, and interfrequency intervals. Each reference signal was made
of either two, three, or four pure tones. The results revealed that the removed pure tone’s value as well as the interfrequency
interval play a significant role in participants’ performance whereas changes in harmonicity and complexity have little impact.
The smaller the ratio between the removed frequency and the lowest one of the reference signals, the better the participants’
capacity to identify the signal with the missing tone. As this ratio correlates with that of pure tone’s perceived intensity, partici-
pants’ performance can be linked to either of them. Analysis of a subset of complex signals made of pure tones perceived with
roughly equal intensity showed that the correlation still holds but slightly decreases. Overall, these results suggest that percep-
tion of complex vibrations might be mediated by tactile mechanisms related to both frequency selectivity and pure tones’ per-
ceived intensity.

NEW & NOTEWORTHY This research investigates the respective roles of frequency range, harmonicity, and complexity on
human perception of vibrotactile signals. The results revealed that only pure tones that are close to the lower frequencies of the
complex vibration are noticed when they are missing. This finding sheds new light on the mechanisms underlying the tactile per-
ception of complex vibrations.

complex vibration;, harmonicity; interfrequency interval; psychophysics; tactile perception

INTRODUCTION

When a finger moves to explore a surface, the ensuing
sliding contact elicits vibrations on the skin, which exhibit
complex waveforms (1). These vibrational cues mediate
the richness of tactile perception (2, 3) by endowing per-
ceptual attributes like roughness, friction, or hardness (4,
5). Moreover, temporal codes related to the complex vibro-
tactile signals elicited during touch have been suggested
to mediate the perception of natural textures (6, 7). Extensive
research within the realm of tactile sensation has delved into
the domain of vibrotactile perception, but our comprehension
remains mostly limited to simple signals made of a single fre-
quency. Research on such simple signals has shown that
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humans are sensitive to both frequency and amplitude varia-
tion, commonly associated with the psychological percepts of
pitch (8, 9) and intensity (10, 11), respectively. Humans can
discriminate differences in frequency that range between 3%
and 50% depending on the experiment’s characteristics (8,
12-15). For diharmonic waves, a 9% difference in the fre-
quency of sinusoidal vibrations was noticeable irrespective of
the amplitude (16), and most studies observed that perception
of differences in frequency mostly follows Weber’s law (1315,
17). Moreover, frequencies also differ by their perceived inten-
sity at a given acceleration, which is larger for lower frequency
(11, 18).

A complex signal is made up of several pure tones, each of
them with its own amplitude and frequency. The sum of
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these signals creates a specific waveform that is shaped by
the interferences of these individual pure tones (see Fig. 1).
Research has revealed that the perception of complex signals
is influenced by the number of frequencies composing the
signal. Notably, differentiating between two complex signals
has been shown to be more difficult than between two sim-
ple signals (17, 19). The stimulated tactile channel also exerts
an impact on the perception of complex signals (20). Indeed,
participants are more sensitive to phase shifts in complex
signals that are composed of low frequencies (10 and 30 Hz),
evoking a flutter sensation, which targets the rapidly adapt-
ing type 1 receptors, compared to high frequencies (100 and
300 Hz) evoking vibratory hum sensations, which target
Pacinian receptors. These results suggest that the Pacinian
channel is insensitive to phase variations, whereas non-
Pacinian channels encode them. The disparate sensitivity of
tactile channels might also explain why simple signals char-
acterized by sinusoidal waveforms are perceptually distinct
from square and sawtooth waveforms at a given frequency
because the latter are accompanied by multiple harmonics
(21). Interestingly, it has been found that the capacity to
discriminate between pure tones made of distinct frequen-
cies decreases when two to-be-compared signals are com-
plexified with the addition of a signal at 100 Hz (17).
Moreover, two vibrotactile signals can elicit identical per-
ception even if they diverge in terms of amplitude and
constitutive frequencies (16, 19). For example, a pure tone
is not discriminated from a diharmonic vibrotactile signal
when the pure tone is higher in amplitude or when it is
larger than the fundamental frequency of the diharmonic
signal due to sensory masking (16). It has also been shown
that the pitch of a two-tone vibration can be matched with
a simple pure tone that is closer in frequency to the lower
of the two tones (22). Similar research showed that the
pitch of a frictional texture containing two spatial frequen-
cies can be perceptually matched by a simple sinusoidal
texture of intermediate frequency (23).

A complex signal is considered harmonic when all its fre-
quency components are integer multiples of its fundamental
frequency, and this characteristic has been investigated as a
plausible cue for differentiating complex signals (24, 25).

60+120+180 Hz
15 — 60 Hz

120 Hz
— 180 Hz

Amplitude (m/s?)
o

Figure 1. Example of a complex signal (60 + 120 + 180 Hz) obtained by
superimposing sinusoidal waveforms at 60 Hz, 120 Hz, and 180 Hz.
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Picinali et al. (24) found that the addition of a nonhar-
monic frequency to a simple sinusoidal signal is better
discriminated than the addition of a harmonic frequency.
This work suggested that nonharmonic sequences inher-
ently yield greater discriminability, probably due to the
emergence of amplitude beats. Russo et al. (25) showed
that humans are capable of differentiating between cello,
piano, and trombone tones played on their back with
matching fundamental frequencies but instrument-spe-
cific harmonics. These studies highlight the influence of
the vibrotactile signal’s harmonic content on its percep-
tion by humans.

The abovementioned studies have investigated the influ-
ence of frequency, amplitude, and harmonic content on tac-
tile perception; however, they mainly focused on signals
composed of at most two frequencies. In addition, most of
them only featured signals above 100 Hz, hence predomi-
nantly in the range of the Pacinian channel. Although a few
models have been proposed (17, 19), no general explanatory
mechanism of the human perception of complex vibrations
has emerged. In this context, the present study aims to
investigate the detection of a missing pure tone from com-
plex signals by implementing conditions that vary signals’
harmonicity, distances between frequencies within the sig-
nal (interfrequency interval), and frequency ranges of the
pure tones composing the signal. These signals consisted of
two, three, or four sinusoidal signals. The first experiment
tested the hypothesis that noticing missing tones from non-
harmonic reference signals would be easier to detect com-
pared to harmonic ones because of a stronger impact on the
amplitude beats, which are typical of nonharmonic signals.
On the basis of the literature on discrimination between
two-tone and one-tone signals, we hypothesized that re-
moval of tones with higher position within the complex
signal, which correspond to higher frequencies, will be
less accurately perceived. Finally, we tested the interac-
tions with the reference signals from which pure tones
were removed since their properties varied depending on
the tones that composed them. Frequencies in that experi-
ment activate both the non-Pacinian and Pacinian chan-
nels. The second experiment tested the hypothesis that
when signals have larger interfrequency intervals hence
spread over a wider range of frequencies, removing tones
would generally be more noticeable because of a more
impactful change on the balance of the complex signal. It
was expected that removal of tones with higher position
within the complex signal would be less accurately per-
ceived. Thus, the position of the removed pure tone was
tested as a potential factor impacting perception as well as
the reference signal, which was expected to impact dis-
crimination mainly when intervals between tones are
larger. That experiment implemented signals that pre-
dominantly activate the Pacinian channel. Hence, a large
number of complex signals were tested in Experiments 1
and 2, enabling us to investigate the potential role of the
ratio between the removed pure tone and the lowest fre-
quency of the signal. Given the results from Experiments 1
and 2, a third experiment was conducted to measure the
perceived intensities of the pure tones from which com-
plex signals were made to assess their potential impact on
signal discrimination.
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MATERIALS AND METHODS
Participants

Three experiments were conducted separately in time.
The procedure, materials, and methods were the same for
Experiments 1 and 2, with different vibrotactile signals.
Twelve participants (3 women and 9 men; mean age 25.3 yt,
SD = 3.5) completed Experiment 1, and 12 participants (2
women and 10 men; mean age 26.6 yr, SD = 2.8) completed
Experiment 2. All participants from the first experiment
were contacted for participation in the second experiment,
and eight of them agreed to do so. Participants were compen-
sated 20 euros to complete each experiment, which took
~2 h. Ten additional participants (4 women and 6 men;
mean age 26.6 yr, SD = 1.8) completed Experiment 3, which
lasted ~10 min. The experiments were approved by the
Research Ethics Committee at Sorbonne Université under
approval CER-2021-104 and were conducted in accordance
with the Declaration of Helsinki.

Apparatus

An actuator, i.e., a voice-coil vibrator specifically tuned for
haptic stimulation (Tactuator MM3C-HF; TactileLabs Inc.),
delivered the various vibrotactile signals used in this study.
The vibrotactile signals consisted of .wav files generated by a
MATLAB (MathWorks, Inc.) script, and they were verified by
a fast Fourier transform (Fig. 2A). Vibrotactile pure tones
were equalized to reach a peak acceleration amplitude
around 7 m/s%, which is well above the human vibrotactile
threshold (26), by estimating a Bode diagram expressing the
acceleration amplitude at each frequency. The Bode diagram
was obtained by measurements from an accelerometer (PCB
Piezotronics Accelerometer 352A24) attached to the actuator
and hung by nylon strings to avoid resonant coupling (Fig. 2,
B and C). The signal delivered by the actuator shifted in
phase depending on the frequency due to the magnetic char-
acteristics of the actuator (Fig. 2C). No distortions of the

signal were observed after acceleration measurements on
the actuator.

Stimuli

In each experiment, participants were presented with ei-
ther a reference vibrotactile signal made of two, three, or
four tones or a target vibrotactile signal that is identical to
the reference one except for the removal of one of its pure
tones (see Table 1, top). All signals followed the equation

y =) AsinQ2nfi + ¢))
i=1
where A represents the amplitude (7 m/s?), f; the frequency
in hertz, ¢; the phase of each frequency (Fig. 2C) expressed
in radians, and n the signal complexity (1, 2, 3, or 4). Two sets
of pure tones (n = 4) were used in each experiment (see
Table 1). For each set, 11 reference signals were built based
on complexity levels, with 1 reference signal having four
pure tones, 4 reference signals having three pure tones, and
6 reference signals having two pure tones. Given the 44 ref-
erence signals for the two experiments, 56 different target
signals can be derived, resulting in 112 different possible
comparisons between a reference and a target: four tones
versus three tones (16 comparisons), three tones versus two
tones (48 comparisons), two tones versus one tone (48 com-
parisons). For more clarity, these comparisons are called
“Four-tones”, “Three-tones”, and “Two-tones”, respectively,
in line with the number of pure tones in the reference. As an
example, the reference three-tone complex signal 75 -+
195 + 255 Hz can only be compared with three two-tone tar-
gets, 75 + 195 Hz, 75 + 255 Hz, and 195 + 255 Hz (see
Fig. 3A). Table 1 summarizes all the signals used in the study.

Experimental Procedure

In the two experiments, the participants performed a
three-alternative forced choice (3-AFC) task, which has the
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Figure 2. A: fast Fourier transform of the complex signal 75 + 135 + 195 + 255 Hz. B: actuator with the accelerometer glued to one lateral side is sus-
pended by nylon strings. C: Bode diagrams representing gain and phase of the vibrations delivered by Tactuator MM3C-HF as a function of the deliv-

ered frequency.
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Table 1. Stimuli used for each experiment

Comparisons

Two-tones Three-tones Four-tones
Reference Target Reference Target Reference Target
2 tones 1tone 3 tones 2 tones 4 tones 3 tones
Signals
Condition 1tone 2 tones 3 tones 4 tones
Experiment 1. Harmonicity Harmonic 60 60 + 120 60 + 120 + 180 60 + 120 + 180 + 240
120 60 + 180 60 + 120 + 240
180 60 + 240 60 + 180 + 240
240 120 + 180 120 + 180 + 240
120 + 240
180 + 240
Nonharmonic' 75 75 + 135 75 + 135 + 195 75 + 135 + 195 + 255
135 75 + 195 75 + 135 + 255
195 75 + 255 75 + 195 + 255
255 135 + 195 135 + 195 + 255
135 + 255
195 + 255
Experiment 2: Interfrequency interval Small-inter? 150 150 + 210 150 + 210 + 270 150 + 210 + 270 + 330
210 150 + 270 150 + 210 + 330
270 150 + 330 150 + 270 + 330
330 210 + 270 210 + 270 + 330
210 + 330
270 + 330
Large-inter? 150 150 + 300 150 4+ 300 + 450 150 + 300 + 450 + 600
300 150 + 450 150 + 300 + 600
450 150 + 600 150 + 450 + 600
600 300 + 450 300 + 450 + 600
300 + 600
450 + 600

Top: comparisons. Bottom: references and target signals. 'In the NONHARMONIC level, the set of pure tones is identical to
HARMONIC except that 15 Hz was added to each of pure tones to make the stimuli nonharmonic. >The distance between 2 consecutive

pure tones is either 60 Hz or 150 Hz.

advantage of not forcing the experimenter to establish a
dimensionality of interest before the experiment. The partic-
ipants were comfortably seated with noise-canceling head-
phones that masked extraneous noise. The actuator was
placed on the dorsal part of the intermediate phalange of
their right hand’s index finger, attached with a plaster
(Fig. 3B), to avoid potential pressure being exerted on it. This
configuration ensured a more practical contact surface and
enabled the finger to comfortably rest on foam during the
experiments. Moreover, the actuator was not touching the
nail, to avoid undesired resonant frequencies. This delivered
complex signal was measured on the fingertip (Fig. 2A and
Fig. 3A), and the largely suprathreshold vibrations stimu-
lated a large population of tactile afferents within several
centimeters (27, 28). Once the participants read and signed
the consent form, they completed six training trials to famil-
iarize themselves with the task. To avoid influencing the
main experiment, the reference signals used during the
training were built on different pure tones (50, 80, 130, 200
Hz). Data collection followed immediately after the training
session. Each trial consisted of a sequence of three 1-s stimuli
separated by a 0.5-s interstimulus interval. The three signals
comprised two identical reference signals and an odd signal
that was the target signal. The participants’ task was to iden-
tify which signal out of three was different from the other
two (Fig. 3B). The participants were asked to indicate the
position of the odd signal by pressing, with the hand that did
not receive vibrations, either 1, 2, or 3 on a keyboard followed

1946

by “Enter,” with no time limit. Once the answer was vali-
dated, a new trial started after 0.5 s. The participants could
replay the stimulus only if they missed it. The presentation
order of the three signals was randomized within each trial.

For each experiment, the presentation order of each con-
dition level (Experiment 1: harmonic and nonharmonic;
Experiment 2: Small-inter and Large-inter) was counterbal-
anced across participants. Each condition included 28
unique comparisons, presented eight times each. The 224
total trials per condition (28 comparisons x 8 repetitions)
were presented in pseudorandomized order. In addition to
the two breaks given to the participant during a condition
(every 74 trials), the participant was given a 15-min break
between the two conditions.

Dependent and Independent Variables

For Experiments 1 and 2, the dependent variable is
Accuracy, corresponding to the correct answer rate (%) in the
3-AFC task. Both experiments also have in common two in-
dependent variables: Reference and Removed pure tone.
Reference, from which the signal with the removed pure tone
has to be discriminated, has 11 different levels whose values
depend on the condition as illustrated in Table 1. Removed
pure tone indicates which pure tone is removed from the ref-
erence signal to create the target signal to be compared with.
The different possible levels of Removed pure tone depend
on the number of constitutive frequencies of the reference
signal. In addition, Experiments 1 and 2 differed by the third
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Figure 3. A: example of the Three-tones vs. Two-tones comparisons with a vibrotactile reference comprising 75, 195, and 255 Hz. The blue curves repre-
sent the acceleration measure of the reference, and the red curves represent the possible target stimuli. B: the tactuator is placed over the top of the in-
termediate phalanx of the right hand’s index finger, and the participant performs a 3-alternative forced choice (3-AFC) task that consists of reporting

which signal out of 3 consecutive ones is different.

independent variable that was considered (i.e., Harmonicity
and Interfrequency interval).

Experiment 1: Harmonicity.

The main independent variable is Harmonicity, with two lev-
els: Harmonic and Nonharmonic. Harmonic contains a set
of pure tones (60, 120, 180, and 240 Hz) in harmonic
sequence. In the NONHARMONIC level, 15 Hz is added to
each pure tone in the harmonic set to make the stimuli
nonharmonic.

Experiment 2: Interfrequency interval.

The main independent variable is Interfrequency interval,
which is the distance between the four pure tones on which
the reference signals were built. Two sets of pure tones were
used in this experiment: 150, 210, 270, and 330 Hz that are
spaced by 60 Hz as in Experiment 1 (Small-inter) and 150,
300, 450, and 600 Hz that are spaced by 150 Hz (Large-inter).
Since the created references result from all possible combi-
nations of the four constitutive frequencies, interfrequency
intervals vary within a condition. Nonetheless, intervals in
the Large-inter condition are generally larger than those in
the Small-inter condition.

Experiment 3: Perceived intensity.

Participants were asked to report the perceived intensity of
the 15 pure tones used in Experiments 1 and 2. Each trial con-
sisted in the presentation of a 1-s stimulus. Afterwards, the
participants were required to rate the perceived intensity
using a visual analog scale (VAS) displayed on a computer
ranging from O (not intense) to 100 (very intense). To do so,
they adjusted the cursor with left and right arrow keys and
pressed “Enter” to validate their answers. A new stimulus
was displayed 0.5 s after completion of the previous trial.
Pure tones were presented three times in a pseudorandom-
ized order for a total of 45 trials per participant.

J Neurophysiol « doi:10.1152/jn.00430.2023 - www.jn.org

Data Analysis

The data were analyzed with RStudio software (version
4.1.3). The impact of removed pure tones from reference
complex signals was analyzed by implementing a general-
ized linear mixed model (GLMM) on individual data.
Because of the differences in the number of possible pure
tones combinations, the Two-tones, Three-tones, and Four-
tones comparisons were analyzed separately. D’Agostino
and Pearson tests showed that the data were not normally
distributed. Consequently, GLMMs were fit by the maximum
likelihood (Laplace approximation) with logit link and bino-
mial error distribution. Akaike information criterion-cor-
rected weight (AICcWt), which is the proportion of the total
amount of predictive power provided by the full set of mod-
els including independent variables, was assessed, and the
GLMM with the highest AICcWt value was selected (29). The
regression model could include interaction terms between
variables (i.e., one independent variable is influenced by
another independent variable) or be simple (i.e., without
interaction, each independent variable acts on the depend-
ent variable). Independent variables were tested by analysis
of deviance type II Wald chi-square tests. Post hoc analyses
were conducted on significant fixed effects between esti-
mated marginal means by using the package “emmeans” of
Rstudio, and responses were back-transformed from the
logit scale (probability scale). Pairwise comparisons were
adjusted by Holm’s method. In the additional analyses on
the pure tones’ frequency, the method of least squares was
used to fit data. AICc, root mean square error (RMSE) and R?
as well as F test were computed to choose the best fit (high
R? and low AICc was preferred). AICc was chosen instead of
AIC because of the small number of observations (30).
According to Akaike’s findings (31), an AIC difference > 2
should be a reference to select the best model, which also
applies to AICc.

1947

Downloaded from journals.physiology.org/journal/jn at Univ Catholique Louvain Bruxe (130.104.190.244) on January 21, 2025.


http://www.jn.org

()) TACTILE SENSITIVITY TO COMPLEX VIBRATIONS

RESULTS
Experiment 1: Harmonicity

Because of the inherent differences in pure tone number,
each complexity level underwent separate statistical analy-
ses. The psychophysical results for harmonic and nonhar-
monic conditions were almost identical, and the Wald
statistical analyses conducted on the GLMM (see Table 2)
yielded no significant main effect of Harmonicity on
Accuracy for any of the complexity levels. The Wald anal-
ysis showed a significant main effect of Removed pure
tone on Accuracy (P values < 0.0001) for all complexity
levels. Finally, the analysis showed a significant interac-
tion between Removed pure tone and Reference (P values <
0.0001) for Two-tones and Three-tones comparisons, since
four-tone signals feature only one reference. Most post hoc
pairwise comparisons showed that lower pure tones’ re-
moval was better detected (Fig. 4, A-C). However, the dif-
ference between the removal of the lowest and highest pure
tone is not significant for the 120 + 180/135 + 195 Hz refer-
ences (Holm’s test, n = 192, P = 0.28), unlike for the other
comparisons (Fig. 4A). For Three-tones comparisons,
removing the second pure tone was significantly better
detected for the 120 + 180 + 240/135 + 195 + 255 Hz refer-
ences than the removal of the lowest one (Holm’s test: n =
192, P < 0.0001) (Fig. 4B).

Overall, the obtained results did not show any influence of
the harmonic nature of the signal on the human capacity to
detect the removal of a pure tone. In most cases, participants
were more accurate at discriminating modified signals from
their reference when the lowest pure tone was removed rather
than when other pure tones were removed. Interestingly, this
phenomenon did not occur for two reference signals starting
with pure tones of 120/135 Hz.

Experiment 2: Interfrequency Interval

Effect of interfrequency intervals and removed pure
tone.

The Wald test showed a significant main effect of Inter-
frequency interval on Accuracy (P values < 0.05) for all com-
plexity levels (Table 3, top). Post hoc Holm’s tests revealed that
participants better discriminate signals in the Small-inter con-
dition than in the Large-inter condition regardless of the num-
ber of tones (Fig. 5A). The Wald test also showed a significant
main effect of Removed pure tone on Accuracy (P values <
0.0001) for all complexity levels (Fig. 5, B-G). In addition, sig-
nificant interaction effects between Interfrequency interval
and Removed pure tone were observed for Three-tones [y%(2) =
69.7, P < 0.0001] and Four-tones [¢*3) = 215, P < 0.0001]

Table 2. Wald chi-square tests in experiment 1

comparisons. In the Large-inter condition, post hoc Holm’s
tests showed that the removal of the target signal with the low-
est pure tone is significantly easier to discriminate than the re-
moval of the target signal with a higher pure tone for all
complexities. In the Small-inter condition, this effect occurred
only for two-tone signals and signals with the highest pure
tone removed were systematically less accurately discrimi-
nated than when lower pure tones were removed (Holm’s test:
n = 96, P values < 0.05). All post hoc tests are reported in the
Supplemental Material.

Small and large intervals between tones.

When small and large intervals were considered separately
for Two-tones and Three-tones comparisons (Four-tones did
not feature multiple references), a GLMM analysis could be
conducted on Reference. For Two-tones and Three-tones, the
Wald tests confirmed the significant main effect of Removed
pure tone on Accuracy (P values < 0.0001) as well as an inter-
action effect with Reference (P values < 0.0001) for both the
Large-inter and Small-inter conditions (see Table 3, bottom).
These additional Wald tests showed a significant main effect
of Reference for the Small-inter condition (P values < 0.05)
but not for the Large-inter condition. The main effect of
Reference and the interaction effect with Removed pure tone
were further investigated by performing post hoc compari-
sons between all references of the Small-inter conditions for
each complexity level.

A post hoc Holm’s test was conducted on the interaction
effect between Reference and Removed pure tone for all com-
plexity levels. For two-tone signals, the results revealed a sig-
nificantly higher discrimination accuracy for signals with a
distance between the lowest and highest pure tone < 60
(global mean 84%, SD = 36.7) than with a distance > 60
(global mean 47.2%, SD = 50) (n = 96, P values < 0.0001)
(Fig. 5C). For signals with three pure tones in the Small-inter
condition, a post hoc Holm’s test showed that discrimination
of signals with the lowest and the second pure tones
removed was not significantly different regardless of the ref-
erence signal (Fig. 5, D and E). Therefore, the results suggest
that the references impacted the discrimination accuracy
mostly through the different distances between the pure
tones that they featured.

Overall, the results from Experiment 2 suggest an effect of
the frequency interval between the tones, since participants
were surprisingly more accurate at discriminating signals with
small intervals. Moreover, participants were generally more
accurate at discriminating target signals when the lowest pure
tone was removed compared to the other pure tones, and accu-
racy was only slightly impacted by the reference signal.

Two-tones: Reference x Removed pure tone + Harmonicity
Three-tones: Reference x Removed pure tone + Harmonicity

Four-tones: Removed pure tone + Harmonicity

Independent Variables xz P Value
Removed pure tone 1071 <0.0001
Removed pure tone x Reference 18.5 0.0001
Removed pure tone 77.4 <0.0001
Removed pure tone x Reference 190.1 <0.0001
Removed pure tone 83 <0.0001

The first column corresponds to the generalized linear mixed model including simple (+) or interaction (x) terms. x* and P values are
obtained by Wald chi-square tests performed on independent and dependent variables (Accuracy).
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Figure 4. Accuracy (%) (median, interquartile range, and minimum to maximum) averaged across participants’ individual data for each combination of
removed pure tone and reference signal. The harmonic and nonharmonic conditions were merged since they showed no difference. A: references
made of 2 pure tones. B: references made of 3 pure tones. C: reference made of 4 pure tones. Statistical difference: *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001.

Postanalysis of the Removed Pure Tones

Position of the removed pure tone.

The results from Experiments 1 and 2 suggest a significant
influence of the removed pure tone’s position within the fre-
quency spectrum of the reference. To probe more thoroughly
the role of this parameter, additional analyses taking into
account the frequency of the removed pure tone were con-
ducted. Since similar response patterns were observed in
Experiments 1 and 2 despite different frequency ranges, we
tested the ratio between the removed pure tone and the low-
est pure tone of the original signal:

(1)

F
Ratio = —
Fo

Table 3. Wald chi-square tests in experiment 2

This ratio is also consistent with Weber’s law in which
the difference limen is typically expressed as a ratio. We
expected the accuracy to be a function fof this ratio:

Accuracy = f(Ratio) 2)

To that end, all occurring ratios within the two experi-
ments were considered (see Fig. 6A). In addition, the three
levels of complexity in our study were computed sepa-
rately. These data were then fitted with four plausible
functions f: linear, exponential, logarithmic, and sigmoi-
dal (Fig. 6A). The best goodness of fit between participants’
accuracy and the ratio F/Fo was achieved by a sigmoidal
curve for each level of complexity (Two-tones, R* = 0.81;
Three-tones, R> = 0.74, Four-tones, R> = 0.80), which

2

Independent Variables x P Value
Wald chi-square tests on generalized linear mixed models including Removed pure tone and Interfrequency interval
Two-tones: removed pure tone + interfrequency interval Removed pure tone 308.2 <0.0001
Interfrequency interval 481 <0.0001
Three-tones: Removed pure tone x Interfrequency interval Removed pure tone 218 <0.0001
Interfrequency interval 229 <0.0001
Removed pure tone x Interfrequency interval 69.8 <0.0001
Four-tones: Removed pure tone x Interfrequency interval Removed pure tone 60.2 <0.0001
Interfrequency interval 6.4 0.0M
Removed pure tone x Interfrequency interval 21.5 <0.0001
Wald chi-square tests on generalized linear mixed models including Removed pure tone and Reference
Two-tones
Small-inter: Removed pure tone x Reference Removed pure tone 921 <0.0001
Reference 585 <0.0001
Removed pure tone x Reference 271 <0.0001
Large-inter: Removed pure tone x Reference Removed pure tone 188.6 <0.0001
Removed pure tone x Reference 12.6 0.028
Three-tones
Small-inter: Removed pure tone x Reference Removed pure tone 95.3 <0.0001
Reference 8.3 0.04
Removed pure tone x Reference 334 <0.0001
Large-inter: Removed pure tone x Reference Removed pure tone 149.4 <0.0001
Removed pure tone x Reference 23.8 0.0005

The first column corresponds to the generalized linear mixed model including simple (+) or interaction (x) terms. x* and P values are
obtained by Wald chi-square tests performed on independent and dependent variables (Accuracy).
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Figure 5. Accuracy (%) (median, interquartile range, and minimum to maximum) averaged across participants’ individual data as a function of compari-
sons between Small-inter and Large-inter as a function of tones (A), Removed pure tone and Interfrequency interval for the Two-tones comparisons (B),
Removed pure tone and Reference in Small-inter for the Two-tones comparisons (C), Removed pure tone and Interfrequency interval for the Three-tones
comparisons (D), Removed pure tone and Reference in Small-inter for the Three-tones comparisons (E), Removed pure tone in Small-inter for the Four-
tones comparisons (F), and Removed pure tone in Large-inter for the Four-tones comparisons (G). Statistical significance: *P < 0.05, **P < 0.01, ***P <

0.001, ¥**#*P < 0.0001.

matches the psychophysical expectation (Table 4). Moreover,
a sum-of-squares statistical test showed that the curves fitting
the three complexity levels were not significantly different [F
(6,103) = 0.24, P = 0.96]. Thus, a sigmoidal psychometric
function was fitted to the entire dataset (R?> = 0.79), and the
66.7% just noticeable difference corresponded to a ratio of
1.47. Taken together, these results suggest that in the fre-
quency range of our study, the discriminability of a removed
tone is well predicted by its ratio with the lowest pure tone of
the original signal. Interestingly, no significant effect of com-
plexity was observed, suggesting that the number of frequen-
cies in the original signal has little impact on the saliency of
the removal.

Experiment 3: Perceived intensity of the removed pure
tone.

Since the perceived intensity of the individual pure tones
could also provide a meaningful cue for discrimination, we
measured the perceived intensity I(F) of all pure tones with a
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frequency F across participants in Experiment 3. We found
that it generally decreases with frequency (see Fig. 7A). To
test the potential sensory contribution of pure tones’ per-
ceived intensity, the intensity ratio was defined as follows:

I(F)
I(Fo)

The ratio was fitted by a sigmoidal curve for each level of
complexity (Two-tones, R*> = 0.72; Three-tones, R*> = 0.74,
Four-tones, R?> = 0.83) (Fig. 6B). The relatively good fitting
(R? > 0.70) shows that the perceived intensity is also a plau-
sible factor to explain the observed impact of the ratio F/F,.
This is not surprising given the relationship between fre-
quency and perceived intensity. To disentangle these two
plausible mechanisms, we performed an analysis within the
range between 120 Hz and 270 Hz. In that range, the per-
ceived intensity mostly plateaued and a Friedman analysis
[n = 10, ¥*(8) = 15.42, P = 0.052] showed that the perceived
intensity differed only marginally for these frequencies. We

Intensity Ratio =

(3)
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Figure 6. A: accuracy (%) (mean and SE) for all the comparisons as a func-
tion of the ratio between the removed pure tone and the lowest pure tone
of the complex signal. The data points represent the averaged ratio
between the removed pure tone and the lowest pure tone of the original
signal (F/Fo) values encountered in the study. A horizontal jitter was per-
formed (x = 0.14). Lines correspond to a sigmoid fit for each possible com-
plexity level of the reference signals. The red line corresponds to the
global fit for all datasets. B: same as A for the intensity ratio [I(F)/I(Fo)]. A
horizontal jitter was performed (x = 0.01).

evaluated the goodness of fit of a sigmoid function for F/F,
and I(F)/I(Fy) on reference signals that included only fre-
quencies within that range, resulting in a subset of 27 data
points. The goodness of fit was R? = 0.60 for F/F, and R? =
0.26 for I(F)/I(Fo), showing that the frequency ratio retains a
high level of correlation with participants’ answers whereas
the correlation with the perceived intensity is largely
reduced (Fig. 7, B and C). These results suggest that F/F is
more informative than I(F)/I(F).
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DISCUSSION

Our study investigated the potential effect of harmonicity,
interval between the frequencies of the reference signal, and
complexity on whether a removed tone from a complex sig-
nal would be noticeable. The obtained results showed a great
variability in performance as a function of these factors.
Predominantly, the results showed a significant impact of
the removed pure tone’s position on discrimination abilities.
In most conditions, the lower the frequency of the removed
pure tone, the more noticeable its absence. However, when a
comparatively smaller relative distance between the signal’s
frequencies was tested in the second experiment, the promi-
nence of the lowest pure tone decreased compared to the
other constitutive tones of the signal. Taken together, the
results of the two experiments suggest that noticing the re-
moval of a pure tone from a complex signal relies on the pure
tone’s proximity to the lowest tone of the complex signal.
However, the pure tones were equalized in amplitude, pre-
venting the impact of that cue, and it is likely that other sen-
sory mechanisms exist, since for the 120 + 180 + 240/135 +
195 + 255 Hz signals in Experiment 1, the removal of the sec-
ond pure tone was noticed with significantly higher accuracy.

Interestingly, no specific effect of harmonicity was observed
when participants completed the task with harmonic reference
signals compared to nonharmonic ones. In addition, the psy-
chometric analyses did not show any significant effect of the
complexity of the reference signal. Although the dominant role
of the fundamental has been pointed out in touch (22) and
hearing (32), our study suggests that this specific saliency
extends to tones that are similar enough following a psycho-
metric function. This finding is consistent with masking pre-
dominantly impacting higher frequencies in both modalities
(33, 34). Thus, the perceptual dynamics seem similar between
touch and hearing, but the underlying mechanisms are likely
different since, unlike hearing (35), the sense of touch only pro-
vides low-resolution frequency selectivity and masking does
not seem to occur across tactile channels (36).

Table 4. Fit selection based on AICc on the accuracy as
a function of ratio

Fit AlCc RMSE R?

Two-tones

Linear 245.2 13.53 0.60

Exponential 2294 1.4 0.72

Logarithmic 215.4 9.53 0.80

Sigmoid 213.8 9.3 0.81
Three-tones

Linear 252.3 14.6 0.56

Exponential 2411 12.94 0.66

Logarithmic 233.6 11.61 0.72

Sigmoid 230.3 1.2 0.74
Four-tones

Linear 103.4 12.8 0.64

Exponential 99.1 1.41 0.73

Logarithmic 100.8 10.95 0.75

Sigmoid 96.6 9.8 0.80

AICc, Akaike information criterion cumulative; RMSE, root mean
square error. Linear: y = a + bX. Exponential: y = y0 x exp(kX).
Logarithmic: y = a x InX — ¢) b. Sigmoid: y = min+
(X-steepness)- (max — min)/(Xsteepness 1 1P “Aq congtraints, the
min is equal to 33.3 and the max is < 100. Values in bold correspond
to the fit that better explains the data.
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Figure 7. A: subjective perceived intensity of pure tones [median and interquartile range (IQR)] across all participants. Each data point represents the
averaged perceived intensity for each pure tone across participants. Empty circles represent a range of frequencies that are quite similar in intensity and
form a plateau. B: accuracy with respect to the ratio between the removed pure tone and the lowest pure tone of the original signal (F/Fo) (mean and SE)
for comparisons including pure tones made of the frequencies within the plateau (n = 27). Data points represent the averaged ratio values encountered
in the study. A horizontal jitter was performed (x = 0.14). The red line corresponds to the best-fitting sigmoidal curve for all data sets. C: same as B for the

intensity ratio [I(F)/I(Fo)]. A horizontal jitter was performed (x = 0.01).

Comparison with Previous Findings

The lack of influence of the harmonicity of the signal is
somewhat surprising, given that the harmonicity and conso-
nance of vibrotactile signals have been shown to impact per-
ception (24, 25, 37). However, previous studies compared
signals of identical complexity whereas the signals in our
experiments differ by a missing frequency, which probably
introduces stronger sensory phenomena than harmonicity.
Additionally, differences in diharmonic signals have been
shown to be slightly more difficult to distinguish than in pure
tones (17, 19), whereas the results of our study did not show an
impact of complexity. Based on the frequency selectivity of
psychophysical channels (26, 38, 39) and their independence
when it comes to masking (40-42), one could have expected
the effect of removing pure tones to differ depending on
whether or not they belong to the same tactile channel.
However, the experimental results, which encompass a large
frequency range from 60 Hz to 600 Hz, suggest that the main
tactile channel activated by the removed pure tone has little
impact on how its removal is perceived. The results are also in
line with recent research showing that changes in the balance
between high and low frequencies of a complex signal mostly
mediate perceived dissimilarity (43). The observed human
sensitivity to removed pure tones is also intriguing since it
does not follow the classical relationship of tactile sensitivity
in which the detection threshold is lowest for high frequen-
cies around 300 Hz (26, 44). However, our stimuli were cho-
sen to be largely over the human threshold for detecting
vibrations and would rather be affected by the higher per-
ceived intensity for lower frequencies at equal acceleration
(18), which was also observed in our study and might have
made the most salient tones’ absence more noticeable.

Physical and Cognitive Mechanisms Underlying
Vibrotactile Perception

The possible existence of mechanisms for complex signal
discrimination that rely on frequency is supported by the
spectral model of vibrotactile perception (19). This model sug-
gests that the percept of a complex signal comes from the
sum of the relative activations of the frequency-tuned
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minichannels in the Pacinian sensitivity range. However, this
model stems from the Pacinian activity, whereas the supra-
threshold nature of the stimuli in this study suggests that the
delivered vibrations were encoded by most of the tactile
receptors. It is also known that several fundamental tactile
cues are processed in the somatosensory cortex (45), includ-
ing sensory integration of vibrotactile frequencies mediated
by distinct tactile channels (46). Similarly, Russo et al. (25)
supported the idea that frequency-tuned populations of
mechanoreceptors filter complex tones into their component
frequencies. Moreover, frequency-mediated sensory mecha-
nisms are supported by evidence that vibrotactile frequency
perception relies on the duration of individual intertap inter-
vals rather than the average firing rate (47, 48), and this even
for complex frequency compositions or signals without fixed
periodicity. Although the perceptual cues used by partici-
pants remain to be elucidated, this could explain the domi-
nant role of the lower frequencies, which are responsible for
the larger and possibly most salient intervals between vibro-
tactile bursts. However, another explanation for our results
could be masking phenomena due to the higher perceived in-
tensity for low frequencies, which could have made the re-
moval of high-frequency pure tones less salient. Indeed,
previous research suggests that masking affects more fre-
quencies that are higher than the masking signal. For exam-
ple, narrowband noise in the Pacinian channel has a slightly
weaker masking effect on the detection of a 20-Hz sinusoidal
signal than non-Pacinian noise on a 200-Hz signal (40). These
results do not fully follow the predictions based on the separa-
tion of tactile channels and might also relate to the perceptual
mechanisms for discrimination observed in our study.
However, little is known about how complex signals in which
such interplay occurs are encoded by the sense of touch.
Overall, our results suggest a combination of physical, sen-
sory, and cognitive mechanisms involved in the discrimina-
tion of complex vibrotactile signals.

Perspectives and Significance

Our study shows different perceptual saliency for pure
tones that are equalized in acceleration within complex sig-
nals of up to four tones. The dominance of the fundamental
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pure tone of a diharmonic signal has already been sug-
gested (22), but our results additionally suggest that it is
either the frequency or the perceived intensity of the
removed tone compared to the lowest one that matters.
The number of frequencies within the signal does not
seem to influence the perceptual value of a given pure
tone. To investigate further the generality of these find-
ings, it would be interesting to extend the experiments to
frequencies under 60 Hz, more variable interfrequency
intervals, and stimuli that are closer to the human sen-
sory threshold. Although non-Pacinian channels were
also targeted in Experiment 1 with 60 and 75 Hz, these fre-
quencies also activated the Pacinian channel. Testing fre-
quencies around 10-30 Hz that dissociate the activation
of the psychophysical tactile channels (26, 38, 39) would
enable us to thoroughly investigate their potential role in
the perception of complex vibrotactile signals. Extending
the comparisons to complex signals with a larger number
of frequencies and a different organization of the fre-
quency spectrum would also be insightful. Measuring the
detection threshold of complex signals could also be use-
ful for predicting discrimination (21) as well as determin-
ing the masking effects elicited by the interplay between
frequencies (40-42). Finally, we chose to equalize the am-
plitude of the constitutive pure tones in peak accelera-
tion, but it would also be essential to evaluate the same
task with pure tones of various amplitudes or equalized
in perceived intensity to disambiguate sensory mecha-
nisms. The present study paves the way for a better
understanding of the main factors affecting perception of
complex vibrotactile signals and the development of a
more general psychophysical model. It also opens new
perspectives regarding the design of vibrotactile signals
in industry applications since it shows that complex
vibrotactile signals can be largely simplified without any
perceptual change for the user.
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