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Abstract— Although we hardly interact with objects that
are purely elastic or viscous, haptic perception studies of
deformable objects are mostly limited to stiffness and damping.
Psychophysical investigation of materials that show both elastic
and viscous behavior (viscoelastic materials) is challenging due
to their complex, time and rate dependent mechanical behavior.
In this study, we provide a new insight into the investigation of
human perception of viscoelasticity in the frequency domain.
In the frequency domain, the force response of a viscoelastic
material can be represented by its magnitude and phase angle.
Using this framework, we estimated the point of subjective
equality (PSE) of a Maxwell arm (a damper and a spring
in series) to a damper and a spring using complex stiffness
magnitude and phase angle in two sets of experiments. A
damper and a spring are chosen for the comparisons since they
actually represent the limit cases for a viscoelastic material.
We first performed 2I-2AFC adaptive staircase experiments to
investigate how the perceived magnitude of complex stiffness
changes in a Maxwell arm for small and large values of
time constant. Then, we performed 3I-2AFC adaptive staircase
experiments to investigate how the PSE changes as a function of
the phase angle in a Maxwell arm. The results of our study show
that the magnitude of complex stiffness was underestimated due
to the smaller phase lag (with respect to a damper’s) between
the sinusoidal displacement applied by the participants to the
Maxwell arm and the force felt in their finger when the time
constant was small, whereas no difference was observed for
a large time constant. Moreover, we observed that the PSE
values estimated for the lower bound of the phase angle were
significantly closer to their actual limit (0°) than those of the
upper bound to 90°.

I. INTRODUCTION

In daily life, we come into contact with different types
of objects varying in their material properties. One such
property is viscoelasticity. For example, when physicians
and surgeons palpate soft tissues, accurate assessment of
viscoelasticity is of the critical value for the correct diagnosis
[1], or as in food and cosmetic industry, viscoelasticity might
be an important indicator of product quality [2]. Never-
theless, our knowledge of haptic perception of viscoelastic
materials is very limited.

On the other hand, haptic perception of compliance (re-
ciprocal of stiffness) and viscosity, both of which can be
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TABLE I
JND OF HAPTIC RELATED QUANTITIES

Signal detection Contra}lateral limb

matching

Position 1 to 3% [3] 8% (4]

Force 7% [5] 15% [6]

Stiffness 22% [7

(Compliance) (roviné giisplacement) 23% 18]

Viscosity 14% [9] 34% [10]

Mass 21% [9]

regarded as special cases of viscoelasticity have been thor-
oughly investigated not only for just-noticeable differences
(JND) (see Table I), but also for the effect of numerous
factors like time delay in force feedback ([11], [12], [13]),
exploration strategies ([14], [15]), tool use ([14], [16], [17]),
different cues used for discrimination ([14], [16], [18]),
masking [19], and force direction [20]. On the other hand,
even if we ignore the effect of the above factors, designing
the most fundamental psychophysical experiments to inves-
tigate human haptic perception of viscoelastic materials is
highly challenging due to their complex mechanical behavior.
Mechanical response of viscoelastic materials depends on
loading frequency and history, and a phase difference exists
between force and and input displacement or vice versa.
Moreover, the force (displacement) response to displacement
(force) input can be governed by multiple time-constants, as
in the case of soft organ tissues [21], [22], [23], [24]. Hence,
viscoelastic material models incorporate multiple parameters
to account for this complex mechanical response unlike the
simple spring and damper models utilized in most of the
earlier studies on haptic perception of stiffness and viscosity.

To our knowledge, no general methodology has been
proposed in the literature to investigate the haptic perception
of viscoelasticity yet. In fact, only a few studies focused
on the haptic perception of viscoelasticity. Nicholson et al.
[1] questioned whether palpation is a reliable diagnostic
tool to examine pathologies of human spine by conducting
psychophysical experiments to investigate the capability of
humans in manual discrimination of viscoelastic stimuli in
the presence of kinesthetic cues. Nevertheless, they used
a Kelvin-Voigt, which does not display the true relax-
ation/creep characteristics of soft organ tissues (see Fig. 1).
Furthermore, only the stiffness component of the model was
used in the analysis of the experimental data. On the other
hand, in some other studies, rubber stimulus, which is also
known to show viscoelastic behavior, is used for psychophys-
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Fig. 1. Mechanical behavior of viscoelastic material

ical investigation of softness or compliance without a full
material characterization of the samples [14], [16], [18].
However, it is well-known that viscoelastic materials are
neither solely elastic nor viscous, but a mixture of both, thus
resulting in a complex time-dependent behavior under even
simple loading conditions. Only [16] used a single Maxwell
arm (a spring and damper in series) for the characterization
of their rubber stimuli, but, perhaps due to the complexity of
the analysis, only the stiffness component of the model was
again considered again for interpreting the results of their
psychophysical experiments.

Studies focused on the effect of delay on perception
of stiffness are also of particular relevance to this study
since viscoelastic materials show a phase difference be-
tween force and displacement under dynamic loading. In
[11], it was shown that stiffness is underestimated when
force is leading the displacement, and overestimated when
force is delayed. Later in [12], several cues were proposed
as possible candidates to explain this shift in perception.
Among them, the ratio of peak force to penetration depth
was found to be the most likely candidate. The study was
further extended in [25] to model the motor control under
delay, and the authors defined motormetric curves analogous
to psychometric curves. In [26], these motormetrics were
used to assess the discrepancies between perception and
action during a teleoperated needle insertion task, where
soft tissue interactions were modeled by a nonlinear rigid
boundary under delay. On the other hand, in [13], Rank
et al. investigated the effect of delay on stiffness, damping,
and inertia in the frequency domain. During the experiments,
the participants were asked to make sinusoidal movements
while interacting with the virtual force fields displaying the
impedance characteristics of those three environments. For
each virtual environment, the authors conducted an odd-
one- out experiment, where the task was to identify the odd
stimulus which was displayed with a delay. For all three types
of impedances, the authors fitted psychometric curves to the
discrimination performance of participants as a function of
delay.

In this study, we present a novel approach for investigating

human haptic perception of viscoelasticity. We investigate
human haptic perception of viscoelasticity in the frequency
domain rather than in time domain. In the frequency domain,
the response of a viscoelastic material can be simply charac-
terized in terms of complex stiffness k¢ (w), which has real
and imaginary components as shown below

ko (w) = ks (w) +j kL (w) (1

where w is the frequency of stimulation. The real and
imaginary components kg and kj, are related to the energy
storage and loss characteristics of the material and the ratio
of k2 /ks is known as the loss factor, 1) (w). The above relation
can also be written in terms of the magnitude of the complex
stiffness and the phase angle,

ko (w) = [kel £ 2
where ¢ = tan~! (kr/ks) is the phase angle.

Im |damper

Fig. 2.

Complex stiffness

We utilized these two parameters (magnitude and phase
angle of the complex stiffness) to investigate human haptic
perception of viscoelastic materials. As depicted in Fig.
2, we can view a spring (damper) as the limit case of a
viscoelastic material with a complex stiffness that is purely
real (imaginary). So, in our experiments, we determined
the points of subjective equality (PSE) of a Maxwell arm
corresponding to these special cases in terms of perceived
magnitude (see Section III), as well as the upper and lower
bounds of phase angle (see Section IV).

Before going into the details of our psychophysical exper-
iments, we elaborate more on the mechanical behavior of a
Maxwell arm under dynamic loading in the next section.

II. MAXWELL ARM IN THE FREQUENCY DOMAIN

Generalized Maxwell Model (GMM) (see Fig. 3) is a
proper viscoelastic model which can capture time and rate
dependency of viscoelastic materials. One of the foundational
units of a GMM is a Maxwell arm: a spring and a damper in
series. Each Maxwell arm of a GMM represents a different
time constant 7 of the modeled material. In this section, we
investigate the mechanical response of a Maxwell arm with
a large or a small time constant, i.e. the complex stiffness is
close to being purely real or imaginary.

The governing equation of a Maxwell arm is given as

F F
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Fig. 3. Generalized Maxwell Model with n arms is typically utilized
to model viscoelastic materials. Each parallel unit composed of a serially
connected spring and a damper is called a Maxwell arm.

where z is the displacement applied to the arm (& represents
its time derivative); F' is the force applied to the arm, F
is the time derivative of the force; and k; and b; are the
stiffness and damping coefficients of the spring and the
damper, respectively.
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Fig. 4. Force response of a Maxwell arm with (a) small and (b) large time
constants.

We can transform (3) into Laplace domain and re-arrange
it to obtain the transfer function between the displacement
X (s) and force F (s):

F (s)
X (s)

Tkis
= — 4
Ts+1 @)

where 7 = b1/k;.

A. Limit Cases

If we look at the transfer function in (4) when 7 — 0:

lim F (s) = 1 @X()— w)(()
T% s_‘rli)r%)’rs-i-l S_TIE{%)TS-F]. 5
=b1sX (s), (5)

we can see that a Maxwell arm behaves like a damper (see
Fig. 4a).

On the other hand, when 7 — oo, the response of a
Maxwell arm is equivalent to that of a spring (see (6) and
Fig. 4b).

lim F(s) = lim

T—r 00

= ki1 X (s) (6)

B. Harmonic Response of a Maxwell Arm
To look at the harmonic response of a Maxwell arm, we

can plug-in jw for s in the transfer function given in (4) to
obtain the complex stiffness as

Thkijw
k = 7
C(w) 1"‘7'].0.)’ ()
ky w?T? o kiwr
k = . 8
c () w27'2+1+Jw272+1 ®)
——— ——
ks kr

The above formulation of complex stiffness is similar to
the one given in (1), and can be alternatively written in
phasor notation as

ko (w) = |kc| Lo )

where ¢ = tan™! (kz/ks) = tan~! (1/wr), and the magni-
tude |kc| = \/k% + k7. In Fig. 5, a contour plot of the phase
angle for a range of frequency f (+/(2r)) and time constant
7 pairs is shown. The yellow regions below the black curve
correspond to a more damper-like behavior while the red
regions above the blue curve correspond to a more spring-
like behavior. The behavior in the orange region (in between
the black and blue curves) is neither damper nor spring-like.
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Fig. 5. Contour plot of the phase angle ¢ with respect to the time constant
7 in log scale and frequency f in linear scale. The behavior is damper-like
in regions under the black curve (shades of yellow), spring-like in regions
above the blue curve (shades of red), and neither damper nor spring-like in
the region between the black and blue curves (orange colored region).

Within the frequency range of human hand motion (0 to
10 Hz), mechanical behavior of a Maxwell arm is governed
by its time constant and the stimulation frequency. The effect
of time constant becomes more dominant as the frequency
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is increased (see the decreasing slope of the contours as the
frequency grows in Fig. 5). For this reason, we investigate
haptic perception of viscoelastic materials in the form of a
Maxwell arm at low frequencies of hand motion (f = 0.5 and
1Hz) for both small and large values of the time constant.

III. EXPERIMENT 1: PERCEIVED COMPLEX STIFFNESS
OF MAXWELL ARM

In all of our experiments, we assumed that people tend
to make sinusoidal hand movements while exploring vis-
coelastic materials. So, we have considered only the dynamic
loading conditions. As shown earlier, under dynamic loading,
the steady-state response of viscoelastic materials differs
from basic linear materials such as spring and damper only
in the phase. In our experiments, we compared the perceived
force magnitude of a Maxwell arm’s with that of a damper
(spring) for a small (large) value of 7 (see Table II) to
determine the point of subjective equality. The 7 values for
the reference stimuli are chosen such that transient dies out
very quickly (for small 7), or persists during the interaction
(for large 7) (see Fig. 4).

A. Farticipants

Nine healthy participants (1 female and 8 males with
an average age of 27.9 £ 3.2 years old) performed the
experiments and only one participant is left-handed. The
study was approved by the Koc University Human Ethics
Committee and the participants gave their signed consent.

B. Apparatus

Visual and haptic representations of the stimuli were
rendered using a computer screen and a Phantom Premium
1.0 device with the thimble-gimbal attached, respectively. An
orthogonal transformation was used between the reference
frames of graphical scene and haptic device. Also, to elimi-
nate possible perspective effects, orthographic projection was
used for displaying the graphics on the screen.

(M R) (M ®R)

(a) Small 7 case

(b) Large 7 case

Fig. 6.  Stimulus pairs in Experiment 1. Dashed helices are the visual
representations of the stimuli, whereas units drawn with solid lines show
the underlying mechanical behavior. The letters “R” and “T” denote the ref-
erence stimuli rendered as a Maxwell arm and the test stimuli, respectively.

C. Stimuli

The graphical representation of all stimuli consisted of a
yellow-colored plate (a surface that the blue-colored haptic
cursor makes a contact) and a cyan-colored helical spring
under the plate (see Fig. 7). When the participant compressed
a Maxwell arm, the force response of the Maxwell arm was

TABLE I
PARAMETERS OF REFERENCE STIMULI

Small T Large T
f 1Hz 0.5Hz 1Hz 0.5Hz
T 0.1s 0.1s 100s 100s
k1 50 N/m 50 N/m 50 N/m 50 N/m
b1 5Ns/m 5Ns/m 5000Ns/m  5000Ns/m
lkc|  0.0266 0.0150 0.0500 0.0500
ks 0.0142 0.0045 0.0500 0.0500
kr, 0.0225 0.0143 7.9577e—5 1.5915e—4
) 57.8581° 72.5594° 0.0912° 0.1824°
ot —89.2831s  —96.8922s | 1.0132s 0.2533s

computed in real-time by discretizing (3) as in [27] and then
displayed to the participant in the direction normal to the
surface of the plate.

D. Procedure

We conducted a one-up/one-down adaptive staircase pro-
cedure using a two-interval two-alternative forced-choice (2I-
2AFC) paradigm. There were four sessions (27 x 2 f) which
were conducted in a randomized order. In each session of the
experiment, the participants were presented with two types of
virtual stimuli: a reference stimulus which is a Maxwell arm
with a set of fixed parameters, and a test stimulus which
is a damper if the time constant of the Maxwell arm was
7 = 0.1s or a spring if 7 = 100s (see Fig. 6). The task
was to determine the more viscous (stiffer) stimulus when
the time constant was small (large). The parameters of the
reference stimuli and their values are given in Table II. The
parameter values corresponding to the boldface letters were
set by us while the rest of the values were calculated by the
model.

For both small and large values of 7, the perceived
magnitude of the complex stiffness of a Maxwell arm, i.e. the
subjectively equal damping coefficient or stiffness value,was
estimated by a seperate psychophysical experiment. In each
trial, the order of the reference and test stimuli were random-
ized while the same order was displayed to all participants.
At the start of each experiment, a considerably high value
of complex stiffness (biest Or kit depending on the value
of 7) was chosen for the test stimulus. If the test stimulus
was judged to have a higher complex stiffness than that of
the reference then its complex stiffness was logarithmically
decreased, and vice versa.

Before each session, the participants were asked to sit
in front of a computer screen and put their forearms on
an adjustable arm rest. They put the index finger of their
dominant hand inside the thimble of the haptic device. To
avoid slippage, they were instructed to support the thimble
with their thumb in a precision grip pose. The haptic interface
point was displayed by a blue cursor on the screen.

While exploring the stimuli, the participants were required
to follow the procedure depicted in Fig. 7. First, they were
asked to touch the red-colored snap line (Fig. 7a) to constrain
their movement in the normal direction. A light guiding force
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was applied to bring them back to the snap line when their
finger deviated from it. Then, they were asked to touch the
red colored cursor on the surface of the plate, whose color
turned to yellow upon contact (Fig. 7b) and then to green
after 0.5ms (Fig. 7c) to signal that the trial is ready to
go. Finally, they were asked to follow the magenta-colored
reference cursor, which appears on the screen once the pre-
set threshold velocity was exceeded by the participant (Fig.
7d). The trajectory of the reference cursor was a sinusoid
with a frequency f = 0.5 and 1 Hz. In each trial, the stimulus
to be explored was always displayed in the middle of the
screen. Participants were allowed to explore each stimulus
for 3s only. After this duration, the next stimulus in the
queue came sliding into the middle of the screen and the
same exploration procedure was repeated. After both stimuli
were explored, the participants responded to the question of
which one of the two stimuli was more viscous (stiffer) for
the case of small (large) time constant. The participants were
allowed to repeat the same trial only once more if they were
undecided after the first exploration.

(b) Touch (c) Go (d) Track

(a) Snap

Fig. 7. Procedural steps of the experiments

E. Data Analysis

In the first five reversals, the step size used in our staircase
method was large. In the remaining seven reversals, it was
small. To find the PSE for the complex stiffness magnitude
of a Maxwell arm with respect to that of a the test stimulus
(damper or spring), the mean value of the last six reversals
were considered. An example experiment session is depicted
in Fig. 8.
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Fig. 8. An example run of the adaptive staircase.

F. Results

The PSE results of the first set of experiments are normal-
ized by the complex stiffness of the reference stimuli (See
Table II for the reference k¢ values) and are depicted in Fig.
9.

To investigate whether the frequency of stimulation and/or
the time constant affect the perceived magnitude of stiffness
or viscosity, a two-way repeated measures ANOVA was
performed. No significant effect of frequency was observed
(F(1,8) = 0.109, p = 0.75). However, the effect of time
constant was found to be significant (F'(1,8) = 24.378, p
= 0.0011). There was no interaction between the frequency
and the time constant (F' (1,8) = 0.941, p = 0.361).

As explained in Section II, the force response magnitude
of a Maxwell arm depends on its complex stiffness. For
each time constant (7 = 0.1 and 100s), one sample t-tests
were performed to compare the resulting PSE values with
the magnitude of complex stiffness. Significant differences
were found for small values of 7 (p < 0.001, t = -7.48),
whereas no such effect was observed when 7 is large (p =
0.063, ¢t = -2.00).

7=01s 7=100s
1.1 1.1
o 11 e [ 1 & 8
= 0.9 ;[ } i 0.9
20| d
<08 9 0.8
0.7 0.7
0.5 1 0.5 1
Frequency [Hz| Frequency [Hz]
@ Mean PSE @ Mean PSE
e ke * ko
kL kS
Fig. 9. Mean PSE results for magnitudes. The error bars represent the

standard error of the mean.

For the small time constant, another set of one sample
t-tests were performed for testing the null hypothesis that
PSE values were equal to kr, the imaginary (dissipative)
component of the complex stiffness. No significant difference
was found for f = 1 Hz (p = 0.2636, t = -1.20), though the
difference was significant for f = 0.5Hz (p = 0.0093, t =
-3.40).

Similarly, for the large time constant, one sample t-tests
were performed again for testing the null hypothesis that
PSE values were equal to kg, the real (storage) component
of the complex stiffness. For both stimulation frequencies,
no significant difference was found (p = 0.1414, ¢ = -1.63
for 0.5 Hz, and p = 0.0955, ¢t = -1.89 for 1 Hz). Note that
values of k7, and kg are different for different stimulation
frequencies, hence seperate t-tests were performed for dif-
ferent stimulation frequencies.

IV. EXPERIMENT 2: DISCRIMINATION OF MAXWELL
ARM FROM BASIC LINEAR MATERIALS

In the second experiment, we searched for the upper and
lower bounds of the phase angle that makes a Maxwell arm
subjectively equal to a damper (¢ = 90°) and a spring (¢
= 0°), respectively. Again, the same participants were re-
cruited, and the apparatus, stimuli, most of the experimental
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procedure, and data analysis methods were kept the same as
those of the experiments presented in Section III.

We again conducted a one-up/one-down adaptive staircase
method, but this time using a three-interval two-alternative
forced-choice (31-2AFC) paradigm. The participants were
asked to determine the stimulus that was different from the
reference stimulus presented in the second interval. This
reference stimulus was a damper (spring) when the upper
(lower) bound for the phase angle was investigated. Also,
either the first or third interval was randomly assigned to
contain a stimulus that was identical to the reference stimulus
presented in the second interval. Lastly, the test stimulus (a
Maxwell arm whose time constant was altered according to
the adaptive procedure) was placed at the remaining interval
(see Fig. 10).

A. Procedures

For the upper (lower) bound, the damping (stiffness) coef-
ficient of the reference stimulus and the dissipative (storage)
component of the test stimulus were set to be equal based on
the results of the first set of experiments. At the beginning
of the experiment, the initial phase angle was chosen to be
far from the phase angle the reference stimulus (90° for
damper and 0° for spring) so that discriminating the Maxwell
arm from a damper (or a spring) was easy. Every time the
participant provided a correct response, the phase angle of
the test stimulus was increased (decreased) when the damper
(spring) was the reference stimulus, and vice versa.

(a) Small 7 case (b) Large 7 case

Fig. 10. Stimulus triplets in Experiment 2. Dashed helices are the
visual representations of the stimuli, whereas units drawn with solid lines
show underlying mechanical behavior. The letters “R” and “T” denote the
reference stimuli and the test stimuli, respectively.

B. Results

The PSE values of the phase angle with respect to 0° and
90° were found by averaging the last six reversals of the
staircase method.

A repeated measures ANOVA was performed on the
mean PSE outcomes with two within subjects variables:
stimulation frequency and time constant. For the effect of
stimulation frequency, no significant differences were ob-
served (F'(1,8) = 0.007, p = 0.934). However, significant
differences were found for the time constant (F'(1,8) =
11.765, p = 0.014). No interaction was observed between the
frequency and time constant (F (1,8) = 0.384, p = 0.558).

The distance between the perceptual upper bound and 90°
(damper), and between the perceptual lower bound and 0°
(spring) were compared using one sample t-tests and found

o} O
< <
jﬁf 80 - 110 ;JD
I, .
s . s
= g5l Small 7| 5 =
m Large 7 M
90 ‘ — % 0
0.5 1
Frequency [Hz]
Fig. 11. Mean PSE results for the phase angle with respect to boundaries.

The error bars represent the standard error of the mean.

to be significant (p < 0.001 for the upper bound; p = 0.013
for the lower bound).

V. DISCUSSION

In this study, we first conducted 2I-2AFC staircase ex-
periments to investigate how the perceived magnitude of
complex stiffness changes in a Maxwell arm for small and
large 7 values. For small 7, the magnitude of the complex
stiffness was underestimated. Note that the test stimulus for
small 7 was a damper, whose force response shows a phase
lag of 90° with respect to the displacement input under
dynamic loading, whereas a Maxwell arm shows a smaller
phase lag than 90° (see Table II). The relatively smaller
phase lag of a Maxwell arm might be viewed as a phase
lead in comparison to that of the damper. Similarly, in [11],
the authors also observed that the perceived stiffness of a
spring was lower (higher) when there was a phase lead (lag)
between force response and displacement input. However,
in the case of a large 7, the phase difference was small
and no significant underestimation of the complex stiffness
magnitude was observed in our experiments.

We then conducted 3I-2AFC experiments to investigate
the PSE of a Maxwell arm to basic linear materials as a
function of phase angle. Two equivalent dampers (springs)
were used as the reference stimuli for estimating the upper
(lower) bounds of the phase angle of the Maxwell arm for
the chosen stimulation frequencies. The distance between the
PSE values estimated for the upper bound of the phase angle
to its actual limit (90°) was significantly higher than those
of the lower bound when f = 0.5 and 1Hz. For example,
our results show that if the phase angle is below 2.5° (or
above 79.8°) when f = 0.5 Hz, then a Maxwell arm was
perceptually equivalent to a spring (damper). This suggets
that a Maxwell arm with a large time constant can be more
easily discriminated from a spring than a Maxwell arm with a
small time constant can be discriminated from a damper. The
exponentially decaying transient of the response could be the
reason of this difference. For a Maxwell arm with small time
constant, the transient of the response has a small magnitude
and disappears very quickly, whereas for a Maxwell arm with
large time constant, the exponential decay of the transient is
small for a short duration of stimulation, but still it might
have been used as a cue by the participants.
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VI. CONCLUSIONS

In this study, we proposed a new approach for the psy-
chophysical investigation of human perception of viscoelas-
ticity. This is a complex problem since the viscoelastic
materials show a time and history dependent behavior, and
are neither purely elastic nor purely viscous. By using the
concept of complex stiffness k¢ (w), we first represented
the force response of a Maxwell arm using its magnitude
and phase angle. The Maxwell arm is the basic unit of
GMM that is typically used in modeling viscoelastic ma-
terials. We then compared the perceived force response of
a Maxwell arm with those of basic linear material models:
a damper and a spring. They represent the limits cases of
a Maxwell arm. In our future studies, we plan to obtain
a full psychometric curve for a Maxwell arm by varying
its time constant under different stimulation frequencies.
Additionally, we will extend the scope of the work from
a single Maxwell arm to a GMM. Although the behavior of
a GMM is more complex than that of a single Maxwell arm,
the concept of complex stiffness can be generalized to GMM
by linearly adding the complex stiffness contribution of each
arm in the frequency domain to reduce the complexity of
psychophysical investigations.
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