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Abstract. Ultrasonic travelling waves possess the capability to induce
net shear forces on the finger pulp, which finds utility in various appli-
cations. This study specifically investigates their potential in generating
vibrotactile cues through force modulation. Two experiments are out-
lined herein. In the first, we assess the detection threshold, estimated at
1.5 µm peak-peak for a modulation frequency of 75Hz. Remarkably, this
threshold closely aligns with that observed in conventional vibrotactile
indentation and remains consistent regardless of the force modulation
method employed. In the second experiment, we correlate the amplitude
of a travelling wave tactile display with the vibration amplitude of a
shaker to achieve equivalent vibration intensity. Our findings reveal a
substantial amplitude ratio range experienced on the travelling wave de-
vice, spanning from 24 to 155, which is pivotal in optimizing vibrotactile
stimulator design. Additionally, we demonstrate that vibrations below
1 µm yield negligible net lateral forces on the finger pulp. These results
underscore the potential of ultrasonic travelling waves in enhancing tac-
tile feedback systems.

Keywords: Vibrotactile, travelling wave, haptic display, ultrasonic vi-
bration, Net lateral force.

1 Introduction

Tactile cues can be conveyed to users through vibrations generated by actua-
tors in contact with the skin, leading to the development of advanced human-
computer interaction systems. For example, button clicks can be simulated using
electromagnetic [20] or piezoelectric [13] actuators, inducing vibrations on touch-
screen displays. Additionally, modulation of vibration patterns enriches user in-
teraction [6, 17]. Notably, vibrations can be delivered either in the normal [7] or
tangential [19] directions relative to the contact area. Perceptually, sensitivity is
higher and more stable for tangential vibrations compared to normal ones [15,
2].

A new generation of tactile actuators capable of producing net shear forces
on the skin has recently emerged. These actuators employ techniques such as
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asymmetric friction combined with high-frequency ultrasound [4], elliptical mo-
tion of particles induced by travelling waves [10, 3], and modal superimposition
[8]. Travelling waves and modal superimposition generate net shear forces by in-
ducing elliptical motion of particles on a plate or a ring at ultrasonic frequencies
[11]. In both cases, two vibration modes are excited with a ±90° phase shift.

Previous studies on the elliptical motion of particles predominantly focused
on the fingertip as the location for force generation. For instance, authors in [10]
observed a decrease in force with increasing finger velocity, while [4] noted force
occurrence even with a fixed finger.

Travelling wave stimulators offer the advantage of producing low-frequency
vibrations (below 1kHz) with minimal displacement (around 1 µm), ideal for
creating vibrotactile patterns on the skin. Modulation of net shear force involves
mechanisms such as reducing particle rotational speed by decreasing vibration
amplitude [10], or adjusting the standing wave ratio (SWR) through phase shift
modification [5, 3]. Moreover, reverse motion is achievable by reversing the phase
shift from +90° to -90°.

Several applications have been proposed for this type of actuator. For ex-
ample, [3] aims to create a virtual environment, while [11] achieves a button
click sensation by synchronizing the change of direction of the travelling wave
with the moment the pressing force exceeds a threshold. This principle was later
applied by [8] using modal superimposition on a finite glass plate.

In this paper, we explore the generation of vibrotactile cues using the prin-
ciple of elliptical motion generated by a travelling wave to stimulate the finger
pulp. Devices based on ultra net shear forces have the potential to become more
versatile and can offer better haptic feedback by incorporating vibrotactile cues,
making this uncharted territory the primary focus of our investigation. Specif-
ically, we investigate how low-frequency vibrations produced by modulated net
shear forces can be perceived with the same intensity as normal vibration. To
achieve this, we conduct a psychophysical study to determine the minimal de-
tection threshold of vibrotactile cues and compare two methods for modulating
net forces to assess sensitivity differences. In the second experiment, participants
are tasked with adjusting the level of a normal vibrotactile stimulator to match
the intensity of the travelling wave based device.

2 Experimental Setup

The travelling wave is generated by the stator of a Shinsei USR60 ultrasonic
motor (Shinsei Corporation, Japan), shown in Figure 1.a, which is composed
of a ring to which two sets of piezoelectric actuators are glued. The first set is
used to excite a ring bending mode denoted “1” (Figure 1.a), whose resonance
frequency is f = 40kHz with a wavelength λ = 21mm. The second set is used to
excite a twin mode denoted by "2" with the same resonance frequency and the
same wavelength, but spatially offset by a quarter of a wavelength λ/4. The two
voltages applied to the sets of piezoelectric actuators are generated by a DSP
(Digital Signal Processor, nucleo-STM32F446 for STM) which are amplified via
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Fig. 1. (a) The experimental setup with the mode shape represented on the USR, (b)
Relation between the excitation voltage and the vibration amplitude.

two voltage amplifiers (HSA4051 and HSA4052 from NF JAPAN) to reach up
to 300 Vpp. The resulting vibration is written as:

w1(t) =
A

2
× cos(2πft) w2(t) =

A

2
× cos(2πft+ φ) (1)

with w1 and w2 are the deflection of the modes 1 and 2 respectively, A is the
vibration amplitude peak to peak and φ is the phase shift.

The relationship between the control voltages and the vibration amplitudes
of the unloaded device was identified using a laser vibrometer (Polytec OFV 505)
and is presented in Figure 1.b for φ = 90◦. The curve shows nonlinear behavior,
which is taken into account in our study. It is worth noting that the pressing of
the finger within the force limits stipulated in this study has a negligible effect
on the amplitude.

Finally, a 3-axis force sensor (K3D40 from PM instrument) is mounted under
the USR; it monitors the normal force FN and measures the net lateral force FL

produced by the system.

3 Modulation of the net shear force for vibrotactile cue

With a travelling wave, the elliptical motion of the particles of the stator drives
the finger pulp due to frictional mechanisms [16]. The model of this interaction
is outside the scope of this paper, but it is generally admitted that the force
FL depends on the vibration amplitude A, the phase shift φ, and the pressing
force FN . The two methods are implemented in order to modulate the net shear
force, and are illustrated in Figure 2. The first method modulates the vibration
amplitude A (AM) and keeps a phase shift φ = ±π

2 . In this way, the travelling
wave is maintained, but its amplitude is modulated. The second method keeps
a constant vibration amplitude A but modulates the phase shift −π ≤ φ ≤ π
(PM). This will modify the standing wave to travelling wave ratio. In the paper,
sinusoidal modulations at frequency fLF with vibration amplitude A0 are used,
and we have:
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Fig. 2. Proposed methods of modulation, the frequencies are not in scale, they were
chosen for illustration. w1 in blue, w2 in red and the reference signal in black : (a)
Amplitude modulation and (b) Phase modulation.

– Amplitude Modulation (AM): A = A0 × sin(2πfLF t), φ = 90◦

– Phase Modulation (PM): A = A0, φ = π

2 × sin(2πfLF t)

Since the force generation relies on friction mechanisms, nonlinear behavior
may occur, and lead to unwanted additional frequencies. For that purpose, we
modulated the net lateral force at different frequencies (fLF = 25, 50 and 75Hz)
and same vibration amplitude (A0 = 2.6µm) according to both methods. A
finger is pressing at FN = 0.3N . The resulted force in the lateral direction using
the 3-axis force sensor is given in Figure 3. Additional harmonics appear on
the spectrum of the measurements, but at very low relative amplitude (20%
of the fundamental frequency). Therefore, both methods are suitable to create
vibrotactile cues at single frequency.

4 Experiment1: Detection threshold

In this experiment, we want to measure the detection threshold of vibrotactile
stimulation based on net lateral force. To estimate the threshold and slope of the
psychometric function, we are using a weighted and transformed 1-up/2-down
staircase.

4.1 Participants

A total of twelve participants were initially recruited for the study. However,
one participant was excluded due to experiencing loss of touch on the tip of his
fingers. Consequently, the final cohort comprised eleven healthy volunteers, con-
sisting of 8 males and 3 females, with an average age of M = 30 and a standard
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Fig. 3. Spectrum of measured lateral force FL at fBF = 25Hz, 75Hz and 150Hz; AM
modulation in blue, PM modulation in red.

deviation of SD = 9.16. Among the participants, 10 were right-handed, while
one was left-handed. None of the participants exhibited any motor difficulties or
sensory impairments in their dominant hand index finger.

Participation in the experiments was voluntary, and informed consent was
obtained from each participant prior to the commencement of the study. The
experimental procedures were approved by the ethical committee of Lille Uni-
versity, ensuring adherence to ethical standards.

4.2 Stimuli

Our experiment aims to measure the threshold of vibrotactile feedback based on
net lateral force. The two aforementioned methods for generating vibrotactile
stimulation (AM and PM), are studied at a frequency fLF = 75Hz. Each stimulus
is presented for a duration of 2 seconds.

4.3 Method

Two experiments were conducted to measure the threshold of vibrotactile stim-
ulation and to estimate the psychometric function of the AM stimuli and PM
stimuli, respectively. The primary aim was to assess thresholds across the differ-
ent experimental conditions using a two-alternative forced-choice paradigm.

Each participant underwent both experiments, and we alternated the order
to avoid bias due to the presentation order.

To accomplish this task, we employed a weighted and transformed 1-up/2-
down staircase method to present the amplitude at each trial. Employing this
algorithm, where the upward step size is three times larger than the downward
step size, yields a target probability of p = 0.866 [12, 9].

To evaluate the performance of participant responses, a subset consisting of a
quarter of the trials was randomly chosen as “phantom” trials. In these phantom
trials, the haptic device was not actuated, yet participants were instructed to
discern and report whether they perceived a vibration.
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4.4 Procedure

In both experimental sessions, participants were comfortably seated in a chair
facing the device in a quiet room. To ensure that participants become familiar
with the experimental setup, a training session consisting of presenting several
stimuli helps to ensure a clear understanding of the task ahead.

Following the training session, participants undertook a forced-choice task.
In each trial, they were instructed to apply a specific pressing force to the de-
vice, ranging between 0.3N and 0.4N. To assist them in maintaining the force
throughout the trials, a visual cue based on the force sensor measurement was
provided, as depicted in Figure 4. Subsequently, a two-second-long vibration
was activated. Upon the vibration’s conclusion, participants were tasked with
indicating whether they perceived the vibration before advancing to the next
trial.

Fig. 4. Visual cue in the form of loading bar that increases with the pressing force (in
gramme “gf"). The arrow represent the limit that should not be surpassed.

All the participants performed a total of 100 trials for each experiment. The
minimum number of reversal points we achieved with this number of trials during
the experiments were 18 (M=23, SD=2.32) and 18 (M=23, SD=2.69) for AM
and PM stimuli, respectively. This number ensures a good estimation of the
parameters as we run a pretrial test in order to choose the initial value of the
staircase to be close to the expected estimated threshold. We chose a random
values between 1.2 µm and 1.5 µm for both conditions.

4.5 Data Analysis

The psychophysical curve was estimated with the weighted and transformed 1-
up/2-down staircase. We estimate the threshold and slope of each participant in
both experiments separately.

A standard function to predict the psychometric function for a forced-choice
experiment is the so-called Weibull cumulative distribution function, defined as
follows:

W (x) = 1− (1− g)e−
k.x

t

s

, with k = − log

(

1− a

1− g

)
1

s

(2)

where g is the chance performance, i.e., the expected performance to be
achieved by chance, this will be estimated based on the participant’s performance
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on the phantom trials. t represents the threshold, s the slope of the psychome-
tric function, and a is the performance level or targeted threshold performance
(86.6%). Using the log-likelihood algorithm, we estimated the best fitting pa-
rameters of the psychometric function [9]. All the data analysis was performed
in MATLAB 2022b with the appropriate toolboxes [1]

4.6 Results

V
ib

ra
ti
o
n
 d

e
te

c
ti
o
n
 p

ro
b
a
b
ili

ty
 (

%
)

0 0.5 1 1.5 2 2.5 3

Vibration Amplitude Peak to Peak ( m)

0

10

20

30

40

50

60

70

80

90

100
Amplitude Modulation

0 0.5 1 1.5 2 2.5 3

Vibration Amplitude Peak to Peak ( m)

0

10

20

30

40

50

60

70

80

90

100
Phase Modulation

Fig. 5. Vibration discrimination performance using Amplitude Modulation and Phase
Modulation. Individual estimated curves are plotted in light gray, and the red curve
is based on the median values of threshold and slope (peak to peak vibration ampli-
tude).On the left, the psychometric curve for Amplitude Modulation. On the right, the
psychometric curves for phase modulation.

For each participant, we computed the probability of perceiving the vibra-
tion. Subsequently, we estimated the best fitting psychometric function in both
experiments by maximizing the log-likelihood function. The psychometric func-
tions are represented in figure 5.

For the AM stimuli, the median value of peak to peak threshold and slope
estimated were respectively 1.62 µm (IQR = 1.31−2.02) and 3.11 (IQR = 0.95−
4.52) to construct the best-fitting psychometric curve depicted in Figure 5.a. For
the PM stimuli, the median value of peak to peak threshold and slope calculated
were respectively 1.54 µm (IQR = 1.28− 2.08) and 1.5 (IQR = 1.07− 6.09). We
illustrate the best-fitting using these parameters in Figure 5.b.

Upon visual inspection of best estimated thresholds of both stimuli, as pre-
sented in Figure 6, no distinction between the threshold of both two stimuli is
apparent. Additionally, we couldn’t find any relation between the same subject
threshold in both experiments. To further confirm our observation, we performed
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Fig. 6. Best estimated threshold parameters for each participant and both AM stimuli
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an ANOVA to compare between the thresholds of both stimuli (Figure 7). The
analysis shows no statistically significance difference between the thresholds as-
sociated with each stimulus.This suggests a comparable impact on perceptual
thresholds.
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Fig. 7. ANOVA box-plot for threshold and slope for both stimuli.

5 Experiment 2: stimulus intensity comparison with

normal vibration

The purpose of this experiment is to map the intensity between the normal and
the net shear forces vibrotactile stimuli.



Vibrotactile cues with net lateral forces resulting from a travelling wave 9

5.1 Stimuli and method

The experimental test bench is completed by a shaker, to which an idle stator
of USR60 is attached, in order to preserve the same surface properties, as shown
in Figure 8.a.

Fig. 8. (a) The experimental setup with an active ultrasonic motor and idle USR placed
on the top of the shaker, (b) mapping between normal vibrotactile amplitude and
modulated ultrasonic vibration amplitude A0, for fLF = 25Hz in black, fLF = 75Hz
in blue and fLF = 150Hz in red

On the travelling wave stimulator, a constant vibrotactile stimulus is pre-
sented using the method denoted as PM, with amplitudes A0 set to 1.69 µm,
2.23 µm and 2.66 µm, and low-frequency modulation frequencies fLF of 25Hz,
75Hz and 150Hz. Concurrently, the shaker displays a sinusoidal waveform stimu-
lus of the same low frequency as that of the travelling wave modulation frequency.
Participants adjust the stimulation amplitude, denoted as AS , on the shaker to
match the perceived stimulus intensity of the travelling wave stimulator. The
amplitude of the shaker stimulus is measured using the same laser micrometer
employed previously.

At the end of the experimentation, the participants are asked to report about
how difficult it was adjusting the level of vibration on the shaker, and which
actuator was more comfortable.

Eight participants (5 male, 3 female, with an average age of 29.75 and stan-
dard deviation 8.9) participated in the experiment.

5.2 Results

The results are shown in Figure 8.b. Each symbol (circle, square, star) corre-
sponds to an individual answer by a participant. Each particpants data appeared
to follow first order polynome. The lines represent the fitted first-order polyno-
mial across all participants and each frequency, and the linear fit is given by:
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– fLF = 25Hz: AS = 133, 64(A0 − 0.99µm)
– fLF = 75Hz: AS = 55.31(A0 − 1.21µm)
– fLF = 150Hz: AS = 24.82(A0 − 0.89µm)

Moreover, most participants reported that they preferred the modulated net
shear forces, because it is more comfortable, in particular at low frequency.

6 Discussion

In this study, we evaluated the sensitivity of vibrotactile stimulation when pro-
duced by net lateral force generated by a travelling wave. We estimated the
detection threshold for amplitude modulation (AM) or phase modulation (PM)
at 75Hz; the most likely parameter value (threshold and slope) show no statisti-
cal difference between the two experiments. This result leads us to assume that
both methods are similar in terms of vibrotactile sensation. Moreover, Figure
3 indicates no difference in force generation, leading us to infer that vibrotac-
tile sensation may depend more on the force amplitude and frequency rather
than the modulation method employed. However, additional work is needed to
confirm this trend over a larger span of frequencies.

The value found for the detection threshold is 1.5 µm, and is comparable with
the detection threshold obtained with a normal stimulation [14].

However, the results of the second experiment indicate that a much lower
vibration amplitude is required for perceiving stimuli with modulated net shear
forces generated by the travelling wave compared to normal vibration (shaker).
Furthermore, the relationship between AS (stimulation amplitude) and A0 (vi-
brating pot amplitude) seems to be linear. It is noteworthy that one might expect
all lines to converge at the origin (0,0); however, interestingly, these lines con-
verge to a point with approximate coordinates of (1 µm, 0). This observation
leads to the assumption that the friction mechanisms responsible for creating
the net shear forces vanish below a certain vibration amplitude threshold. In-
deed, according to [18], a travelling wave can drive objects, including skin, only
if there is at least half a wavelength in contact. Therefore, establishing a model
of the skin’s response to a travelling wave is necessary to further investigate this
phenomenon. Additionally, this model would shed light on why the slope of the
linear fit depends on frequency.

Finally, the participants reported more comfortable experience with the trav-
elling wave stimulator. Indeed, the device emits no audible noise, even at low
frequency, since it is based on ultrasonic vibrations, which represents an advan-
tage over the shaker.

7 Conclusion

Ultrasonic travelling waves have diverse applications in tactile displays, and our
paper showcases their effectiveness in delivering vibrotactile cues to a partici-
pant’s finger. One significant advantage of these devices is their silent operation.
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Additionally, they require a significantly lower vibration amplitude compared to
traditional vibrations—up to 24 to 155 times lower—to achieve the same per-
ceived stimulus intensity. This reduction in amplitude is pivotal and has the
potential to drive technological advancements in vibrotactile stimulators, ren-
dering them more compact, versatile and energy-efficient.

However, the mechanisms responsible for producing the net shear forces are
still not fully understood. We hypothesize that there exists a minimal vibration
amplitude, below which the travelling wave produces no force on the finger pulp.
Further investigations are necessary to confirm or refute this assumption and to
elucidate the key factors influencing this minimal vibration amplitude. Estab-
lishing a model of force generation would be instrumental in designing future
prototypes that exploit ultrasonic travelling waves.
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