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Despite the ubiquitous presence of tactile actuators (tactors) in mobile devices, there is a
continuing need for more advanced tactors that can cover the entire frequency range of
human tactile perception. Broadband tactors can increase information transmission and
enrich sensory experience. The engineering challenges are multifold in that the ideal tactors
should exhibit an effective bandwidth of at least 300 Hz, small form factor, robustness,
power efficiency and low cost. For wearable applications, there are the additional
challenges of ease of mounting and maintaining adequate skin contact during body
movements. We propose an approach to interleave narrowband tactile stimuli to achieve
broadband effects, taking advantage of the limited spatial resolution of the skin on the torso
and limbs. Three psychophysical experiments were conducted to assess the validity of this
approach. Participants performed pairwise discriminations of two broadband stimuli
delivered using one or two tactors. The broadband stimuli consisted of one mid-
frequency and one high-frequency component delivered through one tactor by mixing
the two components, or through two tactors (one component per tactor). The first two
experiments revealed extraneous cues such as localization and mutual masking of mid-
and high-frequency components that were subsequently eliminated in the third
experiment. Results from 12 participants confirmed that performance on pairwise
comparisons was below the discrimination threshold, confirming that broadband
haptic effects can be achieved through narrowband tactors placed within the skin’s
two-point limen.
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1 INTRODUCTION

There has been a growing interest in wearable and array-based vibrotactile displays in academic
research and commercial products in the recent years. With this interest comes a need for tactors
(tactile stimulators) that can be easily attached to the skin at various body sites, and have large
intensity and frequency ranges that can be independently controlled. Previous research with these
type of displays include tactor arrays on hands (Hsieh et al., 2016; Park et al., 2016; Park et al., 2019),
wrist (Chen et al., 2008; Lee and Starner, 2010; Matscheko et al., 2010; Liao et al., 2016), arm
(Cholewiak and Collins, 2003; Brown et al., 2006; Jones et al., 2009; Culbertson et al., 2018; Reed et al.,
2019), waist (Cholewiak et al., 2004; Van Erp, 2005a; Cholewiak and McGrath, 2006; Elliott et al.,
2013) and torso (Ertan et al., 1998; Rupert, 2000; Jones et al., 2009; Israr and Poupyrev, 2011).
Similarly, commercial products include the Optacon for persons who are visually impaired
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(Telesensory Corp., Mountain View, CA), Tactaid VII for the
hearing impaired (Audiological Engineering Corp., Somerville,
MA) and more recent creations for virtual reality and sensory
substitution (e.g., TESLASUIT by VR Electronics Ltd. in
United Kingdom; SUBPAC X1 by Subpac Inc. in Palo Alto,
CA; Buzz by Neosensory in San Francisco, CA; Hi5 VR
Gloves by Noitom in Beijing, China; and Dot Watch by Dot
Inc. in South Korea). With few exceptions, the tactors used in
these examples are resonant devices that operate most efficiently
within a narrow, high-frequency band (> 100 Hz). Therefore,
their associated haptic sensations are limited to smooth
vibrations. However, many applications would benefit from a
richer set of haptic effects elicited with the addition of stimulus
frequencies below 100 Hz. Such broadband tactors are capable of
delivering multiple distinct effects for applications in gaming,
virtual reality and sensory substitution.

In the range of sinusoidal frequencies from < 1 Hz to
≈1,000 Hz, the mechanoreceptors in the human skin can
convey distinct sensations such as pressure and slow motion,
flutter and roughness, and smooth vibrations (Talbot et al., 1968;
Merzenich and Harrington, 1969; Mountcastle et al., 1969; Tan
et al., 1999). For example, Culbertson et al. (2018) created a
continuous and pleasant sensation by using slow (< 5 Hz) up-
down motions in an array of tactors to simulate stroking on the
forearm. Shim and Tan (2020) designed vibrotactile stimuli to
represent essential features of natural phenomena in a 2-by-2
tactor array on the palm. The set of designs included slow
motions at 0.8 Hz for Breathing, 20-Hz signals for Bubbles and
a combination of 30-Hz signals and amplitude-modulated
vibrations at 135 and 150 Hz for Thunder. In addition, the
SUBPAC X1 and Razer Nari Ultimate (using the L5 actuator
by Lofelt GmbH, Berlin, Germany) operate at frequencies as low
as 35 Hz to convey bass tones in music. These tactile devices
become more expressive as lower frequency components are
incorporated.

Tactor arrays can also achieve high levels of information
transmission by delivering multi-dimensional tactile stimuli
via broadband actuators [see a recent review by Tan et al.
(2020a)]. For instance, the OMAR device by Eberhardt et al.
(1994) was used to control up to 10 channels of one-dimensional
motion, or five channels of two-dimensional motion in the range
fromDC to 800 Hz. Studies of vibration onset asynchrony (VOA)
demonstrated that participants could identify whether vibrations
proceeded movement for asynchronies in the range of tens of
milliseconds. This result demonstrated that VOA could be used to
disambiguate lipreading of stop consonants in haptic
supplements for lipreading. Another example is the Tactuator
by Tan and Rabinowitz (1996). The device was composed of three
independent motor assemblies used to deliver vibrotactile stimuli
to the finger pads of the thumb, index and middle fingers in the
range of DC to 300 Hz. Tan et al. (1999) used the device to
conduct absolute identification experiments with three sets of
distinct stimuli. They demonstrated a maximum information
transfer rate of 12 bits/sec. More recently, Reed et al. (2019)
designed a TActile Phonemic Sleeve (TAPS) for speech
communication on the skin. The device consisted of a 4-by-6
broadband tactor array used to encode the 39 English phonemes

as 39 distinct multi-dimensional vibrotactile stimuli delivered to
the forerarm. They reported a phoneme recognition rate of 86%
after one to 4 h of learning. The set of phonemic tactile codes used
mid- and high-frequency signals and amplitude modulation to
achieve perceptually-distinct sensations that could be easily
learned and memorized. Using the same codes in the TAPS,
Tan et al. (2020b) trained 51 participants on the reception of up to
500 English words. The best participants could achieve a learning
rate of roughly one word per minute. Despite the success of the
TAPS, the broadband tactors employed in the TAPS display are
relatively large and difficult to attach to the forearm, making them
suitable for lab studies but not for wearable applications.

The aforementioned research and applications make use of
commercially-available tactors with different operating
principles. The majority of mobile devices use either ERM
(eccentric rotating mass) or LRA (linear resonant actuator)
tactors, while others use solenoids or piezoelectric actuators
(Jones and Sarter, 2008; Choi and Kuchenbecker, 2012). LRAs
are often preferred when independent control of amplitude and
frequency is required. These are high-Q actuators with a peak
output over a narrow frequency range that typically centers above
100 Hz (Hayward and MacLean, 2007; Choi and Kuchenbecker,
2012), although some are designed with a lower resonant
frequency. For example, the C2 tactor has a frequency range
of 200–300 Hz, while the range of the C2-HDLF tactor is
50–160 Hz (Engineering Acoustics, Orlando, FL,
United States). In contrast, tactors with lower Q factors have
much wider bandwidths (e.g., 50–500 Hz for the Haptuator by
TactileLabs in Montreal, Canada; 35–1,000 Hz for Lofelt’s L5).
These are commonly less power efficient, larger in form factor,
heavier and more costly. A comparison of some of these
commercial actuators is provided in Table 1.

Ideally, a tactor should be small, power efficient, low cost,
easily mountable, and capable of conveying rich haptic effects
over the entire frequency range of 0–1,000 Hz. However, building
such a tactor is a challenging task. We hypothesize that it may not
be necessary to build such a broadband actuator to achieve
broadband perceptual haptic effects. In the present study, we
present an alternative way to achieve rich haptic experiences
using commercially-available tactors by taking advantage of the
limited spectral and spatial resolution of the skin.

The frequency resolution of the human skin is very limited
(Goff, 1967; Franzen and Nordmark, 1975; Verrillo and
Gescheider, 1992; Israr et al., 2006; Mahns et al., 2006).
Therefore, it is unnecessary for a tactor to exhibit a
continuous frequency response over the entire 0–1,000 Hz
range to achieve perceptually broadband haptic effects. In fact,
previous research has shown that only three distinct sensations
can be elicited from single-frequency sinusoidal stimulation over
the range of 0–1,000 Hz: pressure variation/slow motion at low
frequency (up to ≈6 Hz), fluttery (with low amplitude)/rough
(with high amplitude) at mid frequency (≈10–70 Hz) and smooth
vibration at high frequency (above 100 Hz) (Talbot et al., 1968;
Merzenich and Harrington, 1969; Mountcastle et al., 1969; Tan
et al., 1999). Vibrations from these ranges can be combined and
remain salient perceptually (Marks, 1979; Makous et al., 1995;
Tan et al., 1999). For example, a dual-frequency vibration with 30
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and 300-Hz components feels like a smooth vibration (due to
300 Hz) with superimposed roughness (due to 30 Hz). Research
on the perception of combined frequencies from the three regions
has resulted in other interesting discoveries. For example, Park
and Choi (2011) studied the perceptual space of amplitude-
modulated sinusoidal signals using multi-dimensional scaling
(MDS). The stimuli shared a carrier frequency of 150 Hz and
varied their modulating frequency from 0 (no modulation) to
80 Hz. The optimal perceptual space had two dimensions and the
modulating frequencies formed a circle in the space. It was found
that modulations below 10 Hz result in more discernible
vibrations, i.e., it is easier to distinguish individual frequency
components in the amplitude-modulated signal. Furthermore,
Yoo et al. (2014) studied the degree of consonance of “vibrotactile
chords,” i.e., vibrotactile signals composed of superimposed
frequencies that resemble musical chords. The chords were
dual-frequency vibrations. In each signal, a base frequency of
40, 55, 80, or 110 Hz was paired with one of 19 semitones derived
from the base frequency. The researchers demonstrated that
signals sensed as high-pitch vibrations are consonant, whereas
low-frequency, fluttering, pulsatory, rough and low-pitch
vibrations were judged as dissonant. These studies
demonstrate that a few discrete frequency values can be
combined to elicit rich haptic sensations, as opposed to a
continuous range of frequencies.

As far as spatial resolution is concerned, the two-point limen
(threshold at which two contact points on the skin are felt as one)
varies greatly across body sites. Except for the hand, the two-point
limen is at least 30 mm on the body surface (Weber, 1834/1978;
Weinstein, 1968). It follows that sufficiently small tactors can be
placed closely on the skin and perceived as a single tactor.

With these considerations, we hypothesized that placing
narrowband tactors within the two-point limen of the skin can
effectively deliver broadband haptic effects indistinguishable
from those delivered by one broadband tactor. Up to three
narrowband tactors can be placed at each stimulation site with
each tactor operating over the low-, mid- or high-frequency
range, respectively. We tested our hypothesis using a paired-
comparison psychophysical procedure. Participants compared a
broadband stimulus delivered with one tactor and multiple
narrowband stimuli simultaneously delivered with multiple
tactors. We predicted that the two types of stimuli could not
be distinguished provided that extraneous cues were either
eliminated or matched for the two stimulus types. We

employed mid- and high-frequency vibrations in the
present study.

Findings from three experiments are reported here. In the first
experiment, we sought to equalize the perceived intensity of
vibrotactile stimuli, but found that the participants were still
able to discriminate the two types of stimuli under some
conditions. In the second experiment, we refined the intensity
matching procedure to take into account the mutual masking of
mid- and high-frequency components and changed the
stimulation site to remove localization cues. It was also found
that the vibration amplitude at the lowest mid-frequency may
have been limited with the tactor chosen for this study. Therefore,
a higher mid-frequency was used in the third experiment. The
general methods of this work and the contents of Exp. 3 were
included in a previous publication by Martinez et al. (2021) This
paper includes the findings and discussions from the first two
experiments that informed the design of the third experiment. In
the remainder of this paper, we first present the general methods
that are common to the three experiments. This is followed by the
design and procedures specific to each of the three experiments
along with the respective results and discussion. Finally, we
present guidelines for interleaving narrowband tactors to
achieve broadband effects based on the findings from the
present investigation.

2 GENERAL METHODS

2.1 Participants
A total of twelve participants (P01 to P12; 6F; 23–30 years old,
26.2 ± 1.9 years) took part in the present study. All had a normal
sense of touch by self report. Two of the participants (P01, the
first author, and P02) took part in Exp. 1 and Exp. 2. All
participants were tested in Exp. 3. Each participant signed an
informed consent form approved by the Purdue University IRB
when they reviewed and approved the human-use protocols.
They received a compensation of 10 USD per hour for their time.

In our simple discrimination test (see Section 2.5 for details on
the procedure), knowledge about the experimental design does
not provide the participant with any advantage nor would it
induce any additional response bias. Therefore, P01 (the first
author) had to rely entirely on the perceived difference between
the stimulus alternatives to perform the task, just like the other
participants.

TABLE 1 | Comparison of commercially available actuators.

Actuator Technology Operating frequency
(Hz)

Dimensions (all in cm) Weight (g) Cost (USD) Power (W)

Height Length Width Diameter

C2 LRA 200–300 0.79 − − 3.1 17 250 3.0 (typical)
C2-HDLF LRA 50–160 1.30 − − 3.0 30 250 1.1 (typical)
Haptuator LRA 50–500 − 2.9 − 1.4 15 200 1.5 (max)
PowerHap Piezo 50–500 0.11 0.9 0.9 − 8 21 -
L5 Voice coil 35–1,000 0.62 2.1 1.7 − 6 - 0.3 (max)
Mini Disc ERM 183 ± 50 0.27 − − 1.0 0.9 2 0.5 (max)

Frontiers in Virtual Reality | www.frontiersin.org May 2022 | Volume 3 | Article 8945753

Martinez et al. Interleaving Narrowband Tactile Stimuli

https://www.frontiersin.org/journals/virtual-reality
www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality#articles


2.2 Apparatus
Two tactors were used (Figure 1) in all the experiments. They
were broadband audio speakers (Tectonic Elements, model
TEAX13C02-8/RH) with an impedance of 8Ω across the
frequency range of 50–1,000 Hz, except for a peak impedance
of 35Ω at ≈ 600 Hz. Each tactor measures 26.3 mm in diameter
(32.2 mm with soldering tab) and 9.0 mm in thickness. A circular
adhesive ring on top of the diaphragm provides attachment. It is
known that detection thresholds decrease with contactor area
until ≈2.9 cm2 (Verrillo, 1963). Therefore, a white 3D-printed
plastic disk was attached to the adhesive ring to increase the
contactor area to ≈3.8 cm2 (see the white top in Figure 1; the
brown rim belongs to the diaphram of the tactor underneath the
plastic ring). Measurements taken with an accelerometer (Kistler
8794A500) attached to the disk verified that the tactors were able
to deliver vibrations without distortion in the frequency range of
10–500 Hz. Tactors were placed side-by-side on a Velcro band

without touching (see Figure 1). Given their close proximity, we
verified that the activation of one tactor did not induce enough
electromagnetic noise in the adjacent tactor to produce a
perceivable vibration. To this end, we took acceleration
measurements on a resting tactor while the other tactor
vibrated at 10, 30, 60, 150 and 300 Hz. Each frequency was
delivered at intensities of 20 and 30 dB (relative to the
maximum output of the system). We estimated the
corresponding displacement of the resting tactor from the
peak acceleration measured. Table 2 shows the calculated
displacements along with the detection thresholds in hairy
skin reported in (Bolanowski et al., 1994). As shown, the
measurements are well below the detection thresholds at each
frequency.

The same tactors were used in the TAPS system for speech
communication on the skin (Reed et al., 2019; Tan et al., 2020b).
While the tactors work well after calibration in a laboratory
setting, they are not suitable for wearable applications due to their
large size, variability among individual tactors, and the difficulty
of maintaining consistent contact with the skin during arm
movement. For these reasons, the present study is still needed
to explore the use of two or three narrowband tactors in place of
one broadband tactor, when commercially-available tactors with
small form factors are used in a wearable tactile display.

The tactors were connected to class D stereo amplifiers
(Maxim MAX98306) that received input from a MOTU 24Ao
audio interface (MOTU, Inc., Cambridge, MA, United States).
The MOTU audio interface performed synchronous D/A
conversion of a 2-channel MATLAB waveform played with
the Playrec utility (Humphrey, 2008).

2.3 Stimulation Site
Two stimulation sites were used in the present study, as shown in
Figure 2. In Exp. 1, the two tactors were placed on the dorsal side
at the middle of the forearm (see Figure 2A). The upper arm was
used in Exps. 2 and 3 where the tactors were placed on top of the
bicep muscles (see Figure 2B).

2.4 Stimulus Intensity Calibration
To ensure that the stimuli were delivered to the skin at the
same perceived intensity for all participants, they were

FIGURE 1 | The two tactors used in the experiment. A white 3D-printed
plastic disk is attached to the underlying adhesive ring connected to the tactor
diaphragm (visible as an orange border around the plastic disk).

TABLE 2 | Measured displacement of the resting tactor while the other tactor is active. The detection thresholds in hairy skin from (Bolanowski et al., 1994) are shown for
comparison.

Frequency (Hz) Intensity (dB Re full
output)

Peak displacement at
the resting tactor

(dB Re 1 μm)

Detection threshold at
the same Frequency

(dB Re 1 μm)

10 20 −6.94 19.75
10 30 −5.61 19.75
30 20 −24.92 17.75
30 30 −27.40 17.75
60 20 −39.23 14.625
60 30 −35.07 14.625
150 20 −55.39 3.625
150 30 −51.51 3.625
300 20 −65.76 −1.625
300 30 −63.80 −1.625
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calibrated in two steps. First, the detection thresholds of all
participants were estimated at two high frequencies (150,
300 Hz). Second, the output of the two tactors was
equalized. These steps accounted for the variation in
detection thresholds among the participants and possible
differences between the two tactors.

2.4.1 Detection Threshold at High Frequency
Detection thresholds were measured for each participant at the
beginning of the experiment using tactor T2 which was closer to
the torso (see Figure 2). Thresholds were measured at 150 and
300 Hz using a three-interval, two-alternative, forced-choice,
one-up two-down adaptive procedure with trial-by-trial
response feedback. The one-up two-down rule estimates the
70.7-percentile point on the psychometric function (Levitt,
1971). The vibration amplitude was adjusted with a step size
of 5 dB at the first four reversals, and 2 dB at an additional 12
reversals. On each trial, a 400-ms signal was presented in only one
of the three intervals, randomly selected with equal a priori
probabilities. Each interval was visually indicated and the gap
between intervals was 500 ms. The participant indicated which
interval contained the signal and received feedback for that trial.
The threshold was estimated as the mean of the last twelve
reversals at the smaller step size.

2.4.2 Tactor Equalization
The participants then completed a method-of-adjustment
procedure to equalize the perceived intensity of the two
tactors. A 400-ms long signal at 300 Hz and −10 dB (relative
to the maximum output allowed by the MATLAB software) was
delivered to T2, the reference tactor. The participant adjusted the
amplitude of a 400-ms, 300-Hz signal on the test tactor, T1, until
the two were perceived to be equally strong. The tactors were
activated in the sequence reference-test-reference and the
participant increased or decreased the intensity of the test
tactor in steps of 1 dB. The final adjustment was recorded. On
average, the adjusted values differed by 0.83 dB relative to that at
the reference tactor.

The results of threshold measurement and tactor equalization
were used to calculate signal amplitudes that corresponded to
specific sensation levels (SLs) at high frequencies. They refer to
the vibration amplitude relative to the detection threshold at the

corresponding frequency in the unit of dB SL. Verrillo et al.
(1969) showed that sensation levels grow almost linearly with
signal amplitudes when both are expressed in dB (see Figures 8, 9
of (Verrillo et al., 1969) for the vibrotactile equal-sensation
magnitude curves).

FIGURE 2 | Tactor configuration in the three experiments. The location of the two tactors underneath the Velcro band are indicated by red text. (A) Tactors worn at
the middle of the dorsal forearm. The elbow and wrist rested on top of two foam supports. (B) Exps. 2 & 3: Tactors worn at the upper arm, atop the left biceps.

FIGURE 3 | Experimental setup in Exp. 3. The tactor band was worn on
top of the left biceps. The computer screen shows the interface for pairwise
discrimination.
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To account for spectral masking of mid- and high-frequency
signal components, additional calibrations were performed for
the mid-frequency signals. In the first two experiments, 10 and
30 Hz were used in the mid-frequency range. These changed to 30
and 60 Hz in the third experiment. The calibration procedures
evolved with the experiments. They will be described later in each
experiment.

2.5 Experimental Procedures
All experiments employed a one interval, two alternatives,
forced choice (1I-2AFC) paired-comparison paradigm,
following the design of R. Cholewiak and Collins (2000;
Exp. 2) (Cholewiak and Collins, 2000) and S. Cholewiak
et al. (2010; Exp. 3) (Cholewiak et al., 2010). The two
stimulus alternatives included a dual-frequency vibration
delivered with one tactor (“broadband”) and two single-
frequency vibrations delivered with the two adjacent
tactors (“narrowband”). For the broadband stimulus
alternative, one of the two tactors was randomly selected
to be driven with the sum of two sinusoidal waveforms, one at
a mid frequency (10, 30 or 60 Hz) and the other at a high
frequency (150 or 300 Hz). The other tactor was not
activated. For the narrowband stimulus alternative, one
randomly-selected tactor was driven with a single-
frequency vibration at a mid frequency, and the other
tactor at a high frequency. The randomization of tactor
selection was performed on each trial. The signals were
400 ms in duration and smoothed by a 5-ms Hanning
window so they started and ended at zero amplitude. The
specific frequency values used in an experiment varied, and
will be described later in the respective experiments.

The participant wore a thin fabric sleeve on the left arm for
hygiene purposes. The experimenter wrapped the tactor band
around the stimulation site (forearm or upper arm) and fastened
it with Velcro (see Figure 3). The participant sat facing the
computer screen with the left arm resting comfortably on a table
and the elbow supported. Audio pink noise was played through a
headset throughout the experiment to mask any audible sounds
from the apparatus.

After the signal-intensity calibration steps, data collection for
pairwise discrimination began. At the beginning of each
experimental condition, the two stimulus alternatives were
presented once to the participant with their respective
response labels shown as “A” or “B.” This was followed by a
block of 60 trials with the first 10 trials considered as training and
discarded from data analysis. On each trial, one of the two
stimulus alternatives was presented with an equal a priori
probability of 0.5. The participant felt the stimulus and
responded by clicking one of two buttons on the computer
screen. A check mark appeared above the selection for a
correct response. For an incorrect response, a cross appeared
above the incorrectly selected button and a check mark was
shown above the button with the correct response label. The
correct-answer feedback served to ensure that the participant
used the correct response labels and reduced the response bias in
the two-interval discrimination task. It remained on the
computer screen for 1 s and the next trial started immediately

thereafter. Participants were allowed to take a break at the end of
each block of trials. They continued with the next 60-trial block
by clicking on a “Next” button when ready.

2.6 Data Analysis Using Signal Detection
Theory
The results of the 1I-2AFC discrimination experiment were
analyzed using the decision model from Signal Detection
Theory (Green and Swets, 1966; Macmillan and Creelman,
2004; Jones and Tan, 2013). Compared to many other
psychophysical paradigms such as method of constant stimuli,
method of adjustment and adaptive procedures, Signal Detection
Theory provides a discrimination performance measure d′ that is
independent of response bias c. It is therefore preferred over the
commonly-used percent-correct scores. A d′ value of 1.0 indicates
threshold performance. Therefore, if d′ ≥ 1.0 (or d′ < 1.0), we
conclude that the participants can (or cannot) distinguish the
stimulus pair. Details on the theory and computation of d′ and
response bias c are available in Supplementary Appendix.

3 EXPERIMENT 1

The pairwise discrimination could be accomplished using any
number of perceptual cues. The most obvious cue was that of
perceived intensity of different frequency components. It was
paramount that the perceived intensity of the two stimulus
alternatives be equalized, not only for the high-frequency
components but also for the mid-frequency components due
to possible spectral masking effects. In Exp. 1, the detection
thresholds at 10 and 30 Hz in the presence of 150 or 300 Hz
maskers were estimated before determining the signal amplitudes
at the mid frequencies. The results suggested the presence of
additional perceptual cues, addressed in Exp. 2.

3.1 Experimental Conditions
There were eight conditions in Exp. 1, based on the combinations
of 1) two mid frequencies (10, 30 Hz), 2) two high frequencies
(150, 300 Hz), and 3) two sensation levels (20, 30 dB SL). The
order of experimental conditions was randomized for each
participant.

3.2 Stimulation Site
In order to eliminate any tactor localization cues, it was important
to place the two tactors within the two-point limen of the body
site. The tactors used in the present study needed a minimum
center-to-center distance of ≈30 mm to avoid direct contact.
According to Weber (1834/1978) and Weinstein (1968), this
was below the 40 mm two-point limen for touch on the
forearm. Using vibrations at 100 and 250 Hz, Cholewiak and
Collins (2003) applied an array of vibrotactile actuators spaced by
25 mm on the volar forearm to study tactor localization.
Localization was poorest at the middle of the array (≈40%).
Subsequent analysis showed errors to be evenly distributed
between the two tactors adjacent to the middle tactor,
indicating that two tactors placed 25 mm apart could not be
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localized (personal communication with R. Cholewiak, 2021).
Based on these findings, we chose the middle of the dorsal
forearm as the stimulation site.

3.3 Calibration of Mid-Frequency
Components
Gescheider et al. (1970, 1982) demonstrated that the detection
threshold at the thenar eminence of a lower-frequency signal
increases as a function of the intensity of a narrow-band,
high-frequency masking vibration. To account for the
possibility of high frequencies masking mid frequencies,
we measured the detection thresholds at 10 and 30 Hz in
the presence of a 150 Hz or 300 Hz masker. A total of four
mid-frequency detection thresholds under masking were
obtained for P01 and P02 using the same three-interval,
two-alternative, forced-choice, one-up two-down adaptive
procedure used to measure detection thresholds at high
frequencies. However, we presented stimuli in each
interval following the design in (Gescheider et al., 1982).
On each trial, an 800-ms high-frequency masker at 25 dB SL
was present in all three intervals. In one of the randomly-
selected intervals, an additional 400-ms mid-frequency target
signal was added and centered in time within the 800-ms
masker.

While the signal amplitudes for the high-frequency
components were computed based on the detection thresholds
obtained without masking, the amplitudes for the mid-frequency
components were based on the detection thresholds in the
presence of high-frequency maskers.

3.4 Results
The results of d′ from the discrimination procedure for each
condition are shown in Figure 4. The sensitivity indices
appeared to show two trends. First, the discriminability
between the broadband and the narrowband stimulus
alternatives was better (higher d′) at 30 dB SL than at 20 dB
SL. Second, discrimination appeared to be easier (higher d′)
when the mid-frequency component was at 10 Hz, except for
P02’s result at 20 dB SL for the (10,300) frequency
combination.

3.5 Discussion
After the experiment, the participants were asked about the cues
they used to perform the pairwise discrimination. They reported
that 1) sometimes, one stimulus elicited a “fluttery vibration”
sensation while the other felt more like a “smooth vibration”; and
2) in other times, there appeared to be a slight shift in stimulated
location on the skin. These subtle cues were reported as the
strategy used to solve the discrimination task on these occasions.
After revisiting the experimental conditions, it was found that the
“fluttery” sensation corresponded to the conditions involving the
10-Hz mid-frequency component. This was within the frequency
range for fluttery vibration reported in the literature (Talbot et al.,
1968; Merzenich and Harrington, 1969; Mountcastle et al., 1969;
Tan et al., 1999).

To investigate the first cue, we reasoned that for the (10, 150)
and (10, 300) frequency combinations at 20 and 30 dB SL, if the
perceived intensity of the 10-Hz mid-frequency component was

FIGURE 4 | Results of sensitivity index d′ from pairwise discrimination in
Experiment 1 for the two participants: P01 in the top panel, and P02 in the
bottom panel. The horizontal line indicates d′ = 1.0.

FIGURE 5 | Vibrotactile thresholds on the volar forearm. The solid gray
line is re-plotted from Figure 1 of (Bolanowski et al., 1994). The thresholds at
10, 30, 150, and 300 Hz are highlighted by four open circles. Filled circles,
squares and triangles denote the displacement values at 13, 20 and
30 dB above threshold, respectively, for the four frequencies.
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well matched to that of the high-frequency component, then the
sensation should have contained both fluttery and smooth
vibrations simultaneously. Whenever the fluttery or the
smooth sensation dominated perception, it indicated that the
mid-frequency or the high-frequency component was felt to be
more intense and possibly masked its counterpart. Both cases
turned out to be explainable upon further examination of the
logged data.

To understand why fluttery sensation may have dominated
the perception of a combined mid- and high-frequency
vibration, we note that our Exp. 1 considered only the
masking effects of high-frequency components on mid-
frequency components, but not vice versa. Indeed most
vibrotactile masking studies use high-frequency components
as the maskers (Gescheider et al., 1970, 1982; Verrillo et al.,
1983). However, Verrillo et al. (1983) showed evidence of a 13-
Hz stimulus masking a 300-Hz stimulus at the fingertip when
the amplitude of the 13-Hz stimulus exceeded the detection
threshold at 300 Hz. At the relatively high intensity levels of 20
and 30 dB SL used in our Exp. 1, masking occurred in both
directions of mid-to high-frequency and vice versa. This is
illustrated in Figure 5 where vibrotactile thresholds in hairy
skin and various intensity levels above threshold for 10, 30, 150
and 300 Hz are plotted on the same graph. It can be seen that the
amplitudes of mid-frequency components were well above the
detection thresholds of the high-frequency components,
demonstrating mid-frequency masking of high frequencies.
The amplitudes of high-frequency components were also
above the detection thresholds of the mid-frequency
components when set to 20 or 30 dB SL, albeit to a lesser
degree. Our calibration of the mid-frequency components
focused solely on possible masking of high-frequency
components on mid-frequency, thereby resulting in mid-
frequency amplitudes that were perhaps too high. This could
explain why the flutter sensation dominated perception in
conditions that included 10 Hz as the mid-frequency.

That the smooth vibration sensation dominated perception
in some conditions was due to amplitude saturation of mid-
frequency components that was discovered after Exp. 1. The
software used in our experiment automatically capped
vibration amplitudes to levels that would not exceed the
power limit of the audio amps. Due to the relatively high
detection thresholds at 10 Hz as compared to those at 30, 150
and 300 Hz [the masked threshold at 10 Hz was 7 dB higher
than that at 30 Hz, which is significant compared to the
amplitude discrimination threshold of 1.5–2.0 dB (Craig,
1972)], the lack of rigid surround [which is known to
elevate detection threshold (Gescheider et al., 1978; Van
Doren, 1990)], a 3–10 dB increase observed in the
thresholds under masking conditions, and the relatively
high signal intensities at 20–30 dB SL, we suspected that the
10-Hz vibration amplitudes may have exceeded the maximum
limit under some experimental conditions. This was later
confirmed, more often at 30 dB SL than at 20 dB SL. When
the amplitude of the 10-Hz vibration was clipped to the
maximum allowable value, two things would occur. First,
the intensity of the 10-Hz mid-frequency component was

reduced, thereby making the fluttery sensation less
noticeable. Second, some harmonic distortions occurred
which may have contributed to additional masking of the
10-Hz vibration. It was therefore conceivable that the
smooth sensation of the 300-Hz high-frequency component
dominated perception under these conditions. Since clipping
occurred more often at 30 dB SL than at 20 dB SL, it was also
expected that the pairwise discrimination was easier (higher
d′) at 30 dB SL.

To remove the extraneous cues due to mutual masking of
mid- and high-frequency vibrations, and amplitude clipping,
respectively, the subsequent experiments adopted an intensity
matching procedure and the intensity levels for all signals were
reduced to 13 dB SL. Based on (Bolanowski et al., 1994),
amplitudes corresponding to 13 dB SL at 150 and 300 Hz
are below the detection thresholds of non-Pacinian
receptors (nPC) at 10 and 30 Hz on hairy skin (see solid
circles at 150 and 300 Hz in Figure 5), ensuring no masking
of mid-frequency components by high-frequency vibrations
[see further explanation in (Gescheider et al., 1982)]. However,
since the detection thresholds at 10 and 30 Hz are higher than
those at 150 and 300 Hz (Bolanowski et al., 1994), it would not
be possible to choose a signal amplitude at the mid frequencies
that would not activate the Pacinian channel.

To investigate the second cue of a possible shift in perceived
simulation site, it should be noted that most studies of two-
point discrimination threshold were conducted with touch/
pressure rather than vibrotactile stimuli [although see
(Cholewiak and Collins, 2003)]. Among the former method,
even though Weber (1834/1978) and Weinstein (1968)
reported a 40-mm two-point limen on the forearm, a more
recent study by Mancini et al. (2014) reported a two-point
touch threshold of 22 mm which was below the center-to-
center distance of the two tactors used in Exp. 1. Similarly,
Lévêque et al. (2000) reported a two-point gap discrimination
of 21.23 mm on the volar forearm. Craig and Johnson (2000)
explained why the two-point limen is not a good measure of
tactile spatial resolution, and pointed to several potential
confounds that exist in its estimates. Using vibrotactile
stimuli, van Erp (2005b) conducted an experiment on
vibrotactile spatial acuity by activating pairs of tactors in a
linear array at different locations of the torso with 28-ms sine
waves at 250 Hz. The results showed a uniform acuity of
20–30 mm except for arrays oriented horizontally and
placed on the body midline. Perez et al. (2000) used an
array of 16 piezoelectric vibrators with a thickness of
0.5 mm spaced by 1 mm and delivered waveforms composed
of bursts of rectangular pulses to the index finger. They
activated pairs of vibrators simultaneously and used the
method of limits to determine the two-point threshold.
They found that the threshold increases from 2.1 to 5.1 mm
as the pulse repetition period decreases from 1/25 to 1/500 s.
This was similar to the finding by Weinstein (1968) who
reported values of ≈4 mm at the index finger. It thus
appears that spatial resolution improves from forearm to
the fingertips. At more proximal locations such as the upper
arm, the two-point limen was reported to be 44 and 67 mm by
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Weinstein (1968) and Weber (1834/1978), respectively. Since
the minimum center-to-center distance of the two tactors used
in the present study needed to be ≈30 mm to avoid direct
contact, it was necessary to move the stimulation site to a more
proximal location with poorer spatial acuity–the upper arm. It
was also important to avoid any perceptual anchors that can be
easily localized [see (Cholewiak and Collins, 2003)] and to
avoid bone conduction that might elicit auditory sensations
(Kaufmann et al., 2012). Therefore, the fleshy surface atop the
biceps on the left upper arm was chosen as the stimulation site
for subsequent experiments.

4 EXPERIMENT 2

The experimental methods for Exp. 2 were similar to those for
Exp. 1, except for a few modifications noted below.

4.1 Experimental Conditions
There were four conditions in Exp. 2, based on the combinations
of twomid frequencies (10, 30 Hz) and two high frequencies (150,
300 Hz). Unlike Exp. 1, only one signal intensity of 13 dB SL
was used.

4.2 Stimulation Site
The tactor band was fastened around the participant’s left upper
arm so that the tactors rested on the biceps muscle.

4.3 Calibration of Signal Intensities
Detection thresholds for the four frequencies were measured in
isolation using the same three-interval, two-alternative, forced-

choice, one-up two-down adaptive procedure employed in Exp. 1.
This was followed by an intensity matching procedure to calibrate
the amplitudes of mid frequencies for each of the four
experimental conditions. For each frequency combination, the
broadband dual-frequency stimulus (the reference) used 13 dB SL
(dB above detection threshold in isolation) for both the mid- and
high-frequency amplitudes. For the two single-frequency
stimulus alternatives (the narrowband comparison), the high-
frequency amplitude was also set to 13 dB SL. The amplitude of
the mid-frequency component could be changed by the
participant using the method of adjustment (Jones and Tan,
2013). The participant felt a sequence of three signals in the order
reference-comparison-reference, and adjusted the amplitude of
the mid-frequency component until the comparison stimulus felt
similar to the reference. The calibrated amplitudes were then used
in the subsequent pairwise discrimination procedure.

4.4 Results and Discussion
The results of Exp. 2 are shown in two plots. First, the adjusted
amplitudes of the mid-frequency components are shown in
Figure 6 after they have been converted to dB SL. The dashed
line corresponds to 13 dB SL that was used with both components
of the broadband stimuli and the high-frequency components of
the narrowband stimuli. It can be seen that the adjusted intensity
level for P01 stayed within ±1 dB around 13 dB SL, a difference
that is below the 1.5–2.0 dB amplitude discrimination threshold
for vibrotactile stimuli (Craig, 1972). The same was true for P02
for the two conditions where the mid-frequency was at 10 Hz.
The adjusted amplitudes for the 30-Hz mid-frequency
component was significantly below 13 dB SL for P02.

FIGURE 6 | Adjusted amplitudes of mid frequencies in dB SL from
intensity matching in Exp. 2. The horizontal dashed line denotes 13 dB SL.

FIGURE 7 | Sensitivity index d′ values from pairwise comparison in Exp.
2. The horizontal line indicates the performance criterion for discrimination at
d′ = 1.0.
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Second, the d′ values from pairwise comparison for each
condition are shown in Figure 7 for the two participants in
separate panels. Participant P01 could not distinguish the
broadband and narrowband stimuli, as demonstrated by |d′| <
1.0 in all conditions. While participant P02 showed poor
discrimination for the two conditions (30,150) and (30,300),
the d′ values for (10,150) and (10,300) were well above 1.0.
The participant reported using the “fluttery vs. smooth” cue
for pairwise comparison in the latter two conditions. Note that
the d′ values for P02 when the mid-frequency was at 10 Hz were
lower than those in Exp. 1 (see Figure 4).

An examination of logged data did not reveal a large difference
in the detection thresholds between the two participants and the
thresholds were more than 13 dB below the maximum allowable
output (−16.7 ± 1.9 dB for P01; −15.8 ± 2.3 dB for P02; relative to
maximum amplitudes). It was noticed however that the perceived
intensity of the fluttery sensation due to the 10-Hzmid-frequency
component changed noticeably if the tactor band was wrapped
very tight around the upper arm. We reasoned that the
diaphragm of the speaker could be damped by the pressure
exerted by the Velcro band, especially when the displacement
was high as was the case with the 10-Hz vibration. Moreover, the
discriminability of signals containing 10 Hz could be related to
the “borderline” characteristics of this frequency. As described by
Tan et al. (1999), 10 Hz is located at the boundary between the
perception of slow movement and rough/fluttery vibration. From
a practical point of view, few resonance-type tactors on the
market can produce discernible vibrations at 10 Hz. Therefore,
we replaced the 10-Hz mid-frequency component with a 60-Hz
mid-frequency component in Exp. 3 where all 12 participants
were tested, including P01 and P02.

5 EXPERIMENT 3

Now that we have eliminated the extraneous cues that could
contribute to the discriminability of one broadband, dual-
frequency signal and two simultaneous narrowband single-

frequency signals, the objective of Exp. 3 was to conduct the
pairwise comparison with a large number of participants (N =
12). They included the two participants from Exp. 1 and Exp. 2
and 10 additional naive participants.

5.1 Methods
In this experiment, the two tactors were placed atop the bicep muscle
on the left upper arm. There were four experimental conditions
denoted by the mid- and high-frequency pairs in Hz (30,150),
(30,300), (60,150) and (60,300). The procedure was the same as
that in Exp. 2. Each participant was tested for detection thresholds at
the four frequencies, performed intensity matching, and completed
pairwise comparison of narrowband and broadband stimuli. Per
additional IRB guidelines for conducting human experiments
during the COVID-19 pandemic, a webcam, a microphone and
TeamViewer software were installed to allow the experimenter to
control programs and tomonitor and communicate with participants
from an adjacent room (see Figure 3).

5.2 Results and Discussion
The intensity matching results for all 12 participants are
presented as box plots in Figure 8. The figure shows the
distributions of the adjusted amplitudes of the single-
frequency vibrations for the mid frequencies and the four
experimental conditions. The adjustments are compared to the
13 dB SL amplitude level used with both components of the
broadband stimuli and the high-frequency component of
narrowband stimuli. As shown, there is a wide range of
adjusted amplitudes with some outliers at conditions (30,300)
and (60,300). However, a one-way ANOVA did not indicate a
significant difference between adjustments among the four
experimental conditions (F (2, 44) = 1.02, p = 0.39). In
addition, individual t-tests were used to compare the intensity
matching results with the 13 dB SL reference per condition. The
results did not show a significant difference between the adjusted
amplitudes and 13 dB SL for any condition [t (11) = −1.79, p =
0.10 for condition (30, 150); t (11) = −1.58, p = 0.14 for (30, 300); t

FIGURE 8 |Results of adjusted mid-frequency amplitudes from intensity
matching. The horizontal dashed line corresponds to 13 dB SL.

FIGURE 9 | Results of sensitivity index d′ from pairwise discrimination in
Exp. 3. The dashed horizontal line indicates d′ = 1.0. Error bars denote ±1
std.err.
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(11) = −0.88, p = 0.39 for (60, 150); t (11) = −0.05, p = 0.96 for (60,
300)]. The variability of the data shown in Figure 8 suggests that
intensity matching was necessary for individual participants.

The d′ values from pairwise discrimination are shown in
Figure 9. In general, the 4 d′ values for the four experimental
conditions were all between 0 and 1, indicating that the
participants could not reliably distinguish between a dual-
frequency vibration delivered by one tactor and two
corresponding single-frequency vibrations delivered by two
adjacent tactors. The d′ values were compared to the threshold
value of 1.0 via individual t-tests per condition. The results
revealed that d′ values were significantly below 1.0 across all
four conditions [t (11) = −4.62 for condition (30, 150); t (11) =
−4.80 for (30, 300); t (11) = −3.46 for (60, 150); t (11) = −5.88 for
(60, 300); all with p < 0.01]. Furthermore, a one-way ANOVA
indicated no significant differences among the 4 d′ values (F (3,
44) = 0.73, p = 0.54). The response biases, c, were relatively small,
ranging from −0.16 to −0.04 for the four conditions. These results
demonstrate clearly that with the removal of extraneous cues, it
was feasible to achieve a broadband vibration (i.e., containing
mid- and high-frequency components) with two narrowband
vibrations (one mid-frequency and one high-frequency)
delivered by two tactors placed in close proximity.

6 GUIDELINES FOR INTERLEAVING
NARROWBAND TACTILE STIMULI FOR
BROADBAND EFFECTS
Our findings that the d′ values under all experimental conditions
in Experiment 3 were well below 1.0 provides psychophysical

validation that broadband haptic effects can be achieved by
interleaving narrowband vibrotactile stimuli, when
narrowband tactors are placed within the two-point limen on
the skin and signal amplitudes are properly calibrated. This result
can be used to guide the design of wearable tactile displays that
interleave narrowband tactors. For example, a body site can be
divided into distinct stimulation areas defined by the two-point
limen, as illustrated by the circular grid on the back and the
diamond grid on the forearm in Figure 10. The exact shape of the
grid element is not important, as long as 1) tactors within each
area are felt as one location and 2) tactors in different areas are felt
as two locations. The left panel in Figure 10 provides an example
of a haptic back display with three types of tactors in each distinct
stimulation area. The right panel shows one variant where low-
frequency tactors are placed along the middle of the forearm to
deliver, for example, pleasant strokings using the signal patterns
described in (Culbertson et al., 2018). The rest of the grid contains
two parallel columns of mid- and high-frequency tactors that can
be used to encode English phonemes using haptic codes similar to
those in (Reed et al., 2019). Such wearable displays can differ in
many ways including body site stimulated, layout of distinct
stimulation areas, number and type of tactors within each
stimulation area, waveforms and signal activation patterns.
The distinct sensations delivered by different types of tactors
can be used to encode near and far in an immersive VR game,
imminent danger versus surrounding traffic to a visually-
impaired pedestrian, or speed-up vs. slow-down cues in an AR
workout app.

A question that naturally arises is what to do when a skin area
has dense nerve innervation and hence high spatial resolution,
such as the fingertip. It is unlikely to find tactors that can be

FIGURE 10 | Illustration of interleaving narrowband tactors in a wearable haptic display worn on the back or volar forearm. The large circles on the back and the
diamonds on the forearm indicate spatially distinct areas of stimulation. The legend shows the three types of narrowband tactors. The table at the bottom lists the two-
point limens at select body sites (from (Weber, 1834/1978; Weinstein, 1968; Mancini et al., 2014)).
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squeezed into a scale on the order of millimeters (Weinstein,
1968), except for pin arrays such as the Optacon (Linvill and Bliss,
1966) and the 400-probe display (Pawluk et al., 1998). However,
at very small contactor areas (below 0.08 cm2), vibrotactile
detection thresholds increase significantly and flatten across
the entire vibrotactile frequency range [see Figure 7 of
(Verrillo, 1963)]. As a result, perception of vibrotactile stimuli
at suprathreshold levels will involve several mechanoreceptor
populations. As shown by the results of experiments 2 and 3, our
efforts to calibrate signal amplitudes are necessary due to the need
to balance the perceived intensities associated with multiple
mechanoreceptor channels. This would not be possible with
very small contact areas where the detection thresholds are the
same for all frequencies. Evidence of this issue is available in
studies that investigate localization of low- and high-frequency
vibrotactile stimuli. Rogers (1970) showed better localization of a
250-Hz stimulus compared to a 10-Hz stimulus using 1-mm-
diameter probes at the finger tip, even though the Pacinian
receptors (most sensitive at 250 Hz) have larger receptive fields
than the non-Pacinian receptors responsible for perception at
10 Hz. It was likely that the 1-mm-diameter probes excited more
mechanoreceptors than just the Pacinian corpuscles. In another
study, Sherrick et al. (1990) used two 6-mm-diameter contactors
in a series of four experiments to study localization. They found
worse localization with 250-Hz sinusoidal stimuli than with 25-
Hz stimuli in the proximal area of the metacarpus (closest to the
wrist), but equal localization accuracy at the two frequencies in
the distal area of the metacarpus (closest to the little finger). These
findings demonstrate the difficulties that arise when trying to
dissociate mechanoreceptor populations in the hand using small
contactors, complicating the interpretation of experimental
results. Therefore, it remains to be seen whether the approach
proposed in the present study can be readily applied to the skin on
the hand given the difficulty of eliciting distinct sensations such as
flutter and smooth vibration. Furthermore, in most use scenarios,
it would be desirable to place wearable haptic displays on the
torso and limbs because the user’s hand would likely be engaged
in text input and menu selection tasks.

Given that the dimensions of tactors plays a key role in the
selection of the stimulation site (according to the two-point limen
constraint), we might wonder if vertically stacking them instead
of placing them in adjacent locations is a viable way to address
areas with high spatial resolution. This would seem to remove the
restriction of placing tactors within the two-point limen.
However, direct contact between mechanically-coupled stacked
actuators would likely result in a distorted waveform. This would
be owing to the difficult-to-control dynamic effects of the
additional loading on each tactor. Hence, the waveforms
delivered to the skin would neither be clean, independently-
delivered narrowband stimuli, nor a simple broadband
stimulus composed of the sum of the independent
narrowband signals. This was confirmed with acceleration
measurements on the two LRA tactors under several
conditions. The tactors were vertically stacked and actuated
with sinusoidal signals at 60, 150, and 300 Hz. We measured
the acceleration at the top of the stack for all possible
combinations of frequencies and configurations of the two

tactors. We observed that the response was always dominated
by high frequencies, especially when delivered to the tactor closest
to the accelerometer. Thus, the idea of stacking actuators to
achieve broadband effects appears to be impractical.

Our work also constitutes an effort to optimize the design
decisions for vibrotactile actuator manufacturing. The
possibility of presenting complex haptic effects with a few
narrowband signals eliminates the need for a complex and
costly broadband actuator. In practice, the replacement of a
single actuator with multiple interleaved narrowband
actuators could represent a potential overhead in circuit
complexity and mounting difficulties. Nevertheless, these
complications can be resolved with better product designs.
Commercially-available narrowband actuators such as LRA’s
are sufficiently small, cost effective and power efficient.
Therefore, the advantages of interleaving narrowband
actuators outweigh the trade-offs.

We hope that our approach serves as an example of how
psychophysical validation and perception experiments can guide
the design of new actuators. Another example of this approach is
the work by Friesen et al. (2018), who asked participants to adjust
the amplitude and frequency of a signal on a variable friction
display to match the perception of a two-frequency reference
stimulus. They demonstrated that participants matched a tactile
pitch whose frequency is a function of the frequencies and
amplitudes in the reference stimulus. This shows that a target
texture can be achieved without a complex representation of the
texture on a surface friction display.

In conclusion, we proposed, tested and validated a new
way of achieving rich, broadband haptic effects by
interleaving narrowband vibrotactile stimuli on the skin.
We provide guidelines and examples of applying this
approach in creating new wearable consumer products.
Whereas the experiments in the present study used a
relatively large broadband tactor, most commercially-
available tactors are smaller in size (e.g., a footprint of
1 cm × 1 cm or less in mobile phones). It is therefore
possible to place one mid-frequency and one high-
frequency resonant tactors within the two-point limen on
the skin using tactors that are on the market today. Our work
also contributes to future development of tactors by providing
perception-based specifications on frequency range and
tactor dimensions.
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