
Note that in all these conditions (including no delay) the intrinsic
visual end-to-end delay of 66 ms was present. For the visual de-
lay condition, rendering was shifted by three frames, resulting in
an additional 100 ms delay. For the force delay condition, haptic
rendering of the spring force was delayed by 20 ms while the in-
trinsic delay of the haptic feedback can be assumed to be zero. The
spring stiffnesses of the standard stimuli were set to 0.03 N/mm
while the comparison stimuli were taken from the set R={0.023,
0.0245, 0.026, 0.0275, 0.029, 0.031, 0.0325, 0.034, 0.0355, 0.037}
N/mm. The range of these values was chosen according to JNDs for
stiffness discrimination, as reported in literature [13], while taking
the expected strength of the effects into account, as well as the capa-
bilities of the haptic device. Again, note that also for the reference
samples the intrinsic visual delay of 66 ms was present.

The values for the haptic and visual delay were selected accord-
ing to the results of a pilot experiment involving five subjects. We
measured detection thresholds for delay using the same experimen-
tal setup but employing a three interval forced choice design. Here,
three samples were presented consisting of two delayed and one
undelayed stimuli or vice versa. The subjects performed the same
movements as for the main experiment, but they were asked to iden-
tify the stimuli perceived different from the other two. For visual
feedback, additional delays of 33, 66, 100, 133 and 166 ms were
displayed, while for haptic feedback, delays of 10, 20, 30, 40 and 50
ms were used. The detection of additional delays was identified as
the value corresponding to a 66% chance for correct detection. The
results showed that additional visual delay was on average detected
for a delay higher than 109.4 ms, while haptic delay was noticed
after 29.6 ms. Thus, by choosing smaller values, delays during the
experiment should barely be noticeable by the participants.

4.4 Experimental Procedure
Pairs of springs, each rendered in a different color, were consec-
utively presented to the participants. Subjects were told to probe
each spring with a steady in- and outward movement by pushing
the plate attached to the haptic device to a depth of about 7 cm.
After indentation of both springs, subjects were asked to select the
one which they perceived as stiffer. The answer (1st or 2nd ) was
given by pressing one of two correspondingly colored buttons lo-
cated next to the setup. Thereafter, the next pair was presented.
Black frames were rendered after each trial, in order to hide any
noticeable changes in the visual delay.

Before the actual experiment a training phase took place. First,
each subject was introduced to the procedure, while feedback about
the correct answer was given. Thereafter, a preparatory test was per-
formed, only involving the 10 reference samples and the no delay
sample. Each combination was randomly presented five times, re-
sulting in 50 test-reference pairs. These data were used to examine
the accuracy of the subjects’ haptic perception and to verify that the
task had been fully understood. After this, the actual experiment
was performed. Each test-reference pair was randomly presented
ten times resulting in 400 comparisons. Breaks of 2-10 min were
enforced to reduce stress and fatigue after 100 trials. One phase
took approximately 10 min. Finally, after the procedure a question-
naire was filled out by the subjects. Including training and intro-
duction the experiment lasted on average 120 min. The answers as
well as the movement during the trials were anonymized and stored
for later analysis.

5 RESULTS

The probabilities of perceiving the comparison stimulus stiffer than
the standard stimulus were fitted with a cumulative Gaussian func-
tion. From these psychometric functions we obtain our dependent
variables. We determine the Points of Subjective Equality (PSE)
as the stiffness corresponding to a perception probability of 50%.
The PSE identifies the unconditioned comparison stiffness which
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Figure 2: Experimental data averaged across participants. Curves
are cumulative normal distribution fitted to the responses. The ver-
tical line represents the simulated value of stiffness for the standard
stimulus.

was perceived equal to the stiffness of a conditioned standard stim-
ulus. Furthermore, the Just Noticeable Differences (JND) were de-
termined based on the differences in stiffness between the probabil-
ities of 50% and 84%. The JND describes the minimal difference
in stiffness between reference and test sample, for which accurate
classification as being stiffer, or softer, could be made.

The data of each participant from the training phase and the
experiment were analyzed separately. Two subjects had to be ex-
cluded from the analysis due to their JND percentage (Weber frac-
tion) being above 50% in the training phase or the experiment (since
they were not able to accurately discriminate the range of compar-
ison stimuli). In addition, one participant decided to stop the ex-
periment after 320 of the 400 trials due to the sensation of nausea.
After careful examination of the data, we decided to still include
this reduced dataset.

Figure 2 shows the psychometric functions acquired from the re-
sponses of all subjects. It can be seen that the curve is shifted in the
visual and force delay conditions and thus a change in perception of
stiffness occurred. In the visual delay condition, the curve shifted
to the right, indicating increased perceived stiffness for the standard
stimulus, while in the force delay condition the curve shifted to the
left, indicating reduced perceived stiffness. Moreover, the simulta-
neous presence of visual and force delay appears to partly cancel
out the effects.

Figure 3 shows the average PSEs and JNDs for the four condi-
tions and the standard errors across participants. Analysis of the
PSEs demonstrated that the changes were significant under visual
(2-way repeated-measures ANOVA: F(1,11)=66.775, p=0.000005)
and under force delay (F(1,11)=35.752, p=0.00009). Interaction
was not significant (F(1,11)=0.196, p=0.666). In line with our
hypothesis, stiffness was in general perceived to be higher un-
der the influence of visual delay (one-sample t-test: t(11)=7.677,
p=0.00001), and lower for force delay (t(11)=6.349, p=0.00006).
For simultaneous visual and force delay, the perceived stiffness was
in between that of the separate delays (paired-sample t-test, Bonfer-
roni corrected, visual: t(11)=5.266, p=0.0005; haptic: t(11)=4.966,
p=0.0009).

The effect of altered perception occurred for every subject, how-
ever, the strength of the effects changed slightly among them. This
can be attributed to subjects integrating proprioceptive and visual
information about their hand position with different weights, as de-
scribed for instance in [6].

Further, the resulting JNDs show that delay in general worsens


