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Force, Torque, and Stiffness: Interactions
iIn Perceptual Discrimination

Bing Wu, Member, IEEE, Roberta L. Klatzky, and Ralph L. Hollis, Fellow, IEEE

Abstract—Three experiments investigated whether force and torque cues interact in haptic discrimination of force, torque, and
stiffness, and if so, how. The statistical relation between force and torque was manipulated across four experimental conditions: either
one type of cue varied while the other was constant, or both varied so as to be positively correlated, negatively correlated, or
uncorrelated. Experiment 1 showed that the subjects’ ability to discriminate force was improved by positively correlated torque but
impaired with uncorrelated torque, as compared to the constant torque condition. Corresponding effects were found in Experiment 2 for
the influence of force on torque discrimination. These findings indicate that force and torque are integrated in perception, rather than
being processed as separate dimensions. A further experiment demonstrated facilitation of stiffness discrimination by correlated force
and torque, whether the correlation was positive or negative. The findings suggest new means of augmenting haptic feedback to

facilitate perception of the properties of soft objects.

Index Terms—Human performance, haptic perception, perception and psychophysics, stiffness, force feedback, torque feedback.

1 INTRODUCTION

ANY medical procedures are characterized by contact

with a deformable medium by means of a rigid tool.
This context is very interesting from a haptic perspective,
because it elicits time-varying forces and torques. Very little
is known about how physicians use these cues, for example,
to sense properties of target tissue for purposes of diagnosis
or to enhance control of a surgical instrument. Considerable
previous research has examined how tissue properties are
estimated from contact forces [1], [2], [3], but few studies
have been devoted to understand the sensing of torque and
its use as a cue for perceiving tissue properties such as
stiffness. In the current study, three experiments were
conducted using simulations to examine how force and
torque cues are used in isolation and in combination to
perceive simulated stiffness, and to understand the inter-
action between force and torque.

Psychophysical studies described below have examined
the perception of force and torque separately, for example,
in terms of threshold-level discrimination capability. How-
ever, it should be noted that there are no biological sensors
devoted to torque or force; these are perceptual variables
derived from mechanoreceptors in skin, muscles, tendons,
and joints that respond to the consequences of forces and
torques applied to human tissue. Thus it is not clear
whether, when force and torque are comanipulated, they
can be separated. Our studies call for separate judgments of

e B. Wu and R.L. Klatzky are with the Department of Psychology, Carnegie
Mellon University, Pittsburgh, PA 15213.
E-mail: bingwu@andrew.cmu.edu, klatzky@cmu.edu.

e R.L. Hollis is with the Institute of Robotics and Department of Electrical
and Computer Engineering, Carnegie Mellon University, Pittsburgh, PA
15213. E-mail: rhollis@cs.cmu.edu.

Manuscript received 1 Oct. 2010; revised 13 Jan. 2011; accepted 24 Jan. 2011;
published online 3 Feb. 2011.

Recommended for acceptance by M. Flanders.

For information on obtaining reprints of this article, please send e-mail to:
toh@computer.org, and reference IEEECS Log Number THSI-2010-10-0075.
Digital Object Identifier no. 10.1109/ToH.2011.3.

1939-1412/11/$26.00 © 2011 IEEE

force and torque while covarying the nonjudged variable to
determine whether separation is possible and if not, what
perceptual consequences result from coprocessing. The
results are intended to illuminate the human processing of
force and torque, both as basic constructs and as a
contribution to perceived stiffness.

Stiffness is the relation between force and displacement.
The human perceptual ability to discriminate the individual
components, force and displacement, is superior to dis-
crimination of their ratio, stiffness. Research has shown that
the perceptual resolution in force discrimination, as mea-
sured by the just noticeable difference (JND), is 7-10 percent
over a range of 0.5-200 N [2], and the thresholds measured
for limb movement and position are between 5 and 8 percent
[4], [5]. By comparison, the JND for stiffness discrimination
ranges from 8 to 22 percent [5], [6], [7], and the exact value is
affected by the range of stimuli, the methods for obtaining
judgments, and how the subject interacted with the stimuli.
Jones and Hunter [6] reported an average JND of 23 percent
for participants comparing the stiffness of simulated springs
using a contralateral limb matching procedure. Tan et al. [5]
found a lower JND of 8 percent for compliance discrimina-
tion in a fixed-displacement condition and a significantly
higher JND (22 percent) when the displacement was varied
across the stimuli. In clinical procedures, these perceptual
limits may be reflected in the demonstrably limited
sensitivity of palpation screening. The reported detection
rate for breast tumors is about 39-59 percent [8], depending
on the proximity of the mass to the surface, the density of
normal breast tissue, and physician experience.

Here, we explore the potential of torque feedback as a
means to improve sensitivity to force and stiffness. A torque
is produced when a force is exerted at a certain distance
from a pivot point in a direction not directly toward or
away from that pivot point. Human sensitivity to torque is
around 13 percent [9], [10], [11]. Jandura and Srinivasan [9]
measured the JND of a slow twisting motion and reported a
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Fig. 1. Force and torque feedback produced by the tool interacting with
soft tissue. Rotation is centered in the handle and about the z-axis. L, d,
k, f, and 7 denote moment arm length, amount of deformation, stiffness,
resisting force, and torque, respectively.

JND of 12.7 percent at the reference torque of 0.06 Nm. In
addition, torque sensitivity is found to be intrinsically
responsive to the context of task and interaction. Woodruff
and Helson [11] found that the observed torque threshold
increased from 4.4 to 12.6 percent when the reference torque
changed from 0.98 to 0.082 Nm.

Although, little research has been conducted to examine
the effectiveness of torque feedback in haptic perception
and manipulation, Wang and Srinivasan [12] examined the
role of torque in haptic perception of object location. The
participants used a stylus to contact hidden targets, real or
virtual, with full or reduced torque feedback and then
judged the target location. Performance was best when full
torque feedback was available: the slope of judged distance
as a function of target distance was 0.63 and 0.73,
respectively, for contacting real and virtual targets, but
was reduced to 0.29 and 0.24 when torque feedback was
constant or uncorrelated with force feedback. This sug-
gested that torque cues were effective for target localiza-
tion. As to haptic manipulation, the usefulness of torque is
found to be largely dependent on the task to be carried out.
Lee et al. [13] suggested that both force and torque
feedback are needed in order to successfully perform screw
insertion in a teleoperated spinal fusion surgery, while in
tasks like drawing, tracing [14] or suturing [15], little to no
facilitation was found when torque feedback was provided
along with force.

Little is still known about the role of torque in the
perception of force, and vice versa, and the influence of
torque on perceived stiffness. In theory, the perceived
torque () can be used as a source of information to assist in
estimating the twisting force (f), and vice versa, given that
they are proportional to each other (7 =feL, where L
specifies the moment arm). As to the perception of stiffness,
torque can also be an effective cue. In the example shown in
Fig. 1, torque is related to stiffness by 7 = (L e d) e k. That is,
given knowledge of L, stiffness (k) can be computed from
the perceived torque and deformation. Thus when both
force and torque are available, the estimates of stiffness
from two sources, although redundant with each other, can
then be combined to reduce uncertainty in perception and
improve the stiffness sensitivity.

Based on the above analysis, three experiments were
conducted to address the following questions: can torque
feedback help people better discriminate forces and stiffness,
and if so, how are the torque cues combined with force
feedback? Our approach follows a theoretical analysis of
Garner [16], [17], who suggested that humans may perceive
the structure in multidimensional stimuli in different ways.
If the stimulus dimensions are separable, the brain is able to
attend selectively to one dimension and exclude the other.
People may capitalize on redundant cues, as occur when two
dimensions are correlated, but irrelevant variations in a
secondary dimension can be filtered out. Alternatively, the
stimulus dimensions are integral if we cannot selectively
attend to them. Integral dimensions facilitate perception
when correlated and interfere when varied orthogonally.

To test these distinctions in the present context, partici-
pants’ ability to discriminate force was assessed in the
presence of torque, or vice versa. The statistical relation
between the force and torque dimensions of the stimuli was
manipulated, allowing us to infer the interaction between the
two types of haptic inputs. Experiments 1 and 2 investigated
the perceptual interaction between force and torque. Experi-
ment 3 used a similar procedure to investigate the utilization
of torque cues in stiffness perception.

2 EXPERIMENT 1: FORCE DISCRIMINATION IN THE
PRESENCE OF TORQUE

This and the next experiment examined if force and torque
could be judged independently, and if not, to determine
the interaction between them. Experimental stimuli were
varied in two dimensions: a task-relevant dimension
specified by the JND task (i.e., force in Experiment 1 and
torque in Experiment 2) and a secondary dimension (i.e.,
torque and force, respectively, in the two experiments).
The two dimensions were combined across four conditions
as follow:

In the baseline condition, stimuli varied only in the task-
relevant dimension but were held constant in the secondary
dimension.

In the uncorrelated condition, stimulus values on the two
dimensions were combined in a pseudo-random manner,
eliminating the possibility of inferring one stimulus dimen-
sion from the other. To keep performance at a baseline level,
the participants then must filter out the variations in the
irrelevant dimension and attend only to the task-relevant
stimulus. The failure to filter out irrelevant stimuli leads to
impeded performance, which is called Garner interference
[18], [19].

In two correlated conditions, the two dimensions of the
stimulus varied together, with a positive or negative correla-
tion. That is, on each trial, one stimulus dimension could be
fully predicted by the other. Such redundancy may result in
a gain or loss in the participants’ performance, contingent
on the direction of correlation. The performance differences
stemming from the disparity in correlation directions are
referred to as congruence effects [20], [21].

Assuming that force and torque could be perceptually
isolated and judged separately from each other, we would
expect participants to perform similarly across all condi-
tions. In contrast, if the participants” judgments were based



WU ET AL.: FORCE, TORQUE, AND STIFFNESS: INTERACTIONS IN PERCEPTUAL DISCRIMINATION 223

Display of stimulus status

noise-cancelling
4— headphone

b=
d
==

Fig. 2. Schematic illustration of the experimental setup (see text for
details).

on integrated processing of both inputs, Garner effects and
congruence effects should be be observed across the four
conditions.

2.1 Method

2.1.1 Patrticipants

Sixteen graduate and undergraduate students (nine males
and seven females with an average age of 20.4 + 2.8 years)
participated in the experiment with informed consent. To
eliminate the possible effects of handedness, all participants
were right-handed by self-report. They were naive to the
purposes of this study.

2.1.2 Apparatus and Stimuli

As shown in Fig. 2, the experimental setup consisted of a
magnetic levitation haptic interface (MLHD [22], [23],
Model# Maglev-100, Butterfly Haptics LLC. Pittsburgh,
PA, http:/ /www butterflyhaptics.com) for rendering haptic
feedback, a LCD for displaying visual information, a client
computer for controlling stimuli and acquiring data, and a
keypad for the participant to input responses.

The MLHD uses Lorentz forces for actuation, which arise
from the electromagnetic interaction between current-
carrying coils and magnets. It can exert forces and torques
in six degrees of freedom up to 40 N and 3.6 Nm,
respectively. Since there are no motors, gears, bearings, or
linkages present, the device is free of static friction and has
fast mechanical responses (an updating rate up to 4 kHz for
force feedback and a positioning bandwidth of 140 Hz). It
has a workspace of a 24 mm sphere plus £8° in rotation
about any axis. The spatial resolution is 2 ym and 3.6 arc-
sec, respectively, for translational and rotational motion.
Whereas the workspace is small, it is sufficient for a user to
manipulate virtual objects using only wrist and fingertip
motion [7], [24]. This is accomplished by the user’s grasping
the handle of the MLHD, through which forces and torques
are applied to and felt by the hand.

The MLHD was connected to the client computer via a
100 Mbps Ethernet link. The latter computer was dedicated
to controlling the presentation of the experimental stimuli.
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Fig. 3. (a) The experimental manipulation of the force/torque relation in
the stimuli. (b) Mean JND of force discrimination as a function of the
force/torque relation. Error bars represent +1 standard error.

Positive Negative
correlation  correlation Uncorrelated

It ran a multithreaded application to calculate the force and
torque to be presented, command the MLHD to render the
haptic effects, and display visual effects on the LCD display.
The haptic rendering was performed at 1 kHz with two
DOFs: the handle of the MLHD was constrained so that it
could be translated in the depth direction (z-axis) by an
amount up to 8 mm and rotated about the z-axis by no more
than +£4°. The visual rendering, which was updated at a rate
of 120 Hz, drew a yellow or blue square that was used for
identifying different stimuli to be differentiated, plus a red
line that indicated the tilt of the MLHD handle about the z-
axis at 15X magnification of that tilt to permit the operator
to keep the handle vertical.

2.1.3 Design and Procedure

The participants’ ability to discriminate forces with the
presence of additional torques, as measured by the just
noticeable difference (JND), was assessed for a reference
force of 4.0 N. Participants’ JNDs were measured using an
adaptive procedure, described in detail below, in which a
series of stimulus pairs were presented. Each experimental
stimulus represented a combination of force (upward in the
z-direction) and torque (pitched upward about the z-axis).
Across the experimental conditions, torque was related to
force in four ways (Fig. 3a): it could be constant at 0.2 Nm,
positively correlated with force, negatively correlated, or
uncorrelated. In the Positive-Correlation condition, the slope
of the torque/force equation (i.e., moment arm) was set to
0.05 m, resulting in a distribution of torque with a mean of
0.2 Nm. The Negative-correlation condition has an equivalent
distribution of torque, but a negative torque/force slope of -
0.05 m. In the Uncorrelated condition, torque was randomly
selected between 0.0 and 0.4 Nm. The testing order of the
four conditions was counterbalanced across participants
using a Latin-square design. In all experiments, subjects
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were not informed about underlying correlational structure
in the stimuli, although they may have inferred it with
experience in the task.

2.1.4 Procedure

Participants were tested individually. Each sat in a chair in
front of the MLHD and adjusted the height of chair to allow
his or her right forearm to rest on the MLHD's top rim in a
comfortable position and leave the wrist free to move.
Active noise-canceling headphones were worn to mask the
sound from the environment. Written instructions about the
task were provided as follows:

In this experiment, we would like to find out how well you can
sense the difference between two upward forces applied to your
hand. On each trial, we will present you a pair of stimuli, namely,
a “yellow” one and a “blue” one. Each stimulus consists two
components, an upward force in the +z-direction and a torque
rotating about the x-axis. Your task is to compare only the upward
forces, judge which seems stronger, and then report your judgment
by pressing the corresponding colored keys. In this experiment, we
ask you to hold the handle in an upright position. To help you on
this, the experiment program will display a red line to show you
how much the handle has deviated from upright. Please always
keep the red line as vertical as possible.

Four practice trials were then presented to familiarize the
participant with the task. Practice trials followed the same
procedure as the subsequent experimental trials, except that
different forces were used (the reference: 2.0 or 6.0 N; the
relative difference: £50%; random torque ranging from 0.0
to 0.4 Nm). Throughout the experiment, no feedback was
provided to the participants about the accuracy of their
judgments.

The threshold for force discrimination was measured
using an unforced-choice adaptive procedure [25] that
targeted 75 percent correct detections. On each trial, a pair
of stimuli was presented to the subject, one at a time, along
with a color label in the form of a yellow or blue square. One
stimulus constituted a reference force, held constant across
the adaptive series, whereas the other was a test force that
varied according to the participant’s previous responses.
The forces (reference or test) and color labels (yellow or
blue) were assigned randomly to the first and second
stimulus of a pair. The participant could switch between the
two stimuli in a pair as many times as desired. To avoid
abrupt changes in force and torque that might aid
discrimination, a transition phase with a random duration
between 0.4 and 1.0 sec was inserted between such switches.
It began by removing the current color label, followed with
gradual changes of the force and torque to zero and then to
the new values at random speeds (the slope of force and
torque changes ranged from 2.0-80.0 N/sec and 0.1-4.0 Nm/
sec, respectively), and ended by showing the color label of
the new stimulus. The participant responded by pressing
either a colored button corresponding to one of the two
stimuli or a third key, labeled “Unsure,” if he or she could
not tell the difference between the two stimuli. The
computer recorded the participant’s response and accord-
ingly adjusted the value of next trial’s test force using
Kaernbach’s algorithm: the difference between the reference
and test forces was decreased by one step if the participant
made a correct judgment, increased by three steps if
erroneous, or increased by one step for an “unsure”
response. Torque was then computed from the test force

and the predetermined torque/force relation. Under the
adaptive procedure, a reversal was tagged when a response
produced a change in the direction of adjustment (i.e., an
erroneous or unsure response preceded or followed a
correct response). A JND session was terminated when the
participant had produced eight such reversals, and the
threshold was estimated by averaging the test values
between the fourth and eighth reversal.

Each JND was measured twice in both ascending and
descending directions using the above method. The mean of
two measurements was used as the final value for statistical
analysis. In the ascending and descending sessions, the
initial test force was 20 percent higher or lower than the
reference, respectively. The initial adjustment step was one-
fourth of the initial difference and halved at the second and
fourth reversals. (The values of the initial difference and
step were determined by pretests carried out by another
group of eight participants to ensure convergence in a
reasonable time.) The trials of the ascending and descend-
ing sessions were interleaved to preclude any predictive
effects. In addition, dummy trials were inserted randomly
among the experimental trials at a rate of 20 percent, which
presented a force difference of 60 percent and a reference
force chosen randomly between 2.0 and 8.0 N.

JNDs were measured for each experimental condition for
each participant. Typically, the participants finished one trial
in less than 20 s and a whole JND session in less than
15 minutes. To avoid muscle fatigue, they could take a break
at any time by withholding the response. Additionally, there
was a break of 5 minutes for rest between the experimental
sessions. The entire experiment took approximately one hour.

2.2 Results

Fig. 3b plots the mean JND as a function of the experimental
conditions. Clearly, the participants” ability to discriminate
forces was significantly influenced by the accompanying
torque (F(3,45) = 23.16,p < 0.001, one-way repeated mea-
sures ANOVA). The mean JND across all participants was
7.8 percent in the constant-torque condition, which was in the
range of force JNDs reported previously, as reviewed
above, although in the present task that JND was measured
in the presence of a constant torque. The JND decreased to
5.5 percent (p = 0.015, pairwise comparison to the constant-
torque condition with Bonferroni correction) in the presence
of positively correlated torque and increased to 10.8 percent
(p = 0.003) with uncorrelated torque. Such redundancy gain
and Garner interference suggest that force and torque are
not separable dimensions.

In addition, significant congruence effects were ob-
served; that is, there was a contrast between Positive- and
Negative- correlation conditions: the addition of positively
correlated torque significantly enhanced the participants’
performance, whereas little improvement resulted from
negatively correlated torque (7.1 percent versus 7.8 percent,
p > 0.99, pairwise comparison with Bonferroni correction)
as compared to the Constant-torque condition. We will defer
further discussion of this issue to the Discussion section.
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Fig. 4. Mean JND of torque discrimination as a function of the force/
torque relation. Error bars represent +1 standard error.

3 EXPERIMENT 2: TORQUE DISCRIMINATION IN THE
PRESENCE OF FORCE

This experiment was parallel to the previous one, with the
reversal of the task and secondary stimulus dimensions.
Here, the participants’ ability to discriminate torques was
assessed in the presence of additional force. Their JNDs
were measured in the same four experimental conditions as
in Experiment 1, using the same adaptive procedure.

3.1 Method

Another group of sixteen right-handed participants were
tested (eight males and eight females with an average age of
21.4 &+ 3.4 years). Their ability to discriminate torques was
measured for a reference of 0.20 Nm in the presence of a
constant force or variable forces that were positively
correlated, negatively correlated, or uncorrelated with the
stimulus torque. The distribution of force had a mean of
4.0 N. The experimental setup and procedure were the same
as in the previous experiment. The participants were clearly
instructed to compare the torques that rotated the MLHD
handle upward about the z-axis, as opposed to the forces in
the z-direction. At the start of a JND measurement the initial
torque difference was set as +64% of the reference (a larger
deviation than used for force, given preliminary data
indicating that the torque JND would be higher). The initial
adjustment step was one fourth of the initial difference.
Dummy trials were presented at a rate of 20 percent, in
which case the reference torque was chosen randomly
between 0.05 and 0.40 Nm and the test torque was £85% of
the reference.

3.2 Results

As shown in Fig. 4, the results showed a pattern similar to
that observed in the previous experiment. A one-way
repeated measure ANOVA revealed a significant main
effect across the four conditions (F(3,45) = 17.24, p = 0.001).
Pairwise comparisons with Bonferroni corrections were
performed, revealing that the participants’ performance
was significantly improved by positively correlated force
feedback (15.0 percent versus 29.8 percent, p = 0.001) as
compared to the constant-force condition, but impaired by
uncorrelated force (43.7 percent versus 29.8 percent,

p =0.045), and little to no improvement was found in
torque discrimination in the presence of negative-correlated
force (33.7 percent versus 29.8 percent, p > 0.99).

Taken together, this and the previous experiment
indicate that torque and force could not be processed
separately. Although the participants were instructed to
judge force or torque alone in both experiments, their
performance still showed significant improvement in the
positive correlation condition accompanied by deterioration
in the uncorrelated condition. The latter is particularly
important as an indication that participants could not
selectively include or exclude the secondary dimension,
according to whether its cues were beneficial. Cue
combination appears to have been obligatory (cf. Garner
[16], [17]).

The observed torque JNDs were much larger than the force
JNDs obtained in the previous experiment. For example, the
JNDs were 29.9 and 7.7 percent for torque discrimination
with constant force and force discrimination with constant
torque, respectively. The torque JND was also larger than the
values reviewed above, e.g.,aJND of 12.7 percent reported by
Jandura and Srinivasan [9]. The difference could be
accounted for by several differences in the experimental
settings. First, different actions were involved in the experi-
mental tasks: in Jandura and Srinivasan’s experiments, the
participants grasped the handle of the haptic device with the
thumb and index fingerpads, and the mean workload was
0.06 Nm. Here, the participants interacted with the stimuli by
controlling the motion and force at the wrist joint while a
larger reference torque (0.20 Nm) was applied. Second and
more important, the torque sensitivity was measured here in
the presence of additional force, while the stimuli in Jandura
and Srinivasan’s experiments were pure torques only. Large
JNDs observed here might be attributed at least in part to the
effort to control a constant force and the variations in the
exerted force.

4 EXPERIMENT 3: DISCRIMINATING VIRTUAL
STIFFNESS WITH FORCE AND TORQUE FEEDBACK

In this experiment, the participants’ ability to perceive
stiffness was measured in the same four experimental
conditions as in Experiments 1 and 2. However, the stimuli
were virtual springs, with the important property that force
and torque could vary as a single stimulus was explored.
The implications of this are discussed below.

4.1 Method

In this experiment, the stimuli were simulations of virtual
springs that could be compressed by up to 16 mm along the
z-direction. The reference stiffness was set at 500 N/m.
Given the range of motion, this resulted in an opposing force
ranging from 0.0 to 8.0 N with a mean of 4.0 N (the reference
force in Experiment 1). Torque was then related to the
compression-induced force in four ways: constant, posi-
tively correlated with force, negatively correlated, or
uncorrelated. Table 1 gives the equations by which torque
varied with the compression-induced force in the four
conditions. In the positive-correlation condition, the slope of
the torque/force equation was set to 0.05 m, in order to
simulate an effect of displacing the contact point from the



226 IEEE TRANSACTIONS ON HAPTICS, VOL. 4, NO.3, JULY-SEPTEMBER 2011

TABLE 1
Equations Relating Torque to Force in Experiment 3

Experimental condition Torque/Force relation
Constant torque 7=0.20 Nm
Positive correlation (1) r=f*L
Negative correlation 13 | 7=7,— f*L
Uncorrelated (23) T= { . S L"’ p=03
', —f*L', p=05

(1). L=0.05m;

(2). L randomly selected between 0.00 m and 0.05 m;

(3). 7, & ', : selected for each trial to center the distribution of torque
around 0.2 Nm;

In all conditions, the stiffness of the reference spring was 500 N/m.

subject’s hand by that distance. This resulted in a distribu-
tion of torque ranging from zero to 0.4 Nm with a mean of
0.2 Nm (the reference torque in Experiment 2). The negative-
correlation was equivalent, but with a negative slope. In the
uncorrelated condition, there was either a positive or
negative torque/force relation for each presented stimulus,
but the direction of the correlation varied randomly from
stimulus to stimulus throughout the JND measurement.

An important difference should be noted between this
and the previous experiments as to the implementation of
the force/torque relation, and hence the perceptual de-
mands. In Experiments 1 and 2, the torque and force values
of each stimulus were constant during a trial. These values
changed across trials (i.e.,, as new test stimuli were
introduced), and thus the force/torque relation could be
determined only by comparing stimuli across trials. In this
experiment, the stimuli were virtual springs. Thus, the
feedback force and torque covaried in a continuous manner
as a spring was explored by the participant. As a result, the
covariation between force and torque, if any existed, could
be determined within a single stimulus.

Sixteen naive right-handed paticipants, ten males and six
females with an average age of 22.6 & 3.7 years, were tested.
They were clearly instructed that the task was to compare a
pair of virtual springs on each trial and judge which seemed
stiffer. They were told to press the virtual springs vertically
and keep the MLHD handle upright.

The JNDs were measured using the same procedure as
described before. The initial stiffness difference and the
initial adjustment step were +£48% and +16% of the
reference, respectively. Dummy trials were presented at a
rate of 20 percent, using a stiffness difference of 75 percent
and a reference stiffness chosen randomly between 200 and
1000 N/m.

4.2 Results

Fig. 5 plots the mean JND as a function of the experimental
conditions. As in the previous experiments, the partici-
pants’ performance was analyzed using a one-way re-
peated measures ANOVA and pairwise comparisons with
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Fig. 5. Mean JND of stiffness discrimination as a function of the force/
torque relation. Error bars represent +1 standard error.

Bonferroni corrections. The ANOVA revealed significant
between-condition differences (F(3,45) = 23.76, p < 0.001),
and pairwise comparisons further demonstrated that the
participants’” performance relative to constant torque was
significantly superior in the positive-correlation condition
(p =0.001) but inferior in the wuncorrelated condition
(p = 0.035): the mean stiffness JND was 10.5 percent when
the force and torque feedback were positively correlated and
19.6 percent when uncorrelated.

Moreover, note that the relative magnitude of improve-
ment (29.5 percent) or deterioration (31.5 percent) observed
here, compared with the constant-torque condition (the
stiffness JND of 14.9 percent), was similar to that seen in
Experiment 1, where the JND of force discrimination was
decreased by 29.8 percent in the positive-correlation condition
and increased by 38.5 percent in the uncorrelated condition.

While the present findings clearly indicate that corre-
lated torque cues enhance stiffness perception, the mechan-
isms are not yet definitively known. As was noted in the
introduction, torque could lead to an estimate of stiffness
independent of force, given an estimate of rotational
displacement, or the effect of torque could be mediated by
an enhancement of force perception, as was shown to occur
in Experiment 1.

In contrast to the previous experiments, where little effect
of the secondary dimension was found in the negative-
correlation condition, here the results revealed a significant
improvement in stiffness sensitivity (10.7 percent versus
14.9 percent, p = 0.031, as compared to the constant-torque
condition): The ]ND was reduced when torque was nega-
tively correlated with the compression-induced force, and the
facilitation was similar to that observed in the positive-
correlation condition. The following section discusses why
negative correlations between the task and secondary
dimensions may act differently, depending on the task.

5 DISCUSSION

The present experiments assessed how force and torque
cues interact in the perception of either dimension and in
the perception of stiffness. To summarize, Experiments 1
and 2 found that torque and force could not be processed
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separately. Perception was facilitated by a positive correla-
tion between them but impeded by an uncorrelated
relation. Experiment 3 examined the role of force and
torque cues in stiffness perception and found a similar
pattern. However, whereas negatively correlated torque
cues in Experiment 1 had no effect on force discrimination
and the same was found in Experiment 2, Experiment 3
showed facilitation of stiffness discrimination by negatively
correlated force and torque.

5.1 Effects of Force/Torque Correlations on

Unidimensional JNDs

The findings in Experiments 1 and 2 exhibited significant
Garner interference across force and torque dimensions.
This indicates that the dimensions were integral in the sense
of Garner [16], [17]. However, the meaning of integrality in
terms of process is not specified by the theoretical construct.
Here, we consider two possibilities.

One possible account of force/torque interactions in
terms of integrality is that it results from biomechanical
constraints. That is, the two stimuli are summed mechani-
cally at the wrist to produce a total effort involved in the
interaction. This explanation could account for the facilita-
tion observed in the positive-correlation condition, because
summation would cause the differences in stimulus levels
to become more salient. However, when this same account
is applied to the negative correlation, summation should
cause differences to become less discriminable, because
force and torque cues carried conflicting information. This
leads to the prediction that negative correlations should
produce interference, even more so than uncorrelated
variations. Accordingly, the ]ND would be higher in the
negative correlation condition than the control, which is not
observed in this study. Summation of dimensional compo-
nents cannot, then, explain the present results.

A second possibility, in keeping with Garner’s intuitions
about integrality, is that force and torque combine to create
an emergent, holistic quantity, much as shape emerges from
variations in the height and width of a rectangle [16], [17].
Stimulus comparisons can be conceived of as discriminating
between new perceptual quantities along a decision axis
that arise out of force/torque space. Interference and
facilitation effects are then related to changes in discrimina-
tion threshold due to an increased or decreased dispersion
of quantities along the decision axis in the uncorrelated and
correlated conditions. Alternatively, Ben-Artzi and Marks
[26], [27] suggested that cross-dimensional interaction
might be explained by carryover effects from one trial to
the next: more information could be transferred in the
correlated than uncorrelated conditions because of better
predictability. Since both models can explain our experi-
mental observations, the current data are insufficient to
distinguish between them.

Congruence effects were also seen in both unidimen-
sional experiments: while significant gains were observed
in discrimination ability in the positive correlation condi-
tion, no such facilitative effects were observed in the case of
negative correlation. We attribute the facilitation from
positive correlation to the convergent information the two
redundant variables provide. Obviously, the same redun-
dancy is provided by the negative correlation; however,
facilitation is absent. The null effect in this case suggests
that there is some opposing trend that is induced by the

difference in magnitude between the two variables. That is,
under negative correlation, force is high when torque is low,
and vice versa. The exact nature of the mechanism that
works against redundancy gain cannot be determined from
these data. However, interference effects between stimulus
parameters with discrepant values have previously been
observed, for example, pitch and loudness [28], [29].

Further research is needed to more fully understand the
mechanisms behind the present correlation effects, but
certainly they are consistent with the idea that force and
torque are not processed separately.

5.2 Effects of Force/Torque Correlations on
Stiffness JND

Experiment 3, where stiffness was discriminated, showed
effects of positive and random correlations like the
unidimensional components investigated in the first two
experiments. Because stiffness is intrinsically the relation
between displacement and force, it might be thought that the
facilitative effect of torque is due to its augmentation of
sensitivity to force. That is, torque might be thought of as
having only a secondary effect. However, this cannot
explain the fact that negative correlations between force
and torque did not facilitate force perception, whereas they
did facilitate stiffness discrimination. In fact, improvements
in stiffness perception were approximately equal in magni-
tude in the negative- and positive-correlation conditions in
Experiment 3.

The discrepancy across experiments in the role of negative
correlations calls for a different kind of explanation. It might
be accounted for by different strategies for cue utilization.
Specifically, each stimulus in Experiments 1 and 2 had a
constant value of force and torque. In contrast, the stimuli in
Experiment 3 were virtual springs, which were explored
dynamically. Hence in Experiment 3, dynamic cues may play
an important role in stiffness discrimination. In the absence
of correlated torque, stiffness must be judged from the force/
displacement relation. Given correlated torque, stiffness can
be judged similarly from the torque/displacement relation,
or both cues, as sampled across the phases of compressing or
releasing. Judgments from dynamic force and torque cues
were apparently insensitive to the direction of the force/
torque correlation because those cues, even when negatively
correlated, actually presented coherent information about
stiffness.

6 CONCLUSIONS

To summarize, the present study shows facilitation of
processing force, torque, and stiffness under cue-correlation
conditions. This suggests a new approach to augment
haptic feedback and assist users to better perceive soft
objects. This might be particularly helpful in simulations of
minimally invasive surgery where only reduced haptic cues
are available to the operator.
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