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To sense the texture of a surface, we run our fingers across it, which leads to
the elicitation of skin vibrations that depend both on the surface and on
exploratory parameters, particularly scanning speed. The transduction and
processing of these vibrations mediate the ability to discern fine surface
features. The objective of the present study is to characterize the effect of
changes in scanning speed on texture-elicited vibrations to better understand
how the exploratory movements shape the neuronal representation of tex-
ture. To this end, we scanned a variety of textures across the fingertip of
human participants at a variety of speeds (10–160 mm s−1) while measuring
the resulting vibrations using a laser Doppler vibrometer. First, we found
that the intensity of the vibrations—as indexed by root-mean-square vel-
ocity—increases with speed but that the skin displacement remains
constant. Second, we found that the frequency composition of the vibrations
shifts systematically to higher frequencies with increases in scanning speed.
Finally, we show that the speed-dependent shift in frequency composition
accounts for the speed-dependent change in intensity.
1. Introduction
To discern the texture of a surface, we spontaneously run our fingers across it [1],
an exploratory procedure that results in the elicitation of skin vibrations that reflect
the microstructure of the surface. While coarse textural features can be sensed
without movement, our perception of fine textural features relies on the proces-
sing of skin vibrations elicited during scanning [2–5]. Two populations of tactile
nerve fibres—rapidly adapting (RA) and Pacinian (PC) fibres—are exquisitely sen-
sitive to skin vibrations and produce millisecond-precision temporal spiking
sequences that reflect the vibrations [3,4,6,7]. These vibration-sensitive afferents
mediate our ability to perceive fine textural features as evidenced by the fact
that desensitizing them impairs the perception of fine texture [5].

Texture-elicited vibrations are sensitive not only to surface microstructure
but also to exploratory movements, particularly scanning speed. Indeed, skin
vibrations dilate or contract with decreases or increases in scanning speed
[7,8], respectively, resulting in concomitant dilations or contractions of the
evoked spiking sequences in the nerve [6]. In addition, the firing rates of
nerve fibres and of their downstream targets tend to increase with increases
in scanning speed [9,10]. Whether this enhanced neural response reflects the
contraction of the spike trains or is caused by an additional increase in the
amplitude of the vibrations—which would also lead to higher firing rates—
remains to be elucidated.

In a previous study, the effect of scanning speed on texture-elicited vibrations
was examined by scanning surfaces across the skin at a single speed within each
experimental blockandmeasuring the evokedvibrationsusing a laserDoppler vib-
rometer (LDV) [7]. Different speeds were tested on different blocks. When
measuring skin vibrations using an LDV, the overall gain depends on the angle
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Figure 1. The RMS velocity of texture-elicited vibrations increases as scanning speed increases. (a) Example velocity traces for four textures scanned at three speeds.
(b) RMS velocity elicited by each texture versus speed; solid line and shaded area indicate mean and standard error, respectively. (c) Mean measured RMS velocity
(solid line) and the power model prediction (dashed line). Each trace denotes a different texture. (d) Fitted exponents for each texture and participant.
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of incidence of the laser beamand the distance between its focus
and the point of contact with the surface [11]. Thus, the gain of
themeasurements varied fromblock to block, so the rawmagni-
tude of the vibrations could not be compared across
experimental blocks; therefore, the effect of speed on vibratory
intensity could not be assessed. To fill this gap, we used an
LDV to measure the vibrations evoked in the skin when every-
day textures are scanned across the skin over a range of
behaviourally relevant speeds within single blocks [12].

We found (as expected) that the frequency composition of
vibrations shifts to higher or lower frequencies with increases
or decreases in scanning speed, respectively. Furthermore,
vibratory intensity, as indexed by root-mean-square (RMS)
velocity, increases with speed but does so in a texture-specific
way. We then demonstrated that these texture-specific
changes in vibratory intensity can be explained by the multi-
plicative shift in the frequency composition of the vibrations.
We discuss the implications of these findings for the neural
coding of both texture and speed.
2. Results
Using a custom-built rotating drum stimulator (see [7]), we
scanned eight textured surfaces across the right index
fingertip of five human subjects (two males and three
females, age range 20–25 years) at 28 speeds spanning the
range used in natural texture exploration (ranging from 10
to 160 mm s−1) [12] while measuring the evoked skin
vibrations using an LDV (OFV-3001 with OFV 311 sensor
head; Polytec, Irvine, CA).
2.1. Effect of scanning speed on the intensity of
texture-elicited vibrations

First, we found that the intensity of the vibrations elicited in
the skin, as indexed by RMS velocity, varied widely across tex-
tures (figure 1a,b) (three-way ANOVA, F7,1118 = 1280.08, p <
0.001, η2 = 0.51969), as has been previously shown in [7].
Indeed, RMS velocity varied over more than an order of mag-
nitude at both the slowest scanning speed (0.511–13.3 mm s−1

at 10 mm s−1) and the fastest one (2.08 and 33.2 mm s−1

at 160 mm s−1). Second, we found that RMS velocity increased
systematically with scanning speed (F27,1118 = 106.01, p < 0.001,
η2 = 0.16960), but in a texture-dependent way, as evidenced
by a significant texture × speed interaction (F189,1118 = 3.92,
p < 0.001, η2 = 0.0430). Indeed, RMS velocity increased 2- to
11-fold from the lowest to the highest scanning speed, depend-
ing on the texture. The relationship between velocity and
scanning speed was well described by a power law, with
different parameters—exponent and scaling factor—for
different textures (figure 1c,d). Mean exponents ranged
from 0.43 to 0.58 across textures. RMS velocity did not just
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Figure 2. Effect of scanning speed on RMS displacement and acceleration. (a) Example displacement traces for four textures scanned at three speeds. (b) RMS
displacement for each texture between 40 and 160 mm s−1. Speeds below 40 mm s−1 are discarded owing to noise (see Methods). (c) Example acceleration traces
for four textures scanned at three speeds. (d) RMS acceleration for each texture across all speeds. Lines and shaded areas for (b,c) represent mean and standard error,
respectively. Color scheme follows that of figure 1.
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vary across textures but also across participants (F4,1118 =
449.24, p < 0.001, η2 = 0.1042). The participant × speed inter-
action was weak but statistically significant (F108,1118 = 2.34,
p < 0.001, η2 = 0.0147).

Next, we examined the effect of scanning speed on the
displacement and acceleration profiles of the texture-evoked
vibrations (the integral and derivative of velocity, respect-
ively). RMS displacement was primarily dependent on
texture (F7,999 = 1077.26, p < 0.001, η2 = 0.6542), reflecting
differences in the size of the textural features across surfaces
(figure 2a,b). By contrast to RMS velocity, however, displace-
ment either remained constant or decreased slightly with
increases in scanning speed, depending on the texture, and
the overall effect of speed on RMS displacement was small
(F24,999 = 5.25, p < 0.001, η2 = 0.0109) (electronic supplemen-
tary material, figure 1a,b). RMS acceleration (figure 2c,d )
increased nearly linearly with speed at a rate that was texture
dependent (electronic supplementary material, figure 1c,d ).
While texture was the dominant source of variance in RMS
acceleration (F7,1118 = 825.25, p < 0.001, η2 = 0.3629), speed
was also highly significant (F27,1118 = 163.21, p < 0.001, η2 =
0.2768).

If the skin vibrations elicited during scanning simply
reflected the surface profile, then RMS displacement would
be constant across speeds, RMS velocity would increase
linearly with speed and RMS acceleration would increase
supra-linearly with speed (electronic supplementary
material, figure 2). Our results do not exactly match this pre-
diction because the assumption that displacement is constant
is violated for some textures (see below).

2.2. Effect of scanning speed on the frequency
composition of texture-elicited vibrations

Next, we examined how the frequency composition of the
vibrations changed with scanning speed. We observed that,
consistent with previous findings, the power spectral density
(PSD) shifted systematically towards higher frequencies as
scanning speed increased (figure 3a). The spectral profile of
these vibrations, however, was relatively consistent across
speeds when expressed in spatial units (by dividing the tem-
poral frequency by the speed; figure 3b) (cf. [7,8,13]). To
quantify the consistency of the spectral profile across speed,
we computed the correlation of the PSD across pairs of
speeds for each texture and participant. First, we found that
the correlation across repeated presentations of the same tex-
ture at the same speed was very high (mean ± s.e.m: r = 0.832
± 0.017), highlighting the repeatability of the measurements
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themselves. Second, PSDs obtained from a given texture and
participant remained similar even across large changes in
speed (figure 3c). Indeed, when speed was doubled or
halved, the mean correlation dropped from 0.82 to 0.65.
Third, across-subject/within-texture PSD were similar,
though less so than their within-subject counterparts, and
correlations exhibited a similar drop-off as speed difference
increased. Non-zero correlations when comparing across-
texture PSDs revealed coincidental similarities in the
vibrations elicited by certain pairs of surfaces, driven
mostly by aperiodic textures that feature a prominent 1/f
drop-off in their frequency composition.

Having established that the (spatial) PSDs were similar
but not identical across speeds, we then examined how the
shape of the PSD changed with speed. Examination of the
spatial PSDs revealed that textural components at higher
spatial frequencies tended to be preferentially suppressed as
speed increased; that is, the skin was less prone to faithfully
follow surface components at high spatial frequencies when
the surface moved rapidly across the skin (figure 3b). To
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quantify this phenomenon, we split the displacement PSD,
expressed in terms of spatial frequency, into frequency
bands for each texture, and computed the change in power
within each frequency band (figure 4a). As expected, high
spatial frequency components tended to decrease with
increases in speed, resulting in a decrease in the spatial fre-
quency centroid for all textures (figure 4b). Furthermore,
textures with high spatial frequency centroids tended to exhi-
bit the greater decrement in RMS displacement with increases
in scanning speed (figure 4c). In other words, the skin tends to
follow the profile of the surface but does so better at low
speeds and for textures with low spatial frequencies.
This phenomenon can account for the discrepancy between
the expected (electronic supplementary material, figure 2)
and observed (figures 1 and 2) effects of speed on the
texture-elicited vibrations.
Interface
17:20190892
3. Discussion
3.1. Variability across participants
While texture-elicited vibrations were similar across partici-
pants, they were not identical. Indeed, the speed dependence
of the shape of the PSDs varied widely across participants
and differences across participants accounted for over 10% of
the variance in the RMS velocity. These differences are likely
due to two factors. The first is that skin lubrication, which
strongly modulates the frictional interactions between skin
and texture, varies widely across individuals [14,15]. We
attempted to minimize variations in lubrication by cleaning fin-
gertips with an alcohol wipe, but this intervention is unlikely to
have completely eliminated differences in lubrication. The
second contributor to differences across subjects is variation
in the biomechanics and microstructure of the skin. The mech-
anical properties of the skin—stiffness and elasticity—vary
substantially across individuals and impact skin–surface inter-
actions [16–18]. Similarly, fingerprint microgeometry famously
differs across individuals and impacts the skin response to
scanned textures [7,19–21]. These factors combine to give rise
to subject-specific interactions with surfaces, which are then
reflected in the skin vibrations.

3.2. Implications for tactile texture perception
Texture perception is highly independent of scanning speed and
contact force despite the fact that the response of the skin and that
of tactile nerve fibres is highly dependent on these exploratory
parameters [6,22]. Indeed, the firing rates of tactile nerve fibres,
particularly PC fibres, increase with increases in scanning
speed. Our results suggest that the effect of speed on afferent
responses is mediated by an increase in RMS velocity (cf. [3]),
itself caused by a shift in the frequency composition of the
vibrations to higher frequencies. Both the increase in RMS vel-
ocity of texture-evoked vibrations and the shift to higher
frequencies explains why the effect of speed is most pronounced
in the responses of PC fibres, weaker in RA fibres, andweakest in
slowly adapting (SA1) fibres [23]. Indeed, PC fibres are sensitive
to the rate of displacement of the skin [24] and peak in sensitivity
at the high frequencies (greater than 100 Hz) [25]; RA fibres are
also sensitive to vibratory speed but peak in sensitivity at inter-
mediate frequencies; SA1 fibres are least sensitive to vibratory
speed and peak in sensitivity at low frequencies. While the per-
ipheral representation of texture is highly speed dependent,
afferent signals are differentiated downstream—spatially and
temporally—and these neural computations give rise to a more
speed-independent representation of texture [26].

3.3. Implications for tactile speed perception
While we have a sense of how fast a surface is moving across
our skin [23,27], tactile speed perception is powerfully biased
by surface texture: coarser textures are systematically per-
ceived as moving faster. Speed perception is not veridical
and can be explained by its neural basis. Indeed, perceived
speed is determined by the strength of the response evoked
in PC fibres, itself dependent on both texture and scanning
speed. In the present study, we replicate the finding that
vibratory intensity—gauged with RMS velocity or accelera-
tion—is strongly dependent on both surface texture and
speed. Given that RMS acceleration at the high frequencies
(greater than 50 Hz) is a good proxy for PC firing rates
[28], the present results account for the dependence of
perceived speed on both speed and texture [23].

3.4. Artificial textures
The rise of mobile devices—tablets and phones—has spurred
the development of haptic interfaces to provide tactile feed-
back during manual interactions with the devices, most
commonly in the form of vibrations triggered by contact
with the screen. That texture perception relies in part on
vibration has engendered attempts to elicit percepts by gener-
ating texture-like vibrations on the surface [29–34]. Because
texture-elicited vibrations depend on both the texture and
the exploratory parameters, a challenge in generating artificial
textures has been to store the information necessary to replay
vibrations appropriate for a given texture and set of exploratory
parameters. One approach consists in tiling the space of possible
scanning speeds and contact forces and interpolating between
these measured values [33]. A parsimonious approach would
be to store the vibratoryprofile of each texture at some intermedi-
ate speed (say 90 mm s−1) andwarp said trace depending on the
instantaneous scanning speed. The resulting vibrations would
largely match their natural counterparts while relying on a
single stored trace. Onemight improve upon this strategy by pre-
ferentially suppressing high spatial frequency components as
scanning speed increases. Further improvements could be
achievedbyassessing the effects on the texture-elicitedvibrations
of contact force,whichvaries concomitantlywith scanning speed
[35] andmodulates the responses of primary afferents to textures
[22].We expect this general approach to yield verisimilar textural
percepts, at least to the extent that such percepts can be achieved
given the current state of haptic technology.

4. Methods
4.1. Participants
Five subjects (two males and three females, 20–25 years of age)
participated in the study. Procedures were approved by the Insti-
tutional Review Board of the University of Chicago.

4.2. Data collection
4.2.1. Texture apparatus and stimuli
The subject sat with one arm resting on a padded frame. The
hand was strapped to a custom hand holder with the palm
facing upwards and the index finger propped at a 45° angle.
The fingertip was cleaned with alcohol to minimize variations
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in skin moisture across participants. On each trial, a rotating
drum stimulator (previously described in [7]) scanned one of
eight or 11 texture strips (2.5 cm × 16 cm) across the subject’s fin-
gertip at a pre-calibrated contact force (30g) and at one of 28
speeds, ranging from 10 to 160 mm s−1, evenly spaced. Trial dur-
ation ranged from 0.4 s at the fastest speed to 1.6 s at the slowest
one and the inter-trial duration was 3.5 s.

4.2.2. Vibrometer
An LDV (Polytec OFV-3001 with OFV 311 sensor head; Polytec,
Irvine, CA) was used to record the vibrations elicited in the skin
(cf. [7,11]). Briefly, thevibrometermeasures the time-varyingvelocity
along the axis perpendicular to the surface of the skin, without
making contact with it. A small strip of white-out correction fluid
(BIC USA, Shelton, CT, USA) was applied to the distal aspect of
the distal interphalangeal joint of the right index finger—near the
locationwhere the fingermade contactwith the surface—to improve
the reflectance of the finger and reduce dropouts. The vibrometer
beam was then directed and focused on the white-out.

4.3. Data analysis
4.3.1. Preprocessing
The last 350 ms (35 000 data points) of each trace was used to
exclude transients during the establishment of contact with the
surface and ensure that the frequency resolution of the power
spectra was equivalent across speeds. For each trace, outliers—
which fell 6 SD from the mean for that speed/texture pair—
were replaced by linear interpolation of the two adjacent time
points. Dropout removal was performed iteratively until all
were removed. Traces that contained 2 ms or more of dropouts
were eliminated. Vibrations decay as they travel from their
origin and do so in a frequency-dependent way (see [11]). We
corrected for this decay based on previous measurements,
assuming a distance of 1 cm between the measurement location
and the nearest contact between skin and surface.

4.3.2. Spectral analysis
Power spectral densitieswere computed usingWelch’smethod over
the range from 50 and 1000 Hz (see below). To convert frequency
spectra to the spatial domain,we divided the frequency by the scan-
ning speed (mm s−1). To compute displacement and acceleration,
each component of the Fourier spectrumwas divided or multiplied
by 2πf, respectively, and the resulting spectrawere converted back to
the time domain. The RMS of the tracewithin the desired frequency
band was then given by the following equation:

RMS ¼ sqrt(sum(PSD flfc�fhfc � Fr)),
where PSD is the power spectral density, f is the frequency, lfc/hfc are
the frequency cut-offs and Fr is the frequency resolution of the PSD.

4.3.3. Noise filtering
We wished to determine the range over which measured
vibrations are texture specific. To this end, we first normalized
each PSD so that it summed to 1 and calculated the mean normal-
ized PSD across textures, speeds and participants (electronic
supplementary material, figure 3a). We observed that the bulk of
the vibratory energy was contained in the first 50 Hz. Next, we
examined the degree to which the power in different frequency
bands varied across textures (electronic supplementary material,
figure 3b) and found that the low frequencies (up to approx.
50 Hz) were relatively texture independent, consistent with pre-
vious observations [7]. Finally, we performed the same analysis
while varying both the low- and high-frequency cut-offs (elec-
tronic supplementary material, figure 3c) and found that
performance was stable with high-frequency cut-offs above
300 Hz. Consequently, we used 50 Hz as the low-frequency
cut-off and 1000 Hz as the high-frequency cut-off to ensure that
no texture-dependent signals were discarded.

4.3.4. Regression
We implemented three models to relate RMS Velocity to scanning
speed: linear (RMS = B * speed), log-linear (RMS = B * log(speed))
and power (RMS = B * speedk), where B and k are free par-
ameters. We did not include an intercept term as lack of
movement across the skin should result in no vibration. We
only report the results from the power relationship as it outper-
formed the other two. We found that the dependence of RMS
Acceleration and RMS Displacement on speed was well captured
by a linear relationship (RMS = B * speed + o). To assess the
regression fits, we used the range-normalized mean squared
error (RNMSE), given by the following equation:

RNMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

(y � ŷ)2
q

ymax � ymin
,

where y is the measured RMS and ŷ is the predicted RMS.

4.3.5. Spatial PSD analysis
To directly compare the PSDs at different speeds, we expressed
them in spatial units by dividing frequency by speed, then
resampling the PSDs via linear interpolation to achieve the
same frequency resolution (matched to that of the reference
speed). We then computed the correlations of pairs of PSDs
(within texture/within participant, within texture/across partici-
pants, etc.). When determining the degree to which the power at
each spatial frequency changed with speed, we used the same
resampled PSDs and performed linear regression on the ratio
of the power at each frequency relative to its power at the refer-
ence speed for each participant and texture pair and report the
average value across participants. To calculate the spatial cen-
troid, we computed the temporal centroid within the frequency
band and then divided the resulting value by the speed.

Data accessibility. Data available as part of the electronic supplementary
material.

Authors’ contributions. S.J.B., C.M.G. and J.D.L. conceived of and
designed the experiment. C.M.G. and K.R.M. collected the data.
C.M.G. analysed the data. C.M.G. and S.J.B. wrote the manuscript,
while J.D.L. provided critical feedback.

Competing interests. We declare we have no competing interests.
Funding. This work was supported by NINDS grant no. NS101325 and
by NSF grant no. IIS-1518614.
Acknowledgements. We thank Wim Van Drongelen and Anton Sobinov
for their help with the signal processing and interpretation of the data.
References
1. Lederman SJ, Klatzky RL. 1993 Extracting object
properties through haptic exploration. Acta
Psychol. 84, 29–40. (doi:10.1016/0001-
6918(93)90070-8)
2. Hollins M, Risner SR. 2000 Evidence for the duplex
theory of tactile texture perception. Percept.
Psychophys. 62, 695–705. (doi:10.3758/
BF03206916)
3. Bensmaia SJ, Hollins M. 2003 The
vibrations of texture. Somatosens. Mot. Res. 20,
33–43. (doi:10.1080/08990220310000
83825)

http://dx.doi.org/10.1016/0001-6918(93)90070-8
http://dx.doi.org/10.1016/0001-6918(93)90070-8
http://dx.doi.org/10.3758/BF03206916
http://dx.doi.org/10.3758/BF03206916
http://dx.doi.org/10.1080/0899022031000083825
http://dx.doi.org/10.1080/0899022031000083825


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

17:20190892

7
4. Bensmaia SJ, Hollins M. 2005 Pacinian
representations of fine surface texture. Percept.
Psychophys. 67, 842–854. (doi:10.3758/
bf03193537)

5. Hollins M, Bensmaia SJ, Washburn S. 2001
Vibrotactile adaptation impairs discrimination of
fine, but not coarse, textures. Somatosens. Mot. Res.
18, 253–262. (doi:10.1080/01421590120089640)

6. Weber AI, Saal HP, Lieber JD, Cheng J-W, Manfredi
LR, Dammann JF, Bensmaia SJ. 2013 Spatial and
temporal codes mediate the tactile perception
of natural textures. Proc. Natl. Acad. Sci. USA
110, 17 107–17 112. (doi:10.1073/pnas.
1305509110)

7. Manfredi LR, Saal HP, Brown KJ, Zielinski MC,
Dammann JF, Polashock VS, Bensmaia SJ.
2014 Natural scenes in tactile texture.
J. Neurophysiol. 111, 1792–1802. (doi:10.1152/jn.
00680.2013)

8. Fagiani R, Massi F, Chatelet E, Berthier Y, Akay A.
2011 Tactile perception by friction induced
vibrations. Tribol. Int. 44, 1100–1110. (doi:10.1016/
j.triboint.2011.03.019)

9. Greenspan JD. 1992 Influence of velocity and
direction of surface-parallel cutaneous stimuli on
responses of mechanoreceptors in feline hairy skin.
J. Neurophysiol. 68, 876–889. (doi:10.1152/jn.1992.
68.3.876)

10. Dépeault A, Meftah E-M, Chapman CE. 2013
Neuronal correlates of tactile speed in primary
somatosensory cortex. J. Neurophysiol. 110,
1554–1566. (doi:10.1152/jn.00675.2012)

11. Manfredi LR, Baker AT, Elias DO, Dammann JF,
Zielinski MC, Polashock VS, Bensmaia SJ. 2012 The
effect of surface wave propagation on neural
responses to vibration in primate glabrous skin.
PLoS ONE 7, e31203. (doi:10.1371/journal.pone.
0031203)

12. Callier T, Saal HP, Davis-Berg EC, Bensmaia SJ. 2015
Kinematics of unconstrained tactile texture
exploration. J. Neurophysiol. 113, 3013–3020.
(doi:10.1152/jn.00703.2014)

13. Wiertlewski M, Hudin C, Hayward V. 2011 On the 1/
f noise and non-integer harmonic decay of the
interaction of a finger sliding on flat and sinusoidal
surfaces. In Proc. 2011 IEEE World Haptics Conf.,
Istanbul, Turkey, 21–24 June 2011, pp. 25–30.
New York, NY: IEEE.

14. Andre T, Levesque V, Hayward V, Lefevre P,
Thonnard J-L. 2011 Effect of skin hydration on the
dynamics of fingertip gripping contact. J. R. Soc.
Interface 8, 1574–1583. (doi:10.1098/rsif.2011.
0086)

15. André T, Lefèvre P, Thonnard J-L. 2009 Fingertip
moisture is optimally modulated during object
manipulation. J. Neurophysiol. 103, 402–408.
(doi:10.1152/jn.00901.2009)

16. Han H-Y, Kawamura S. 1999 Analysis of stiffness of
human fingertip and comparison with artificial
fingers. In Proc. IEEE Int. Conf. on Systems, Man, and
Cybernetics, Tokyo, Japan, 12–15 October 1999,
vol. 2, pp. 800–805. New York, NY: IEEE.

17. Watanabe T, Fujihira Y. 2014 Experimental
investigation of effect of fingertip stiffness on
friction while grasping an object. In Proc. 2014 IEEE
Int. Conf. on Robotics and Automation (ICRA),
Hong Kong, China, 31 May–5 June 2014,
pp. 889–894. New York, NY: IEEE.

18. Wiertlewski M, Hayward V. 2012 Mechanical behavior
of the fingertip in the range of frequencies and
displacements relevant to touch. J. Biomech. 45,
1869–1874. (doi:10.1016/j.jbiomech.2012.05.045)

19. Prevost A, Scheibert J, Debrégeas G. 2009 Effect of
fingerprints orientation on skin vibrations during
tactile exploration of textured surfaces. Commun.
Integr. Biol. 2, 422–424. (doi:10.4161/cib.2.5.9052)

20. Scheibert J, Leurent S, Prevost A, Debrégeas G. 2009
The role of fingerprints in the coding of tactile
information probed with a biomimetic sensor.
Science 323, 1503–1506. (doi:10.1126/science.
1166467)

21. Wandersman E, Candelier R, Debrégeas G, Prevost
A. 2011 Texture-induced modulations of friction
force: the fingerprint effect. Phys. Rev. Lett. 107,
164301. (doi:10.1103/PhysRevLett.107.164301)

22. Saal HP, Suresh AK, Solorzano LE, Weber AI,
Bensmaia SJ. 2018 The effect of contact force on
the responses of tactile nerve fibers to scanned
textures. Neuroscience 389, 99–103. (doi:10.1016/j.
neuroscience.2017.08.024)

23. Delhaye BP, O’Donnell MK, Lieber JD, McLellan KR,
Bensmaia SJ. 2019 Feeling fooled: texture
contaminates the neural code for tactile speed. PLoS
Biol. 17, e3000431. (doi:10.1371/journal.pbio.
3000431)

24. Saal HP, Delhaye BP, Rayhaun BC, Bensmaia SJ.
2017 Simulating tactile signals from the whole
hand with millisecond precision. Proc. Natl. Acad.
Sci. USA 114, E5693–E5702. (doi:10.1073/pnas.
1704856114)

25. Goodman JM, Bensmaia SJ. 2018 The neural basis
of haptic perception. In Stevens’ handbook of
experimental psychology and cognitive
neuroscience. Vol. 2. Sensation, Perception, and
Attention (ed. JT Wixted), pp. 201–240. Hoboken,
NJ: Wiley.

26. Lieber JD, Bensmaia SJ. 2020 Emergence of an
invariant representation of texture in primate
somatosensory cortex. Cereb. Cortex 30, 3228–3239.
(doi:10.1093/cercor/bhz305)

27. Dépeault A, Meftah E-M, Chapman CE. 2008 Tactile
speed scaling: contributions of time and space.
J. Neurophysiol. 99, 1422–1434. (doi:10.1152/jn.
01209.2007)

28. BensmaÏa S, Hollins M, Yau J. 2005 Vibrotactile
intensity and frequency information in the Pacinian
system: a psychophysical model. Percept.
Psychophys. 67, 828–841. (doi:10.3758/
BF03193536)

29. Shultz C, Peshkin M, Colgate JE. 2018 The
application of tactile, audible, and ultrasonic forces
to human fingertips using broadband
electroadhesion. IEEE Trans. Haptic. 11, 279–290.
(doi:10.1109/TOH.2018.2793867)

30. Kuchenbecker KJ, Fiene J, Niemeyer G. 2006
Improving contact realism through event-based
haptic feedback. IEEE Trans. Vis. Comput. Graph. 12,
219–230. (doi:10.1109/TVCG.2006.32)

31. Choi S, Kuchenbecker KJ. 2013 Vibrotactile display:
perception, technology, and applications. Proc. IEEE
101, 2093–2104. (doi:10.1109/JPROC.2012.
2221071)

32. Altinsoy ME, Merchel S. 2012 Electrotactile feedback
for handheld devices with touch screen and
simulation of roughness. IEEE Trans. Haptic. 5,
6–13. (doi:10.1109/TOH.2011.56)

33. Culbertson H, Unwin J, Kuchenbecker KJ. 2014
Modeling and rendering realistic textures from
unconstrained tool-surface interactions. IEEE Trans.
Haptic. 7, 381–393. (doi:10.1109/TOH.2014.
2316797)

34. Konyo M, Maeno T, Yoshida A, Tadokoro S. 2005
Roughness sense display representing temporal
frequency changes of tactile information in response
to hand movements. In Proc. First Joint Eurohaptics
Conf. and Symp. on Haptic Interfaces for Virtual
Environment and Teleoperator Systems. World
Haptics Conference, Pisa, Italy, 18–20 March 2005,
pp. 609–610. New York, NY: IEEE.

35. Tanaka Y, Tiest WMB, Kappers AML, Sano A. 2014
Contact force and scanning velocity during active
roughness perception. PLoS ONE 9, e93363. (doi:10.
1371/journal.pone.0093363)

http://dx.doi.org/10.3758/bf03193537
http://dx.doi.org/10.3758/bf03193537
http://dx.doi.org/10.1080/01421590120089640
http://dx.doi.org/10.1073/pnas.1305509110
http://dx.doi.org/10.1073/pnas.1305509110
http://dx.doi.org/10.1152/jn.00680.2013
http://dx.doi.org/10.1152/jn.00680.2013
http://dx.doi.org/10.1016/j.triboint.2011.03.019
http://dx.doi.org/10.1016/j.triboint.2011.03.019
http://dx.doi.org/10.1152/jn.1992.68.3.876
http://dx.doi.org/10.1152/jn.1992.68.3.876
http://dx.doi.org/10.1152/jn.00675.2012
http://dx.doi.org/10.1371/journal.pone.0031203
http://dx.doi.org/10.1371/journal.pone.0031203
http://dx.doi.org/10.1152/jn.00703.2014
http://dx.doi.org/10.1098/rsif.2011.0086
http://dx.doi.org/10.1098/rsif.2011.0086
http://dx.doi.org/10.1152/jn.00901.2009
http://dx.doi.org/10.1016/j.jbiomech.2012.05.045
http://dx.doi.org/10.4161/cib.2.5.9052
http://dx.doi.org/10.1126/science.1166467
http://dx.doi.org/10.1126/science.1166467
http://dx.doi.org/10.1103/PhysRevLett.107.164301
http://dx.doi.org/10.1016/j.neuroscience.2017.08.024
http://dx.doi.org/10.1016/j.neuroscience.2017.08.024
http://dx.doi.org/10.1371/journal.pbio.3000431
http://dx.doi.org/10.1371/journal.pbio.3000431
http://dx.doi.org/10.1073/pnas.1704856114
http://dx.doi.org/10.1073/pnas.1704856114
http://dx.doi.org/10.1093/cercor/bhz305
http://dx.doi.org/10.1152/jn.01209.2007
http://dx.doi.org/10.1152/jn.01209.2007
http://dx.doi.org/10.3758/BF03193536
http://dx.doi.org/10.3758/BF03193536
http://dx.doi.org/10.1109/TOH.2018.2793867
http://dx.doi.org/10.1109/TVCG.2006.32
http://dx.doi.org/10.1109/JPROC.2012.2221071
http://dx.doi.org/10.1109/JPROC.2012.2221071
http://dx.doi.org/10.1109/TOH.2011.56
http://dx.doi.org/10.1109/TOH.2014.2316797
http://dx.doi.org/10.1109/TOH.2014.2316797
http://dx.doi.org/10.1371/journal.pone.0093363
http://dx.doi.org/10.1371/journal.pone.0093363

	Effect of scanning speed on texture-elicited vibrations
	Introduction
	Results
	Effect of scanning speed on the intensity of texture-elicited vibrations
	Effect of scanning speed on the frequency composition of texture-elicited vibrations

	Discussion
	Variability across participants
	Implications for tactile texture perception
	Implications for tactile speed perception
	Artificial textures

	Methods
	Participants
	Data collection
	Texture apparatus and stimuli
	Vibrometer

	Data analysis
	Preprocessing
	Spectral analysis
	Noise filtering
	Regression
	Spatial PSD analysis
	Data accessibility
	Authors' contributions
	Competing interests
	Funding


	Acknowledgements
	References


