Chapter 6
Exploratory Movement Strategies
in Softness Perception

Knut Drewing

6.1 Introduction

Perception is an active process during which humans purposively gather sensory
information in order to obtain a representation of their environment. Haptic per-
ception is a prime example of this principle (Gibson 1962). When humans aim to
perceive their environment by touch, for example when they aim to haptically per-
ceive an object’s softness, they first need to appropriately explore the object with
the fingers. It is this exploratory movement that generates the relevant sensory infor-
mation. This chapter deals with the exploratory movements that humans execute
when they aim to judge an object’s compliance. Compliance is a physical correlate
of perceived softness that is defined as the inverse of stiffness and can be considered
a surface’s “resistance” to deformation. In the simplest case (cf. Chap. 1) it can be
measured as an object’s deformation in response to an applied force, e.g. in (milli)
meters per Newton.

6.2 Exploratory Procedures in Softness Perception

6.2.1 Pressure

In active touch, humans systematically use different movement schemes or pat-
terns of contact to perceive different haptic properties: the so-called Exploratory
Procedures (EPs, see Klatzky and Lederman 1999; Klatzky et al. 1989; Leder-
man and Klatzky 1987). For example, to perceive texture humans typically produce
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Fig. 6.1 Exploratory Procedure pressure as typically executed (left side) by pressing with a single
finger into an object that is supported by a table and (right side) by a pinch grip using thumb and
index finger

shear forces between an object and the skin (EP: lateral motion), or to perceive
temperature humans maximize the contact area between skin and object without
moving (EP: static contact). Humans stereotypically and habitually use specific EPs
in association with specific properties. The EP used during compliance judgments
has been called pressure:

Pressure: associated with encoding of compliance; characterized by application of forces to
object (usually, normal to surface), while counterforces are exerted (by person or external
support) to maintain its position; (Klatzky and Lederman 1999; p. 172)

Humans, typically, execute this EP by pressing the finger pad into the surface
or by lifting the object in a pinch grip and squeezing it between thumb and index
finger (Fig. 6.1). However, poking, tapping, or twisting movements can also occur
(Lederman and Klatzky 1990). Often, the explored objects are pressed a number of
times in succession. That is, when the fingers are in contact with the object, normal
forces applied to the surface follow a pattern of increases and decreases over time
(Kaim and Drewing 2011; Lederman and Klatzky 1987). Figure 6.2 shows part of the
typical variation in finger forces while exploring a deformable rubber stimulus for
the purpose of compliance discrimination, where only the index finger is used. In the
depicted trial, after the first finger-stimulus contact, the force recorded remained at a
moderate level for the following 90 ms. After this, the force increased and the finger
started to deform the stimulus. In this example, there were two force maxima (ramping
forces that peak) at 370 ms after first contact (maximum initial force) and 690 ms
after first contact. Individuals will often make multiple indentation movements and
in this experiment, another 1-2 further force maxima followed (Kaim and Drewing
2011; Exp. 1).

The stereotypical association of the EP pressure with compliance judgments, as
well as the stereotypical associations between other EPs and haptic properties, has
been demonstrated in several tasks. For instance, when participants have to match
or sort objects according to perceived softness, they use the EP pressure, whereas
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Fig. 6.2 Part of a typical finger force variation while exploring a deformable rubber stimulus.
Depicted are the force applied by the index finger to the stimulus (solid line, left ordinate) and the
corresponding vertical finger position (dashed line, right ordinate). Position 0 corresponds to the
stimulus surface; negative values of position represent an indentation of the stimulus. In the depicted
trial, the finger contacted the stimulus ca. 1,070 ms after trial initiation. Roughly 90 ms after first
contact, the force increased with time as the finger indents the stimulus. Depicted is a trial where
two indentation movements have been executed with peaks at 1,400 and 1,760 ms (data from Kaim
and Drewing 2011)

they will use static contact for temperature judgments, lateral motion for texture
judgments, and so on (Klatzky et al. 1989; Lederman and Klatzky 1987). Similarly,
in haptic object identification, after having lifted the object, participants use the EP
associated with the property that is diagnostic for the specific task; for instance,
for the specific question “Is this bread a stale bread?”, compliance is diagnostic
and the EP pressure is used (Lederman and Klatzky 1990). Additionally, it has
been shown that the stereotypical EPs are superior to other EPs in perceiving the
associated haptic property: Participants who were constrained to use a specific EP
when matching objects according to a specific haptic property performed best with
the EP that is stereotypically used for this property (Lederman and Klatzky 1987,
Exp. 2; Lederman and Klatzky 1993). In these experiments, compliance matches
obtained with the EP pressure turned out to be significantly more accurate than when
using any other of the six tested EPs (pressure, static contact, lateral motion, contour
following, enclosure, unsupported holding). Some information on compliance was
also available using the other EPs, but the EP pressure itself tends to be highly
specialized for compliance.
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Itis an interesting side note that the target property of a haptic exploration not only
determines the executed EP, but can also be closely linked to the interpretation of
the gathered sensory input. For example, when participants explore the topography
of a relief-like virtual surface with the instruction to discriminate surface height in
different parts of the surface, they tend to use a lateral contour following exploration
combined with a constant penetration force. This has been observed to result in a
misinterpretation of different compliance levels. With constant force, the transition
between two areas of different compliances leads to a change in the finger’s position
in the stimulus and is misreported as a height change of the surface. For instance, a
transition from a harder to softer surface, while keeping indentation force constant
results in deeper surface penetration, and participants report a region with a lowered
surface level instead (Choi et al. 2005).

When a participant’s aim is to judge compliance, they are most successful using
the EP pressure. But why does pressure enable good judgments on compliance? It
has been speculated that exploratory movements are executed in a way that ‘opti-
mizes’ the intake of the relevant sensory information and, thus, the computation of
the associated property (Gibson 1962; Klatzky and Lederman 1999). Remember that
compliance can be defined as an object’s deformation in response to an applied force.
Pressure means that humans apply normal forces to an object while counterforces
are exerted and the object is deformed. Kinaesthetic signals from muscles, tendons,
and perhaps joints provide information about the finger position and finger force,
while tactile signals are obtained from the mechanoreceptors in the skin of the fin-
ger pad and can provide information about the deformation of the finger-stimulus
contact area (e.g., Bicchi et al. 2005). With the EP pressure, an object’s compliance
can be judged from the relation between the applied or sensed forces and the sensed
object deformation. That is, the EP pressure enables good judgments on compliance,
because it generates crucial sensory signals and also because it generates redun-
dant tactile and kinaesthetic signals which humans can integrate in order to assess
compliance (Bergmann Tiest and Kappers 2008; Srinivasan and LaMotte 1995).

6.2.2 Tapping as an Instance of Pressure

So far, this section has dealt with the typical execution of the EP pressure,which
is performed by pressing one or two bare fingers several times relatively slowly
into an object. Humans are also able to use tapping movements in order to estimate
softness (LaMotte 2000). Tapping movements are another example of the EP pres-
sure. Tapping movements are, however, faster, briefer and less forceful than pressing
movements and can be performed with the bare finger or with a tool, i.e. a stylus
(Fig. 6.3).

LaMotte (2000) investigated how well humans discriminate two objects of dif-
ferent compliances (range: 0.2-2.2 mm/N) with tapping as compared to pressing
movements, both in bare-finger and stylus conditions. They found slightly better
discrimination performance with tapping than with the slower pressing movements.
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Fig. 6.3 Tapping with a stylus. Here, the stylus or tool is held with two fingers and quickly tapped
onto the stimulus. Tapping movements can also be executed with the bare finger. In both cases they
allow for highly successful judgments of stimulus compliance

Friedman and colleagues (2008) asked participants to estimate the softness of a broad
range of objects (compliances: 0.2-7.5 mm/N) using the method of magnitude esti-
mation (cf. Chap. 1) and their participants’ softness estimates were comparable for
bare-finger pressing and bare-finger tapping. Overall, judgments on softness are sim-
ilar, independent of whether humans used tapping or pressing movements to explore
the objects.

LaMotte (2000), however, also showed that different sensory signals are crucial for
judging compliance when using tapping as compared to the use of pressing move-
ments. He compared compliance discrimination when using tapping and pressing
movements in active touch versus passive touch. In active conditions, participants
actively moved a stylus with the finger in order to judge compliance. In contrast,
in passive conditions the finger was stationary and did not move, while it received
similar stimulation from the stylus as in the active conditions. As already mentioned,
compliance discrimination was similar for both active tapping and active pressing. In
passive conditions, however, tapping movements allowed for compliance discrimi-
nation, while pressing movements did not. This finding demonstrates that both active
and passive tapping movements generate sensory signals that are not available from
pressing movements. In particular, LaMotte (2000) suggested that in the fast tapping
movement, the high speed contact with an object provides important information on
compliance. Other authors also emphasize a potential role for these “impact tactile
cues” in softness perception (Friedman et al. 2008; Lawrence et al. 2000). For a
review of such findings and a discussion of the contribution of vibrotactile informa-
tion see Chap. 3.
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6.3 Parametric Variation of Exploratory Procedures
and the Influence on Softness Perception

The previous section illustrates that humans typically use the EP pressure to judge
an object’s compliance, and that there are different instances of this EP, namely
pressing, squeezing, and tapping. There are, however, more subtle ways in which
EPs differ. In particular, several studies show that participants execute the same EP
with different movement parameters depending on, for example, stimulus properties
or the perceptual aims of the exploratory movements (Gamzu and Ahissar 2001;
Kaim and Drewing 2008; Nefs et al. 2002; Riley et al. 2002). This section deals with
variations of the parameters of pressureand their influences on softness perception.

In the case of the EP pressure, participants might vary how many fingers they use,
how often they indent the object, how much force they apply to the object, how fast
they build-up the force, how they orient their fingers relative to the object, and so
on. Also, the distinctions between the instances of the EP pressure can be described
by their movement variations. Tapping and pressing movements, for example, differ
in the rate of force change over time, with force changing faster in tapping than in
pressing. Tapping and pressing further differ in the peak forces, which are lower in
tapping (Friedman et al. 2008; LaMotte 2000).

Differences in movement parameters may affect how well humans perceive soft-
ness (i.e., applying pressure to the object leads to better softness discrimination per-
formance than releasing it, Di Luca et al. 2011). Additionally, the relation between
movement parameters and perception may be modified by characteristics of the to-
be-explored stimulus, such as its compliance or the type of its surface (which can be
deformable like rubber or rigid like a piano key; Srinivasan and LaMotte 1995). This
section will specifically focus on movement parameters that are likely to be directly
controlled for by the participant, and thus are motor parameters in a proper sense.
These include force-related parameters, because the motor system directly controls
the force output of the muscles (cf. Kaim and Drewing 2011) and the number of
fingers being used. Note that other EP parameters, such as the finger position, are
therefore better regarded as a result of controlled motor parameters and potentially
provide sensory cues to an object’s compliance. For example, in softness perception,
if participants have direct control of the forces exerted (which would be the case in
active-touch paradigms), then the finger’s position in the object will be a function of
both force and object compliance, and thus, provide a sensory cue to compliance. It
is also possible that particular constrained task situations can effectively modify the
roles of different EP parameters as motor parameters or sensory cues.

6.3.1 Peak Forces

Several studies considered how the use of different maximal or peak forces dur-
ing stimulus deformation affects softness perception (cf. Fig. 6.2; Friedman et al.
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2008; Tan et al. 1993). Srinivasan and LaMotte (1995) were among the first who
investigated the influence of applied peak force on compliance discrimination (com-
pliance range of stimuli: 0.2-2.2 mm/N). Participants were allowed to explore the
stimuli unconstrained using their middle finger, ensuring only a single indentation,
and the authors observed the use of peak forces around 1 N. Using alarm sounds,
the authors constrained the participants’ peak forces to within 0.25, 0.49, 0.74 or
0.88 N. The authors observed that for stimuli with rigid surfaces (spring cells) dis-
crimination performance clearly suffered from limiting the peak forces. Performance
was also attenuated for stimuli with deformable surfaces, both when the deformable
stimuli were actively explored and when they were passively pressed against the
participant’s finger. Other studies add evidence to the assumption that the use of
lower peak forces can result in diminished compliance discrimination for objects
with deformable surfaces. Kaim and Drewing (2011) observed for less compliant
rubber stimuli (0.15 mm/N), that “low” peak forces (~8 N) resulted in worse dis-
crimination performance than higher forces (~15 N or higher). For more compliant
stimuli however (1.5 mm/N), discrimination performance did not vary within the
investigated range of peak forces. Nicholson et al. (1998) assessed individual Weber
fractions (see Chap. 1) for objects that were even less compliant (0.08 mm/N). Par-
ticipants considerably differed in their Weber fractions (range 20-6 %) and also in
the peak forces that they used to judge compliance (range 80—400 N). Individuals
that used lower forces had higher Weber fractions—i.e. compliance discrimination
performance was worse. The influence of peak force differences on discrimination
performance was smaller the higher the peak forces (Fig. 6.4). Together, the findings
from the different studies show that compliance discrimination can benefit from the
use of higher peak forces. They also demonstrate that the benefit decreases when
peak forces increase (Kaim and Drewing 2011; Nicholson et al. 1998). A compari-
son across studies (Fig. 6.4) finally suggests that the more compliant the objects are,
the less discrimination benefits from the use of higher peak forces.

The suggested relation between peak force, discrimination performance, and
object compliance level fits with observations on how participants adjust peak forces
to the compliance. Studies regularly show that in unconstrained exploration, humans
use higher peak forces the lower the object’s compliance (e.g. Freyberger and Farber
2006; Friedman et al. 2008; Fujita and Oyama 1999; Kaim and Drewing 2008). If
the peak force that is required in order to achieve good discrimination performance
increases with decreasing compliance, the use of higher peak force for less compliant
objects represents a useful strategy.

The influences of peak forces and compliance level on discrimination performance
can also be well explained by the generated sensory signals. It can be assumed that
the deformation of an object comes along with crucial sensory signals for softness
judgments. The amount of stimulus deformation caused by an applied force primar-
ily depends on the object’s compliance: the less compliant an object is, the higher
the force required to effectively deform the surface. As a consequence, in order to
discriminate the softness of two less compliant objects, participants have to execute
higher forces to produce the required sensory signals—i.e. to effectively and differ-
ently deform the two objects—as compared to two more compliant objects. Some
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Fig. 6.4 Weber fractions as a function of compliance and peak force based on the data in Kaim and
Drewing (2011); Nicholson et al. (1998) and Srinivasan and LaMotte (1995). The lines represent the
best fit of curvilinear equations of the form Weber Fraction = a + b/ Force, suggested by Nicholson
et al. (1998). Srinivasan and LaMotte (1995) originally report percentages of correct discrimina-
tions between a standard and four comparison stimuli, which were fit to a cumulative Gaussian
function using MLE methods (Wichmann and Hill 2001). All Weber fractions were standardized to
correspond to 75 % discrimination thresholds. Values represent different experimental conditions
(Kaim and Drewing 2011; Srinivasan and LaMotte 1995) or different individuals (Nicholson et al.
1998)

authors (Fujita and Oyama 1999; Nicholson et al. 1998) further linked the sens-
ing of an object’s deformation to the area of the deformed finger-stimulus contact
region. This area increases with the applied force (Ambrosi et al. 1999; Srinivasan
and LaMotte 1995), but the effect is presumably negligible with sufficiently high
forces (cf. data in Nicholson et al. 1998). If, indeed, the magnitude of the contact
area determines compliance discrimination, it could be expected that compliance
discrimination improves with peak force up to a limit. And that the limit is lower for
more compliant objects, because a maximal area of contact is achieved with lower
force for more compliant objects.

For objects with rigid surfaces, Tan et al. (1995) further showed that participants
discriminate compliances using “heuristic” cues that are typically correlated with
compliance differences, such as the work executed during exploratory movement
(=integral of force over surface displacement), rather than by precisely calculating
compliance cues from the ratio between surface displacement and force. Importantly,
the value of such correlates depends on the exploratory movements being executed.
For example, work increases both with the applied peak force and the compliance of
the object, because the surface displacement is larger for more compliant objects. As
a consequence, if the compliance of two objects is discriminated using work cues,
the differentiation can be successful only if the two objects are explored with similar
peak forces, or if the differences in peak force are discounted. Another consequence
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is that higher peak forces are required to achieve work cues of similar magnitude
for objects with low compliance, as compared to objects of high compliance. That
is, the use of work cues is able to explain why participants apply and require higher
peak forces for the discrimination of less compliant objects with rigid surfaces.

6.3.2 Rate of Force Change

Another movement parameter that has been occasionally discussed in the context of
softness perception is the rate of force change (force/time) during object exploration.
A literature review shows that the rate of force change and the peak forces that
participants aim to achieve are not coupled in a consistent manner. For example, when
comparing pressing to tapping movements (Friedman et al. 2008; LaMotte 2000), the
higher peak forces used in pressing movements come along with decreased rates of
force changes, as compared to the less forceful tapping movements. In contrast, higher
peak forces applied to less compliant objects come along with increases or no reliable
effect on the rate of force change (LaMotte 2000; compliances 0.19-0.78 mm/N;
Friedman et al. 2008; compliances 0.21-7.59 mm/N; deformable objects).

Participants are able to deliberately choose whether they tap or press a stimulus
in order to judge its compliance (Friedman et al. 2008; LaMotte 2000), which sug-
gests that they exercise intentional control over the rate of force change. Kaim and
Drewing (2008) investigations addressed whether participants intentionally adapt the
rate of force change. We measured how rapidly humans approach objects in com-
pliance discrimination (at the moment of finger-stimulus contact) when exploring
virtual stimuli modeled with rigid surfaces. Finger velocity can be regarded as a
correlate of the rate of force change, if it is measured before the finger deforms the
object (cf. LaMotte 2000). We used stimuli of different compliance values (around
4, 10 and 21 mm/N), which were rendered with a force-feedback device. We further
manipulated the predictability of the approximate compliance value: Stimuli with
different compliance values were presented in different blocks (high predictability)
or in random order (low predictability). When participants were able to predict the
approximate compliance of the upcoming stimulus, they approached the more com-
pliant stimuli faster than the less compliant ones. When compliance could not be
predicted, approach velocity was similar for all compliance values. These results
show that participants will adapt their approach velocities (and probably the rate of
force change) to the expected compliance of a to-be-explored stimulus. Note that
approach velocity has a link to the generation of the so-called “impact tactile cues”
to softness (Friedman et al. 2008; Lawrence et al. 2000); cues that are generated
during the initial surface contact.

Not much is known about how rate of force change influences discrimination
performance. Friedman et al. (2008) reported that free magnitude estimates for the
softness of rubber stimuli, with compliances between 0.2 and 7.5 mm/N are similar
for individuals that explore with moderately different rates of force change.
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6.3.3 Number of Fingers Used

A few studies also investigated how the number of fingers used for exploration
affects compliance discrimination. Freyberger and Firber (2006) compared how well
humans can discriminate compliances depending on whether they press with the
index finger into an object that lies on a fixed support, versus squeezing it between
the thumb and index finger while holding it with a pinch grip. They used a number
of rubber stimuli of compliances ranging between 0.009 and 2.3 mm/N. Partici-
pants judged whether two stimuli felt similarly compliant. The authors report Weber
fractions and differential sensitivities (d’) for compliance. Theresults are, however,
ambiguous. Whereas differential sensitivities tend to indicate a better discrimination
performance for the group of participants that pressed using only the index finger as
compared to the group squeezing the stimuli between thumb and index finger, the
results in the Weber fractions do not corroborate this interpretation.

Kaim and Drewing (2014) varied the number of fingers that were pressed into
compliant objects laying on a fixed support. The objects had deformable surfaces.
In the 1-finger-condition, participants were instructed to use only their index fin-
ger, in the 3-finger condition they simultaneously used the index, middle, and ring
fingers and were instructed to press equally strong with each finger. Interestingly,
at the beginning of the experiment, participants reported that the exploration with
three finger felt “unfamiliar”, suggesting that this exploration strategy was unusual.
We measured Weber fractions for lower and higher compliance rubber stimuli (0.16
and 1.3 mm/N, respectively) by combining the method of constant stimuli with a
2-interval forced-choice procedure (N = 8 participants, 196 data points per indi-
vidual Weber fraction; details as in Kaim and Drewing 2011; Exp. 3). In each trial
participants explored a standard and a comparison stimulus, starting with the stimu-
lus on the left side, and decided whether the left or the right stimulus was softer. They
were allowed to explore each stimulus only once. There were no further constraints
on the exploratory behavior.

Participants adapted their exploratory strategy to the instructed contact mode
(1 or 3 fingers), as they did for the compliance level: They applied higher peak forces
in the 3-finger condition than in the 1-finger condition, and as observed previously,
peak forces were higher for the less compliant as compared to the more compliant
stimuli (Fig. 6.5). Due to the larger area of stimulus contact the higher forces in
the 3-finger condition still resulted in less object deformation (hard: 3.9 mm, soft:
7.9 mm) compared to the lower applied forces in the 1-finger condition (hard: 5.1
mm, soft: 10.8 mm). Weber fractions were lower, i.e., discrimination performance
was better for 3- finger as compared to 1-finger exploration, but only for the more
compliant objects. Given that the variation of peak forces in a similar range has
been previously shown to have no effect on discrimination performance for the more
compliant objects (Kaim and Drewing 2011), this improvement can be explained as
being due to a benefit from the additional sensory signals in the 3-finger condition.
Overall, the results show that depending on the exact conditions, more fingers can
lead to better compliance discrimination.
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Fig. 6.5 Average Weber fractions (a) and average peak forces (b) measured while participants
explore pairs of more compliant rubber stimuli (soft) or pairs of less compliant ones (hard) with
one or three fingers. Error bars are standard errors. Weber fractions for the more compliant stimuli
were lower for the 3-finger condition than for the 1-finger condition, F (1, 7) = 14.0, p < .01, but
they did not significantly vary for the less compliant stimuli; the normal peak force was always higher
for the 3-finger condition than for the 1-finger condition (Contact Mode, F (1, 7) = 68.4, p < .001,
Compliance Value, F(1,7) = 5.9, p < .05, no interaction)

Taken together, the studies presented in this section suggest that movement para-
meters (e.g., peak forces, number of fingers) can influence softness perception and
that humans sometimes adapt the parameters to the specific stimulus or softness task
(e.g., peak force, approach velocity).

6.4 Strategic Adjustment of Exploratory Peak Force

Given that movement parameters appear to influence softness perception and that
humans sometimes adjust these parameters to the specific stimuli, Kaim and Drewing
(2011) asked whether adjustments of movement parameters are strategically used to
improve softness perception. This question leads back to the claim that exploratory
movements are executed in a way that optimizes the intake of the relevant sensory
information (Gibson 1962; Klatzky and Lederman 1999).

Kaim and Drewing (2011) studied adjustments of peak forces in compliance dis-
crimination and the effects of the applied peak force on discrimination performance
in combination, using similar objects and tasks in three experiments. We used sil-
icone rubber stimuli with deformable surfaces that participants explored using a
bare finger, pressing their index finger downwards against the surface. The partici-
pant’s task was always to decide which of the two stimuli felt “softer”. The first two
experiments focused on expectancy-driven adjustments of peak force, which can be
well separated from other influences on exploratory movements. We measured the
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peak force for the initial indentation (cf. Fig. 6.2) of the first explored stimulus in a
to-be-discriminated stimulus pair, and compared the peak forces used in predictable
(expected) versus unpredictable perceptual situations.

In detail, Exp. 1 investigated whether participants adjusted their initial peak forces
depending on the expected stimulus compliance. Participants either discriminated
between two less compliant stimuli (0.15 vs. 0.17 mm/N) or between two more
compliant stimuli (1.24 vs. 1.46 mm/N; 15 % compliance difference). Less and
more compliant stimulus pairs were presented intermixed in random order (low
predictability) or in separate blocks (high predictability). In blocked presentation,
participants expected a particular softness of the next stimulus pair (hard or soft)
and were potentially able to plan and adjust for their initial indentation movement
(expectancy-driven adjustment). Such adjustment of the first movement was not pos-
sible in random presentation, in which the compliance of the next stimulus pair was
not known. In this session, only feedback-based online-adjustment was possible. It
turned out that participants applied higher initial peak forces to the less compliant
stimuli than to the more compliant ones (Fig. 6.6, left). Peak forces, however, dif-
fered significantly only in the high-predictability conditions, in which participants
were able to adjust the peak force already for the first indentation movement. An
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Fig. 6.6 Initial average peak forces while exploring the first object in a compliance discrimination
task (Kaim and Drewing 2011; Exp. 1 and 2). Forces were higher for less compliant (hard) than
for more compliant (soft) stimuli, in particular when participants were able to predict the stimulus’
approximate compliance. In addition, participants applied lower initial forces in the conditions
with large compliance differences than in the conditions with small compliance differences, in the
high-predictability conditions
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initial force difference was not significant in the low-predictability condition. Partic-
ipants appeared to strategically adjust their initial exploratory forces to the expected
compliance value, when possible.

In Exp. 2, we tested whether participants would also adjust their peak forces to
the expected compliance difference between a pair of stimuli. Again, less and more
compliant stimulus pairs were presented in low- and high-predictability conditions.In
different sessions pairs with small (~15 %) and with large compliance differences
were used (~75 %). The results (Fig. 6.6, right), essentially confirm that participants
strategically adjust their initial exploratory forces to the expected softness. In addi-
tion, participants applied lower initial forces in the conditions with large compliance
differences than in the conditions with small compliance differences. This effect was
only observed in the high-predictability conditions. In the low-predictability con-
ditions force did not significantly depend on compliance difference. These results
suggest that participants also strategically adjust their initial exploratory forces to
the expected compliance difference, if they can expect a certain level of compliance.

Experiment 3 assessed how the peak forces chosen in the previous experiments
affected discrimination performance. It measured Weber fractions for the less and
more compliant stimuli using a 2-interval-forced choice task combined with the
method of constant stimuli. The targeted peak forces varied in three conditions:
“lower-force”, “spontaneous-force”, and “higher-force”. At the beginning of the
experiment, the “spontaneous” peak force adjustments were assessed individually for
each participant using the two stimulus pairs with a small compliance difference from
Exp. 1. The “lower-force” was then defined as 50 % lower than the spontaneous-force,
and the “higher-force” was 50 % higher. Participants were constrained to indent each
stimulus once with the prescribed force. For each indentation movement, auditory
feedback signaled when participants had achieved the prescribed force.

Measured forces were slightly higher than the prescribed forces (on average by
11 %), but they differed between the force conditions as intended. Figure 6.7 depicts
the Weber fractions as a function of the average peak forces in the three force condi-
tions. For the less compliant stimuli, the Weber fractions varied with applied force.
They were higher for the lower-force condition than for the other two conditions, but
did not significantly differ between the “spontaneous” and the “higher-force” condi-
tion. For the more compliant stimuli, there was no distinct relationship between the
applied force and the Weber fractions.

Overall, the results of the three experiments show that participants apply a higher
peak force if they expect a less compliant object than if they expect a more compliant
one.In addition, the applied force is adjusted to account for the compliance difference
between the stimuli that are to be discriminated. Participants apply a higher force in
order to discriminate between stimuli with a small, as compared to a large, compli-
ance difference, if they expect a specific compliance value. These force adjustments
relate to the differential sensitivity for compliance (assessed by the Weber fractions).
Participants achieved maximal differential sensitivity for the less compliant stimuli
only when applying the spontaneous or higher forces, whereas force did not matter for
the more compliant stimuli. This result corroborates a perceptual explanation of the
peak force adjustments to stimulus compliance. The participants’ high spontaneous
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Fig. 6.7 Weber fractions and standard errors as a function of applied peak force (spontaneous,
lower; higher) and stimulus compliance (hard vs. soft; Kaim and Drewing 2011; Exp. 3). Note that
these data are also part of Fig. 5.4

forces for the less compliant stimuli represent a strategy that almost maximizes dif-
ferential sensitivity for hard stimuli (relative to other forces), whereas applying high
forces to the less compliant stimuli would not result in higher sensitivity, and thus,
is not required. Strategically adjusting to compliance differences, however, qualifies
this explanation. When expecting large compliance differences, participants lowered
their peak forces, which resulted in less than the maximal differential sensitivity for
the less compliant stimuli. The reduced forces, however, still allowed them to suc-
cessfully discriminate the two stimuli of the pair. Kaim and Drewing (201 1) estimated
the probabilities of correct discriminations from the Weber fractions and found that
for the large compliance difference, the probability was always >99 % for each of
the three forces. For the small compliance difference and the less compliant stimuli,
probabilities of correct responses were 71, 78 and 80 % (“lower-force”, “sponta-
neous”, and “higher-force” conditions); for the more compliant stimuli they were
86—87 %. These estimates corroborate the assumption that lower forces suffice for
successful discrimination of the large compliance differences (>99 %), whereas they
considerably worsen discrimination performance for the low compliance differences
and less compliant stimuli. Taken together, these findings suggest that peak forces
are indeed strategically adjusted to improve softness perception.
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6.5 Conclusion

In order to perceive an object’s softness, humans use the specific exploratory move-
ment procedure of pressure. This procedure is well suited for the intake of stimulus
information that is relevant for softness perception. In addition, the procedure’s move-
ment parameters can be strategically adjusted to a particular perceptual situation in
order to improve performance.

Such strategic adjustment has at least been show for the parameter ‘peak force’.
It is an important question for future research which other strategic adjustments are
used in softness perception and how they interact. Other movement parameters have
been shown to affect performance, such as the type of motion performed (Di Luca
et al. 2011) and the number of fingers used in softness perception (Freyberger and
Farber 2006), or they have been observed to be adapted by the participants, such as the
rate of force change. It is less clear whether participants indeed vary the parameters to
maximally improve perception. Moreover, some of these suggested relations between
movement parameters and softness perception need better empirical support and
only a small section of movement strategies has been studied. Kaim and Drewing
(2011) have informally observed that participants prefer to lift the forearm while
they explored the stimuli and that some participants hold the finger steeper against
the surface of the less compliant stimuli. One may wonder whether such behavior
is linked to a need for high exploratory forces for a sufficient stimulus deformation.
Likewise, Drewing et al. (2011) observed that a higher number of strokes across a
grating stimulus improves discrimination performance for grating parameters. One
may wonder whether an analogous relation holds for the number of indentations
in softness perception. So, there are still a number of open questions regarding the
specific control and adaptation of the EP pressure.

Findings from haptic tasks, other than softness discrimination, corroborate the
general assumption that participants are able to strategically adjust their movement
parameters in order to improve haptic perception: several studies demonstrate that
there are mutual dependencies between the ways in which humans explore and the
precision and value of the haptic perceptual estimates (Arzamarski et al. 2010; Debats
etal. 2010; Drewing 2012). Some studies directly demonstrate the link between spon-
taneously preferred exploratory movement parameters and good perceptual perfor-
mance (Arzamarski et al. 2010; Drewing 2012; Drewing and Kaim 2009; Gamzu and
Ahissar 2001). Gamzu and Ahissar (2001), for example, observed that during spon-
taneous exploration of haptic gratings, some of their participants reduced exploratory
velocity after a few trials, and that the reduced velocity allowed for better discrimina-
tion performance than the initial higher velocity. Our own studies demonstrated that
the exploratory directions relative to the body affect discrimination performance for
small virtual bumps, and that participants preferred to explore along directions that
were associated with superior discrimination performance (Drewing and Kaim 2009).
In addition, if the exploratory direction that yields optimal performance was manip-
ulated, participants changed their strategic preferences accordingly (Drewing 2012).
It is noteworthy that all studies that demonstrate successful exploratory adjustments
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(Arzamarski et al. 2010; Drewing 2012; Gamzu and Ahissar 2001) also show that
these adjustments require sufficient experience with the perceptual situation.

Optimal adjustments might sometimes represent a costly strategy. In the case of
the high peak forces used to improve softness discrimination, the study of Kaim
and Drewing (2011) showed that this exhausting strategy is only used if a high
level of differential sensitivity is required. Strategic adaptations of exploratory forces
aimed for high levels of performance in the discrimination task, rather than for
perceptual optimization. Similarly, in the study showing that a higher number of
strokes improved grating discrimination up to a maximum performance for 6-7
strokes (Drewing et al. 2011), the spontaneously preferred number of strokes was
slightly below 6, resulting in close-to-optimal performance while keeping motor
costs low. A recent study (Saig et al. 2012) investigated a simplified haptic task,
in which participants discriminated object positions using a whisker in either hand,
and presents a model on how sensory information is accumulated over time while
motor costs are minimized. An interesting question for future research is how motor
costs and perceptual benefits of haptic optimization strategies are balanced in natural
haptic tasks.
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