
Haptic Identification of Stiffness and Force Magnitude 
 

Steven A. Cholewiak,1 Hong Z. Tan,1 and David S. Ebert2,3 
1 Haptic Interface Research Laboratory 

2 Purdue University Rendering and Perceptualization Lab 
3 Purdue University Regional Visualization & Analytics Center 

Purdue University, West Lafayette, Indiana, USA 
 

 

ABSTRACT 

As haptics becomes an integral component of scientific data 
visualization systems, there is a growing need to study “haptic 
glyphs” (building blocks for displaying information through the 
sense of touch) and quantify their information transmission 
capability.  The present study investigated the channel capacity 
for transmitting information through stiffness or force magnitude.  
Specifically, we measured the number of stiffness or force-
magnitude levels that can be reliably identified in an absolute 
identification paradigm.  The range of stiffness and force 
magnitude used in the present study, 0.2-3.0 N/mm and 0.1-5.0 N, 
respectively, was typical of the parameter values encountered in 
most virtual reality or data visualization applications.  Ten 
individuals participated in a stiffness identification experiment, 
each completing 250 trials.  Subsequently, four of these 
individuals and six additional participants completed 250 trials in 
a force-magnitude identification experiment.  A custom-designed 
3 degrees-of-freedom force-feedback device, the ministick, was 
used for stimulus delivery.  The results showed an average 
information transfer of 1.46 bits for stiffness identification, or 
equivalently, 2.8 correctly-identifiable stiffness levels.  The 
average information transfer for force magnitude was 1.54 bits, or 
equivalently, 2.9 correctly-identifiable force magnitudes.  
Therefore, on average, the participants could only reliably identify 
2-3 stiffness levels in the range of 0.2-3.0 N/mm, and 2-3 force-
magnitude levels in the range of 0.1-5.0 N.  Individual 
performance varied from 1 to 4 correctly-identifiable stiffness 
levels and 2 to 4 correctly-identifiable force-magnitude levels.  
Our results are consistent with reported information transfers for 
haptic stimuli.  Based on the present study, it is recommended that 
2 stiffness or force-magnitude levels (i.e., high and low) be used 
with haptic glyphs in a data visualization system, with an 
additional third level (medium) for more experienced users. 
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1 INTRODUCTION 

The present study was motivated by the need for a better 
understanding of the use of “haptic glyphs” in a scientific data 
perceptualization system.  The term haptic glyph refers to the 

basic unit for displaying information through the sense of touch.  
The term perceptualization is used to emphasize the use of haptic 
and auditory displays in a data visualization system.  The goal of 
any perceptualization system is to convey a large amount of 
information to users in an efficient and intuitive manner with a 
minimum cognitive load.   

The last decade has witnessed rapid advancements in 
incorporating haptic feedback into data visualization systems 
(e.g., [1-7]).  Although there exist many guidelines on how 
information should be displayed visually (e.g., [8, 9]), the design 
of “haptic glyphs” is still in its infancy (although see [10] for the 
design of “haptic icons”; and [11] for a study of “tactons” – tactile 
icons).  A variable in a data perceptualization system can be either 
continuous or discrete.  To represent a continuous variable with a 
haptic signal, a knowledge of the Weber fraction – the percentage 
change in the signal that can be barely noticed – is useful.  Past 
studies of haptic signals using a discrimination paradigm have 
established a Weber fraction of 3-10% for length by the finger-
span method [12], 5-10% for force magnitude [13-15], 13% for 
torque [16, 17], 22% for stiffness [18-20] and 34% for viscosity 
[21].  The discrimination thresholds for some other haptic signals 
did not increase with the reference signal as predicted by Weber’s 
Law.  They instead remained constant; e.g., the discrimination 
threshold was 2.0-2.7° for joint-angle position [22] and 25-35° for 
force direction [23, 24]. 

To represent a discrete variable with a haptic signal, a 
knowledge of channel capacity – the maximum amount of 
information that can be transmitted through the signal – is 
required.  From the information transfer measurement, we can 
estimate the number of signal levels that can be correctly 
identified, which translates into the number of categories a 
particular haptic signal can represent without confusion.  In 
general, our ability to identify the value of a parameter in isolation 
is limited [25].  Past absolute identification studies have reported 
an information transfer of 2 bits (4 correctly-identifiable items) for 
length by the finger-span method [12], 1.7-1.9 bits (3-4 items) for 
joint-angle position [22] and 3-4 items for size [26, 27].  One 
recent study of tactons on mobile devices demonstrated that users 
could reliably identify 2-3 types of rhythms, 1 type of roughness 
and 2-3 locations of vibrotactile stimuli on the forearm when the 
three vibrotactile signal attributes were presented simultaneously 
[11]. 

To the best of our knowledge, no data exist on the human 
ability to identify surface stiffness or force magnitude.  Therefore, 
the goal of the present study was to establish the information-
transmission capabilities of stiffness and force-magnitude through 
the haptic channel.  The rest of this article is organized as follows.  
Section 2 describes the methods common to the stiffness and 
force-magnitude identification experiments.  Sections 3 and 4 
present more details and the results of the two experiments, 
respectively.  Section 5 concludes the article. 
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Table 2. Information transfer for force-magnitude identification 

Participant IT in bits Summary 
S3 1.22 
S5 1.51 
S6 1.59 
S7 2.03 

S10 1.20 
S12 1.65 
S13 1.21 
S14 1.78 
S15 1.80 
S16 1.43 

Average IT:  
1.54 – 0.28 bits 

 
2IT = 2.9 items 

 
identifiable force-magnitude levels.  This means that, on average, 
the participants could only reliably identify 2-3 levels of the force 
magnitudes in the range 0.1�5 N.  Some variability was also 
observed among the participants tested:  the more experienced S7 
was able to identify 4 force levels (22.03bits = 4.1 items), but the 
less experienced S10 could only identify 2 levels correctly (21.20bits 
= 2.3 items).  As in the case of stiffness identification, prior 
experience with the ministick device did not consistently lead to 
higher information transfer for force-magnitude identification in 
the participants tested.  Among the four individuals who had 
participated in the stiffness identification experiment earlier, S7 
and S12’s IT scores were above the group average while those of 
S5 and S10 were at or below the average, indicating that prior 
experience in an absolute identification experiment did not 
necessarily result in a better performance in a subsequent 
experiment. 

During the experiment, it was noticed that the participants were 
unable to keep the ministick probe stationary except at the lowest 
force levels, despite explicit instructions to do so.  Therefore, the 
displacement data along the y-axis (i.e., ymax – ymin) were analyzed.  
The average displacement per participant and per force magnitude 
ranged from 0.14 mm (S5 at 0.1 N) to 26.03 mm (S3 at 5 N).  The 
displacement per participant averaged across all five force 
magnitudes ranged from 1.86 mm (S12) to 7.99 mm (S3).  Figure 
2 shows the y-displacement averaged over the ten participants for 
each of the five force magnitudes.  The average displacement and 
its standard deviation increased monotonically with force 
magnitude.  For the three higher force magnitudes, the average 
displacements were close to or above the 2.2 mm human detection 
threshold as estimated in [22], and therefore could have served as 
an additional cue for force-magnitude identification.  Further 
analysis confirmed that the correlation of the probe displacements 
(mean = 3.94 mm, s.d. = 5.44 mm, N = 2500) and the participants’ 
responses (mean = 2.82, s.d. = 1.42, N = 2500) was highly 
significant [r(2498) = 0.707, p < 0.001], indicating that the 
participants’ responses were related to the displacements.  The 
higher the force magnitude, the larger the probe displacement, and 
the more likely the force was perceived to be higher in its 
magnitude.  Therefore, the participants may have attended to 
probe displacement as well as force magnitude cues in the 
identification of force-magnitude levels.  Although this can be 
viewed as a potential flaw in the experimental design, we hasten 
to point out that displacement is likely to co-vary with force levels 
in any virtual-reality applications.  In that light, our results can 
still be viewed as the best possible force-magnitude identification 
performance that can be expected of typical users. 

5 CONCLUDING REMARKS 

The present study measured the information transfer associated 
with two haptic parameters:  stiffness and force magnitude.  It was 

 
Figure 2. Displacement along the y-axis as a function of force 

magnitude, averaged over the ten participants.  Also shown 
are the standard deviations 

found that the participants could reliably identify 2 to 3 levels of 
each parameter.  Performance varied across participants:  one 
participant who was experienced with many types of force-
feedback devices could consistently identify 4 stiffness levels and 
4 force-magnitude levels while other participants demonstrated an 
ability to identify 1 to 3 levels.  Our results are consistent with the 
information transfers reported by earlier studies, which varied 
from 2-4 correctly-identifiable levels for haptic parameters [11, 
12, 22, 26, 27].  Based on the results of the present study, we 
recommend that designers of data perceptualization systems 
assign two stiffness or force-magnitude levels (i.e., high and low) 
to represent categorical variables, with an additional third level 
(medium) for more experienced users. 

In the future, we will investigate the channel capacities of other 
haptic parameters such as viscosity and mass.  We will also 
conduct experiments on the identification of multiple haptic 
parameters, as it is well known that multidimensional channel 
capacity is typically less than the sum of unidimensional channel 
capacities [34].  The results will contribute to the knowledge base 
for designing haptic glyphs in a scientific data perceptualization 
system. 
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