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This study presents a valuable finding that perception of a material's properties and
hardness during brief touches can be altered using only vibrotactile feedback. The user
studies show that vibration energy can influence judgements of material hardness, but
the evidence is incomplete to support the broader claim made by the authors that
spectral energy is the dominant feature governing hardness perception.

https://doi.org/10.7554/eLife.111461.1.sa2

Abstract

Dynamic touch requires the perceptual system to extract stable material properties from complex,
evolving signals. We show that the tactile system relies on total spectral energy, the overall
vibratory power of contact-induced transients, rather than waveform details or dominant
frequency. Using a spectral energy compensation method, we conducted five psychophysical
experiments in two degraded feedback scenarios: soft finger interfaces, where fingertip stiffness
was reduced by an inflatable silicone bubble, and soft surface interactions, where participants
tapped compliant foam surfaces. In both, participants reliably discriminated hardness and
identified materials only when natural spectral energy profiles were preserved, independent of
signal type. Judgments scaled systematically with energy level, and under conflicting cues, spectral
energy dominated over frequency or compliance. These findings establish spectral energy as a
governing cue in tactile perception, revealing a simple and robust computation akin to estimating
mechanical work. This principle offers a generalizable framework for restoring touch in
prosthetics, teleoperation, and immersive virtual environments.

Teaser

Total spectral energy - not frequency - is the behaviorally relevant feature driving material
perception through dynamic touch.

Introduction

When humans interact with objects through touch, they rely on material properties such as
hardness, compliance, texture, and friction, which are conveyed through tactile cues including
high- and low-frequency vibrations, microslips, skin strain, and slip motion to guide perception
and action. A tap on a surface excites a brief transient that propagates through finger tissue as
broadband vibrations. The nervous system interprets these vibrations to infer properties such as
whether a surface is hard like metal or soft like foam (1). Hard surfaces produce higher-amplitude,
higher-frequency transients, whereas soft materials yield attenuated, lower-frequency signals.
Classical studies established that mechanoreceptors in the skin are frequency-tuned, with
different afferent classes responding preferentially to distinct vibration bands (2, 3). This led to the
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longstanding view that frequency-selective populations — particularly the Pacinian corpuscles
sensitive to ~40-1000— Hz-encode hardness and have influenced haptic device design that
attempts to replay high-frequency content at contact (4).

However, frequency tuning is most relevant at threshold, i.e., when detecting very small
vibrations (5). Above threshold, the total energy in the vibration signal may be a more robust
indicator of perceived hardness. Neuro-physiological and psychophysical studies show that
afferent responses correlate with vibration amplitude and power across a broad frequency range,
not with single frequencies (6-8).

Natural textures and materials generate broadband vibration “signatures,” with harder materials
imparting greater high-frequency energy to the skin (1, 9, 10). Consistent with this view, Toscani
and Metzger’s ViPer database shows that perceptual judgments of natural textures are closely
related to the spectral statistics of the corresponding vibratory signals (11). These findings suggest
that the tactile system may rely on the total spectral energy — the integrated vibratory power
across —rather than specific frequency components, as a compact variable for judging hardness.
Similar energy-integration strategies have been observed in other sensory systems, such as vision

and audition (12, 13).

When part of this vibratory content is lost, such as when a finger is covered by a soft interface, or
when interacting with compliant or damped surfaces, perceived hardness decreases (5, 14-16).
Recent work with encountered-type haptic displays shows that the physical hardness of the
device’s contact interface itself (e.g., a rigid plate versus a padded surface) systematically biases
how stiff the same virtual object feels, consistent with the idea that attenuating high-frequency
vibratory energy makes materials feel softer (17). Similarly, in stylus-based haptic augmented
reality, contact-triggered vibrations delivered through the stylus can reliably bias judgments of
how hard a surface feels (18). Across these studies, increasing vibration amplitude and high-
frequency content can be understood as increasing the total spectral energy delivered to the skin.
Together, these findings suggest that restoring this missing spectral energy in contact transients

can recover, and even systematically alter, perceived hardness.

We hypothesize that by artificially reintroducing the missing spectral energy of contact transients
we can restore or alter the perception of hardness. Using this principle, one can determine the
transient energy needed for a given “virtual hardness” and inject that energy at contact to trick the
sense of touch. This concept shifts the focus from precise waveform replication to matching the
power spectral density (PSD: a measure of how vibration intensity is distributed across different
frequencies) profile that a real material would generate.

This principle is directly applicable to prosthetics, where silicone padding can dampen natural
vibrations (19), to teleoperation, where remote tools often dull tactile feedback (20), and to

immersive virtual reality, where neither the user’s finger nor the simulated object provides
natural high-frequency transients (4, 21). We tested this hypothesis across five experiments in two

these experimental conditions, designed to probe whether spectral energy alone is sufficient to
recover hardness perception and material identity.

To test this hypothesis, we designed five experiments in two degraded scenarios: (i) a soft finger
interface, where fingertip stiffness was reduced, and (ii) a soft surface interface, where the object
was compliant. These scenarios, common in prosthetics, teleoperation, and immersive VR, allowed
us to ask whether restoring total spectral energy alone is sufficient to recover hardness perception
and material identity (Fig. 13).
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Figure 1. Experimental conditions across the five experiments (rows).
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Results: Spectral Energy Compensation Enables
Perception of Hardness and Material Identity

We investigated whether restoring high-frequency spectral energy in contact-evoked vibrations is
sufficient to recover perception of hardness and material identity when natural mechanical cues
are degraded. In all experiments, participants tapped either a rigid wood block or a compliant
foam block with the index finger while a nail-mounted vibrotactile actuator (Lofelt L5) replayed
brief (~50 ms) vibration bursts that were time-locked to contact via a photoelectric sensor (trigger-
to-output latency < 1 ms; see Fig. 9 2). Compensation signals were constructed in the frequency
domain by subtracting the spectrum of the degraded condition (soft finger or soft surface) from
that of a harder reference material and then band-limiting the result to 30-1000 Hz, selectively
boosting the part of the power spectral density where hard and soft contacts differed (mainly at

higher frequencies).

We tested two degraded-feedback paradigms: (i) contact with a hard surface using an artificially
softened fingertip, achieved by mounting an inflatable silicone bubble over the fingerpad, and (ii)
contact with a soft foam surface using a bare fingertip. In both paradigms, we asked whether
adding these spectrally rich transients to the degraded contact could re-enable relative hardness
discrimination (2AFC) and material identification (5-AFC).

Participants experienced three families of compensation signals: (1) data-driven waveforms
recorded from real taps on the reference materials, (2) decaying sinusoidal bursts tuned to each
material’s dominant frequency, and (3) broadband Ricker wavelet pulses. For each family, signals
were matched in total spectral energy (RMS over 30-1000 Hz; Methods, Signal Calibration) so that
spectral energy, rather than waveform shape, was the primary manipulated variable. Behavioral
performance was summarized with confusion matrices and analyzed using repeated-measures
ANOVAs with planned post hoc comparisons (see Methods for full details).

We investigated whether restoring high-frequency spectral energy in contact vibrations enables
the perception of surface hardness, even when natural mechanical cues are degraded. Two
experimental paradigms were used to test this hypothesis: (i) contact with a hard surface using
artificially softened fingers, and (ii) contact with a soft surface using bare fingers. In both cases,
we assessed whether brief, spectrally rich vibration bursts could re-enable relative hardness
discrimination and material identification.

Participants completed tasks involving three types of compensation signals: (1) a data-driven
waveform derived from real contact events, (2) a decaying 200 Hz sinusoid, and (3) a Ricker
wavelet pulse. All signals were matched in total spectral energy (RMS-matched; Methods, Signal
Calibration) to isolate the effect of spectral energy from waveform. Participants performed either
forced-choice or matching judgments. Performance was analyzed using ANOVA and post hoc
comparisons (for full details see Methods).

Compensating for Finger Softness: Restoring Hardness Perception
through Spectral Energy

Experiment 1: Spectral vibration cues enable hardness discrimination with a
soft fingertip

To simulate fingertip compliance relevant to prosthetic and wearable technologies, 10 participants
wore an air-filled silicone bubble on each index finger, reducing finger stiffness, and a nail
mounted vibrotactile actuator on each index finger. They tapped two identical rigid wood blocks
with each index finger, where one of them randomly being delivered a vibration signal and the
other silent, and judged which contact felt harder (two-alternative forced choice (2AFC) task).
Vibration intensity varied across five discrete levels, each delivered using one of three waveform
types (data-driven, decaying sinusoid, or Ricker wavelet).
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Participants reliably judged contacts accompanied by higher spectral energy as harder (Fig. 2(2).
Performance was near ceiling for most comparisons: Metal was judged harder than No signal,
Foam, Silicone, and Rubber on 100% of trials, and harder than Wood on 85-90% of trials
(depending on waveform). Similarly, Wood was consistently judged harder than all softer
materials (100%). The only systematic confusions arose at the softest contrast: Silicone was judged
harder than Foam on only 20-25% of trials (p > 0.99, binomial test). Rubber was judged harder
than Foam on 75-85% of trials (p < 0.01), and reliably harder than Silicone and No signal (p<
0.001). These results establish that participants’ hardness judgments were overwhelmingly
consistent with spectral energy differences, except at the smallest increment (Foam-Silicone).

Binomial tests on the four adjacent contrasts confirmed this pattern. Foam-Silicone performance
did not exceed chance (20-25%, p > 0.99), whereas Silicone-Rubber and Rubber-Wood were
discriminated at or near ceiling (>95%, all p < 1075). Wood-Metal performance was strong but less
than perfect: 90% (Data-driven, p < 107°), 85% (Decaying Sine, p < 1074, and 70% (Wavelet, p =
0.012).

A two-way repeated-measures ANOVA on per-subject accuracies confirmed a robust main effect of
difficulty (F(3,27) = 22.49,p = 1.65 x 10" ", > = 0.71), reflecting the progressive increase in
accuracy from Foam-Silicone to Wood-Metal. No main effect of waveform was observed (F (2, 18) =
1.91, p = 0.18), nor any interaction (F (6, 54) = 1.63, p = 0.16), indicating that all waveform types
yielded the same difficulty-dependent pattern. One-way ANOVAs within each waveform similarly
showed strong effects of difficulty (all p < 0.001). Post hoc paired comparisons confirmed that
Foam-Silicone was significantly worse than all other contrasts (Holm-corrected p < 0.01).

To assess global discriminability, we pooled trials where each nominal hardness level was paired
against all softer levels. A two-way repeated-measures ANOVA (hardness level x waveform)
revealed a strong main effect of hardness level (F(4,36) = 78.52,p = 3.1 x 10~ 2 = 0.897), but
no effect of waveform (F (2, 18) = 1.84, p =0.19) and no interaction (F (8, 72) = 1.02, p = 0.43).
Binomial tests showed ceiling-level discrimination for Metal and Wood against all softer levels (all
p<< 0.001), high performance for Rubber ( 295%), and near-chance performance only for Foam-
Silicone. This confirms that hardness perception is preserved across all but the smallest spectral
energy increment.

Together, these results demonstrate that high-frequency spectral energy is sufficient to restore
hardness perception through a softened fingertip. The somatosensory system appears to prioritize
total energy content over waveform details when interpreting tactile transients, allowing reliable
discrimination except when energy differences are minimal.

Experiment 2: Synthetic vibration cues support material identity with a soft
finger

We next asked whether spectral vibration cues could not only restore perceived hardness but also
deliver material-specific qualities. 10 participants tapped a soft foam surface with an augmented
vibration signal, then explored five reference materials, foam, silicone, rubber, wood, and metal-
using their unaltered index finger. The materials increased in stiffness from foam (E= 0.01 GPa) to
metal (E= 200 GPa). The task was to match the augmented foam tap to the closest material.

Participants’ choices aligned strongly with spectral energy (Fig. 32). The no-vibration condition
was almost always matched to foam, intermediate signals to silicone or rubber, and the strongest
signals to wood or metal. Confusion matrices confirmed a near-diagonal structure with only
nearest-neighbor errors at the soft and mid-levels. Overall, 67% of responses were exact matches,
and 95% were within +1 material rank of the intended target (p < 0.001, binomial), indicating
highly systematic scaling. Ordinal correlation between signal energy and perceived material rank
was strong across all waveforms (r = 0.82 - 0.84). Mutual information analysis showed that the
vibration cues carried 0.63-0.69 bits of categorical information (out of a theoretical maximum of

2.32 bits), indicating substantial transmission of material identity through synthetic vibrations.
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Figure 2. Hardness discrimination with softened fingertips.

Participants wore an inflated bubble to reduce fingertip stiffness and tapped two identical rigid blocks; one tap was
augmented with a brief vibration. Confusion values denote the proportion that the row stimulus was judged harder than the

column stimulus. Judgments increase monotonically with the delivered total spectral energy, largely independent of

waveform family.
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A foam tap augmented by synthetic vibration was matched to one of five real materials. Response distributions shift
systematically from foam - metal as total spectral energy increases, indicating that energy conveys material identity even

when fingertip mechanics are softened.
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A two-way ANOVA (signal level x waveform) on response ranks revealed a robust main effect of
signal level (F (4, 749) = 177.23, p < 0.001, n? = 0.76), no main effect of waveform (F (2, 749) = 2.34, p
=0.158), and a minor but significant interaction (F (8, 749) = 3.55, p < 0.001, n? = 0.009). Tukey post
hoc tests confirmed that each increase in vibration level produced significantly harder perceived
materials (all adjacent contrasts p < 0.01), with the exception that the two highest levels (wood vs.
metal signals) were not reliably different (p = 0.12).This indicates that perceptual scaling was
systematic but compressed at the upper end of the stiffness range.

These findings indicate that synthetic vibration cues not only restored a sense of hardness but also
conveyed material-specific identity. Even when fingertip mechanics were altered to simulate soft
robotic contact, vibration energy was sufficient to drive perceptual categorization along the
natural continuum of material stiffness.

Compensating for Soft Surfaces: Vibration Signals Restore
Hardness Perception

Experiment 3: Graded hardness perception on a soft surface via spectral
vibration cues

Here, we reversed the scenario: 10 participants used bare fingertips to tap two physically identical
soft foam blocks, one of which delivered a vibration burst (2AFC). Five energy levels and three
waveform types (Data-driven, Decaying Sine, Wavelet) were tested.

Participants reliably judged contacts accompanied by higher spectral energy as harder (Fig. 4(2).
Performance was near ceiling for most comparisons: Metal was judged harder than No signal,
Silicone, and Rubber on 100% of trials, and harder than Wood on 75-80% of trials depending on
waveform. Wood was consistently judged harder than No signal and Silicone (100%), and harder
than Rubber on 85-95% of trials. Rubber was judged harder than No signal and Silicone on 95-
100% of trials, and Silicone was always judged harder than No signal. These results establish that
hardness judgments closely tracked spectral energy differences across the foam substrate, with the

only systematic errors arising in the Wood-Metal contrast.

Binomial tests on the four adjacent contrasts confirmed this pattern. No signal-Silicone
performance was at ceiling (100%, p = 8.3x1023 across all waveforms). Silicone-Rubber and
Rubber-Wood were discriminated at 92.5-100% (p < 2.7 x 10~21). Wood-Metal performance was
strong but less than perfect: 87.5% (Data-driven, p = 1.6 x 10712), 90% (Decaying Sine, p = 2.7 x
10714, and 85% (Wavelet, p = 6.0 x 107 11),

A two-way repeated-measures ANOVA on per-subject accuracies showed a trend-level main effect
of difficulty(F(3,27) = 2.92,p = 0.052, 7> = 0.245), no main effect of waveform (F (2, 18) = 0.11, p
=0.893), and no interaction (F (6, 54) = 1.83, p = 0.111). One-way ANOVAs within each waveform
showed a significant effect of difficulty for Wavelet (F (3, 27) = 3.55, p = 0.028), and trend-level
effects for Data-driven (F (3, 27) = 2.47, p =0.083) and Decaying Sine (F (3, 27) = 2.00, p = 0.138).
Thus, although the across-subject variability reduced the omnibus effect, all contrasts were
significantly above chance, though Wood-Metal fell below ceiling.

To assess global discriminability in Experiment 3, we again pooled trials where each nominal
hardness level was paired against all softer levels. The omnibus ANOVA showed only a trend-level
effect of hardness level (F (3, 27) = 2.72, p = 0.064), with no main effect of waveform or interaction
(F (2,18) =0.046, p = 0.955; F (6, 54) = 1.87, p = 0.102). However, pooled binomial tests corroborated
the monotonic scaling, with ceiling performance for Silicone (100%, p = 5.66 x 10773) and near-
ceiling for Rubber (99.2%, p = 7.06 x 10'136), Wood (98.3%, p = 6.81 x 10'192), and Metal (96.5%, p =
4.99 x 107227),

Together, these results mirror Experiment 1, demonstrating that the somatosensory system
prioritizes vibratory spectral energy over substrate stiffness when inferring hardness. Even on a
uniformly soft foam surface, participants’ judgments followed the delivered signal’s spectral
energy, confirming that tactile transients can override mechanical compliance cues.
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Figure 4. Hardness discrimination on a compliant surface.

With bare fingers, participants tapped identical foam blocks; one tap included a vibration burst. Confusion matrices show
that perceived hardness follows the signal’s total spectral energy across waveform types, with small residual confusions only

at the highest two levels (wood-metal).
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Experiment 4: Material identification on a soft substrate via synthetic
vibration

In Experiment 2 we showed that spectral vibration cues on a foam surface could convey material
identity with high fidelity. Here we asked whether the same cues remain effective when both the
surface and the fingertip are compliant, by attaching a soft bubble to the finger. 10 participants
tapped the foam block, received one of four vibration signals, and matched the percept to one of
five reference materials.

Perceived material identity continued to scale with vibration intensity (Fig. 52 ). Low-energy
signals were judged as foam or silicone, mid-levels as silicone or rubber, and high-energy signals
as wood or metal. Confusion matrices confirmed a strong diagonal structure, with errors
predominantly restricted to nearest-neighbor categories. Overall, 52% of responses were exact
matches and 94% were within +1 material rank of the intended target (p < 0.001). Ordinal
correlations between signal level and perceived material rank remained significant across all
waveform types (r = 0.62 - 0.65), though weaker than in Experiment 2 (r = 0.83). Mutual
information analysis showed that the vibration cues carried 0.29-0.31 bits of categorical
information, roughly half of the information transmitted in Experiment 2, indicating reduced
precision under dual compliance.

A two-way ANOVA (signal level x waveform) confirmed a robust main effect of signal level (F (3,
599) = 642.01, p < 0.001, n? = 0.55), but no effect of waveform type (F (2, 599) = 2.18, p = 0.194) and
no interaction (F (6, 599) = 0.38, p = 0.89). Tukey post hoc tests showed that each increase in signal
level produced a significant shift toward harder perceived materials (all adjacent contrasts p <
0.01), except for the highest comparison (wood vs. metal), which was not consistently
discriminated (p = 0.21). This confirms that perceptual scaling remained systematic but
compressed at the upper end of the stiffness range.

Together, these results demonstrate that while dual compliance reduces categorical precision,
spectral vibration cues continue to systematically drive material identity judgments.

Experiment 5: Perceived Material Identity Is Dominated by Rendered
Spectral Energy

To directly test whether the somatosensory system prioritizes total spectral energy over frequency
when inferring material properties, we designed stimuli for which these cues were intentionally
put in conflict, e.g., combining the RMS amplitude of foam with the frequency characteristics of
wood. This allowed us to dissociate the contribution of each cue and determine the behaviorally
relevant material feature. We conducted a material classification task with a reduced stimulus set
(foam, rubber, wood) comprised of such cue conflict stimuli. On each trial, participants tapped a
physical foam block with a bare finger while receiving a vibration signal - corresponding to the
RMS of one of the three materials and a base frequency of one of the other materials - delivered to
the dorsal side of the fingertip. This setup created congruent and incongruent combinations of
base and rendered cues.

Participants classified the perceived material from among the three options. Confusion matrices
(aggregated across 10 participants, five repetitions per condition) revealed that judgments
overwhelmingly aligned with the rendered vibration rather than the actual material of contact
(Fig. 6@).

A binomial logistic regression confirmed a significant effect of the rendered signal. In particular,
the “wood” vibration strongly influenced judgments (f = 1.015, p < 0.001; odds ratio = 2.76, 95% CI
[1.70, 4.48]), while “rubber” showed a positive trend (S = 0.407, p = 0.082). By contrast, the physical
base material had no significant effect.

Model comparison further supported this interpretation. Including interaction terms between
base frequency and RMS rendered materials significantly improved fit (AIC = 572.99 vs. 592.41;
likelihood ratio test A2(4) = 27.42, p < 0.001). Nonetheless, the rendered spectral energy RMS
component remained the dominant determinant of perceived material identity.
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https://doi.org/10.7554/eLife.111461.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience

Figure 5. Material identification on a soft substrate.

Foam taps augmented by synthetic vibrations were matched to real materials. Despite reduced precision under dual
compliance (soft surface; bare finger), perceived category still scales with total spectral energy, shifting from foam/silicone at
low levels to wood/metal at high levels.

Figure 6. Cue-conflict classification.
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spectral energy) were crossed. Choices tracked the rendered spectral energy (RMS target) rather than dominant frequency or
base material, demonstrating that total spectral energy dominates perceived material identity under conflict.
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Figure 7. Spectral analysis of vibration recordings from 20 everyday materials.

Harder materials clustered together by broadband spectral energy, whereas softer materials formed distinct groups. Five
representative materials (foam, silicone, rubber, wood, metal) were chosen for the main experiments.
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Figure 8. Examples of processed compensation signals generated via frequency-domain subtraction.
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These results confirm that, when presented with conflicting cues, the tactile system relies more
heavily on the spectral characteristics of vibratory input than on the fundamental frequency
response of the contacted surface. Total spectral energy - not frequency-specific patterns or
physical compliance - drives material classification under ambiguity.

Discussion

Across five experiments, we demonstrate that high-frequency spectral energy serves as a robust
primitive or cue for conveying both surface hardness and material identity. These effects are
consistent across both finger-compensation and surface-compensation paradigms. Simple
synthetic waveforms, such as decaying sinusoids and wavelets, are perceptually equivalent to
complex real contact transients when matched for spectral energy. Furthermore, under conflicting
cues, the tactile system prioritizes spectral energy over fundamental frequency or compliance in
material classification.

Together these findings highlight a core organizing principle in tactile perception: the
somatosensory system primarily interprets high-frequency spectral content - rather than detailed
frequency composition or contact mechanics - to infer material class and surface hardness. This
insight enables principled design of haptic rendering techniques for prosthetics, virtual reality,
and robotics, where physical constraints limit the availability of natural contact cues.

Our findings demonstrate that matching the spectral energy of contact vibrations can robustly
convey perceptions of material hardness, even under conditions where mechanical cues are
degraded or misleading. Across five experiments, we show that participants reliably perceived
gradations in hardness - and, in many cases, could identify specific materials - based solely on
vibration cues, despite interacting with physically soft or compliant surfaces.

Crucially, this perceptual reconstruction occurred regardless of the waveform’s temporal structure
- whether it was a natural recording, a sinusoidal burst, or a wavelet pulse - as long as the spectral
energy matched the corresponding hardness level. These results provide strong evidence that the
human tactile system prioritizes spectral energy over precise waveform features as a core cue in
inferring hardness.

These insights extend current models of tactile perception. Classical frameworks emphasize force-
displacement dynamics or sustained pressure, typically mediated by slowly adapting

contexts such as tapping, brief high-frequency transients dominate the tactile signal (7), suggesting
a distinct perceptual mechanism. Our results support the hypothesis that dynamic spectral
energy - particularly within the 100-300 Hz band - serves as a proxy for mechanical hardness,
interpreted by the nervous system even in the absence of congruent proprioceptive or mechanical
feedback.

One of the most striking findings was the perceptual reconstruction exhibited by participants:
despite interacting with a physically softer interface, brief high-frequency vibrations were
sufficient to evoke the illusion of a hard material. This suggests that the tactile system engages in
cue integration, wherein salient high-frequency components can override - or be weighted more
heavily than - conflicting proprioceptive or mechanical signals, particularly during transient
contact events. The finding that minimal synthetic bursts could still support material recognition
underscores the robustness and adaptability of the somatosensory system.

From an engineering standpoint, this perceptual flexibility presents a valuable design opportunity.
Rather than relying on complex force-feedback systems - which are often unstable, costly, or
difficult to miniaturize - haptic devices can instead leverage computationally efficient,
precomputed vibration signals to simulate hardness percepts. In tandem with existing physics
engines, rendering can additionally leverage the spectral energy cues that would be computed as a
function of a finger interacting with a given material. Importantly, the perceptual fidelity required
for realism appears to depend more on accurate spectral energy matching and precise
temporal alignment with contact onset, rather than on detailed modeling of mechanical
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millisecond encoding precision of the AC-coupled Pacinian corpuscles, tuned to transient impacts
and their spectral content (25, 26). Accounting for these dynamics dramatically increases skin
sensing capabilities as Rongala et al. demonstrate in their neural simulation work (26). Follow-up
investigations aimed at quantifying the perceptual limits of these timing constraints could
establish concrete design tolerances for haptic systems. Identifying the temporal resolution
required for reliable material discrimination would not only refine rendering strategies, but also
inform hardware specifications for next-generation tactile interfaces. Future work characterizing
the perceptual bounds of these temporal dynamics would provide principled constraints for tactile
display design. By mapping the thresholds at which temporal imprecision degrades material
percepts, such studies could bridge neural encoding models and practical engineering
implementations.

Our results revealed a behaviorally relevant cue space with both shared and distinct components
underlying surface hardness perception and material identification. Perceived hardness - our first-
order effect - was systematically modulated by spectral energy: higher energy reliably increased
perceived hardness ratings across all experiments. In contrast, second-order effects such as
material identification were sensitive to the spectral shape. While hardness scaled with energy,
subtle differences in spectral shape also contributed to material identity. These findings suggest
that haptic systems may flexibly support both coarse hardness categorization (e.g., “hard” vs.
“soft”) and fine-grained material-specific rendering, depending on the perceptual demands of
the application.

These findings challenge the notion that the somatosensory system operates as a frequency-filter
bank akin to the cochlear model in audition. Instead, our data suggest that tactile perception relies
on a more integrative, task-dependent extraction of spectral features. In the context of dynamic
touch interactions - which generate vibrations that propagate both locally and distally - our
findings argue for a conceptual revision of which vibration features are likely recruited by the
somatosensory system to reconstruct material properties.

In practical terms, this leads to several design implications:

e Latency is critical. In all experiments, vibrations were triggered within ~5 ms of contact,
aligning temporally with the skin’s mechanical response. Delays could degrade the realism
or effectiveness of the illusion.

e Calibration is tractable. We demonstrated that participants can reliably map a vibration
signal to a material, implying that users could calibrate their own haptic devices via
interactive matching.

¢ Personalization may help. Participants differed slightly in sensitivity to vibration levels,
suggesting future systems could learn user-specific thresholds or preferences.

Of course, our approach has limitations. It focuses on transient, tapping-based hardness
perception, not continuous deformation or squeezing, which rely on different cues (e.g., force
gradients, skin stretch). In real-world manipulation, hardness perception is multimodal and
dynamic, so vibratory cues should be seen as augmentative, not complete. Still, in many
practical contexts - such as teleoperation, prosthetics, or VR/AR interfaces - precise mechanical
feedback is unavailable. Here, our spectral compensation method provides a compelling
alternative.

In summary, this study introduces and validates a spectral energy compensation framework for
rendering material hardness through high-frequency contact transients. By controlling the total
spectral power, regardless of waveform, we were able to restore or simulate tactile hardness
across different degraded interaction conditions. These findings establish high-frequency spectral
energy as a reliable proxy for stiffness, supporting both graded hardness discrimination and
material identification in the absence of realistic force cues.

This principle offers a path forward for lightweight, low-power haptic systems that rely on
transient overlays instead of complex actuators. By aligning artificial transients with the
perceptual mechanisms of the skin, haptic experiences can be made both intuitive and adaptable
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to diverse applications, from robotic touch to prosthetic feedback to immersive virtual
environments.

Materials and Methods

Overview

We conducted five experiments to evaluate how spectral energy cues in vibration signals
contribute to material perception, particularly in the encoding of hardness via touch. These
experiments manipulated either fingertip compliance or surface properties and employed three
signal-generation techniques. All experiments used controlled tapping procedures, precise haptic
playback, and randomized trial designs.

Participants

Participants (Experiments 1-4)

Forty adults (22-52 years; 13 female, 27 male; 39 right-handed, 1 left-handed) were recruited from
the local university/community and compensated [$X/hour or course credit]. Ten participants took
part in each of Experiments 1-4 [state whether distinct or overlapping across experiments]. All
reported normal tactile sensitivity and no history of neurological or musculoskeletal disorders
affecting the hands. Prior experience with haptics was self-reported as: none (2), limited (16),
moderate (13), extensive (9). All provided written informed consent under a protocol approved by
the Reality Labs Research ethics committee under the AGOI protocol).

Participants (Experiment 5)

A separate cohort of ten adults ([age range/mean]; [# female/male]; [handedness]) completed
Experiment 5; none participated in Experiments 1-4. Inclusion/exclusion criteria and
compensation matched those of Experiments 1-4. All procedures were approved under the AGOI
protocol).

Apparatus

Vibrations were delivered via Lofelt L5 actuators (30-1000 Hz) affixed to the fingernail. Stimuli
were triggered by photoelectric sensors and played back on a Bela board (trigger-to-output latency
il ms). Fingertip compliance was manipulated using an air-filled silicone bubble inflated to 5 psi
and secured over the index fingerpad. Participants were blindfolded during tasks to eliminate
visual cues. To eliminate auditory cues, participants wore over-ear headphones playing
continuous pink noise at 65-70 dB SPL throughout all tasks. (See Supplementary Methods for full
hardware specifications.)

Material Selection and Vibration Recording

We recorded vibration transients from taps on 10 everyday materials using a tri-axial
accelerometer affixed to the fingernail. Recordings were sampled at high resolution and later
processed to derive spectral energy profiles (see Supplementary Methods for full apparatus
details).

Signal Generation

Three signal types were tested: 1. Data-driven: recorded transients replayed directly. 2. Decaying
sinusoid: exponentially decaying bursts capturing resonant modes. 3. Ricker wavelet: broadband
pulses simulating impact transients. All signals were RMS-normalized and matched in duration.
Equations and parameter values are provided in Supplementary Methods.
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Experimental Procedures

Participants completed five experiments: - Exp. 1: Soft finger discrimination - judged which of
two wood contacts felt harder (2AFC). - Exp. 2: Soft finger matching - matched augmented foam
taps to real materials. - Exp. 3: Soft surface discrimination - judged hardness between two foam
contacts. - Exp. 4: Soft surface matching - matched augmented foam taps to real materials. - EXp.
5: Cue conflict classification - judged material identity when spectral energy and frequency cues
conflicted. Trial counts, randomization, and timing are detailed in Supplementary Methods.

Signal Calibration

Stimuli were RMS-normalized across methods to ensure that differences in perception reflected
spectral energy, not raw amplitude. A pilot study confirmed matched perceptual intensity.

User Studies

Participants completed five experiments grouped into two categories: fingertip modification
(Experiments 1-2) and surface modification (Experiments 3-5). All tasks involved either
discrimination (2AFC) or material matching, with randomized trial sequences and practice
sessions. Fingers were wrapped with tape to minimize confounding cues, and participants were
blindfolded to eliminate visual input.

Experiments 1-2 (Fingertip modification)

To simulate reduced fingertip stiffness, participants wore an inflatable bubble actuator on the
index finger. In Experiment 1, they tapped identical wood blocks (one with vibration playback)
and judged which felt harder. In Experiment 2, they tapped a foam block with vibration and
matched it to one of five real reference materials (foam, silicone, rubber, wood, metal).

Experiments 3-4 (Surface modification)

Here, participants tapped soft foam surfaces without fingertip modification. Experiment 3 used a
discrimination task (2AFC), while Experiment 4 used the same material-matching task as in
Experiment 2.

Experiment 5 (Cue conflict)

A separate cohort of 10 participants completed a classification task in which spectral energy (RMS)
and base frequency cues were dissociated. Participants tapped foam with synthetic vibrations
designed to conflict in energy vs. frequency signatures, and judged which material was perceived.

Across all studies, vibration signals were delivered within 1 ms of contact, and task structure

ensured double-blind conditions. Full trial counts, durations, and detailed procedures are reported
in the Supplementary Methods.

Data availability

Data will be uploaded to an Open Science repository upon acceptance.

Supplementary Methods
Apparatus Details

Vibration feedback was delivered using Lofelt L5 actuators (30-1000 Hz) affixed to the fingernail
of each index finger using double-sided tape and wax. Actuator placement was informed by
Birznieks et al. research that demonstrated that mechanoreceptors around the fingernail borders
0S (Xenomai) ensured low-latency playback (< 1 ms). Finger presence was detected via Panasonic
CX-400 photoelectric sensors positioned directly above the contact surface. Tactile stimuli were
played back using one of three signal-generation methods (described below). The soft bubble
actuator used to manipulate fingertip compliance was manually inflated to and maintained at 5
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psi throughout the experiment. The bubble was secured with elastic tape to the fingerpad of the
participant’s index fingertip. Participants were blindfolded during all tasks and wore lightly
wrapped tape on their index fingers to minimize non-vibratory tactile cues.

Material Selection and Frequency-Domain Clustering

Vibration Recording

To characterize the vibratory responses of everyday materials, we recorded transients from taps
on 20 samples, including natural and synthetic surfaces (see Table S1). Vibrations were measured
using a tri-axial piezoelectric accelerometer (Endevco Model 35A, Endevco Corp., NY, USA;
sensitivity 10 mV/g, resonance frequency 30 kHz), affixed to the participant’s index fingernail with
orthodontic wax to ensure stable coupling. Signals were conditioned using an Endevco 133 signal
conditioner and digitized at 2000 Hz via a National Instruments NI-9205 data acquisition module.
Each material was tapped five times at a controlled pace (90 BPM metronome), and signals were
stored for subsequent analysis and playback.

Fingertip Compliance Interface (Bubble Actuator)

To simulate changes in fingertip stiffness, we fabricated a soft inflatable “bubble” actuator from
thermoplastic elastomer. The actuator was secured over the index fingerpad with elastic cloth tape
and inflated to 5 psi using a hand pump with inline pressure gauge. This setup reduced effective
fingertip stiffness while leaving the fingernail accessible for actuator mounting. Although
vibration recordings were collected for all materials with the bubble attached, only the bubble-on-
wood condition was used in the experiments. Wood was selected as a mid-range reference
material to simplify comparisons across signal types.

Material Grouping and Selection

Spectral analysis was used to identify representative materials for the main experiments. For each
sample, the FFT magnitude spectrum was computed, and spectral energy was summed into 50 Hz
bands from 0-1000 Hz. Materials were grouped using k-means clustering (k = 4) based on spectral
centroid and broadband energy. Pilot perceptual testing with blindfolded participants confirmed
that hard materials (e.g., metal, wood, glass, rock) tended to be perceptually similar, while soft
materials (e.g., foam, silicone, rubber) were easily distinguished. Based on both spectral and
perceptual clustering, we selected five representative materials spanning the stiffness range:
foam, silicone, rubber, wood, and metal. These five formed the stimulus set for the main user
studies.

Supplementary Methods: Signal Processing and Implementation

Signal Extraction and Windowing

Raw vibration recordings were collected from taps on each material at a metronome-controlled
pace (90 BPM) to ensure consistent impact velocity. For each material, the tap with median peak
acceleration was selected for further processing. A 20 ms analysis window (5 ms before peak to 15
ms after peak) was extracted to capture the transient response. To reduce onset artifacts and
spectral leakage, the signal was zero-padded and tapered with a 5 ms Hanning window.
Compensation Signal Design

To simulate changes in interaction properties (e.g., compliant surfaces or softened fingertips),
frequency-domain subtraction was applied to construct compensation signals. Specifically:

C(f) - Starget (f) - Sreference (f)

where Siapget(f) is the FFT of the harder reference material (e.g., wood or metal) and
Sreference(f) 1s the FFT of the baseline condition (e.g., foam or bubble-modified finger). The
inverse FFT of C(f) was computed to generate time-domain compensation signals. This
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approach effectively overlays the missing spectral components of a harder material onto the
degraded baseline condition.

Signal Normalization and Upsampling

All signals were RMS-normalized to a target amplitude of 0.35 G to ensure perceptual
comparability across materials and signal-generation methods. Signals were then upsampled from
the acquisition rate (2000 Hz) to the playback rate (44.1 kHz) using a windowed-sinc interpolation
filter. Final signals were saved in 16-bit mono WAV format for playback.

Real-Time Signal Generation
We used three approaches to synthesize material-specific vibration cues:

¢ Data-driven Model This approach captured real acceleration signals from finger-material
interactions and replayed them directly, offering high realism (4, 15, 16).
¢ Decaying Sinusoidal Model Signals were synthesized as

Q) = Aoeft/T sin(27ft + @)

where Ay is the initial amplitude, t the decay time constant, f the carrier frequency, and @ the

phase. To minimize onset/offset artifacts, each signal was multiplied by a Gaussian window
(~ 50 ms total duration). Parameters (t, f) were chosen to approximate recorded spectra for
each material (e.g., foam: T =5 ms, f= 85 Hz; metal: T = 20 ms, f= 400 Hz).

¢ Ricker Wavelet Model The Ricker wavelet was defined as:

1 1
R(t) = (1 — Ew?,tQ) exp (—Zw§t2>

Peak frequencies wp were chosen to approximate dominant spectral components of each
material ( (27, 28)). The duration of each waveform was fixed at 50 ms with zero-padding.

All signals were within trigger-to-output latency of < 1 ms of contact detection (measured with
oscilloscope).

Playback and Actuation

Photoelectric sensors positioned above the tapping surface detected finger contact events. Sensor
triggers initiated signal playback on a Bela board running Xenomai real-time Linux. Signals were
routed through a TPA3116D2 Class D amplifier and delivered to Lofelt L5 actuators affixed to
participants’ fingernails. This ensured both low-latency delivery and high-fidelity reproduction of
vibration cues. Signals were band-limited to 30-1000 Hz (8th-order zero-phase Butterworth). Peak
acceleration did not exceed 1.2 G and remained below published discomfort thresholds for
fingertip vibrotactile stimulation. Participants could request breaks at any time; no adverse events
were reported.

Experimental Procedures

Participants’ index fingers were lightly wrapped with tape to reduce confounding cues (e.g.,
temperature, skin texture). All studies used the same actuation and triggering pipeline (latency <1
ms) and were run single-blind with randomized trial order. Unless otherwise noted, participants
tapped at a natural pace (“as if quickly checking a surface”). We matched RMS acceleration per
stimulus (equivalently, total spectral energy integrated over 30-1000 Hz via Parseval’s theorem)
and refer to this matched quantity as total spectral energy (RMS-matched) (RMS matching
procedure and values are detailed in Supplementary Methods, Signal Calibration).

Fingertip modification experiments (Experiments 1-2)
Experiment 1: Hardness discrimination with softened fingertip (2AFC)

¢ Goal. Test whether added spectral energy restores relative hardness judgments when
fingertip stiffness is reduced.
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Participants & setup. Ten participants wore an inflatable bubble actuator on each index
fingerpad (5 psi). Both hands tapped identical rigid wood blocks; one block delivered a
vibration transient at contact, the other was silent.

Stimuli. A 3 x 5 set: three waveform types (data-driven, decaying sinusoid, Ricker wavelet)
crossed with five RMS-matched energy levels (No-signal control; foam-, silicone-, rubber-,
wood-/metal-like total energy). Signals were brief (~50 ms), aligned to contact onset.
Task & design. 2AFC (“Which tap felt harder, left or right?”). For each waveform, all ordered
pairs of the five levels that differed in energy were tested once per hand (20 pairwise
comparisons per waveform), then repeated once (2 reps/hand). Total per participant: 60
comparisons, randomized. Session duration: 30-45 min.

Planned analysis. Accuracy per contrast; binomial tests versus chance for adjacent pairs;
repeated-measures ANOVA on accuracy with factors difficulty (adjacent pair) and
waveform; confusion matrices for descriptive summaries.

Experiment 2: Material matching with softened fingertip (5-AFC)

Goal. Test whether spectral energy alone conveys material identity when fingertip
mechanics are softened.

Participants & setup. Ten participants, bubble actuator on the non-dominant index finger
(taps a foam block with vibration); dominant index finger explores five real reference
materials (foam, silicone, rubber, wood, metal) without vibration.

Stimuli. Fifteen signals (3 waveforms x 5 RMS-matched energy levels), one transient per
trial.

Task & design. 5-alternative forced choice (“Which real material best matches the rendered
vibration?"). Each of the 15 signals presented 5 times (75 trials), randomized, after one
practice trial. Duration: 30-60 min.

Planned analysis. Confusion matrix; ordinal (Spearman) correlation between energy level
and chosen material rank; mutual information; two-way ANOVA (factors: energy level,
waveform) on response rank; Tukey post hocs for adjacent levels.

Surface modification experiments (Experiments 3-4)

Experiment 3: Hardness discrimination on a soft surface (2AFC)

Goal. Test whether added spectral energy can override a uniformly soft substrate in relative
hardness judgments.

Participants & setup. Ten participants, bare fingertips, two identical foam blocks; one block
delivered vibration, the other was silent.

Stimuli. Same 3 x 5 set as Experiment 1 (three waveforms x five RMS-matched energy
levels), transient aligned to contact.

Task & design. 2AFC (“Which tap felt harder, left or right?”). Total: 60 pairwise comparisons
per participant (as in Exp. 1), randomized. Duration: 30-45 min.

Planned analysis. As in Exp. 1 (binomial tests for adjacent contrasts; rmANOVA on accuracy
with difficulty and waveform; confusion matrices).

Experiment 4: Material matching on a soft surface (5-AFC)

Goal. Test whether spectral energy conveys material identity when the touched surface is
compliant.

Participants & setup. Ten participants, bare fingertip taps a foam block with vibration;
dominant hand explores the five reference materials.

Stimuli. Twelve signals (3 waveforms x 4 RMS-matched energy levels spanning

foam - metal; highest two levels can be collapsed if needed based on calibration range).
Task & design. 5-alternative forced choice. Each signal repeated 5 times (60 trials),
randomized, after one practice trial. Duration: 30-60 min.

Planned analysis. As in Exp. 2 (confusion matrix, ordinal correlation, mutual information,
two-way ANOVA with energy level and waveform).

Experiment 5: Cue-conflict (surface compensation) paradigm
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Goal. To test whether perceived material identity is dominated by total spectral energy
(RMS) or by dominant frequency, we dissociated these cues in rendered vibrations delivered
while tapping a soft substrate.

Participants and setup. Ten participants tapped a physical foam block with a bare finger.
Vibrotactile playback was delivered to the fingernail via the Lofelt L5 actuator (latency < 1
ms), as in prior experiments.

Stimulus construction. We created a 3 x 3 factorial set by crossing three RMS targets with
three dominant-frequency classes, yielding 9 stimuli (3 congruent, 6 incongruent):

o RMS (“energy”) targets: values matched to the band-limited (30-1000 Hz) RMS
acceleration measured from our data-driven recordings for foam, rubber, and wood. RMS
was computed in the frequency domain and verified in time domain (Parseval’s
theorem).

o Dominant-frequency classes: peak frequencies characteristic of the same three
materials, grouped as = 85 Hz (foam-like), = 180 Hz (rubber-like), and 350-400 Hz (wood-
like).

Each stimulus was an exponentially decaying sinusoid, windowed to a brief transient and aligned
to contact onset:

s(t) = [e_t/T sin(27rft)] w(t)

with fe {85, 180, 350-400} Hz, w(t) a Gaussian/Hann onset window (total duration ~50 ms),
and 7 chosen to match the decay constant of recorded transients. After generating s(¢) at the
desired f, we scaled the time-domain amplitude so that the playback signal’s band-limited RMS
(30-1000 Hz) matched the assigned energy target. We refer to this matched quantity as total
spectral energy (RMS-matched).

Congruent conditions paired foam-RMS with 85 Hz, rubber-RMS with 180 Hz, and wood-RMS with
350-400 Hz.Incongruent conditions crossed each RMS with the two non-matching frequency
classes.

¢ Task and design. On each trial, participants tapped the foam surface once and received one
of the nine stimuli at contact. They then made a 3-alternative forced choice (3AFC): foam,
rubber, or wood. Each of the 9 conditions was presented 5 times (45 trials total, 10-15
minutes), in randomized order, following one practice trial. Sessions were conducted single-
blind.

¢ Planned analysis. Primary outcome was the chosen category per trial. We fit a multinomial
(or separate binomial) mixed-effects logistic regression with fixed effects ofRMS target and
frequency class(and their interaction), and random intercepts for participant. Confusion
matrices and energy-rank correlations were computed as descriptive summaries.

Calibration and Control
Energy matching

We matched RMS acceleration per stimulus (equivalently, the total spectral energy integrated over
30-1000 Hz by Parseval’s theorem). We refer to this quantity as “total spectral energy (RMS-
matched).” Durations and windowing were held constant across waveforms.

Amplitude Calibration

RMS amplitude was standardized across materials and methods to ensure that perceived intensity
did not confound perceived hardness. A pilot perceptual matching task (n = 4) confirmed that
amplitude-normalized waveforms were not systematically perceived as more or less intense.
Calibration values are provided in Table S2.

Control Signals

Three “null” signals were included for each generation method:
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1. A flat-zero waveform (no vibration)
2. A low-amplitude noise burst (sub-threshold)
3. A neutral sine pulse (non-material specific)

These were used to evaluate baseline response rates and exclude participants with response bias.

Trial randomization and data collection

Each trial began when the participant tapped the assigned contact surface (foam or wood) with a
prepared index finger. Upon sensor trigger, a vibration cue was delivered within < 1 ms.
Participants were free to alternate between stimuli (left/right or physical/rendered) before
responding via a button box.

Stimulus order was randomized within participant. For each block, left/right assignment,
waveform type, and energy level were independently randomized without replacement, ensuring
equal counts per condition. Block order (discrimination vs. matching) was counterbalanced across
participants using a balanced Latin square. Sessions were conducted single-blind: participants
were unaware of condition and the experimenter did not see trial assignments during data
collection.

We did not constrain impact force; participants were instructed to “tap as if quickly checking a
surface.” Post hoc checks did not reveal systematic differences in tap intensity across conditions,
so no force normalization was applied.

Data Collection Interface

Trials were managed via a custom Python interface using PyDAQmx and PyQt5, with real-time
communication to the Bela board over UDP. Participant responses and timing logs were recorded
with 1 ms resolution.

Additional Notes and Figures

¢ Additional setup and equipment photos: Figures 10a, 10b, 10c @

e Foam was chosen as the compensation surface due to its low hardness and consistent tactile
properties.

¢ The actuator on the dominant hand during matching tasks served only as a mass balancer.
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(b) Fingertip material matching (bubble; 5-AFC).

(c) Surface discrimination (foam; 2AFC).

i

(d) Surface material matching (foam; 5-AFC).

Figure 9.Behavioral paradigms and tasks. A Fingertip-discrimination setup: bubble-softened index fingers tap
two rigid blocks; one tap includes vibration (2AFC: harder). B Fingertip-matching setup: bubble-softened finger
taps foam with vibration and is matched to a real material (5-AFC). C Surface-discrimination setup: bare finger
taps two foam blocks; one tap includes vibration (2AFC). D Surface-matching setup: bare finger taps foam with
vibration and is matched to a real material (5-AFC). Triggers align transients to contact with sub-millisecond

latency.
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(b) Inflatable bubble interface mounted on fingertip with vibration actuator used to convey signal,
as well as the photoelectric sensor used to capture the contact time.

(c) Fingernail accelerometer recording arrangement.

Figure 10. Apparatus and instrumentation. A Experimental bench with photoelectric contact sensors and Bela
real-time playback. B Inflatable fingertip bubble (5 psi) used to reduce fingertip stiffness while leaving the nail

accessible for actuation.

Acknowledgements

This work was funded by Reality Labs Research. The authors declare no competing interests.

Zamini et al., 2026 eLife 15:RP111461. https://doi.org/10.7554/eLife.111461.1 22 of 27


https://doi.org/10.7554/eLife.111461.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience

s eLife

10.

11.

Neuroscience

Additional information

Funding
Funder Grant reference number Author
Meta (FB) Sonny Chan
Meta (FB) Roham Padakhtim
Meta (FB) Chase Tymms
Benjamin Stephens-
Meta (FB) Fripp
Jess Hartcher-
Meta (FB) O'Brien
Meta (FB) Nagmeh Zamani

Author ORCID iDs

Benjamin Stephens-Fripp: © https://orcid.org/0000-0001-5253-9647

References

Shao Y., Hayward V., Visell Y. (2016) Spatial patterns of cutaneous vibration during whole-hand haptic
interactions. Proceedings of the National Academy of Sciences 113:4188
https://doi.org/10.1073/pnas.1520866113 | PubMed

Talbot W. H., Darian-Smith I., Kornhuber H. H., Mountcastle V. B. (1968) The sense of flutter-vibration:
comparison of the human capacity with response patterns of mechanoreceptive afferents from the
monkey hand. Journal of neurophysiology 31:301 https://doi.org/10.1152/jn.1968.31.2.301 | PubMed

Johansson R. S., Vallbo A. B. (1979) Tactile sensibility in the human hand: relative and absolute
densities of four types of mechanoreceptive units in glabrous skin. The Journal of physiology 286:283
https://doi.org/10.1113/jphysiol.1979.sp012619 | PubMed

Kuchenbecker K. J., Fiene J., Niemeyer G. (2006) Improving contact realism through event-based
haptic feedback. IEEE transactions on visualization and computer graphics 12:219
https://doi.org/10.1109/tvcg.2006.32 | PubMed

Cohen J. C., Makous J. C., Bolanowski S. J. (1999) Under which conditions do the skin and probe
decouple during sinusoidal vibrations?. Experimental brain research 129:211
https://doi.org/10.1007/s002210050891 | PubMed

Bensmaia S. J., Hollins M. (2003) The vibrations of texture. Somatosensory & motor research 20:33
https://doi.org/10.1080/0899022031000083825 | PubMed

Bensmaia S., Hollins M., Yau J. (2005) Vibrotactile intensity and frequency information in the pacinian
system: a psychophysical model. Perception & psychophysics 67:828
https://doi.org/10.3758/bf03193536 | PubMed

Delhaye B. P., O’'Donnell M. K., Lieber J. D., McLellan K. R., Bensmaia S. J. (2019) Feeling fooled: Texture
contaminates the neural code for tactile speed. PLoS biology 17:€3000431
https://doi.org/10.1371/journal.pbio.3000431 | PubMed

Manfredi L. R., et al. (2014) Natural scenes in tactile texture. Journal of neurophysiology 111:1792
https://doi.org/10.1152/jn.00680.2013 | PubMed

Weber A. L, et al. (2013) Spatial and temporal codes mediate the tactile perception of natural
textures. Proceedings of the National Academy of Sciences 110:17107
https://doi.org/10.1073/pnas.1305509110 | PubMed

Toscani M., Metzger A. (2022) A Database of Vibratory Signals from Free Haptic Exploration of
Natural Material Textures and Perceptual Judgments (ViPer): Analysis of Spectral Statistics. In:
International Conference on Human Haptic Sensing and Touch Enabled Computer Applications Springer.

Zamini et al., 2026 eLife 15:RP111461. https://doi.org/10.7554/eLife.111461.1 23 of 27


https://doi.org/10.7554/eLife.111461.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://orcid.org/0000-0001-5253-9647
https://orcid.org/0000-0001-5253-9647
https://orcid.org/0000-0001-5253-9647
https://doi.org/10.1073/pnas.1520866113
https://pubmed.ncbi.nlm.nih.gov/27035957
https://pubmed.ncbi.nlm.nih.gov/27035957
https://doi.org/10.1152/jn.1968.31.2.301
https://pubmed.ncbi.nlm.nih.gov/4972033
https://pubmed.ncbi.nlm.nih.gov/4972033
https://doi.org/10.1113/jphysiol.1979.sp012619
https://pubmed.ncbi.nlm.nih.gov/439026
https://pubmed.ncbi.nlm.nih.gov/439026
https://doi.org/10.1109/tvcg.2006.32
https://pubmed.ncbi.nlm.nih.gov/16509381
https://pubmed.ncbi.nlm.nih.gov/16509381
https://doi.org/10.1007/s002210050891
https://pubmed.ncbi.nlm.nih.gov/10591895
https://pubmed.ncbi.nlm.nih.gov/10591895
https://doi.org/10.1080/0899022031000083825
https://pubmed.ncbi.nlm.nih.gov/12745443
https://pubmed.ncbi.nlm.nih.gov/12745443
https://doi.org/10.3758/bf03193536
https://pubmed.ncbi.nlm.nih.gov/16334055
https://pubmed.ncbi.nlm.nih.gov/16334055
https://doi.org/10.1371/journal.pbio.3000431
https://pubmed.ncbi.nlm.nih.gov/31454360
https://pubmed.ncbi.nlm.nih.gov/31454360
https://doi.org/10.1152/jn.00680.2013
https://pubmed.ncbi.nlm.nih.gov/24523522
https://pubmed.ncbi.nlm.nih.gov/24523522
https://doi.org/10.1073/pnas.1305509110
https://pubmed.ncbi.nlm.nih.gov/24082087
https://pubmed.ncbi.nlm.nih.gov/24082087
https://elifesciences.org/subjects/neuroscience

s eLife

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Neuroscience

pp. 319-327
Moore B. C. (2012) An introduction to the psychology of hearing Brill.

Watson A. B., Jr A. J. Ahumada, Farrell J. E. (1986) Window of visibility: a psychophysical theory of
fidelity in time-sampled visual motion displays. Journal of the Optical Society of America A 3:300
https://doi.org/10.1364/josaa.3.000300

Higashi K., Okamoto S., Yamada Y., Nagano H., Konyo M. (2017) Hardness Perception by Tapping:
Effect of Dynamic Stiffness of Objects. In: 2017 IEEE World Haptics Conference (WHC). pp. 37-41
https://doi.org/10.1109/whc.2017.7989853

Okamura A. M., Webster R. J., Nolin J. T., Johnson K., Jafry H. (2003) The haptic scissors: cutting in
virtual environments. In: 2003 IEEE International Conference on Robotics and Automation. 1 IEEE.
pp. 828-833 https://doi.org/10.1109/ROBOT.2003.1241696

Lin M. C., Otaduy M. (2008) Haptic rendering: foundations, algorithms, and applications CRC Press.

Zamani N., Culbertson H. (2022) Effects of Physical Hardness on the Perception of Rendered Stiffness
in an Encountered-Type Haptic Display. IEEE Transactions on Haptics 16:46
https://doi.org/10.1109/TOH.2022.3226182 | PubMed

Zamani N., Culbertson H. (2022) 2022 IEEE Haptics Symposium (HAPTICS). IEEE. pp. 1-7

Delhaye B. P., Long K. H., Bensmaia S. J. (2018) Neural Basis of Touch and Proprioception in Primate
Cortex. Comprehensive Physiology 8:1575 https://doi.org/10.1002/cphy.c170033 | PubMed

Okamura A. M. (2009) Haptic feedback in robot-assisted minimally invasive surgery. Current opinion
in urology 19:102 https://doi.org/10.1097/mou.0b013e32831a478c | PubMed

Pacchierotti C., et al. (2017) Wearable Haptic Systems for the Fingertip and the Hand: Taxonomy,
Review, and Perspectives. IEEE transactions on haptics 10:580
https://doi.org/10.1109/toh.2017.2689006 | PubMed

Birznieks I., Macefield V. G., Westling G., Johansson R. S. (2009) Slowly adapting mechanoreceptors in
the borders of the human fingernail encode fingertip forces. Journal of Neuroscience 29:9370
https://doi.org/10.1523/jneurosci.0143-09.2009 | PubMed

Culbertson H., Kuchenbecker K. J. (2016) Importance of Matching Physical Friction, Hardness, and
Texture in Creating Realistic Haptic Virtual Surfaces. IEEE transactions on haptics 10:63
https://doi.org/10.1109/TOH.2016.2598751 | PubMed

Biswas S., Visell Y. (2021) Haptic Perception, Mechanics, and Material Technologies for Virtual Reality.
Advanced Functional Materials 31:2008186 https://doi.org/10.1002/adfm.202008186

Mackevicius E. L., Best M. D., Saal H. P., Bensmaia S. J. (2012) Millisecond precision spike timing
shapes tactile perception. Journal of Neuroscience 32:15309 https://doi.org/10.1523/jneurosci.2161-
12.2012 | PubMed

Rongala U. B., Seyfarth A., Hayward V., Jérntell H. (2024) The import of skin tissue dynamics in tactile
sensing. Cell Reports Physical Science 5 https://doi.org/10.1016/j.xcrp.2024.101943

Ricker N. (1953) The Form and Laws of Propagation of Seismic Wavelets. Geophysics 18:10
https://doi.org/10.1190/1.1437843

Wang Y. (2015) The Ricker wavelet and the Lambert W function. Geophysical Journal International
200:111 https://doi.org/10.1093/gji/ggu384

Peer reviews
Reviewer #1 (Public review):

Summary:

This manuscript deals with the ability to identify material hardness from the vibrations
induced by single light taps on that surface. Psychophysical tests of human perception under

Zamini et al., 2026 eLife 15:RP111461. https://doi.org/10.7554/eLife.111461.1 24 of 27


https://doi.org/10.7554/eLife.111461.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1364/josaa.3.000300
https://doi.org/10.1109/whc.2017.7989853
https://doi.org/10.1109/ROBOT.2003.1241696
https://doi.org/10.1109/TOH.2022.3226182
https://pubmed.ncbi.nlm.nih.gov/37015574
https://pubmed.ncbi.nlm.nih.gov/37015574
https://doi.org/10.1002/cphy.c170033
https://pubmed.ncbi.nlm.nih.gov/30215864
https://pubmed.ncbi.nlm.nih.gov/30215864
https://doi.org/10.1097/mou.0b013e32831a478c
https://pubmed.ncbi.nlm.nih.gov/19057225
https://pubmed.ncbi.nlm.nih.gov/19057225
https://doi.org/10.1109/toh.2017.2689006
https://pubmed.ncbi.nlm.nih.gov/28500008
https://pubmed.ncbi.nlm.nih.gov/28500008
https://doi.org/10.1523/jneurosci.0143-09.2009
https://pubmed.ncbi.nlm.nih.gov/19625527
https://pubmed.ncbi.nlm.nih.gov/19625527
https://doi.org/10.1109/TOH.2016.2598751
https://pubmed.ncbi.nlm.nih.gov/28328499
https://pubmed.ncbi.nlm.nih.gov/28328499
https://doi.org/10.1002/adfm.202008186
https://doi.org/10.1523/jneurosci.2161-12.2012
https://doi.org/10.1523/jneurosci.2161-12.2012
https://pubmed.ncbi.nlm.nih.gov/23115169
https://pubmed.ncbi.nlm.nih.gov/23115169
https://doi.org/10.1016/j.xcrp.2024.101943
https://doi.org/10.1190/1.1437843
https://doi.org/10.1093/gji/ggu384
https://elifesciences.org/subjects/neuroscience

::"0.:‘ eLife Neuroscience

varying conditions of modified fingertip compliance and/or externally imposed vibrations
demonstrated that total spectral energy was the main determinant of perceived hardness and
that perception of increased hardness can be induced by adding external vibration at the
time of contact.

Strengths:

The experiments are well-reported and the data potentially useful, but much narrower than
is implied by the (provisional) title and abstract. Their potential application to tactile
perception in virtual reality seems promising, but the largely unexplored need for
synchronization with physical contact and modulation with velocity and force of that contact
seems likely to complicate proposed applications to prosthetics and telerobots.

Weaknesses:

(1) The authors have confused discriminability with perception. The sense of touch is derived
from several different types of mechanoreceptors and processed into several dimensions of
haptic perception. The fact that subjects can rank surface material hardness correctly when
requested to focus on that alone does not mean that they rely on total spectral energy
normally or that total spectral energy is normally perceived as surface material hardness, as
opposed to other aspects of materials, such as their surface texture. They have not considered
the effects of more complex features of most surfaces, such as curvature, lamination or other
exploratory movement strategies besides light taps.

(2) Discussion section. Lines 262-264 are overstated. Dynamic spectral energy can be used to
modify perceived hardness when exploratory movements are limited to taps that are unlikely
to generate any other useful cues, such as skin deformation or proprioception. The authors
have not explored what happens if there actually are conflicting cues in non-vibratory
modalities. There are many different examples from sensory psychophysics of percepts that
arise from taking the mean of conflicting cues (e.g. stereophonic sound localization) and
others that arise from a dominant modality (e.g. self-motion perception from visual flow
fields, vestibular signals and proprioception).

The authors have ignored the substantial literature on artificial tactile sensors and their
ability to identify texture, hardness and other haptic properties of materials. These have
emphasized the importance of the many types and parameters of exploratory movements,
which were loosely specified and not quantified in these studies.

See:

Li, Q., Kroemer, O., Su, Z., Veiga, F. F., Kaboli, M., & Ritter, H. J. (2020). A Review of Tactile
Information: Perception and Action Through Touch. Ieee Transactions on Robotics, 36(6),
1619-1634. d0i:10.1109/tro.2020.3003230.

Fishel, J. A., & Loeb, G. E. (2012). Bayesian exploration for intelligent identification of textures.
Frontiers in Neurorobotics, 6(4). doi:10.3389/fnbot.2012.00004

Fishel, J. A., & Loeb, G. E. (2012). Sensing Tactile Microvibrations with the BioTac - Comparison
with Human Sensitivity. Paper presented at the IEEE/RAS-EMBS International Conference on
Biomedical Robotics and Biomechatronics, Rome.

(3) Introduction (lines 23-31) and Discussion (lines 296-298). The notion that tactile receptors
are "frequency tuned" is something of a straw man. Different receptor types are
preferentially sensitive to different broad spectral bands, but it has long been known that
they can be driven by larger stimuli outside those bands and that humans have very limited
ability to discriminate actual frequency of tactile vibration (as opposed to auditory pitch),
particularly for frequencies greater than the maximal one-to-one firing rate of neurons (~200-
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300 Hz). Conversely, fine onset timing of spikes in tactile afferents appears to be available
from brief contact taps to identify features other than hardness; see:

Johansson, R. S., & Flanagan, J. R. (2009). Coding and use of tactile signals from the fingertips
in object manipulation tasks. Nature Reviews Neuroscience, 10, 345-359.

Pruszynski, J. A., Flanagan, J. R., & Johansson, R. S. (2018). Fast and accurate edge orientation
processing during object manipulation. eLife, 7, e31200.

(4) Methods section. The Lofelt L5 actuator used to apply vibrations to the fingernail is rather
large for use on multiple fingers of a haptic display. Do the authors know of any more
compact technology with the requisite power and frequency response? One of the most
useful contributions of this paper is to suggest that those details matter relatively little, which
opens up more compact technologies such as piezoelectric actuators.

(5) Methods section. It is good that headphones were used to block and mask audible tapping
sounds, which are known to be capable of generating tactile illusions (Jousmaéki, Veikko, and
Riitta Hari. "Parchment-skin illusion: sound-biased touch." Current biology 8.6 (1998): R190-
R191). But that suggests that hardness might be signalled by precisely timed acoustic stimuli,
which would be much easier to deliver than fingertip vibration.

https://doi.org/10.7554/eLife.111461.1.sa1

Reviewer #2 (Public review):

This paper aimed to demonstrate that total spectral energy alone is sufficient to drive
hardness perception and material identification. Through five user studies, they tested
materials ranging in stiffness and with covered fingers to support their claim. Using a
spectral energy compensation framework, they concluded that total spectral energy alone,
regardless of frequency content, was sufficient to support material hardness percepts.
However, it should be noted that all experiments used a tapping procedure, which is not the
standard exploratory procedure when judging material hardness. A tapping method also
selectively enhances vibratory feedback while limiting others. This fundamentally limits the
scope of their work, and assessing their claim on generalizability would require further
experimentation.

Some additional clarification and extension on the experiments are also suggested:

(1) According to Lederman and Klatzky (1987), pressure, and not tapping, is the exploratory
procedure humans use to judge hardness. And during tapping instead (as used in all
experiments), it is expected that the dominant cue available to the user comes from
vibrations, as other mechanical cues, such as skin stretch, are limited. These vibrations could
serve as a proxy for hardness, as claimed by the authors, but it is unclear if the participants
are basing their evaluations on perceived hardness or vibration intensity. A more
fundamental question that needs to be answered to support the paper's claim is whether a
single tap is sufficient for conveying a material's hardness. To better support their claim, I
recommend that the authors include an experiment using participants' bare fingers with
materials of the same modulus but different damping coefficients. These materials would
produce different vibration signals when tapped, but are equivalent in hardness.

(2) The setup text for experiment 4 does not match the results. Results suggest that a finger
covered with a bubble and touching a soft material was used (i.e. dual compliance), but the
setup describes otherwise. The authors should clarify this and confirm that this is different
from experiment 2.

(3) As silicone, foam, and rubber can have very similar or different hardness depending on
the specific material used, please report the hardness of each material tested (Shore or
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Young's modulus) to better understand the range of stiffness tested.

(4) In the "materials grouping and selection” section, it states that a pilot study suggested hard
materials tended to be perceptually similar while softer materials were easily
distinguishable. However, this contradicts the results in experiment 1. The authors should
expand on the details of the pilot study and address the inconsistency between its findings
and experiment 1.

(5) The methods section suggests that individual recordings for each material were
performed before the experiment. Please clarify if this is correct, or if a single signal for each
texture was used across all participants. Additionally, were the participants' tap pressure
controlled during either the recordings or in the experiments? If not, how do the authors
account for the difference in intensity that would be generated due to different tapping
pressures across participants and trials?

https://doi.org/10.7554/eLife.111461.1.sa0
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