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Abstract: The integration of a passive elastic element in series between a motor and its load is popular
in many human–robot interaction scenarios. By virtually imposing elastic behavior on the motor, an
impedance control can act as a second stiffness to such an actuator. In this study, we investigated
how participants perceived the different stiffness settings in a series elastic actuator by measuring the
Just Noticeable Difference (JND) of the real stiffness of the elastic element and the virtual stiffness
introduced by impedance control. We conducted a user study during which participants interacted
with an impedance-controlled Series Elastic Actuator through a lever. During the user study, we
varied the real stiffness of the elastic element and the virtual stiffness. We found that participants
seem to perceive both the virtual stiffness and the real stiffness in the same way and in accordance to
Weber’s law, which states that the stiffness JND is always equal to a fraction of the initial stiffness.
Following these findings, we concluded that the impedance controller can implement an effective
virtual stiffness with a behavior comparable to a real torsional spring. Therefore, a system combining
real and virtual stiffness can simulate a single combined stiffness for a user interacting with it.

Keywords: just noticeable difference; impedance control; elastic actuation; psychophysics

1. Introduction

When asking engineers from different fields about the ideal behavior of an actuator,
one might obtain vastly different answers. In the field of wearable robotics, the addition of
elastic elements to form elastic actuators has become popular [1,2]. These elastic actuators
can decrease energy requirements, improve backdrivability, and absorb mechanical
shocks [3–5]. Yet, the increased complexity, when compared with direct actuation systems,
makes controlling them effectively a challenging task. Variable Stiffness Actuators are even
capable of changing the stiffness of their elastic element, allowing an adaption to different
conditions and possibly improving energy efficiency [6]. Variable Stiffness Actuator
designs generally include mechanisms that alter the physical stiffness characteristics of the
actuator or rely on impedance control to add virtual impedance [7].

As indicated above, elastic actuators are widely applied in wearable robotics, e.g.,
exoskeletons and prostheses. Penzlin et al. [8] used parallel elastic actuation to drive a
lower limb exoskeleton. Another lower limb exoskeleton driven by elastic actuators with a
variable structure was proposed by Aguirre-Ollinger et al. [9]. A model-based control of an
exoskeleton with series elastic actuators was developed by Vantilt et al [10]. Sun et al. [2]
designed a nonlinear series elastic actuator for a knee prosthesis, while Carney et al. [11]
used the displacement on the elastic element of a series elastic actuator to estimate reaction
forces. These studies demonstrate that elastic actuators can provide increased safety and
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energy efficiency for human–robot applications. Beckerle et al. [12] explored the faults
possibly occurring in elastic actuators, the issues resulting from these faults, and possible
strategies in dealing with them. Velasco-Guillen et al. [13] evaluated the effectiveness
of a control strategy that takes into account faults occurring in the stiffness of an elastic
actuator for wearable robotics. In our study, we compare the human perception of the
virtual stiffness of an impedance control and the real stiffness of an elastic element to assess
the practicality of combining these elements in human–robot interaction.

The stiffness of actuators and their perception by humans is an important part of
research in haptics [14] and is significant for human–robot interaction [12]. Psychophysical
studies are generally conducted to investigate how physical stimuli are perceived, relying
on sensory thresholds [15]. One key figure in the human perception of stiffness is the Just
Noticeable Difference (JND), which describes the smallest change in stiffness in a system
that a human can perceive. The JND of stiffness has been studied by other researchers as a
measure for user perception of stiffness [16–19]. Kocak et al. [16] explored the JND of
stiffness in a virtual environment in different modes of interaction with the stiff object.
They found that the JND of stiffness is lowest when interaction with the object is not
interrupted during stiffness changes. Fu et al. [17,18] investigated the JND of the stiffness
of an impedance-controlled joystick. Initially, they investigated how a visual indicator for
participant displacement can help avoid the biases of perceived force on the JND of
stiffness [17]. In addition, they found that the JND of the virtual stiffness of the joystick is
always equal to the same fraction of the initial value of the stiffness, following Weber’s
law [20]. Later, they evaluated the JND of stiffness and damping with different parameters
of an impedance control, finding that the mass of an actuator influences the JND of
stiffness [18]. Singhala et al. [19] investigated the influence of the velocity of interaction on
the JND of stiffness and found that participants choose different velocities to evaluate
stiffness. Shepherd et al. [21] investigated the perception of the stiffness of a foot prosthesis
across multiple patients. Based on their research, Clites et al. [22] showed that the
preference of patients towards a specific stiffness can be explained by a symmetry in gait
between the two legs.

Despite ample research on the JND of stiffness, no attempts were made to compare the
JND of virtual stiffness as provided by impedance control and real stiffness provided by an
elastic element. In this article, we describe the results of a user study evaluating the JND of
stiffness in a system that combines both real and virtual stiffness. Our research question in
this context is whether humans interacting with a variable stiffness actuator commanded
by impedance control perceive changes in the real stiffness of the elastic element in the
same way as changes in the virtual stiffness of the impedance control. We formulated two
hypotheses along with this research question.

Hypothesis 1. The measured values of JND for real and virtual stiffness are the same.

Because the JND of stiffness is used as an expression of human perception, this
hypothesis states that the perceptions of real and virtual stiffness are the same.

Hypothesis 2. The measured values of JND follow Weber’s law [20].

Weber’s law states that the JND is always equal to a fraction of the initial value that is
varied in the measurement. Through this hypothesis, we aim to explore whether the measured
JNDs of real and virtual stiffness can be compared to one another, as it confirms that both real
and virtual stiffnesses are perceived as such by the user interacting with the system.

The article is structured as follows: Section 2 details the hardware setup and the user
study design. Section 3 presents the results of the user study. Section 4 discusses the
findings. Finally, the conclusions are presented in Section 5.
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2. Materials and Methods

This section details the material and methods utilized to conduct the user study. The
hardware setup and the control algorithm of the elastic actuator are presented, followed by
user study design.

2.1. Variable Torsional Stiffness Actuator

The actuator used to investigate the JND in stiffness features a torsional rod which
can alter its torsional stiffness by modifying its effective length. It is named a Variable
Torsional Stiffness (VTS) actuator [23], and it was controlled by a passivity-based impedance
controller [24].

A picture of the VTS actuator setup is shown in Figure 1. The Actuation Unit 1,
combining a direct current (DC) motor and a gearbox, can be seen in the bottom left. Above
it, Actuation Unit 2 combines a smaller DC motor with a gearbox. Actuation Unit 1 is
connected to a torsional rod, which is hidden inside the aluminum tube in the picture,
via a metal coupling. Actuation Unit 2 is connected to the mechanism that changes the
effective length of the torsional rod, also via a metal coupling. The mechanism to change
the stiffness of the torsional rod is shown in Figure 2. Actuation Unit 2 moves a counter
bearing along the torsional rod, changing its effective length ls, along with its stiffness
ks. On the right side, the VTS actuator is fitted with a lever for user interaction. Between
the lever and the torsional rod, a torque sensor is integrated into the system, measuring
the torque acting on the torsional rod. Incremental encoders measure angular positions
ϕa and ϕl . Angular speeds are determined by filtered numerical derivation. The torque
τa of Actuation Unit 1 is commanded using low-level current control. Actuation Unit 2
implements a mid-level position control to control the effective length of the torsional rod,
which is measured through a linear potentiometer.

2

1

3

4

5 6

Figure 1. Picture of the VTS actuator with (1) DC motor with a gearbox (Actuation Unit 1), connected
to the torsional rod via a coupling; (2) DC motor with gearbox (Actuation Unit 2), connected to
torsional rod mechanism via a coupling; (3) Linear potentiometer measuring ls; (4) Torsional rod with
a mechanism to change its length ls; (5) Torque sensor measuring τs; (6) Lever for user interaction.

The dynamics of the VTS actuator can be expressed as follows:[
Jl 0
0 Ja

][
ϕ̈l
ϕ̈a

]
+

[
ks −ks
−ks ks

][
ϕl
ϕa

]
=

[
τint + τg + τf ric,l

τa + τf ric,a

]
, (1)

using the inertias Jl of the lever and Ja of Actuation Unit 1, the rotations of Actuation Unit
1 ϕa and the lever ϕl , the interaction torque with the lever τint, the gravity torque affecting
the lever τg, the torque τa produced by Actuation Unit 1, and friction torques on actuator
side τf ric,a and lever side τf ric,l .

The torque caused by gravity is expressed using the gravitational constant g and the
mass ml and distance to the center of mass ll of the lever: τg = ml ll g sin(ϕl). The torques
caused by friction are adapted from the model used in [25]. The friction on the lever side
τf ric,l is assumed to be negligible, while the friction torque on the actuator side τf ric,a is
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assumed to be a combination of Coulomb friction, with friction coefficient Ba,c and shaping
coefficient S, and viscous friction, with a coefficient Ba,v. The Coulomb friction is modeled
using a hyperbolic tangent function based on the proposition of Mostaghel et al. [26]. This
makes the expression of the Coulomb friction continuous, which in turn increases the
stability of the control. The expression for the torque resulting from friction in the actuator
is the following:

τf ric,a = Ba,v ϕ̇a + Ba,c tanh(Sϕ̇a). (2)

Actuation
unit 1

Actuation
unit 2

Torsional rod
ks(ls)

Lever
τa, ϕa τs, ϕl

ls

Figure 2. Mechanism to change effective length of the torsional rod. Actuation Unit 2 moves a counter
bearing along the torsional rod that transmits the torque from the torsional rod to the lever, which is
used for user interaction. Changing the position of the bearing thus changes the effective length ls of
the torsional rod.

2.2. Impedance Control

While the torsional rod introduced a variable real stiffness to the system, the virtual
stiffness is implemented via impedance control. Using the model of the actuator, a passivity-
based impedance control is implemented for output trajectory tracking, based on the
controller proposed by Ott [24]. The reference of this control is a desired trajectory of lever
rotation ϕl,d. This trajectory is transformed into a trajectory ϕa,d for Actuation Unit 1 while
accounting for the inertia of the lever Jl and the gravity torque τg:

ϕa,d =
1
ks
(Jl ϕ̈l,d + τg) + ϕl,d. (3)

This transformed trajectory is then used to compute a new control input u while
compensating friction and shaping the impedance of Actuation Unit 1 using a desired
virtual inertia Ja,d, damping dd and stiffness kd:

u = Ja,d ϕ̈a,d + ks(ϕa,d − ϕl,d) + kd(ϕa,d − ϕa) + dd(ϕ̇a,d − ϕ̇a). (4)

The new input u is then used to calculate the required torque of Actuation Unit 1, while
accounting for the deflection of the torsional rod and the friction in Actuation Unit 1:

τa =
Ja

Ja,d
u +

(
1− Ja

Ja,d

)
ks(ϕa − ϕl) + τf ric,a. (5)

Computing the torque of Actuation Unit 1 this way leads to the following closed loop
dynamics, with the control deviations ϕ̃a = ϕa − ϕa,d and ϕ̃l = ϕl − ϕl,d:[

Jl 0
0 Ja,d

][ ¨̃ϕl
¨̃ϕa

]
+

[
0 0
0 dd

][ ˙̃ϕl
˙̃ϕa

]
+

[
ks −ks
−ks ks + kd

][
ϕ̃l
ϕ̃a

]
=

[
τint
0

]
. (6)

Based on the control strategy presented by Ott [24], in static or low-frequency
applications, the reference trajectories can be defined in position only, i.e.,
ϕ̇l,d = ϕ̈l,d = ϕ̇a,d = ϕ̈a,d = 0.

The structure of (6) is that of a two-mass torsional oscillator, which is illustrated in
Figure 3. For a user interacting with the system, the output stiffness is the relationship
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between the interaction torque τint and output deflection ϕ̃l , with the following
transfer function:

K(s) =
τint(s)
ϕ̃l(s)

=
Jl Ja,ds4 + Jldds3 + (Jlks + Jlkd + Ja,dks)s2 + ddkss + kskd

Ja,ds2 + dds + ks + kd
. (7)

Notice that for the static case, s→ 0 and K → kskd
ks+kd

, which implies that for sufficiently low
frequencies the user would perceive the series combination of real and virtual stiffness [24],
with the combined interaction stiffness ki defined as

ki =
kskd

ks + kd
. (8)

ks

Ja,d Jl

kd

dd

τint

ϕ̃a ϕ̃l

Figure 3. Structure of an impedance-controlled SEA with real stiffness ks, load inertia Jl , and virtual
impedance parameters: stiffness kd, damping dd, and inertia Ja,d. The system behaves as a two-mass
torsional oscillator subject to the interaction torque τint.

The parameters of the VTS and the lever are obtained from datasheets, direct
measurements, and/or by comparing measurements with simulation results. The
parameters that are used are shown in Table 1. The relationship between the stiffness ks,
measured in N m rad−1, and the rod length ls, measured in m, is experimentally evaluated
by obtaining measurements of torque and deflection at different rod lengths and fitting a
curve. The obtained function is the following:

ks(ls) =
a
ls
+ b, (9)

where a = 5.6979 N m2 rad−1, b = 13.25 N m rad−1.

Table 1. Parameters used in the experiments.

Description Symbol Value Unit

Mass of the lever ml 1.3 kg
Distance to center of mass of the lever ll 0.4 m
Moment of inertia of the lever Jl 0.29 kg m2

Moment of inertia of Actuation Unit 1 Ja 2 kg m2

Viscous friction coefficient of Actuator unit 1 Ba,v 4 N m s rad−1

Coulomb friction coefficient of Actuator unit 1 Ba,c 5.5 N m
Shaping factor for friction model S 5 1
Rod length range ls 0.0275–0.19 m
Rod stiffness (real) range ks 43–220 N m rad−1

Control stiffness (virtual) range kd 43–220 N m rad−1

Control damping (virtual) dd 0 N m s rad−1

Control inertia (shaped) Ja,d 0.2 kg m2

In order to evaluate the applicability of (8) in an interaction scenario, we conducted a
series of step responses by interacting with the lever using two stiffness settings:

• Setting A: ks = 50 N m rad−1, kd = 150 N m rad−1,
• Setting B: ks = 150 N m rad−1, kd = 50 N m rad−1.
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The expected interaction stiffness for both settings is ki = 37.5 N m rad−1. Both settings are
also tested without inertia shaping, i.e., Ja,d = Ja, and with inertia shaping, lowering the
actuator inertia by a factor or 10, i.e., Ja,d = 0.1Ja. For the tests, the lever is commanded to
rest at a constant position of 80°, i.e., ϕl,d = 4π

9 rad. Then, it is subsequently deflected by
approximately 20° at a slow rate while measuring the interaction torque and deflections.
Figure 4 shows the measurements obtained from the interaction steps. From these tests, it is
clear that the expected interaction behavior, which corresponds to τint = ki ϕ̃l , is accurately
attained when implementing inertia shaping. On the other hand, the expected interaction
behavior is not attained without inertia shaping, likely due to unmodeled damping or
friction components. The deviation from the expected interaction behavior when inertia
shaping is not active is bigger for the lower value of kd in Setting B, as the unmodeled
torque components are likely more significant in the actuator dynamics. This shows the
advantage of implementing inertia shaping to make the interaction perception more robust
against unmodeled friction behavior.
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Time in sLe
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r
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Figure 4. Interaction step responses. Deflection of 0.35 rad from a fixed lever position.
Setting A: ks = 50 N m rad−1, kd = 150 N m rad−1; Setting B: ks = 150 N m rad−1, kd = 50 N m rad−1.
Tests show that the expected interaction behavior, i.e., τint = ki ϕ̃l , is obtained when implementing
inertia shaping. Without it, unmodeled static friction components are noticeable and deform the
interaction curve τint vs ϕ̃l .

To verify the frequency response of the impedance-controlled lever with settings A
and B and inertia shaping, we measure the position deviation ϕ̃l and torque τint when
interacting with the lever at different frequencies. A periodic user interaction is
approximated by deflecting the position of the lever with an amplitude of approximately
ϕ̃l = ±20° and following a visual and auditory metronome at frequencies ranging from
0.25 Hz to 2 Hz, with uniform increments of 0.25 Hz. Figure 5 shows the torque and
deflection measurements from two interaction examples at 0.25 Hz and 2 Hz using stiffness
setting A. The periodic signals are transformed to the frequency domain using the fast
Fourier transform (FFT) and the complex stiffness is determined by dividing the FFT of
torque and the FFT of deflection at the fundamental frequency of the interaction. The
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magnitude and phase of the stiffness frequency response for both settings are shown in
Figure 6. It compares the measured and theoretical Bode plots from the transfer function
K(s) defined in (7), showing that both conditions behave as expected for the lower
frequencies, with both settings attaining very similar responses to the expected theoretical
behavior for frequencies of up to 0.5 Hz. The natural frequency of measured response
seems to be close to that of the modeled dynamics, but the ideal theoretical response
around the natural frequency is not attained possibly due to non-compensated friction
components and/or motor speed limits. It is important to mention that the friction
compensation terms used in the lever control are selected to allow an effective lever
interaction at low frequencies while avoiding aggressive torque compensation terms that
cause unwanted lever oscillations at rest. Therefore, for high-frequency applications,
friction compensation and motor dimensioning should be adjusted.
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Figure 5. Periodic interaction examples with setting A: ks = 50 N m rad−1, kd = 150 N m rad−1. The
periodic interaction signals are obtained by deflecting the position of the lever following a visual and
auditory metronome. The plots show 15 cycles of measured torque and deflection measurements.
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Figure 6. Measured and theoretical Bode magnitude plot (top) and phase plot (bottom)
of stiffness transfer function K(s) = τint(s)

ϕ̃l(s)
. Setting A: ks = 50 N m rad−1, kd = 150 N m rad−1,

Setting B: ks = 150 N m rad−1, kd = 50 N m rad−1. Natural frequencies of measured response match
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the theoretical dynamics. Measurements with both settings behave as expected for the lower
frequencies, with both settings attaining very similar responses to the expected theoretical behavior
for frequencies up to 0.5 Hz.

2.3. User Study

The participants were recruited at the chair of Autonomous Systems and Mechatronics
of the Friedrich–Alexander University Erlangen–Nürnberg. A total of 15 participants were
recruited, 6 of which identified as women and 9 of which identified as men. The mean age
of the participants was 27 years with a standard deviation of 5.8 years. Informed consent
was obtained from all participants involved in the study. The examinations were conducted
in accordance with the Declaration of Helsinki 2008 and a vote from the Ethics Commission
at TU Darmstadt (EK 18/2017).

We investigated the JND of stiffness in a quantitative experimental user study, during
which participants interacted with the system via the lever, while the system changed either
the value of real stiffness ks or virtual stiffness kd.

During experiments, the actuator was fully covered using black Plexiglass plates to
avoid participants being able to see moving parts. Additionally, participants were asked to
wear a noise canceling headset to minimize the influence of sounds of the actuator. The
experimental setup is shown in Figure 7.

Covered actuator

Lever

Control box

Noise canceling headset

Touch screen

Figure 7. VTS experimental setup. The actuator is fully covered by black plexiglass and a noise
cancelling headset is used during experiments.

In the user study, two independent variables (IV) were defined. The first IV is the
stiffness varied during experiments, which is either kd or ks. The second IV is the starting
value kinit of the varied stiffness, which needed to be changed in between experiments to
investigate our second hypothesis. To evaluate both hypotheses with a minimum number
of experiments, we decided to conduct the experiments with two separate values of kinit.
To investigate the effects of both IVs, we implemented a 2 × 2 repeated measures design,
such that a total of four JND experiments were conducted for each participant.

During experiments, the lever was commanded to rest at a constant position of 80°.
This proved to be a comfortable position for participants to hold onto the lever. The
participant task consisted of moving the lever to the position of 60°, holding it down for 2 s,
and then releasing the lever. The target rotation was visually marked in the test bench to
avoid biases introduced by the force necessary to move the lever [17].

Each experiment consisted of multiple trials. In each trial, the participant was asked
to move the lever twice with different values of the varied stiffness: the initial stiffness
kinit and an increased stiffness kinit + kstep. The sequence in which both stiffness settings
were presented to a participant was randomized to avoid sequencing effects, and a delay of
4 s was left between each movement to allow time for the adjustment of the real stiffness.
The same delay was used for all trials in all experiments to avoid introducing biases when
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varying the virtual stiffness. After the two movements, the participant was asked which
movement felt stiffer. If they could identify the movement with the higher stiffness, the
response was counted as correct, otherwise it was counted a incorrect. If kstep reached zero,
the answer is always taken as incorrect.

Multiple trials were combined into one experiment using a weighted transformed
staircase approach [27,28]. The value of kstep was decreased by a magnitude of ∆− when
the participant answered correctly C = 2 times in a row. The value of kstep was increased
by a magnitude of ∆+ after I = 1 incorrect participant response. This so-called 1 up/2
down rule only takes effect after the first incorrect response. The ratio of increase in ∆+

to decrease in ∆− of kstep was ∆−
∆+ = 1

2 , making the expected ratio of correct to incorrect
responses

Ψ =

(
∆+

∆+ + ∆−

)I/C

= 0.816. (10)

A convergence of kstep against the JND of stiffness was assumed to be achieved after
7 reversals, where a reversal is a change from an increasing to a decreasing stiffness or vice
versa. Alternatively, an experiment was stopped after 40 trials to avoid taking too much
time per experiment. The JND of stiffness was calculated as the average value of kstep of
the last 10 trials. One example run of an experiment is displayed in Figure 8.

The JND of stiffness was evaluated at two values of kinit for both real and virtual
stiffness per participant, resulting in a total of four experiments per participant. The
non-varied stiffness in an experiment was set to a constant value of 220 N m rad−1, which
corresponds to the maximum possible stiffness for ks, to minimize influences of one stiffness
on the measurement of JND of the other stiffness. The value of kstep of the first trial was
set to 50 N m rad−1 when kinit was 50 N m rad−1 and set to 100 N m rad−1 when kinit was
100 N m rad−1. The conditions of the four experiments are listed in Table 2. The order of
these four experiments was also pseudo-randomized.

0 2 4 6 8 10 12 14 16 18 20 22 24 26

0

10

20

30

40

50

Trial number

k s
te

p
in

N
m

ra
d
−

1

Value of kstep

Reversals
Resulting JND

Figure 8. Example run of one experiment. The varied stiffness is kd, the initial value kinit is
50 N m rad−1. The value of ks is 220 N m rad−1 for all trials. Reversals are shown as filled red
circles. The resulting JND is calculated using the average value of kstep of the last 10 trials.

Table 2. Conditions of the experiments.

Cond.
No.

Varied
Stiffness

Initial Stiffness
kinit in

N m rad−1

kstep of the
First Trial in
N m rad−1

Stiffness
Increase ∆+ in

N m rad−1

Stiffness
Decrease ∆− in

N m rad−1

1 ks 100 100 20 10
2 ks 50 50 10 5
3 kd 100 100 20 10
4 kd 50 50 10 5

3. Results

To compare the obtained JND, the results are given both in their absolute quantity,
measured in N m rad−1, and its normalized quantity, described as a percentage of the initial
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stiffness kinit. Measurements of the stiffness JND for all conditions are presented in Table 3.
Figure 9 shows the boxplot of the normalized JND.

For variations of the real stiffness ks with a higher initial value kinit of 100 N m rad−1,
the average number of trials needed to complete the experiment was 27± 4, the average
absolute JND was (16.40± 4.69)N m rad−1, and the average normalized JND was
(16.40± 4.69)%. For a lower kinit of 50 N m rad−1, the average number of trials was 29± 4,
the average absolute JND was (8.50± 2.44)N m rad−1, and the average normalized JND
was (17.00± 4.88)%.

For variations of the virtual stiffness kd with a higher value of kinit of 100 N m rad−1,
the average number of trials needed to complete the experiment was 27± 2, the average
absolute JND was (16.00± 3.68)N m rad−1, and the average normalized JND was
(16.00± 3.68)%. For a lower kinit of 50 N m rad−1, the average number of trials was 28± 4,
the average absolute JND was (8.17± 2.18)N m rad−1, and the average normalized JND
was (16.33± 4.35)%.

Table 3. Results of each individual experiment type.

Cond.
No.

Varied
Stiffness

Initial Stiffness
kinit in

N m rad−1

Mean No.
of trials

Absolute JND
in N m rad−1

Normalized JND
in % of kinit

1 ks 100 27± 4 16.40± 4.69 16.40± 4.69
2 ks 50 29± 4 8.50± 2.44 17.00± 4.88
3 kd 100 27± 2 16.00± 3.68 16.00± 3.68
4 kd 50 28± 4 8.17± 2.18 16.33± 4.35
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Figure 9. Boxplot of the obtained absolute JND (left) and normalized JND (right). Condition 1:
Varied stiffness ks (real), initial stiffness 100 N m rad−1. Condition 2: Varied stiffness ks (real), initial
stiffness 50 N m rad−1. Condition 3: Varied stiffness kd (virtual), initial stiffness 100 N m rad−1.
Condition 4: Varied stiffness kd (virtual), initial stiffness 50 N m rad−1.

Initially, it can be observed that the normalized JND values for all conditions were very
similar in both mean and standard deviation. This assertion can be further investigated
with a two-factor ANOVA [29] analysis, which evaluates how the normalized JND values
are affected by the IV. The analysis showed no significant difference (p = 0.6396) between
the mean JND percentages when varying the real stiffness compared with the JND values
obtained when varying of the virtual stiffness. The analysis also did not suggest a significant
difference (p = 0.6819) for the comparison of the mean JND percentages resulting for the
two starting values of 100 N m rad−1 and 50 N m rad−1.

4. Discussion

This study aimed to compare the Just Noticeable Difference (JND) of virtual stiffness
as provided by impedance control and real stiffness provided by a torsional spring. The
research question was whether humans interacting with a variable stiffness actuator
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commanded by impedance control perceive changes in the real stiffness in the same way as
changes in the virtual stiffness. The user study was conducted using a weighted
transformed staircase approach which is widely used in the study of stiffness JND in the
literature [16–19], with participants interacting with a Variable Torsional Stiffness (VTS)
actuator through a lever. Kocak et al. [16] found that the stiffness JND lowers when the
interaction is not interrupted during stiffness changes. However, this idea was discarded in
our study design as it was not possible to replicate the stiffness change from the torsional
rod with the virtual spring. Instead, the study was designed such that participants
performed two separate interactions with the lever during each trial, both interactions with
a different stiffness setting, and they would indicate which interaction felt stiffer.

We analyzed the effectiveness of virtually shaping the actuator inertia within the
impedance control scheme and showed that lowering the inertia improves the interaction
torque/deflection behavior. This aligns with the findings of Fu et al. [18], who found that
stiffness JND is affected by the frequency response of a system with high effective mass in
the output impedance during interaction. While the conditions of our experiments would
not reach a frequency where the motor inertia might significantly affect the interaction, we
did find that inertia shaping improves the robustness of the impedance behavior against
uncompensated dynamic components.

The results obtained from the study suggest that there is no significant difference
between the JND obtained when altering the real or virtual stiffness. This aligns with
Hypothesis 1 and indicates that the perception of real and virtual stiffness is the same.
It also indicates that the impedance control strategy can effectively reproduce a virtual
torsional spring behavior and that the combined stiffness ki, as defined in (8), is applicable
to describe the interaction behavior in low-frequency tasks.

The results obtained in this study showed no significant difference between the
normalized JND measurements obtained with different initial stiffness values kinit. This
aligns with Hypothesis 2 and indicates that the results follow Weber’s law, with the JND
measurements being fractions of the initial value kinit, as it generally does in the
literature [16–18]. This also confirms that the spring behavior implemented virtually by the
controller is comparable to that of a real torsional spring.

While the results align with our hypotheses, some considerations could be made in
future research that could improve the JND results. The staircase method used, which
considers the absolute JND as the average of the last 10 trials and which forced a reversal
when kstep reached zero, meant that the obtained absolute JND when the participant
responded correctly to all the trials was 2

5 (∆
+ + ∆−). That means that the minimum

normalized JND that could be obtained for all conditions detailed in Table 2 was 12 %. It
can be seen in Figure 9 that the first quartile and the minimum of all the box plots coincide,
which could indicate that lower JND values can be found if smaller values of ∆+ and ∆−

are chosen. On the subject of human perception, by asking the participants to perform the
same deflection throughout the experiments, it was verified that the stiffness JND is closely
related to the force JND [17], as the participant strategy to perceive stiffness is related to the
force required to achieve the commanded deflection. Fu et al. [17] showed that the stiffness
JND can be improved by adding visual presentation of the task where the participant can
clearly see the current and target angular displacement. While this was out of the scope of
our study, it could lead to improved JND results in future research.

5. Conclusions

The study presented in this article investigates user perception when interacting with
a series elastic actuator through a lever. A real variable torsional stiffness is implemented
by altering the effective length of a torsional rod which couples the motor and the lever. At
the same time, a passivity-based impedance control method is used to introduce a virtual
spring behavior in the motor. The study measures Just Noticeable Difference (JND) when
altering the real and virtual stiffness with different initial stiffness values. Results show
that the average measured JND values obtained in the experiments, when expressed as
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percentages of the initial stiffness, did not show a significant difference with respect to
the varied stiffness or initial value, which indicates that the virtual and real stiffness are
perceived in the same way, and that the results follow Weber’s law. In conclusion, the
results indicate that an impedance-controlled elastic actuator can effectively emulate a
virtual spring behavior that is comparable to that of a real torsional spring. The findings of
this study are important for the continued work on impedance-controlled elastic actuators
as it indicates that the physical human–robot interaction behaves as theory suggests,
opening up the perspective of such actuators to accurately implement variable compliance
or compensate faults in human–robot interaction scenarios.

Future work could expand the research by considering how virtual damping or
different interaction conditions, such as lever trajectory and speed, might affect the
obtained JND values. At the same time, lowering the stiffness steps and/or adding a visual
presentation of the task could improve the stiffness JND results.
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MDPI Multidisciplinary Digital Publishing Institute
JND Just Noticeable Difference
DC Direct Current
VTS Variable Torsional Stiffness
IV Independent Variable
FFT Fast Fourier Transform
DFG Deutsche Forschungsgemeinschaft
kd Virtual Stiffness (of the impedance control)
ks Real Stiffness (of the elastic element)
ki Interaction Stiffness (Combination of virtual and real stiffness)
kinit Initial Value of Stiffness during an experiment
kstep Increase in the Value of Stiffness in between movements of a trial
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