
and tapping with the finger pad. Subjects who used more force
in the active condition rated the stimuli at the hard end of the
range as harder than those using less force, suggesting that per-
ceived softness could depend on the force used. However, in
the passive condition, no effect of force was found. Because
perception was passive, subjects could only use cutaneous in-
formation about the pressure distribution on their finger in this
case, and no kinaesthetic information. Thus, softness percep-
tion does not depend on kinaesthetic force information, but can
be influenced by it. Using a tool, without direct contact, the
stimuli at the hard end of the range were rated as softer than
with direct contact. The relationship between perceived soft-
ness and physical stiffness was less steep when using the tool,
showing that the direct cutaneous contact mainly intensifies the
perceived hardness of relatively hard materials.

Discrimination. So, people can perceive softness and hardness
in different ways. But how well can they distinguish between
different levels of hardness? Discrimination experiments were
pioneered by Coppen and Scott Blair. They had subjects choose
the softer stimulus in pairs of rubber cylinders that varied in
their hardness difference (Scott Blair & Coppen, 1939; Coppen,
1942). The percentage correct scores crossed the 84 %-level (a
widely-used threshold value) at a difference of 13 % in stiff-
ness. This can be interpreted as the Weber fraction for hard-
ness discrimination. Somewhat counter-intuitively, discrimi-
nation is found to be a little better when samples are pressed
down on with one finger compared to when they are pinched
between thumb and index finger (Freyberger & Färber, 2006).
Above, we saw that both cutaneous and kinaesthetic cues can
be used to perceive softness. Srinivasan & LaMotte (1995)
showed that for discrimination, cutaneous information is both
necessary and sufficient. With an anaesthetised finger, without
cutaneous cues, subjects could not discriminate between rubber
samples differing 90 % in stiffness. With passive touch, without
kinaesthetic force and displacement cues, subjects could dis-
criminate between specimens differing less than 75 % in stiff-
ness. This shows that cutaneous information is essential, but
also that without kinaesthetic information, discrimination is im-
paired compared to a situation where all cues are present. Also
when using a tool, subjects were found to be able to use cuta-
neous information in the form of the vibrations transmitted by
the tool when tapping the stimulus (LaMotte, 2000). In addi-
tion to the purely cutaneous cues provided by the deformation
of the surface, the ratio between force and displacement can
be used for hardness discrimination, which is mediated by a
combination of kinaesthetic (force and displacement) and cuta-
neous (force) information. Bergmann Tiest & Kappers (2009a)
have investigated what the relative roles of these two sources of
information is. By comparing discrimination thresholds mea-
sured with surface deformation (Weber fraction∼ 15 %) and
without (Weber fraction∼ 50 %), they showed that about 90 %
of the information comes from surface deformation cues, and
10 % from force/displacement cues. Furthermore, by using sil-
icone rubber stimuli that did not consist of the same material
all the way through (‘sandwich’ stimuli), they were able to de-
couple the object’s stiffness and the material’s Young’s modu-
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Figure 3: Compliance matching. The arrows indicate matches made between
stimuli that differ in their relationship between stiffness and Young’s modulus
(indicated by the dotted and dashed curves). The grey lines illustrate possible
lines of equal perceived hardness. Reproduced with permission from Bergmann
Tiest & Kappers (2009a).

lus for stimuli of identical dimensions. By asking subjects to
match the hardness of these objects, they investigated whether
stiffness or Young’s modulus is the determining factor in hard-
ness perception. The results (see figure 3) indicated that both
play a role, but that judgements are based more on stiffness for
the softer stimuli and more on Young’s modulus for the harder
stimuli. That is, subjects seem to pay more attention to the
force/displacement (stiffness) information for the softer stimuli
(which they can actually squeeze) and more attention to the sur-
face deformation information (as determined by the material’s
Youngs modulus) for the harder stimuli (which they can only
indent a little bit).

Rendered compliance. The high importance of surface defor-
mation information for compliance perception, as discussed
above, has implications for the way compliance should be ren-
dered. In fact, when using a haptic device that only pro-
vides force/displacement information, it seems that the per-
ceived hardness is not directly correlated with the rendered stiff-
ness. Instead, another measure calledrate-hardness seems to
be better correlated with perceived hardness (Lawrence, Pao,
Dougherty, Salada & Pavlou, 2000). This is defined as the ini-
tial force rate of change (in N/s) divided by the initial displace-
ment velocity (in m/s). This suggests that perceived hardness of
such a device is mainly based on the immediate reponse when
tapping a virtual surface, instead of the longer-term response
when such a surface is pressed. However, it would be better to
try to include the surface deformation information in the hap-
tic display. This information consists, among other things, of
the size of the contact area as a function of the applied force.
This contact area spread rate is related to the compliance of
the touched surface (Bicchi, Scilingo & De Rossi, 2000). A
device mimicking this behaviour, combined with the display of
force/displacement information, provides better discrimination
performance than just force/displacement information, and also
better than just contact area spread rate information (Scilingo,
Bianchi, Grioli & Bicchi, 2010).
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