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Despite a wealth of literature on discrimination thresholds for displacement, force magnitude, stiffness, and viscosity, there
is currently a lack of data on our ability to discriminate force directions. Such data are needed in designing haptic rendering
algorithms where force direction, as well as force magnitude, are used to encode information such as surface topography. Given
that haptic information is typically presented in addition to visual information in a data perceptualization system, it is also
important to investigate the extent to which the congruency of visual information affects force-direction discrimination. In this
article, the authors report an experiment on the discrimination threshold of force directions under the three display conditions of
haptics alone (H), haptics plus congruent vision (HVcong), and haptics plus incongruent vision (HVincong). Average force-direction
discrimination thresholds were found to be 18.4◦ , 25.6◦ , and 31.9◦ for the HVcong, H and HVincong conditions, respectively. The
results show that the congruency of visual information significantly affected haptic discrimination of force directions, and that
the force-direction discrimination thresholds did not seem to depend on the reference force direction. The implications of the
results for designing haptic virtual environments, especially when the numbers of sensors and actuators in a haptic display do
not match, are discussed.
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INTRODUCTION

With the availability of commercially available force-feedback devices, it is now possible to achieve
haptic feedback in many activities, such as virtual sculpting, surgical simulation, and data perceptualization. In a typical application, the user of a force-feedback device controls the position and movements
of an avatar and experiences the force variations resulting from the avatar interacting with a virtual
or remote environment. The user combines the perception of the user-induced motions with that of
the feedback force in order to interpret the properties of the virtual or remote objects. The realism
of such haptic interactions depends on the force display, the rendering algorithm (including the environment model), and human perception. In fact, there are now many examples of how the design of
both hardware (device) and software (algorithm) takes into account human sensory and motor capabilities (see, for instance, Srinivasan, Beauregard, and Brock 1996; Tan et al. 1995; Robles-De-La-Torre
and Hayward 2001; Otaduy and Lin 2003). A great deal is now known about our ability to haptically
discriminate linear and rotary displacement (Armstrong and Marks 1999; Clark 1992; Durlach et al.
1989; Jones and Hunter 1992), force magnitude (Jones 1989; Pang et al. 1991), stiffness or compliance
(DiFranco et al. 1997; Durfee et al. 1997; Jones and Hunter 1990; Lawrence et al. 2000; O’Malley and
Goldfarb 2002; Srinivasan et al. 1996; Tan et al. 1995), and viscosity (Jones and Hunter 1993), either
with or without visual (or sometimes auditory) information. However, the authors are not aware of any
previous study on the perception of force direction (although, see Klein 1977, for early work using a
speeded-force discrimination task), presumably because it is difficult to design an experimental apparatus that can accurately administer forces in controlled directions. This is a serious omission since the
user of a force-feedback device experiences both the direction and magnitude of forces while interacting
with a virtual environment. Therefore, the first aim of the present study was to quantify the haptic
threshold for force-direction discrimination using a force-feedback display.
The need for a force-direction discrimination threshold arose during an investigation on the impact
of sensor/actuator asymmetry on shape perception. The term sensor/actuator asymmetry refers to the
configuration of a haptic interface, where the number of sensors does not match that of actuators,
particularly when there are more sensors than actuators (Barbagli and Salisbury 2003). In a simple
example, a user controls the position of a virtual ball against a virtual wall in the x − y plane and
receives feedback force along the y-axis only (see Figure 1). Assuming a simple proxy-based contact
model where the calculated feedback force is proportional to the penetration depth of the virtual ball
into the virtual wall, it is clear that the direction of the calculated feedback force (perpendicular to the
virtual wall) and the feedback force the user actually feels (along the y-axis only) differ by α, as shown
in Figure 1. To the designer of the haptic interface and/or the virtual environment, the knowledge of
force-direction discrimination threshold is crucial in predicting when the user will start to “notice” that
the interaction has become unrealistic.
The second aim of the present study was to investigate the influence of visual information on the
haptic perception of force directions. It is well known that vision can influence haptic perception (e.g.,
Ernst and Banks 2002; Heller et al. 1999; Hendrix et al. 1999; Klatzky et al. 1987; Lederman et al.
1986; Rock and Victor 1964; Roder et al. 2004; Soto-Faraco et al. 2002; Spence and Driver 1997; Spence
et al. 2000; Srinivasan et al. 1996; see also Spence and Driver 2004, for a comprehensive summary of
recent advances in our understanding of the multisensory nature of perception from developmental,
neurophysiological, as well as behavioral perspectives). Since the visual display is usually an integral
part of a haptic virtual environment, it is important for us to understand to what extent vision can
influence our ability to discriminate force directions. Specifically, we evaluated the effect of vision
by presenting visual information that was either congruent or incongruent with the haptic stimuli.
The results were expected to shed light on the guidelines for designing haptic virtual environment
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Fig. 1. A simple example of sensor/actuator symmetry where a user controls a 2-DOF (degree of freedom) virtual ball with
1-DOF feedback forces against a (a) horizontal, (b) tilted, and (c) vertical virtual wall.

systems and for understanding the integration of visual and haptic information in space (in particular,
orientation) perception.
2.
2.1

METHODS
Participants

Twenty participants (mean age of 26 years, age range from 21 to 39 years; 15 males and 5 females),
all students at Stanford University, took part in this experiment. All of the participants had normal,
or corrected-to-normal, vision, and a normal sense of touch. Seventeen of the participants were righthanded, one was left-handed, and two were ambidextrous by self-report. The participants were recruited
by word of mouth and did not receive any compensation for their participation. The experiment was
conducted in accordance with the Stanford University Institutional Review Board ethical guidelines
and lasted for approximately 45 minutes.
2.2

Apparatus and Materials

The participants were seated in front of a 19-inch computer monitor (at a distance of 60 cm) in an
experimental booth. They were instructed to insert their dominant index finger (or their right index
finger for the two ambidextrous participants) into the thimble of a PHANToM (Premium 1.5, SensAble
Technologies, Inc., Woburn, MA) force-feedback device, placed 30 cm away from the monitor in the
direction of the participant’s dominant hand, occluded from the direct view of the participants (see
Figure 2). A computer keyboard was placed at a comfortable distance such that the participants could
give their responses with their nondominant hand. The participants were instructed to rest their dominant arm on an armrest and to hold a squeezable gel ball gently in their dominant hand with their
index finger pointing outward (i.e., away from their body). This was done to prevent participants from
making excessive hand or arm movements that might have given them additional kinesthetic cues.
The experiment involved a force being applied to the participant’s finger inserted in the thimble, subtly
moving the finger in the direction of the applied force until the participant provided an opposing force
to maintain the finger in a stable position.
2.3

Stimuli

The haptic stimuli were generated by the force-feedback device. Five reference force vectors were used.
They included the normal vectors corresponding to the top, right, and left sides of a cube, and the
normal vectors corresponding to the upper-front two faces of an octagonal prism (see Figure 3a). The
ACM Transactions on Applied Perception, Vol. 3, No. 2, April 2006.
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Fig. 2. Experimental setup. (a) Participant rests the palm of the dominant hand on a gel ball and inserts the dominant index
finger into the thimble of the PHANToM device. (b) During the experiment, the PHANToM and the participant’s dominant index
finger were hidden from direct view.

Fig. 3. (a) An illustration of the five reference force directions. (b) A profile of the force magnitude.

magnitude of the force vectors were always presented in the same way throughout the experiment (see
Figure 3b). The force vector was ramped up from 0 to 2 N over 500 ms, and then attenuated down to 0
N over the next 200 ms. The maximum force of 2 N was clearly perceptible to all participants—indeed,
forces on the order of 1 N are typical in interactions with haptic virtual environments. The ramping of
the force vectors was necessary in order to keep the haptic device stable; it also gave the participant
time to adjust to the applied forces while maintaining their finger position.
The visual stimulus consisted of a white cube (size 3.5 × 3.5 × 1.0 cm) positioned at the center of the
screen. An arrow was displayed to indicate the direction of the force vector (see Figure 1). The length
of the arrow changed in synchrony with the force magnitude; i.e., it appeared to shoot out from the
center of the cube until it reached its maximum length of 3.5 cm, and then shrank back to the center of
the cube. The cube was opaque and only the portion of the arrow outside of the cube was visible. The
numbers “1,” “2,” or “3” were clearly displayed in large font 20 cm below the cube to mark each of the
three different force intervals (see Procedure). The instruction “Please press 1, 2 or 3” was displayed
20 cm below the cube to signal response selection at the end of a trial. Both interstimulus intervals
featured the white opaque cube displayed during each interval with no arrows shooting out of it as well
as no numbers nor instructions.
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Fig. 4. An illustration of the relationship between the reference and target force directions (i.e., α).

2.4

Design

Each participant was tested with one of the five reference force directions, which were counterbalanced
across participants (i.e., four participants for each reference-force direction). The experimental session
consisted of one practice block and one experimental block of trials. The practice block consisted of ten
trials. The same randomly selected reference-force direction was used in both blocks of trials. Both the
practice and experimental blocks consisted of trials from three conditions: haptic cues only (H), haptic
cues with congruent visual cues (HVcong), and haptic cues with incongruent visual cues (HVincong).
The three conditions differed only in the way in which the visual information was presented. During the
H condition, the visual display consisted of the cube but no arrows. During the HVcong condition, the
visual display included an arrow whose direction (and magnitude) always agreed with the applied
forces. During the HVincong condition, the direction of the visual arrow was no longer consistent with
the direction of the haptic force vector at all times (see Procedure, for more details). Participants were
always presented with valid haptic cues at all times during the experiment.
2.5

Procedure

A three-interval one-up three-down adaptive procedure was used (Levitt 1971). On each trial, the
participant was presented with three stimuli (three intervals) under one of the five reference-force
directions (fixed within a block of trials) and one of the three experimental conditions (randomly chosen
for each trial). A test force direction was presented during a randomly selected one of the three intervals,
while the reference force direction was presented during the remaining two intervals. The interstimulus
interval between intervals 1 and 2 and between intervals 2 and 3 was 600 ms. The independent variable
was the angle between the reference and target force directions, denoted by α (see Figure 4). Given a
value of α, the target force could lie anywhere on the cone with the reference force vector as the axis
and with an angle of α (in other words, the orientation of the plane formed by the reference and target
force vectors was randomly selected with the constraint that the angle formed by the two vectors was
exactly α).
Within a given experimental block, three separate threads of adaptive procedure were run for the H,
HVcong, and HVincong conditions. The initial value of α was 40◦ for each of the three conditions. The
value of α was increased after each incorrect response, and decreased after three consecutive correct
responses. Initially, the magnitude of α changed by increments of 8◦ , and then by 2◦ after the first three
initial reversals. A reversal occurred when α changed from increasing to decreasing, or vice versa. Each
thread of the adaptive procedure would terminate after twelve reversals at the 2◦ step size (i.e., after
fifteen reversals). Each condition typically contained about 80 trials. An experimental block terminated
after all three threads were completed.
Each trial began with the force-feedback device gently pulling the participant’s dominant index finger
to an initial start position. The beginning and the end of the pulling were indicated by single and double
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130

•

F. Barbagli et al.

Fig. 5. An illustration of a sample trial in each of the three conditions (where test force direction occurred in interval 3, indicated
by∗ ).

auditory beeps, respectively, presented at a clearly audible level from two computer loudspeakers placed
on either sides of the monitor. Three stimulus intervals immediately followed. The target force direction
was presented in a randomly chosen interval, and the reference force direction was presented during
the other two intervals. Figure 5 shows a sample trial where the test force direction occurred in interval
3. In the HVincong condition, it can be seen that inconsistent haptic and visual stimuli were presented.
The odd visual arrow (corresponding to the direction of the target haptic force direction shown in
interval 3, Figure 5) was displayed during one of the two intervals when the reference force direction
was presented haptically (interval 2, Figure 5). In the remaining two intervals where one reference
force direction and the target force direction were presented haptically (intervals 1 and 3, Figure 5), the
visual display would depict an arrow going in the same direction as the reference haptic force direction.
The participants were instructed to indicate the odd (i.e., target) haptic force interval by pressing the
numeric key 1, 2, or 3 on the keyboard (corresponding to interval one, two, and three, respectively). The
participants were explicitly informed prior to the start of the experiment that the visual stimulus might
sometimes be misleading, and that they should always base their responses on the haptic sensations.
The instructions also emphasized that they had to look at the computer monitor during the presentation
of the stimuli. No feedback on the correctness of participants’ performance was provided.
In the HVincong condition, inconsistent haptic and visual stimuli were presented. The odd visual
arrow (corresponding to the direction of the target haptic force direction) was displayed during one of
the two intervals when the reference force direction was presented haptically (interval 2 in the example
depicted in Figure 5). In the remaining two intervals where one reference force direction and the
target force direction were presented haptically, the visual display depicted an arrow going in the same
direction as the reference haptic force direction (interval 1 and 3 in the example depicted in Figure 5).
3.

RESULTS

The mean threshold of each participant was estimated by first calculating six averages from the peaks
and valleys corresponding to the α values (i.e., the displacement angle between the reference and target
forces) of the last twelve reversal amplitudes, and then calculating the mean and standard error of these
six averages (cf. Brisben et al. 1999). Table I shows the estimated mean thresholds for α as a function of
the three conditions. A two-way mixed analysis of variance (ANOVA) was performed on the estimated
mean threshold data to assess what effect, if any, the presence of congruent versus incongruent visual
cues had on participants’ haptic discrimination thresholds for different force directions. The withinparticipants factor was condition (H, HVcong, or HVincong) and the between-participants factor was
reference force direction (up, right, left, diagonal right, or diagonal left).
The analysis revealed a significant main effect of condition, F (2, 30) = 20.1, MSE = 45.5, p <
.0001. The participants could, on average, discriminate between target and reference forces at α of
25.6◦ when no visual information was presented (condition H). Subsequent paired comparison t-tests
between condition H and conditions HVcong and HVincong showed that the presence of congruent visual
information resulted in a significant improvement in the discrimination threshold to 18.4◦ (relative to
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Table I. Estimated Mean Thresholds and Their Standard Errors (in
Parentheses), in Degrees, as a Function of Experimental Condition
and Reference Force Direction
Force Direction
Condition
HVcong
H
HVincong

Up

Right

Left

Diagonal Right

Diagonal Left

Mean

12.7
(0.8)
28.4
(1.2)
26.8
(1.8)

11.9
(3.1)
23.4
(2.1)
26.0
(1.2)

19.5
(9.2)
20.0
(1.2)
27.2
(3.8)

21.9
(5.2)
21.0
(3.1)
35.3
(7.3)

26.0
(3.3)
35.5
(4.8)
44.3
(8.0)

18.4
(2.4)
25.6
(1.7)
31.9
(2.6)

condition H), t(19) = 3.2, p = 0.005, while the presence of incongruent visual information led to a
significant impairment in the discrimination performance to 31.9◦ (relative to condition H), t(19) =
−3.3, p = 0.004. A paired comparison t-test between conditions HVcong and HVincong also revealed
a significant difference between the two conditions, t(19) = −5.5, p < 0.0001. There was a borderline
significant main effect of reference force direction, F (4,15) = 2.7, MSE = 157.5, p = 0.07, though the
interaction between condition and reference force direction was not significant, F (8,30) = 1.5, p = 0.20,
suggesting that the direction in which the forces were presented to the participants’ finger did not affect
their discrimination performance per se.
4.

DISCUSSION

The experiment reported in the present study was conducted in order to obtain an estimate of the forcedirection discrimination threshold when only haptic information was available and when congruent or
incongruent visual information was presented simultaneously. A relatively large haptic force-direction
discrimination threshold of 25.6◦ was found. It was also found that congruent visual information significantly reduced the threshold to 18.4◦ , while incongruent visual information significantly increased
the threshold to 31.9◦ . It can, therefore, be concluded that humans have a relatively poor sense of force
direction and that the perception can be influenced by the presence of visual information (cf. Klein 1977).
One potential confounding factor in the way the experiment was set up concerns the constraint of the
dominant index finger upon which forces were applied. Ideally, the finger should have been fixed in space
by, for example, finger splints. However, finger splints could exert additional forces along the length of
the index finger when the finger was being pushed or pulled by the forces applied by the force display,
thereby contaminating the proximal haptic stimuli. A more serious concern was that the participants’
fingers could sustain injuries because of force/torque being applied to them under normal or unexpected
experimental conditions. During the actual experiment, the participants’ dominant index fingers were
free to move in any direction and could be pulled out of the thimble whenever the participants wished
to. Finger movements were minimized by the use of a gel ball that provided an anchoring point for the
palm of the hand and by instructing the participants to try their best not to move their fingers. One
might argue that the perception of force direction using the aforementioned experimental set-up could
have been aided by the perception of the extent of finger movements. This seems unlikely although
because humans can reliably detect a 2.5◦ excursion of the metacarpophalangeal joint of the index
finger (the joint where an index finger joins the palm of the hand; Clark et al. 1986), but the forcedirection thresholds measured in this study were in the range 18.4◦ –31.9◦ , too large to be accounted for
by proprioception of finger movements. Indeed, anecdotal reports from the participants indicate that
it was difficult for them to control the extent of the finger motions during the experiment because the
force directions changed from trial to trial. Therefore, the best strategy for the participants to adopt
ACM Transactions on Applied Perception, Vol. 3, No. 2, April 2006.
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was to stabilize their dominant index finger to the best of their abilities, and to judge the directions of
the applied forces despite any motion of their finger.
The findings that congruent visual cues reduced haptic force-direction discrimination thresholds and
incongruent visual cues increased the thresholds are consistent with many previous studies. Although
some studies have supported the idea of visual dominance (e.g., Rock and Victor 1964), others suggest that sensory experiences are multimodally determined (Lederman et al. 1986; Calvert et al. 2004)
and that humans may well combine visual and haptic information in a way that takes into account the
statistical variances associated with the two sources of information, at least when any discrepancy between the inputs available to the two modalities is not to great (Ernst and Banks 2002; Guest and Spence
2003; Hillis et al. 2002; Lederman et al. 1986). The latter view provides a more unifying framework for
the many multimodal and crossmodal studies of human perception. In fact, Klatzky et al. (1987) argued
that the haptic and visual systems may have distinct advantages over the different object properties
under consideration, with haptics better suited for the encoding of substance (e.g., roughness) and vision
for shape and spatial layout (see Lederman and Klatzky 2004, for a recent review; see also Van Beers et
al. 2002). In this context, the study by Srinivasan et al. (1996) can be viewed as an example of people combining haptic force cues and visual displacement cues to judge stiffness. The participants in this study
performed a stiffness discrimination task by pressing a virtual linear spring and watching a distorted
visual representation of the spring deformation on a computer screen. It was shown that virtual springs
were judged to be softer (or stiffer) when the visual displacement was greater (or less) than the actual
displacement of the hand. The results showed that the participants essentially ignored the relatively
inaccurate kinesthetic hand movement cues in favor of the more accurately perceived, but, in this case,
experimentally distorted, visual displacement cues. In another study, when participants moved their
fingers across a bump, but received force cues that were consistent with that of a hole through a manipulandum (Robles-De-La-Torre and Hayward 2001), they reported the sensation of a hole instead of a
bump. This is yet another example of participants ignoring the relatively inaccurate finger movement
cues in favor of the more salient force cues. This phenomenon should be viewed as reflecting the brain’s
ability to weigh multiple sources of information differently rather than as a case of force dominance, because the illusion subsided when the depth of the bump/hole was sufficiently large. Therefore, we interpret the results of our experiment as demonstrating that participants weighed the visual force-direction
cues more heavily than haptic force-direction cues, presumably because the visual angle discrimination
threshold is much smaller than the haptic threshold of 25.6◦ measured in the present study.
Since no published data exist for visual discrimination of vector angles, we conducted a follow-up experiment in which four participants (mean age of 28 years, age range from 24 to 32 years; three males
and one female; all with normal or corrected-to-normal vision) participated in a vision-only vectordirection discrimination experiment (V condition). The experiment was conducted in a manner similar
to the main experiment, with the following exceptions. The participant saw the arrows centered around
a cube on the computer screen, but did not use the PHANToM haptic device. Each participant was tested
with all five reference directions. The experimental session consisted of one practice block and one experimental block of trials. The practice block consisted of ten trials. The experimental block consisted
of trials from five conditions corresponding to the five reference directions. Participants were presented
with visual cues at all times during the experiment. The same three-interval one-up three-down adaptive procedure was used. Five separate threads of adaptive procedure were run for the five reference
direction conditions. The same data analysis method used in the main experiment was applied to the V
condition. The mean discrimination threshold for the V condition was only 3.25◦ , which was significantly
smaller than the HVcong force-direction discrimination threshold of 18.4◦ . Therefore, we conclude that
in our main experiment, participants combined haptic and visual information when both were present,
despite the fact that the participants were explicitly instructed to base their responses on their haptic
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Fig. 6. Interaction with a tilted surface using an asymmetric device can produce unnaturally “active” force feedback. The user
follows the red line and moves horizontally for a displacement of L inside a tilted surface, forming an angle of α with the x-axis.

sensations. The fact that the threshold in the HVcong condition was much closer to the threshold in the
H condition than the threshold in the V condition, indicates that the participants did try their best to
ignore the visual information in the HVcong condition. According to the theory put forward by Ernst and
Banks (2002), had the participants attempted to combine visual and haptic information in an optimal
fashion, the discrimination threshold in the HVcong condition should have been much closer to 3.25◦ .
The knowledge of haptic thresholds for object properties can be exploited to overcome hardware and
software limitations and to enhance the experience of interacting with a haptic virtual environment.
This is particularly true in the case of haptic devices featuring asymmetric sensor/actuator configurations (the “asymmetric” haptic devices discussed in the Introduction). While it is generally desirable to
use the least number of actuators in order to reduce costs and for easier design of back-drivable haptic
devices (see Hayward and Astley 1996, for a definition of backdrivability), lack of symmetry between
sensors and actuators can often lead to noticeable shortcomings in the display of certain classes of virtual
objects. More specifically, two perceptual problems are likely to arise. The first problem, as discussed
in the introduction (see Figure 1), is that users may notice that the directions of interaction forces fed
back by the device do not match the ones expected when touching a visually displayed virtual surface.
This typically happens when interaction forces cannot be faithfully rendered by the device because of
the lack of actuators along all axes where positions/rotations are monitored. The second problem is that
users may perceive the virtual surfaces to be unnaturally “active,” or energetically nonconservative.
As discussed in Barbagli and Salisbury (2003), the level of unnatural sensations grows monotonically
with the level of asymmetry along a certain direction for a given haptic interface. Consider again the
2D virtual environment shown in Figure 1 where the haptic device is capable of sensing positions along
both x and y-axes but can only exert forces along the y-axis. The amount of energy erroneously returned
to the user over a closed loop (the red line in Figure 6) is given by K · L2 ·sin2 (α)/2, where L is the
amount of horizontal displacement inside the virtual surface, α the angle formed by the surface with
the x-axis, and K the virtual surface stiffness coefficient. Ideally, no energy should be sent back to the
user when the virtual environment is strictly conservative. Whereas the user can usually tolerate a
small amount of feedback energy, moving to the right along the x-axis in Figure 6 starts to feel like
traveling on an escalator when α is above roughly 40◦ (i.e., the tilted plane pulls the user upward).
The knowledge of force-direction discrimination thresholds obtained in the present study can therefore aid in the process of designing rendering algorithms for asymmetric haptic devices. When a one
DOF force display with two DOF position sensing is used to render, for example, the 2D virtual environment shown in Figure 1, it is important that the polygonal surfaces comprising the object be within
25.6◦ of tilt from the x-axis in order to avoid any perceptual artifacts. This requirement, in turn, determines the maximum curvature of the virtual surfaces that can be rendered and perceived accurately.
The knowledge that visual cues influence our ability to discriminate force directions can be used to
our advantage to create the illusion of interacting with a wider range of virtual objects while ensuring
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that neither type of undesired perceptual effects (perceived deviation in force direction and unrealistic
energy feedback) occurs. For example, it should be possible to create visually rendered surfaces that are
more tilted than the corresponding haptic representations, thereby creating the impression of interacting with a more tilted surface while limiting unrealistic haptic effects because of the asymmetric nature
of the device being used. Finally, these techniques can be applied to haptic rendering with symmetric
haptic devices, so that more curved surfaces can be displayed visually without discernable “unnatural”
sensations from the feedback forces.
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