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Abstract

Vibrotactile interfaces commonly encode information using changes in stimulus amplitude
and frequency, yet it remains unclear how reliably these parameters can be distinguished
when spatial cues are unavailable. The present study examined discrimination of vibro-
tactile signals that differed in amplitude, frequency, or both, with sequential stimulation
delivered to a single location on the wrist. Vibrotactile stimuli were presented through a
wearable actuator, and participants judged whether pairs of signals were the same or dif-
ferent. Discrimination performance was high when stimuli differed in amplitude, whereas
signals differing only in frequency were difficult to distinguish and often produced perfor-
mance near chance. Importantly, adding frequency differences to amplitude differences did
not improve discrimination beyond amplitude differences alone. These findings indicate
that, under non-spatial and sequential presentation conditions, amplitude provides a robust
cue for vibrotactile signal discrimination, whereas frequency modulations on their own
offer limited benefits for perceptual discrimination. The results highlight basic constraints
on vibrotactile perception that are relevant for the design of wearable tactile interfaces and
sensory substitution devices.

Keywords: vibrotactile perception; tactile discrimination; amplitude; frequency; sensory
substitution; haptic interfaces

1. Introduction
Vibrotactile signals are widely used in wearable interfaces and sensory substitution

devices to convey information through tactile modality. The aim of such devices is to
transmit information about the environment when another sensory modality is unavailable
or impaired [1–3]. Vibrotactile displays have become a central component in human–
computer interaction, mobile devices, and assistive technologies, with amplitude and
frequency modulation representing the primary encoding dimensions [4]. Such tactile
stimulation can be applied to different body locations, including the hands, wrists, forearms,
torso, or back, depending on the intended function and design constraints [3,5,6]. Across
these applications, information is commonly encoded using basic vibration parameters
such as amplitude and frequency.

Mountcastle and his colleagues have demonstrated that discrimination of flutter
frequency depends on temporally patterned activity in somatosensory cortex and is modu-
lated by stimulus amplitude and task context [7]. Recent work further demonstrates that
vibrotactile frequency discrimination is strongly modulated by spatial separation and task
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difficulty, highlighting the context-dependent nature of tactile decision processes [8]. Fre-
quency judgments also engage distributed cortical mechanisms linking sensory encoding
with working memory and decision processes [9].

Despite this extensive work, the perceptual reliability of amplitude and frequency as
independent coding dimensions under non-spatial, device-relevant stimulation conditions
remains insufficiently characterized. More broadly, perceptual systems do not treat stim-
ulus dimensions symmetrically. Findings from whole-body vibration demonstrate that
some attributes, such as perceived intensity, follow relatively stable discrimination thresh-
olds, whereas frequency- and modulation-based attributes show reference-dependent and
asymmetric sensitivity patterns [10]. Moreover, signals carried by distinct mechanore-
ceptor channels can interact in an inhibitory manner, challenging classical assumptions
of independent tactile submodalities [11]. Electrophysiological result of Tung’s and his
colleagues’ study suggests that sensory processing may exhibit temporally asymmetric dy-
namics, with early stimulus-driven suppression preceding later goal-dependent facilitation
in cross-modal contexts [12].

Compared to vision and audition, the tactile modality can convey only a limited
amount of information and has relatively low spatial resolution. How well tactile signals
are perceived depends strongly on factors such as where on the body stimulation is applied,
which receptors are involved, and the specific stimulus parameters that are used [13,14].
Because of this, changes in physical properties like amplitude or frequency do not always
lead to clear perceptual differences. These constraints make it important to empirically test
which tactile signal properties can be reliably distinguished, especially in the context of
tactile interfaces and sensory substitution devices [3].

From a psychological perspective, the present study falls within experimental research
on tactile perception and psychophysics, examining how physical properties of vibro-
tactile stimulation influence perceptual discrimination under controlled conditions. The
present study focuses on basic stimulus parameters that may support tactile discrimina-
tion. By systematically manipulating amplitude and frequency while removing spatial
cues, we examine how these parameters contribute to tactile perception and perceptual
decision-making.

Among the parameters used in vibrotactile displays, amplitude and frequency are
the most common candidates for encoding differential information. Both dimensions are
known to influence tactile perception, but whether their perceptual roles can be equated
is unknown. Previous work has shown that sensitivity to vibrotactile frequency depends
strongly on stimulation site and intensity, and that frequency differences can be difficult to
discriminate under certain conditions [14,15]. In contrast, amplitude differences are often
perceived more robustly and have been shown to dominate tactile judgments in a range
of tasks, including studies using wearable vibrotactile stimulation [16,17]. Pressure and
vibration are processed by different but interacting mechanoreceptors: Merkel receptors
respond to sustained skin deformation, Meissner corpuscles are sensitive to motion and
low-frequency vibration, and Pacinian corpuscles respond most strongly to high-frequency
vibration [13,18]. Because vibrotactile stimulation can recruit these receptors simultane-
ously, amplitude and frequency are not encoded independently in the tactile system [3].

A potential problem in existing work on tactile perception and vibrotactile interfaces
is that many studies change several stimulus properties at the same time, such as spatial
location, timing, and intensity. This makes it difficult to understand which specific stimu-
lus parameters support perceptual discrimination. In particular, little work has focused
on situations where vibrotactile signals are presented sequentially at the same location,
removing spatial cues altogether. In these cases, any perceptual difference must be based
only on basic stimulus properties such as amplitude and frequency.
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Importantly, changes in these basic parameters do not always lead to clearer perception.
Previous research has shown that variations in timing or intensity can systematically bias
tactile perception, producing mislocalization, illusory motion, or distorted judgments of
stimulus order [19]. More recent work has demonstrated that increasing stimulus intensity
can also bias perceived spatial order, as the intensity order illusion demonstrates [20].
Together, these findings indicate that tactile perception does not always reflect physical
stimulus properties directly; perception is a creation of our neural mechanisms, highlighting
the need to empirically test how reliably amplitude and frequency differences can be
distinguished under controlled, non-spatial conditions [3].

Current Aims

To address this question, in the present study we examined whether differences in
amplitude and frequency provide reliable cues for distinguishing vibrotactile signals when
spatial information is unavailable. We also address whether there are any interactions or
additive effects between the two types of variation. Vibrotactile stimuli were presented
sequentially at the same skin location (the wrist) with Lofelt L5 actuators, using forced
choice discrimination. We chose to stimulate a single site to exclusively test the basic stimu-
lus parameters of amplitude and frequency independently of any influences from spatial
separation. If amplitude and frequency contribute equally to tactile signal discrimination,
then differences along either dimension should support accurate same–different judgments.
Alternatively, if one parameter dominates tactile discrimination performance, participant’s
performance should depend primarily on that dimension, with little added benefit from
changes in the other. By using a same–different two-alternative forced-choice task, this
design allows the direct assessment of perceptual separability and potential biases without
requiring explicit identification or labeling of signals.

2. Materials and Methods
2.1. Participants

Twelve participants (6 female; age range: 23–46 years, M = 32.2) took part in the
experiment. Previous studies have shown that around 12 participants are sufficient for
reliable results on vibrotactile perception, in particular when multiple trials are used for
each experimental condition. All participants reported normal tactile sensitivity and no
known neurological conditions. Participants gave informed consent prior to participation
and were naive to the purpose of the study. The study was conducted in accordance with the
Declaration of Helsinki and the requirements of the relevant institutional ethics committee.

2.2. Apparatus

Vibrotactile stimulation was delivered using a custom-made wearable bracelet contain-
ing a Lofelt L5 voice-coil actuator [21] (Lofelt L5 Actuator: Lofelt GmbH, Berlin, Germany).
The actuator was housed in a 3D-printed plastic casing and positioned flat against the skin
to produce back-and-forth vibrations parallel to the skin surface (Figure 1B). A technical
drawing of the actuator, including its external dimensions, is shown in Figure 1A. The L5
actuator was selected because it allows precise and independent control of vibration ampli-
tude and frequency, enabling systematic manipulation of these parameters in the present
experiment. Voice-coil actuators provide stable output across a broad frequency range rele-
vant for vibrotactile perception (see Table 1), ensuring reliable presentation of the selected
stimulus frequencies. Participants wore the bracelet on the wrist of the non-dominant hand,
and it remained in a fixed position throughout the experiment. The wrist was chosen as the
stimulation site because it is a practical location for wearable vibrotactile interfaces and
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has been characterized in previous threshold measurements using comparable actuator
configurations [16].

Figure 1. (A) Technical drawing of the Lofelt L5 voice-coil actuator showing external dimensions.
(B) Custom-made wearable bracelet with the Lofelt L5 actuator mounted on the wrist, housed in a
3D-printed plastic casing placed flat against the skin and connected to a LogiLink 7.1 channel USB
sound box used for stimulus delivery.

Table 1. Haptic, Electrical and Acoustic Characteristics of Lofelt L5 [21].

Maximal Voltage 1.4 Vrms at f0

Resonance Frequency (f0) 65 Hz ± 5%

Frequency Range Min. 0.5 G over 35 Hz–1 kHz

Nominal Impedance 8 Ω at f0

Power Handling Maximum: 320 mW

Current Consumption

Average at medium volume: 10 mA, bass
music use-case

Average at maximum volume: 57 mA,
bass music use-case

The actuator was driven by audio signals generated on a desktop computer and
delivered via an external USB sound card (LogiLink 7.1 Channel USB Sound Box: LogiLink,
Shenzhen, China). Vibrotactile stimuli were generated as sinusoidal waveforms, allowing
precise control over stimulus frequency and amplitude. All stimuli were presented through
the same actuator to ensure that no spatial cues were available. Full technical specifications
of the actuator including electrical and mechanical characteristics, are provided in Table 1.

2.3. Stimuli

The vibrotactile stimuli consisted of sinusoidal vibrations that varied in amplitude and
frequency. Two amplitude levels (50% and 100%) were defined relative to the normalized
peak amplitude of the sinusoidal digital drive signal (range 0–1) generated in Python
3.13.5 prior to digital-to-analog conversion and amplification by the actuator driver. Thus,
100% corresponded to the maximum digital output level used in the experiment, and 50%
corresponded to half of this peak value. Two frequency levels (125 Hz and 250 Hz) were
selected based on previous psychophysical measurements demonstrating peak vibrotactile
sensitivity within approximately 100–275 Hz at the wrist [16]. Similar frequency ranges
have also been successfully employed in prior studies from our research group investigating
vibrotactile perception and related perceptual phenomena [20]. The two amplitude levels
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were chosen to provide a clearly perceivable intensity difference while maintaining a simple
and controlled comparison between amplitude- and frequency-based discrimination. The
combination of two amplitude and two frequency levels resulted in four distinct stimulus
conditions (Table 2). For convenience, these stimuli are referred to as A–D, where A and B
represent the lower amplitude, C and D the higher amplitude, and frequencies were either
125 Hz (A and C) or 250 Hz (B and D).

Table 2. The different experimental conditions.

Amplitude

Frequency

50% 100%

125 Hz A C

250 Hz B D

Stimulus generation and presentation were controlled using custom-written software.
Amplitude and frequency were precisely specified at the signal generation stage, and the
same waveform parameters were used across all trials and participants.

To prevent any potential auditory cues from the vibration of the L5 actuators, partic-
ipants wore closed-back headphones that delivered continuous white noise throughout
the experiment (approximately 60 dB SPL, comfortable listening level). The noise level
was adjusted individually to ensure masking of any audible mechanical sound from the
actuator. Participants confirmed that they could not hear the actuator during stimulation.

2.4. Procedure

Participants were seated comfortably in a quiet testing room during the experiment,
wearing headphones playing continuous white noise throughout the session. Each trial
consisted of two vibrotactile stimuli presented sequentially at the same skin location. Each
stimulus was presented for 500 ms, separated by an inter-stimulus interval (ISI) of 200 ms.
A stimulus duration of 500 ms was chosen to ensure clear perception while minimizing
potential adaptation or temporal overlap effects. The ISI of 200 ms was selected to provide
clear temporal separation between the two stimuli while keeping them within a short com-
parison window suitable for sequential discrimination. All stimuli were delivered through
the same actuator, ensuring that no spatial information was available for discrimination.

Participants performed a same–different 2AFC discrimination task. At the beginning
of the experiment, they were given clear written and verbal instructions explaining the task
and the response mapping. They were instructed to indicate whether the two vibrations on
each trial were the same or different, and to respond as accurately as possible. Responses
were made using a keyboard, and both accuracy and reaction time were recorded.

Before the main experiment, participants completed a short practice block consisting
of five trials, which provided feedback to ensure that participants understood the task and
response mappings. The practice block was followed by the experimental block, which
consisted of 200 trials presented in randomized order. The order of stimulus conditions was
randomized across trials to minimize potential order effects such as learning, adaptation,
or expectation biases. Feedback was presented in the practice trials.

The experiment took approximately 20–25 min to complete for each participant, in-
cluding instructions and practice trials. Short pauses were allowed as needed.

2.5. Data Analysis

Accuracy and reaction time (RT) were recorded on each trial. Accuracy was defined as
the proportion of correct same-different responses. RTs were measured from the onset of
the response prompt following the second stimulus. Trials with no response were excluded
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from RT analyses but counted as incorrect for accuracy. Practice trials were excluded from
all analyses.

Since our analyses revealed that the order of stimulus presentation (e.g., A_B vs. B_A)
did not affect performance, the data were collapsed across the two possible orders, and
analyses were performed on unordered stimulus pairs. For each participant, mean accuracy
was calculated separately for each unordered pair.

To test whether discrimination performance was above chance, one-sample t-tests
compared accuracy for each stimulus pair against chance level (0.5). Holm corrections
were applied to control for multiple comparisons. Differences in performance across
stimulus pairs were examined using repeated-measures analyses of variance (ANOVAs),
with Greenhouse–Geisser corrections to the degrees of freedom applied when the sphericity
violations were detected. Post hoc comparisons were adjusted using Holm correction.

To examine the relative roles of amplitude and frequency, additional repeated-
measures ANOVAs were conducted with the factors Amplitude (same vs. different) and
Frequency (same vs. different). Additional analyses grouped stimulus pairs into three
categories: amplitude-only, frequency-only, and both.

Signal detection measures (d′ and response criterion c) were calculated across all trials
to provide an overall measure of discrimination sensitivity and response bias. These mea-
sures were collapsed across conditions because the main analyses focused on differences in
accuracy across stimulus pairs and conditions.

RT analyses were conducted alongside accuracy analyses but did not reveal any
additional effects and are therefore not reported further.

All statistical analyses were conducted using standard parametric tests with a sig-
nificance threshold (alpha) of p < 0.05. Data analysis was performed in RStudio (ver-
sion 2025.09.0, Build 387), using the rstatix, ez, and tidyverse packages [22–25].

3. Results
The results are summarised in Figures 2–4. Figure 2 shows mean accuracy for all

ten unordered stimulus pairs (A_A, B_B, C_C, D_D, A_B, A_C, A_D, B_C, B_D, C_D)
with within-subject confidence intervals and individual participant data. Figure 5 shows
accuracy grouped by change type (AMP_only, FREQ_only, BOTH).

A signal detection analysis, collapsing across all conditions, revealed high overall
sensitivity, d′ = 2.00, with a conservative response criterion, c = 0.47, indicating a tendency to
respond “same” more often than “different” despite a higher proportion of different trials.

3.1. Order Effects

The first set of analyses examined whether the order of the two vibrations in a pair
influenced discrimination accuracy. For each unordered pair (A_B, A_C, A_D, B_C, B_D,
C_D), paired t-tests compared accuracy for the two possible orders (e.g., A_B vs. B_A).

None of the six paired comparisons showed a reliable order effect t(11) = 1.88, p > 0.05,
(Holm-corrections for multiple comparisons were used). To further confirm this result,
a 2 (direction: forward, reverse) × 6 (pair: A_B, A_C, A_D, B_C, B_D, C_D) repeated-
measures ANOVA on accuracy was conducted. This analysis revealed a strong main effect
of pair, F(5, 55) = 19.37, p < 0.001, η2 = 0.51, but no main effect of direction, F(1, 11) = 1.40,
p = 0.26, η2 = 0.00, and no pair × direction interaction, F(5, 55) = 1.35, p = 0.26, η2 = 0.02.
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Figure 2. Mean accuracy for each unordered stimulus pair (A_A, B_B, C_C, D_D, A_B, A_C, A_D,
B_C, B_D, C_D). Bars show mean accuracy across participants; error bars represent within-subject
95% confidence intervals. Jittered dots show accuracy for individual participants. The horizontal
dashed line marks chance level (0.5).

Figure 3. 2 × 2 accuracy by Amplitude (x-axis: sameAmp, diffAmp) and Frequency (fill: sameFreq,
diffFreq). Bars show means; error bars depict within-subject 95% CIs; jittered black dots show
individual participants. Dashed line marks chance (0.5).

Because the order of presentation did not influence performance, subsequent analyses
were conducted on unordered pairs, collapsing across the two orders (e.g., A_B and B_A
combined into A_B).
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Figure 4. 2 × 2 accuracy by Frequency (x-axis: sameFreq, diffFreq) and Amplitude (fill: sameAmp,
diffAmp). Bars show means; error bars depict within-subject 95% CIs; jittered black dots show
individual participants. Dashed line marks chance (0.5).

Figure 5. Mean accuracy for unordered different pairs grouped by change type (AMP_only,
FREQ_only, BOTH). Bars show mean accuracy across participants; error bars represent within-subject
95% confidence intervals. Jittered dots show accuracy for individual participants. The horizontal
dashed line marks chance level (0.5).

3.2. Discrimination Performance Relative to Chance and Pairwise Differences

For each participant, mean accuracy was computed for each unordered pair (A_A,
B_B, C_C, D_D, A_B, A_C, A_D, B_C, B_D, C_D). Accuracy for each pair was compared to
chance (0.5) using one-sample t-tests (one-sided, “greater than 0.5”), with Holm correction
for ten tests.

All four identical pairs (A_A, B_B, C_C, D_D) were clearly above chance (all p < 0.001),
with mean accuracies close to ceiling (=0.89–0.95), indicating that identical vibrations were
reliably recognised as “same”.

Most different pairs were also above chance. Pairs with clear amplitude differences
(B_C, B_D) showed the highest performance (mean accuracy = 0.92–0.93) and were signifi-
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cantly above chance after correction. Pairs with smaller or mixed differences (A_B, A_C,
A_D) showed intermediate performance (mean accuracy = 0.55–0.75), with evidence for
above-chance accuracy for A_B and A_C.

The high-amplitude frequency pair C_D (100% amplitude, 125 vs. 250 Hz) produced
performance close to or below chance level (0.28). However, this effect did not survive
correction for multiple comparisons and should therefore be interpreted cautiously. The
patterns in Figure 2 clearly show that the responses for C_D cluster near or even below
chance, indicating that this pure frequency difference at high amplitude was very difficult
to discriminate.

To formally compare discrimination across the six different unordered pairs (A_B,
A_C, A_D, B_C, B_D, C_D), a one-way repeated-measures ANOVA on accuracy was
conducted. The main effect of pair was large and reliable, F(5, 55) = 19.35, p < 0.001,
η2 = 0.55 (Greenhouse–Geisser correction was used). Post hoc comparisons with Holm
corrections showed that pairs involving a large amplitude difference (particularly B_C and
B_D) were significantly better discriminated than pairs relying primarily or exclusively
on frequency differences, with C_D consistently among the worst-performing pairs (see
Figure 2).

3.3. Relative Contributions of Amplitude and Frequency

A 2 (Amplitude: same vs. different) × 2 (Frequency: same vs. different) repeated-
measures ANOVA on accuracy (see Figure 3) showed a significant main effect of frequency,
F(1, 11) = 40.35, p < 0.001, generalized η2 = 0.42. Conversely, the main effect of amplitude
was not significant, F(1, 11) = 1.41, p = 0.26, η2 = 0.03. In addition, there was a strong inter-
action effect F(1, 11) = 42.68, p < 0.001, η2 = 0.35. The interaction pattern is straightforward:
with the same amplitude, introducing a frequency change reduces accuracy toward chance;
with different amplitudes, accuracy remains high and a frequency change provides no
additional benefit (see Figure 3).

3.4. Relative Contributions of Amplitude and Frequency (Additional Analysis)

To assess more directly the contribution of amplitude and frequency differences to
discrimination performance, unordered pairs of different combinations were grouped into
three theoretically defined categories:

• AMP_only: A_C and B_D (amplitude differs; frequency constant);
• FREQ_only: A_B and C_D (frequency differs; amplitude constant;
• BOTH: A_D and B_C (both amplitude and frequency differ).

For each participant, accuracy was averaged across the two pairs in each category,
yielding three scores (see Figure 5).

A one-way repeated-measures ANOVA with the factor change type (AMP_only,
FREQ_only, BOTH) revealed a strong effect, F(2, 22) = 18.83, p < 0.001, η2 = 0.40 (Greenhouse–
Geisser correction was used). Mean accuracy was highest when there was a difference in
amplitude (AMP_only and BOTH) and lowest when only frequency differed (FREQ_only).

Planned contrasts tested specific hypotheses about these differences. Holm adjust-
ment was used for every test. Accuracy was higher for AMP_only than for FREQ_only
trials, t(11) = 4.53, p = 0.0017. Accuracy was also higher for BOTH than for FREQ_only
trials t(11) = 4.94, p = 0.0013. In contrast, there was no difference between the BOTH and
AMP_only conditions t(11) = −0.97, p = 0.35.

Overall, the pattern of results indicates that amplitude differences are the primary
cue for discriminating between the different vibrotactile signals used in this experiment.
Pure frequency differences, especially at high amplitude (C vs. D), produced performance
close to or below chance (perhaps due to a conservative response criterion), and adding
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a frequency change on top of an amplitude change did not yield any additional benefit
beyond amplitude changes alone.

4. Discussion
In this study we tested how well vibrotactile signals that differ in amplitude, frequency,

or both can be distinguished when they are presented sequentially at the same skin location.
The results showed a clear difference between these stimulus dimensions. Signals that
differed in amplitude were discriminated accurately, while signals that differed only in
frequency were much harder to distinguish and often produced performance close to
chance. Adding a frequency difference to an amplitude difference did not improve discrim-
ination beyond amplitude differences alone. Although frequency showed significant effects
in the ANOVA, this reflects reduced discrimination accuracy when amplitude was held
constant, rather than improved performance. In contrast, amplitude differences reliably
supported discrimination, and adding frequency changes on top of amplitude did not
improve performance.

These findings are in line with our previous results showing that changes in stimulus
amplitude can strongly bias tactile perception. In particular, the intensity order illusion
demonstrates that increasing stimulus intensity can distort perceived spatial order rather
than improve perceptual accuracy [20]. The present results extend this observation by
showing that, even in a simple same-different task without spatial variation, amplitude
differences dominate perception while frequency differences alone provide little reliable
information. This pattern is consistent with population-coding accounts of tactile intensity,
in which perceived magnitude is largely determined by the aggregate response of afferent
populations, rendering amplitude cues particularly salient for perceptual judgments [26].

Similar conclusions have been drawn in other work, which has shown that vibrotactile
frequency perception depends strongly on stimulation context and intensity, and can be
difficult to use as a stable cue for conveying information with vibrotactile stimulation [9].
A recent investigation of perceptual discrimination thresholds for qualitative vibration
attributes further demonstrated that frequency- and modulation-based judgments exhibit
larger and reference-dependent thresholds compared to amplitude-based discrimination,
reinforcing the view that intensity cues provide more stable perceptual anchors in haptic
design [10]. Computational analyses of tactile afferent populations further suggest that
stimulus information is distributed across afferent classes and that feature-specific encod-
ing depends on population composition and density rather than single-fiber responses
alone [27]. Within such population-coding frameworks, amplitude and frequency do not
operate as strictly independent channels but interact through class-specific saturation and
redundancy patterns.

More generally, the present findings fit with a large body of work showing that
tactile perception does not treat all physical stimulus dimensions equally. Changes in
stimulus amplitude are closely linked to perceived intensity and are therefore easy to
access perceptually. In contrast, frequency perception in touch seems to be less precise
and depends on several interacting factors, including stimulus intensity, stimulation site,
and the receptor populations at a given site. Previous work has shown that vibrotactile
frequency discrimination varies substantially across body locations and task contexts,
and that frequency information can become unreliable or ambiguous when presented
without spatial cues or when amplitude is high [7,10]. From this perspective, the poor
discrimination observed for pure frequency differences in the present study reflects a
broader limitation of tactile frequency coding rather than a task-specific effect.

The present findings of robust amplitude-based discrimination alongside compar-
atively poor frequency discrimination at the wrist can be interpreted in the context of
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prior work examining vibrotactile perception across body sites and stimulus conditions.
Previous studies have shown that frequency discrimination performance is influenced by
amplitude-related cues, with performance decreasing when such cues are controlled or
equated, suggesting that frequency alone may provide a relatively weak perceptual basis
under certain conditions [28]. Differences in discrimination performance across body loca-
tions have also been reported, with hairy skin regions such as the forearm typically showing
higher frequency discrimination thresholds compared to glabrous fingertip skin [29]. Addi-
tional work has demonstrated that vibrotactile discrimination varies across dermatomes
and is influenced by temporal presentation, with sequential stimulation typically yielding
better performance [30]. Furthermore, discrimination performance has been shown to differ
across proximal versus distal body locations, with more proximal sites such as the torso
generally associated with reduced perceptual acuity [31]. Together, these findings support
the interpretation that the present wrist-based results are consistent with broader patterns
of site-dependent vibrotactile sensitivity, particularly under conditions where spatial cues
are minimized.

From an engineering perspective, these results indicate that amplitude modulation
provides a robust and reliable control dimension for sequential vibrotactile signals without
spatial separation, whereas frequency modulation alone offers limited discriminability and
should not be relied on as a primary encoding parameter in such designs.

Several limitations should be considered when interpreting these findings. First,
the study examined vibrotactile perception at a single stimulation site (the wrist), which
was selected due to its relevance for wearable tactile interfaces; however, perceptual
performance may differ across other body locations. Second, only two frequency and
amplitude levels were tested. While this allowed a controlled comparison with a powerful
2 by 2 design between amplitude- and frequency-based discrimination, it does not represent
a full exploration of the broader parameter space. Finally, the stimuli were defined using
fixed physical amplitude values rather than perceptually matched intensity levels across
frequencies. Because vibrotactile sensitivity varies with frequency, perceived intensity
may not have been identical between conditions. This approach reflects typical control
strategies in applied vibrotactile interface design, where signals are specified in physical
terms; however, future studies could incorporate perceptual calibration procedures to
further isolate frequency-specific effects.

5. Conclusions
In summary, the present study shows that amplitude differences reliably support dis-

crimination of vibrotactile signals presented sequentially at the same skin location, whereas
frequency differences alone do not reliably support discrimination under the present ac-
tuator conditions. Under these non-spatial conditions, frequency variations provided
little benefit and might even have interfered with discrimination. Although frequency
modulation offers many possibilities for signal design without increasing intensity, these
results show that such flexibility does not necessarily translate into perceptually reliable
cues. Effective vibrotactile communication should prioritize stimulus dimensions that
are perceptually robust, rather than assuming that all physical parameters can be used
interchangeably.
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