See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/327776018

The Touch Perception Puzzle: A Basis for Choosing Stimlus Parameters in
Vibrotactile Psychophysics
Conference Paper · September 2017

CITATIONS

READS

0

10

2 authors:
Sean R Mills

Michael J. Griffin

University of Southampton

University of Southampton

4 PUBLICATIONS 0 CITATIONS

448 PUBLICATIONS 11,030 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Psychophysical diagnosis of impaired touch perception View project

All content following this page was uploaded by Sean R Mills on 20 September 2018.
The user has requested enhancement of the downloaded file.

SEE PROFILE

THE TOUCH PERCEPTION PUZZLE: A BASIS FOR CHOOSING STIMULUS
PARAMETERS IN VIBROTACTILE PSYCHOPHYSICS
Sean R. Mills and Michael J. Griffin
Institute of Sound and Vibration Research
University of Southampton
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Abstract
A full understanding of the relationship between the physics of vibration and the
perception of vibration, vibrotactile psychophysics, would be a powerful tool.
However, vibration perception is complex: vibrations are perceived more easily at
some frequencies than at others and the perception of vibration varies with contactor
size, body location, temperature, duration, and various other parameters. Touch
perception can be investigated by designing stimuli with different values of these
parameters in order to selectively activate the four underlying information processing
channels (PC, RA, SA1, and SA2). However, it remains unclear what combinations
of stimulus parameters are optimum for selecting each channel. We collate the
findings of psychophysical research to summarise the factors affecting perception of
vibration and estimate the relative sensitivity of the channels to vibration of various
frequencies. The findings imply that while the conditions suggested in ISO 130911:2001 for using vibrotactile thresholds to assess sensorineural dysfunction at the
fingertips may identify the PC response, they will be less successful in identifying the
RA response and fail to identify the SA1 response.
1. Introduction
Understanding of the perception of vibration can contribute to understanding of human touch perception.
For vibration stimuli applied to the skin, observations of how accurately participants are able to detect
stimuli, or discriminate between stimuli, with each of various physical parameters (the frequency of
vibration, static force, duration, body location, etc.) allow the construction of a model of the underlying
perceptual system. This approach is generally known as a ‘psycho-physical method’, and is also used
to identify impairments in touch perception (Griffin, 1990; ISO 13091-1, 2001).
The psychophysics of vibration has generally been focussed on detection thresholds (also called
absolute thresholds) – an estimate of the minimum vibration amplitude that can be perceived. How the
thresholds vary as a function of stimulus parameters led to the identification of four ‘information
processing channels’ that independently process the signal (Bolanowski et al., 1988; Gescheider et al.,
2010; Mowbray and Gebhard, 1958; Verrillo, 1968). These channels have been associated with four
distinct neurophysiological systems that respond selectively to different vibration stimuli (Bolanowski et
al., 1988). For clarity and consistency, the channels are referred to here by the labels given to their
associated nerve fibres: Pacinian corpuscle (PC), rapid-adapting (RA), slow-adapting type 1 (SA1), and
slow-adapting type 2 (SA2).
The use of psychophysical techniques for research or the diagnosis of disorders depends on being able
to selectively activate a particular tactile channel. This study collates findings from psychophysical
research to summarise the selectivity of the four-channel model of vibrotactile perception (Figure 1).
The model is then applied to provide estimates of channel responses to vibrotactile stimuli, and provides
a rationale for choosing particular vibration parameters to selectively activate each tactile channel.
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Figure 1. Summary of known effects of stimulus parameters on the four tactile channels that comprise the multichannel model of tactile sensory system (Gescheider
et al., 2010), based on tuning curves derived by Bolanowski and colleagues (1988), Bolanowski and Verrillo, (1982), Gescheider and colleagues (1985), and Verrillo
and Bolanowski (1986). Sensitivity (1/(threshold peak displacement in μm)) is plotted as a measure of the strength of the predicted channel response at a given
frequency. The sensitivities of the individual channels are modulated by the factors listed.

2. Effects of stimulus parameters on detection
A basic principle of the multichannel model is that the channels exhibit different selectivity. This means
that different channels are more likely to respond, or to respond more strongly, to a vibration with
particular values of certain parameters (e.g., frequency, contactor size). It will be assumed that this
property can be expressed in terms of sensitivity, a measure of channel response derived from the
reciprocal of the detection threshold.
Vibrotactile detection thresholds attempt to expose the selectivity of the channels by assuming that, for
a particular set of stimulus parameters, the most sensitive channel mediates detection. This assumption
has been useful for investigating whether tactile channels exist. However, while a vibrotactile stimulus
may primarily activate one channel, there can be smaller signals from the other channels that are not
considered selective for that stimulus.
Measures of the sensitivity of all four channels provide indications of the relative activation of the tactile
channels, and allow an assessment of how likely a target channel will be the one that is primarily
activated. For suprathreshold stimuli, such as those often experienced in everyday life, it is most likely
that several of the information processing channels are activated and that their combined activity
mediates rich and detailed perception of object and surface properties like texture (Gescheider et al.,
2010; Saal and Bensmaia, 2014). Some attempts have been made to quantify suprathreshold
information processing with measures of vibrotactile intensity (Hollins and Roy, 1996), but no cohesive
model has emerged. Measures of sensitivity derived from detection thresholds may be a partial guide
to understanding channel activation by suprathreshold stimuli.
2.1 Frequency
All the channels display frequency selectivity (sometimes thought of as the ‘tuning curve’ of a channel).
The PC channel exhibits strong selectivity for the perception of high frequencies of vibration
displacement. Microneurographic studies show that the responses of Pacinian corpuscles also exhibit
marked frequency selectivity, with the tuning curve changing depending on the vibration amplitude
(Bolanowski et al., 1988; Johansson et al., 1982).
2.2 Body location
The mechanoreceptors that mediate vibrotaction are present or absent at different body locations:
•

Merkel’s Discs (SA1) are found in glabrous skin, and are densest on the fingertips (Johnson et
al., 2000; Lacour et al., 1991)

•

Meissner's corpuscles (RA) are found primarily in glabrous skin, mostly on the fingertips
(Johansson and Vallbo, 1979)

•

Ruffini endings (SA2) are probably clustered around the fingernail, and are absent in macaques
(Johansson and Vallbo, 1979; Johnson et al., 2000; Paré et al., 2003)

•

Pacinian corpuscles (PC) are present in glabrous and hairy skin, bones, joints, the pancreas
and other organs, but absent from the tongue (Andres and von Düring, 1973; Hunt, 1974;
Macefield, 2005; Verrillo, 1966).
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Given that innervation density (e.g., Johansson, 1978; Saal et al., 2017; Vega-Bermudez and Johnson,
1999b; Zotterman, 2014), CNS representation (e.g., Romo et al., 1993), relationship to motor function
(e.g., Saal and Bensmaia, 2014; Witney et al., 2004), and psychophysical response (e.g., Forta et al.,
2012) vary by body location, it might also be possible for the information processing system to differ by
body location beyond differences in the density of mechanoreceptors. There might also be differences
in whether, or how, the information within channels is integrated to produce sensations.
2.3 Contactor size and the presence of a surround
The sensitivity of the PC channel increases with increasing contact area (e.g. Verrillo, 1968), which is
explained by the PC channel’s ability to ‘spatially summate’ signals. This psychophysical evidence
formed the foundation for a multi-channel model of touch perception.
Surrounds have been used to limit the area of stimulation by controlling the spread of surface waves. A
contactor of any size without a surround can be considered to have a large and diffuse area of
stimulation. Surrounds also affect the extent to which the skin is stretched close to the surround.
The characteristics of contactors and surrounds have complex effects on the contact conditions,
affecting the static force, skin indentation, and pressure distribution across the skin. For example, the
area of a contactor affects the pressure gradient at its edges.
2.4 Static force, skin indentation, and pressure distribution
Some effects of contact conditions on vibration perception have been proposed based on the findings
of neurophysiological and psychophysical studies:
SA1:
•

More sensitive to points, edges and curvature than to homogenous surfaces (Goodwin et al.,
1991; Goodwin et al., 1991, 1991; Goodwin et al., 1997; Johnson, 2001).

•

Merkel receptors respond more to increasing amplitude but respond to surface features
independently of increasing indentation depth (Vega-Bermudez and Johnson, 1999b). Tactile
pattern recognition, measured psychophysically, is insensitive to contact force (Johnson et al.,
2000).

•

More sensitive to dynamic than static stimuli (Johnson et al., 2000; Krueger, 1970; VegaBermudez and Johnson, 1999b).

RA:
•

Highly sensitive to motion across the skin (Johnson et al., 2000; Pei and Bensmaia, 2014;
Srinivasan et al., 1990).

•

Relatively insensitive to contactor size and shape, because of uniform response across
receptive fields (Johnson and Phillips, 1981; Phillips and Johnson, 1981a, 1981b; VegaBermudez and Johnson, 1999a).

•

Insensitive to static force (Johnson, 2001)

•

Sensitive to skin indentation as small as 10 nm (Brisben et al., 1999), about 2 orders of

PC:

magnitude more sensitive than RA.
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SA2:
•

Sensitive to skin stretch and motion across the skin (Edin, 1992; Johnson, 2001; Johnson et
al., 2000).

2.5 Duration
The PC channel is thought to summate stimulus energy temporally, exhibiting a lower threshold for
longer stimuli and a raised threshold for short stimuli (Gescheider, 1976, Gescheider et al., 1994;
Gescheider et al., 1999; Gescheider and Joelson, 1983; Verrillo, 1965a).
2.6 Adaptation and masking
Adaptation can attenuate the responses of the RA and PC channels (Verrillo and Gescheider, 1977;
Gescheider et al., 1979). The effects of adapting stimuli on the perception of different frequencies of
vibration have been used to identify the frequency selectivity of the channels (Gescheider et al., 2001).
The degree of adaptation of a tactile channel is taken to be proportional to its sensitivity to the adapting
stimulus. High amplitude adapting stimuli may attenuate several channels to different extents.
Masking can affect vibrotactile detection thresholds in specific channels by increasing the ‘noise’ in the
channel (e.g. Gescheider et al., 1983; Gescheider et al., 2010). Like adaptation, masking can reduce
the sensitivity of an individual tactile channel if the channel is sensitive to the masking stimulus.
2.7 Temperature
The responses of the mechanoreceptors and the tactile channels have been found to vary as a function
of skin temperature (Bolanowski and Verrillo, 1982; Gescheider et al., 1997; Green, 1977; Verrillo and
Bolanowski, 1986). The RA channel increases in sensitivity over the range 15 to 25°C and then plateaus
between 25 and 40°C. The PC channel increases in sensitivity as the temperature of the contactor rises
from 15 to 21°C, and declines from 21 to 41°C. The frequency of peak sensitivity in the PC channel
increases as the skin temperature increases from 21 to 41°C.
2.8 Experimental design, training, and other factors
Vibrotactile thresholds can be influenced by external factors including participant demand characteristics
and response bias, and by the structure of the experiment (Mills et al., 2016). Different psychophysical
methods produce different vibrotactile thresholds (Morioka and Griffin, 2002). Training may also affect
the apparent sensitivity of the tactile channels; most experiments use ‘highly trained’ participants with
many hours of training. It is not clear how to build these effects into a model of information processing
in the tactile system.
Aging reduces the sensitivity of the tactile system with the rate of loss of sensitivity greater in the PC
channel than the non-Pacinian channels (Gescheider et al., 1994).
Medical conditions can affect the sensitivity of the tactile system including diabetes and the hand-arm
vibration syndrome (HAVS). The neurological symptoms of these conditions can be measured
psychophysically with vibrotactile thresholds (Griffin, 1990; ISO 13091-1, 2001; Thomsen et al., 2011).
Diagnosis of these disorders would be helped by a better understanding of how individual tactile
channels can be selectively activated by choosing the stimulus parameters.
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3. Discussion
3.1 Choosing stimulus parameters in vibrotactile psychophysics
In order to study the human tactile system, we need a way to estimate the likely response of each
vibrotactile channel to a vibration stimulus having specific characteristics (e.g., frequency, force, area,
surround).
Channel sensitivity with different contact conditions can be estimated from tuning curves derived by
Bolanowski and colleagues (1988), Bolanowski and Verrillo, (1982), Gescheider and colleagues (1985),
and Verrillo and Bolanowski (1986). The effects of contactor size have been reported by Verrillo (1963
and 1968) and may be implemented into a model by applying a multiplier to absolute thresholds such
that the pattern of responses is consistent with studies of vibrotactile thresholds over wide frequency
range (Bolanowski et al., 1988). The effects of stimulus duration can be based on data from (Gescheider
et al., 1999; Gescheider and Joelson, 1983; Verrillo, 1965). Effects of adaptation (e.g. Gescheider et al.,
1979) may also be modelled by raising the thresholds of individual channels.
3.2 Vibrotactile channel activation of stimuli recommended in International Standard 13091-1:2001
International Standard 13091-1:2001 specifies stimuli and psychophysical procedures for diagnosing
dysfunction in vibrotactile perception. The standard specifies three sets of conditions intended to
individually activate the SA1, PC, and RA tactile channels. An elevated threshold (i.e., reduced
sensitivity) is an indicator that some aspect of the selectively activated neural population is impaired.
The International Standard specifies a skin temperature in the range 27 to 35°C and a room temperature
in the range 20 to 30°C. The conditions employ a smooth, circular, rigid contactor with a diameter in the
range 2 to 7 mm that either indents into the skin by 1.5 mm ± 0.8 mm or is applied with a static force in
the range 0.7 to 2.3 N (estimated to be equivalent to the indentation). The contactor is positioned on the
glabrous skin of the fingertip distal to the centre of the whorl and more than 2 mm from the fingernail.
The presence of a surround will have a substantial impact on the sensitivity of the channels, so it is
significant that the standard allows two methods: one without a surround and one with a rigid surround
separated from the probe by an annulus of width 1.5 mm ± 0.6 mm. The stimulus targeting the SA1
channel is a 4-Hz oscillatory vibration of the probe. The stimulus targeting the RA channel is a 31.5-Hz
vibration. The stimulus targeting the PC channel is a 125-Hz vibration. The psychophysical procedure
can be either a variant of an up-down method of limits with the duration of each vibration less than 10
seconds, or a von Békésy algorithm with stimuli continuously presented with an amplitude that increases
and decreases at a specified rate according to whether the subject is able to feel the vibration.
The expected sensitivity of each tactile channel to the conditions specified in ISO 13091-1:2001 was
simulated by adjusting the sensitivities so that they correspond to experimentally determined thresholds.
The PC thresholds corresponding to the sensitivities shown in Figure 1 were raised by 8 dB to account
for higher thresholds with a smaller 6-mm diameter contactor at the fingertip (Morioka et al., 2008; Figure
2) compared to a 19.2-mm diameter contactor at the thenar eminence (Bolanowski et al., 1988; Figure
1). The thresholds of the non-Pacinian channels were raised by 6 dB to account for the effects of other
systematic differences including the influence of the surround and differences in experimental methods
6

so that the new sensitivity curves for the lower frequencies in Figure 2 are also consistent with thresholds
obtained with a 6-mm contactor by Morioka et al. (2008).

Figure 2. Channel sensitivity (1/(threshold peak displacement in μm)) with a 6-mm contactor. The PC
channel is attenuated by 8 dB and the non-Pacinian channels are attenuated by 6 dB in order to fit
measured vibrotactile thresholds with a 6-mm contactor (Morioka et al., 2008).
The model in Figure 2 was used to investigate whether the stimulus parameters recommended in ISO
13091-1:2001 are likely to selectively activate their target tactile channel (Figure 3). In order to estimate
normal thresholds, the following conditions were assumed: a 6-mm diameter contactor with a surround
and sinusoidal (i.e., pure tone) vibration stimuli at 4, 31.5, and 125 Hz. There was no adjustment for
sensitivity to duration due to the widespread use of the von Békésy algorithm. It was assumed there
were no substantial effects of skin temperature or static force within the range of conditions specified in
the standard. It was assumed that the multi-channel model of tactile perception, which is mostly based
on thresholds at the thenar eminence, is applicable to the fingertips. Although mechanoreceptor
densities may differ, the cell types are thought to be similar in these two locations.
Figure 3 suggests that sensitivity to other (non-target) tactile channels may mean that thresholds are
not always mediated by the targeted channel:
•

The conditions with 4-Hz vibration specified for selectively activating the SA1 channel are likely
to activate the RA channel (Figure 3 A)

•

The conditions with 31.5-Hz vibration specified for selectively activating the RA channel are
likely to primarily activate the RA channel but the contributions from other channels may be
significant, especially if the patient has abnormally high thresholds in the RA channel (Figure
3 B)

•

The conditions specified for selectively activating the PC channel are very likely to primarily
activate the PC channel, although the conditions do not maximise the difference between the
response of the PC channel and the responses of other channels (Figure 3 C).
7

Figure 3. Predicted channel sensitivity (1/(threshold peak displacement in μm)) to vibration parameters
specified in ISO 13091-1:2001. (A) illustrates the channel response to a 4-Hz stimulus designed to
activate the SA1 channel. (B) shows channel sensitivity to a 31.5-Hz stimulus designed to activate the
RA channel. (C) shows channel sensitivity to a 125-Hz stimulus designed to activate the PC channel.
8

4. Conclusions
The findings of psychophysical studies are sufficient to estimate how the sensitivity of the tactile
channels to vibration depend on the frequency of vibration, contactor size, stimulus duration, skin
temperature, adaptation, and masking. This information can be used to predict the tactile channels that
will be activated by different vibration conditions.
It seems that although the conditions suggested for determining vibrotactile thresholds in ISO 130911:2001 may identify the response of the PC channel, they will be less reliable in identifying the response
of the RA channel and probably fail to identify the response of the SA1 channel.
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