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Figure 1: Overview of our procedure for identifying the distinguishable temporal parameters of mid-air ultrasound Tactons. We 
created mid-air ultrasound Tactons using temporal parameters. People felt all pairs of the Tactons using the ultrasound haptic 
device and rated the perceptual similarity of the Tactons. Finally, we derived perceptual dissimilarity spaces and identifed the 
dominant parameters for distinguishable ultrasound Tactons. 

ABSTRACT 
Mid-air ultrasound technology ofers new design opportunities for 
contactless tactile patterns (i.e., Tactons) in user applications. Yet, 
few guidelines exist for making ultrasound Tactons easy to distin-
guish for users. In this paper, we investigated the distinguishability 
of temporal parameters of ultrasound Tactons in fve studies (n=72 
participants). Study 1 established the discrimination thresholds for 
amplitude-modulated (AM) frequencies. In Studies 2–5, we investi-
gated distinguishable ultrasound Tactons by creating four Tacton 
sets based on mechanical vibrations in the literature and collected 
similarity ratings for the ultrasound Tactons. We identifed a subset 
of temporal parameters, such as rhythm and low envelope fre-
quency, that could create distinguishable ultrasound Tactons. Also, 
a strong correlation (mean Spearman’s �=0.75) existed between sim-
ilarity ratings for ultrasound Tactons and similarities of mechanical 
Tactons from the literature, suggesting vibrotactile designers can 
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transfer their knowledge to ultrasound design. We present design 
guidelines and future directions for creating distinguishable mid-air 
ultrasound Tactons. 
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1 INTRODUCTION 
Ultrasonic mid-air haptic technology presents new possibilities for 
delivering contactless haptic feedback in various user applications. 
The technology can vibrate human skin from a distance by focusing 
ultrasound waves in mid-air [45]. To create diferent sensations, 
designers can modulate the parameters of the ultrasound pattern 
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over time [41, 68] or move the ultrasound focal point in space to 
render a shape on the user’s skin [18, 38]. The resulting mid-air 
ultrasound patterns, i.e., tactile icons or Tactons, can communicate 
information or emotion to users in various applications such as 
touchless interactions with public displays [37, 66], automotive user 
interfaces [19], and virtual reality environments [23, 27]. 

To convey information, Tactons must be easy to distinguish for 
users. A designer may create Tactons by systematically varying the 
parameters of a haptic signal (parameter-based approach) [59, 70]. 
Alternatively, the designer may create a Tacton to remind users 
of metaphors such as tapping or heartbeat (metaphor-based ap-
proach) [55]. After creating an initial Tacton set, the designer seeks 
to identify and select the most distinguishable (i.e., dissimilar) sub-
set of Tactons for an application so that people can easily perceive 
the Tactons and learn their meanings [50]. 

In contrast to extensive research and guidelines on the perceptual 
similarity of mechanical Tactons, limited guidelines exist on design-
ing distinguishable mid-air ultrasound Tactons. Decades of research 
on mechanical vibrations provide several temporal parameters for 
creating distinguishable Tactons such as amplitude, rhythm, and 
envelope frequency [25, 33, 44, 59]. Yet, more research is needed on 
the efcacy of these temporal parameters for creating ultrasound 
Tactons. Also, large sets of mechanical Tactons exist in the litera-
ture [29, 59, 63] and as open-source libraries [55], but it remains 
unclear how these libraries can inform the design of ultrasound 
Tactons. To address these gaps, we ask: (1) Which temporal param-
eters can help create distinguishable mid-air ultrasound Tactons? 
Furthermore, to test if haptic designers can use their knowledge and 
existing resources on mechanical vibrations for ultrasound design, 
we ask a second question: (2) How does the distinguishability of 
ultrasound Tactons difer from the distinguishability of mechanical 
Tactons with corresponding temporal parameters? 

To address these questions, we investigated the perceptual dis-
tinguishability of mid-air ultrasound Tactons that vary on temporal 
parameters in fve user studies with 72 participants (Figure 1). The 
frst study evaluated the discrimination threshold or Just Notice-
able Diferences (JND) for amplitude modulated frequencies (AM 
frequencies) as a temporal design parameter for mid-air ultrasound 
Tactons. The results for three AM frequencies (30 Hz, 80 Hz, and 
210 Hz) from 12 participants showed signifcant diferences in JND 
values between 30Hz (JND = 47.2%) and the other two reference 
AM frequencies (77.4% for 80 Hz, and 68.4% for 210 Hz). Building on 
this data, we designed four sets of mid-air ultrasound Tactons based 
on existing mechanical Tactons and studied their perceptual dis-
tinguishability. Specifcally, we controlled the temporal ultrasound 
parameters corresponding to the mechanical vibration parameters 
in three parameter-based Tacton sets [1, 36, 43]. These Tactons var-
ied in amplitude, envelope frequency, AM frequency, superposition 
ratio, and rhythm. For the fourth set, we selected a metaphor-based 
mechanical Tacton set from an open-source vibration library [55], 
extracted their temporal envelopes and frequencies, and designed 
mid-air ultrasound Tactons with the corresponding temporal pat-
terns. We ran four user studies to collect pair-wise similarity ratings 
for the four sets of Tactons from 60 participants (n=15 participants 
per study). 

We analyzed the perceptual dissimilarity spaces (i.e., distin-
guishability) of ultrasound Tactons from our studies and compared 

them to the perceptual spaces of mechanical Tactons in the litera-
ture. The analysis of mid-air ultrasound Tactons showed notable 
trends in user perception of the temporal parameters. We found 
envelope frequency (≤ 5 Hz), rhythmic structure (i.e., the number 
and duration of pulses), and total duration can create distinguish-
able ultrasound Tactons. Furthermore, our results revealed a strong 
correlation between similarity ratings for mid-air ultrasound and 
similarity of mechanical vibrations (mean Spearman’s �=0.75 for 
Studies 2–5). This correspondence between the perceptual spaces 
of the two technologies suggests that the temporal parameters can 
provide distinguishable Tactons in both technologies. Notably, the 
Tacton set varied by rhythm showed the highest correlation (Spear-
man’s � = 0.89) between the two technologies, denoting rhythm 
as a key parameter for creating distinguishable Tactons in both 
technologies. Finally, we present diferences in similarity ratings 
between mid-air ultrasound and mechanical Tactons, highlight-
ing the distinct nature of the contact and contactless vibration 
technologies. For instance, the change in frequency spectrum con-
tributed to the perceptual space for complex mechanical Tactons, 
but this parameter was not present in the perceptual space for the 
corresponding set of complex ultrasound Tactons. Based on the 
above studies, we present six design guidelines for creating distin-
guishable mid-air ultrasound Tactons with temporal parameters 
and discuss directions for future research on mid-air Tactons. Our 
contributions include: 

• JND values for AM frequency of mid-air ultrasound vibra-
tions. 

• Similarity ratings and perceptual spaces for four sets of mid-
air ultrasound Tactons. 

• Comparison of shared and distinct trends between distin-
guishability of mid-air ultrasound Tactons and distinguisha-
bility of mechanical vibrations. 

• Six guidelines for designing mid-air ultrasound Tactons with 
temporal parameters for parameter-based and metaphor-
based approaches. 

2 RELATED WORK 
We review past research on designing mid-air ultrasound patterns 
followed by the design parameters of mechanical vibrations and 
studies of perceptual similarity in the haptics literature. 

2.1 Design Parameters and Perception Studies 
for Mid-Air Ultrasound Haptics 

Mid-air ultrasound haptic technology can create diverse tactile 
sensations on human skin by modulating ultrasound signals using 
diferent techniques. In the amplitude modulation (AM) technique, 
the amplitude of the ultrasound signal, with a carrier frequency 
above 20 kHz, is modulated with a frequency below 1000 Hz (i.e., 
AM frequency) [21, 38]. With the spatiotemporal modulation (STM) 
technique, the focal point rapidly moves over any arbitrary path 
on the skin [12]. The moving speed of the focal point is known 
as drawing frequency. Others have combined these modulation 
techniques to improve user perception of ultrasound patterns. For 
example, Hajas et al. combined AM and STM techniques to create 
the feel of a slowly moving focal point on the skin. This technique 
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improved user perception of diferent shapes rendered on the skin 
compared to using only STM [18]. 

Previous research has investigated the thresholds of detecting 
and discriminating ultrasound patterns. Relevant studies have re-
ported a U-shaped detection threshold for various modulation tech-
niques, with the minimum detection threshold at approximately 
200 Hz [20, 46, 57]. Furthermore, Hasegawa and Shinoda found that 
the detection threshold increased between 300 Hz to 1000 Hz for the 
AM technique [20]. Howard et al. estimated detection thresholds of 
ultrasound amplitude with the AM and STM techniques [22]. They 
found that the static focal point with 200 Hz AM frequency showed 
a higher amplitude detection threshold of 556.9 Pa compared to the 
334.1 Pa detection threshold by the STM moving the focal point 
along a line path. Regarding discrimination thresholds or just no-
ticeable diferences, prior research has investigated the JND for the 
STM drawing frequency [48, 68]. Wojna et al. showed an average 
JND of 20.7% for fve reference drawing frequencies ranging from 
30 Hz to 70 Hz [68]. Also, for six reference drawing frequencies 
ranging from 1 Hz to 2 Hz with the step size of 0.2 Hz, the average 
JND was 25.5% when the moving focal point vibrated at a 125 Hz 
AM frequency [48]. Our work complements this literature by con-
tributing data on the JND for AM frequency as another temporal 
parameter for mid-air ultrasound haptic design. 

Other researchers investigated user perception and experience 
of various ultrasound Tactons. Specifcally, past research has pro-
posed rendering algorithms for two or three-dimensional tactile 
shapes [31, 38] and evaluated the identifcation accuracy of the mid-
air ultrasound shapes through user studies [18, 31, 38, 49]. Obrist 
et al. reported how users described the feel of two AM frequencies 
(16 Hz and 250 Hz) and linked the descriptions to the activation 
of two types of mechanoreceptors, Meissner and Pacinian corpus-
cles [41]. Others investigated emotional ratings and user descrip-
tions for various design parameters of ultrasound Tactons [8, 42]. 
Recent work has investigated ultrasound Tacton design for au-
tomotive applications [3, 4]. These studies followed a top-down 
use case-driven approach to ultrasound Tacton design, focusing 
on the identifcation of ultrasound Tactons with visual or textual 
references. In contrast, our work contributes data on the distin-
guishability of mid-air ultrasound Tactons varying on temporal 
parameters using pairwise comparisons and no visual stimuli to 
identify perceptual patterns regardless of end applications. 

2.2 Design Parameters and Libraries for 
Mechanical Vibrations 

Haptic researchers have proposed many design parameters for 
mechanical vibrations in recent decades. Several studies vary pa-
rameters of a sinusoidal vibration, such as amplitude [26, 51], fre-
quency [24, 28, 58], envelope modulation frequency [43], dura-
tion [33, 70], superposition ratio between two sinusoids [25, 35, 69], 
and mixtures of multiple parameters [36, 70]. Inspired by musical 
notes and structure, other researchers proposed rhythm, pulse or 
note length [1, 59], and sound waveform (or timbre) [2, 5, 44] as 
new parameters for mechanical vibrations. Haptic designers can 
create mechanical Tactons that systematically vary on one or more 
of these parameters to study their impact on user perception [43] or 

emotion [54, 70]. We select three Tacton sets that cover the above 
parameters, except for duration and waveform. 

Besides the parameter-based approach, designers can create new 
Tactons by modifying existing examples from a Tacton library [52]. 
Haptic researchers have proposed various Tacton libraries for me-
chanical Tactons. Van Erp and Spapé designed 59 Tactons by trans-
forming short musical pieces to vibrations [63]. Haptic Muse by 
Immersion Inc. included 124 Tactons for diferent game efects [61]. 
FeelEfects by Disney Research was a library of over 50 vibrations 
for a haptic seat [29]. VibViz was developed as a library of 120 
mechanical vibration Tactons annotated with user ratings and de-
scriptive tags on the vibrations’ physical, sensory, emotional, usage, 
and metaphoric attributes [55]. These libraries included Tactons 
with diferent durations, complex temporal envelopes, and wide 
frequency spectrums. We used 14 mechanical Tactons from VibViz, 
the only open-source vibration library, and investigated the distin-
guishability of the corresponding ultrasound Tactons with complex 
temporal patterns. 

To inform the design of mechanical Tactons, past studies have 
provided data on the discrimination thresholds for the frequency 
of mechanical vibrations [9, 16, 17, 28, 47]. Choi and Kuchenbecker 
aggregated these fndings and concluded that the JND values for 
the frequency of mechanical vibrations mostly fall between 15% 
and 30% [7]. We compare the frequency JND for mechanical vibra-
tions with our data for mid-air ultrasound vibrations to discuss 
diferences in the distinguishability of Tactons between the two 
haptic technologies. 

2.3 Similarity Perception for Tactons 
The perceptual similarity of natural and programmable haptic stim-
uli has been an important research topic in haptics. To derive the 
perceptual space for a Tacton set, designers run a user study to 
collect similarity ratings between Tacton pairs in the set, then ap-
ply multi-dimensional scaling (MDS) to obtain a low-dimensional 
visualization of the perceptual distances of the Tactons. The de-
signers then analyze this perceptual space to identify the dominant 
parameters that can describe the spatial confguration of the Tacton 
similarities. Several studies examined the perceptual space of the 
mechanical vibration Tactons [1, 24, 25, 36, 43, 44, 59]. Specifcally, 
some studies examined the perceptual space of rhythm and sound 
waveform [33, 44, 59]. Hwang et al. showed that the superimposed 
vibration formed a half-circular shape outside the linear distance 
between the two sinusoids, suggesting the superposition ratio could 
be a distinct design parameter for mechanical vibrations [25]. Park 
et al. studied envelope frequencies ranging from 0 Hz to 80 Hz and 
found that lower envelope frequencies (≤ 20 Hz) can contribute to 
distinguishable Tactons [43]. Others explored the perceptual spaces 
of vibrations that vary on multiple parameters simultaneously and 
identifed the subset of dominant parameters such as envelope fre-
quency and rhythm [36, 59]. These studies inform haptic design by 
highlighting the efcacy of various temporal parameters for creat-
ing distinguishable mechanical Tactons. We follow the same study 
procedure to analyze the perceptual space of mid-air ultrasound 
Tactons with temporal parameters. 
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Past studies also established methods for evaluating correspon-
dence between two perceptual spaces. Vardar et al. collected pair-
wise similarity ratings for ten natural textures in the visual and 
haptic modalities and showed high correspondence between the 
perceptual spaces in the two modalities using Spearman rank corre-
lation of the similarity ratings [64]. Others showed high Spearman 
rank correlation and consistent perceptual spaces for mechanical 
Tactons in the lab and crowdsourced settings [1, 33].Similar to 
these studies, we use the Spearman rank correlation and visual-
ization of the perceptual spaces to compare the similarity ratings 
for ultrasound Tactons with results for mechanical Tactons in the 
literature. 

3 APPROACH 
We conducted fve studies to assess the efcacy of temporal parame-
ters for ultrasound Tacton design (Figure 2). We followed consistent 
experimental settings in all the studies as described below. The stud-
ies were approved by the Institutional Review Board at Arizona 
State University (STUDY00017208). 

3.1 Selection of Temporal Parameters for 
Mid-Air Ultrasound Tactons 

In Study 1, we investigated the JND for AM frequency of mid-air 
ultrasound vibrations (Section 4). Next, we created four sets of 
mid-air ultrasound Tactons and estimated their perceptual dissimi-
larities based on user pair-wise ratings in Studies 2–5 (Section 5). 
We selected these four sets from the mechanical Tacton literature 
that reported the similarity rating data and the perceptual spaces 
(Figure 2). We selected two sets that varied in parameters of si-
nusoids [36, 43]. The frst set included eight Tactons varying on 
their envelope frequencies, and the second set had 12 Tactons with 
combinations of four parameters: amplitude, envelope frequency, 
frequency, and superposition ratio. The third set had 14 Tactons 
varying on seven rhythms and two amplitudes [1]. The three Tacton 
sets covered most of the temporal design parameters for mechanical 
Tactons. We did not study Tactons that varied in waveform shape 
(e.g., square waves) since mid-air ultrasound technology does not 
ofer this design parameter. 

We selected the fourth Tacton set based on 14 mechanical vibra-
tions that were designed to remind people of metaphors, with two 
Tactons per seven metaphors: Alarm, Animal, Engine, Heart-
beat, Jumping, Tapping, and Walking [33]. These Tactons were 
from a large mechanical Tacton library (i.e., VibViz) [55], had more 
complex temporal patterns than the previous sets, and their dura-
tions ranged from 0.84 to 5.38 seconds (Figure 9a). Therefore, our 
investigation could provide insights into creating mid-air Tactons 
using existing libraries for mechanical Tactons. 

3.2 Constant Spatiotemporal Stimulation 
Pattern 

Since this work focused on the temporal parameters of ultrasonic 
mid-air haptics, we kept the spatiotemporal parameters constant 
as follows. We used STM to render a circular trajectory in all fve 
studies, while the focal point vibrated by AM (Figure 3a). This 
approach was previously used in the ultrasonic mid-air haptics 
literature to provide a stronger tactile sensation than rendering a 

single static focal point [18, 48]. Also, we used the single-point STM 
as this technique ofers higher perceived intensity than multiple-
point STM [56]. Considering users’ typical palm size, we rendered a 
circle with a radius of 10�� and a drawing speed of 12�/� at 20 �� 
above the device, following previous work [8, 13, 46]. These choices 
aimed to ensure that all ultrasound Tactons in Studies 1-5 were 
perceivable by users while preventing users from perceiving the 
shape and the movement of the focal point trajectory. The diameter 
for the focal point’s trajectory was close to the spatial resolution 
of a single focal point (∼20�� [67]), and the drawing frequency 
exceeded the motion perception thresholds [11]. In a pilot test, three 
users freely tested various STM parameters and AM frequencies 
and confrmed that the aforementioned STM parameters (10��, 
12�/�) provided salient stimulation without perceiving a motion. 
In Section 8, we examined the generalizability of our studies by 
testing other STM combinations of radius and drawing speed. 

3.3 Experiment Setup 
We used the STRATOS Explore device by Ultraleap [62] to render 
the mid-air ultrasound vibrations. The device provides an intensity 
range between 0% and 100%, which corresponds to the peak acoustic 
radiation pressure at the focal point, ranging from 0 to 1125 Pa [62]. 
The device was on a table in front of the participants during the 
studies. We used an armrest to ensure the participant’s palm was 
20 �� above the device’s center. We collected the participant re-
sponses with a graphical user interface (GUI) on an iOS mobile 
phone (Study 1) and a Desktop computer (Studies 2–5). Participants 
used their dominant hand to interact with the GUI programs and 
felt the ultrasound patterns on their non-dominant hand. Also, the 
participants wore noise-canceling headphones with white noise 
to block any sound from the device. Throughout the studies, we 
maintained the room temperature between 20–25 degrees Celsius. 

4 STUDY 1: JUST NOTICEABLE DIFFERENCE 
FOR AM FREQUENCY OF MID-AIR 
ULTRASOUND VIBRATIONS 

We investigated the discrimination thresholds or just noticeable 
diferences (JND) for AM frequencies to inform the design of dis-
tinguishable mid-air ultrasound Tactons. 

4.1 Method 
4.1.1 Stimuli. We selected three reference AM frequencies of 30 Hz, 
80 Hz, and 210 Hz for this study. These frequencies cover the ranges 
commonly used in previous experiments for both mid-air ultra-
sound and mechanical vibrations [8, 24, 35, 36, 42, 46]. Also, this 
choice ensured that the participants could perceive the diferences 
among the reference AM frequencies based on a pilot study and 
helped keep the study session under 2 hours. We fxed the ampli-
tude of all stimuli at the maximum (100%) on the mid-air ultrasound 
device across all AM frequencies, similar to the past JND studies 
for drawing frequency in ultrasonic mid-air haptics [48, 68]. 

4.1.2 Participants. We recruited 12 participants (three females and 
nine males, 20–27 years old) by advertising the study on the uni-
versity mailing lists. The participants were all right-handed and 
had no sensory impairments in their hands. On average, the study 
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Figure 2: An overview diagram for Studies 1–5. In Study 1, we examined the discrimination thresholds for AM frequencies of 
30 Hz, 80 Hz, and 210 Hz. In Studies 2–5, we investigated the perceptual distinguishability for four sets of mid-air ultrasound 
Tactons that vary in their temporal parameters. We selected the four sets of mechanical Tactons from [36, 43, 55, 59] to create 
the ultrasound Tactons. 

(a) (b) (c) 

Figure 3: Stimuli and set up for the studies: (a) The spatiotemporal stimulation used for Studies 1–5. We maintained a radius of 
10 �� and a drawing speed of 12�/� with a single focal point STM, (b) Experimental setup used for Study 1, and (c) A screenshot 
of the GUI program used to collect user responses in Study 1. The selected response was highlighted in red. The color did not 
indicate the correctness of the response. 

took 88 minutes per user, and the participants received a $30 USD 
Amazon gift card. 

4.1.3 Experiment Procedure. To investigate JND for AM frequency, 
we chose the method of limits due to its efciency and reliable 
results [15]. In this method, the participant feels a reference and 
comparison stimuli in pairs and selects whether the comparison 
stimulus has a lower, equal, or higher value than the reference 
stimulus. For our study, we prepared 26 comparison stimuli ranging 
from 2 Hz to 814 Hz, using an exponential sequence of one-third-
octave frequency intervals (26%), based on a previous JND study 
for the frequency of mechanical vibrations [28]. All stimuli lasted 
for 1 second, with a gap of at least 1 second between the reference 

and comparison stimuli pairs. We collected user responses using 
the GUI program in Figure 3c. 

First, the participants answered a pre-questionnaire about their 
age, gender, and dominant hand and completed a practice session. 
The frst session was a practice with a reference AM frequency of 
130 Hz and consisted of two series: one increasing series starting 
from 2 Hz and one decreasing series starting from 814 Hz. Partici-
pants were unaware that this session was for practice. We discarded 
the results from the analysis. 

The subsequent three sessions used the three reference stimuli. 
We determined the presentation order with a balanced Latin square. 
Each session included six series, alternating between increasing and 
decreasing series. In each series, the pre-defned frequencies of the 
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Figure 4: Results of Study 1 on the Just Noticeable Diferences (JND) for AM frequencies of ultrasonic mid-air stimuli with 12 
participants. (a) An example of a study session with the reference AM frequency of 30 Hz. “I” represents an increasing series of 
frequencies, and “D” a decreasing series. Red, green, and blue colors denote “lower”, “equal”, and “greater” responses from 
the participant, respectively. (b) JNDs for AM frequency for each participant and average values. An asterisk (*) indicates a 
signifcant diference in JNDs. The dotted and solid lines denote the mean and median, respectively. (c) Post-hoc paired t-tests 
for JND values. 

comparison stimuli successively increased starting from the low-
est frequency (2 Hz) in the increasing series or decreased from the 
highest frequency (814 Hz) in the decreasing series. For each stimuli 
pair, the participants experienced both the reference and compari-
son stimuli and responded whether the comparison stimulus had a 
frequency “lower”, “equal”, or “greater” than the reference stimulus. 
Participants could select only one response. Each series ended when 
the participants submitted a “greater” response in the increasing se-
ries and a “lower” response in the decreasing series (Figure 4a). The 
participants could repeatedly play the stimuli or take breaks as nec-
essary. The study ended by completing a post-questionnaire about 
any discomfort experienced during the experiment and whether 
the stimuli were difcult to distinguish. 

4.2 Results 
We calculated the JNDs for each reference AM frequency by divid-
ing the diferential thresholds from the method of limits with the 
reference AM frequency [15]. On average, the JNDs were 47.2%, 
77.4%, and 68.4% at 30 Hz, 80 Hz, and 210 Hz, respectively, with 
standard deviations of 18.7%, 28.1%, and 24.7% across the partic-
ipants. The JND values at each reference AM frequency met the 
assumptions of normality and homogeneity of variance. A one-way 
repeated measures ANOVA test showed a statistically signifcant 
diference in the JND values for the three reference frequencies 
(� (2, 22) = 10.051; � < 0.001; Cohen’s � = 0.497). Post-hoc paired 
t-tests showed a signifcant diference (� < 0.05) in JND values 
between 30 Hz and 80 Hz as well as between 30 Hz and 210 Hz. We 
did not fnd a signifcant diference in JND values between 80 Hz 
and 210 Hz (Figure 4c). 

In the post-questionnaire, fve participants reported experienc-
ing difculty in distinguishing higher frequencies. We did not fnd 
any signifcant diferences in the JND results based on gender, com-
pletion time, or the presentation order of the reference frequencies. 

4.3 Discussion 
The signifcant diference in JNDs of 30 Hz and 80 Hz can be due to 
the diferences in the activation of mechanoreceptors in the skin, 
specifcally Meissner and Pacinian corpuscles, in these frequency 
ranges. Past studies showed that frequencies below 40 Hz primarily 
activated the Meissner corpuscles, while frequencies above 64 Hz 
mostly activated the Pacinian corpuscles [14, 30]. The variations in 
mechanoreceptor activation by the frequencies may infuence the 
diferences in JNDs between 30 Hz and 80 Hz. Also, previous studies 
showed that the amplitude detection thresholds increase for fre-
quencies higher than 300 Hz in mid-air ultrasound perception [20]. 
Thus, the perceived intensity in the higher frequency ranges of 
comparison stimuli (323 Hz to 814 Hz) could have decreased when 
keeping the physical amplitudes constant in our study, leading to 
signifcantly higher JND results for 80 Hz and 210 Hz. 

The signifcant diference between JNDs of 30 Hz and 80 Hz for 
AM frequencies in this study aligns with the signifcant diference 
reported between JNDs of 30 Hz and 70 Hz for the drawing fre-
quency (i.e., speed of moving the focal point along a path) [68]. 
While AM frequency and drawing frequency are fundamentally 
diferent, these parallel results may hint at a change in ultrasound 
perception at approximately 70–80 Hz regardless of the mechanisms 
used to generate frequency in ultrasonic mid-air haptics. Our JND 
results for AM frequency (47%–77%) are higher than the results of 
previous JND studies for drawing frequency (20%–25%) [48, 68], 
perhaps due to the lower perceived intensity of the ultrasound 
with AM compared to the STM technique. Also, our AM frequency 
JND results were higher than the frequency JND for mechanical 
vibrations (around 15%–30%) [7, 28], which may be due to the lower 
perceived intensity of mid-air ultrasound haptic stimuli and the 
contactless nature of the technology. 

Design Guidelines: Haptic designers should consider the JND 
values when using AM frequency as a design parameter for mid-air 
ultrasound Tactons. Specifcally, the designers should use a larger 
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(a) (b) 

Figure 5: Screenshots of the graphical user interface for the (a) training and (b) main pair-wise similarity rating sessions in 
Studies 2–5. 

step size to AM frequencies above 80 Hz for designing Tactons 
with drawing frequencies or for ensuring distinct sensations as the 
mechanical vibrations in contactless interactions. 

We purposefully did not match the perceived intensities of mid-
air ultrasound across the reference frequencies, nor the perceived 
intensities between ultrasound and mechanical vibrations, since this 
approach is impractical for haptic designers. Our results informed 
our design of mid-air Tacton sets for the following studies, ensuring 
all the AM frequencies were above the JND threshold. 

5 STUDIES 2–3: DISTINGUISHABILITY OF 
MID-AIR TACTONS VARYING ON 
PARAMETERS OF SINUSOIDS 

We created two mid-air ultrasound Tacton sets corresponding to 
two mechanical Tacton sets that vary in parameters of sinusoids 
(Section 3.1). Then, we ran two user studies to derive the dissimi-
larity spaces for each mid-air Tacton set and compared the results 
to the dissimilarity spaces of the mechanical Tacton sets from the 
literature [36, 43]. 

5.1 Mid-Air Ultrasound Tacton Design 
We designed eight and twelve mid-air ultrasound Tactons for Stud-
ies 2 and 3 based on mathematical equations � (�) that control the 
same parameters used for rendering mechanical Tactons [2]. In the 
equations, we defned � (�) as the continuous ultrasound at 40 kHz, 
� (�) as an AM sinusoid of ���(2� ����) with AM frequency ��� , 
and � (� ) as an envelope sinusoid of ���(2� �� �) with envelope fre-
quency �� . Specifcally, we used ��� as a corresponding parameter 
to the carrier frequency of the mechanical vibrations. With this 
mapping, the AM frequency on the mid-air ultrasound device pro-
vides the same number of pulses on the palm as the AM frequency 
value (e.g., 10 pulses for a 10 Hz frequency). � denotes the ampli-
tude of ultrasound vibrations, where �ℎ�� � and �� ��� correspond 
to 50% and 100% acoustic pressure on the mid-air ultrasound device, 
respectively. 

In Study 2, we designed Tactons using the formula � (�) = �� ��� · 
� (�)� (�)� (�) (Figure 6a). Tactons varied on eight envelope fre-
quencies (�� = 0, 1, 2, 5, 10, 20, 40, or 80 Hz) while AM frequency 
was constant at 150 Hz. �� = 0 Hz represented a constant envelope 
(i.e., � (�) = 1). In Study 3, we designed Tactons using the formula 
� (�) = �·� (�){���1 �1 (�) + ���2 �2 (�)}� (�) (Figure 7a). Tactons 
varied on two amplitudes (� = �ℎ�� � or �� ��� ), two envelope fre-
quencies (�� = 0 Hz or 4 Hz), two AM frequencies (��� = 70 Hz 
or 210 Hz), and three superposition ratios (���1 :���2 = 1:0 (L), 
0.5:0.5 (M), or 0:1 (H)). In other words, L and H represented Tactons 
with 70 Hz and 210 Hz respectively while M was the superimposed 
Tacton with both 70 Hz and 210 Hz. The durations of all the Tactons 
in Studies 2 and 3 were 1 second. 

5.2 Participants 
We recruited 31 new participants for the two studies (n=15 per 
study), including eight females and 23 males, 20–34 years old. Each 
participant could only participate in one study. One participant 
failed the attention test in Study 2, and their data was discarded. 
The participants were all right-handed without any sensory im-
pairments. On average, the participants took 29 and 49 minutes in 
Studies 2–3 and received a $15 USD Amazon gift card. 

5.3 Experiment Procedure 
We followed the same procedure in both studies to collect pair-
wise similarity ratings for mid-air ultrasound Tactons. After obtain-
ing informed consent, the participants completed a demographics 
pre-questionnaire, as in Study 1. A 27" monitor displayed the GUI 
program in the studies. The training session displayed a set of 
buttons, each corresponding randomly to an ultrasound pattern 
(Figure 5a). The participants experienced all the Tactons before the 
main session. 

In the main session, the participants rated the perceptual similar-
ity for all possible pairs of the Tactons in a set (Figure 5b). The main 
session presented each pair twice in random order and included 
an attention test with identical Tactons. The participants rated the 
perceptual similarity of each pair of Tactons using a sliding bar 
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(a) Eight mid-air ultrasound Tactons. We named the Tactons as T-Envelope frequency (Hz). For example, T-0 represents the Tacton with 0 Hz 
envelope frequency. The x-axis represents time (seconds), and the y-axis corresponds to the acoustic pressure ranging between 0% and ±100% 
on the STRATOS Explore device. 
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(c) Perceptual distance trends between adjacent 
envelope frequencies. The closer the value to 1, 
the more distinguishable the Tactons. 

(b) Perceptual spaces for mid-air ultrasound Tactons from our study (left) and mechanical 
Tactons from [43] (right) (Spearman’s � = 0.70). Kruskal’s stress values were 0.03 and <0.01 for 
the perceptual spaces of ultrasound and mechanical Tactons, respectively, suggesting a good 
ft [32]. 

Figure 6: Plots of the ultrasound Tactons, perceptual spaces, and distance trends for Study 2. 

ranging from 0 (totally diferent) to 100 (totally the same). The 
participants could play the Tactons multiple times. Finally, they 
completed a post-questionnaire as in Study 1. 

5.4 Analysis 
We converted the similarity ratings to dissimilarity scores by sub-
tracting them from 100 and calculated the average dissimilarity 
scores across 2 repetitions and 15 participants in each study. Then, 
we analyzed the similarity ratings for each study in two ways: (1) 
We derived the dissimilarity space for each ultrasound Tacton set 
using a non-metric multidimensional scaling (nMDS) and analyzed 
the distances within the perceptual space, and (2) We compared the 
perceptual dissimilarities for the mid-air ultrasound Tactons with 
the dissimilarities for the corresponding mechanical Tacton set us-
ing Spearman rank correlation and visualization of the perceptual 
spaces. 

The distances in two perceptual spaces are not directly compara-
ble because the user similarity ratings are relative to the variations 
in a Tacton set. Thus, when reporting the comparisons between the 
mid-air ultrasound and mechanical Tactons, we frst selected the tar-
get parameters that we want to compare in perceptual spaces. Then, 
we normalized the perceptual distances for the selected parameters 

by dividing them with the maximum distance. We compared the 
normalized distances to discuss the trends between the Tacton sets 
in the two modalities. 

For both analyses, we followed the established procedure and 
metrics (e.g., nMDS, Spearman correlation) from the literature on 
mechanical Tactons [1, 33, 43, 59]. We visualized the perceptual 
space of ultrasound Tacton sets using the same number of dimen-
sions proposed for the corresponding mechanical Tacton sets in the 
literature. We also reported Kruskal’s stress values to indicate the 
goodness of ft of the visualizations for the ultrasound Tactons [32]. 

5.5 Study 2 Results 
Distinguishability of mid-air ultrasound Tactons: The eight 
Tactons, varied by envelope frequency, formed an anticlockwise 
circle in the perceptual space starting from T-0 to T-80 (Figure 6b). 
The perceptual distances between adjacent frequencies showed a 
large drop after 5 Hz (Figure 6c). When the envelope frequencies 
reached 40 Hz and 80 Hz, the Tactons (T-40 and T-80) became 
difcult to distinguish from the Tacton with a constant envelope 
(T-0). Overall, the perceptual distance between lower envelope 
frequency pairs (≤ 5 Hz) was larger than the distance between 
higher envelope frequency pairs (≥ 10 Hz) in the Tacton set. 
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(a) Twelve mid-air ultrasound Tactons. We named Tactons as Superposition ratio - Envelope frequency - Amplitude. 
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(b) Perceptual spaces for mid-air ultrasound Tactons from our study (left) and mechanical (c) Perceptual distance trends between adjacent 
Tactons from [36] (right) (Spearman’s � = 0.61). The Kruskal’s stress values were 0.03 for both clusters formed by mixing amplitudes and en-
perceptual spaces, suggesting a good ft. velope frequencies. 

Figure 7: Plots of the ultrasound Tactons, perceptual spaces, and distance trends for Study 3. 

Comparison with mechanical vibrations: The dissimilarity 
values between mid-air ultrasound and mechanical Tactons were 
signifcantly correlated with Spearman’s � = 0.70 (� < 0.001). A 
Spearman � above 0.6 is considered a strong correlation in the liter-
ature [6]. Also, the visualization of perceptual spaces show similar 
confguration for ultrasound and mechanical Tactons (Figure 6b). 
We observed similar trends between lower envelope frequency pairs 
(≤ 5 Hz) in Figure 6c. Moreover, in both mid-air ultrasound and 
mechanical vibrations, T-40 and T-80 were difcult to distinguish 
from T-0. However, the drastic drop in perceptual distance occurred 
at lower frequencies in mid-air ultrasound Tactons (5 Hz) than in 
mechanical Tactons (40 Hz). 

Brief discussion: The results demonstrate the human ability 
to perceive the number of pulses in the low envelope frequency 
ranges (�� ≤ 5 Hz) for both mid-air ultrasound and mechanical 
vibrations [5, 43]. Therefore, haptic designers can create ultrasound 
Tactons with countable pulses using the low envelope frequen-
cies (�� ≤ 5 Hz). Although the frequency spectra of signals with a 

high envelope frequency (≥ 40 Hz) difered from that of a constant-
envelope signal (0 Hz), users rated the Tactons with high �� (i.e., 
T-40 and T-80) as the most similar to T-0. This result suggests that 
the temporal characteristics (i.e., temporal envelope or pulse count) 
are perceptually more salient than the spectral characteristics for 
both the ultrasound and mechanical Tactons in this set [43]. 

5.6 Study 3 Results 
Distinguishability of mid-air ultrasound Tactons: In the de-
rived perceptual space (Figure 7b-left), the Tactons were separated 
by envelope frequency (0 Hz / 4 Hz), followed by amplitude (half / 
full). The superposition ratio (L / M / H) created the lowest percep-
tual distance. The envelope frequency was aligned with D1 and D2, 
while amplitude was aligned with D3, segmenting the perceptual 
space into four clusters. In each cluster, the AM frequency (70 Hz 
/ 210 Hz) and superposition ratio (L / M / H) formed a local dis-
tribution of M-H-L from top to bottom. These results imply that 
envelope frequency and amplitude were the primary contributors 
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to distinguishability for this set, while the AM frequency and su-
perposition ratio acted as secondary parameters. In all the local 
distributions within each cluster, users rated that the 70 Hz Tacton 
(L) was more distinguishable from the superimposed (M) and 210 Hz 
(H) Tactons while M and H were perceptually similar. 

Comparison with mechanical vibrations: The perceptual 
dissimilarities between mid-air ultrasound Tactons and mechanical 
Tactons had a strong correlation (Spearman’s � = 0.61, � < 0.001). 
The visualizations of both perceptual spaces showed four clusters 
divided by amplitude and envelope frequency. In all four clusters of 
both perceptual spaces, frequency and superposition ratio formed a 
similar local distribution of M-H-L, and the superimposed Tactons 
(M) were consistently positioned outside the distance between the 
high-frequency (H) and low-frequency Tactons (L). 

However, the perceptual distances between adjacent clusters 
showed a diferent trend in the two technologies. For mid-air ul-
trasound Tactons, the efect of the amplitude on Tacton distances 
was similar to the efect of envelope frequency (0.85 and 0.92 in 
Figure 7c). However, for mechanical Tactons, Lim and Park reported 
that Tactons with diferent envelope frequencies had higher dis-
tance (0.99) than Tactons with diferent amplitudes (0.28). 

To interpret the larger perceptual diferences between half and 
full amplitudes in ultrasound compared to mechanical vibrations, 
we followed established analysis methods that calculate sensation 
levels within a single modality such as mid-air ultrasound [51, 
65]. Here, the sensation level is defned by �� = 20���(�/��), 
where � is the physical amplitude and �� is the corresponding 
absolute detection threshold. Based on the amplitude detection 
threshold of mid-air ultrasound vibrations on the palm [22], we 
derived the approximate sensation levels to be about 4.5 �� for half 
(562.5 Pa) and 10.5 �� for full (1125 Pa) amplitudes for our Tactons. 
Thus, the sensation level of half in mid-air ultrasound vibrations 
was close to the human amplitude detection threshold and about 
57% of the sensation level for the full amplitude. In contrast, for 
mechanical vibrations [36], the sensation levels for half (0.8 G) and 
full (1.6 G) amplitudes at 70 Hz were around 40.2�� and 46.2��, 
respectively [51]. At 210 Hz mechanical vibrations, these levels 
were approximately 42.1�� and 48.1 ��. The sensation levels of 
both half and full amplitudes were above the detection threshold 
for mechanical vibrations [51], and their drop ratios were both 13% 
at 70 Hz and 210 Hz. 

Brief discussion: The envelope frequencies (0 Hz and 4 Hz) and 
two amplitude levels (half and full) contributed more to perceptual 
distances than the AM frequency and superposition ratio in this 
Tacton set. The envelope frequency and amplitude were efective 
in both mid-air ultrasound and mechanical Tactons, while their 
relative impacts on perceptual distances varied. Our results suggest 
the same ratio in amplitude (half and full) for mid-air ultrasound 
can lead to a larger drop in the sensation level and produce greater 
perceptual distances between half and full in ultrasound than in 
mechanical vibrations. 

The efect of the superposition ratio on the perceptual distances 
of ultrasound Tactons was consistent across all four clusters in 
both ultrasound and mechanical Tactons. In both cases, the super-
imposed Tacton (M) fell outside the two pure sinusoids (L and H). 
Although the perceptual distances were small, this result suggests 
the superposition ratio may create qualitatively diferent sensations. 

6 STUDY 4: DISTINGUISHABILITY OF 
MID-AIR TACTONS VARYING ON RHYTHMS 

In Study 4, we examined the perceptual distinguishability for mid-
air ultrasound Tactons that were inspired by musical structures and 
varied in rhythm and amplitude (Section 3.1), based on a mechanical 
Tacton set from the literature [1]. The study setup, procedure, and 
analysis were the same as in Studies 2–3. 

6.1 Mid-Air Ultrasound Tacton Design 
We designed 14 mid-air ultrasound Tactons using the formula 
� (�) = � ·� (�)� (�)� (�) (Figure 8a). �, � (�), and � (�) were the 
same as in Section 5.1, and we defned �(�) as a rhythmic envelope 
from a past study [1]. We used seven rhythms (�(�): R1, R5, R6, R9, 
R12, R16, or R21) and two amplitudes (� = �ℎ�� � or �� ��� ). The 
AM frequency was constant at 150 Hz. We applied a 40 ms moving 
average to the notes of � (�) whose lengths were lower than 40 ms. 
This step was based on a pilot study with fve people where we 
found pulses less than 40 ms were hard to perceive. All the Tactons 
were 2 seconds. 

6.2 Participants 
We recruited 15 new participants for Study 4 (three females and 12 
males, 21–26 years old), including 4 left-handed and 11 right-handed 
users with no sensory impairments in their hands. On average, the 
participants took 76 minutes and received a $22 USD Amazon gift 
card. 

6.3 Study 4 Results 
Distinguishability of mid-air ultrasound Tactons: The rhythm 
formed a circular distribution in the derived perceptual space, sug-
gesting its potential in designing distinct Tactons. Furthermore, the 
rhythm was more salient than the amplitude in perceiving the sim-
ilarity of mid-air ultrasound Tactons. Specifcally, the ultrasound 
Tactons were structured according to their number of notes (i.e., 
pulses) (D1) and the total length of notes (D2). Along D1, the num-
ber of notes increased from Tactons on the left (negative D1) to 
Tactons on the right (Figure 8b-left). The position of Tactons along 
D1 showed a strong correlation with the number of notes (Pearson’s 
� = 0.75, � < 0.01). Along D2, the total length of notes decreased 
from the Tactons on the bottom (negative D2) to the Tactons on the 
top. The position of Tactons along D2 had a very strong correlation 
with the total length of notes (� = −0.94, � < 0.01) [6]. 

R6 and R16 were the most diferent perceptually. R6 had 4 
notes with a total note length of 1.75 seconds, while R16 had 16 
notes with a total note length of approximately 0.64 seconds. R12 
and R21 were perceived as the most similar. R12 and R21 had 
similar total note lengths of 1 and 1.07 seconds, respectively, with 
slightly diferent numbers of notes. Moreover, both R12 and R21 
had a combination of short and long notes, providing a sense of 
unevenness to users [59]. Compared to the rhythm, the perceptual 
distances from the amplitude parameter were small in this Tacton 
set. 

Comparison with mechanical vibrations: The dissimilar-
ity values for mid-air ultrasound Tactons showed a very strong 
correlation (Spearman’s � = 0.89, � < 0.001) [6] with the dissim-
ilarity values for the mechanical Tactons in the literature [1]. In 
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(a) Fourteen mid-air ultrasound Tactons. We named Tactons as Rhythm - Amplitude. 

(b) Perceptual spaces for mid-air ultrasound Tactons from our study (left) and mechanical Tactons from [1] (right). The dissimilarity values for 
the ultrasound and mechanical Tactons had a very strong correlation (Spearman’s � = 0.89). The Kruskal’s stress values were 0.10 for both 
perceptual spaces, suggesting a fair ft [32]. 

Figure 8: Plots of the mid-air ultrasound Tactons and the perceptual spaces for Study 4. 

both Tacton sets, rhythm dominates over amplitude. Similar to the 
ultrasound technology, the mechanical Tactons were structured 
according to their number of notes (D1, � = 0.87, � < 0.01) and 
the total length of notes (D2, � = −0.96, � < 0.01) [6]. Participants 
consistently reported that R6 and R16 were the most diferent 
rhythms, while R12 and R21 were the most similar rhythms across 
both Tacton sets. 

Brief discussion: Our results suggest that rhythm has a strong 
impact on the distinguishability of both mid-air ultrasound and 
mechanical Tactons. In particular, the number and total length of 
notes served as the primary perceptual dimensions for rhythmic 
Tactons in both modalities. Furthermore, in both cases, the note 
length (long vs. short) and evenness (even vs. uneven) impacted the 
perceptual spaces of the Tactons, making rhythm a robust design 
parameter for creating Tactons across contact-based and contactless 
interactions. 

7 STUDY 5: DISTINGUISHABILITY OF 
MID-AIR TACTONS VARYING ON COMPLEX 
WAVEFORMS 

Study 5 examined the distinguishability of 14 mid-air ultrasound 
Tactons that vary on their target metaphors (metaphor-based de-
sign) based on mechanical Tactons from an existing vibration li-
brary [55]. The study setup, procedure, and analysis were the same 
as in Studies 2–4. 

7.1 Mid-Air Ultrasound Tacton Design 
We created this set based on 14 mechanical Tactons, with two 
Tactons per seven metaphors: Alarm, Animal, Engine, Heart-
beat, Jumping, Tapping, and Walking. Kwon et al. [33] selected 
these mechanical Tactons from the VibViz vibration library [55] 
and studied their perceptual dissimilarity. Since the mechanical 
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(a) Fourteen mid-air ultrasound Tactons. The Tacton names are the same as a past study [33]. 

(b) Perceptual spaces for mid-air ultrasound Tactons from our study (left) and mechanical Tactons from [33] (right). The user ratings showed a 
strong correlation between the perceived Tacton dissimilarities in the two technologies (Spearman’s � = 0.78). The Kruskal’s stress values 
suggested four dimensions provided a good ft for the perceptual spaces of ultrasound (0.05) and mechanical Tactons (0.02), respectively. 

Figure 9: Plots of the mid-air ultrasound Tactons and the perceptual spaces for Study 5. 

Tactons from [55] were not based on a mathematical formula, we their temporal envelopes and frequencies from the signals using the 
could not generate the corresponding mid-air Tactons using the Hilbert transform and the short-time Fourier transform (STFT) with 
parameter-based method as in Studies 2–4. Instead, we extracted a window size of 40 ms, similar to the window size used in Study 
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Figure 10: The frst dimension (D1) in the perceptual space of ultrasound Tactons aligned with the rhythmic structure, specifcally 
the number and length of notes or pulses. 

4 (Section 6.1). Then, we applied a 40 ms moving average flter to 
the envelopes with pulses shorter than 40 ms (only Heartbeat2 in 
this set), similar to Study 4. We additionally used a 10 ms moving 
average flter to reduce temporal noise in the extracted envelopes 
for Animal1, Engine1, Jumping2, and Tapping1. Finally, we nor-
malized the max amplitude for all the temporal envelopes to 100% 
amplitude on the ultrasound device to ensure users can perceive 
the patterns [22]. Next, we created the mid-air ultrasound Tactons 
by multiplying the resulting temporal envelopes with a sinusoid 
with time-variant AM frequencies and � (�), the ultrasound carrier 
signal. This process led to 14 mid-air Tactons corresponding to 
the mechanical Tactons while ensuring that users can perceive all 
the pulses in the Tactons (Figure 9a). These Tactons had complex 
waveforms (i.e., temporal envelopes and AM frequencies) and their 
durations ranged from 0.84 to 5.38 seconds. 

7.2 Participants 
We recruited 15 new participants (two females and 13 males, 18–46 
years old), including 2 left-handed, 11 right-handed, and 2 am-
bidextrous users. On average, the participants took 71 minutes and 
received a $22 USD Amazon gift card. 

7.3 Results 
Distinguishability of mid-air ultrasound Tactons: The ultra-
sound Tactons were primarily structured according to their rhyth-
mic structure (D1), especially the number and length of notes or 
pulses, and the total duration of the Tacton (D2). Along D1, the 
rhythmic structure varied from Tactons with several short pulses 
on the left (negative D1) to Tactons with continuous envelopes or 
long notes on the right (Figure 9b-left and Figure 10). The position 
of Tactons along D2 showed a very strong correlation with the total 
duration of the Tactons (� = −0.82, � < 0.001). The three Tactons 
with higher D2 values, Animal1, Engine1, and Tapping1, had 
the shortest total durations in the set (Figure 9b-left). We could not 
identify any temporal parameters for the perceptual space in higher 
dimensions (D3 and D4). The distances on the D3-D4 perceptual 
space and the perceptual dissimilarities reported by users showed 
no relationship, suggesting these dimensions may mainly represent 
mathematical residuals from the nMDS analysis, rather than having 
a perceptual basis. 

Comparison with mechanical vibrations: The perceptual 
dissimilarities for mid-air ultrasound Tactons showed a strong cor-
relation (Spearman’s � = 0.78, � < 0.001) with the perceptual 
dissimilarities for mechanical Tactons from [33]. The mechanical 
Tactons were structured according to their rhythmic structure (D1), 

the change in frequency spectrum (D2), and the total duration of 
the Tacton (D3). D1 for mechanical vibrations strongly correlated 
with D1 on the ultrasound Tactons (� = 0.97, � < 0.001), refecting 
the rhythmic structure in both cases. 

D2 of mechanical Tactons showed a diferent tendency from D2 
for ultrasound Tactons. The four Tactons with continuous envelopes 
or long notes, Alarm1, Animal2, Engine2, and Walking2 were 
also located on the right (positive D1), but their distribution along 
D2 was farther apart than along D2 of ultrasound Tactons. The 
amount of change in the frequency spectrum for these Tactons 
increased when moving from positive to negative D2 values in the 
perceptual space of mechanical Tactons (Figure 9b-right). Animal2, 
with the highest value on D2, had a single frequency component. 
In Walking2 and Engine2, the frequency gradually increased or 
decreased over time. Next, Alarm1 alternated between pulses with 
two distinct frequencies. Tactons with short pulses (Heartbeat1 -
Heartbeat2 -Walking1 - Animal1) had positive values along D2, 
suggesting users could not fully perceive the frequencies in their 
short pulses. 

Similar to D2 in the perceptual space of ultrasound Tactons, the 
position of mechanical Tactons along D3 showed a strong correla-
tion with the total duration of the Tactons (� = −0.61, � < 0.05). 
The three mechanical Tactons with higher D3 values, Animal1, 
Engine1, and Tapping1, had the shortest total durations in the set, 
showing similar tendency in D2 of ultrasound Tactons (Figure 9b). 
We could not identify any temporal parameters aligned with D4 in 
the perceptual space for mechanical Tactons. 

Brief discussion: Our results demonstrated that two tempo-
ral ultrasound parameters, rhythmic structure and total duration, 
primarily infuenced the perceptual distances of ultrasound Tac-
tons designed using metaphor-based approach. Rhythmic structure 
and total duration were also present in the perceptual space of 
mechanical Tactons, providing shared parameters for designing 
metaphor-based Tactons across contact and contactless interac-
tions. In contrast, frequency variations led to diferent perceptual 
distances in ultrasound and mechanical Tactons, practically remov-
ing one dimension from the perceptual space of ultrasound Tactons. 
Humans have a more sensitive discrimination threshold for the 
frequency of mechanical vibrations than for the AM frequency of 
ultrasound vibrations. Thus, ultrasound designers must use larger 
AM frequency step sizes to create distinguishable ultrasound Tac-
tons. 
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STM Combination 1 2 3 4 5 6 7 8 9 10 

Radius (��) 0 5 5 5 10 10 10 15 15 15 
Drawing speed (�/�) 0 6 12 18 6 12 18 6 12 18 

Table 1: Combinations of STM parameters tested in the preliminary study. Combination 1 with 0�� radius and 0�/� drawing 
speed is the pure AM rendering. In studies 2–5, we used the STM parameters in combination 6. 

1 2 3 4 5 7 8 9 10
STM Combination

Study 2

Study 3

Study 4

Study 5

0.88 0.86 0.68 0.81 0.8 0.82 0.9 0.83 0.89

0.31 0.81 0.51 0.52 0.64 0.57 0.53 0.49 0.69

0.8 0.76 0.72 0.81 0.71 0.78 0.71 0.74 0.85

0.67 0.72 0.76 0.77 0.66 0.72 0.75 0.69 0.7
0.0

0.2

0.4

0.6

0.8

1.0

Figure 11: Spearman’s rank correlations of dissimilarity values in the nine STM combinations with the reference mid-air 
ultrasound Tacton sets used in Studies 2–5 (Combination 6). 

8 PRELIMINARY STUDY ON 
GENERALIZABILITY OF FINDINGS 

In the above studies, we kept a constant radius (10��) and drawing 
speed (12�/�) for the focal point and focused on identifying the 
salient temporal parameters for creating distinguishable ultrasound 
Tactons, but can our results be generalized to other STM radius and 
drawing speeds? To answer this question, we tested nine combi-
nations of radius and drawing speed (Table 1) for the four mid-air 
ultrasound Tacton sets in Studies 2–5. Thus, we created a total of 
36 Tacton sets, collected two ratings for each Tacton set from six 
participants, and averaged the ratings to derive dissimilarity spaces 
for each Tacton set. The study setup, procedure, and analysis were 
the same as in Studies 2–5. 

For the Tactons in Studies 2, 4, and 5, the dissimilarity ratings 
and perceptual spaces showed high correspondence across the STM 
parameters. The Spearman correlations for the dissimilarity values 
in the nine STM combinations showed strong correlations (mean � 
= 0.77) with the dissimilarity values for the reference Tacton sets in 
these studies (Figure 11). The derived perceptual spaces were also 
similar with minor diferences, capturing the same salient temporal 
parameters as in the main studies. The results suggest that the 
variations in temporal parameters in Studies 2, 4, and 5 determined 
the perceived similarities, regardless of the specifc values for the 
two STM parameters. 

For the Tacton set in Study 3, the dissimilarity values showed 
moderate correlations with the dissimilarities in Study 3 (mean � = 
0.56). We conjecture that the complex spectrum created by multiple 
sinusoids and the interaction between AM and drawing frequencies 
impacted the distinguishability in this Tacton set, leading to lower 
correlation values than in other Tacton sets. The derived perceptual 
spaces were separated by the two temporal parameters of envelope 
frequency and amplitude, as in Study 3. However, local distributions 

formed by the superposition ratio varied across the STM radius and 
drawing speed. Moreover, the participants reported that Tactons 
with the frst combination (i.e., pure AM rendering) were too weak 
to perceive, resulting in low correlation (� = 0.31) with Study 3. 
For this pure AM rendering, the envelope frequency divided the 
perceptual space into two clusters, but amplitude did not impact 
the perceptual space, perhaps due to the low perceived intensity 
of the pure AM rendering. Thus, designers should be careful when 
designing Tactons with multiple sinusoids and STM parameters, 
as both factors can create complex spectra and impact similarity 
perception. 

Overall, our results from the main studies correlated with the 
results from the nine combinations of STM parameters. These re-
sults and the high correlations in similarity ratings between the 
ultrasound and mechanical Tactons in Studies 2–5 suggest that the 
temporal factors played a dominant role in Tacton perception. The 
use of multiple sinusoids in Study 3 resulted in the lowest correla-
tion with mechanical Tactons (� = 0.61) among the four Tacton sets 
which can be due to the impact of STM parameters. Nevertheless, 
further studies are needed to fully establish the interaction of AM 
and STM parameters and their impact on user perception. 

9 DISCUSSION 
In this paper, we designed and conducted fve studies. Study 1 un-
covered AM frequency JNDs of 47%–77% at 30 Hz, 80 Hz, and 210 Hz, 
and identifed signifcant diferences in JNDs between 30 Hz and 
80 Hz, and between 30 Hz and 210 Hz. Studies 2–5 explored per-
ceptual spaces for four ultrasound Tacton sets, highlighting salient 
temporal parameters infuencing perceptual dissimilarity: envelope 
frequencies (≤ 5 Hz), two amplitude levels, rhythmic structures 
including the number and length of notes (i.e., pulses) and their 
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evenness, and total durations. Studies 2–5 also revealed strong cor-
relations in perceptual dissimilarities between mid-air ultrasound 
and mechanical Tactons, with Spearman’s � of 0.70, 0.61, 0.89, and 
0.78, respectively. Based on these results, we present guidelines for 
designing distinguishable ultrasound Tactons and outline implica-
tions for future work. 

9.1 Design Guidelines for Distinguishable 
Mid-Air Ultrasound Tactons 

We compiled six guidelines that can support both parameter-based 
and metaphor-based design approaches. Prior work suggest that 
tactile acuity decreases by about 1% per year from age 12 to 85 [34]. 
Thus, these guidelines should be carefully applied when the target 
population is signifcantly older than our participants (18–46 years 
old, mean: 24.2). 

1. Use low envelope frequency ranges (≤ 5 Hz) to create 
distinct ultrasound Tactons. Study 2 demonstrated that low enve-
lope frequencies can provide a distinct tactile sensation but the per-
ceptual distance dropped drastically when the envelope frequency 
exceeded 5 Hz. A similar drop was reported for mechanical Tac-
tons in prior work [43] but at higher envelope frequencies (40 Hz). 
Also, in Study 3, changes to the envelope frequency (0 Hz vs. 4 Hz) 
showed the largest efect on the perceived similarity of Tactons 
compared to variations in amplitude, AM frequency, and superpo-
sition ratio. Based on the results, we conclude that an envelope 
frequency lower than or equal to 5 Hz enables users to distinguish 
between Tactons clearly. 

2. Two amplitude levels can be used but with caution. Study 
3 showed that users could distinguish between Tactons with two 
amplitude levels (half and full) on the mid-air ultrasound device, 
perhaps due to the gap in their sensation levels. The preliminary 
study also suggested that amplitude was more salient than AM 
frequency and superposition ratio across STM parameters, except 
when using pure AM rendering. The infuence of amplitude on per-
ceptual dissimilarity decreased when used with rhythmic structure 
in Study 4. These results suggest that the saliency of amplitude 
depends on the other temporal parameters and designers must be 
careful when using multiple temporal parameters to create Tactons. 
In addition, designers must select the amplitude with care because 
the intensity of mid-air ultrasound technology is often low [10, 45], 
and the amplitude detection thresholds can vary across the AM 
frequency spectrum and modulation techniques [20, 22]. 

3. The number and length of notes (or pulses) and their 
evenness are key attributes for the perceptual dissimilarity 
of ultrasound Tactons. Among the myriad of temporal param-
eters in Tactons, the rhythmic structure, particularly the number 
and length of pulses and their evenness, greatly infuenced the per-
ceptual dissimilarity spaces of both parameter-based and metaphor-
based mid-air ultrasound Tactons (Studies 4–5). The correlations in 
perceptual dissimilarities between ultrasound Tactons that varied 
in rhythmic structure and their corresponding mechanical Tactons 
were high (mean Spearman’s � = 0.84) in Studies 4–5. Moreover, the 
number and total length of notes strongly correlated with the two 
perceptual dimensions of rhythmic ultrasound Tactons (� = 0.75 
and � = −0.94, respectively). Therefore, designers can use rhythmic 
structure in both paramber-based and metaphor-based approaches 

to create distinguishable Tactons for users across contact and con-
tactless technologies. 

4. Ensure diferent total durations for complex Tactons, 
especially when their rhythmic structures are similar. Besides 
the rhythmic structure, the total Tacton duration also aligned with 
the second perceptual dimension for ultrasound Tactons (� = −0.82) 
in Study 5. Thus, Tacton duration can be an important design pa-
rameter for creating distinguishable Tactons. When two Tactons 
had the same duration and number of pulses (e.g., 2 seconds, 4 
pulses), they were perceived as very similar, despite having difer-
ent pulse envelopes (e.g., ramp-up vs. ramp-down pulses). When 
the total durations were close, this trend remained consistent even 
for ultrasound Tactons with slightly varied rhythmic structures 
(6–8 pulses). 

5. Ensure large step sizes when selecting AM frequencies. 
Study 1 results showed high JND values for AM frequencies (47%– 
77%). Also, for complex Tactons in Study 5, users reported high per-
ceptual similarity for Tactons when their time-variant AM frequen-
cies did not signifcantly exceed JNDs. In contrast, the diferences 
in time-variant frequencies of mechanical Tactons signifcantly 
exceeded JNDs, and the frequency served as a perceptual dimen-
sion for complex mechanical Tactons. These fndings suggest that 
a larger step size than the JND in AM frequency is essential when 
designing ultrasound Tactons, especially when using a chirp pat-
tern or alternating between diferent AM frequencies. For designers 
aiming to provide a perceptual frequency variation in ultrasound 
Tactons similar to frequency changes in mechanical Tactons, one 
possibility is to use a larger AM frequency spectrum by consid-
ering the relative JND ratio between ultrasound and mechanical 
Tactons. We hypothesize this approach may provide distinguish-
able ultrasound Tactons varying in AM frequency spectrum akin 
to mechanical vibrations. This hypothesis must be tested in future 
work. 

6. Superposition ratio can provide qualitatively diferent 
sensations, but the impact can depend on the STM parame-
ters. Study 3 revealed that the superposition ratio contributed less 
to perceptual dissimilarity than amplitude and envelope frequency. 
In the perceptual space, positions of Tactons superimposed with 
an equal ratio of low and high AM frequencies (M) consistently 
fell outside a line connecting the positions of the Tactons with low 
and high AM frequencies (L and H). This result suggests that an 
ultrasound Tacton designed using a superposition ratio may pro-
vide qualitatively diferent sensations from Tactons designed with 
single AM frequencies. Thus, the superposition ratio may ofer a 
design opportunity for designers seeking to create complex ultra-
sound Tactons using multiple sinusoids. On the other hand, our 
preliminary study with various STM combinations showed lower 
correlation in Study 3 (mean Spearman’s � = 0.56), suggesting that 
the efect of the superposition ratio can depend on STM parameters. 
Therefore, when using a superposition ratio and STM parameters 
for ultrasound Tactons, designers must consider both the spectral 
components from the drawing frequency and the superposition of 
the multiple sinusoids. 
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9.2 Implications for Future Work 
This paper contributes new data on the just noticeable diferences 
(JND) and perceptual distinguishability of mid-air ultrasound Tac-
tons. We outline how our results can inform future research and 
haptic design practices with this technology. 

Designers can utilize our results to improve the distin-
guishability of spatiotemporal mid-air ultrasound Tactons 
for users. A key advantage of mid-air ultrasound technology is that 
it allows haptic designers to create spatial patterns in space. Thus, 
prior studies have generated a variety of haptic shapes with the 
technology and assessed their identifcation accuracy to fnd shapes 
that users can discern easily. In contrast, we investigated the ef-
cacy of temporal parameters on the distinguishability of ultrasound 
Tactons when the focal point is moving along a fxed path (i.e., a 
2D circle). Future work can combine our results with prior work to 
design 2D/3D haptic shapes that vary on their temporal parameters 
to make the shapes easier to distinguish for users [22, 39, 40]. 

Researchers can integrate our fndings into graphical hap-
tic design tools, to facilitate the creation of ultrasound Tac-
tons for haptic designers. Given the complexity of designing for 
ultrasonic mid-air haptics, recent studies have proposed graphical 
user interfaces to support mid-air ultrasound novices and experts in 
creating Tactons for various applications and scenarios [39, 53, 60]. 
Our studies identifed which temporal parameters are efective for 
creating distinguishable mid-air ultrasound Tactons and how their 
relative saliency changes when combined with other parameters. 
Thus, researchers can incorporate our fndings into ultrasound de-
sign tools, e.g., in the form of sensation palettes, to facilitate the 
design of distinguishable Tactons for mid-air ultrasound designers. 

Our results can inform the development of future compu-
tational models to predict similarity perception for mid-air 
ultrasound Tactons. Investigating the perceptual space of Tactons 
is both time-consuming and expensive. Conducting a pair-wise rat-
ing study requires collecting similarity scores for all possible pairs 
in a set to derive a perceptual space, leading to � (�2) comparison 
tasks. To accelerate the process of designing distinguishable me-
chanical Tactons, Lim and Park proposed a computational model 
to predict perceptual distances of a given mechanical Tacton set 
by simulating the neural transmission from the mechanoreceptors 
in the skin to the brain [36]. The model was trained on similarity 
data from prior literature. Our paper provides similarity data for 
four sets of mid-air ultrasound Tactons, including seven temporal 
parameters and their combinations, and compares the results with 
mechanical Tactons. Thus, our study supplies new data for training 
similar perceptual models for ultrasound technology or expand-
ing the scope of existing computational models from mechanical 
vibrations to mid-air ultrasound vibrations. 

Future work should study the impact of ultrasound’s tem-
poral parameters on the perceived intensity by users. First, 
when studying JNDs for three AM frequencies of mid-air ultra-
sound, we purposefully did not match the perceived intensities 
for these frequencies to make our results practically relevant to 
haptic designers who do not match the perceived intensities when 
designing Tactons. Future psychophysics studies can complement 
our results by examining a wider range of AM frequencies and 

matching their perceived intensities to provide a perceptual ba-
sis for mid-air ultrasound stimulation. Second, we observed that 
the perceptual distance drastically decreased when the envelope 
frequency increased from 5 Hz to 10 Hz. The lower perceived in-
tensities of ultrasound Tactons may be the reason behind their 
smaller perceptual distances compared to mechanical Tactons [24]. 
Future studies can investigate the relationship between envelope 
frequency and perceived intensity. Finally, future work can further 
explore the superposition of multiple AM frequencies for mid-air 
ultrasound vibrations. Recent research has investigated the impact 
of various superposition ratios of mechanical vibrations on per-
ceptual distinguishability [25] and the perceived intensities [69]. 
Such studies provide important insights for designing complex me-
chanical Tactons and can inspire similar investigations for mid-air 
ultrasound vibrations. 

10 CONCLUSION 
The multitude of design parameters in mid-air ultrasound haptics 
ofer new opportunities and challenges for designers. Our work 
aims to support haptic designers by charting the distinguishability 
of temporal parameters in mid-air ultrasound Tactons and compar-
ing the results to the user perception of mechanical Tactons. We 
proposed the design guidelines for the ultrasound Tactons based 
on lab studies. In the future, designers and practitioners can fur-
ther verify these guidelines once the Tactons are integrated into 
end-user applications. We hope our fndings help designers create 
perceptually salient Tactons for contactless interactions and inspire 
future research to uncover the underlying perceptual mechanisms 
for intuitive and unique tactile experiences for end-users. 
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