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Role of gravitational cues in
the haptic perception of orientation

EDOUARD GENTAZ and YVETTE HATWELL
Université Pierre Mendes France, Grenoble, France

The haptic perception of vertical, horizontal, +45°-oblique, and +135°-oblique orientations was
studied in adults. The purpose was to establish whether the gravitational cues provided by the scan-
ning arm-hand system were involved in the haptic oblique effect (lower performances in oblique ori-
entations than in vertical-horizontal ones) and more generally in the haptic coding of orientation.
The magnitude of these cues was manipulated by changing gravity constraints, and their variability
was manipulated by changing the planes in which the task was performed (horizontal, frontal, and
sagittal). In Experiment 1, only the horizontal plane was tested, either with the forearm resting on
the disk supporting the rod (“supported forearm” condition) or with the forearm unsupported in the
air. In the latter case, antigravitational forces were elicited during scanning. The oblique effect was
present in the “unsupported” condition and was absent in the “supported” condition. In Experi-
ment 2, the three planes were tested, either in a “natural” or in a “lightened forearm” condition in
which the gravitational cues were reduced by lightening the subject’s forearm. The magnitude of the
oblique effect was lower in the “lightened” condition than in the “natural” one, and there was no
plane effect. In Experiment 3, the subject’s forearm was loaded with either a 500- or a 1,000-g
bracelet, or it was not loaded. The oblique effect was the same in the three conditions, and the plane
effect (lower performances in the horizontal plane than in the frontal and sagittal ones) was present
only when the forearm was loaded. Taken together, these results suggested that gravitational cues
may play arole in haptic coding of orientation, although the effects of decreasing or increasing these

cues are not symmetrical.

The problem studied here is how humans perceive ver-
tical, horizontal, and oblique orientations in the haptic
(tactual-kinesthetic) modality. In vision, performance on
a variety of perceptual tasks is superior for stimuli ar-
ranged in the vertical and horizontal orientations as op-
posed to oblique orientations. The origin of this aniso-
tropy, called the “oblique effect” by Appelle (1972), is still
unclear. Essock (1980) proposed a distinction between
“class 1 oblique effects,” observed when one is measur-
ing the basic functioning of the visual system (acuity,
contrast threshold, and other measures of sensitivity) and
“class 2 oblique effects,” reflecting memory, learning,
perceptual, and cognitive processes. Class 1 effects are
consistently explained by physiological factors, such as
anisotropy in the population of cortical cells (Dick &
Hochstein, 1989; Essock, 1980, 1982, 1990; Heeley &
Timmey, 1988; Jenkins, 1985; Long & Tuck, 1991; Saar-
inen & Levi, 1995). The origin of Class 2 oblique effects
is less clear and has been attributed to different factors:
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left-right discrimination (Corballis & Beale, 1976), mem-
ory deficit (Bryant, 1974; Harris, Le Tendre, & Bishop,
1974), or selective practice (Vogels & Orban, 1985).

These Class 2 oblique effects may also be affected by
the reference frame used, because obliques are obliques
only through reference to some spatial frame. The pres-
ence of an oblique effect therefore reveals a spatial cod-
ing relative to a frame. According to Rock (1983, p. 332),
reference frames have “the status of principles of organi-
zation.” The classical distinction between egocentric (with
reference to the subject’s body) and allocentric (with ref-
erence to external cues) frames is considered today to be
too restrictive. Paillard (1991; see Berthoz, 1991) proposed
that both egocentric and allocentric frames depend on a
geocentric frame based on the direction of gravity and de-
fining a Cartesian coordinate system with vertical and
horizontal coordinate axes. In the frontal plane, coding of
the vertical and horizontal orientations requires one to
process one of the coordinate axes only, whereas oblique
orientations require a coding taking into account both axes
(Cecala & Garner, 1986; Lasaga & Garner, 1983) and in-
tegrating the parameters computed on each one. The differ-
ence between these two modes of coding would contribute
largely to the oblique effect.

These analyses are not specific to visual perceptions
and may be extended to haptic ones. To support this view,
Cecala and Garner (1986) showed that adults localize a
point visually by using an internal (not modality-specific)
set of references aligned with the vertical and horizontal
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directions given by gravity. On the other hand, Soecht-
ing and Ross (1984) and Worringham, Stelmach, and
Martin (1987) reported that the proprioceptive signals
are perceived more readily in terms of limb segment in-
clination in relation to the gravitational vertical than as
joint angles.

This reference to gravity may be enhanced in haptic as
opposed to visual perception because, when the arm—
hand system scans an oriented rod, it develops antigrav-
itational forces that provide gravitational cues to the sub-
ject. Gravitational cues are indirect cues taken from the
proprioceptive information contained in the pattern of
tissue deformations (skin mechanoreceptors, joints, and
muscles). These deformations depend on the specific
muscular forces necessary to maintain and move the arm—
hand system under the gravity environment (G) during
perceptual exploration. Recent data show that muscle re-
ceptors contribute significantly to the proprioceptive limb
sense (for a review, see Roll, 1994). For example, when
a stationary limb is made to vibrate, subjects experience
consistent illusory limb movements (Goodwin, McClos-
key, & Matthews, 1972; Roll, Vedel, Gilhodes, & Ribot,
1986). Since muscle receptors are sensitive to the action
of external forces on the limb, they are likely to be af-
fected by changed gravity (Bock, 1994).

Researchers examining the effects of G level (simu-
lated or actual) have been concerned mainly with arm
movement control (Fisk, Lackner, & Dizio, 1993) or po-
sition/movement proprioceptive sense (Bock, 1994).
Very few have studied these effects on haptics (Marche-
tti & Lederman, 1983). The results show that the accu-
racy of aimed arm movements deteriorates under
changed gravity (Bock, Howard, Money, & Arnold,
1992; Coello & Orliaguet, 1994; Coello, Orliaguet, &
Prablanc, 1996; Watt et al., 1985). A proposed explana-
tion is that proprioceptive information about arm posi-
tion and movement was degraded under these conditions.
Various physiological explanations have been proposed:
some authors have suggested that the muscle spindle ac-
tivity is modified in changed gravity, whereas others
have assumed the existence of body graviceptors, which
could be the Golgi tendon organs (Dietz, 1994).

In haptics, in addition to the level of G, the gravita-
tional and antigravitational forces at work during the
arm—hand scanning depend on the plane in which the
task is performed. The planes already studied in con-
temporary research are horizontal (like the surface of a
table), frontal (like the surface of a blackboard on a wall),
and sagittal (in the median plane passing through the
midline of the subject’s head). In the latter two planes,
the movements exploring the stimulus rod in the bottom-
up direction require high muscular antigravitational
forces, whereas those in the reverse direction need less
muscular effort. Consequently, the magnitude of the
gravitational cues is highly variable during scanning. By
contrast, in the horizontal plane, this variability is mini-
mal: because movements are performed in front of the
subject in a direction perpendicular to gravity, they re-
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quire constant antigravitational forces. It may therefore
be that, in addition to the level of G, the variability of
gravitational cues affects the accuracy of haptic orienta-
tion coding.

Prior research on haptic perception of orientation rarely
controlled the plane in which the task was performed,
and Gentaz and Hatwell (1995) suggested that control-
ling this factor could clarify some results. For example,
the oblique effect was found in blindfolded sighted adults
tested haptically in the frontal plane by Lechelt, Eliuk,
and Tanne (1976) and Lechelt and Verenka (1980), and
it was found too in the passive touch of congenitally
blind adults tested in the horizontal plane (Lechelt,
1988, 1992). According to Lechelt, these results re-
vealed the importance of experiential and learning fac-
tors: because verticals and horizontals are privileged in
our “carpentered” environment, and because this factor
acts similarly in vision and haptics, the same oblique ef-
fect is at work in the two modalities. But Appelle and
Countryman (1986) questioned this interpretation. They
argued that in blindfolded sighted subjects, the haptic
oblique effect demonstrated by Lechelt et al. “was not
related to haptic sensitivity, but stemmed. .. from the in-
herently different scanning patterns required in bilateral
exploration of obliques™ (p. 325)—that is, when one
hand explored the standard and, after a delay, the other
hand set the response rod (as was the case in Lechelt’s
experiments). These movements activate the same pat-
tern of agonist/antagonist muscles and tendons when
the standard is vertical or horizontal, but they differ
when it is oblique. Appelle and Countryman (1986)
tested this assumption by comparing Lechelt’s “two-
hands” procedure (but in the horizontal plane instead of
the frontal plane) and another one in which the same
hand explored the standard and then set the response rod
(“one-hand” condition). In the latter case, the same scan-
ning movements were at work for both the vertical—
horizontal rods and the oblique ones. The results sup-
ported the authors’ predictions: the oblique effect was
present in the two-hand condition and absent in the one-
hand condition.

But Appelle and Countryman’s (1986) hypothesis was
not supported by further observations obtained when the
planes in which the task was performed were varied.
Gentaz and Hatwell (1995) asked blindfolded subjects to
perform the task in ipsilateral (one-hand) and controlat-
eral (two-hand) conditions in the horizontal plane (as in
Appelle & Countryman’s study), the frontal plane (as in
Lechelt et al., 1976; Lechelt & Verenka, 1980), or the
sagittal plane. The interest in the sagittal plane stems from
the fact that in it, the same pattern of agonist/antagonist
muscles and tendons are activated when one is setting ver-
ticals, horizontals, and obliques. Nevertheless, the hap-
tic oblique effect was present in this sagittal plane, even
when the same hand explored and set the response rod.
Consequently, the difference between scanning move-
ments could not be considered as the main factor gener-
ating the haptic oblique effect.
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Two results reported by Gentaz and Hatwell (1995)
needed further analysis, however. First, the accuracy of
performances was globally higher in the frontal and sag-
ittal planes (which did not differ) than in the horizontal
plane. This observation will be referred to henceforth as
the plane effect. Second, as in Appelle and Countryman’s
(1986) study, the oblique effect was absent in the hori-
zontal plane when the subjects performed the task in the
one-hand condition (labeled “ipsilateral” by Gentaz & Hat-
well, 1995), whereas it was present in the two-hand con-
dition (labeled “controlateral” by Gentaz & Hatwell, 1995).

The interpretation of Gentaz and Hatwell (1995) was
that the haptic oblique effect depended in some ways on
the magnitude and the variability of the gravitational
cues provided by the arm—hand system when it acted in
space. Contrary to finger movements, shoulder and arm
movements are constrained by the gravity environment
(Martinez, 1971; Paillard, 1971, 1974, 1991) and by the
plane in which the movement is performed (Fisk et al.,
1993; Robert & Ohlmann, 1994; Wong, 1977). In the
haptic task used by Gentaz and Hatwell (1995), the length
of the rod was 25 c¢m, and therefore the arm and shoul-
der were involved in scanning. Although the magnitudes
of the available gravitational cues were similar in the three
planes (normal G level), their variability was different
according to the plane, as has been discussed earlier.

These differences may explain why the oblique effect
was not present in the ipsilateral-horizontal condition of
Gentaz and Hatwell’s study (1995). In the horizontal pre-
sentation of their display, the stimulus rod was fixed in
direct contact with a metal disk and could rotate around
its center. When scanning the rod, the subject’s wrist and
forearm could partly rest on the disk surface, which
acted as a support. Consequently, reduced muscular anti-
gravitational forces were needed in order to maintain the
arm at the level of the stimulus, and, as a result, the grav-
itational cues provided by the scanning arm—hand system
were decreased. If coding relied on a Euclidean spatial ref-
erence frame, decreasing information on the gravita-
tional vertical would affect the accuracy of responses in
all orientations, since all of them refer to the gravitational
vertical. However, under decreased gravity cues, coding
the vertical (and correlatively the horizontal) orientation
may be more impaired than coding obliques, because, al-
though it remains a coordinate axis, the vertical orienta-
tion loses the benefit of being directly specified by the
gravity cues elicited during haptic scanning. As a result,
no oblique effect would appear in this condition.

In sum, we assumed that the haptic perception of ori-
entation might be influenced by the magnitude and the
variability of the gravitational cues elicited by the scan-
ning arm—hand system. As a result, we predicted that
(1) the oblique effect would be observed in the presence
of gravitational cues (natural cues or enhanced cues), be-
cause these cues help the coding of the vertical and hor-
izontal orientations more than the oblique ones; this
oblique effect would be absent or reduced when the mag-
nitude of gravitational cues was lowered; and (2) what-

ever the mean magnitude of these cues, the level of vari-
ability of the gravitational cues during scanning would
affect the global accuracy of haptic orientation coding.
High variability of cues would enhance, whereas low vari-
ability would impair, performance. As a result, fewer er-
rors would be observed in the frontal and sagittal planes
than in the horizontal one (the plane effect).

In the present study, we tested these hypotheses. The
magnitude of gravitational cues was manipulated by sim-
ulating changes in environmental gravity. The level of
variability of these cues was modified by performing the
task in the three planes: horizontal, frontal, and sagittal.

In Experiment 1, we examined the first hypothesis
only in the horizontal plane. In it, the distance between
the stimulus rod and the disk was either 0 cm (in the
supported-forearm condition, replicating the condition
used by Gentaz & Hatwell, 1995), or 8 cm. In the latter
unsupported-forearm condition, the subject’s forearm
could no longer rest in physical contact with the disk sur-
face during scanning and was actively maintained in the
air by the subject. If the magnitude of gravitational cues
was responsible for the elicitation of the oblique effect,
this effect would be present in the unsupported-forearm
condition (where the magnitude of gravitational cues
was “natural”) and would be reduced or absent in the
“supported forearm” condition (where this magnitude
was lowered).

In Experiments 2 and 3, we studied further the role of
gravitational cues. In Experiment 2, we reduced the mag-
nitude of these cues by lightening the subject’s forearm
with a device in which the exploring forearm was con-
nected with a weight sliding along two pulleys. In Ex-
periment 3, we enhanced the magnitude of gravitational
cues by loading the subject’s forearm with a bracelet
weighing 500 or 1,000 g. These two experiments were
performed in the three planes: horizontal, frontal, and
sagittal. If the magnitude and the variability of gravita-
tional cues were involved in the haptic coding of orien-
tation, the oblique effect and the plane effect would be
reduced or absent in the lightening condition (Experi-
ment 2) and would be enhanced in the loading condition
(Experiment 3).

EXPERIMENT 1

In this experiment, subjects were asked to explore a
standard orientation in the horizontal plane and then to
reproduce this orientation ipsilaterally (i.e., with the
same hand) in one of two conditions. Condition 1 (sup-
ported forearm) replicated the condition of exploration,
proposed by Appelle and Countryman (1986) and Gen-
taz and Hatwell (1995), which revealed no oblique ef-
fect. In this condition, the stimulus rod was fixed directly
on the disk surface and, therefore, the wrist and forearm
could rest physically on it while the hand explored the
rod. The magnitude of gravitational cues was minimal in
this condition and stemmed only from the reaction force
of the disk. In Condition 2 (unsupported forearm), the



stimulus rod was 8 cm distant from the disk and, there-
fore, antigravitational forces should be elicited in order
to explore the rod. Therefore, the magnitude of gravi-
tational cues was higher in this condition than in Condi-
tion 1. If gravitational cues participated in the haptic
oblique effect, an oblique effect should be observed under
the unsupported-forearm condition and should be re-
duced or absent in the supported-forearm condition.

Method

Subjects. The subjects were 24 right-handed undergraduate
students in psychology and sociology (12 males, 12 females), who
participated in the experiment in exchange for extra course credit.
Their handedness was assessed with the use of Bryden’s five-item
(1977) hand preference questionnaire (writing, throwing, draw-
ing, scissors, and toothbrush).

Apparatus. The apparatus was composed of a black metal disk
(diameter, 40 cm) equipped with a rod (25 X 1.8 cm). This rod,
mounted on the center of the disk, could be rotated 360° around
its central axis. Magnets were fixed inside the rod to maintain it
in the desired orientation and to prevent involuntary deviation
from its position during haptic scanning. A small amount of force
was required for its position to be changed intentionally. This rod
could be fixed either directly in contact with the disk (in Condi-
tion 1), or parallel to the disk surface at 8 cm from it (in Condi-
tion 2; see Figure 1). The force required to change the position of
the rod was similar in the two conditions. The rod was connected
to a potentiometer, which indicated (in degrees) to what extent its
orientation deviated from the vertical. This vertical orientation
was arbitrary defined as aligned with the subject’s midsagittal
plane. The disk was positioned in the horizontal plane (like the
surface of a table) and was centered on the subject’s body mid-
line. The subjects sat in the front midline of the apparatus, per-
pendicular to the surface of the disk, and were asked to maintain
their trunk fixed upright. The height of the disk was adjusted with
reference to the subject’s height, so that the rod was positioned at
a level under the subject’s chest.

Experimental conditions and Procedure. The subject was
taken individually into a quiet room in which the apparatus was
masked by a cloth, and was then blindfolded with translucent
glasses that passed light but no pattern information. The task was
to scan haptically with one hand (i.e., to move actively the arm—
hand—digit system) on the oriented standard rod and to reproduce
the same orientation with the same hand after a 5-sec delay. A 5-sec
delay was introduced to replicate Appelle and Countryman’s (1986)
and Gentaz and Hatwell’s (1995) procedures. Because the same rod
was alternatively the standard and response rod, this delay was also
used by the experimenter to modify the orientation of the rod be-
tween the presentation and the response phases. The initial orienta-
tion of the response rod was never one of the four tested orienta-
tions. It was approximately 80° more or less than the standard
orientation tested during the trial and was determined at random by
the experimenter at the right or the left of the standard orientation.
During the delay, the subject was asked to move his/her hand off
the display and to maintain it in contact with his/her abdomen.

The subjects explored haptically the standard with one hand
over its full length. After the delay, using the same hand, they set
the response rod. Each subject was tested under one of two ex-
ploratory conditions. In the first, or supported-forearm, condition,
the rod was in direct contact with the disk surface. The subject
was instructed to maintain his/her wrist and forearm resting in
physical contact with the disk support during the whole trial. In a
familiarization phase, the arm—hand system was first guided by
the experimenter and the subject was trained to explore actively
under these instructions. In the second, or unsupported-forearm,
condition, the subjects explored a rod 8 cm distant from the disk

GRAVITATIONAL CUES IN HAPTICS

b
a
o o
Potentiometer

1281

A
b
a
o
Potentiometer
B

Figure 1. Lateral view of the apparatus, with the disk posi-
tioned in the horizontal plane and the rod fixed either directly in
contact with the disk (B), or 8 cm distant from the disk (A): Ex-
periment 1. a, disk; b, stimulus rod.

surface and parallel to it. For each exploration condition, half the
subjects used the right hand and the other half used the left.

Four orientations were tested in the horizontal plane: 0° (verti-
cal), 45° (left-slanting oblique in relation to subject’s view), 90°
(horizontal, perpendicular to the subject’s sagittal plane), and 135°
(right-slanting oblique in relation to subject’s view). Three addi-
tional “catch” (distractor) trials in other orientations (randomly
selected from among the following: +15°, +75°, +105°, or +165°)
were interspersed with test trials in order to avoid inducing any
awareness that the tested orientations were restricted to four. No
feedback was given to the subject during the experiment and there
was no time constraint.

Since each subject performed 3 trials in each of the 4 orienta-
tions tested, there were 12 test trials per subject. In addition, as
stated earlier, 3 catch trials were presented randomly (i.e., 15 trials
per subject).

Results

The data analyses were carried out on the angular dif-
ference (in degrees) between the positions of the stan-
dard and test rods. The mean error (signed and absolute)
was then calculated for each of the four orientations for
each subject.

The mean signed errors for each condition are shown
in Table 1A. We considered that the four orientations



1282 GENTAZ AND HATWELL

Table 1A
Mean Signed Angular Errors, With Standard Deviations,
as a Function of Forearm Condition and
Stimulus Orientation in Experiment 1

Orientation
Vertical +45° Horizontal +135°
Forearm M SD M SD M SD M SD
Unsupported ~ 0.5° 2.5° 0.9° 6.6° 24°% 33° —0.1° 3.8°
Supported 2.1° 4.0° 0.2° 3.5° 14° 5.1° 2.4°T 4.1°
Note—Probabilities for ¢ tests are as follows: *p <.05. .10 >p>

.05.

moved counterclockwise across an imaginary circle
(whose origin was the vertical orientation), and we at-
tributed to the subject’s response a positive sign if there
was an overestimation (the response rod was positioned
too far from the standard) and a negative sign if there was
an underestimation (see Figure 5). A preliminary analy-
sis of variance (ANOVA) of signed errors showed that
gender and hand had no effect and did not interact with
any other factor. Consequently, results were further col-
lapsed across gender and hand. A 2 (forearm condition)
X 4 (orientation) ANOVA (with repeated measures on
the last factor) on signed errors revealed no significant
effect of orientation [F(3,66) = 0.39, p >.25] or of fore-
arm condition [F(1,22) = 0.38, p > .25], nor an inter-
action between these two factors [F(3,66) = 0.93, p >
.25]. Further ¢ tests compared the mean values of each
condition to zero, in order to determine whether there
were systematic directional errors. Results of these tests
(Table 1A) showed that errors tended to be positive but,
except for one of them, they failed to reach significance.
When the eight conditions were collapsed, the global
mean error was positive (M = 1.24, SD = 4.23) and sig-
nificant [#(95) = 2.88, p <.01]. This suggests that peo-
ple have a tendency to slightly overshoot when setting
the rod. The reason for this tendency is not clear.

The mean absolute errors for each condition are shown
in Table 1B. Because absolute errors have generally an
asymmetrical distribution, a logarithmic transformation
[log (x + 1)] was carried out on each angular difference
in order to fulfill the normality condition required for the
ANOVA (Abdi, 1987). The Lilliefors test (Lilliefors,
1967) for normality showed that the difference between

the normal and the empirical distribution of scores in de-
grees (before transformation) was significant [L(calcu-
lated) = 0.113 > L(critical) = 0.105, p < .01] whereas
the difference between the normal and empirical scores
in log after transformation was not [L(calculated) =
0.076 < L(critical)]. Table 1B gives the mean absolute
errors before transformation (in degrees) and after their
log transformation.

A preliminary ANOVA on absolute errors in log
showed that gender and hand had no effect and did not
interact with any other factor. Consequently, results were
collapsed across gender and hand. A 2 (forearm condi-
tion) X 4 (orientation) ANOVA (with repeated measures
on the last factor) on absolute errors in log revealed a
main effect of orientation [F(3,66) = 3, p <.05]. Partial
analyses showed no difference between the vertical
(M = 0.64) and horizontal (M = 0.72) orientations
[F(1,22) = 2.5, p = .11], nor between the 45° (M =
0.77) and 135° (M = 0.78) obliques [F(1,22) = 0.02,p >
.25]. As it is classically done in the literature, we col-
lapsed on the one hand the vertical and horizontal orien-
tations, and on the other hand the two oblique orienta-
tions. This allowed a preplanned measure of the oblique
effect. This effect (i.e., the difference between the mag-
nitudes of errors when setting vertical-horizontal and
obliques) was significant [F(1,66) = 6.6, p < .025]: er-
rors were higher in the oblique (M = 0.77) than in the
vertical-horizontal (M = 0.68) orientations.

The forearm condition X orientation interaction was
significant [F(3,66) = 5.9, p <.005] (Figure 2), meaning
that the oblique effect was not present (mean for vertical—
horizontal = 0.72, mean for 45°—135° = 0.68) in the
supported-forearm condition [F(1,22) = 0.04, p > .25]
and was present (mean for vertical-horizontal = 0.65,
mean for 45°-135° = 0.87) in the unsupported-forearm
condition [F(1,22) = 39, p <.001]. The effect of fore-
arm condition did not affect the scores in the vertical—
horizontal settings [F(1,22) = 2.1, p = .15], whereas it
was significant in the oblique settings [F(1,22) = 16.4,
p <.001]: errors were higher in the unsupported-forearm
than in the supported-forearm conditions.

Discussion
The main finding of this experiment is that, in the
horizontal plane, the oblique effect appeared in the

Table 1B
Mean Absolute Angular Errors in Degrees and Log Transformed
(in Parentheses), With Standard Deviations, as a Function of
Forearm Condition and Stimulus Orientation in Experiment 1

Orientation
Vertical +45° Horizontal +135°
Forearm M SD M SD M SD M SD
Unsupported 3.4° 1.5° 7.6°  3.6° 420 22° 6.3° 2.8°
(0.61) (0.19) (0.91) (0.17) (0.68) (0.21) (0.83) (0.18)
Supported 4.3°  29° 3.6° 1.9° 5.1°  2.2° 4.7°  2.5°

(0.68) (0.21)

(0.63) (0.18)

(0.76) (0.15)  (0.72) (0.18)
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Figure 2. Mean absolute angular errors in log as a function of forearm condition and stimulus
orientation in the horizontal plane: Experiment 1.

unsupported-forearm condition, in which the magnitude
of gravitational cues was natural because the stimulus rod
was away from the disk. By contrast, in the supported-
forearm condition, in which these cues were reduced be-
cause the rod was directly in contact with the disk, the
oblique effect was absent. The latter observation repli-
cated Appelle and Countryman’s (1986) and Gentaz and
Hatwell’s (1995) findings.

On the one hand, Appelle and Countryman’s (1986)
interpretation of the role of movement coding in the hap-
tic oblique effect was not confirmed because the oblique
effect was present in the unsupported-forearm condition,
although the same hand explored and set the response
rod. On the other hand, these results are consistent with
the hypothesis that the haptic oblique effect depends on
the magnitude of gravitational cues. However, the fact
that errors increased in setting oblique orientations in the
unsupported-forearm condition was not consistent with
our first hypothesis assuming that the oblique effect
would stem from the enhanced accuracy of vertical—-
horizontal settings when gravitational cues were avail-
able. Experiments 2 and 3 were further designed to ex-
tend this study to the frontal and sagittal planes and to in-
troduce other modifications of the gravity environment.

EXPERIMENT 2

In this experiment, the gravitational cues were re-
duced by a physical device (consisting of a set of pulleys
and weights) that lightened the subject’s forearm. The
disk-rod display was the same as in the unsupported-
forearm condition of Experiment 1; that is, the rod was

8 cm distant from the disk, and the three planes were
tested (horizontal, frontal, and sagittal). If the magnitude
and the variability of gravitational cues during scanning
were involved in orientation coding, the amount of the
oblique effect and of the plane effect (more accurate per-
formance in the frontal and sagittal planes than in the hori-
zontal plane) would be lower in the lightened-forearm
condition than in a natural control condition (without
lightening). This would derive from the fact that fewer
gravitational cues would be available in the lightened-
forearm condition. As a result, errors would increase in
the setting of vertical-horizontal orientations, especially
in the frontal and sagittal planes. The difference in accu-
racy between vertical-horizontal and oblique orienta-
tions, and between frontal—sagittal and horizontal planes,
would therefore decrease.

Method

Subjects. The subjects were 48 right-handed undergraduate fe-
male students (see explanations below) in psychology and sociol-
ogy who participated in the experiment in exchange for extra
course credit. Their handedness was assessed with the use of Bry-
den’s five-item hand preference questionnaire.

Apparatus. The apparatus had the rod 8 cm distant from the
disk (Figure 1A). To test subjects in the three planes of space, the
disk and rod could be positioned in the frontal plane (like the sur-
face of a blackboard), in the horizontal plane (like the surface of
a table), or in the sagittal plane (in the median plane passing
through the midline of the subject’s head). These three planes
were orthogonal to each other. The lightening mechanism was
composed of a strap tied up to the subject’s forearm. This strap
was connected with a suspended weight by a cable sliding through
two fixed pulleys (Figure 3). The height of the disk was adjusted
with reference to the subject’s height: in the frontal and sagittal
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Figure 3. Apparatus showing how the subject’s forearm was
lightened; in this example, the disk was positioned in the frontal
plane: Experiment 2. a, disk; b, stimulus rod; c, pulleys; d,
weighted block.

planes, the top of the disk was at the level of the subject’s shoul-
ders; in the horizontal plane, the rod was positioned at a level
under the subject’s breast.

Experimental conditions and Procedure. Each subject was
tested under one of two forearm conditions. In the control condi-
tion (the natural condition), the subjects were not connected to the
lightening device and they explored the rod naturally. This condi-
tion was the same as the unsupported-forearm condition of Ex-
periment 1. In the second condition (the lightened-forearm con-
dition), the subjects were connected to the pulleys and explored
the rod with their forearm lightened (Figure 3). The mechanism
allowing lightening could not be seen by the subject, because it
was installed after blindfolding. The weight suspended to the pul-
leys varied from one subject to another. To find the appropriate
weight for each subject, the experimenter tested different weights
(in ascending and descending series, by steps of 10 g of sand) and
asked the subject to indicate the weight “with which her arm did
not feel any pressure pulling it upward or downward” when the
forearm was at the level of the center of the disk for the frontal and
sagittal planes (Figure 3) or 5 cm above the rod for the horizontal
plane. This weight was selected as the most appropriate to un-

weight the subject’s arm. Of course, these appropriate weights de-
pended on the subject’s body characteristics (size and weight).
The mean selected weight was 760 g (range: 590-960 g). To de-
crease the intersubject variability of the selected weights, only fe-
male subjects were tested. It was reasonable to think that the ex-
clusion of males would have no consequence in this study.
Contrary to what occurs in vision, where spatial abilities have
often been found to vary according to gender (Voyer, Voyer, &
Bryden, 1995), in haptics no effect of gender was observed in
Gentaz and Hatwell’s (1995) research, or, more generally, in stud-
ies on haptic modality (Berthiaume, Robert, St-Onge, & Pelletier,
1993; Walker, 1972). Informal observations showed that the light-
ening device did not modify significantly the type of movements
performed in this experiment: subjects actively moved their arm—
hand system to scan the rod.

For each forearm condition, one third of the subjects were tested
with the disk positioned in the horizontal plane, another third were
tested with the disk in the frontal plane, and the remaining third
were tested with the disk in the sagittal plane. Half the subjects
used the right hand and the other half used the left hand. The rest
of the procedure was the same as in Experiment 1.

Results

The mean signed errors for each condition are shown
in Table 2A. The attribution of sign was the same as in
Experiment 1. A preliminary ANOVA showed that hand
had no effect and did not interact with any other factor.
Consequently, results were collapsed across hand. A 2
(forearm condition) X 3 (plane) X 4 (orientation) ANOVA
(with repeated measures on the last factor) on signed er-
rors revealed no significant effect of orientation [F(3,126)
= 0.99, p>.25], plane [F(2,42) = 0.36, p > .25], or fore-
arm condition [F(1,42) = 0.22, p > .25], nor were there
any interactions between these three factors: plane X
forearm condition [F(2,42) = 0.64, p > .25], orientation
X plane [F(6,126) = 0.5, p > .25], orientation X fore-
arm condition [F(3,126) = 1.5, p > .20], orientation X
plane X forearm condition [F(6,126) = 0.45, p > .25].
Further # tests compared the mean values of each condition
with zero, in order to determine whether there were system-
atic directional errors. Results of these tests (Table 2A)
showed that most of the mean errors were positive, with
a tendency to overshoot. However, only 2 out of 24 val-
ues were significant and only 1 approached significance.
When the 24 conditions were collapsed, the global mean

Table 2A
Mean Signed Angular Errors, With Standard Deviations, as a Function of
Forearm Condition, Plane, and Stimulus Orientation in Experiment 2

Orientation
Vertical +45° Horizontal +135°
Plane M SD M  SD M SD M  SD
Natural Forearm Condition
Horizontal —0.9° 5.2° 1.6° 7.7° —0.1° 4.1° 0.7° 4.9°
Frontal 0.7° 5.8° —0.1° 8.9° —0.2° 2.5° 5.99% 3.8°
Sagittal —0.2° 3.4° 1.5° 6.1° 3.0°T 4.1° 2.2° 8.3°
Lightened Forearm Condition
Horizontal 0.9° 9.8° 2.9°F 3.2° 1.7° 4.3° —0.4° 5.38°
Frontal 0.1° 6.8° 2.6° 6.0° -0.8° 3.9° 0.1° 4.9°
Sagittal 0.1° 6.8° 2.6° 6.0° —-0.8° 3.9° 0.1° 4.9°
Note—Probabilities for ¢ tests are as follows: *p <.01. Tp<.05.



error was positive (M = 0.97, SD = 5.66) and signifi-
cant [#(191) = 2.36, p < .02]. The reason for this ten-
dency to overshoot is not clear.

The mean absolute errors (in degrees and in log) for
each condition are shown in Table 2B. For the same rea-
sons as in Experiment 1, a logarithmic transformation,
log (x + 1) was carried out on each angular difference for
each subject in each condition.

A preliminary ANOVA of absolute errors in log
showed that hand had no effect and did not interact with
any other factor. Consequently, results were collapsed
across hand. A 2 (forearm condition) X 3 (plane) X 4
(orientation) ANOVA (with repeated measures on the
last factor) of absolute errors in log revealed a main ef-
fect of orientation [F(3,126) = 11.6, p <.001], showing
fewer errors in the vertical (M = 0.76) and the horizontal
orientations (M = 0.74), which did not differ [F(1,42) =
0.43, p > .25], than in the 45° (M = 0.89) and the 135°
(M = 0.90) obliques [£(1,42) = 31, p <.001], which did
not differ [F(1,42) = 0.1, p > .25]. There was a main ef-
fect of forearm condition [F(1,42) = 6.2, p <.025], with
more errors in the lightened-forearm condition (M =
0.87) than in the natural (control) condition (M = 0.78).
The plane effect failed to reach significance [F(2,42) =
2.2, p = .10] and did not interact with orientation [F(6,126)
= 1.5, p>.15] or forearm condition [F(2,42) = 0.11, p >
.25], or with both factors [F(6,126) = 0.83, p > .25].

The forearm condition X orientation interaction was
significant [F(3,126) = 2.9, p <.05] (Figure 4): forearm
conditions affected only the vertical-horizontal settings
[F(1,42) = 11.9, p<.001], not the oblique ones [F(1,42)
= 0.28, p>.25]. In these vertical-horizontal settings, er-
rors were higher in the lightened condition (M = 0.83)
than in the natural (control) condition (M = 0.67), whereas
they were similar in the oblique settings (lightened =
0.91 and natural = 0.88). The oblique effect, however,
was significant in both the lightened condition (for
vertical-horizontal, M = 0.83; for 45°-135°, M = 0.91)
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[F(1,42) = 4.8, p < .05] and the natural condition (for
vertical-horizontal, M = 0.67; for 45°-135°, M = 0.88)
[F(1,42) = 32.9, p <.001].

Discussion

These results support the assumption that the haptic
oblique effect is linked to the magnitude of the gravita-
tional cues provided by the arm—hand system when it
scans in the three spatial planes. Although the oblique
effect appeared here in the two forearm conditions, its
magnitude decreased in the lightened-forearm condition,
in which the magnitude of gravitational cues was lowered.
This decrease of the oblique effect was due to a lower ac-
curacy of the coding of the vertical-horizontal orienta-
tions as opposed to obliques (which did not vary according
to the forearm condition). This result is consistent with
our hypotheses, but it is opposite to what was observed
in Experiment 1, in which the oblique effect observed in
the horizontal plane in the unsupported-forearm condi-
tion was due to increased errors in the oblique settings.
This difference may have resulted from the fact that only
the horizontal plane was tested in Experiment 1, whereas
the three planes were studied in the present experiment.

On the other hand, the variability of the gravitational
cues during scanning had no effect on orientation coding
accuracy. These cues varied as a function of the plane in
which the task was performed, because in the lightened-
forearm condition, higher forces were required when the
forearm moved downward and lower forces were re-
quired when it moved upward. These variations due to
acceleration were present in the frontal and sagittal planes
but were absent in the horizontal plane. However, con-
trary to our hypotheses, the plane effect was not signifi-
cant and there was no interaction between forearm con-
dition and plane.

In Experiments 1 and 2, we tested the role of decreased
gravitational cues as compared with natural conditions.
Experiment 3 was designed to study the reverse effect—

Table 2B
Mean Absolute Angular Errors in Degrees and Log Transformed
(in Parentheses), With Standard Deviations, as a Function of
Forearm Condition, Plane, and Stimulus Orientation in Experiment 2

Orientation
Vertical +45° Horizontal +135°
Plane M SD M SD M SD M SD
Natural Forearm Condition
Horizontal 5.5 32° 7.7° 4.9° 52°  2.1° 6.9° 3.1°
(0.77) (0.21)  (0.88) (0.24) (0.76) (0.18) (0.87) (0.17)
Frontal 3.8°  2.0° 9.1°  4.4° 3.1° 1.0° 7.4°  4.3°
(0.64) (0.20)  (0.95) (0.26) (0.60) (0.13) (0.88) (0.22)
Sagittal 2.9° 1.4° 6.5° 2.7° 43° 2.8° 7.8°  4.7°
(0.57) (0.18)  (0.84) (0.19) (0.68) (0.22) (0.90) (0.20)
Lightened Forearm Condition
Horizontal 8.5° 4.0° 8.0° 4.3° 6.8° 2.4° 10.1°  5.0°
(0.94) (0.19)  (0.91) (0.20) (0.87) (0.12) (1.00) (0.20)
Frontal 6.3°  3.8° 8.3° 2.9° 5.8°  2.7° 6.2° 34°
(0.81) (0.21)  (0.94) (0.15) (0.80) (0.16) (0.81) (0.21)
Sagittal 6.7°  4.1° 6.3°  3.1° 4.7°  2.7° 8.5° 29°
(0.82) (0.26)  (0.82) (0.20) (0.71) (0.23) (0.96) (0.14)
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Figure 4. Mean absolute angular errors in log as a function of forearm condition and stimulus ori-

entation: Experiment 2.

to determine whether increasing gravitational cues would
increase correlatively the amount of the oblique effect
and the plane effect.

EXPERIMENT 3

In order to increase the magnitude of gravitational cues
in the three planes, the gravity constraints were enhanced
by loading the subject’s forearm. This forearm was equipped
with a bracelet weighing either 500 or 1,000 g. A control
group had no bracelet and performed the task in the same
natural condition as in Experiment 2. If the magnitude
and the variability of gravitational cues were involved in
orientation coding, both the oblique effect and the plane
effect would be affected by these variations. We predicted
that, because more gravitational cues are available in it,
errors in the loaded forearm conditions would decrease
in the setting of vertical-horizontal orientations and in
the frontal and sagittal planes. Consequently, the oblique
effect and the plane effect would increase.

Method

Subjects. The subjects were 72 right-handed undergraduate fe-
male students (see explanations below) in psychology and sociol-
ogy who participated in the experiment in exchange for extra course
credit. Their handedness was assessed with the use of Bryden’s
five-item hand preference questionnaire.

Apparatus and Procedure. The disk—rod display was the
same as in the natural control condition of Experiment 2, with the
stimulus rod 8 cm distant from the disk surface. The disk was po-
sitioned in one of the three planes. In one natural (control) condi-
tion (W1), the subject’s forearm was not weighted and the gravi-

tational cues depended only on the normal forearm weight of each
subject. In the other two conditions, the subject’s forearm was
loaded with a bracelet (like those used by joggers) weighing either
500 g (W2) or 1,000 g (W3). In the latter conditions, gravitational
cues depended on the subject’s forearm weight added to the
weight of the bracelet. The subjects could not see the bracelet be-
cause it was installed after blindfolding. As in Experiment 2, only
females were tested in order to reduce the variability of body size
and forearm weight. Except in the forearm conditions, the proce-
dure was the same as in Experiments 1 and 2. Each subject was
tested under one of the three forearm conditions (24 subjects in
each group).

Results

The mean signed errors for each condition are shown in
Table 3A. The attribution of sign was the same as in Ex-
periments 1 and 2. A preliminary ANOVA of signed errors
showed that hand had no effect and did not interact with
any other factor. Consequently, results were collapsed
across hand. A 3 (forearm condition) X 3 (plane) X 4 (ori-
entation) ANOVA (with repeated measures on the last
factor) revealed no main effect of orientation [F(3,189) =
1.7, p = .15], plane [F(2,63) = 0.07, p > .25], or fore-
arm condition [F(2,63) = 0.5, p > .25]. There was an in-
teraction between orientation and plane [F(6,189) = 4.5,
p <.001]. It means that, in the frontal plane, there was an
effect of orientation [F(3,63) = 16.6, p < .001] only in
oblique settings (Figure 5): errors were negative (—2.5°)
in the +45° oblique, whereas errors were positive (+4.4°)
in the +135° oblique [respectively, F(1,21) = 20.1, p <
.001, and F(1,21) = 8, p < .025]. This bias was similar
to the “normalization effect” (a tendency to reproduce



Table 3A
Mean Signed Angular Errors in Degrees, With Standard
Deviations, as a Function of Forearm Condition, Plane,
and Stimulus Orientation in Experiment 3

Orientation
Vertical +45° +135°
Plane M SD M SD M SD M SD

Horizontal

W1: Natural Forearm Condition

Horizontal —1.1° 4.5° 0.1° 53° 0.7° 3.9° 4.4°7 509°
Frontal 0.2° 3.0° 24° 69° 0.7° 2.6° 4.4 56°
Sagittal —0.6° 3.3° 1.7° 3.9° 2.7° 43° 19° 89°
W2: With 500 g
Horizontal ~ 1.3° 6.7° 3.4° 6.8° 2.7° 42° —3.6° 59°
Frontal 2.3°T 3.1° —4.9°% 1.3°  12° 3.1° 4.4°% 33°
Sagittal 0.2° 42° 1.3° 54° 28%F 35 28 50°
W3: With 1,000 g
Horizontal ~ 5.9°F 8.1° 1.5° 6.1° —2.3° 59° —1.3° 52°
Frontal 2.3°T 310 —4.9°% 1.3°  12° 3.1° 4.4 3.4°
Sagittal 0.8° 2.7° 0.7° 2.2° —05° 2.8° 1.3° 34°
Note—Probabilities for 7 tests are as follows: *p<.01. T.10>p>
.05.

oblique orientations closer to the vertical) often observed
in the visual modality; see Howard, 1982). No directional
errors were observed in the horizontal [F(3,63) = 1.32,
p > .25] or sagittal planes [F(3,63) = 0.9, p>.25]. There
was also an orientation X plane X forearm condition in-
teraction [F(6,189) = 2.3, p<.01], showing that the above-
mentioned plane X orientation interaction was present only
in the W2 and W3 conditions. The reason why normaliza-
tion was present only in the frontal plane and in the loaded
forearm conditions is unclear.

Further # tests compared the mean values of each con-
dition with zero, in order to determine whether there
were systematic directional errors. Results of these tests
(Table 3A) showed that 4 out of 36 values were signifi-
cant and 6 approached significance. The significant values
were those obtained in the frontal plane, and their direc-
tion was consistent with the normalization effect re-
vealed in this plane by the ANOVA. When the 36 condi-
tions of this experiment were collapsed, the global mean
error was positive (M = 1.09, SD = 5.08) and signifi-
cant [#(287) = 3.63, p < .002]. As in the preceding ex-
periments, the subjects tended to overshoot when setting
the rod. We further collapsed all the 68 conditions stud-
ied in the three experiments reported here (8 conditions
in Experiment 1, 24 conditions in Experiment 2, and 36
conditions in Experiment 3), testing 144 subjects and 4
orientations. The general mean error was positive (M =
1.09, SD = 5.14) and significant [#(575) = 5.19, p <
.001]. This confirmed that there was a systematic ten-
dency to slightly overshoot. The interpretation of this
tendency would require further research.

The mean absolute errors (in degrees and in log) for
each condition are shown in Table 3B. As in Experi-
ments | and 2, a logarithmic transformation, log (x + 1),
was carried out on each angular difference for each sub-
ject in each condition.
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A preliminary ANOVA on absolute errors in log
showed that hand had no effect and did not interact with
any other factor. Consequently, results were collapsed
across hand. Another ANOVA (3 forearm conditions X
3 planes X 4 orientations, with repeated measures on the
last factor) on absolute errors in log showed a main ef-
fect of orientation [F(3,189) = 14.5, p <.001] revealing
fewer errors in the vertical (M = 0.68) and horizontal
orientations (M = 0.73), which did not differ [F(1,63) =
2, p>.15], than in the 45° (M = 0.86) and the 135° (M =
0.84) obliques [F(1,63) = 35.2, p <.001], which did not
differ [F(1,63) = 0.95, p > .25]. Forearm conditions had
no main effect [F(2,63) = 1.2, p>.25] and did not inter-
act with orientation [F(6,189) = 1.6, p > .13].

There was a main effect of plane [F(2,63) = 15.2,p <
.001], with more errors in the horizontal plane (M = 0.87)
than in the frontal and sagittal planes [F(1,63) = 29, p <
.001], which did not differ (M = 0.74 and M = 0.72,
respectively) [F(1,42) = 0.89, p>.25]. The plane X fore-
arm interaction was significant [F(4,63) = 3.7, p <.01]
(Figure 6). It means that the plane affected the scores
when the forearm was weighted with 500 g (W2) and
1,000 g (W3) [respectively, F(2,21) = 6.1, p < .01, and
F(2,21) = 14.6, p <.001] and had no effect in the natural
control condition (W1) [F(2,21) = 1.85, p>.25]. In the
W2 condition, errors were higher in the horizontal plane
(M = 0.89) than in the frontal (M = 0.73) and sagittal
(M = 0.76) planes [F(1,21) = 11.6, p < .01], which did
not differ [F(1,14) = 0.4, p > .25]. Similarly, in the W3
condition, errors were higher in the horizontal plane
(M = 0.9) than in the frontal (M = 0.69) and sagittal
(M = 0.66) planes [F(1,21) = 28.6, p <.01], which did
not differ [F(1,14) = 0.7, p > .25]. By contrast, forearm
condition did not affect the scores in the horizontal plane
[F(2,21) = 1.1, p > .25] and failed to reach significance
in the frontal [F(2,21) = 2.9, p > .08] and sagittal

reproduced orientation
-2.5°

Vertical

Figure 5. Mean signed angular errors in degrees as a function
of oblique orientations in the frontal plane: Experiment 3.
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Table 3B
Mean Absolute Angular Errors in Degrees and Log Transformed
(in Parentheses), With Standard Deviations, as a Function of
Forearm Condition, Plane, and Stimulus Orientation in Experiment 3

Orientation
Vertical +45° Horizontal +135°
Plane M SD M SD M SD M SD
W 1: Natural Forearm Condition

Horizontal 4.7°  2.9° 6.8° 4.3° 4.9°  2.1° 7.6° 4.9°
(0.71) (0.21)  (0.85) (0.19)  (0.75) (0.17)  (0.88) (0.22)

Frontal 3.8°  1.9° 9.3°  45° 420  1.2° 8.3° 2.7°
(0.64) (0.20)  (0.96) (0.26)  (0.71) (0.10)  (0.95) (0.13)

Sagittal 3.0 1.3° 5.3°  2.3° 4.1°  3.1° 8.8° 4.9°
(0.58) (0.17)  (0.79) (0.17)  (0.64) (0.26)  (0.95) (0.21)

W2: With 500 g

Horizontal 7.3°  3.0° 7.9°  1.5° 7.0 2.2° 7.1° 4.7°
(0.90) (0.15)  (0.94) (0.08) (0.88) (0.15) (0.86) (0.22)

Frontal 34°  2.0° 6.6° 1.9° 4.0  1.6° 6.0° 4.3°
(0.61) (0.20)  (0.87) (0.11)  (0.68) (0.14)  (0.74) (0.35)

Sagittal 3.7 1.9° 6.6° 2.8° 4.6° 1.7° 5.8 1.9°
(0.63) (0.19)  (0.85) (0.15)  (0.73) (0.15)  (0.82) (0.13)

W3: With 1,000 g

Horizontal 8.1°  6.3° 8.0° 2.5° 7.1°  4.1° 8.6° 1.7°
(0.86) (0.33)  (0.94) (0.13) (0.84) (0.29)  (0.98) (0.08)

Frontal 3.7° 1.8° 5.6°  1.5° 34°  2.5° 49° 29°
(0.65) (0.17)  (0.81) (0.10)  (0.59) (0.23)  (0.73) (0.20)

Sagittal 3.0° 2.1° 4.4° 2.2° 4.6° 2.1° 3.7° 1.4°
(0.55) (0.22)  (0.71) (0.17)  (0.71) (0.18)  (0.65) (0.13)

[F(2,21) = 2.9, p > .08] planes. The other interactions
were not significant: orientation X plane [F(6,189) = 1.3,
p > .25], orientation X forearm condition [F(6,189) =
1.6, p = .14], and orientation X plane X forearm condi-
tion [F(12,189) = 0.5, p > .25].

Discussion

The results concerning the oblique effect are at vari-
ance with those predicted, since the magnitude of the
oblique effect, although always significant, did not change
as a function of the magnitude of gravitational cues
(loading conditions W1, W2, and W3). The effect of plane
was only partially consistent with our predictions: it
changed as a function of forearm condition, but it was ab-
sent in the W1 condition, whereas it was equally present
in the W2 and W3 conditions.

GENERAL DISCUSSION

In this research, we studied the role of the gravita-
tional cues provided by the arm—hand system in the hap-
tic coding of orientation. If the magnitude and variabil-
ity of these cues during scanning were involved in the
elicitation of the oblique effect and the plane effect re-
ported by Gentaz and Hatwell (1995), these effects
should be eliminated or attenuated in conditions in which
the magnitude and variability of these cues were very
low, and they should increase in conditions in which the
magnitude and variability of these cues were increased.
We tested these hypotheses by asking subjects to repro-
duce vertical, horizontal, and +45°- and + 135°-oblique

orientations in different planes and in different forearm
conditions of exploration: with reduced levels of G
(the supported-forearm condition of Experiment 1 and
lightened-forearm condition of Experiment 2), natural
(control) condition, and increased levels of G (W2 and
W3 loaded-forearm conditions of Experiment 3).

Let us first discuss the role played by the magnitude of
gravitational cues in the haptic oblique effect. When
these cues were low, the oblique effect was absent or it
significantly decreased. The interpretation of an absence
of anisotropy is actually equivocal. Observing no oblique
effect may mean that the mode of processing was not
spatial and was, for instance, based on movement cod-
ing, especially on the variation of joint angles. However,
no anisotropy may also be observed when, although cod-
ing was spatial, the gravitational cues were too poor to
generate a difference between vertical and horizontal set-
tings as compared with oblique ones.

When gravitational cues were natural (the unsupported-
forearm condition of Experiment 1; the natural control
conditions of Experiments 2 and 3), the presence of an
oblique effect led to less ambiguous interpretation. As
already stated, observing an oblique effect implies that
the subject used a mode of processing based on a spatial
frame of reference, which is very likely a Cartesian co-
ordinate system. In such a system, vertical and horizon-
tal orientations are parallel to (or superimposed on) the
coordinate axes, whereas obliques are not. Coding the ver-
tical and horizontal orientations of the rod requires one
therefore to process one dimension only, whereas coding
obliques requires one to compute values on the two dimen-
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Figure 6. Mean absolute angular errors in log as a function of forearm condition and plane: Ex-

periment 3.

sions and to integrate these values in order to estimate
the actual orientation of the rod.

The oblique effect, which is assumed to result from
these differences in the cost of processing, did not ap-
pear in the present study when gravitational cues were
consistently reduced, and it was observed when these
cues were normally available. This suggests that, as pre-
dicted, these cues participated in the elicitation of the
oblique effect. But how they act in orientation coding is
less clear. Our initial assumption was that a decrease of
these cues, although increasing errors in all orientations,
would affect more severely the accuracy of settings of
the vertical (and correlatively horizontal) orientations, be-
cause information on verticality is directly given by grav-
itational cues. This interpretation was partly supported
in Experiment 2. In it, increased errors were observed in
the vertical-horizontal settings of the lightened-forearm
condition, in which gravitational cues were reduced, as
compared with the vertical-horizontal settings of the con-
trol natural forearm condition, in which gravitational cues
were normally available. Because oblique settings were
not affected by forearm conditions, the oblique effect was
absent in the lightened-forearm condition and was pre-
sent in the natural control condition. However, an oppo-
site result was observed in Experiment 1. In it, there was
no difference between the vertical-horizontal settings
obtained in the supported-forearm condition, in which
gravitational cues were reduced, and the unsupported-
forearm condition, in which gravitational cues were nat-
ural. By contrast, errors increased in the oblique settings
of the unsupported-forearm condition, and this increase
generated the oblique effect. It is possible that, as stated

earlier, this inconsistent result stems from the fact that in
Experiment 1 we tested only the horizontal plane, whereas
in Experiment 2 we tested the horizontal, frontal, and
sagittal planes. Further research should clarify this point.

When the magnitude of gravitational cues was enhanced
(the loaded-forearm conditions W2 and W3 of Experi-
ment 3), the oblique effect was present, but, contrary to
our hypothesis, it was not increased in these conditions
in comparison with the natural control W1 condition.

Taken together, these results showed that the magni-
tude of gravitational cues acts asymmetrically on the
haptic oblique effect. Whereas this effect was attenuated
or absent when gravitational cues were decreased, it was
not enhanced when these cues were increased. A tenta-
tive interpretation of this asymmetry may rely on train-
ing effects. In everyday life, the subject’s forearm and
hand are often loaded (with tools, keys, bags, umbrellas,
etc.), whereas they are rarely lightened, except when com-
pletely immersed in water. Practice with a loaded arm is
therefore higher than practice with a lightened arm.

A similar asymmetry of the effects of microgravity
and hypergravity (simulated or natural) is found in the
literature. For example, as concerns decreased gravity
cues, Turvey, Solomon, Burton, Pagano, and Runeson
(1992) observed no haptic oblique effect when an ori-
ented rod was held in the hand and wielded. But in this
study, gravitational cues were reduced because the sub-
ject’s forearm rested on a rigid surface while wielding
the rod. This condition was similar to our supported-
forearm condition of Experiment 1, in which the oblique
effect was absent. It would be interesting to test Turvey
et al.’s task when the subject’s forearm is maintained in
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the air. In a connected field, Fisk et al. (1993) observed
that the amplitude of slow movements during the 0 G
phase of flight was decreased in the vertical and hori-
zontal planes. Similarly, Bock (1994) found that when
the forearm was immersed in water, the proprioceptive
position sense in an elbow-angle matching task (in the
horizontal plane) was more variable than in normal con-
ditions, and the forearm deviated systematically upward.
This set of observations converges to show that reducing
or suppressing gravitational cues affects the appreciation
of limb position, movement control, and the sensory—
motor organization of the arm—hand system.

On the other hand, a number of studies failed to find
an effect of hypergravity on perceptual-motor perfor-
mances. For example, Marchetti and Lederman (1983)
found that when the haptic exploration of a standard and
a response rod involved the same arm movement (either
radial or tangential) in the horizontal plane, the haptic
length estimations were not affected when the forearm
was weighted with a mass. Similarly, in another condi-
tion of Bock’s study (1994), the unsupported forearm
was loaded with a mass. Results showed that both sys-
tematic and variable angle matching errors remained un-
changed under simulated hypergravity. Finally, Fisk et al.
(1993) found that the ability to reproduce limb move-
ments between practiced end points was not altered dur-
ing the 1.8 G phase of flight.

Whatever the origin of this asymmetry of effects, our
results suggest that, although gravitational cues are in-
volved in haptic orientation coding, the oblique effect is
not directly proportional to the amount of these cues. In-
stead, it may be that the magnitude of these cues plays a
role in the selection of the mode of processing and, as a
result, in the presence or absence of the oblique effect. A
low level of gravitational cues could induce a mode of
processing not based on a geocentric frame, but rather
on joint-angle coding, which will not elicit an oblique ef-
fect. A natural and an increased magnitude of gravita-
tional cues could induce a spatial mode of processing
based on a Cartesian coordinate system and would gen-
erate the oblique effect. Finally, an intermediate magni-
tude of gravitational cues could induce a processing
based either on movement coding or on a coordinate sys-
tem, or a mixed processing based on both. These as-
sumptions should be tested in further research.

It is noteworthy that our focus on the role of the Carte-
sian reference frame in the elicitation of the oblique ef-
fect is consistent with the fact that Soechting and Flan-
ders (1992) demonstrated (electrophysiologically or
behaviorally) the use of coordinate systems in motor tasks.
These authors suggested that it is not coincidental that in
all the motor tasks they reviewed, one of the coordinate
axes was defined by the gravitational vertical and an-
other by the sagittal horizontal axis. Thus, they proposed
“that ultimately there is a common earth-fixed frame of
reference used for all motor tasks. As we move in a three-
dimensional world dominated by gravity forces and by
visual horizon, ... one advantage of representing infor-
mation ... in a common spatial frame of reference might

be that exchange of information is facilitated” (1992,
pp. 186—187). These propositions could reasonably be
extended to perceptual processes and to the sensory—
motor dialogue in haptics.

Let us examine now the hypothesis that the variability
of gravitational cues during scanning also has an effect
on the haptic coding of orientation. As was explained in
the introduction, variability of these cues was generated
by changing the plane in which the task was performed.
This variability was low (or nil) in the horizontal plane,
because in it, the arm—hand system scanned always in a
direction perpendicular to gravity. By contrast, the mag-
nitude of the gravitational cues generated by antigravi-
tational forces varied consistently during scanning in the
frontal and sagittal planes as a function of the direction
of exploration (upward or downward). We predicted,
therefore, that the variability of gravitational cues would
enhance the accuracy of settings and that errors would
therefore be higher in the horizontal plane than in the
frontal and sagittal ones. This prediction was confirmed
only in the loaded-forearm (W2 and W3) conditions of
Experiment 3. In all the other conditions tested in Ex-
periments 2 and 3 (the natural control conditions and
lightened-forearm condition), the effect of plane was not
significant. This means that, although it may be useful,
the variability of cues is not the main determinant of
haptic coding of orientation. On the other hand, the fact
that in the natural conditions, the same oblique effect ap-
peared in the three planes suggests that in the horizontal
plane, what is labeled “vertical” (which is actually a pro-
jection of the gravitational vertical on the midsagittal
horizontal plane) had the same functional properties as
did the true gravitational vertical tested in the frontal and
sagittal planes.

Of course, in addition to the factors linked to the grav-
itational cues studied here, the presence of a haptic
oblique effect could be partially explained in blindfolded
people by visual imagery. Visualization is a process often
involved in the haptic spatial functioning of sighted sub-
jects because of the dominant function of vision in human
spatial processing (Pick, 1974; for reviews, see Hatwell,
1986, 1990, 1994; Heller, 1991; Millar, 1994). Visual re-
coding of haptic spatial information has been demon-
strated in shape recognition and reconstruction (Wor-
chel, 1951), in the vertical-horizontal illusion (Heller,
1991, 1992; Heller & Joyner, 1993), in the haptic judg-
ments of orientation (Appelle & Countryman, 1986; Ap-
pelle & Gravetter, 1985), and so forth. It is therefore
likely that visualization participated in the manifestation
of the haptic oblique effect in our study, because a strong
oblique effect has been systematically found in the vi-
sual modality. In order to evaluate the role of visual im-
agery, haptic orientation coding should be studied in
congenitally blind subjects. Lechelt (1988) observed a
tactile oblique effect in 5 totally blind adults tested with
an electrotactile cutaneous stimulation obtained via the
Optacon apparatus (a reading aid for the blind). But only
2 subjects were blind from birth, and the task concerned
only passive touch in the horizontal plane. Consequently,



we are currently testing a group of congenitally blind
subjects with our display allowing a measure of the hap-
tic oblique effect in the three planes.

In summary, this study supports Gentaz and Hatwell’s
(1995) proposals that gravitational cues are involved in
the haptic perception of orientation. The oblique effect
appeared when the magnitude of these cues was normal
or increased, and it was reduced or absent when these
cues were reduced. However, increasing and decreasing
the values of G level did not have symmetrical effects.
Further research should clarify these relations between
gravity constraints and haptic coding of orientation by
testing other oblique orientations, different from the
+45° and +135°obliques studied here. For example,
examining the effects of changed gravity in the setting of
rods whose orientation is varied by steps of 10° or 15°
would specify the least deviation from the vertical elic-
iting the oblique effect under each gravity condition. In
addition to their theoretical interest, these studies may
have practical applications in the manual performance of
astronauts during space flight, and more generally in
manual tasks in which visual control is not possible.
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