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Abstract

A new method for evaluating hand preshaping during reaching-to-grasp movement is proposed. The method makes use of all five finger
in estimation of prehension. The investigation was performed on six healthy subjects grasping three different objects at various positions an
orientations. The objects were presented to the subjects by means of a robot, which also induced perturbations in both object position ar
orientation. Positions of markers attached to the finger-tips and dorsum of the hand were recorded by means of a 3D optical tracking system. |
the data analysis, the adjacent fingertips were interconnected, thus obtaining a planar pentagon whose various characteristics were investiga
and discussed. New parameters for the evaluation of finger preshaping, such as pentagon surface area, angle between the pentagon and f
normal vectors, and the angle between the pentagon and object normal vectors were introduced. The proposed pentagon approach is expec
to be useful in future work when examining grasping abilities of subjects with neuromuscular disorders.
© 2005 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction a relatively simple transport phase and a more complex pre-
hension phase. More recent studi&$] show that hand pre-
The analysis of lower limb movements has been well es- shaping appears to be coordinated with hand transport. As
tablished in kinesiological research and in the rehabilitation stated by Haggard and Wir§], the pattern of coordination
environment for a long tim§l]. While human walking can  depends both on cognitive factors, such as subject’s degree
be assessed by analyzing the repeating nature of hip, kneeof certainty about the accuracy of hand transport, and lower-
and ankle joint angles and by measuring the ground reactionlevel factors responsible for maintaining synergy between
forces, it is impossible to apply the same methods to upper preshaping and transport components.
limb kinematics and dynamics which are determined by the  Inthe field of biomechanics, most upper-limb studies have
task and characterized by much more complex movementsbeen oriented towards arm movement, exploring joint angles
which are normally not cyclical. Therefore, the introduction of shoulder, elbow, and wri§t,8] with the intention of devel-
of the assessment of arm and hand movements in clinicaloping prosthetic limbs and complex rehabilitation therapies
practice is of utmost importance for improved evaluation of such as robotic assistance in neuro and motor rehabilitation
various therapeutical procedures. [9]. Recent studies dealing with fingdik0,11] are mostly
In the past 25 years, reaching and grasping studies haveoriented towards measurement and analysis of finger forces
often been carried out by cognitive psychologists who at- or torques, which occur during gripping in finger joints and
tempted to explain how the brain develops and optimizes between fingers and an object.
the reaching pathf?,3]. Jeannerod4] suggested that the In this study, we are less interested in arm movement dur-
reaching-to-grasp movement consists of two independenting the approaching phase and grip forces during the contact
components controlled by different visuo-motor channels: phase, but more in preshaping of the fingers into an appropri-
ate grip. From the rehabilitation point of view, the approach-
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cord injury) patients have more difficulties opening the hand 2.3. Instrumentation and experimental set-up

than closing it. Schettino et dlL2] studied the evolution of

hand preshaping in Parkinson patients. Their results indicate  The aim of the experiment was to study various grasping
that these patients are capable of specifying the movementstrategies used in interaction with objects of various intrinsic
direction, while their hand prehension exhibits substantial (primarily shape) and extrinsic characteristics (position and

deviations. orientation). Their sizes and shapes were chosen in such a
So far, hand preshaping has usually been described byway that objects used in the experiment corresponded to the
terms such as hand apert{8¢ and hand orientatiofi3,14] objects widely used in daily life (e.g. glass, book, video-

The term ‘hand aperture’ describes hand opening during thecassette, paper file, etc.).
approaching phase of grasping and is defined as the distance The task presented to the human subject was to
between the thumb and the index finger. The advantage ofgrasp three different objects by performing the most
such a description is its simplicity. Despite the fact that the natural hand movement. The objects wera: block
thumb and index finger probably have an important role in (width=12cm, heigh=6cm, length=20cm)a cylinder
grasping, it should not be forgotten that most of the grasp- (diamete=6cm, height=12cm), and thin plate (thick-
ing modes require the cooperation of all five digits and not ness=5mm, width=14cm, length=20cm). The objects
only the thumb and the index finger. Therefore, such a def- were made out of glass-reinforced polyester with a
inition of hand aperture unjustifiably ignores the influence polyurethane foam core, ensuring low object weight.
of other fingers. Hand orientation is described by the op-  The objects were presented to the subject by means of
position axis (the line connecting the tips of the thumb and a robot. A positionally controlled anthropomorphic 6DOF,
the index finger at the end of movement) and hand azimuth robot manipulator $ubli RX90 was used for precisely
(the projection of the hand longitudinal axis to the horizon- moving the objects into selected positions and orientations
tal plane). In this case, the opposition axis and the hand az-(Fig. 1). We found multiple advantages to using robots in
imuth describe the orientation of the palm, while the infor- grasping experiments. Firstly, it needs to be emphasized that
mation about finger orientation towards the palm is miss- the experiment could be smoothly controlled by the robot.
ing. Once the subject started with the movement, there was no
The purpose of this study was to develop a new conceptdirect interaction between the subject and the experimenter
for estimating hand preshaping, which willinclude all fingers, making the measurement process almost completely auto-
with the aim of evaluating grasping in the rehabilitation pro- mated. Secondly, it should be mentioned that the robot move-
cess and in planning grasping modes of multifingered robotic ments are highly precise, ensuring exactly the same initial
hands. positions of objects in every consecutive experiment. Our in-
tention was also to study the influence of sudden object initial
position (or orientation) changes inflicted on grasping move-

2. Methods ment. The use of the robot was found to be very convenient
since, it was possible to move or reorient the object with high
2.1. Subjects velocity and precision.

The object-robot interface was designed as a tray-like

Six young-adult healthy subjects (average age-2736 structure attached to the robot end-effector. A permanent
year) with no prior history of neurological disorders and neu-
romuscular injuries have participated in the study. All vol-

unteers were right-handed males who after being informed
about the experimental aim of the study gave their consent.

2.2. 3D movement recording

A 3D tracking system OPTOTRAK/3010 (Northern Digi-
tal, Waterloo, Canada) was used to precisely record the hand
movements during the experimehtd. 1). Fourteen infrared-
emitting markers were used and measured at a sampling fre-
quency of 100 Hz. Eight markers were attached to the right
hand: five on the tips of all fingers and three on the dorsum
of the hand (one at the centre of the capitate bone and two
at the distal end of the metacarpal bone of the second and
fourth fingers). Out of the remaining six markers three were
attached to the observed object and three to the table provid-:\
ing us with information about the table and object coordinate rig. 1. The object presented to the subject by a robot. Movement was
systems. recorded with the OPTOTRAK system.
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magnet was mounted on the tray, while a thin iron surface
was attached to the bottom of each object. The force of the
magnet was chosen in such a way that the magnet was strong
enough to carry the object during fast changes of orientation
(light weight material was used for objects construction) and
yet weak enough to allow easy object lifting from the magnet
by the subject.

The subjects were seated comfortably in front of a flat table
(width =64 cm, length =50 cm, height=78 cm), as shown in
Fig. 2A. It can also be seen that the right hand was placed at
the right corner of the table with the palm facing the table and
the third finger touching a marked line. With the left hand,

a push-button at the left corner of the table was pressed in

order to initiate the experiment when the subject was ready.

All subjects were instructed to reach, grasp and detach the H

magnet-attached object, and finally place it at the center of

the table. They were asked not to move their trunk during the

task and to make fast and accurate arm and hand movements @ @ @

For each object we selected different initial positions or -
orientations. The block object changed only its orientation %—'

l 30cm

thus maintaining constant position. It was initially placed (B

in front of the right hand, in the right corner of the table

(Fig. 2A) with its longitudinal axis parallel to the subject’s e
sagittal plane, at a distance of 24 cm. The horizontal distance y | v/ |
between the tip of the third finger and the block’s center of / & //
gravity (COG) was 30 cm. The initial orientation of the object / )
was horizontal as seen frofig. 2A. The coordinate frames A 10em 4 10cm 7/
were attached to the object and the table. Therefore, for the /
horizontally oriented block, the object coordinate frame axes
corresponded to the table coordinate frame axes. The seconc
orientation was vertical, obtained from the horizontal posi-
tion rotating the object by 90counter-clockwise, along the
y-axis of the object, while not changing the position of the
block’s COG. The perturbations consisted of rapid changes
in block orientation from horizontal to vertical in counter-
clockwise direction and back to horizontal in clockwise di-
rection. Therefore, the block was placed in a total of four dif-  (¢)
ferent configurations: HO (horizontal), VE (vertical), PERT1
(from horizontal to vertical), and PERT2 (from vertical to
horizontal).

The cylinder changed its position while maintaining con-
stant orientation. During the perturbation, it was abruptly
moved from position 1 to 3Kig. 2B). For all three posi-
tions the COG remained on a plane, which is parallel to the
subject’s frontal plane, along the line, which is°4Bclined
towards thex-axis of the table frame. In each position, the Fig. 2. Experimental set-up: positions and orientations of the block (A),
z-axis, emanating from the top surface of the object, corre- cylinder (B), and plate (C) (* signifies the object COG).
sponds to the vertical axis of the table frame. The different
cylinder configurations were labeled as: DL (down-left), UR of the table coordinate frame. During the perturbation the
(up-right), and PERT (perturbation of the cylinder). plate was rotated by 3@ounter-clockwise, starting from the

The plate went through two orientations while maintain- initial vertical position seen ifrig. 3C. The different config-
ing the same position. In the first case, it was placed in front of urations of the plate were labeled as: VE (vertical) and PERT
the right hand of the subject, parallel with the sagittal plane of (perturbation).
the subject, as shown iig. 3C. In this vertical orientation of Although the subjects were instructed to grasp the objects
the plate, the-axis of the object reference frame, emanating in the most comfortable manner, and no precise instructions
from the right surface of the plate, corresponded tocthgis about the grasp type were given, all the subjects used the

30cm

30cm
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Fig. 3. Trajectory of the fingers pentagon during the reaching-to-grasp Fig. 4. Position of eight markers on the tips of the fingers and dorsum of

movement. the hand. The pentagon connecting the finger markers is characterized by its

center of gravity (PCOG) and normi@. (xnynzn) represents hand coordinate
same grasping approach: the block and the cylinder weresystem.
grasped by a power, volar grasp involving fingers and the

palmar surface. The grip used for grasping the plate was ag movement as natural as possible and was out of the scope
pinch grasp involving all fingers and barely the palm. We ot our interest.

could glso deduce that. the block was grasped from the' 0P, The movement onset was determined as the first change of
the cylinder from the side and the plate from the front side, e capitate marker position since we have always observed

nearest to the subject. that this marker starts moving before the others do. The end
. of the movement was determined with the moment when the
2.4. Experimental procedure vertical and horizontal positions of all finger markers stabi-

lized for a while, prior to a new change caused by lifting

The experimental procedure was always started with athe object and placing it on to the table. The endpoint of
command issued by the experimenter instructing the robotthe movement was further determined by observing the point
to move the object into the “*home” position. The subject, where the interfinger distance stopped decreadify The
when ready, pressed a push-button on the table and the robofime normalization of all the assessed data was performed.
transferred the object into a randomly selected initial posi- The marker trajectories were plotted against the percentage
tion. When the object reached the initial position, OPTO- of the movement duration.
TRAK started with data acquisition. Three seconds later, an  The hand coordinate frame was defined using markers po-
audio signal informed the subject to commence with grasp- sitioned at the dorsum of the hand, as showfim 4. The
ing. In the case when there was a perturbation, robot movedframe origin was defined by the m8 marker, which was posi-
the object into a new position (for cylinder) or orientation tioned at the center of the capitate bone. Xh@xis points
(for block and plate), 0.3 s after the issued audio signal. This from the origin to the middle point between m6 and m7 mark-
movement occurred so rapidly that the object reached theers positioned on metacarpophalangeal joints of second and
new position (or orientation) before the subject’s hand could fourth finger. Thezy-axis is perpendicular to the plane de-
come in contact with the object. Upon grasping the object, fined by the three dorsum markers makingyh@xis a cross-
the subject detached it from the magnet and placed it atproduct of the axes, andx.
the center of the table. OPTOTRAK stopped the data ac- e defined thdingers pentagoms a planar shape inter-
quisition after 6s and the subject returned the object back connecting the markers of adjacent fingertips. Since all finger
to the robot tray. The experimenter moved the robot back markers never lie in the same plane, we selected three markers
into the “home” position and the procedure continued un- defining the pentagon plane, while the markers of the remain-
til five trials of object grasping in all previously described ingtwo fingers were perpendicularly projected onto the plane.
positions and orientations were recorded. As each grasp-Taking into account the leading role of the thumb and index
ing attempt was repeated five times, there were all togetherfinger in grasping, we defined this plane with these two mark-
5 X (4plock * 3eylinder + Zplate) = 45 recordings for every sub-  ers while the third marker was chosen between the third and

ject. fourth finger. It was assumed that the fourth finger plays a mi-
nor role in grasp formation. Therefore, a selection was made
2.5. Data processing between two plane definitions: thumb—index finger—third fin-

ger (‘123 digits’) and thumb—index finger—fourth finger (‘124
The reaching-to-grasp movement started with lifting of the digits’) plane.Table 1states the distances between real and
palm from the table and finished with a stable object grasp. projected marker positions for the remaining fingers. It can
The purpose of detaching the object from the tray at the robot be deduced that the average distances (i.e. errors) have con-
end-effector and placing it on the table was primarily to obtain siderably lower values for the ‘124 digit’ plane. Therefore,
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Tab|e 1 14000 T T T T T T T T T T T 100
Selection of the markers defining the pentagon plane according to the mean | BLOCK CYLINDER PLATE lo =
distances between the real and projected positions of markers of the remain- 120001 §
ing two fingers for ‘123 digits’ and ‘124 digits’ plane = r 180 ]
Object Mean distance(S.D.) (mm) £19000¢ 0 £
° [ S E
123 digits plane 124 digits plane ;’ 8000F + —I— %\%\% BCY §§
< a =
4th digit 5th digit 3rddigit  5th digit e ™ 5 §
T 6000 {1 58
Block (HO) 61(£26) 15.8@9.2) 3.1(1.2) 86 (4.2 £ ™ 85
Block (VE) 76(£2.9) 18.0(6.9) 35@1.6) 91 (+2.7) E ook ds0 B
Block (PERT1)  75(+3.8) 19.849.5) 3.6(1.9) 92 (+1.7) 8 £
Block (PERT2) 66 (+1.8) 15.88.4) 3.0¢1.1) 86 (+4.3) w0l 7 ¢
Cyl (DL) 105 (+2.4) 28.0(3.0) 5.6@1.2) 123 (x2.7) I Jo Z
Cyl (UR) 126 (£1.5) 32.4(27) 6.80.9) 140 (+2.5) o o
Cyl (PERT) 113 (£2.7) 29.8(7.6) 6.3(1.9) 130 (+4.9) ®"HO PERT2 VE PERTI DL UR PERT VE pEAT  ©
Plate (VE) 91 (£1.9) 24.8@4.1) 4.6@0.8) 108 (+3.6) ' ' _
Plate (PERT) B (£2.5) 256 ¢7.7) 4.8(1.2) 113(+4.8) Fig. 5. Maximal pentagon surface aregS.D.) (columns) and time of oc-

currence (black squares), for all objects and their positions and orientations.
Mean &S.D.) 89 (£2.2) 23.3¢6.2) 4.6(1.4) 107 (+2.0)

Distances are averaged for six subjects, over five repetitions and for the3 Results
whole duration of the movement. '

3.1. Pentagon surface area

the plane defined by the thumb, index, and fourth finger was o ) ) )
chosen as the pentagon plane. PSA is first increasing and afterwards decreasing during

An example of the pentagon spatial visualization is shown the @pproaching phase of grasping. The curve is bell shaped
in Fig. 3 The figure presents a trajectory of the pentagon nd characterized by a single peak whose value and time-

toward the block in horizontal position, as assessed for one©f-occurrence vary, depending on the characteristics of the
of the tested subjects. object to be graspedrig. 5shows the maximal PSA values

Three pentagon characteristics were analyzed. fifae and corresponding times of occurrence together with apper-

parameter was pentagon surface area denoted as PSA, whiclfining standard deviations, averaged over six subjects and

describes hand opening. The peak value of PSA hence rep_five repetitions of the grasping movement. It can be observed

resents maximal hand opening. Tsecondparameter was thatmz_;\ximal PSAdependson _the object shape and the area of
defined to be the angle between the pentagon normal emthe objec§ surface towards which the han.d approaches. PSA
anating from the pentagon center of gravity and the hand has the highest valuqs for the largest object, i.e. block. The

normal defined by the,-axis of the hand coordinate frame. lowest values of maximal PSA occur for the thin plate. Dif-

Here, it must be noticed that the direction of the pentagon ferent orientations of the block obviously also influence the
normal is the same as the direction of a normal defined Maximal PSA. The value for the block in HO orientation is

¢ noticeably higher then for the block in VE orientation. Also,
fourth finger. The pentagon, pentagon normgland hand the perturbation of the block during grasping influences the
hand opening. Maximal PSA is higher for PERT2 orientation

normal z, are presented ifrig. 4 The angle between the ) , i . .
pentagon and hand normals describes the fingers preshaprthe block with regard to its HO orientation and similarly for

ing with regard to the dorsum of the hand. As thid pa- PERT1 with regard to VE orientation. In the case of the cylin-

rameter we have introduced the angle between the pentagorf€"> the maximal PSA values remain constant, regardless of
and object normals, which indicates the fingers preshapingthe position and perturbation of the object. The perturbation

with regard to the object. The object normal was defined as /S0 had no effect on maximal PSA in case of a thin plate.
the z unit vector of the object frame, emanating from the Accordlng toFig. 5, the time of occurrence of maX|m'aI PSA
top surface of the block (in HO orientation) and from the IS clearly related _to the value ofmaX|_maI PSA: the higher the
right side of the plate (as seen Fig. 2A and C, respec- value of the maximal PSA, the later its occurrence.
tively). In the case of the cylinder, we have taken the normal
to be thez unit vector from the circular surface (as seen in 3.2. The angle between the pentagon and the hand
Fig. 2B) since the normal to the lateral surface is never unique. hormal
The spatial angle between both normals was then calculated
as: Fig. 6 shows the trajectories of the angles between the
. pentagon and hand normals. All curves start to ascend al-
- o npZ most linearly at the beginning, which indicates that fingers
#(rip, 2) = arcco |npl|Z] preshape wi)':h regard t(?the h?ind already at the onset ofqhand
movement. After reaching the peak, curves decrease to their
whereri, is the pentagon anglis the hand or object normal.  final values, which depend on the object shape. It can be

by a triangle connecting the tips of the thumb, index, an
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observed that, regardless of the object type or its extrinsic
characteristics, maximal angles always have the value of ap-
proximately 50. Comparing the time of maximal PSA in
Fig. 5and the time of maximal angle occurrencerig. 6it

can be observed that they are closely related.

angle pentagon - object (°)

3.3. The angle between the pentagon and the object
normal

Fig. 7 shows trajectories of the angles between the pen-
tagon and object normals, for all objects and their positions normalized time (%)
and orientationsig. 7a presents the angle trajectories dur- (c) object: PLATE
ing approaching to the block. When grasping the block in HO 100 " T
orientation it can be noticed that the angle slightly increases
from the initial value of approximately°Gowards 30. The
situation is similar for the block in VE position where the
angle increases from approximately’30wards 100. This
minor angular change leads to the assumption that the sub-
ject tends to preshape the fingers in such a manner that the
pentagon normal is aligned with the normal emanating from
the object grasping surface during the whole course of the ap-
proaching movement. The angular trajectories for perturbed
objects (PERT1, PERT2) confirm the latter observation since,
after the object reaches the final orientation (at approximately a0 s .
80% of time), the angles attain similar values to those found 0 20 nommalized time (%)
for static objects (positions HO and VEHRig. 7a). In PERT1
case, the angle trajectory starts to slightly increase even be-Fig. 7. Average angle trajectories between pentagon and object normal
fore the onset of the perturbance_ However, the difference (£S.D.) for (a) b_lOCk, (b) cylinder, and (c) plate. Vertical lines represent
between angles for PERT1 and HO cases is within the limits St nd end-point of object perturbance.
defined by standard deviation for static block in HO orienta-
tion.

To grasp the cylinder and the plate, the hand had to ro- the curve remains the same, regardless of the object position
tate from the initial position by 90 In case of the cylinder,  or perturbation.
the pentagon-cylinder angle similarly changes from approx-  In case of the plateéjg. 7c) when the hand rotates toward
imately 0" to 100 (Fig. 7b), which means that the pentagon the object and when the fingers preshape, the angle decreases
normal almost perpendicularly aligns with the object normal from the initial value of 90toward the final value of 35 The
emanating from the top surface of the cylinder. The shape of curves were weakly influenced by the object perturbation.

angle pentagon - object (°)
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Itisinteresting to observe that while the pentagon-cylinder follow the maximal hand opening represented by peak PSA.
angle trajectory continuously increases as fingers gradually This leads to the conclusion that at the onset of hand closure,
preshape with regard to the objefeid. 7b) the pentagon-plate  fingers always tend to preshape with regard to the hand in an
angle trajectory on the other hand becomes saddle shapedequivalent way, regardless of the target characteristics. At the
with the interval of constant angular values (between ap- end of the hand enclosure, in the closest vicinity of the ob-
proximately 35 to 85% of time). The reason could be the ject, fingers preshape with respect to the object, which leads
fact that the initial hand-plate distance is lower than the dis- to different final pentagon-hand angles for different objects.
tance between the hand and the cylinder (for all positions).  According to another hypothesis stated by MacKenzie and
Thus, while in case of the cylinder the hand gradually rotates Iberall [3,17], in order to obtain a stable grasp, fingers tend
during the whole duration of the movement, the subject hasto be placed on the object surface in such a way that the
to act more quickly in case of the plate. He quickly rotates line connecting the thumb and index finger is perpendicular
the hand in the first 35% of time (causing the decrease of to the surface on both sides. With having in mind the new
pentagon-plate angle) and then continues to transport it to-aspect of prehension description presented in this study, the
wards the object at the same orientation and closes the fingersiypothesis can be generalized with regard to all five fingers.
for grasp only in the closest vicinity of the object (85-100% According to the angles between the pentagon and block nor-
of time). mals, all fingers tend to preshape in such a manner that the

pentagon plane is more or less parallel to the block surface

(Fig. 7a). When grasping the cylindrical object, subjects tend
4. Discussion and conclusion to preshape fingers in such a way as to obtain the perpendic-

ular alignment between the pentagon normal and the normal

In this paper, a method for quantitative estimation of emanating from the top surface of the cylindeig( 7).
human prehension during reaching-to-grasp movement was Several aspects of hand prehension described by the pen-
proposed. The approach makes use of a planar pentagontagon concept were exposed in this work. The pentagon con-
which is obtained by interconnecting the tips of adjacent cept provides plenty of information concerning grasping dur-
fingers. Several pentagon characteristics were analyzed andhg the reaching-to-grasp movement. In our opinion, the pen-
proposed as parameters for quantitative evaluation of handtagon concept gives a new hitherto unexplored perspective
preshaping. towards the evaluation of grasping, whose various aspects

The pentagon surface area describes hand opening durshould be further investigated. We can conclude that the pen-
ing the approaching phase. Jeannddjchas identified that  tagon approach involves all five fingers and is therefore more
hand aperture correlates with the object size and that the maxinformative than hand aperture used in previous stu@kes
imum aperture occurs in the second half of the movement, Future directions of research include measurements in pa-
at 60—-80% of the approaching phg4é]. Our study con- tients (post-stroke, incomplete spinal cord injuries, muscle
firms his statement. The maximal PSA{. 5), representing dystrophy) with the intention of evaluating the functional
maximal hand opening, has the highest values for the largestprogress in the rehabilitation process and an assessment of
objects, although this relation is not linear (maximal PSA the improvements after drug intervention. When transferring
values for a thin plate are only slightly lower than those for the described method into the clinical environment, we plan
a cylinder). The orientation of the object influences the fin- to use a more simple system based on instrumented gloves.
gers preshaping in the case when changing orientation of
an object causes a change in the size of object surface to
which the hand approaches. When changing the block ori-
entation from horizontal to vertical, different maximal PSA Acknowledgements
values were obtained, while different orientations of the plate ) ) . )

did not influence maximal PSA values. Position changes and 1€ first author whishes to thank to Gregorij Kurillo and
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