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Chapter 8

Target contact and exploration strategies
in haptic search

Abstract

In a haptic search task, one has to detect the presence of a target among distractors. It is
known that the target can be detected much faster if it is salient with respect to the distrac-
tors than when it is not. However, little is known about the exploration strategies that are
used, especially in 3D search tasks where items are held in the hand. In this study, we inves-
tigated which parts of the hand were used to contact the target and which strategies were
performed. Blindfolded participants performed search tasks in four conditions.�e target
could be salient (cube among spheres or rough sphere among smooth spheres) or not (sphere
among cubes or smooth sphere among rough spheres). �e position of the target and the
hand were tracked during exploration. Results showed that that the palm of the hand and
the �ngertips were used most in the search. Furthermore, it was found that target saliency
had a large e�ect on the use of the hand parts and the strategies. In the non-salient target
conditions, the �ngers contacted the target more o�en than in the salient target conditions.
Especially the thumb was used more o�en in the non-salient target conditions. �is could
also be seen in the strategies, where the thumb was used to explore the items in a serial way
bymoving them in the hand or touching them individually. In the salient target conditions,
more parallel strategies like grasping or shu�ing of the items in the hand were used.

Vonne van Polanen, Wouter M. Bergmann Tiest, & Astrid M.L. Kappers, under review
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8.1 Introduction

Humans are very skilled in exploring multiple objects at the same time by touch. With
a handful of objects, a desired object can usually be found quite well among the others.
�e search for your keys in your bag, or for the light switch in the dark, are both exam-
ples of haptic search tasks. In a search task, one searches for a desired object (the target)
among other objects that are not of interest (the distractors). �e level of di�culty of
�nding the target varies with the properties of the target and distractors. Some features
can be detected immediately among other items that do not possess that feature.�is is
called the pop-out e�ect (Treisman & Souther, 1985). �e feature that is present in the
target is then said to be salient with respect to the distractor property and to be processed
very e�ciently. In vision research, search tasks have been widely used to investigate the
processing of di�erent features. Recently, there has also been a growing interest in the
search capabilities and e�ciency using the haptic modality. Some salient haptic fea-
tures are roughness, hardness, so�ness, edges, temperature and movability (Lederman
& Klatzky, 1997; Plaisier et al., 2008, 2009b; Van Polanen et al., 2012a, 2012b).
When searching for a target, many di�erent search strategies can be used. Some are

more suited for a certain task than others, for instance, depending on the saliency of the
target. Usually, a division is made between serial and parallel strategies. In a parallel
strategy, all items to be searched can be evaluated at once.�is makes this type of strat-
egy a very quick one.�is strategy can be used if the target is salient. If multiple items
are processed at once, the target will still be detected. For other tasks, not all items can
be processed simultaneously, for instance, if the target is di�cult to distinguish from the
distractors.�en, a serial strategy may be used, although this is a much slower strategy
because items have to be checked one by one. In studies examining search tasks, the
slope of the reaction time against the number of items (search slope) is o�en used as
an indication of the performed strategy. In the case of a serial strategy, the items are
explored one at the time, so the search time increases with the number of items. With
a parallel strategy, the search time will be independent of the number of items and the
search slope will be �at. In addition, in visual search, the strategy di�erences might be
seen in a variation of eye movements (e.g. Zelinsky & Sheinberg, 1997). However, in
haptic search the number of possible strategies is probably much larger, because of the
many degrees of freedom in the hand. It is therefore interesting to see how the explo-
rations in haptic search depend on the target saliency.
In 2D haptic search tasks, where the items are placed on a display, some investigation

of the performed explorations has been done. Some studies used tasks in which only

142



88888888

3D movement strategies

the index �nger was used for exploration. When the items are scanned in a row, velocity
pro�les depend on the separation between the items (Overvliet et al., 2007). Smith et
al. (2002) showed that the applied �nger forces were adjusted to their search tasks. A
higher normal force was used in the search for a recessed square than for a raised square.
In other studies, the whole hand could be used for exploration and the index �nger

of the hand that moved over the display was tracked (Plaisier et al., 2008; Van Polanen
et al., 2012a). Search di�culty greatly in�uenced the search strategies, as quanti�ed in
higher speeds and shorter travelled distances in easy search tasks. A salient target could
be perceived by a single sweep. A qualitative division based on quantitative measures
into three movement types (varying in the extensiveness of exploration) showed that
the number of trials a certain strategy was used varied between the search for a movable
and a �xed target (Van Polanen, Bergmann Tiest, & Kappers, 2011). An easy search
showed more simple strategies, whereas a more detailed search strategy was used when
the search was more di�cult. In these studies, only the index �nger was tracked, but
the whole hand could be used to explore the display.�e individual movements of the
�ngers could therefore not be analysed.
In contrast to these 2D hand analysis, the detailed analysis of movement strategies

in 3D haptic search tasks has yet to be performed. In previous studies where handheld
items were searched, some strategies have been described. For example, a commonly
mentioned parallel strategy is the grasp of a bunch of items. In a possible serial strategy,
the items can be dropped one by one out of the hand (Plaisier et al., 2009b; Van Polanen
et al., 2012b, 2013). However, many other strategies can be observed, like shu�ing the
items in the hand, or moving the thumb over the items in the hand. Until now, there has
been little attempt to quantify these strategies in the search for handheld objects. O�en,
the percentage of trials in which items that are dropped out of the hand are calculated
(Plaisier et al., 2009b; Van Polanen et al., 2012b, 2013), but this gives only limited infor-
mation about the strategies that are used. Also, the absence of any items dropped out of
the hand does not necessarily mean a parallel strategy is used.

�e manipulation of multiple items in the hand is a topic that has been rarely stud-
ied. In the context of haptic exploration of single objects, Lederman and Klatzky (1987)
de�ned a number of optimal exploratory procedures (EPs). �ese EPs are optimal for
the property that is to be explored. For example, for shape information, the object is
enclosed, whereas when texture is examined, the object needs to be stroked with a lat-
eral motion. �ese EPs have been de�ned from video analysis and are thus qualitative
descriptions. Recently, a study was performed to quantify behavioural measures that
are linked to these EPs (Jansen et al., 2013). Here, still a single object was investigated,
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Figure 8.1: Picture of the hand with the sensors.�e joint positions are indicated with black
circles and labeled for the little �nger. �e three di�erent phalanges are illustrated for the
index �nger.

leaving open the question about the manipulation of multiple objects. Haptic percep-
tion is an active process, so also whenmultiple objects are present in the hand they need
to be moved through the hand to perceive most of their properties.�is requires some
coordination, because the items need to be kept in the hand or dropped out of the hand
in a coordinated manner to keep track of which item is felt and which is not.�e man-
ner of manipulation might depend on the property that is to be perceived, similar to the
previously mentioned EPs. When a target di�ers in shape, enclosure seems appropriate
to de�ne the shape of the target in the hand. When a target is de�ned by its texture, the
target must be moved against a part of the hand to obtain some lateral motion, which is
optimal for texture perception. However, with multiple items in the hand, the problem
of occlusion must be handled as well; the target can be hidden among the distractors.
�erefore, the items o�en need to be shu�ed in the hand. During this shu�ing, al-
ready valuable information can be obtained when the items touch and rub the hand at
di�erent places.
Another interesting aspect from haptic search is that the hand that is used to per-

form this task contains many di�erent sensors that are spread unevenly over parts of
the hand. For instance, the �ngertips are more densely populated than the palm of the
hand (Johansson & Flanagan, 2009). As a consequence, the �ngertips aremore sensitive
to small di�erences in properties. �is does not mean that in a haptic search task the
hand palm would not contribute to the perception of a target. An interesting question,
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then, is which parts of the hand contribute to the search. One can imagine that for more
di�cult searches, the �ngers are used more extensively to explore the items than is the
case in easy searches.
In the present study, we had two aims to analyse the exploratory movements that

are used in a haptic search task. First, we were interested in which parts of the hand
were used to perceive the target. �e second objective was to analyse which strategies
are used to perform the task. We investigated four search tasks: two in which the
target di�ered from the distractors in shape (spheres and cubes) and two in which it
di�ered in texture (rough and smooth). In either group there was a di�cult and an easy
search task.�e easy searches were for salient targets and the di�cult searches were for
non-salient targets, as known from previous research (Plaisier et al., 2008, 2009b; Van
Polanen et al., 2013).

8.2 Methods

8.2.1 Participants

Ten participants (6 females, 22±3 years old) took part in the experiment. All participants
were right-handed according to Coren’s test (Coren, 1993) and used their right hand for
performing the experiment. Participants signed an informed consent form prior to the
experiment.�e study was approved by the Ethics Committee of the Faculty of Human
Movement Sciences of the VU University, Amsterdam.

8.2.2 Apparatus

�e hand movements were measured with a 3D Guidance TrakSTAR movement track-
ing system (AscensionTechnologyCorporation).�e systemhad an accuracy of∼ 1 mm.
Data were sampled with a frequency of 100 Hz and lowpass �ltered online. Besides x,
y, and z coordinates, the sensors also measured the azimuth, elevation and roll orienta-
tions. A total of eight sensors were used, of which six were placed on the hand and the
other twowere placed inside stimuli (see below). Sensors were placed on the nail of each
�nger, including the thumb, and one sensor was placed on the back of the hand, approx-
imately in the middle in line with the knuckle of the middle �nger (see Figure 8.1).�e
sensors on the nails were placed with their centres ∼ 5 mm from the �ngertip. To keep
the sensors in place, they were attached with double-sided tape and the wires were taped
to the second phalanx. No tape was placed on the inside of the hand, so the cutaneous
perception of the skin was not reduced.
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Figure 8.2:�e experimental set-up. Top: the stimuli hang from wires above a resting cush-
ion. Below: the stimuli; a smooth cube, a smooth sphere and a rough sphere.

�ree types of wooden stimuli were used in the experiment: rough spheres, smooth
spheres and smooth cubes (Figure 8.2).�e rough spheres were created by gluing small
pieces of sandpaper (Bosch, P60) on the spheres (similar method as Van Polanen et al.,
2013). �e spheres had a radius of ∼ 7.5 mm and the cubes an edge length of ∼ 12 mm.
�ey weighted about a gram. A stimulus set in a single trial always consisted of seven
items. �is number was chosen because this was the largest number that could still �t
comfortably in the hand and greater strategy di�erences between the conditions can be
expected with a larger number of items.
Two stimuli were attached to the sensors and the other �ve stimuli were attached to

dummy wires, made from rubber tubes. �e sensor wires were coated with the same
material as the dummy wires, so all wires felt the same. In trials with no target present,
two distractors contained a sensor. When the target was present, one sensor was placed
in the target and one in a distractor.�e bundle of stimuli hung above a cushion, as seen
in Figure 8.2, and participants only had to li� their hand to grasp the stimuli.
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8.2.3 Procedure

�erewere four conditions, with a smooth cube among smooth spheres, a smooth sphere
among smooth cubes, a rough sphere among smooth spheres and a smooth sphere
among rough spheres (Table 8.1). In each condition the procedure was similar. Par-
ticipants had to determine whether a target was present or not.�e identity of the tar-
get and the distractors was explained before the start of a condition. Before each trial,
they were asked to place their hand on the cushion underneath the stimuli. When the
measurement was started, they li�ed their hand to initially grasp the bunch of stimuli,
which started the reaction time measurement. A�er that, they were free to manipulate
the stimuli in any way they preferred. However, they had to be as fast as possible, but
alsomake as fewmistakes as possible.�ey indicated their answer by calling out “yes” or
“no”.�eir response also stopped themeasurement, as recorded with themicrophone of
a head-set that was placed on the participants’ head. �ey received feedback about the
correctness of their answer. Erroneous trials were repeated at the end of the condition.
Participants were blindfolded during the experiment. Preceding a condition, partici-
pants performed a practice block. At least twenty practice trials were performed until
10 were answered correctly in a row or up until a maximum of 35 trials. In the experi-
ment, 50 trials were performed of which half were target-present trials. Target-present
trials and target-absent trials were presented in a randomised order.�e position of the
target in the stimulus bunch was not systematically controlled, but it was made sure that
it was located at di�erent positions between the trials.

�e order of the conditions was randomised among participants. However, each
condition had to follow every other condition at least once and the starting condition
was divided approximately evenly among the participants.�e experiment was divided
into two sessions, with two conditions each, performed on di�erent days. Between the
two conditions, the participants took a short break.

8.2.4 Hand model

To be able to evaluate which parts of the hands were used in the search and to investigate
themovement strategies, a model of the hand was used (Chapter 7).�e hand wasmod-
elled as a number of connected segments, where the hand palm consisted of one rigid
body and the �ngers and thumb had 3 segments each; one for each phalanx. �e joint
positions were calculated from the sensor positions and the segments were constructed
around these joint parts. A short description of the calculations is provided below.
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Table 8.1: Overview of the conditions.

condition target distractors
rough rough sphere smooth spheres
smooth smooth sphere rough spheres
sphere smooth sphere smooth cubes
cube smooth cube smooth spheres

�e di�erent phalanges of the �ngers are called the distal, middle and proximal pha-
lanx, from �ngertip to hand. �e joints between these phalanges are called the distal
interphalangeal and proximal interphalangeal joints. �e joint between the �nger and
the hand palm is called the metacarpophalangeal or knuckle joint.

Calibration
Two calibration procedureswere performed to provide the necessary input for themodel:
the length, width, thickness and initial roll orientation of the �ngers and hand palm.
First, the joint positions of the participant were marked and the sensors were placed.
�e hand was placed on the grid and a picture was taken (see Figure 8.1). �e visible
x and y coordinates of the grid were �tted by a 3rd order polynomial to map the co-
ordinates to real-world coordinates. For one participant, a 3rd order polynomial could
not be used due to extrapolation errors and a 2nd order polynomial was used instead.
From this photo, the lengths and widths of the �nger phalanges were calculated. In ad-
dition, the x and y distances from the sensor on the back of the hand to each �nger
knuckle were measured. One photo was taken before each session, to take di�erences in
sensor placement into account.�e �nger widths were averaged over the two sessions.
�e distances from the knuckle to the sensor on the back of the hand were di�erent for
each session. Also, the length of the �ngers were not averaged across the sessions, since
these were interrelated with the position of the sensor on the back of the hand, and this
di�ered between the sessions.
Secondly, before the start of a condition, the thickness of the �ngertips and of the

hand palm were calibrated. For this purpose, a sensor was placed on a �at surface.�e
participants were asked to place each �nger and the hand palm on the sensor.�e thick-
ness was the z-distance between the sensor on the nail or the back of the hand and the
sensor on the surface. In the analysis, the thickness of each �nger and the hand palm
was taken as the average thickness of all calibrations of a participant.
In addition, the initial orientation of each sensor was determined.�e azimuth and

elevation did not need to be calibrated, because the sensor was placed �at on the nail.
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Figure 8.3: An example of the modelled hand including a target (black sphere).

However, the initial roll was unknown and needed to be determined. In the calibration,
the participants were asked to keep their �nger horizontal with the nail on top. �is
initial roll was subtracted from the measured roll in further analyses. For some condi-
tions, the second calibration was only performed once in a session and the measured
roll values were used for both conditions.

Calculations for the model
A detailed description of the calculations to construct the hand model can be found in
Chapter 7. �e joint positions for the distal joint (near the �ngertip) were calculated
by transforming the nail sensor coordinates. �e knuckle joint was determined by the
transformation of the coordinates of the sensor on the back of the hand.�e proximal
joint (between middle and proximal phalanx) was determined by solving a set of equa-
tions. Here, a triangle was assumed between the distal joint, the proximal joint and the
knuckle joint.

�e segments were constructed by transforming the sensor coordinates or by sum-
mations of vectors around the calculated joint coordinates. In this way, each segment
was formed as a rigid block with 8 vertices. An example of the modelled hand is shown
in Figure 8.3.

8.2.5 Analysis

�e start of a trial was de�ned as the point in time when the stimuli were �rst touched.
More speci�cally, it was de�ned as themoment the velocity of the target stimulus reached
the criterion of 4 cm/s. In target-absent trials, the velocity of one of the distractors was
used.�e stimulus velocity was calculated as the derivative from the �ltered target po-
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sition. A 2nd order low-pass Butterworth �lter was used, with a cut-o� frequency of 10
Hz. Sometimes the target did not hang completely still and had an initial velocity. In
that case, the start of the trial was manually adjusted.�is was done for 38 trials (1.9 %).
�e end of the measurement was determined by the participant’s vocal response. �e
time between the start and end of the trial was the reaction time. �e reaction times
were averaged over the conditions, for target-present and target-absent trials separately.
Only correctly answered trials were included. Six trials (0.3%) were removed from the
reaction time analysis due to measurement errors. Furthermore, outliers (< 0.5%) that
di�ered more than 3 standard deviations from the mean were removed.

As mentioned in the Introduction, two analyses were performed for the investiga-
tion of the hand motions. Only correctly answered trials were used in both analyses.
In the �rst analysis, the contact with the target of di�erent hand parts was evaluated.
Here, only target-present trials were used, since only these trials contained a target. In
the second analysis, the movement strategies that were used for exploration were inves-
tigated.�is analysis included both target-present and target-absent trials.�e analyses
will also be discussed separately in the Results and discussion section.

Analysis of target contact

In this analysis, we calculated which parts of the hand were in contact with the target
during exploration. �e model of the hand was used to determine the location of all
parts of the hand. To see where the target touched the hand during the trial, the distance
of the target to the 6 planes of each segment (�ve distal phalanges, �vemiddle phalanges,
�ve proximal phalanges and the palm of the hand) was calculated. If the distance to one
or more of the planes of a segment was equal or less than the target radius, this was
counted as a contact point with this segment. �e orientation of a cubical target was
unknown, because the target in which the sensor was placed needed to be replaced with
a distractor on target-absent trials and was thus not �xed.�erefore, in the analysis, the
target was always assumed to be spherical with a radius of 7.5mm. Adetailed description
of the calculations can be found in Chapter 7.

As mentioned above, only target-present trials were used in this analysis. Due to
measurement errors, 3 (0.3 %) trials had to be removed. Sometimes the target made a
quick position ‘jump’, due to measurement errors.�ese trials were identi�ed by look-
ing at the acceleration of the target and its height. When the height of the target was 13
mm below the average resting height or had an acceleration above 1 m/s, the position
data were interpolated. �e acceleration was calculated as the derivative from the tar-
get velocity, that was calculated from the �ltered position data as described above.�e
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interpolated data were the identi�ed samples + 5 samples before and a�er. A sample
is here one step in time and equal to 10 ms. �e maximum interpolated range was 25
samples or at most 14% of the reaction time. A total of 52 (5.2 %) trials were identi�ed
with these ‘jumps’. Five trials could not be interpolated because the identi�ed samples
were at the end of the trial. In these trials the target was assumed not to be in contact
with any hand part at these samples.
In many trials, the position of proximal joint could not be calculated for one or

more samples, because the assumed triangle between the joints could not be closed. In
these situations, the alternative solutions were used as described in Chapter 7. In 24
(2.4 %) trials, the model could not be used for the calculation of the proximal joint due
to other reasons. However, this was only for 3 samples (30ms) or fewer, so in these trials
the previous correct sample(s) was (were) repeated. For most of the cases where the
alternative solutions were used this was in the thumb and little �nger.
Subsequently, we determined whether a segment had made contact with the target

during the trial. �e percentage of trials in each condition where this happened was
calculated for each segment. For the distal segments (�ngertips) we also calculated at
what moment in time the target was touched. �e trial was divided into 20 intervals
with a length of 5% of the reaction time. In each interval we determined whether a
�nger made contact with the target.

Movement classi�cation
To classify the movements, four di�erent strategies were de�ned.�ese strategies were
based on the observation of the trials and that of previous studies. �ey were chosen
because they were regularly observed and were also distinct enough to allow the trials
to be grouped into di�erent categories.�erefore, the four strategies should be seen as
di�erent classes, where a variation of movements is possible but still belonging to the
same group. �e strategies were named shu�e, grasp, drop and thumb and could be
described as follows:

• Shu�e was a movement in which the items were shu�ed in the hand.�ey were
not felt individually, but quickly moved within the hand.

• Grasp was a grasp of the stimuli, in which no �ne movements were made. �is
was usually a short movement, in which the answer was given immediately.

• Dropwas amovement inwhich the itemsweremoved individuallywith the thumb
in the hand, more or less one by one, and sometimes dropped out of the hand.
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Table 8.2: Variables used to classify the strategies.

variable shu�e grasp drop thumb
speed thumb high low high high
speed ring �nger high low high low
volume thumb low low high high
turning points high low high low

• �umb was a strategy where the items laid in the outstretched hand and the
thumb individually touched the items, one by one.

Examples of the strategies are illustrated in Figure 8.4 to give some indication of the
exploratory motions. �ese are movie stills from videos that can be found in the sup-
plementary data. A set of criteria were chosen to distinguish between the strategies.�e
criteria variables were the median speed of the thumb and the ring �nger with respect
to the hand palm, the volume in which the thumb moved and the number of turning
points of the ring �nger.�e expected patterns are indicated in Table 8.2. In the grasp-
ing movement, there will be fewmovements, so all the variables will have low values. In
the shu�emovement, the �ngers are moved continuously, so the speeds and number of
turning points are high, but the thumb will not cover a large volume. In the drop and
thumb strategy, the thumb is used extensively, so the volume covered by the thumb will
be large. However, in the drop strategy the �ngers also move, whereas they are more
stationary in the thumb strategy.�erefore, in the thumb strategy the speed of the ring
�nger and the number of turning points will be low.
To control for general movements of the whole hand, the speed of the thumb was

calculated with respect to the hand sensor. To do so, the position of the hand sensor
was subtracted from that of the thumb.�en, the speed was calculated and the median
was taken to diminish the in�uence of short fast movements. Similarly, the median ring
�nger speed was calculated with respect to the hand palm.

�e volume in which the thumb moved was the volume of the convex hull that en-
veloped the positions of the thumb over the course of the trial, with the hand sensor
positions subtracted.�us, here we also corrected for global hand movements.

�e last variable, the number of turning points, re�ected the bending and stretching
of the ring �nger. To estimate this, the angle between the middle and proximal phalanx
of the ring �nger was calculated. A change in the angle indicates bending or stretching
in the proximal joint. �e angles were �ltered with a 4th order low-pass Butterworth
�lter with a cut-o� frequency of 5 Hz. Next, the �ltered angles were di�erentiated to
obtain the angular velocity. Because only large changes in the angles are interesting and
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not the small movements, a criterion of 50○/s was used. Once the angular velocity got
above this value or below −50○/s, a turning point was counted.
All variables were normalised by dividing by the mean value over all conditions for

each participant separately. In this way, a high value in a trial was obtained when it was
larger than 1 (the overall mean) and a low value when it was smaller than 1. So, for each
trial a set of normalised variables was calculated.�is set was matched to the pattern of
high and low values for each strategy, as described in Table 8.2.�e pattern of a strategy
was represented as 0.7 for low values and 1.3 for high values (30% below and above the
mean). For example, the pattern of the thumb strategy would be [1.3, 0.7, 1.3, 0.7]. For
each strategy, the pattern was subtracted from the calculated values of the trial that was
analysed.�e sum of squares was calculated for these di�erences and the strategy with
the smallest sum of squares was chosen for that trial. In this way, each trial was assigned
one strategy.

Figure 8.4: Movie stills of four examples of the movement strategies. From top le�: shu�e,
grasp, drop, thumb. �e movies with the corresponding hand model can be found in the
supplementary data.
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Figure 8.5: Reaction times for each condition. Error bars indicate standard errors.

Asdescribed above, for themovement classi�cation analysis, only correctly answered
trials were used, but both target-present and target-absent trials were included. Six trials
(0.3 %) had to be removed due to measurement errors. Another trial was removed from
analysis, because the model yielded an impossible ring �nger angle (i.e., the assumed
triangle could not be closed).

8.2.6 Statistics

�e statistics are described in the Results section. In all analyses, an α-value of 0.05
was used. If Mauchley’s test of sphericity was violated, a Greenhouse-Geisser correction
was applied. Post-hoc tests were performed using paired-sample t-tests. A Bonferroni
correction was applied to relevant comparisons that were chosen in advance.

8.3 Results and discussion

8.3.1 Reaction times

�e reaction times are shown in Figure 8.5 for target-present and target-absent trials
separately. A 4 (condition) × 2 (target presence) repeated measures analysis of vari-
ance (ANOVA) indicated an e�ect of condition (F(1, 9) = 90, p < .001), target presence
(F(1.6, 14) = 48, p < .001) and an interaction e�ect (F(1.8, 16) = 30, p < .001). �e
condition with a cube as target had shorter reaction times than both the sphere and
smooth conditions, in both target-present and absent trials (ps < .001), although di�er-
ences were larger in target-absent trials as indicated by the interaction e�ect. Also the
condition with the rough target had shorter reaction times than the sphere and smooth
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Table 8.3:�e percentage of errors in each condition. Percentages are calculated as the num-
ber of errors divided by the number of trials + the number of errors.∗

present absent
cube 1 0
sphere 8 0
rough 3 0
smooth 12 0
∗Percentages were rounded to in-
tegers.

conditions in target-present and absent trials (ps < .01). Target-present trials were per-
formed faster than target-absent trials in all conditions (ps < .01), but these di�erences
seemed to be larger when the target was a sphere or smooth.

8.3.2 Errors

�e percentage of errors is displayed in Table 8.3, where it can be seen that more errors
were made in the sphere and smooth conditions. More errors were also made in trials
with a target present than in trials without a target. �is indicates that more o�en a
target is missed than that one is perceived that is not present.
Previous research has shown that edges and vertices (present in cubes) and rough-

ness are salient features (Lederman & Klatzky, 1997; Plaisier et al., 2008, 2009b; Van
Polanen et al., 2013). Similar to those studies, we found shorter reaction times and a
smaller number of errors in the search for a cube among spheres or a rough sphere
among smooth spheres than in the search for the reversed situations.�ese results con-
�rmed, as a baseline, that the searches for cubes and rough spheres were easier than the
searches for spheres and smooth spheres.

8.3.3 Contact with the target

Results
It was not desirable to conduct one ANOVA on all the segments, since the hand palm
segment did not consist of di�erent phalanges whereas the di�erent �ngers do. Treat-
ing each segment as a separate factor would have made the interpretation quite di�cult
as well.�erefore, we decided to compare the four segment groups (distal, middle and
proximal phalanx and hand palm) with each other and subsequently analyse each seg-
ment group separately. Since the analysis of the contact with the target yielded many
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signi�cant results, this section will only focus on the most interesting results. �e full
report of the results can be found in the supplementary data.

�e percentage of trials in which a segment was in contact with the target at anymo-
ment in the trial is displayed in Figure 8.6. In 114 trials (11%) no contact was found with
any hand part during the trial.�is was mostly in the conditions with a rough target or
a cubical target. As can be seen in Figure 8.6, it is clear that the percentage of target con-
tacts di�ers between the di�erent parts of the hand. To start with, the di�erent segment
groups were compared between the conditions. �e segments were averaged over the
�ngers, so the four groups were the distal, middle, proximal and hand palm segment. A
4 (segment group) × 4 (condition) repeated measures ANOVA was performed on the
contact data. An e�ect of segment group (F(1.6, 14) = 47, p < 0.001), an e�ect of condi-
tion (F(3, 27) = 8.3, p < 0.001) and an interaction e�ect of segment group × condition
(F(3.1, 28) = 10, p < 0.001) were found.
Post-hoc tests for themain e�ect of segment group indicated that all segment groups

di�ered from each other, except for the hand palm segment and the distal segment.�e
distal segment and the hand palm segment touched the target more o�en than the mid-
dle and proximal segments (ps < 0.001).�e target was also touchedmore frequently by
the proximal than by themiddle segment (p = 0.002).�e interaction e�ect is described
in the supplementary data.

�e main e�ect of condition indicated that in the smooth condition, the target was
touched more o�en than in the rough condition (p = 0.001). However, the interaction
e�ect of condition × segment group revealed that di�erences between the conditions
were only found in the distal segment.�ese e�ects were analysed in more detail below.
In sum, the hand palm and the distal segment most o�en made contact with a target.
Di�erences between the conditions seemed to exist mainly in the distal segment.
To evaluate the di�erences between the �ngers, the distal and proximal segments

were evaluated separately.�e values of the amount of contact with the middle segment
were very low and sometimes on average 0. No further analysis between the �ngers was
performed for this segment.

�e target contact with the distal segment was further examined in a 5 (�nger) ×
4 (condition) repeated measures ANOVA. E�ects of �nger (F(4, 36) = 14, p < 0.001),
condition (F(3, 27) = 45, p < 0.001), and an interaction e�ect of �nger × condition
(F(12, 108) = 9.1, p < 0.001) were found.�e index �nger and the little �nger seemed to
make less contact with the target compared to the other �ngers. �e interaction e�ect
revealed that most di�erences between the �ngers were found in the smooth condition.
Overall, the little �nger seemed to be the least contacted of all �ngers.
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Figure 8.6:�e percentage of trials in which a segment was in contact with the target in the
trial. Each panel (condition) shows data for the distal (dist), middle (midd) and proximal
(prox) segments, for each �nger (thumb, index �nger, middle �nger, ring �nger and little
�nger), and for the hand palm segment. Error bars indicate standard errors.

�emain e�ect of condition in the distal phalanx indicated that the targetwas touched
less o�en in the cube and rough conditions than in the sphere and smooth conditions
(ps < 0.01). Furthermore, the target was contacted more frequently in the smooth con-
dition than the sphere condition (p = 0.015), but this di�erence was not found anymore
when analysed separately for the �ngers. �e interaction e�ect of condition × �nger
indicated that the conditions di�ered primarily in the use of the thumb and little �nger.
In Figure 8.6, these di�erences in the amount of target contact with the thumb between
the conditions can be clearly seen.

For the proximal phalanx, Figure 8.6 seems to suggest that the index �nger more
o�en contacts the target than the other �ngers. �is was evaluated in a 5 (�nger) ×
4 (condition) repeated measures ANOVA. An e�ect of �nger was found (F(1.5, 13) =
10, p = 0.004). Post-hoc tests revealed that the index �nger more frequently touched
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a target than the thumb (p = 0.002) and the middle �nger (p = 0.029). �ere was no
e�ect of condition or an interaction e�ect. A repeated measures ANOVA on the hand
palm contact data showed no signi�cant e�ect of condition.
Furthermore, the target contact was analysed at di�erent moments in time. When

the contact points with the targets were inspected at di�erent time intervals, no clear
patterns were seen in the middle and proximal segments or the hand palm segment.
In these segments, the amount of contact did not di�er much over time. In the distal
segment, di�erences in time were found, as can be seen in Figure 8.7. At the end of the
trial, the percentage of trials in which a target was contacted seemed to increase rapidly,
primarily for the thumb in the smooth and sphere conditions.
A 5 (�nger) × 4 (condition) × 2 (time step) repeated measures ANOVA was per-

formed on the data of the distal segment. �e �rst and last interval were chosen as
time steps to examine the di�erences at the start and end of the trial. All main ef-
fects and interactions were signi�cant (�nger: F(4, 36) = 13, p < 0.001; condition:
F(3, 27) = 26, p < 0.001; time step: F(1, 9) = 164, p < 0.001; �nger × time step:
F(1.5, 14) = 14, p = 0.001; �nger × condition: F(12, 108) = 5.7, p < 0.001; time step
× condition: F(3, 27) = 19, p < 0.001, �nger × condition × time step: F(12, 108) =
6.8, p < 0.001). More �nger contact was seen at the end of the trial than at the begin-
ning. �is increase in amount of contact with time was signi�cant for the index �nger
in the rough condition (p = 0.046). As can be clearly seen in Figure 8.7, this increase
in contact was also signi�cant for contact with the thumb in the sphere and smooth
condition (p < 0.05).
In the analysis, even a contact point at a single sample counted as a touch of the

target. One sample corresponds to 10 ms, so this might not re�ect an actual manipula-
tion of the target. �erefore, an analysis was performed where the contact points were
checked in a window of 100 ms. If in at least 70% of the samples in a window the target
was contacted, this was seen as a long contact period. If only these longer contact pe-
riods were used in the analysis, similar results were found as described above. Overall,
the percentage values were somewhat lower, but the patterns remained the same.

Discussion
For the �rst objective of this study, we examined which parts of the hand were used in
the search for a target. �erefore, we checked which parts of the hand were in contact
with the target during the exploration. �ere were some general observations with re-
spect to target contact that did not depend on the kind of target. Results indicated that
especially the hand palm and the �ngertips were used to perceive the target.�e middle
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Figure 8.7:�e percentage of trials in which the distal segment was in contact with the target,
for each 5% interval of the trial. Lines represent the di�erent �ngers.

and proximal phalanges made less contact with the target. �is is probably because all
the items are held in the hand with bent �ngers.�e middle and proximal phalanges are
folded together and thus do not contact the target. Interestingly, the index �nger seems
to be an exception.�e proximal phalanx of this �nger contacted the target more o�en
than other �ngers. An explanation might be that the items can be clamped between this
part and the thumb.�e thumb lies next to the index �nger, so it mightmore o�en �x an
item to this �nger than to other �ngers. In addition, when items are dropped out of the
hand, it is usually on this side.�e item is then moved by the thumb over the proximal
phalanx of the index �nger.

�e di�erences in the amount of target contact between the search for a shape or
a texture feature did not appear to be very large. �e saliency of the target seemed to
account for most of the di�erences between the search conditions: if the target was not
salient, as in the sphere and smooth conditions, more target contact was seen.�e dif-
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ferences between the conditions were only found in the use of the �ngertips. More �n-
ger contact could be seen in the conditions with a non-salient target (smooth or sphere
conditions) than in the conditions with a salient target (rough and cube). In particular,
the thumb and little �nger touched the target more o�en in the conditions with a non-
salient target.�e di�erence in the percentage of thumb contact between the conditions
was especially large.�e higher amount of contact indicates that the �ngers were used
more o�en to perceive the target in these conditions.�is is not a surprising result, be-
cause the �ngers aremore densely innervated than other parts of the hand (Johansson&
Flanagan, 2009). In other words, the �ngertips are more sensitive. If a target is di�cult
to distinguish from the distractors and more detailed exploration is necessary, it seems
logical to use the �ngertips. Indeed, it might be that only once the �ngers touch the
target, it is identi�ed, whereas for an easily perceivable target, contact with less sensitive
parts of the hand might already be enough.

�is important role of the �ngertips was also seen when looking at the moment
of contact. At the end of the trial, the thumb was more o�en contacted than at the
beginning in the conditions with a non-salient target. Such behaviour suggests that once
the thumb touches the target, it is identi�ed and a response can be given. Especially
when the target was a smooth sphere among rough spheres, the thumb was used more
o�en to touch the target at the end of the trial than in the conditions with a salient target.
An explanation might be that to detect this target, a lateral motion must be made to
perceive its texture (Lederman&Klatzky, 1987).�e targetmust therefore be extensively
explored, which might be done more easily with the thumb.
A few issues must be noted when interpreting the contact with the target. One pos-

sible issue might be that the chance to accidentally touch the target with a certain hand
part is higher when the trial takes longer.�e reaction times in the di�cult conditions
were longer than in the easy search tasks. However, we have several reasons to believe
that the higher number of contact points in the di�cult conditions are not due to chance.
First of all, an analysis of longer contact periods showed the same pattern of results.�is
indicates that the results re�ect the actual use of the �ngers. Furthermore, as will be
shown below, clear strategy di�erences were found between the conditions, which im-
ply that the di�erences in amount of contact with the target are due to a change in how
the �ngers are used. Secondly, it must be noted that the fact that the participant touched
the target does not mean that this contact is consciously perceived. When a participant
touches a target with a certain hand part, this might not be picked up consciously, e.g.,
due to a lack of attentional focus. Moreover, a very brief or light touch might not be
enough to be perceived. In addition, it is di�cult to determine whether a speci�c con-
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Figure 8.8: Percentage of trials of the classi�ed strategies in each condition, for target-present
and target-absent trials separately. Numbers are sized proportionally to their values, so
greater sizes are used for higher percentages.

tact of a hand segment with the target actually triggered the yes-or-no response of the
participant. In some trials, no contact was seen at all, which might be due to the simpli-
�cation of the hand in the model (Chapter 7). However, if a target is touchedmore o�en
with a speci�c hand part, it is likely that it is also consciously perceived more o�en with
that hand part. �erefore, we think that our results do re�ect how the separate hand
parts are used and that these parts are probably even necessary to perform the task.

8.3.4 Movement classi�cation

Results
�e second aim of the study was to examine the exploration strategies. �e combina-
tions of the criteria variables were used to classify the trials into di�erent movement
strategies.�e results are shown in Figure 8.8.�e grasp strategy was used most o�en,
especially when the target was present. For the cube and rough conditions, this strat-
egy was used primarily, whereas in the sphere and smooth conditions di�erent kinds of
strategies were also frequently seen. When the target was absent, larger di�erences be-
tween the conditions were found. In the sphere and smooth conditions, most o�en the
drop strategy was used, whereas most trials in the rough and cube conditions showed
grasp strategies.
To get an indication of how well the algorithm was able to classify the strategies,

100 (5% of total) randomly chosen trials were judged by the �rst author by looking at
video recordings of the trials. A total of 64% of the trials were classi�ed the same by the
algorithm and the human observer. Particularly grasp and drop strategies were in good
agreement, whereas shu�e and thumb strategies were classi�ed more di�erently.
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Discussion
Similar to the use of the various hand parts, no clear di�erences were seen between
the search for a texture or shape feature in the exploration strategies. �is might seem
surprising, because very di�erent EPs are optimal for these properties, i.e., enclosure
for shape and lateral motion for textures (Lederman & Klatzky, 1987), although these
EPs were de�ned for larger objects. Possibly, the roughness of the rough target was so
obvious it could be felt with just a small movement, not clearly visible as a di�erent
strategy. In addition, the choice of the strategy categories might not be sensitive enough
for the di�erentiation between searches for the two property dimensions.
Nevertheless, themovement classi�cation showed clear strategy di�erences between

the di�erent tasks with respect to the target saliency. In searches for a cube or a rough
sphere among smooth spheres, a single grasp was o�en enough to detect the target.�is
strategy was used most o�en in these tasks with a salient target. In searches for a non-
salient target, this strategy was also o�en used to detect a spherical or smooth target
when the target was present. However, when no target was present, more extensive and
serial explorations were necessary, as seen in the frequent use of the drop strategy in
these conditions. In the search tasks with a salient target, also in target-absent trials the
grasp strategy was mainly used.�is di�erence of simple explorations in easy searches
compared to more detailed explorations in di�cult searches was also seen in previous
search studies that used 2D set-ups (Plaisier et al., 2008; Van Polanen et al., 2011, 2012a).
Participants did not know whether a target was present or not and probably did not
adjust their strategy much to the presence of the target. Presumably, sometimes in a
target-present trial a detailed exploration was intended, but aborted early in the search.
�at is, when the non-salient target was felt with a �nger (e.g., the thumb) in the initial
grasp, no further search was necessary and this would be classi�ed as a grasp strategy.
When the target was absent, participants needed to search all items to be certain no
target was present and this was done in a serialmanner. Although themovements would
be classi�ed di�erently, the intention might have been the same.

�ese results con�rm the assumption that parallel strategies can be used if the tar-
get is salient, but not when it is di�cult to detect. To determine that a property can be
detected with a parallel strategy, usually the change of reaction times with the number
of stimuli (search slopes) is measured. Di�cult searches with high search slopes indi-
cate that items are explored in a serial manner. Flat search slopes, with no change in
the reaction times with the number of stimuli, re�ect that the stimuli are processed to-
gether. Our results indicate that these commonly found di�erences in search slopes are
indeed caused by the performed strategies. Interestingly, these clear di�erences between
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search tasks can already be made apparent by studying a single number of items. In the
tasks with a salient target, a rough or cubical target, a grasp or a shu�ing movement
was almost always used. Both of these exploration patterns can be considered parallel
strategies. In the search for a smooth or spherical target, detailed serial strategies are
performed, in which the thumb is used to individually search the items.

�e movement classes were chosen based on previous research and observation.
Of course, many more strategies could be used and intermediate behaviours were also
seen.�is also emphasises that parallel and serial strategies can exist inmany forms.�e
four strategies re�ect some of the possible exploration categories that are used in search
tasks and the criterion variables were chosen to distinguish between these categories.
�e procedure was not completely in agreement with visual observation. Especially the
percentage of shu�e and thumb strategies might have been underestimated. However,
the classi�cation of the human observer should not be seen as the standard.�e video
classi�cation is subject to the observer’s interpretation of the strategies and as previously
mentioned, some movements might not �t into any of the categories. Overall, the dif-
ferences between the conditions are large enough to give an insight into the in�uence of
target saliency on the exploration strategies in haptic search. Future research could aim
to improve the classi�cation. A useful addition would be to look at the strategy usage in
time, so switches could be made apparent.�e current criteria are not suitable for such
an analysis, but serve as a �rst step in the classi�cation of search behaviour.

8.4 Summary and conclusions

In this studywe investigated the explorations that are used in a haptic search task. Specif-
ically, we focused on two aspects.�e �rst aimwas to study which parts of the hands are
used. Secondly, the strategies that are used in the explorationswere of interest. We inves-
tigated these aspects in four search tasks. Two properties, shape and texture, were used
to distinguish the target from the distractors. �e kind of property that distinguished
the target from the distractor did not seem to have much in�uence on the exploration
movements. In contrast, the saliency of the target had a large e�ect on the strategies and
usage of di�erent hand parts.
In general, the �ngertips and the hand palm were used most o�en to detect the tar-

get. However, for non-salient targets, the �ngers were used more and especially the
thumb. �e thumb is used to feel the objects in a serial manner, whereas in the search
for a salient target a parallel strategy can be used. �e kind of strategy that is used in-
�uences what parts of the hand contact the target. For example, in a grasp strategy, the
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�ngertips will not touch the target in most cases. �is strategy was most used in the
conditions with a salient target, a cube or a rough sphere, and also the amount of target
contact was low in these conditions. On the other hand, which parts of the hands need
to be used can also determine the strategy choice. It seems that the more sensitive parts
of the hand, i.e., the �ngertips, need to be used to detect the presence of a non-salient
target. To use the �ngertips to touch the target, the items need to be shu�ed through
the hand. In the case of a di�cult target, the items might need to be searched in a serial
manner. To keep track of which item is felt, they must be explored in a coordinated way.
For instance, they might be dropped out of the hand one by one, or felt individually in
the hand.�ese strategies were seen more o�en in the conditions with non-salient tar-
gets, the smooth spheres among cubes or rough spheres. In these conditions, the thumb
was used o�en to contact the target.�e thumb has a wide range of motion and can be
easily used to move items through the hand or explore items that are arranged on the
hand palm.
In conclusion, humans seem to be very skilled to adjust their movements to the

speci�c task, also in the exploration of multiple objects. In a haptic 3D search task,
the use of hand parts for exploration of the stimuli depends on the saliency of the
target. �is is the �rst study that has investigated the exploration behaviour of a 3D
haptic search task in detail.�is information can be useful in the development of tactile
sensors for robots or haptic devices.�e placement and sensitivity of the sensors as well
as the movement strategies could be adjusted to the speci�c task that is performed with
such a device.
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8.5 Supplementary data

Contact with the target

Di�erent ANOVAs were performed on the contact data. A 4 (segment group) × 4 (con-
dition) repeated measures ANOVA was conducted to evaluate the di�erences between
the di�erent segment groups. Next, separate 5 (�nger) × 4 (condition) repeated mea-
sures ANOVAs were performed on the distal and proximal phalanx segments.�e mid-
dle phalanxwas not further analysed (see below).�e hand palm segmentwas evaluated
in a repeated measures ANOVA with only the condition as a factor. Furthermore, a 5
(�nger) × 4 (condition) × 2 (time step) repeated measures ANOVA was performed on
the data of the distal segment to examine di�erences in time.

E�ects of segment group

To start with, the di�erent segment groups were compared between the conditions.
�e segments were averaged over the �ngers, so the four groups were the distal, mid-
dle, proximal and hand palm segment. A 4 (segment group) × 4 (condition) repeated
measures ANOVA was performed on the contact data. An e�ect of segment group
(F(1.6, 14) = 47, p < 0.001), an e�ect of condition (F(3, 27) = 8.3, p < 0.001) and an
interaction e�ect of segment group × condition (F(3.1, 28) = 10, p < 0.001) were found.
Post-hoc tests for the e�ect of segment group indicated that all segment groups dif-

fered from each other, except for the hand palm segment and the distal segment. �e
distal segment touched the targetmore o�en than themiddle segment.�is was the case
for all conditions (ps < 0.01). In addition, the distal segment more o�en was in contact
with the target than the proximal segment, except in the cube condition (ps < 0.01).
Also the hand palm segment more o�en made contact with the target than the mid-
dle segment in all conditions (ps < 0.05). In the cube and sphere condition, the hand
palm segment contacted the target inmore trials than the proximal segment (ps < 0.05).
When the cube was the target, the target was touched more frequently by the proximal
than by the middle segment (p < 0.001).

�e main e�ect of condition indicated that in the smooth condition, the target was
touched more o�en than in the rough condition. However, the interaction e�ect of
condition× segment group revealed that this di�erence between the conditionswas only
found in the distal segment (p < 0.001). In this segment, also less contact wasmadewith
the target in the cube condition compared to the sphere condition (p = 0.012) and the
smooth condition (p < 0.001). In sum, the hand palm and the distal segmentmost o�en

165



88888888

Findings in haptic (re)search

made contact with a target. Di�erences between the conditions seemed to exist mainly
in the distal segments.

E�ects of �ngers in separate segments
To evaluate the di�erences between the �ngers, the distal and proximal segments were
evaluated separately.�e values of the amount of contact with the middle segment were
very low and sometimes on average 0. No further analysis between the �ngers was per-
formed for this segment.
When the target contact with the distal segment was further evaluated in a 5 (�nger)

× 4 (condition) repeated measures ANOVA, e�ects of �nger (F(4, 36) = 14, p < 0.001),
condition (F(3, 27) = 45, p < 0.001), and an interaction e�ect of �nger × condition
(F(12, 108) = 9.1, p < 0.001) were found.
Post-hoc tests for themain e�ect of �nger revealed that the thumb andmiddle �nger

contacted the target more o�en than the index �nger. However, if analysed separately
for the conditions, no di�erences were found. Furthermore, the main e�ect indicated
that the little �nger touched the target less o�en than any other �nger. In the smooth
condition, a di�erence with the little �nger was signi�cant for the thumb, the middle
�nger and the ring �nger (ps < 0.05). In this condition, also the middle �nger more
frequently touched a target compared to the ring �nger (p = 0.003). When the target
was rough, it contacted the middle �nger more o�en than the little �nger (p = 0.004).
In the other conditions, no di�erences between the �ngers were found.

�emain e�ect of condition in the distal phalanx indicated that the targetwas touched
less o�en in the cube and rough conditions than in the sphere and smooth conditions.
Furthermore, the target was contacted more frequently in the smooth condition than
in the sphere condition, but this di�erence was not found anymore when analysed sep-
arately for the �ngers. �e interaction e�ect of condition × �nger indicated that the
di�erence between the cube and sphere condition was only signi�cant for the thumb
(p = 0.037).�e di�erence between the cube and the smooth condition was signi�cant
for the thumb (p < 0.001) and little �nger (p = 0.037). For the thumb (p < 0.001) and
the little �nger (p = 0.042), the rough target was less o�en contacted than the smooth
target.�e di�erence between the rough and sphere condition was not found anymore
if analysed for the �ngers separately.
To summarise, the conditions di�ered primarily in the use of the thumb and little

�nger. In the smooth condition, the di�erences between the �ngers were also more
prominent, with more target contact of the other �ngers than the little �nger. Overall,
the little �nger seemed to be the least contacted of all �ngers.
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For the proximal phalanx, a 5 (�nger) × 4 (condition) repeated measures ANOVA
was performed. An e�ect of �nger was found (F(1.5, 13) = 10, p = 0.004). Post-hoc
tests revealed that the index �nger more frequently touched a target than the thumb
(p = 0.002) and the middle �nger (p = 0.029). �ere was no e�ect of condition or an
interaction e�ect. A repeated measures ANOVA on the hand palm contact data showed
no signi�cant e�ect of condition.

E�ects at di�erent time intervals
When the contact points with the targets were inspected at di�erent time intervals, no
clear patternswere seen in themiddle andproximal segments or the handpalm segment.
In these segments, the amount of contact did not di�er much over time. In the distal
segment, di�erences in amount of contact were seen at di�erent time intervals. At the
end of the trial, the percentage of trials in which a target was contacted increased rapidly,
primarily for the thumb in the smooth and sphere condition.
A 5 (�nger) × 4 (condition) × 2 (time step) repeated measures ANOVA was per-

formed on the data of the distal segment. �e �rst and last interval were chosen as
time steps to examine the di�erences at the start and end of the trial. All main e�ects
were signi�cant. An e�ect of �nger (F(4, 36) = 13, p < 0.001) indicated that the lit-
tle �nger touched the target less than all other �ngers. As seen previously, an e�ect
of condition (F(3, 27) = 26, p < 0.001) showed that the cube and rough conditions
had less target contact than the smooth and sphere conditions. At the end of the trial,
more �ngers contacted the target than at the beginning, as seen in the e�ect of time step
(F(1, 9) = 164, p < 0.001).
More interesting were the results of the interaction e�ects, which were all signi�cant

(�nger × time step: F(1.5, 14) = 14, p = 0.001; �nger × condition: F(12, 108) = 5.7, p <
0.001; time step × condition: F(3, 27) = 19, p < 0.001, �nger × condition × time step:
F(12, 108) = 6.8, p < 0.001). Post-hoc tests indicated that the �ngers only di�ered in
the smooth target condition, at the end of the trial. Here, the thumb had a higher value
than the little �nger (p = 0.03). Furthermore, the time steps between the beginning and
end of the trial showed di�erences in the sphere and smooth conditions for the thumb
(ps < 0.05). For the rough condition, a time di�erence was seen for the index �nger
(p = 0.046). Here, the amount of contact was always higher at the end of the trial than
at the start. Finally, condition di�erences were only found for the thumb at the end of
the trial. For this �nger, the target was touched more o�en in the search for a smooth
target compared to the cube and rough condition (ps < 0.05).
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