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Abstract—Conventional haptic force discrimination tasks in-
volve perceptual differentiation between stimulus pairs separated
by a brief inter-stimulus interval (ISI). It is unclear whether the
force JND measured using conventional methods, i.e., with ISI
in-between stimuli, remains consistent in the case of continuous
force discrimination. In this work, we investigate this consistency
by studying the effect of transitions between force stimuli to
understand continuous force discrimination. For this purpose, a
psychophysical experiment is designed to examine two different
transition conditions, viz. i) time-separated transition: force
stimuli separated by an ISI, and ii) continuous transition: force
stimuli linearly transitioned from one stimulus to another. We
utilize the method of constant stimuli to study the effect of these
transitions from the recorded haptic responses of the same 10
users for both conditions. We estimate the psychometric functions
from the collected responses to determine the Weber fraction. The
results show that the Weber fraction is significantly different
and higher for the case of continuous transition compared to
the conventional time-separated transition between force stimuli.
These findings are significant for understanding the continuous
haptic force perception and may be useful in many applications
requiring continuous force perception, such as virtual reality,
telepresence, and teleaction systems.

Index Terms—Force perception, Weber fraction, Just No-
ticeable Difference (JND), Inter-Stimulus Interval (ISI), psy-
chophysics.

I. INTRODUCTION

Haptic perception is a fundamental sensory ability that
enables us to engage with and understand the physical world
through touch [1]. It allows us to identify, discriminate, and
recognize objects, playing an essential role in daily tasks and
interactions. This perception is driven by two key components:
cutaneous [2], which involves the sense of touch through
the skin, and kinesthetic [3], which relates to the awareness
of body position and movement. In this work, we focus on
kinesthetic force perception. Similar to other kinds of stimuli,
human perceptual limitations for force stimuli are quantified
by the Just Noticeable Difference (JND) or Weber fraction (9)
with respect to the reference force (F).). The JND corresponds
to the smallest perceivable change in F;., whereas the Weber
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fraction (J) [4] is equal to the smallest perceivable relative
change in F..

In standard classical psychophysical methods [5] for the
JND computation, the reference (F,) and comparison (F;)
force stimuli are kept constant and separated by a finite Inter-
Stimulus Interval (IST). However, this does not correspond to
the practical applications where continuous force variation is
encountered, and force discrimination is to be performed in
the absence of ISI. For instance, in haptic robot teleoperation
[6], users typically experience a continuous force rather than
a discrete series of force stimuli. Further, continuous force
perception is essential for advanced prosthetic limbs [7] to
enable natural movement, as well as for virtual reality systems
[8] that simulate realistic touch and interaction with virtual
objects.

Previous studies on force perception assumed that the JND
for the constant forces separated by the ISI generalizes the per-
ception of the continuous forces, where the transition between
force stimuli is continuous. In this study, we question this
assumption and determine how the transition between force
stimuli affects force perception. The impact of transition on the
task of discriminating electrotactile frequencies is examined
in a previous study [9]. For this, the authors examine three
transition patterns between reference and test frequency: time-
separated, step, and gradual. The comparison/test frequency
is generated by employing the adaptive weighted staircase
method [10]. A 2-alternative forced choice (2-AFC) paradigm
[11] is utilized to determine the user’s JND for stimulation
frequency. The results indicate that the JND is lower in time-
separated patterns compared to step and gradual patterns.
This suggests that the sensitivity in discriminating frequencies
significantly decreases when the transition between stimuli is
gradual. This leads us to examine how the transition between
force stimuli affects the force discrimination task.

In literature, numerous studies investigate force discrimina-
tion tasks, examining factors such as movement direction [12],
speed [13], arm position [14], the effects of motion in virtual
reality [15], and hand dominance [16]. Despite this extensive
research into various facets of haptic force perception, there
remains limited exploration of continuous force discrimina-
tion tasks, where continuous transition occurs between force
stimuli. We also find some studies that explore the effect of



the inter-stimulus interval (ISI) on discrimination tasks for
different stimuli [17]-[21]. The study [17] shows the impact
of the inter-stimulus interval (ISI) on thermal perception. For
this, the study examines the effect of three different ISIs,
0, 3, and 5 seconds, on thermal discrimination tasks. The
authors utilize the 1-up/1-down adaptive staircase method to
determine the thermal JND. The experiment also incorporates
a reference temperature of 31°C, which is consistently lower
than the standard and comparison thermal stimuli, providing
a consistent perceptual baseline for comparing stimuli. The
findings indicate that 3 seconds ISI results in a 12% increase
in JND, while a 5 second ISI leads to a 21% increase in
comparison to 0 seconds ISI. These results demonstrate a
significant effect of ISI on thermal discrimination.

Similarly, the study [18] also examines the effect of ISI on
the vibrotactile discrimination experiment. The study observed
that users tend to make better discrimination judgments when
the first stimulus is closer to the mean of the stimulus
set compared to the second stimulus. This decision bias is
influenced by a temporal phenomenon known as the time-order
effect. The author examines how the varying inter-stimulus
interval (ISI) and the distance from the first stimulus to the
average of the stimulus set influence the time-order effect. The
results reveal that the time-order effect varies non-linearly with
the IS, it is significantly more effective at short ISIs (300-600
ms).

Other studies [19] and [20] also show that the ISI between
the stimuli impacts the ability to discriminate tone loudness for
auditory stimuli and visual size for visual stimuli, respectively.
Both findings indicate that JND increases with longer ISI,
reflecting a diminished ability to differentiate between stimuli.
Whereas the study [21] finds no effect of ISI on tasks such as
facial emotion discrimination, which assesses users’ ability to
determine whether two consecutive novel faces are the same
or different. The discussed studies collectively suggest that
the transition between stimuli significantly influences haptic
perception.

In the present study, we explore whether the JND/ We-
ber fraction estimated through the time-separated transition
between force stimuli (with ISI) accurately predicts users’
ability to differentiate changes in force stimuli when the
transition is continuous (linearly varying). For this purpose,
a psychophysical experiment is designed with two different
transition conditions between the reference (F,) and com-
parison (F.) force stimuli. In the first condition, the force
stimuli are separated by an inter-stimulus interval (ISI), while
the transition is linear (from F, to F,. or F,. to F,) in
the second condition. We employ a classical psychometric
approach Method of Constant Stimuli [22] to determine the
perceptual threshold, i.e., JND, and point of subjective equality
(PSE). The estimated thresholds from both conditions are
analyzed statistically to study the effect of the presence of
ISI against continuous transition.

The main contributions of this work are:

o A study analyzing the effect of transition between the

force stimuli on haptic perception of force discrimination
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Fig. 1. Experimental Setup: a subject experiencing haptic force stimuli along
the positive Z-axis via ‘Phantom Premium 1.5 HF’ device, masked from
visual and auditory distractions.

in terms of the JND/ Weber fraction framework. The
study utilizes the statistical framework to infer the signifi-
cance of force stimuli transition period viz transition with
ISI and continuous transition. We find that the transition
between the force stimuli F,. and F, do affect the haptic
force perception in force discrimination.

The results suggest that the ability to distinguish between
time-separated force stimuli is consistently better than
that of stimuli presented continuously, i.e., JND for force
discrimination in the presence of ISI is much lower than
JND for force discrimination in the case of continuous
force.

The paper is organized as follows. Section II outlines the
experimental setup and procedures used to estimate the percep-
tual thresholds for different transitions through two separate
experimental conditions. Section III presents and compares the
results obtained from both experiments. Section IV discusses
the obtained result and the implications of that in the data-
compression approach with future works. Finally, Section V
concludes the paper.

II. METHODOLOGY

In this section, we describe our experimental setup and
framework for data collection to study the force discrimination
perception using two different transitions between the force
stimuli.

A. Experimental Setup

We employ a force-feedback haptic interface, ‘PHANToM
Premium 1.5 HF' (SensAble Technologies, Woburn, MA,
USA), having six degrees of freedom along with an open
source platform ‘CHAI3D’ [23], for our experimental setup. In
the experiments, users are subjected to a one-dimensional (1D)
haptic force stimulus along a positive Z-axis. The users are
instructed to hold the stylus of the haptic device while keeping
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Fig. 2. Illustrations of the two transitions between force stimuli /'y and F5 used to estimate the force JND, which are: (a) Time-separated transition: separated
by an inter-stimulus interval (ISI) for the first condition and, (b) Continuous linear transition: linearly varying for the second condition.

their arm fixed on the armrest during the force perception, as
shown in Fig. 1. The users respond to the displayed question
‘which force is higher’ with the help of a ‘Keyboard’. The
users press ‘1’ on the keyboard with their left hand when
they perceive the first force stimuli higher than the second
force stimuli and press ‘2” otherwise. To minimize the external
factors influencing haptic force perception, white noise is
played through headphones to mask the audio cue. Along
with this, cardboard is also placed between the users and the
haptic device to block the visual cues. Figure 1 shows the
experimental setup used for data collection along with the
reference axis.

B. Force Stimuli

The study consists of a psychophysical experiment that
provides two force stimuli, F} and F5, using two different
transition patterns, as illustrated in Fig. 2. In the first condition,
the force stimuli F; and F> are separated by an inter-stimulus
interval (ISI) of 1 seconds, which is the conventional time-
separated transition. In contrast, the second condition is de-
signed to examine the effects of continuous transitions between
force stimuli. For that, a linear transition with force-rate r
between force stimuli I} and F; is applied over a duration of
1 second, which is defined as the continuous linear transition.
The force-rate r is defined as the per unit time difference
between forces F; and F5 over a duration of 1 second, i.e.,
r = (Fy — Fy). Both haptic force stimuli, F; and F5, are
maintained constant for 2 seconds in both conditions.

The profiles F(t) and Fy;(t) of haptic force stimuli for the
first and second conditions can be mathematically represented
as functions of time ¢ as in (1) and (2), respectively.

Fi for0<t<2
Fi(t)=<20 for2<t<3 (1)
Fy for3<t<5b
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Fi for 0 <t <2
Frit) =< Fi+r(t—2) for2<t<3 2)
F for 3 <t <5.

To evaluate users’ ability to discriminate between forces
using two different transitions (time-separated and linearly
continuous), a psychophysical experiment is conducted. In
this context, one of the force stimuli between F; and F5
is defined as the reference force stimulus (F).), while the
other is defined as the comparison force stimulus (F;) in
a random manner. For this study, we choose the reference
force stimulus (F).) as a constant force with a magnitude of
2N. The comparison force stimuli (F.) are defined from set
Fq={12 14, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8} N, and
Fo={10,12, 14, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0}
N for the first and second conditions, with nine and eleven
force levels, respectively. The levels of comparison force
stimuli (F.; or F.9) are selected such that the force stimulus
with the highest magnitude is almost always perceived as
greater than the reference force, and the force stimulus with the
lowest magnitude is almost always perceived as less than the
reference force, while maintaining a constant step size between
the consecutive force stimuli. The force-rate (r) ranges from
0 to 1 N/s as per selected Fio in the second condition. After
every trial, the users answer the displayed question related to
their haptic perception of the force stimuli.

C. Procedure

Users conduct the designed psychophysical experiment us-
ing the method of constant stimuli on the experimental setup
shown in Fig. 1. In this study, we used the method of
constant stimuli rather than an adaptive method [24] because
it enables full estimation of the psychometric function (which
includes PSE, JND, and slope of curve), ensures consistent
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Psychometric curves for force discrimination for 2N reference force (F}.) for all users, when transition period between force stimuli is (a) separated

by an inter-stimulus interval (ISI) for the first condition and, (b) linearly varying for the second condition. The horizontal line at Pso indicates the point of
subjective equality (PSE), and the line at Pg4 corresponds to the threshold criterion used to measure the JND.

stimulus presentation across users, and avoids potential biases
introduced by early responses in adaptive procedures. Before
starting the experiment, users receive a brief introduction and
training on the haptic device to ensure they feel comfortable.
In each trial, users perceive a reference force stimulus (F}.)
with a constant magnitude throughout the experiment and a
comparison force stimulus (F.) that varies across trials. The
presentation order of reference force stimulus (F}.) and com-
parison force stimulus (F..) is randomized across trials to avoid
the time-order error. The order of transition conditions is also
randomized across users. The users are asked to indicate which
of the two stimuli is higher in a 2-AFC paradigm. To minimize
user response bias, each level of comparison force stimuli (F})
is presented 50 times in a pseudo-randomized order. The same
procedure is used for both transition conditions.

D. Data Collection

We collected the responses of the same ten users (8 males
and 2 females, aged 20 to 30 years, all right-handed) for both
designed experimental conditions discussed above, and none
of them suffers from any neuro-physiological disorder. Before
the start of the experiment, written consent was taken from all
the users. The experimental procedures used for data collection
are approved by the Institutional Ethical Committee at IIT
Jodhpur (IEC/IITJ/2023-24/04).

Each user records a total of 450 (9 F,. x 50 trials) and 550
(11 F. x 50 trials) trials for the first and second conditions,
respectively. Each trial lasts approximately 5 to 8 seconds,
including user response time. This results in the total duration
of the experiment being approximately 2.5 hours per user. To
prevent perceptual fatigue due to long duration in a single
sitting, the experiment is divided into multiple sessions, with
each session lasting no more than 20 minutes per day for a
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user. Along with this, the users are allowed to take breaks at
any time during the session.

III. RESULTS

We analyze the responses of each user for both conditions
with the help of a psychometric function. For this, the psycho-
metric function is estimated by fitting Cumulative Gaussian
Functions to the responses gathered during each transition
condition [25]. Figure 3 shows the psychometric curve for both
conditions across all the users. The estimated psychometric
functions are characterized in terms of JND, the point of
subjective equality (PSE), and the slope. The PSE refers to
the comparison stimulus level at which the two stimuli appear
to be the same, and thus, it refers to the 50 percentile point
Ps5 in the psychometric function, i.e., PSFE = P5y as shown
in Fig. 3. The force JND is computed by taking the stimulus
difference between the stimulus level at proportion 0.84 and
proportion 0.50, i.e., JND = Py — P59 = o, where o is the
standard deviation. The relative force JND or Weber fraction
(0) is defined as the JND normalized by the reference force
F, = 2N and computed as in (3).

_ Psa— Pso
F,
The Constant Error (CE), computed as given in (4), refers

to the systematic bias in a user’s responses, defined by the
deviation of the PSE from the actual reference force stimulus.

Weber fraction (J) 3)

Constant Error (CE) = PSE — F, 4)

The slope of the psychometric function, estimated at P
according to [25], reflects perceptual sensitivity. For a given
PSE, a steeper slope (small o) corresponds to a lower We-
ber fraction, which reflects improved relative discriminability



PSYCHOMETRIC MEASURES (WF, PSE, CE, SLOPE) FOR BOTH TRANSITION CONDITIONS ACROSS ALL USERS.

TABLE I

Transition conditions
Users Time-separated transition Continuous linear transition

Weber fraction (0) | PSE Constant Error (CE) Slope Weber fraction (6) | PSE Constant Error (CE) Slope

1 0.2587 2.0072 0.0072 0.7669 0.4404 1.9970 20.0030 0.4509

2 0.1730 1.9912 -0.0088 1.1506 0.4444 1.9670 -0.0330 0.4457

3 0.2330 1.9992 -0.0008 0.8508 0.4795 1.9990 -0.0010 0.4138

4 0.1610 1.9896 -0.0104 1.2316 0.4685 2.0210 0.0210 0.4240

5 0.1642 2.0008 0.0008 1.2099 0.5055 1.9890 -0.0110 0.3877

6 0.1978 1.9976 -0.0024 1.0048 0.4925 2.0150 0.0150 0.3921

7 0.1906 2.0184 0.0184 1.0376 0.4054 2.0010 0.0010 0.4898

8 0.1634 1.9944 -0.0056 1.2097 0.3764 1.9850 -0.0150 0.5263

9 0.1497 1.9800 20.0200 1.3204 0.3544 2.0070 0.0070 0.5590

10 0.1730 1.9976 -0.0024 1.1483 0.4955 2.0090 0.0090 0.3313

Mean 0.1864 1.9976 -0.0024 1.0931 0.4463 1.9990 -0.0010 0.4421
[1.9670,2.0210], [-0.0330,0.0210] and [0.3313,0.5590] for
all users, respectively. On average, the Weber fraction, PSE,
06 el 1 CE, and slope across all users are 44.63%, 1.9990, —0.0010,

y ! and 0.4421, respectively.
? 05r == 1 Further, we determine whether the observed values of Weber
by fraction, PSE, Constant Error (CE), and slope are statistically
s 04r L il different between the time-separated and continuous linear
"§ transition. To do this, we perform a paired sample t-test
= 031 . | to compare the corresponding values. Prior to the analysis,
% I | the normality of the data is tested using the Shapiro-Wilk
=z %2 % test. Figure 4 shows the box plot analysis of the Weber
fraction (). The results of the analysis indicate a significant
oty | difference between the transition patterns regarding the Weber
. ‘ ‘ fraction, with ¢(9) = —14.80,p = 0.000 and for slope, with
Time-separated Continuous linear t(g) = 11.94,]3 = 0.000. Whereas, no Signiﬁcant difference
Transition

Fig. 4. Box-plot analysis of the Weber fraction (§) for both transition
conditions (time-separated and continuous linear) for the reference force
F,. = 2N along with statistical significance represented by *** (p = 0.000).

(higher sensitivity) and confirms the inverse relationship be-
tween slope and Weber fraction. Table I includes the Weber
fractions, PSEs, constant errors (CEs), and slopes for both
transition conditions across all users.

For the first condition, which utilizes a time-separated tran-
sition, the Weber fraction lies in the range of [14.97,19.78]%
for all users, except for users 3 and 5. For users 3 and 5,
the values of the Weber fraction are 23.30% and 25.87%,
respectively. The values of PSE, Constant Error (CE), and
slope lie in the range of [1.9800,2.0184], [—0.0200,0.0184]
and [0.7669, 1.3204] for all users, respectively. On average,
the Weber fraction, PSE, CE, and slope across all users are
18.64%, 1.9976, —0.0024, and 1.0931, respectively.

Similarly, the Weber fraction lies in the range of
[44.04,50.55]% for all users, except for users 7, 8, and 9
for the second condition, which employed a continuous linear
transition. For users 7, 8 and 9, the values of Weber fraction
are 40.54%, 37.64% and 35.44%, respectively. The values
of PSE, Constant Error (CE), and slope lie in the range of
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is observed regarding the PSE and Constant Error (CE), with
t(9) = —0.23,p = 0.824.

IV. DISCUSSION

Our results show that the Weber fraction is higher when
the transition between the force stimuli is linearly varied
compared to the conventional method. The higher values of the
Weber fraction suggest that it is harder to discriminate force
stimuli with linearly continuous change. The Weber fraction
for the time-separated transition aligns closely with established
findings in force perception, as various studies have reported
similar Weber fraction values [26]-[30].

It is also observed that a steeper slope in the continuous
transition condition indicates that the user is more sensitive
compared to the condition with the inter-stimulus interval
(ISI). Also, the near-zero Constant Error (CE) indicates both
user accuracy and experimental validity, showing reliable and
unbiased performance for both conditions.

We also interpret our results on continuous force discrim-
ination in the context of haptic data compression. In the
literature, a perceptually adaptive sampling approach based on
Weber’s law of perception has been employed for haptic data
compression for a typical teleoperation application [30]-[32].
This approach transmits only perceptually relevant data points.
Points that fall outside the perceptual deadband are considered
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Fig. 5. (a) An illustration of 1D continuous force stimuli F'(¢) vs time ()
at the transmitter side (brown color), where red data points are perceptually
transmitted using Weber’s law, (b) reconstruction of the signal using sample-
hold (black-dashed line) and linear interpolation (blue-dased line) at the
receiver side.

perceptually relevant samples. At the receiver end, the signal
is reconstructed using a standard interpolation method, such
as sample and hold, as shown in Fig. 5 (black-dashed line).
In the received signal, there is a sharp transition between any
two consecutive points, which is the case of zero ISI.

To incorporate the perception of continuous force, one
should allow force to vary gradually from one point to
another at the receiver end. This will lead to further data
reduction since the Weber fraction for the continuous force
perception case is higher than the case when force stimuli are
separated by a fixed ISI. However, to incorporate continuous
force perception into perceptual haptic data compression, the
interpolation method must be modified, for example, by using
linear interpolation (blue-dashed line). Implementing this will
require transmitting the slope of the signal (i.e., the rate of
change) alongside the perceptually relevant samples. This will
be validated in future experiments.

The next step in this line of research is to compare the re-
sults of the continuous linear transition case (the present study)
with those when the ISI equals zero. Based on studies in the
other domains [17], we expect that the JND will decrease with
a reduction in the ISI. We will investigate this issue in future
work. Additionally, the current work has been conducted with
only one reference force. It would be interesting to explore
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how the JND for continuous force perception varies when
using different reference stimuli. Will it adhere to Weber’s
law of perception, similar to constant force discrimination?
Furthermore, future studies could consider incorporating user-
initiated movement within the current experimental frame-
work. This would allow us to examine how active engagement
affects continuous force perception and whether the findings
are applicable to more interactive, real-world situations.

This study uncovers an important aspect of continuous
haptic force discrimination which is crucial for enhancing
continuous haptic force-feedback control systems [33], which
provide a sense of touch through technology, such as in
virtual reality or robotic controls. This study will help in
making these systems more accurate and optimal for touch-
based interactions. Additionally, this study holds a broader
significance for fundamental research about human perception
of the continuous haptic force.

V. CONCLUSION

In this study, we carried out a psychophysical experiment to
examine how transitioning between two force stimuli affects
force discrimination. We conducted an experiment with two
transition conditions using the method of constant stimuli,
where reference and comparison force stimuli were presented
both in a conventional (separated by an ISI) and continuous
linear manner. Both transition conditions were performed by
the same 10 users. The results conclude that the Weber
fraction is higher when the transition between force stimuli
is continuous compared to the conventional method. This un-
derstanding of dynamics is important for applications in haptic
technology, rehabilitation, and human-computer interaction,
where continuous force feedback is essential. In the future, we
would like to extend this work to study the effect of different
continuous transition patterns between the force stimuli in
haptic force discrimination.
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