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Vibrotactile Sensitivity in Active Touch:
Effect of Pressing Force

Stefano Papetti, Hanna Jarvelainen, Bruno L. Giordano, Sébastien Schiesser, and Martin Frohlich

Abstract—An experiment was conducted to study the effects of force produced by active touch on vibrotactile perceptual thresholds.
The task consisted in pressing the fingertip against a flat rigid surface that provided either sinusoidal or broadband vibration. Three
force levels were considered, ranging from light touch to hard press. Finger contact areas were measured during the experiment,
showing positive correlation with the respective applied forces. Significant effects on thresholds were found for vibration type and force
level. Moreover, possibly due to the concurrent effect of large (unconstrained) finger contact areas, active pressing forces, and long
duration stimuli, the measured perceptual thresholds are considerably lower than what previously reported in the literature.

Index Terms—Vibrotactile thresholds, cutaneous sensitivity, touch psychophysics, finger, pressing force, contact area

1 INTRODUCTION

THE psychophysics of active touch is still largely
unknown, while most of the existing studies addressing
touch consider it only as a receptive sense. Nevertheless, our
everyday experience shows evidence that, e.g., manipula-
tion and tactile exploration rely on active touch, and a better
understanding of its underlying mechanisms would be
highly relevant to haptics and human-computer interaction.
As Gibson already observed in [1], “passive touch involves
only the excitation of receptors in the skin and its underlying
tissue”, while “active touch involves the concomitant excita-
tion of receptors in the joints and tendons along with new
and changing patterns in the skin”. Moreover, while passive
touch is simply related to cutaneous sensitivity, active touch
involves motor activity and cognitive processes that are
likely to have an effect on tactile perception.

Cutaneous sensitivity has been generally studied in con-
trolled passive settings, by considering frequency as the
main independent variable and by observing sinusoidal
stimuli. That led to identifying four channels in the skin
which mediate different aspects of touch [2]: Vibrotactile
perception is mainly conveyed by the non-Pacinian channel
I (NP I)—sensitive to low-frequency vibrations in the
10-100 Hz range—and the Pacinian channel (P)—which
shows a U-shaped contour of sensitivity in the 40-800 Hz
band, with lowest thresholds between 200 and 300 Hz.

A number of factors have been found to affect vibrotactile
sensitivity at the hand, such as static force [3], [4], [5], [6], [7],
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contact area [3], [8], presence of a surround [4], [6], [8], tem-
perature [2] stimulus duration [9], [10], skin indentation [11]
and movement [12]. Although such factors are often interre-
lated (e.g., a surround also influences skin indentation and
stiffness, and may results in static contact force), previous
studies have shown that vibrotactile thresholds mediated by
the Pacinian channel are typically lowered i) by increasing
the static contact force, ii) by increasing the contact area
(i.e., the Pacinian channel is sensitive to spatial summation),
and iii) by increasing the duration of the stimuli (i.e., the
Pacinian channel is sensitive to temporal summation).

However, experiments investigating the effect of passive
static force on vibrotactile thresholds (e.g., [4], [5]) usually
considered smaller forces as compared to those that may
occur in active manual tasks.

A notable experiment described in [7] studied vibrotac-
tile perceptual thresholds under active touch conditions,
reporting thresholds much lower than in previous studies,
except those reported in [13] for an experiment adopting
similar procedures.

Vibrotactile sensitivity of hearing-impaired individuals
was investigated in [14] for full open-hand contact, with
spectrally and temporally complex signals: Thresholds were
found considerably lower than elsewhere in the literature,
and detection was reported for frequencies above those usu-
ally regarded as compatible with vibrotactile perception.

In a previous experiment by some of the present
authors [15], vibration detection was studied on a piano
keyboard during an active playing task: It was found that
clearly perceivable vibrotactile cues are produced in the
lower range of a piano keyboard, extending up to about the
middle octave. However, as reported already by [16], vibra-
tion spectral peaks measured at these areas of the keyboard
are generally well below the reference thresholds for pas-
sive touch [17], even for high dynamics playing styles.

The enhanced perception of vibration reported in the
above studies may be explained by several concurrent fac-
tors, such as the presence of large contact areas (whole hand
or finger pad), long stimulation times, and active touch.
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Notably, these seldom investigated stimulation conditions
characterize many everyday tactual interactions, and poten-
tially contribute to several attributes of the tactile percept,
such as vibration intensity and frequency, or surface rough-
ness and compliance. For these reasons, we suggest that the
measurement of tactile perception under such conditions is
highly relevant to the design and implementation of cutane-
ous feedback in human-computer interfaces. Indeed, novel
technology and approaches have been developed in recent
years, which open new possibilities in this regard [18], [19],
[20]. Extending a previous study by some of the present
authors [21], we designed an experiment to investigate
vibrotactile sensitivity while addressing the following fac-
tors: active pressing force, unconstrained contact of the fin-
ger pad, broadband or sinusoidal vibration stimuli. In this
rather ecological setting, sensitivity thresholds were exam-
ined as participants actively exerted different contact forces.

Enhanced tactile sensitivity has been previously
observed in musicians compared to non-musicians [22] and,
for instance, pianists’ superior tactile performance has been
linked directly to the duration of their daily practice [23].
Perceptual learning caused by short-term passive co-activa-
tion training produced a temporary enhancement in human
tactile sensitivity, lasting for several hours after the training
had finished [24], whereas the effects of long-term musical
instrument training on tactile sensitivity are believed to be
long-lasting [23]. Although differences between musicians
and non-musicians are not the main objective of the present
study, we looked for a similar effect in vibrotactile sensitiv-
ity. The experiment was therefore performed by both musi-
cians and non-musicians.

2 EXPERIMENT

Vibrotactile perceptual thresholds at the finger were mea-
sured for different actively exerted pressing forces. Based
on the results reported in [3], [4], [5], [6], [7], we expected
perceptual thresholds to be influenced by the strength of
the pressing force.

2.1 Apparatus

A tabletop device—shown in Fig. 1 and referred to as
“touch-box” in what follows—was designed for the purpose
of the experiment. Making use of a CZL635 load cell, the
device is capable of measuring normal forces up to 49N
applied to its top surface. An Arduino UNO data acquisi-
tion board receives the analog force signal and samples uni-
formly at 1,920Hz with 10-bit resolution [25]. Ad-hoc
software developed in the Pure Data' environment and run-
ning on a host computer receives the digital force data so
produced and use them to synthesize vibrotactile stimuli
(Section 2.2).

The stimuli are routed as audio signals through a RME
Fireface 800 audio interface feeding a Kemo 031N audio
amplifier connected to a TactileLabs Haptuator mark II,
which is mounted perpendicularly at the lower side of the
touch-box top panel. In addition, the device measures the
area of contact of a finger touching its top surface. Similar to
the technological solution described in [26], a strip of

1. http:/ /puredata.info
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Fig. 1. The touch-box: The interface used in the experiment to yield
vibrotactile feedback and to measure finger force and contact area.

infrared LEDs was attached at one side of the top panel,
which is made of transparent Plexiglas: In this way, a finger
pad touching the surface is illuminated by the infrared light
passing through it. A miniature infrared camera placed
under the top panel captures high-resolution (1,280 x 960
pixels) images at 30 fps, and sends them via USB to a video
processing software developed in the Max/]Jitter environ-
ment,” where the finger contact area is estimated.

Further details on contact force and area acquisition are
given in the appendix, which can be found on the Computer
Society Digital Library at http://doi.ieeecomputersociety.
org/10.1109/TOH.2016.2582485.

The acoustical emissions originating from the vibrome-
chanical actuator are minimal but perceivable. To eliminate
their influence on the psychophysical results, during the
experiment participants were presented with a masking
noise through headphones. Also, the touch-box was placed
on top of a stiff and thick rubber layer to forbid the propaga-
tion of vibration to the supporting table.

In order to minimize hand posture variability across par-
ticipants, they were required to rest their forearm on a sup-
port while pressing their finger pad on top of the touch-box.

Finally, an LCD screen provided visual feedback on the
correctness of the applied force and progress of the current
trial.

2.2 Stimuli and Conditions

Two stimuli were implemented, which consisted either in a
band-passed white noise with 48 dB/octave cutoffs at 50
and 500 Hz, or a sine wave at 250 Hz. Both the spectral range
of the noise stimulus and the frequency of the sinusoidal
stimulus were chosen so as to optimize the perceptibility of
the vibrotactile stimulus by focusing around the range
200-300 Hz, known to results in peak sensitivity for passive
touch [17].

The amplitude of the stimuli was varied in fixed steps
according to a staircase procedure (Section 2.3). The initial
amplitude was set after a pilot study, so that vibration at the
first trial would be clearly detected by participants.

2. http:/ /www.cycling74.com
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In order not to exceed one hour of session duration, force
levels were limited to three. They were chosen based on a
pilot study and on what reported in [27], so as to cover a
range from light touch to hard press while still comfortable
for participants as well as suitable for application in
human-computer interfaces. The three force levels are
referred to as Low, Mid and High, and correspond respec-
tively to 1.9, 8 and 15 N, with a tolerance of 1.5 N.

2.3 Design and Task

The experimental protocol followed the guidelines for non-
clinical experiments involving human participants and was
approved by the Cantonal Ethics Committee of Zurich.

Perceptual thresholds were measured using a one-up-
two-down staircase algorithm with fixed step size (2dB)
and eight reversals, and a two-alternative forced choice
(2AFC) procedure. The method estimates the stimulus
level corresponding to a correct detection rate of 70.7
percent [28]. Three staircases—corresponding to the
requested force levels—were interleaved so that each
block of three trials contained one trial from each stair-
case, in random order.

Participants were seated at a table, the touch-box and
LCD screen in front of them, and rested their forearm on
the arm support. They were instructed to use their domi-
nant index finger throughout the experiment, and not
touch the box with other fingers. A trial consisted of
observation intervals ‘A’ and ‘B’, with the stimulus ran-
domly presented in only one of them. The task was to
detect which interval contained the stimulus. Participants
would press on the top panel of the touch-box with
increasing force until the LCD screen turned green, sig-
naling that the correct force level was reached. After the
pressing force was kept stable over a 1s stabilization
interval, a 1.5s observation interval followed and the
procedure was repeated. Participants told their response
to the experimenter, who recorded it into the experimen-
tal software. The experiment lasted between 35 and 60
minutes, depending on the participants’ performance. A
1-minute break was allowed every 5 minutes.

Twenty-seven subjects participated in the sinusoidal con-
dition, and seventeen in the noise condition. They where 19-
39 years old (mean = 26, sd = 4.5) and half of them were
music students.

A previous experiment considering only the noise
condition had been performed a year earlier without
contact area measurement [21]. One participant in each
condition of the experiment presented here had also per-
formed the previous experiment. Since a new device was
developed for the present study to measure both force
and contact area, the noise condition was repeated. Only
twelve of the participants in the sine condition took part
in the new noise condition, which was performed 2-4
weeks later; the rest of the individuals in the noise con-
dition were new. This led to unbalanced group sizes,
and to a mixed experimental design with one within-
subjects factor (pressing force: low, middle or high) and
one between-subjects factor (vibration profile: sine or
noise). The possible effects of condition order and partic-
ipants’ varying familiarity to the task is addressed in
Section 3.
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Fig. 2. Thresholds measured at three pressing force levels, for sinusoi-
dal and noise vibrations. Error bars +SE.

2.4 Characterization

Different experiments investigating touch psychophysics
may provide divergent results due to the varying accuracy
of haptic devices [29]. For this reason, we suggest that pro-
cedures for validation and characterization of experimental
devices should be adopted in touch psychophysics studies.
The characterization of vibration output is especially rele-
vant to studies on vibrotactile sensitivity, as it allows one to
compare the actual stimuli as delivered to the skin with the
original stimuli feeding the experimental device.

Before performing the experiment, the accuracy of our
equipment was measured and analyzed in order to calibrate
force and contact area sensing and to characterize the pro-
duced vibration. Details are provided in the appendix,
available in the online supplemental material of this paper,
while only the most relevant findings are reported here.
While a consistent behavior was measured in the amplitude
response of both sinusoidal and noise vibration, the vibra-
tion spectrum in the noise condition was affected by press-
ing force. More specifically, the spectral centroid (roughly
representing the ‘center of mass’ of a spectrum) of noise
vibration shifted from about 180 Hz in the Low force condi-
tion to up to about 380 Hz in the Mid and High conditions.
Also, the spectral centroid was generally found to decrease
slightly with vibration amplitude. How this may have influ-
enced the results is addressed in Section 4.

3 RESULTS

Statistical analyses were carried out using R and the pack-
ages afex, Ismeans, and Rfit.?

3.1 Effect of Pressing Force on Vibrotactile
Thresholds

Vibration perception thresholds were calculated for each
participant and each pressing force condition as the mean
of the stimulus level during the last six reversals of the stair-
case (arithmetic mean of rms acceleration values, shown in
Fig. 2 and Table 1).

For each pressing force level, thresholds for sinusoidal
vibration were lower than for noise. For both vibration con-
ditions, higher thresholds (i.e., worse detection perfor-
mance) were obtained at the Low force condition, while at
the other two force levels the thresholds were generally

3. http:/ /www.R-project.org/
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TABLE 1
Mean Thresholds Expressed as Rms Acceleration and
Respective Standard Deviation in Brackets (dB, re 1075 m/s?)

JANUARY-MARCH 2017

TABLE 2
Mean Pressing Forces and Respective
Standard Deviation in Brackets

Sinusoidal condition Noise condition

(N =27) (N=17)
Acceleration Displacement Acceleration
(rms) (peak) (rms)
Low 76.1 (6.1) dB -48.7 dB 83.1 (5.2) dB
Mid 69.7 (5.3) dB -58.2 dB 72.6 (5.3) dB
High 68.5 (4.0) dB -59.3 dB 75.4 (5.5) dB

Corresponding peak displacement calculated for the sinusoidal condition (dB,
re 10~ m).

lower: The lowest mean threshold (68.5 dB rms acceleration)
was measured at the High force condition with sinusoidal
vibration, and the highest at the Low force condition with
noise vibration (83.1 dB)—thus thresholds vary over a wide
range across conditions. Individual differences were also
large: The lowest and highest individual thresholds differ
typically by about 20 dB in each condition.

Perceptual thresholds were analyzed by means of a 2
between-subject (type of vibration: [sinusoidal; noise]) x 2
between-subject (musical experience: [musician; non-musi-
cian]) x 3 within-subject (pressing force: [Low; Mid; High])
repeated measures ANOVA. The sphericity assumption
was not violated (Mauchly’s W = 0.98, p = 0.64). There was
a significant main effect of type of vibration (F} 4; = 14.64,
p < 0.001, generalized 7?>=0.23) and of force level
(Fyg = 137.5, p < 0.0001, n*> = 0.35), while the main effect
of musical experience was not significant (F} 4 = 0.36,
p > 0.05). Significant interactions were observed between
type of vibration and force (Fys» =8.41, p < 0.001), and
musical experience and force (£ g, = 6.64, p = 0.002). In the
Low force condition, musicians’ mean thresholds were
about 3 dB lower than those of non-musicians, while the dif-
ference remained within 1dB for the other two force levels.
However the respective effect size was very small
(n* = 0.03).

Post-hoc pairwise comparisons with Bonferroni correc-
tion indicated that the Low force condition differed from
both the Mid and High force conditions, for both vibration
types: Comparison with Mid force resulted in ¢(82) = 12.0,
p < 0.0001 for noise and #(82) = 9.02, p < 0.0001 for sinu-
soidal vibration; comparison with High force resulted in
t(82) = 8.85, p < 0.0001 for noise and #(82) =10.6, p <
0.0001 for sinusoidal vibration. For noise vibration, the dif-
ference between Mid and High force conditions was signifi-
cant (¢£(82) = —3.17, p = 0.02), but the respective contrast for
sinusoidal vibration was not (¢(82) = 1.64, p > 0.05). The
difference between sinusoidal and noise vibrations was sig-
nificant for the Low (¢(57.44) = 4.37, p < 0.001) and High
(t(57.44) = 4.29, p < 0.001) force conditions, but not for the
Mid force (¢(57.44) = 1.85,p > 0.05).

Two participants—one in each vibration condition—had
taken part in a related experiment a year earlier [21]. In
order to verify the possible effect of learning on them, t-tests
were computed to compare their individual mean thresh-
olds in the current experiment with those of the remaining
naive participants. No significant evidence of a worse per-
formance in naive versus “experienced” individuals was

w/ vibration w/o vibration

Sinusoidal condition (N = 27)

Low (1.9N) 1.54 (0.40) N 1.49 (0.41) N

Mid (8 N) 7.62 (0.25) N 7.58 (0.26) N

High (15 N) 14.4 (0.16) N 14.4 (0.17) N
Noise condition (N =17)

Low (1.9N) 1.45(047) N 1.49 (0.49) N

Mid (8 N) 7.62(0.32) N 7.67 (0.29) N

High (15 N) 14.4 (0.200 N 14.4 (0.21) N

found: In the sine condition, naive participants perform’ed,
on average, better than the experienced participant at the
Low force level (¢(25) = —6.33,p < 0.0001), while at the
Mid and High force levels, the experienced individual did
not perform differently than the naive participants
(t(25) = 0.88 and #(25) = 1.48, p > 0.14). In the noise condi-
tion, experienced participants did not perform differently
than the naive participants at all force levels (£(10) = —1.22,
#(10) = 0.15 and £(10) = —0.54, p > 0.11).

Twelve individuals participated in both experimental
conditions. Their data were further analyzed as specified
above, with repeated measures on both type of vibration
and pressing force, giving very similar results to what
observed for the full dataset. These additional analyses are
therefore not presented. However, similarity of the results
regardless of having participated in only one or both condi-
tions, as well as the fact that the noise condition—which
was performed 2-4 weeks later—produced higher thresh-
olds, suggest that familiarity with the task did not bring any
significant benefit.

3.2 Analysis of Pressing Force

Mean force and its standard deviation were measured for
each individual press. Pressing stability can be described as
the mean of the standard deviations of each press, at each
force level. Presence or type of vibrations had no significant
effect on individual pressing stability: The mean standard
deviations were typically 5, 2, and 1.5 percent of the mean
pressing force, respectively for the Low, Mid and High con-
ditions, regardless of vibrations. Mean overall pressing
forces and respective standard deviations are presented in
Table 2, showing that the presence or type of vibrations had
no significant effect on them either.

Due to the fixed 1.5 N tolerance, pressing forces could go
occasionally relatively far from the nominal 1.9N in the
Low force condition: The lowest participant-specific mean
forces were 0.75N in the sine condition and 0.87N in the
noise condition, however only one participant pressed on
average softer than 1.0N in the sine condition and three in
the noise condition.

Participant-specific thresholds in the sinusoidal condi-
tion were negatively correlated with the mean pressing
force (mean Pearson’s p = —0.85). Fig. 3 presents individual
thresholds in the sinusoidal condition as a function of force
on a logarithmic scale. For about 2/3 of the participants,
thresholds decrease monotonously with increasing pressing
force. In the noise condition, however, the mean correlation
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Fig. 3. Individual thresholds as a function of pressing force for each par-
ticipant (N=27) in the sinusoidal vibration condition.

was lower (mean p = —0.76), and the results have an appar-
ent U-shape, as seen in Fig. 2.

3.3 Analysis of Contact Area

Area data were measured throughout the sinusoidal con-
dition (N=27) but, due to technical issues, area measure-
ment was available for only six participants in the noise
condition. Mean contact areas and the respective standard
deviations are presented in Table 3. Since pressing
style was not constrained, individual differences were
high, resulting in contact areas varying across a range of
about 100 mm?.

As shown in Fig. 4, mean contact area increased roughly
linearly when representing pressing force on a logarithmic
scale, that is an almost logarithmic relationship is found
between area and force. Mean contact areas were slightly
smaller in the noise condition than in the sinusoidal one,
even though pressing forces were stable. Since area mea-
surement was done on considerably different group sizes
for the two vibration conditions, we studied more closely
the six participants who participated in both conditions and
had area data available: The mean areas were approxi-
mately 10 percent smaller in the noise condition, however
the effect was not significant (ANOVA with repeated meas-
ures on vibration type and force: F'(1,5) = 3.25, p > 0.05).

As pressing force level and mean contact area were
positively correlated (average participant-specific correla-
tions: Pearson’s p = 0.93 for sinusoidal and p = 0.96 for
noise vibration), the relationship between area and
thresholds was studied more closely. Fig. 5 presents indi-
vidual thresholds in the sinusoidal condition as a function

TABLE 3
Mean Finger-Contact Area, and Respective
Standard Deviation in Brackets

Sinusoidal vibration (N =27) Noise vibration (N = 6)

Low 117 (35) mm? 103 (30) mm?
Mid 163 (39) mm? 151 (35) mm?
High 175 (39) mm? 168 (34) mm?

180+
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D
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S
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Fig. 4. Contact area as a function of pressing force in the sinusoidal
vibration condition. Error bars £SE.

of contact area: For about 2/3 of the participants thresh-
olds decreased monotonously with increasing contact
area, while the remaining participants show a U-shaped
trend. The mean correlation between participant-specific
thresholds and participant-specific contact areas was
o= —0.82 in the sinusoidal condition and p = —0.88 in
the noise condition, although in the latter the trend was
more clearly U-shaped. Thus the behavior of the thresh-
olds seems similar in relation to both pressing force (on a
logarithmic scale) and contact area.

Participants’” sensitivity to vibrations changed with press-
ing force and contact area, but there were high individual
differences in general level of sensitivity. As only pressing
force was systematically controlled in the present experi-
ment and there are few data points per participant (three
force levels), it is currently impossible to say whether con-
tact area or pressing force would better predict sensitivity to
vibration at the participant-specific level. However we
investigated the extent to which contact area explained
across-participant variability. To this purpose, a new depen-
dent variable was formed as the participant-specific thresh-
old averaged across force levels, and a new independent

90 -
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Fig. 5. Thresholds as a function of contact areas for individual partici-
pants (N=27) in the sinusoidal vibration condition.
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variable as the participant-specific area averaged across
force levels. A multiple rank-regression model was
computed using these variables, and age and musical
experience as further explanatory variables: The resulting
slope estimates, standard errors and p-values were respec-
tively —0.04, 0.02, p = 0.17 for area, —3.21, 1.8, p = 0.09 for
musical experience, and 0.25, 0.2, p = 0.24 for age. Although
the effect of musical experience approaches significance,
none of the considered predictors appears to have a signifi-
cant effect at the p < 0.05 level. Whilst contact area is reli-
ably associated with pressing force at the participant-
specific level, it is not a significant predictor of interindivid-
ual differences in tactile sensitivity. Additional studies will
be required to further isolate the contribution of contact
area during active pressing tasks.

4 DiISCUSSION

4.1 Interpretation of Results

By using stimuli centered around the frequency range of
200-300 Hz, the present study focused in the known area of
peak sensitivity for passive touch [17], and investigated the
effect of actively exerted forces on vibrotactile perception
thresholds. A more general characterization is a vast task
and would require adding stimuli of various nature and fre-
quency range under both active and passive force exertion,
as well as control of contact area. Such a large-scale study
remains a future task.

Under the condition of active pressing force, vibrotactile
perceptual thresholds were found ranging from 68.5 to
83.1dB rms acceleration (re 10~%m/s?), values that are con-
siderably lower than what generally reported in the litera-
ture. Maeda and Griffin [6] compared acceleration
thresholds from various studies addressing passive touch,
finding that most of them are in the range 105-115dB for
sinusoidal stimuli ranging from 100 to 250 Hz. The lowest
reported acceleration thresholds are 97-98.5dB, for contact
areas (probe size) ranging from 53 to 176.7mm? [30], [31],
[32]. It is worth noticing that the widely accepted results by
Verrillo [17] report lowest displacement thresholds of
approximately —20dB (re 107%m) at 250 Hz, equivalent to
about 105 dB rms acceleration.*

The main result of the present experiment is that vibro-
tactile sensitivity was found to depend on the applied press-
ing force. Thresholds were highest at the Low force
condition, and decreased significantly at both Mid and
High force levels. In good accordance with what reported in
our preliminary study [21], for noise vibration the lowest
threshold was obtained at the Mid force condition, while at
the Low and High conditions thresholds were higher,
resulting in a U-shaped threshold contour with respect to
the applied force. However, considering that the spectral
centroid of the noise vibration generally shifted towards
300Hz and higher frequencies for the Mid and High force
conditions (Section 2.4 and the appendix, available in the
online supplemental material), we suggest that the U-shape
of the threshold-force curve might be partially due to the

4. It is straightforward to convert between acceleration and displace-
ment for sinusoidal vibration: acc = displ - (27 f)z, where f is the fre-

quency. Also, Xyms = Xpeak/ V2.
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response of the Pacinian channel, which has a U-shaped
contour over the frequency range 40-800 Hz with maximum
sensitivity in the 200-300 Hz range [2]. Conversely, for sinu-
soidal vibration at 250 Hz, mean dB thresholds decreased
roughly logarithmically for increasing pressing forces (see
Fig. 2). This simpler trend may be due to the more consistent
behavior of our system when reproducing simpler sinusoi-
dal vibration. An improved version of the touch-box would
be needed to test whether a similar trend can be found
when noise stimuli are reproduced more linearly for vary-
ing pressing forces.

Further studies are needed to precisely assess how
vibratory thresholds might be affected by passive forces of
strength equivalent the active forces used in the present
study. However, since the Low condition in our experi-
ment was already satisfied by applying light pressing force
(the measured mean is about 1.49N), we suggest that it
may be compared to studies addressing passive static
forces. Craig and Sherrick [3] found that increasing static
force on the contactor produces an increase in vibrotactile
magnitude. They considered vibration bursts at 20, 80 and
250 Hz lasting 1240 ms, contact areas up to 66.3 mm?, and
static forces of about 0.12 and 1.2N. Lamoré and Kee-
mink [4] report that, for a contact area of 1.5 cm? and no
surround, an increase in static force at the fingertip from
0.5 to 2N increases the threshold at frequencies below
40 Hz and has no effect for frequencies above. Conversely,
for 4.5N static force at the forearm and thenar eminence,
they found lower thresholds above 40Hz. Harada and
Griffin [5] used a contact area of 38.5 mm? and found that
higher forces in the range 1-3 N led to significant lowering
of thresholds by 2 to 6 dB rms at 125, 250, and 500 Hz. The
lowest thresholds reported are however around 100dB
rms acceleration. Similar to the effect of static force, in [33]
the fingertip was strained by blood constriction. As a
result, skin stiffness increased, while the contact area was
reduced (unlike our study, where higher pressing forces
resulted in larger contact areas). Vibration sensitivity
slightly improved with finger stiffness. On the other hand,
Brisben et al. [7] reported that passive static contact forces
from 0.05 to 1.0N did not have an effect on thresholds.
However, with only four participants, the statistics of
those results are not robust. Nevertheless, the authors sug-
gested that extending these investigations to higher
forces—as found in everyday life—would be important.
They also hypothesized that increasing the force beyond
1-2N could lower thresholds by better coupling of vibrat-
ing surfaces to bones and tendons, which could result in
more effective vibration transmission to distant Pacinian
corpuscles. That might also help explaining the generally
lower thresholds that we found for higher forces. In our
study, force level was found strongly correlated to contact
area, resulting in larger areas for higher forces, which
clearly contributed to further lowering perceptual
thresholds.

Only a few studies are found in the literature that deal
with non-sinusoidal stimuli. Gescheider et al. [34] studied
difference limens for the detection of changes in vibration
amplitude, with either sinusoidal stimuli at 25 or 250 Hz or
narrow-band noise with spectrum centered at 175Hz and
24 dB/octave falloff at 150 and 200 Hz (contact area 2.9 cm?):
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They found that the nature of the stimuli had no effect on
difference limens. Wells et al. [35] studied stochastic reso-
nance due to the superimposition of a white noise upon
sinusoidal stimuli, and reported enhanced detection at
the foot soles of both elderly people with elevated vibro-
tactile thresholds and young people with normal thresh-
olds. Wyse et al. [14] conducted a study with hearing-
impaired participants and found that, for complex stimuli
and whole hand contact (area of about 50-80cm?), the
threshold at 250Hz was 80dB rms acceleration
(re 10°9m/s?), that is comparable with our results, espe-
cially in the low force condition. In that study, it is
hypothesized that the temporal dynamics of spectrally
complex vibration might play a key role in detecting
vibrotactile stimulation. In our case, however, the stimuli
had no temporal dynamics. In the present study sinusoi-
dal stimuli resulted in lower rms acceleration thresholds
as compared to noise vibration. Intuitively, this may be
explained by considering that equivalent rms acceleration
values for sinusoidal and noise stimuli actually result in a
similar amount of vibration power® being concentrated at
250 Hz (a frequency characterized by peak tactile sensitiv-
ity [17]), or spread across the 50-500Hz band, respec-
tively. This explanation is somehow confirmed by the
findings reported in [36], where sinusoidal stimuli
resulted in lower thresholds as compared to spectrally
more complex signals (square and ramp waves).

The Pacinian channel, targeted by this study, is capable
of spatial summation. In [17] and [37] it is shown that for
contact areas between 2 and 510 mm? at the thenar eminence
of the hand, and for frequencies in the 40-800 Hz range, dis-
placement thresholds decrease by approximately 3 dB with
every doubling of the area. Intuitively, a reason for that is
that the number of stimulated skin receptors increases with
larger contact areas. In the present study, finger contact
areas were measured during an active pressing task: Partici-
pants were required to reach and maintain target forces,
while they were allowed to use a pressing style of their
choice, resulting in high variability of the contact area.
Under these conditions, a roughly logarithmic relationship
was found between contact area and force (see Fig. 4), how-
ever the effect of area only on thresholds could not be iso-
lated. The lowering of thresholds by 3dB with every
doubling of contact area, reported by Verrillo [17], refers on
the other hand to a logarithmically decreasing trend. Our
results cannot confirm this as—although the range of con-
tact areas was small in our study compared to Verrillo’s—
areas were varying and were not systematically controlled.
It remains a future task to isolate the effects of force and
area in active pressing. However, even though the increase
of contact area likely contributes to the lowering of thresh-
olds with pressing force, taken alone it did not explain indi-
vidual differences. Generally speaking, mean contact areas
were in the range 103-175mm?, contributing to explain the
reported enhanced sensitivity.

5.Indeed, rms is the square root of averaged power in the consid-
ered time interval (stimulation time). Therefore comparing rms vibra-
tion is equivalent to comparing vibration power. Also, since the
considered signals are stationary, their averaged power is the same as
instantaneous power.

The Pacinian channel is also sensitive to temporal sum-
mation, which lowers sensitivity thresholds and enhances
sensation magnitude [37]. Verrillo [9] found that thresholds
decrease for stimuli at 250 Hz for increasing duration up to
about 1s, when delivered through a 2.9 cm? contactor to the
thenar eminence of the hand. Gescheider and Joelson [10]
examined temporal summation at stimulus intensities rang-
ing from the threshold to 40 dB above it: For 80 and 200 Hz
stimuli, peak displacement thresholds were lowered by up
to about 8dB for duration increasing from 30 to 1,000 ms.
The present study made use of 1.5s stimuli, which likely
contributed to enhance vibrotactile sensitivity.

Large interindividual differences in sensitivity were
found in our experiment, which we could not fully explain
by contact area or age. However, this observation is in
accordance with, e.g., [6], [32], [38], [39], where large inter-
and intraindividual differences were reported. Sources for
large variations in sensitivity may be many. While expo-
sure to vibration is a known occupational health issue and
can cause acute impairment of tactile sensitivity [5], expe-
rience in conditions similar to the present experiment
seemed a possible advantage. Therefore we further ana-
lyzed the performance of musician participants, who are
often exposed to vibrations when performing on their
instruments: Indeed, musicians’ mean threshold in the
Low force condition was about 3 dB lower than non-musi-
cians’, but there was no significant difference at the other
force levels. Overall, enhanced sensitivity in musicians—
previously observed in, e.g., [22], [23], [24]—could not be
confirmed.

By considering actively applied forces and unconstrained
contact of the finger pad, the present study adopted a some-
what more ecological approach [1] as compared to the stud-
ies mentioned above An analogous approach was adopted
by Brisben et al. [7], who studied vibrotactile thresholds in
an active task that required participants to grab a vibrating
cylinder. While the exerted forces were not measured, simi-
lar to the results presented here, thresholds were found
much lower than what reported in most previous literature:
At 150 and 200 Hz the average displacement threshold was
0.03 um peak (down to 0.01 um in some subjects), which is
equivalent to rms acceleration values of 85.5dB at 150 Hz,
and 90.5dB at 200 Hz. The authors suggested that such low
figures could be due to the multiple stimulation areas on
the hand involved in grabbing the vibrating cylinder, the
longitudinal direction of vibration, and the force exerted by
the participants. In [12] active movement resulted in lower
sensitivity thresholds as compared to passive movement.
Other studies also suggest that active touch involving
planning or execution of movement results in better per-
cepts [40]. Still in an ecological context, enhanced vibrotac-
tile sensitivity during an active playing task on the piano
was reported in a recent study by some of the present
authors [15]. The main differences from the present study
are found in the presence of auditory cues and the different
spectral and temporal nature of the vibrotactile stimuli.
Under those conditions, vibrations at the piano keyboard
could be clearly perceived (detection rates of up to 90 per-
cent) at amplitudes just close to the thresholds found in the
literature for sinusoidal stimuli [16], [17]. In fact, such vibra-
tion amplitudes are well above the thresholds presented
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here, confirming the better suitability of our results for pre-
dicting vibration perception in active-touch and ecological
contexts. Indeed, according to [17], a clear sensation of
vibration arises for stimuli 40 dB above threshold.

4.2 Measurement Issues

In general, since different experimental methods may give
different perceptual thresholds [6], [38], [39], it is not
straightforward to compare results between studies. The
one-up-two-down staircase method, adopted here, targets
the stimulus level corresponding to 70.7 percent correct
responses. However, the estimate approaches the target
asymptotically with increasing number of turning points.
With a typically low number of reversals per run (eight in
our case), the estimate is likely to drift somewhat from the
target, even up to about 10 percent, depending on the rela-
tive step size [41].

Concerning the characterization of vibration at the
touch-box (Section 2.4 and the appendix, available in the
online supplemental material), the use of solid test
weights and the placement of the measurement acceler-
ometer in parallel to them might have slightly altered the
vibration propagation during the validation phase, as
compared to the actual case of a pressing finger. A solu-
tion could be to repeat measurements with a differently
shaped accelerometer, allowing to place weights on top
of it, and to simulate the contribution of skin by interpos-
ing an equivalently soft material between the test weights
and the vibrating panel.

While the overall response of the interface is improved
as compared to the preliminary version presented in [21],
the spectral centroid of noise vibration was found to gen-
erally shift to higher frequencies for higher weights, and,
to a lesser extent, to lower frequencies for lower ampli-
tudes. As pointed out in Section 4.1, this might have a
slight effect on the measured trend of thresholds for noise
vibration.

5 CONCLUSION

An experiment was conducted to study how vibration
detection thresholds are affected by active pressing forces.
As opposed to most of the existing literature, the experi-
ment did not constrain finger contact area, which showed a
nearly logarithmic relationship with pressing force. Signifi-
cant effects on thresholds were found for both the type of
stimuli, which consisted in either a sinusoidal or a broad-
band vibration, and the force level. In particular, when rep-
resenting force on a logarithmic scale, dB thresholds
resulted in a decreasing, almost linear trend for sinusoidal
stimuli, and a U-shape trend for noise stimuli. Overall, the
measured sensitivity thresholds are considerably lower
than what previously reported in the literature. We argue
that the effects on threshold were likely caused by the
combination of the following psychophysical factors: i)
enhanced mechanical coupling between the skin, tendons,
bones and the vibrating surface, due to pressing force; ii)
large contact area, covering up to the whole finger pad,
resulting in spatial summation for the Pacinian channel;
iii) long duration stimuli (1.5s), resulting in temporal
summation.
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The presented results may be useful to optimize vibrotac-
tile feedback in human-computer interfaces. The ability to
predict thresholds according to the measured finger press-
ing force or contact area would enable the adaptation of
vibrotactile feedback amplitude and frequency to the user’s
gestures. As an example, feedback that is too intense might
result in distraction rather than aid, which could be a seri-
ous issue for teleoperation in critical environments. From a
technological perspective, the reported effect of finger
pressing force on sensitivity thresholds implies lower
power requirements and lower mechanical strain for vibra-
tion actuators. As a general observation, we suggest that
studies addressing active touch psychophysics could inform
novel guidelines for the design and implementation of hap-
tic feedback.
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