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Abstract Feedback is a central feature of neural systems
and of crucial importance to human behaviour as shown in
goal directed actions such as reaching-to-grasp. One impor-
tant source of feedback in reach-to-grasp behaviour arises
from the haptic information obtained after grasping an
object. We manipulated the felt distance and/or size of a
visually constant object to explore the role of haptic infor-
mation in the calibration of reaching and grasping. Cru-
cially, our design explored post-adaptation eVects rather
than the previously documented role of haptic information
in movement organisation. A post-adaptation reach-to-
grasp task showed: (1) distorted haptic feedback caused
recalibration; (2) reach distance and grasp size could be cal-
ibrated separately but, if calibrated simultaneously, then (3)
recalibration was greater when distance and size changed in
a consistent (e.g. reaching for a larger object at a greater
distance) rather than an inconsistent (e.g. a smaller object at
a greater distance) fashion. These interactions reveal the
integral nature of reach-to-grasp organization, that is, that
reaching and grasping are integrated components of a sin-
gle action system.
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Introduction

Modern computational approaches within neuroscience
emphasize a nervous system whose outputs are motor com-
mands originating from a controller whose inputs consist of
sensory feedback signals that are a function of eVector state
(Wolpert et al. 2001). Feedback is used at two diVerent time
scales. At a time scale of milliseconds, feedback is used on-
line to correct inaccuracies during an ongoing reach (Des-
murget and Grafton 2000). At a time scale of seconds (or
greater), feedback about end-point accuracy is used for cal-
ibration of the feedforward control of subsequent reaches
(Bingham and Pagano 1998; Wolpert et al. 2001). The role
of visual feedback in calibrating reach direction has been
studied extensively (Bingham and Romack 1999; Redding
and Wallace 1997) but the role of haptic information in cal-
ibrating reach-to-grasp movements is not well documented.

Reaching-to-grasp an object requires the nervous system
to determine an object’s properties and location (typically
through visual information) and then generate an appropri-
ate movement. The nervous system selects a movement that
drives the hand to a visually speciWed object whilst visual
and/or somatosensory feedback allows the system to imple-
ment any necessary on-line corrections and register error to
modify future trajectories. The online use of visual and
somatosensory feedback information ensures success in the
majority of human adult reaches. Inaccuracies in the motor
output cause the system to recalibrate itself.1 For example,
Helmholtz (1894/1924) showed that yoked optical prisms
placed in front of the eyes: (1) initially cause large corrections
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1 Bingham and Romack (1999) showed that errors in reach direction
resulted in recalibration of subsequent feedforward control even when
feedback guidance allowed online correction of errors to yield accurate
acquisition of the target at the end of each reach.
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towards the end of a reach; (2) have a decreasing eVect over
trials; (3) produce corrections in the opposite direction
when Wrst removed. Thus, it is known that visual error feed-
back is suYcient for the purpose of adaptation (and a num-
ber of human behaviours, including moving a computer
mouse, rely on the nervous system using vision to calibrate
action). It is also known that the absence of both visual and
somatosensory feedback causes the system to lose both pre-
cision and accuracy systematically over time (Vindras and
Viviani 1998).

The visual calibration of pointing has been much studied
but the role of haptic feedback has received less attention
within the research literature (though the response of the
reach-to-grasp system to haptic perturbations is docu-
mented, e.g. Gentilucci et al. 1997). Mon-Williams and
Bingham (2007) investigated the haptic calibration of reach
distance by gradually distorting the somatosensory feed-
back obtained when grasping visible target objects. Partici-
pants reached-to-grasp virtual cylindrical targets located at
three distances (the visual targets were generated using a
mirror arrangement). Haptic feedback could then be pro-
vided at the diVerent target locations with the ‘haptic’ tar-
gets moving gradually either closer or further to provide
distorted haptic feedback (feedback blocks). To investigate
the stability of calibration after feedback was removed,
Mon-Williams and Bingham added blocks of trials without
feedback (‘snapback’ blocks). Mon-Williams and Bingham
found that the modiWed relationship between visually spec-
iWed distance and reach distance could be captured by a
straight-line mapping function using two parameters: bias
and slope. They showed that the calibration of reach dis-
tance generalized across reach space with respect to
changes in bias and slope and demonstrated that bias and
slope can be calibrated independently of one another, each
with a diVerent adaptation time course. Moreover, Mon-
Williams and Bingham showed that these calibration eVects
are not cognitively penetrable.

It can be seen that some progress has been made in
studying the role of haptic information with regard to reach
distance. In contrast, there has been little work regarding
haptic information and grasp calibration and the potential
interaction between reaching and grasping in the context of
calibration. The lack of knowledge regarding the role of
haptic feedback in the calibration of grasp is most disap-
pointing. Haptic perception of an object in the hand would
be the most natural and eVective way to calibrate grasping
because portions of the hand in contact with the object are
typically occluded from vision. Furthermore, the study of
concurrent calibration of distance for reaching and size for
grasping oVers a window on the organization of reaches-to-
grasp. Are visually guided reaching and visually guided
grasping relatively independent components of a reach-to-
grasp action or is the organization integral?

A couple of previous studies have used distorted haptic
feedback to investigate grasping. Gentilucci et al. (1995)
used distorted haptic feedback and showed that movement
organisation was changed accordingly. However, this study
did not unequivocally demonstrate calibration of grasping
because generalization of the eVect to the control of grasps
of other objects was not tested. Gentilucci et al. (1995)
asked eight participants to grasp an object of constant
visual appearance but manipulated the felt size of the object
(making it bigger or smaller) using a mirror system that
allowed such dissociations to be created. They found that
maximum grip aperture was increased or decreased when
the felt target object was either increased or decreased in
size. To tackle the issue of generalization, Gentilucci et al.
(1995) asked participants to indicate the size of the object
that they were grasping in a matching test after the prehen-
sion task. Gentilucci et al. used a judgment task and such
tasks have been shown in numerous studies to yield diVer-
ent results than found in studies of actual movement (e.g.
Mon-Williams and Tresilian 1999). Thus, the data from the
matching test could only suggest that the participants might
have calibrated their movement as their size matches were
biased in a direction predictable from the direction of
manipulation of the haptic feedback. In another relevant
study, Patchay et al. (2003) investigated whether haptic
input from an unseen object held in the non-reaching hand
inXuenced the reaching hand whilst it moved towards a
visual target. Patchay et al. found that the amplitude of
maximum grip aperture was smaller (and the time to maxi-
mum grip aperture earlier) when the unseen handheld
object was smaller than the target. Patchay et al. suggested
that the neural processing of distracting haptic information
produced the observed interference eVects.

The data of Gentilucci et al. (1995) and Patchay et al.
(2003) are interesting but do not establish that grasping
behaviour itself is recalibrated by haptic feedback because
generalisation of actual reach-to-grasp behaviour was not
measured directly. Additionally, the data leave unresolved
issues regarding the relationship between the calibration of
grasping and reaching. Thus, we investigated, Wrst, whether
haptic feedback regarding object size calibrates the size of
the grasp aperture in visually guided reaches. To explore
this issue we asked participants to reach-and-grasp an
object that they could both see and feel without sight of
their own hand. The absence of visual overlap with the
hand excluded visual calibration and isolated the use of
haptic information. The visual appearance of the object
remained constant throughout the experiment but we gradu-
ally altered the physical size and/or location of the felt
object to provide distorted haptic feedback. Critically, we
tested for calibration by comparing reaches to a “virtual”
target (that could be seen but not felt) before and after
exposure to the distorted haptic feedback. Reaches to such
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virtual targets have been described previously as ‘panto-
mime’ reaches (Goodale et al. 1994). Goodale et al. (1994)
have shown that pantomime reaches are often characterised
by slower movements (indexed by decreased peak tangen-
tial speed and increased duration) and a reduction in maxi-
mum grasp aperture. Moreover, Goodale et al. have found
that pantomimed reach-to-grasps can be shorter (i.e. partic-
ipants undershoot the target location). Nevertheless, Bing-
ham et al. (2007) have shown that these diVerences from
normal reaches-to-grasp are eliminated if participants are
allowed to calibrate their movements (i.e. are provided with
visual or haptic feedback) across an experimental session.
The results of Bingham et al. (2007) have demonstrated
that reaches to virtual targets can provide a useful measure
of whether the system has calibrated its behaviour.

The important question, given the coordinated nature of
reach-to-grasp actions, was whether reach distance and
grasp size could be calibrated separately (either when each
is calibrated alone or when both are calibrated simulta-
neously) or whether these components would interact when
recalibrated. The latter result would reveal that reaches-to-
grasp are integral in organization. There is a debate within
the literature regarding the control structure of the reach
and grasp components of prehension (particularly the
extent to which these components are under separate con-
trol, see Smeets and Brenner 1999; Jeannerod 1988; Mon-
Williams and McIntosh 2000). We investigated whether the
components interact at the calibration timescale, meaning
that the organization is integral. Another well-known exam-
ple of such an integral system is the visual system itself in
which accommodation and vergence interact because the
dynamics are cross-coupled (e.g. Schor and Narayan 1982).
Thus, the present study set out to investigate directly the
calibration of the grasp component in reach-to-grasp move-
ments—an issue that has not been addressed previously.

Experiment 1

Participants

Twenty undergraduates (aged 20–23 years) participated in
the experiment on a voluntary basis. The participants were
all right handed. The participants were randomly assigned
to sub-groups within the experiment as discussed later. The
participants had no history of neurological, ophthalmologi-
cal or musculoskeletal disorders, and were naïve to the pur-
pose of the study. All participants were able to comprehend
the instructions, and carry out the task without diYculty.
Ethical approval was given by the Psychology Ethics Com-
mittee at the University of Aberdeen and the experiments
were conducted in accordance with the Declaration of Hel-
sinki. All participants gave written informed consent.

Measurements

Prehensile movements were recorded using infra-red emit-
ting diodes (IREDs) positioned on the participant’s reach-
ing limb, and their position was recorded using Optotrak.
IREDs were attached to the tip of the index Wnger and
thumb (distal end second phalanx), and the inside edge of
wrist (radial stylus/styloid process). Participants were asked
to make natural reaches with their right hand, grasping the
real or virtual object with their thumb and index Wnger. The
reaching hand was not allowed to touch the surface of the
table (requiring a grasp from above). IRED position was
recorded using Optotrak™, and analysed using customised
Labview software.

During each reaching movement kinematic data were
acquired at 100 Hz for 3 s. Data were Wltered using a dual-
pass Butterworth second order Wlter with a cut-oV fre-
quency of 16 Hz (equivalent to a fourth order zero phase
lag Wlter of 10 Hz). Custom analysis routines were used to
compute the dependent kinematic variables of interest in
this study. The tangential speed of the wrist IRED was
computed and the onset and oVset of the movement
(together with the peak tangential speed and the time at
which it occurred) was estimated using a standard algo-
rithm (threshold for movement onset and oVset was 5 cm/s).
Following this, the distance between the thumb and index
Wnger IREDs was computed (the aperture). We used the
oVset of movement as a temporal marker and computed
the resultant reach distance (from the starting point) and the
terminal grip aperture at this moment in time. Analysis
of the movement before this moment in time provided us
with the following dependent variables: duration, peak speed;
maximum grip aperture; time to maximum grip aperture.

Experimental procedure

Participants sat at an L-shaped ‘mirror table’ (Fig. 1) with
their hand resting on a visible start location. The table
allowed participants to reach comfortably behind the mir-
ror. The mirror allowed us to create the illusion that an
object was behind the mirror by using an image of an object
physically located in front of the mirror. It is possible to
block the view of the front object from the participant’s
peripheral vision but we have found that this makes no
diVerence to the participants’ behaviour. The mirror was
manufactured specially so that it was front surface silvered
and had a removable back panel. Removing the back panel
allowed the image of the object in front of the mirror to be
aligned perfectly with a physically identical object behind
the mirror. The object was always positioned so that its
long axis was parallel to the length of the mirror (Fig. 1).
This arrangement meant that the participants grasped the
object in a plane orthogonal to the length of the mirror. This
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design allowed us to produce a visually perfect ‘virtual
object’ by removing the physical object behind the mirror.
It also allowed us to produce an environment in which the
visual and physical properties of an object were in perfect
agreement or an environment where there was a mismatch.
We made the objects by attaching a 1 cm diameter dowel to
a supporting block (the block provided stability). Thus, the
grasp surface of the object was held constant (1 cm) but its
width could vary. All participants Wrst were given reason-
ably extensive experience of reaching behind the mirror to
an object with identical location and dimensions to the
image they could see in the mirror (notably within three tri-
als all participants produced accurate reaches and found the
task straight-forward).

The sequence of reaches-to-grasp was: (1) ten pre-adap-
tation baseline virtual reaches; (2) seventy calibration
reaches with distorted haptic feedback; (3) ten post-calibra-
tion baseline virtual reaches. The total number of trials for
all participants in all conditions was 90 (10 virtual reaches
then 70 reaches to a felt object then 10 virtual reaches) not
including the initial practice trials.

Virtual reaches

All participants were asked to reach-and-grasp ten times to
a 6 cm wide virtual object placed 20 cm from the starting
position before being exposed to distorted haptic feedback.
Participants always viewed the control object (6 cm width
at 20 cm) during all virtual reaches. It was explained to the
participants that they would not feel an object behind the
mirror but they should make a movement as if an object
really were there. We asked participants not to hunt for an
object. Participants readily understood the situation and
none had any problems in following this instruction. In the
Wnal stage of both experiments, all participants again
reached-and-grasped ten times to the 6-cm wide virtual
object placed at 20 cm. The average reach distance and Wnal
grasp aperture were calculated from the Wrst ten ‘virtual’
trials and these values were subtracted from the Wnal ten
‘virtual’ trials to discover whether the system adapted to the
distorted haptic feedback.

Calibration reaches

There were two groups of ten participants in “Experiment
1”: a distance group and a size group. Following the base-
line ‘virtual’ reaches-to-grasp, the two groups were
exposed to distorted haptic feedback (the adaptation phase
of the experiment). In the adaptation phase, participants
always viewed the object-distance combination corre-
sponding to the Wrst felt event during the reaches to the
physical targets. In both groups, participants were not told
about the manipulation and care was taken to occlude
vision between trials and remove any possible information
that might arise through sound. Participants shut their eyes
and were Wtted with occluding spectacles whilst an experi-
menter placed a block loudly on the tabletop on every trial
regardless of whether there was any alteration in the target
conWguration. These distracting procedures on every trial
ensured that there was no cue regarding the experimental
manipulation and this was conWrmed after the experiment
through a debrieWng questionnaire.

In the adaptation phase, Wve of the distance group began
to reach for a 6 cm object at 15 cm (which is what they saw
throughout the calibration trials) whilst the other Wve began
to reach for a 6 cm object at 25 cm (which is also what they
saw throughout the calibration trials). The participants per-
formed ten reaches after which the object was either moved
outwards by 1 cm from 15 cm or inwards by 1 cm from 25
cm. The object was moved in the same plane as the semi-
silvered mirror (Fig. 1). The change in reach distance was
repeated every Wve trials. This procedure continued until
the object had moved 10 cm at which point the participants
made an additional ten reaches.

Fig. 1 Schematic of the experimental apparatus. Participants reached
behind a mirror to grasp an object they could see in the mirror. The
experiment had a measurement phase and an adaptation phase. In the
measurement phase, participants reached to a 6 cm visually speciWed
object at 20 cm from the starting point when there was no physical ob-
ject present (‘virtual’ reaches). The reach distance and the grasp size
were compared before and after adaptation (ten trials in both) to deter-
mine whether adaptation occurred. In the adaptation phase, partici-
pants began by reaching to a physical object behind the mirror whose
physical properties (size and distance) were in perfect correspondence
to the visual speciWcations. The visual speciWcations remained the
same throughout the adaptation phase but the unseen object behind the
mirror was altered in distance by 10 cm and/or size by 4 cm over 70
trials

Target

Target location 

Mirror

IREDs

Plane of object movement 
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Five of the size group began to reach for a 4 cm object at
20 cm whilst the other Wve began to reach for an 8 cm
object at 20 cm and this was respectively what they saw
throughout the calibration trials. The participants per-
formed twenty reaches after which the object was either
increased by 1 cm in size from 4 cm or decreased by 1 cm
in size from 8 cm. The change in grasp size was repeated
every ten trials. This procedure continued until the object
had changed in size by 4 cm at which point the participants
made an additional ten reaches.

Results

We Wrst analysed the kinematic data collected when the
participants reached for physical objects (under visual
open-loop conditions). The data showed the normal qualita-
tive pattern of prehension behaviour. Thus, the hand accel-
erated to a peak speed and then decelerated as it approached
the target object. The reach exhibited a smooth ‘bell-
shaped’ velocity proWle with a somewhat longer decelera-
tion phase. The maximum grip aperture and closing of the
aperture occurred during this deceleration phase (see Sme-
ets and Brenner 1999; Mon-Williams and Tresilian 2001).
Table 1 shows the data from initial reaches (capital letter
column headings) and Wnal reaches (lowercase column
headings). To be certain that participants were scaling their
prehensile behaviour appropriately, we used student t tests
to compare reaches to objects placed far with objects placed
near (in the distance group) in the adaptation phase. Like-
wise, we compared reaches to the large object with reaches
to the small object (in the size group). We calculated the
average value over the Wrst ten reaches and over the last ten
reaches for each participant. Thus, we ended up with one
value for the initial reach and one value for the Wnal reach
for each participant. The initial and Wnal data across the ten
participants were then entered into a student t test. We pre-
dicted that the movement duration and peak speed would be
higher when the ‘distance’ group were reaching to the fur-
thest target (vs the closest) but maximum grip aperture
would be the same. In line with these predictions, duration

[t(9) = 4.248, P < 0.05] and peak speed [t(9) = 6.723, P <
0.05] were higher but MGA was not reliably diVerent
[t(9) = 0.828, P > 0.05]. We predicted that maximum grip
aperture would be larger when the ‘size’ group were reach-
ing to the largest target (vs. the smallest) but movement
duration and peak speed would be the same. In line with
these predictions, MGA was larger [t(9) = 6.723, P < 0.05]
but movement duration [t(9) = 0.074, P > 0.05] and peak
speed [t(9) = 1.803, P > 0.05] were not reliably diVerent.
Time to MGA was not reliably aVected in either group (it
typically occurs later for further reaches and reaches to
larger objects—this pattern was observed but failed to
reach statistical signiWcance). In short, the reaches to the
physical objects showed the normal kinematic scaling that
occurs when distance and/or size alters.

These data conWrm previous reports regarding the
response of the system to haptic perturbations (e.g. Gentil-
ucci et al. 1997) but shed no light on the issue of calibration
central to our investigation. Thus, we concentrated our
eVorts on comparing the pre- and post-adaptation prehen-
sion data (Table 2). We compared the reach distance and
grasp aperture of the ‘distance’ and ‘size’ group (Fig. 2a)
using a mixed ANOVA that also explored eVect of trial
number (i.e. whether any eVect dissipated over the ten post-
adaptation trials). We calculated the average reach distance
and grasp size for each participant from their Wrst ten vir-
tual reaches. This value was then subtracted from each of
the values for the Wnal ten reaches giving the eVect of the
manipulation over the ten post-adaptation trials. Trial num-
ber (1–10) was then used as a within participant factor
whilst condition (distance or size) was the between partici-
pant factor. The analysis showed no interactions between
condition and trial [F(9,162) = 1.397, P > 0.05] but conWrmed
a reliable change in reach distance [F(1,18) = 11.789; P <
0.05] and grasp [F(1,18) = 6.923, P < 0.05] with no eVect
of trial in either situation [F(9,162) = 1.385, P > 0.05 and
F(9,162) = 0.469, P > 0.05, respectively]. We also tested two
directions of change: distances nearer or farther and sizes
smaller or larger. A separate ANOVA with factors direc-
tion and condition established that the direction of the

Table 1 Kinematic data from “Experiment 1” when participants reached to a real object that either started big or small and was initially positioned
either far or near

Column headings with capital letters show the data from the initial reaches (before adaptation) whilst the column with lower case letters show the
data from the Wnal reaches (at the end of the adaptation period). This table shows how the within participant reach kinematics altered as the object
size or location altered (e.g. FAR vs. near or SMALL vs. big)

FAR near NEAR far SMALL big BIG small

Peak speed 690 527 559 785 496 580 500 405

Movement duration (ms) 746 667 592 898 877 677 752 796

Maximum grip aperture (cm) 8.96 8.37 9.43 10.04 7.91 9.95 10.42 8.72

Time to MGA (ms) 475 383 384 399 454 496 533 503
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adaptation did not produce a reliable diVerence in eVect
magnitude [distance F(1,8) = 0.168, P > 0.05, grasp F(1,8) =
0.168, P > 0.05].

The changes in Wnal reach distance and Wnal grasp aper-
ture demonstrate unequivocally that calibration had
occurred. Nonetheless, the calibration might be restricted to
the Wnal adjustments of the movement rather than aVecting
the whole movement organization. To determine whether
the whole movement had calibrated, we studied the reach-
to-grasp kinematics (shown in Table 3) from the two
baseline virtual reach phases. The data from grasping the
physical objects leads to the prediction that duration and
peak speed will be higher following adaptation to the further
target and vice versa if the whole movement has been
re-organised. In fact, this is what we found with a longer
duration [t(4) = 5.181, P < 0.05] and higher peak speed [t(4)
= 5.372, P < 0.05] following near-to-far adaptation and a
shorter duration [t(4) = 2.904, P < 0.05] and lower peak
speed [t(4) = 9.705, P < 0.05] following far-to-near adapta-
tion. Likewise, re-organisation of the movement leads to the
prediction that MGA will be larger following adaptation to
the larger target and vice versa for the ‘size’ group. Indeed, a
larger MGA was found following small-to-large adaptation
[t(4) = 2.967, P < 0.05] and a smaller MGA measured fol-
lowing large-to-small adaptation [t(4) = 3.445, P < 0.05].

Discussion

The participants exposed to distorted reach distance infor-
mation (the ‘distance’ group) showed a shift in their reach-
ing distance in the predicted direction with no change in
grasp size. Likewise, all of the participants exposed to the
size manipulation (the ‘size’ group) showed a predictable
shift in their grasp aperture size with no change in reach
distance. The kinematic data showed that the diVerences in
reach distance and grasp size reXected calibration of the
whole reach-to-grasp movement (rather than just reXecting
alterations in Wnal movement adjustments). These data
demonstrate that the reach and grasp component can be cal-
ibrated independently of one another. We next sought to
determine what happens when the two components are cali-
brated concurrently.

Experiment 2

The procedure and measurements used in “Experiment 2”
were identical to those employed in “Experiment 1”. Once
more, the participants were asked to reach-and-grasp ten
times to a 6 cm wide virtual object placed 20 cm from the

Table 2 Reach distance and grasp size after adaptation in “Experi-
ment 1” (the column indicates the direction of adaptation) with the be-
tween participant standard deviations in parentheses

Far Near Big Small

Reach 
distance 
(cm) 

22.34 (1.34) 17.31 (0.91) 19.30 (1.35) 19.34 (1.41)

Grasp
size (cm) 

7.04 (0.36) 6.98 (0.59) 8.07 (0.57) 6.14 (0.62)

Fig. 2 a The results from the Wrst experiment. The change in reach
distance and the change in grasp size have been plotted as a percentage
of the potential adaptation (thus, a change in reach distance of 10 cm
would be 100%, but a change of 5 cm would be 50% and likewise a
change in grasp size of 4 cm would be 100% but a change of 2 cm
would be 50%). In the experiment, one group were exposed to a change
in distance but not size (the ‘distance’ group) and vice versa (the ‘size’
group). The asterisk indicates a statistically reliable diVerence between
the change in reach distance (left columns) or the change in grasp size
(right columns) for the distance versus size group. It can be seen that
the distance group altered their reach distance but not their grasp and
vice versa. b The results from the second experiment. The change in
reach distance and the change in grasp size again have been plotted as
a percentage of the potential adaptation. In “Experiment 2”, one group
were exposed to a consistent change in distance and size (the ‘consis-
tent’ group) and vice versa (the ‘inconsistent’ group). The asterisk
indicates a statistically reliable diVerence between the change in reach
distance (left columns) and the change in grasp size (right columns) for
the consistent versus inconsistent group. It can be seen that the eVect
magnitude was larger for the consistent than the inconsistent group
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starting position before being exposed to distorted haptic
feedback. Participants always viewed the control object (6
cm width at 20 cm) during all virtual reaches. The virtual
reaches provided a baseline performance from before and
after the calibration phase.

Participants

Forty undergraduates (aged 20–23 years) participated in the
experiment on a voluntary basis. The participants were all
right handed. The participants were randomly assigned to
sub-groups as discussed later. The participants had no his-
tory of neurological, ophthalmological or musculoskeletal
disorders, and were naïve to the purpose of the study. All
participants were able to comprehend the instructions, and
carry out the task without diYculty. The Psychology Ethics
Committee at the University of Aberdeen gave ethical
approval and the experiments were conducted in accor-
dance with the Declaration of Helsinki. All participants
gave written informed consent.

Design

There were four groups of ten participants in “Experiment
2”: two consistent groups (A and B) and two inconsistent
groups (C and D). The consistent group A began to reach
for a 4-cm object at 15 cm and this is what they saw
throughout the calibration trials. The participants per-
formed ten reaches after which the object was moved out-
wards by 1 cm every Wve trials and after the Wrst twenty
trials increased in size by 1 cm after every ten trials. This
procedure continued until the object had moved outwards
by 10 cm and increased in size by 4 cm at which point the
participants made an additional ten reaches. The consistent
group B began to reach for (and viewed throughout) an 8-
cm object at 25 cm. The participants performed ten reaches

after which the object was moved inwards by 1 cm every
Wve trials and after the Wrst twenty trials decreased in size
by 1 cm every ten trials. This procedure continued until the
object had moved inwards by 10 cm and decreased in size
by 4 cm at which point the participants made an additional
ten reaches.

The inconsistent group C began to reach for (and viewed
throughout) a 4 cm object at 25 cm. The participants per-
formed ten reaches after which the object was moved
inwards by 1 cm every 5 trials and after the Wrst 20 trials
increased in size by 1 cm after 10 trials. This procedure
continued until the object had moved inwards by 10 cm and
increased in size by 4 cm at which point the participants
made an additional ten reaches. The inconsistent group D
began to reach for (and viewed throughout) an 8-cm object
at 15 cm. The participants performed 10 reaches after
which the object was moved outwards by 1 cm every 5 tri-
als and after the Wrst 20 trials decreased in size by 1 cm
every 10 trials. This procedure continued until the object
had moved outwards by 10 cm and decreased in size by 4
cm at which point the participants made an additional ten
reaches.

Results

We Wrst analysed the kinematic data collected when the
participants reached for physical objects (under visual
open-loop conditions). The data again showed the normal
qualitative pattern of prehension behaviour. Table 4 shows
the data from initial reaches (capital letter column head-
ings) and Wnal reaches (lowercase column headings) from
the adaptation phase. To be certain that participants were
scaling their prehensile behaviour appropriately, we used
student t tests to compare reaches to objects at the begin-
ning of the adaptation period (of one size in a given loca-
tion) to objects at the end of the period (of a diVerent size
and in a diVerent location). We calculated the average value
over the Wrst ten reaches and over the last ten reaches for
each participant. Thus, we ended up with one value for the
initial reach and one value for the Wnal reach for each par-
ticipant. The initial and Wnal data across the participants
were then entered into a student t test. As shown in Table 4,
the kinematic data altered in a reliable and predictable man-
ner when the target changed location (longer duration and
higher peak speed to further targets) and dimensions (larger
grip aperture when the object was wider). In summary, the
reach-and-grasps to the physical objects showed the normal
kinematic scaling that occurs when distance and size alters.
These results are consistent with the Wndings of Gentilucci
et al. (1995).

The primary interest within the study was, however,
whether the movements were calibrated after the adaptation
period. To explore this issue we looked at the reaches to the

Table 3 Kinematic data from “Experiment 1” when participants
reached to a virtual object that either started big or small and was
initially positioned either far or near

The pre–post diVerences are within participant

Far to near Near to far Small to big Big to small

Pre Post Pre Post Pre Post Pre Post

Peak speed 653 575 549 692 525 505 531 469

Movement 
duration 
(ms) 

783 688 699 783 888 820 988 825

Maximum 
grip aperture 
(cm) 

8.96 9.95 9.77 9.81 8.68 9.56 8.89 7.79

Time to MGA 
(ms) 

349 449 378 441 391 332 452 336
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virtual target before and after the adaptation period (see
Table 5). We calculated the average reach distance and
grasp size for each participant from their Wrst ten virtual
reaches. This value was then subtracted from each of the
values for the Wnal ten reaches giving the eVect of the
manipulation, with condition (four levels) as the between
participant factor. We Wrst established that there was a reli-
able diVerence amongst groups in both distance reached
[F(3,36) = 38.817; P < 0.05] and grasp aperture [F(3,36) =
11.651; P < 0.05]. Figure 2b shows that the consistent trials
produced a greater eVect than the inconsistent trials and this
was conWrmed statistically for distance [F(1,38) = 12.426,
P < 0.05] and grasp [F(1,38) = 9.394, P < 0.05]. There was
no reliable diVerence between adaptation direction for
either distance [F(1,18) = 0.008, P > 0.05] or grasp [F(1,18) =
0.293, P > 0.05].

To determine whether the whole movement had cali-
brated, we studied the reach-to-grasp kinematics (see
Table 6). We calculated the average value over the pre-
adaptation ten virtual reaches and over the post-adaptation
ten virtual reaches for each participant. Thus, we ended up
with one value for the pre-adaptation virtual reaches and
one value for the post-adaptation virtual reaches for each
participant. The pre-adaptation and post-adaptation data
across the participants were then entered into a student t
test. We simply studied the maximum grip aperture when
participants were adapted to a larger object (n = 20) and
when adapted to a smaller object (n = 20). There was a reli-
able increase in MGA after adaptation to a large object
[t(19) = 4.127, P < 0.05] and a reliable decrease after adap-
tation to a small object [t(19) = 3.596, P < 0.05]. We like-
wise studied movement duration and peak speed when
participants were adapted to a further reach distance (n =
20) and when adapted to a closer object (n = 20). There was
a reliable increase in duration after adaptation to a further
object [t(19) = 2.143, P < 0.05] with a correspondingly
higher peak speed [t(19) = 2.115, P < 0.05]. There was also
a reliable decrease in duration after adaptation to a closer
object [t(19) = 4.635, P < 0.05] with a correspondingly
lower peak speed [t(19) = 3.703, P < 0.05].

Discussion

These kinematic data are in agreement with those collected
in “Experiment 1” showing that the measured changes in

Table 4 Kinematic data from “Experiment 2” when participants reached to a real object

Column headings with capital letters show the data from the initial reach (before adaptation) whilst the column with lower case letters show the
data from the Wnal reach (at the end of the adaptation period). The lower case column is to the right of the column showing the target conWguration
at the beginning of the adaptation period
a In the lower case column indicates that the within participant data are reliably diVerent at the end of the adaptation period (student t test P < 0.05,
df = 9)

FAR BIG near small NEAR BIG far small NEAR SMALL far big FAR SMALL near big

Peak speed 688 480a 434 544a 445 535a 490 435a

Movement Duration (ms) 767 617a 733 912a 662 836a 966 704a

Maximum grip aperture (cm) 9.82 7.38a 9.77 7.53a 6.76 9.49a 6.93 9.71a

Time to MGA (ms) 521 398a 469 437a 379 486a 433 488a

Table 5 Reach distance and grasp size after adaptation in “Experi-
ment 2” (the column indicates the direction of adaptation) with the
between participant standard deviations in parentheses

Near small Far small Far big Near big

Reach 
distance 
(cm) 

14.25 (0.81) 22.05 (1.6) 22.87 (1.25) 18.73 (0.86)

Grasp size 
(cm) 

5.09 (0.64) 7.02 (0.77) 7.91 (0.44) 7.39 (0.81)

Table 6 Kinematic data from “Experiment 2” when participants reached to a virtual object. The pre-post diVerences are within participant

Far big to near small Near big to far small Near small to far big Far small to near big

Pre Post Pre Post Pre Post Pre Post

Peak speed 489 440 464 474 437 509 421 386

Time to peak speed (ms) 314 292 321 353 334 381 381 322

Maximum grip aperture (cm) 9.32 8.43 8.28 7.73 8.5 9.53 9.71 9.9

Time to MGA (ms) 419 370 387 351 376 464 409 418
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Wnal reach distance and grasp reXect calibration of the
whole reach-to-grasp movement. Participants were asked
after the experiment regarding their understanding of the
experimental manipulation. The participants were unaware
that the physical properties of the object were altering. This
is consistent with our previous work (Mon-Williams and
Bingham 2007) where we found that calibration processes
are not cognitively penetrable.

Two reviewers raised the issue of whether the diVer-
ences between the ‘consistent’ and ‘inconsistent’ condi-
tions were related to visual size constancy where objects
that approach an observer do not appear to change visual
size despite subtending a larger visual angle on the retinae.
There are two reasons to suppose that visual size constancy
is not a factor within the results reported. First, haptic feed-
back regarding an object’s size does not alter as a function
of distance from the observer. Second, the objects were not
moved along the participant’s midline. In the experimental
setup, the objects were moved at 45° to the line of sight (i.e.
in the same plane as the semi-silvered mirror). The changes
in size were orthogonal to this plane. In this situation, the
objects were not simply approaching or receding from the
participant but were concurrently altering egocentric visual
direction and distance. It therefore seems reasonable to
assume that the eVects reported within the present manu-
script are not related to mechanisms of visual size con-
stancy.

The question then remains as to why diVerences
occurred between the ‘consistent’ and ‘inconsistent’ condi-
tions? As we discuss below, we interpret this result to mean
that reaches-to-grasp have an integral dynamic in which the
reaching and grasping components are cross-coupled.

General discussion

The data from both experiments provide unequivocal evi-
dence that distorted haptic feedback causes a recalibration
of the reach-to-grasp action to a visually speciWed target.
This Wnding was remarkably robust with every participant
showing recalibration in the predicted direction. Moreover,
we found no evidence of the eVect dissipating over the ten
post-adaptation trials consistent with previous studies we
have conducted (Mon-Williams and Bingham 2007). The
lack of dissipation is perhaps unsurprising when one con-
siders that the post-adaptation trials provided no visual or
haptic error signal. Nevertheless, and more to the point,
lack of dissipation indicates that there is no preferred state
to which the system returns and that calibration is a natural
component of reach-to-grasp actions required to resolve
intrinsic noise in the system.

In “Experiment 1”, we found that reach distance and
grasp size could be calibrated separately. The calibration of

grasp conWrms the earlier work of Gentilucci et al. (1995).
Thus, as one would ultimately expect, there is more than
one degree of freedom in calibrating the reach-to-grasp
action. Nonetheless, in “Experiment 2” we found a diVer-
ence between the results when distance and size were co-
varied in a consistent manner (distance and size both grew
larger or smaller) and the results where these changes were
inconsistent (distance increased but size grew smaller or
vice versa). These Wndings suggest that the calibration of
reach distance and grasp size are not independent of one
another. These combined results are consistent with an
understanding of the dynamics of reaches-to-grasp as akin
to those of accommodation and vergence, which are cross-
coupled components of the visual system. The coupling in
each direction is subject to a strength parameter. With indi-
vidual diVerences in the strength of this coupling, people
vary in the ease with which they are able to learn to accom-
modate and to verge to diVerent distances, an ability that is
required to be able to use any virtual environment system
whether it is Computer Automatic Virtual Environment or
head mounted display based (e.g. Wann et al. 1995; Bing-
ham et al. 2001). Likewise, a moderate coupling strength in
the case of reaches-to-grasp would allow some measure of
independence in the separate calibration of reach distance
and grasp size, but a limited amount that would eventually
exhibit clear interaction eVects. Furthermore, the recalibra-
tions of reaching and grasping would reinforce one another
through the cross-coupling in the consistent case yielding
stronger eVects and then interfere with one another in the
inconsistent case yielding weaker eVects. Clearly, reach-to-
grasp actions are integral in this way.

Notably, in all conditions the gain of the calibration pro-
cess was considerably less than one. Mon-Williams and
Bingham (2007) studied the dynamics of calibration and
found that the gain <1 reXected delay or inertia in the cali-
bration process. While the calibration level may pursue the
feedback, it is unable to jump instantaneously to the level
indicated by the feedback. The magnitudes of recalibration
found in the results are a function of interruption to this
process. The system presumably would settle eventually at
greater recalibration magnitudes had it been left to continue
with the feedback at the terminal values provided. Inertia
(or more generally, some resistance to change) confers sta-
bility to the system whilst allowing Xexibility for change in
the perception-action cycle. These Wndings imply that the
diVerences in recalibration magnitude found as a function
of the consistency of the feedback about size and distance
reXect rates of change in calibration level. If so, then the
fact that reach distance and grasp size can be calibrated sep-
arately is important. The implication is that large magni-
tudes of recalibration could be achieved in opposite
directions for reach distance and grasp size if enough time
is provided. It would be the recalibration process that is
123
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slowed by the inconsistency. Nevertheless, the relative
slowness of recalibration should be interpreted as a feature
of the process designed to ensure stability in the face of
change. A system that responded too rapidly to perturba-
tions might ultimately be uncontrollable.
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