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Analysis of Coupling Effect in Human-Commanded
Stiffness During Bilateral Tele-Impedance

Luuk Maria Doornebosch, David A. Abbink

Abstract—Tele-impedance augments classic teleoperation by en-
abling the human operator to actively command remote robot stiff-
ness in real-time, which is an essential ability to successfully interact
with the unstructured and unpredictable environment. However,
the literature is missing a study on benefits and drawbacks of
different types of stiffness command interfaces used in bilateral
tele-impedance. In this article, we introduce a term called coupling
effect, which pertains to the coupling between human-commanded
stiffness going to the remote robot and force feedback coming from
the remote robot. We hypothesize that, whenever the operator’s
commanded stiffness and force feedback are subject to coupling
effect (e.g., muscle activity based stiffness command interfaces),
force feedback can invoke involuntary changes in the commanded
stiffness due to human reflexes. Although the coupling effect takes
away some degree of the operator’s control over the commanded
stiffness, these involuntary changes can be either beneficial (e.g.,
during position tracking) or detrimental (e.g., during force track-
ing) to the task performance on the remote robot side. We examined
the coupling effect in an experimental study with 16 participants,
who performed position and force tracking tasks by using both
coupled type (muscle activity based) and decoupled type (external
device based) of interface. The results demonstrate a benefit of
the coupling effect when the remote robot is operating in presence
of unexpected force perturbations, where lower absolute error
in position tracking task was observed. On the other hand, the
decoupled type of interface is beneficial for force tracking tasks
on the remote robot side, such as establishing or maintaining a
stable contact with objects. However, the coupling effect negatively
influences the commanding of reference stiffness to the remote
robot in both position and force tracking tasks for the coupled type
of interface, compared to the decoupled type of interface, which is
not affected.

Index Terms—Coupling effect, force feedback, impedance
control, stiffness command interface, tele-impedance.

1. INTRODUCTION

ELEOPERATION is usually applied in scenarios where a
human-in-the-loop solution is preferred over automation
to achieve dexterous interaction with the environment [1]. It
also facilitates exploitation of human experiences and cognitive
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abilities to enable the remote robot to deal with uncertain-
ties and unpredictability of unstructured environmental inter-
actions [2]. Application areas include operating in hazardous
environments [3], robot-assisted surgery [4], and teaching robots
by demonstration in an intuitive manner [5], [6].

In classic teleoperation, the human controls the remote robot
(slave) by solely providing position or velocity inputs [7], where
the human has no control over the slave impedance properties. To
ensure good position tracking on the slave side, the impedance is
preset to a high value by high controller gains [8]. Nevertheless,
low impedance may be required to avoid large contact forces
when moving in unstructured or unpredictable environments [2],
or to facilitate complex manipulation tasks [9], [10]. Further-
more, low impedance can improve stability in force-reflective
setups [2], [11]. On the other hand, adaptation from low to high
impedance may also be necessary to stabilize the limb [12], [13].

Humans can effectively operate in an unpredictable and
unstructured environment, which is partially due to their ex-
ceptional cognitive capabilities. However, another key factor
compared to traditional robots is the ability of the central ner-
vous system (CNS) to actively regulate mechanical properties
of limbs [12], [14]. While human muscles exhibit intrinsic
passive viscoelastic properties, these properties can also be
actively adapted by the CNS through muscle contraction and
cocontraction [14]. This adaptation can be voluntary, but it
can also be involuntary and triggered by reflexes. For example,
external forces acting on the limb can cause reflexes that induce
involuntary muscle activity, which then changes the viscoelastic
properties and posture [15]. These important abilities to regulate
impedance are absent in classic teleoperation.

In the past decade, classic teleoperation was extended by a
concept called tele-impedance [10], which enables the human
operator to actively regulate the impedance of the remote slave
robot. Initially, the concept was proposed in unilateral teleoper-
ation setup, where the operator could command the impedance
in addition to the motion of a robotic arm [5], [10], [16].
In [10], the commanded robot impedance was mapped to the
estimated impedance of the operator’s arm, which was based
on measuring muscle activity in real-time with electromyo-
graphy (EMG). Even without force feedback, the additional
impedance command channel provided a similar performance
enhancement as seen in a classic bilateral teleoperation [5], [10].
Nonetheless, tele-impedance with force feedback provides the
human operator with much better immersion into the remote
environment [2], [17] and becomes crucial when visual feedback
is not available [18].
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In literature, there are three main types of methods for com-
manding the slave robot impedance in real-time that are applied
to force feedback tele-impedance setups. In the first method,
the human operator regulates the grip force on the handle of
the master haptic device in order to command the slave robot
impedance [16], [17]. In the second method, the operator uses
an external device with a continuous spring-return push button
to command the impedance [2], [8]. The third and the most
common method employs real-time surface EMG (SEMG) mea-
surements to estimate the human arm impedance, which is then
commanded to the remote robot [18], [19].

In this article, we investigate fundamental characteristics
of different stiffness commanding interfaces (SCI) in bilateral
tele-impedance, and introduce the concept of coupling effect
in force feedback tele-impedance. This concept is from now
on called coupling effect and we define it as the loss of a
degree of control over the commanded stiffness as a result of
a neuro-mechanical dependency between force feedback and
operator’s commanded stiffness. The commanded impedance
sent to the remote robot is a sum of voluntarily impedance
changes and involuntarily impedance changes that can result
from unexpected force feedback. We categorize interfaces based
on biosignals like SEMG measurements [10], [18], [19] or
electrical impedance tomography (EIT) [20] as coupled SCIs.
Besides voluntarily changes of muscle activity, the SEMG or EIT
also measures involuntarily changes in muscle activity due to
reflexes induced by unexpected force feedback. This is reflected
in the commanded impedance to the remote robot as well. On
the other hand, we categorize hand-held external devices [2],
[8] that are not affected by force feedback as decoupled SCIs. In
such case, involuntary changes of the viscoelastic properties of
the operator’s limb due to reflexes do not affect the commanded
impedance because there is no coupling effect between the force
feedback and the stiffness commanding method.

Most of the previous research in tele-impedance used cou-
pled type slave impedance command interfaces [5], [10], [21].
Since they are mostly used in a unilateral teleoperation setup,
the coupling effect was not present. Whenever the concept of
tele-impedance is used in a bilateral setup [2], [8], [16], [18],
[19], the coupling effect becomes important. When a human
limb is unexpectedly perturbed, reflexes can cause an invol-
untary stiffening of the limb [15]. In a coupled SCI, which is
based on SEMG or EIT measurements, the measured muscle
activity increases when the arm stiffens up in order to counter
an unexpected force feedback induced by the bilateral nature
of the system. The increased human arm stiffness, as a result
of increased muscle activity, simultaneously affects the stiffness
of the slave robot through the impedance command channel.
This hypothetically causes a temporal mismatch between the
intended slave stiffness (required to perform a given task) and the
actual commanded slave stiffness. While this temporal stiffness
mismatch due to the coupling effect takes away some degree of
operator’s control over the remote robot impedance, it might not
necessarily negatively affect the task performance on the robot
side. For example, if the remote robot experiences undesired
perturbations, the force feedback might make the human to
naturally stabilize the remote robot through the coupling effect.

IEEE TRANSACTIONS ON ROBOTICS

Based on the abovementioned condition, we hypothesize the
following.

1) HI: The force feedback negatively affects tracking of
the desired commanded stiffness in a coupled type of
interface, while it has no effect in a decoupled type of
interface.

2) H2:The coupling effect between force feedback and com-
manded stiffness helps a position tracking task in case of
unexpected perturbations when using a coupled type of
interface.

3) H3:The coupling effect between force feedback and com-
manded stiffness negatively affects a force tracking task
in case of physical interaction when using coupled type of
interface.

4) H4: The coupling effect has a larger negative effect on
commanded stiffness when maintaining a reference con-
tact force compared to establishing contact in case of
physical interaction.

To test these hypotheses, we design an experiment consisting

of two tasks that the operator has to perform at the remote robot.

1) Track the reference position in presence of random per-
turbations, from now on called position tracking task.

2) Establish a contact with an unknown object and maintain
reference interaction force, from now on called force
tracking task.

These tasks represent two fundamental types of interaction
with the unstructured and unpredictable environment, where
adjusting impedance is crucial. We test two main experiment
conditions (stiffness commanding with a coupled and decoupled
interface) in these two tasks.

A short preliminary study was submitted to [22]. The study,
in this article, significantly extends the preliminary study by
a considerably more through theoretical formulation of the
concept and methodology (including transparency and stability
analysis); by several novel experiment results; and by a novel
discussion and scientific findings. Novel experiment results in-
clude: a subjective analysis, deeper analysis of different phases
of interaction tasks (i.e., contact establishment versus contact
maintenance), and an analysis regarding the effect of the dou-
ble task performance (i.e., primary position/force tracking and
secondary stiffness tracking).

II. THEORETICAL BACKGROUND

In this study, the novel concept of coupling effect is analyzed
on a fundamental level in a clean condition. If the study was con-
ducted in unpredictable and variable conditions with real-world
teleoperation issues, it would be difficult to determine whether
the particular results were caused by the coupling effect or any of
the other conditions and issues. Therefore, we deliberately made
the choice to avoid some of the real-world bilateral teleoperation
issues (i.e., time delay, stability, and transparency), which could
influence/corrupt the results of the coupling effect. In other
words, we wanted to isolate the coupling effect to examine its
specific influence on a fundamental level. To do so, we used
a simulated impedance-controlled slave robotic manipulator
and remote environment, which were generated on the same
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Fig. 1. Concept of bilateral tele-impedance. According to the impedance
control law, the force feedback (FFB) felt by the human operator is calculated
by (1). This FFB depends on the difference between desired (or commanded)
and actual slave robot position in combination with the commanded stiffness.
‘Whenever the environment presses against the slave robot, the magnitude of the
deviation from commanded position depends on the commanded impedance.
The difference of the slave robot end-effector position induced by a constant
environmental force between high and low commanded stiffness is indicated by
Azx. The stiffness and damping are estimated from the operator’s primary limb
properties (i.e., the limb which controls the master robot) when the impedance is
commanded by a coupled SCI. In a decoupled SCI, the impedance is commanded
via an external device operated by the operator’s secondary limb (i.e., a limb
which does not control the master robot).

vy arm

computer that was used for control of the haptic device hard-
ware. Nevertheless, transparency and time delay issues can be
effectively solved by the various method and solutions from the
literature [7], [11], [18], [23]-[25]. For analysis of transparency
and stability that highlights specific aspects of the coupling effect
introduced in this study, we refer to Appendix.

It is also important to stress that our primary focus was on
examining performance of the human operator on the remote
robot side since that is where the actual task exists. The focus
is not on effects of neuro-mechanical aspects on the human
operator’s side, since this dependency is a side effect from the
coupled SCI’s design. Since the decoupled SCI does not have
such a side effect, the comparison can only be made with respect
to the task performance on the remote robot side.

A. Tele-Impedance Control

The study involved the bilateral tele-impedance methods illus-
trated in Fig. 1. The human operator commanded the motion and
impedance parameters of the remote robot (slave) through two
different types of interfaces (in our case coupled and decoupled
SCI), while in return received force feedback from the remote
environment. According to the impedance control law [26],
the external interaction force of remote robot depends on the
impedance parameters and the difference between reference and
actual position/motion as

fext :K(wd_wa)—’_D(dzd_:ta) (l)

where f., € R® is the external force acting from the remote
robot on the remote environment. Vector z, € R is the actual
slave robot end-effector position and vector x4 € RS is the
desired end-effector position. K € R%*6 and D € R6*6 indi-
cate the commanded stiffness and damping matrix, respectively.
To keep the output bounded and stable, the damping term is
included. The master velocity is not controlled as there is no
predefined velocity trajectory to be followed. This simplifies (1)
to

few = KAz — Dz, 2)

where Az = x4 — x, € R indicates a displacement between
the desired and actual position [27].

B. Human Limb Stiffness

The human limb’s endpoint stiffness depends on posture and
viscoelastic limb properties. There are various biomechanical
studies that provide stiffness measurements [28]-[30], as well
as models that provide the relationships between relevant vari-
ables [31]-[33]. The endpoint stiffness matrix can be calculated
form the joint stiffness matrix as

K=J"(qK,;J '(q) 3

where K € R is the endpoint stiffness matrix and K ; €
R™ ™ is the joint stiffness matrix, with n being the joint-space
degrees of freedom (DoF). The postural dependency is captured
by the limb Jacobian J(q) € R5*", where q € RS is the joint
configuration vector. According to the Hill’s muscle model,
individual muscle consists of an active contractile element (CE)
and two passive elements; a series element (SE), and a parallel
element (PE) [34]. This results in a generalized muscle stiffness
as a function of the contributions of these elements

Km(a,Q) :M(KSE7KPE5KCE) (4)

where K ,,, € R™*™ js the muscle stiffness, which is a function
() of the stiffness contributions of the CE, the SE and the PE
K g, Ksg, Kpg, respectively [34]. Vector g denotes postural
dependency and vector a € R™ denotes muscle-activity depen-
dency, with m being number of muscles.

Contribution of passive elements can be neglected if both
muscle and tendon are far from stretched or compressed limits,
meaning that the muscle stiffness matrix estimation solely de-
pends on active regulation [21]. From the muscle stiffness matrix
the joint stiffness can be obtained as

K;=JL (@)K u(a)Jm(q) Q)

where K m € R"™*™ ig the estimated muscle stiffness matrix.
Matrix J,,(q) € R™*™ represents muscle Jacobian, which is
also configuration dependent [35]. Equation (5) in turn can be
substituted in (3) to obtain the endpoint stiffness profile. Besides
these simplifications, estimation of K m remains a convoluted
process. In [10], efforts were carried out to estimate this term
from muscle activity and posture measurements. To reduce
complexity, several simplified methods were proposed in [14]
and [36]-[39].
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Block schemes of a force feedback tele-impedance setup for a coupled SCI (left) and a decoupled SCI (right). The primary limb refers to the limb holding

the master robot (i.e., haptic interface). The secondary limb does not control the master robot but is the free limb and is able to hold an external device for stiffness
commanding. When a coupled SCI is used, the human endpoint impedance profile is estimated from the primary limb dynamics and is sent to the slave robot. Next
to the passive limb properties, the primary limb dynamics can be altered by voluntary muscle contraction from cortical control based on visual information from
the remote environment, where the task is. In addition, reflexes can also involuntarily cause muscle contractions, which alter the primary limb dynamics too. These
spinal reflexes can be induced by the force feedback of the system. For simplicity, this complex spinal reflex loop is included in the primary limb dynamics block.
When stiffness and damping are commanded by a decoupled SCI, the impedance is determined by the finger position (Xfinger), which controls the external device.
This is solely dependent on visual feedback and task requirements. Subscript env correspond to the remote environment. X, F" and K correspond to position, force
and stiffness respectively. The star superscript indicates that the force is external. In the coupled SCI, estimated human arm impedance is equal to the slave robot
impedance (K3 = Kp,). In the decoupled SCI, K}, # K and Kg = Kevice, because the impedance is manually commanded by a finger solely based on visual

information from the environment.

The essence of the coupling effect can be captured by looking
at the stiffness trend index determined from sEMG signals of two
easily accessible and dominant muscles [18], [36], [38], [39].
The posture dependency is neglected as the operator’s arm stays
within a redundant manifold of the starting configuration [21],
[40], therefore, the endpoint stiffness matrix K estimation de-
pends on the muscle activation level of the dominant muscle
pair according to [21]. In our study, we were interested in
the stiffness estimation and commanding in a single degree of
freedom, therefore, the matrix was simplified into a scalar (see
Section III-C for details).

C. Theoretical Examination of Coupling Effect

Fig. 2 illustrates a bilateral tele-impedance block scheme for
the coupled (left) and decoupled (right) SCI. In the coupled
condition, the slave robot stiffness is commanded by the stiffness
estimation from the primary limb of the human operator. The
primary limb is the arm that controls the master robot (i.e., haptic
interface). The primary limb stiffness, as described in (3)—(5),
is affected by voluntary changes due to visual cues from the
remote environment, where the task is preformed through the
remote robot, and by the force feedback at the master robot.
Due to the bilateral nature of the setup, force feedback can also
induce unexpected movement of the master robot. Such abrupt
changes can induce involuntary stiffness changes of the primary
limb due to human reflexes captured by the coupling effect.
In the decoupled condition, the slave robot stiffness is solely
determined by the operator’s voluntary stiffness input based

on visual cues from the remote environment, since the slave
stiffness is commanded via an external device. This external
device is not influenced by the primary limb stiffness, since it is
controlled by the secondary limb that does not interact with the
master robot.

Based on (2), we defined the control law for the coupled and
decoupled interfaces as

fo=K(ve,ic)(xqg — x,) — D, (6)
fp=K(vc)(xqg—x,) — D, @)

where f- and fp are the interaction forces acting from the
remote robot to the remote environment in a coupled and de-
coupled scenario, respectively. In case of a coupled SCI, the
commanded stiffness K is a function of voluntary operator
commands (vc) and involuntary operator commands (ic) due
to reflexes caused by the force feedback. In case of a decoupled
SCI, stiffness is only a function of voluntary operator commands,
since force feedback does not influence external SCI operated
by the secondary limb.

Damping matrix was used to stabilize the system and was
defined as a function of the commanded stiffness matrix as

D=2-¢C- VK (8)

where ( is a damping coefficient, which was set to 0.7 [41]. This
makes the system critically damped, which helps to return it into
the equilibrium as quickly as possible without large overshoots
and oscillations.
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Fig.3. Illustration of experiment setup. The participant controlled the Sigma.7
haptic device with the right arm, whose movement was constrained in translation
and rotation for all axes except for translation along the z-axis. The participant
commanded the remote robot stiffness either with EMG measurements as
coupled SCI or the push-button device as decoupled SCI. In the coupled scenario,
we used two electrodes of the Delsys Bagnoli EMG-system and were connected
to the Bicep Brachii and the Tricep Brachii on the right arm. In the decoupled
scenario, the participant operated the push-button device with the left hand. In
the position tracking task, the participant watched a display showing time traces
of the commanded scaled stiffness and virtual slave position. A time trace of the
virtual slave force was additionally provided in the force tracking task.

III. METHODS

We compared two stiffness command methods. For the cou-
pled SCI, we used a simplified version of the method in [21]
that is based on measuring muscle activity by sSEMG. For the
decoupled SCI, we used the method in [2] that is based on a
push-button device. The two methods were compared to each
other in a position tracking task and a force tracking task,
resulting in four main experiment trials.

A. Participants

In total, 16 participants (1 woman and 15 men) between
23 and 54 years old (M = 25.9, SD = 7.5) participated in
the experiment. None of the participants had experience with
teleoperation. Their participation was voluntary and their efforts
were not financially compensated for. All experiment protocols
were approved by the Human Research Ethics Committee of
TU Delft (approval nr. 874) and all research was performed in
accordance with relevant guidelines and regulations. All subjects
gave a written informed consent prior to their participation.

B. Experiment Setup

The experiment setup is shown in Fig. 3. We used a 7 DoF
Force Dimension Sigma.7 haptic device to teleoperate a sim-
ulated remote robot. We examined translational movements in
x-axis and constrained movements in other axes. This means that
the participant could only move the device forward and back-
ward. Impedance control was implemented in both experiment
tasks for both conditions [see (6) and (7)]. A monitor was used to
display commanded and reference signals in real-time. In both
tasks, reference stiffness and current commanded stiffness were

Xd
*
Fh*y  Fn Master Slavg Robot &
. Environment 1
Dynamics i
- =T - Dynamics
Cm
Human Impedance

Fs

Fig.4. Block scheme depicts the position-force bilateral teleoperation control

architecture of experiment setup. F} is the voluntarily applied force by the
human, Fj, is the force applied on the master robot. z 4 is the commanded master
position, which is the reference for the slave robot. C,,, is the local controller
of Sigma.7 device at the master side, which provides gravity compensation and
constrains all DoFs except translation in z-axis. Interaction with the environment
(perturbation or pressing against a wall) is simulated as a change in slave
dynamics according to Fig. 5.

both displayed on one graph, while the remote robot’s actual
position was displayed on the other graph. A graph that showed
interaction force was additionally provided solely in the force
tracking task. The participant had to follow reference position
in the position tracking task and reference force in the force
tracking task, in addition to the reference stiffness. In the position
tracking task, the reference position was additionally displayed
in the position graph. In the force tracking task, the reference
contact force was additionally displayed in the force graph.

In this study, we used a simplified version of a position-force
bilateral teleoperation control architecture [42] (see Fig. 4).
For the reason mentioned at the beginning of Section II, the
system was perfectly transparent [7] and only negligible time
delays were present in this study. Performing this study under
these clean circumstances was desirable since we focused on
investigating the concept of the coupling effect on a fundamental
level. The Sigma.7 master robot could freely move along the un-
constrained z-axis and its gravity was compensated. Interaction
was simulated by changing the virtual slave dynamics during the
particular interaction period, which will be discussed in more
detail in Section III-D.

C. Commanded Slave Stiffness

For the coupled SCI, we used SEMG-based muscle activity
measurement by the Delsys Bagnoli system. As in [21] and[38],
we used the Bicep Brachii and Tricep Brachii antagonistic
muscle pair to estimate the human arm stiffness trend. Sensor
contacts consisting of two silver bars (10 x 1 mm diameter of
10 mm contact spacing) were placed over the Bicep Brachii
short head and Tricep Brachii lateral head. Electrodes were
placed in the direction of the muscle fibers. The ground electrode
pad was placed on the wrist. Furthermore, skin conduction was
improved by local shaving of skin and cleaning with alcohol.
The abovementioned process was done according to SENIAM
standards [43]. Raw EMG signals were preamplified by the main
amplifier of the Delsys Bagnoli EMG system with a gain of 1000.
The signal was sampled at 1 kHz with a National Instruments
DAQ device. During the real-time processing, the signal was
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first high-pass filtered (second order, cutoff frequency 20 Hz) to
obtain zero mean and then rectified before we applied a low-pass
filter (second order, cutoff frequency 2 Hz) to obtain its envelope.

We defined the commanded slave stiffness K for both cou-
pled and decoupled SCIT as

Ks = aKmax (9)

where K, is the maximum possible controllable stiffness of
the remote robot, which is scaled by an interface control factor
a. In case of the coupled SCI, we calculated it as

e =K - sg (10)

where « is the coupled scaling factor that depends on the current
stiffness trend estimation based on cocontraction

ap + ag
2
where muscle activation for Biceps a; and Triceps a; were ob-

tained by normalizing processed EMG signals to their maximal
voluntary contraction (MVC) as

K = an

EMG,, (¢
EMG;(t
0 < ay(t) = Wtc(t) <1. (13)

We used parameter sx in (10) to select the muscle activation
range used for the stiffness commanding. Since high cocontrac-
tion is physically very demanding and cannot be maintained for
a longer period, the upper range is not practical for using it to
control the stiffness of the remote robot. Therefore, in our case
we set s, = 0.5, which would correspond to 50% of maximum
cocontraction.

In case of the decoupled SCI, we calculated the control factor
as

Vv
Vmax

where « is the decoupled scaling factor that depends on voltage
V' of potentiometer, which was controlled by the current position
of the spring-return button. Normalization was done based on the
maximum voltage Vj,.x. From here on forward the spring-return
linear potentiometer used as decoupled SCl is called push-button
device.

Both sEMG and push-button signals were sampled at 1 kHz
by a National Instruments DAQ device (USB-6002). These
signals, as well as the force and position measurements from
Sigma.7 (sampled at 100 Hz), were processed in C++ and sent
to MATLAB/Simulink via UDP packages (local host), to be
displayed to the participant in real-time plots.

g =

(14)

D. Experiment Protocol

Before the experiments, each participant performed MVC
of the relevant muscles used in this experiment. During the
experiments, the participants took a standing pose in front of the
Sigma.7 master robot. The height of the Sigma.7 was adjusted so
that it was held comfortably at 90° of elbow flexion (see Fig. 3).

IEEE TRANSACTIONS ON ROBOTICS

TABLE I
NUMBER IS ALLOCATED TO THE TWO TASKS WITH TWO STIFENESS
COMMAND INTERFACE CONDITIONS

Position Task  Force Task
Coupled SCI Trallnmg Tral;nng
Decoupled SCI Tra12nmg Tramzltng
TABLE I
COUNTERBALANCED CONDITION ORDER PER PARTICIPANT GROUP
Participant Conditions
45— 3 1 2 4 3
43 — 2 2 3 1 4
49— 1 3 4 2 1
43 4 1 3 2
Here,i = 1,2, 3, and 4.

Each participant was first familiarized with the stiffness com-
manding methods during pretrials, where a reference stiffness
signal was followed using both SCIs. The reference stiffness
signal in the familiarization pretrials was identical for both SCIs
and consisted of four step functions and a chirp signal of two
periods. The value ranged between 4% and 25% of the coupled
and decoupled scaling factors as defined in (10) and (14). To
minimize the effects of learning, additional training trials were
performed before every task. The training trial was similar to that
of the task trial, except that different representable dependent
variables were chosen.

The experiment used a repeated measures design. We tested
every participant in two tasks with two different SCIs for five
repetitions. The SCI refers to which system was used by the
participant to command the stiffness to the remote robot and
perform the task in the remote environment. The coupled SCI
used the participant’s SEMG measurements to command the
stiffness, while the decoupled SCI used the push-button de-
vice. This resulted in four combinations of task and SCI. We
randomized the order in which the participants received the
conditions based on a balanced Latin Square. This was done
to keep the participants as engaged as possible and to further
mitigate effects of learning. The two tasks are shown in Table I
and the subdivision of the 16 participants in four groups with the
corresponding task order is shown in Table II. We defined the
tasks that had to be performed through the teleoperated robot in
the remote environment as:

Position tracking: The participant was asked to move the
Sigma.7 to the reference position and keep it there. When this
reference position was reached, the participant tried to maintain
the reference stiffness (through either coupled or decoupled
SCI), while simultaneously keeping the reference position. The
primary goal of the participant was to maintain this reference
position as well as possible. After the force perturbation at a
random time, the participant had to bring the robot back to the
reference position and command the correct stiffness according
to the reference.

Force tracking: The participant was asked to move the
Sigma.7 towards them (in front of the virtual wall). The virtual
wall would appear after 15 s (for safety reasons). When the wall
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Fig. 5. Detailed block scheme of the slave and environment dynamics block
of Fig. 4. F; is the remote robot force, k is the current time step, = and & are the
position and velocity, respectively. K and Dg are stiffness and damping of the
remote robot (slave), respectively. Subscript a, d, and s indicate actual, desired
and slave, respectively. The blocks s and 1/s represent derivation function and
integrator function, respectively. Mass of an object that collides with and perturbs
the remote robot is marked with m.

appeared the participants were given a verbal conformation from
the experimenter. When the participant comfortably maintained
the reference stiffness, he/she approached the wall to establish
a stable contact and then tried to maintain the reference interac-
tion force of 10 N and reference stiffness simultaneously. The
primary goal of the participant was to maintain this reference
interaction force as well as possible.

The force feedback for each task was designed as follows.

Perturbation: While the participant was tracking the position
and the stiffness reference, a perturbation occurred at a random
time. We determined the parameters of imposed perturbation by
apreliminary pilot study. The aim was to find moderate perturba-
tion intensity, in order not to perturb beyond human capacity to
handle, and to be strong enough to present a reasonable challenge
in position tracking task. This perturbation force was equivalent
to amass of 5 kg hitting the impedance-controlled virtual remote
robot with a velocity of 1. We used conservation of momentum
principle to calculate the states of the slave robot as

2a(k) = za(k — 1) + dq(k — 1)dt (15)
F(k) = K(k)(za(k) — za(k)) — Ds(k)ia(k —1)  (16)
da(k) = miq(k — 1) — F(k)dt (17)

where k indicates the current step, m is the mass of the vir-
tual object hitting the virtual slave, F' is the interaction force
between the two, while x and & are position and velocity of
the slave, respectively. Subscript s, a, and d represent slave,
actual, and desired, respectively. The desired position x; was
the commanded position as measured by the Sigma.7 master
robot, while the slave stiffness Ky was commanded by either
the coupled or decoupled SCI in real-time according to (9).
Dy is the commanded damping calculated by (8). Time step
dt was set to 0.01 s. Conservation of momentum principle in
combination with impedance control is shown in Fig. 5. This
force perturbation F' lasted for one second at the slave robot side
and was fed back and replicated in real-time at the master robot

held by the participant. The reference stiffness signal was set at
20% of the maximum virtual slave robot stiffness (K., = 500
N

m)-

Virtual wall: When the participant initiated forward move-
ment while tracking stiffness reference, a contact with the wall
was established at z = 0.015 m. The reference stiffness signal
was set at 20% of the maximum virtual slave robot stiffness
(Kpax = 2000%). The force feedback due to impedance control
was felt by the participant when the contact was established with
the wall according to (16). The virtual wall was implemented as
a constraint on the actual position when = > 0.015 m, therefore,
2, = 0 was set at the contact as further motion was not possible.

E. Dependent Measures

We analyzed position, force, and stiffness signals during the
period of force feedback. For analysis of the position tracking
task, we aligned the datasets of the repetitions at the moment
when the force perturbation occurred. For analysis of the force
tracking task during the contact establishment (or pressing)
period [0—10] N, we aligned the datasets of the repetitions at the
moment of contact with the wall. For analysis of maintaining the
reference interaction force with the wall, we aligned the datasets
of the repetitions at the instance when 10 N reference force was
first crossed. In each case, we looked at the primary (position
or force) and secondary (stiffness) task performance, effect
of double task performance (i.e., simultaneous position/force
tracking and stiffness tracking), and subjective results from a
questionnaire.

Task performance: We quantified task performance as the
average over the mean absolute error between signal and ref-
erence signal of the five repetitions. In the following definitions
subscripts err and ref are error and reference, respectively. Fur-
thermore, 7" is generally used as the length of the corresponding
time-vector. For the position tracking task during the force
perturbation (lasting 1 s), we used the following metrics.

1) Mean absolute position error [m]: Tey = M

2) Mean absolute stiffness error [-]:! @ . For

the force tracking task using the contact with the wall
(reference force of 10 N for 4 s),” we used the following

metrics.
3) Mean absolute force error [N]: Fir = M

_ ool
- T

4) Mean absolute stiffness error [-]': Gy = M

The mean absolute stiffness error was additionally used to
quantify the difference in stiffness tracking performance be-
tween establishing contact period (i.e., pressing from [0 to 10]
N) and maintaining contact (10 N) for 4 s with the wall.

Double task effect: To provide an insight in how double
task performance (i.e., simultaneous position/force tracking and
stiffness tracking) affects both SCIs, we used the following
metrics.

I These are unitless variables since the stiffness scaling factor o was normal-
ized by MVC and by maximum potentiometer voltage for coupled and decoupled
SCI, respectively.

2The individual observation window of 4 s only started after the reference
force 10 N was reached.
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Fig. 6.

Average values over all 16 participants in the position tracking task (top row) and the force tracking task (bottom row). The results from the coupled SCI

(green) condition and the decoupled SCI (magenta) condition are plotted on top of one another for both tasks. A cloud of one SD is plotted around the average.
The displayed position in the force task graph is the commanded slave position (i.e., equal to the master position).

1) RMSE of the position [m] before the perturbation occurs:

_ S (T g —Trer) 2 P
TRMSE = \/@ . This indicates reference follow-

ing performance.

2) Mean time to reference force [s]: MTTR = Tjon — Ton.
Here, T1on and T are time stamps indicating the cross-
ing of force values 10 N and O N, respectively. This rise
time (MTTR) indicates the time it took the participant to
press from O to 10 N.

This effect was observed in the period prior to perturbation for
the position tracking task and in the period prior to maintaining
a stable force with the wall for the force tracking task. In
these periods, the participants could focus more on simulations
primary and secondary task performance at the remote robot.
After those periods, however, the primary task performance
became dominant.

Subjective analysis: Participants provided answers on the
following questions.

1) QI: “Which stiffness command interface was more con-
venient in controlling the reference stiffness in terms of
comfort?”

2) Q2: “Did you feel that the muscle interface helped you
to counteract the perturbation and maintain the desired
position?”

3) 03: “Did you feel that using the push-button interface
helped you to keep the reference force on the wall?”

F. Statistical Analyses

For statistical analyses, we performed paired sample t-tests.
The datasets were checked for normality by performing the
Anderson-Darling test. If the dataset did not pass this test, non-
normal distributed data was corrected by a rank-transformation
before hypothesis testing [44]. Because we conducted two anal-
yses on the dataset corresponding to maintaining contact force

with the wall, while commanding reference stiffness, we applied
a Bonferroni correction, which compensated for the increased
chance of committing a Type I error [45].

IV. RESULTS

Fig. 6 shows the average results of all 16 participants for posi-
tion tracking and force tracking and also provides an overview of
the effect of force feedback on the commanded stiffness in differ-
ent tasks. The period of familiarization with the task during the
training trials was not analyzed. The coming paragraphs show
results regarding the effect on commanded stiffness, position
tracking, and force tracking for different SClIs.

A. Coupling Effect on Commanded Stiffness

Table III shows the mean and standard deviation (SD) for all
dependent measures. In addition, the results of the paired-sample
t-tests are reported. In the position tracking and force tracking
tasks the commanded stiffness in a coupled SCI is influenced
by the two different force feedback scenarios (perturbation
and maintaining a contact). The left column graphs of Fig. 6
show time-series plots related to commanded stiffness for both
commanding methods and for both tasks. Fig. 7 shows the mean
absolute stiffness error in both tasks during the force feedback
duration.

First, comparison of the absolute mean commanded stiffness
error in the position tracking task between the coupled SCI and
decoupled SCI yielded a higher error when the coupled SCI was
used. The difference was statistically significant ¢(15) = 9.66,
p < 0.001. Second, comparison of the absolute mean com-
manded stiffness error in the force tracking task between the
coupled SCI and decoupled SCI again yielded a higher error
when the coupled SCI was used. The difference was statistically
significant ¢(15) = 11.54, p < 0.001. Finally, comparison of the
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TABLE III
MAIN RESULTS OF STATISTICAL ANALYSIS

Coupled SCI

Decoupled SCI «(df), p-Value

Position Task

M, (SD)

M, (SD)

Task Performance

Keeping ref. Mean absolute position error [m]

.0242, (.0082)

0295, (0117)  t(15) = —2.97, p = 0.0096*

position
Mean absolute stiffness error [-] 1194, (.0740) 0061, (.0041) t(15) = 9.66, p < 0.001*
Coupled SCI Decoupled SCI
Force Task M,(SD) M.(SD) «(df), p-Value

Task Performance

Keeping 10N ref. Mean absolute force error [N]

1.1218,(.3109)

0.4303,(0.3413)  t(15) = 7.45, p < 0.001*

force
Mean absolute stiffness error [-] .0277,(.0082) .0067,(.0037) t(15) = 11.54, p < 0.001***
Pressing Pressing X
0-10N 10N constant
M,(SD) M,(SD) X
Task Performance
Pressing 0-10N vs. Mean absolute stiffness error [-] .0277,(.0075)  .0277,(.0082) X t(15) = —0.0126, p > 0.05

Keeping 10N ref. force

Means (M), standard deviations (SD) and effect sizes of the t-tests are calculated per metric. Superscript * indicates that the dataset did not pass the Anderson-Darling test
(normally distributed), therefore the dataset was rank-transformed before the statistical test was performed. Superscript ** indicates that a Bonferroni correction was applied to

prevent Type I error.
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Fig. 7.

Decoupled SCI (4)

5 6
Coupled SCI Coupled SCI
(3) [0-10N] (3) 10N, 4 seconds

Reference stiffness tracking in two tasks for the four conditions (1), (2), (3), (4) (see Table I). Boxplots of the mean absolute error of the deviation from

the reference stiffness during the perturbation (position tracking task) is depicted on the left-most side. The mean absolute stiffness error during maintaining 10 N
force for 4 seconds with the virtual wall (force tracking task) is depicted in the middle. In addition, a comparison between the period of pressing from 0 to 10 N
and the period of maintaining 10 N is given for the coupled condition on the right side. The coupled SCI is indicated by green color and the decoupled SCI by
magenta color. Result of each individual participant is indicated by a grey dot. The within subject difference is represented by the grey dotted lines connecting the
dots. The black dots (e e ), (ee), (e) indicate a significance level of p < 0.001, p < 0.01, p < 0.05, respectively.

absolute mean commanded stiffness error with the coupled SCI
in the force tracking task during the period of pressing from O to
10 N and maintaining 10 N force for 4 s yielded no statistically
significant difference ¢(15) = —0.013, p > 0.05.

B. Coupling Effect on Position Tracking

In the position tracking task, we compared the mean absolute
error from the reference position during the perturbation be-
tween the two SCIs. Comparison of the mean absolute position
error in the position tracking task between the coupled SCI

and decoupled SCI yielded a higher error when the decou-
pled SCI was used. The difference was statistically significant
t(15) = —2.97, p = 0.0096. This is depicted in Fig. 8(a) and
shown in Table I1I. The top-row graphs of Fig. 6 show time-series
plots related to position tracking for the coupled SCI and the
decoupled SCI.

C. Coupling Effect on Force Tracking

In the force tracking task, we compared the mean absolute
error from the reference force during maintaining 10 N force for
4 s with the virtual wall. Comparing the mean absolute force

Authorized licensed use limited to: TU Delft Library. Downloaded on January 28,2021 at 07:52:56 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10 IEEE TRANSACTIONS ON ROBOTICS

TABLE IV
DOUBLE TASK PERFORMANCE ANALYSIS

Coupled SCI
M,(SD)
.0020, (5.6069¢-04)

Decoupled SCI
M,(SD)
.0013, (3.9494¢-04)

t(df), p-Value
t(15) = 3.68, p = .0022

Position Task
Effect of double task

RMSE of the position [m]

Coupled SCI
M,(SD)
3.4105, (1.4661)

Decoupled SCI
M,(SD)
2.4886, (1.0395)

t(df), p-Value
t(15) = 2.45, p = .0268

Force Task
Effect of double task

Mean time to reference force [s]

Means (M), standard deviations (SD) and effect sizes of the t-tests are calculated per metric. Superscript * indicates that the dataset did not pass the Anderson-Darling
test (normally distributed), therefore the dataset was rank-transformed before the statistical test was performed. Superscript ** indicates that a Bonferroni correction

was applied to prevent Type I error.
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Fig. 8. (a) Mean absolute error of the deviation from the reference position
during the force perturbation. (b) Mean absolute error of the deviation from
the reference force during maintaining 10 N force for 4 s with the virtual wall.
The coupled SCI is indicated by green color and the decoupled SCI by magenta
color. Result of each individual participant is indicated by a grey dot. The within
subject difference is represented by the grey dotted lines connecting the dots. The
black dots (e e @), (ee), (e) indicate a significance level of p < 0.001, p < 0.01,
p < 0.05, respectively.

error in the force tracking task between the coupled SCI and
decoupled SCI yielded a higher error when the coupled SCI was
used. The difference was statistically significant ¢(15) = 7.44,
p < 0.001. This is depicted in Fig. 8(b) and shown in Table III.
The bottom-row graphs of Fig. 6 show time-series plots related
to force tracking task for the coupled SCI and the decoupled
SCIL

D. Double Task

Table IV shows the mean and SD for all dependent measures
corresponding to the analysis of double task effect. In addition,
the results of the paired-sample t-tests are reported. In the
position tracking task, RMSE from the reference position was
determined before the perturbation. Comparing RMSE position
in the position tracking task between the coupled SCI and
decoupled SCI yielded a higher error when the coupled SCI was
used. The difference was statistically significant ¢(15) = 3.68,
p = 0.0022. This is depicted in Fig. 9(a). In the force tracking
task, the mean time to reference force (MTTRF) was determined.
Comparing MTTRF in the force tracking task between the
coupled SCI and decoupled SCI yielded a higher (worse) value

Position tracking before perturbation Duration untill 10N is reached
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Fig. 9. (a) RMSE of the deviation from reference position before the force

perturbation in the position tracking task is depicted on the most left. (b) Mean
time to the reaching the reference force (i.e., from 0 N to 10 N) in the force
tracking task is depicted on the right side. The coupled SCI is indicated by
green color and the decoupled SCI by magenta color. Result of each individual
participant is indicated by a grey dot. The within subject difference is represented
by the grey dotted lines connecting the dots. The black dots (e e e), (ee), (e)
indicate a significance level of p < 0.001, p < 0.01, p < 0.05, respectively.
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Fig. 10.  Subjective measure results from the questionnaire.

when the coupled SCI was used. The difference was statisti-
cally significant ¢(15) = 2.45, p = 0.0268. This is depicted in
Fig. 9(b). This difference in MTTRF of the force tracking task
between the coupled SCI (green) and decoupled SCI (magenta)
is also noticeable in the bottom-right graph of Fig. 6.

E. Subjective Analysis

The results from the postexperiment questionnaire show (see
Fig. 10) that push-button was classified as more comfortable
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to command stiffness. Furthermore, most participants did not
perceive aid from the coupled SCI in keeping the reference
position in the position tracking task. Almost all participants
perceived aid from the decoupled SCI in keeping the reference
force in the force tracking task.

V. DISCUSSION
A. Main Results

This study introduced a concept called coupling effect and
examined its influence on methods for slave robot stiffness
commanding in a bilateral tele-impedance setup on a funda-
mental level. The results of the study highlighted different
benefits and drawbacks of two common types of SCIs used in
bilateral tele-impedance. These tradeoffs should be taken into
consideration when applying different types of SCIs to different
applications.

The coupled SCI allowed for statistically significantly better
position tracking compared to using the decoupled SCI, when
a perturbation disturbs the remote robot (and consequently the
operator) unexpectedly. Mean absolute position error in the cou-
pled and decoupled SCI condition during the perturbation in the
position tracking task were 0.0242 and 0.0295 m, respectively.
This can be attributed to the coupling effect, where human
reflexes were exploited to help counteract the perturbation, since
the operator’s arm naturally stiffened up. Involuntary stiffening
of the arm is a result of a rapid increase in muscle activity levels,
which also yields a higher commanded stiffness to the remote
robot. The increased stiffness of the remote robot makes the
position tracking stricter according to the impedance control law
and improves the task performance. Increasing the commanded
stiffness with this speed cannot be achieved with the decoupled
SCI because voluntary actions are much slower compared to
reflexes [15]. This result confirms our hypothesis H2.

Mean absolute commanded stiffness error in the coupled and
decoupled SCI condition during the perturbation in the position
tracking task were 0.1194[-] and 0.0061[-], respectively. This
difference was statistically significant. The larger error in the
coupled SCI was a result of the coupling effect, where human
reflexes stiffened operator’s muscles in presence of perturbation.
While this effect had a positive influence on position tracking,
it negatively affected the commanded stiffness tracking. This
result confirms our hypothesis HI with respect to the position
tracking tasks.

The decoupled SCI allowed for statistically significantly bet-
ter force tracking compared to using the coupled SCI, when
remote robot is producing a reference force on an external object.
Mean absolute force error (maintaining 10 N force for 4 s) in
the coupled and decoupled SCI for the force tracking task were
1.1218 and 0.4303 N, respectively. The coupling effect adversely
influenced the operator’s ability to maintain a stable contact at
the remote robot side. The contact produced fluctuations in force
feedback, which operator perceived as small force perturbations,
which in turn triggered reflexes that induced involuntary changes
to commanded stiffness due to the coupling effect. This result
confirms our hypothesis H3.

Mean absolute stiffness error in the coupled and decoupled
SCI for the force tracking task were 0.0277[-] and 0.0067[-], for
which the difference was statistically significant. As mentioned
previously, the fluctuation in force feedback during the contact
negatively affected the commanded stiffness tracking for the
coupled SCI. This result confirms our hypothesis H7 with respect
to force tracking tasks.

Within the force tracking task, it was hypothesized that the
coupling effect would be stronger when maintaining a constant
force of 10 N compared to increasing (establishing) force from
0 to 10 N when using the coupled SCI. The small force per-
turbations of consistent magnitude, due to the nature of the
stiffness signal, did not yield a statistically significant difference
in absolute mean commanded stiffness error. This indicates that
whenever the force does not change abruptly, the human operator
was able to adapt to keep reference stiffness in the coupled
SCI for both aspects of the force tracking task. Therefore, our
hypothesis H4 was not confirmed.

The original reasoning for H4 was that maintaining a constant
force (e.g, 10 N) is a much harder task than just pressing from
zero to a certain force (e.g., from O to 10 N), therefore, the
coupling effect may affect the reference stiffness commanding
more for the force maintaining task. We had two underlying rea-
sons for this. First, the higher force means larger force feedback
perturbations at the master device that amplifies the coupling
effect. Second, the force maintaining task may require more
attention than just pressing from 0 to 10 N. Nevertheless, H4
was rejected by the experiment results as there was no significant
difference in the error of stiffness reference regulation between
the maintaining stage and the pressing stage. However, some
aspects of the reasoning behind H4 might explain the higher SD
of stiffness error during the maintaining stage compared to the
pressing stage.

B. Subjective Analysis

Participants expressed that they were more comfortable in
commanding stiffness with the decoupled SCI as it was easier
to track reference stiffness with and took less effort. This can
be attributed to muscle activity fluctuating with force feedback
and reflexes. While the measurements showed that the coupling
effect improved the position tracking task performance during
perturbation, on average the participants did not subjectively
perceive aid from the coupling effect in countering the position
perturbation at the remote robot. However, on average the partic-
ipants subjectively perceived aid in using the decoupled SCI to
track the reference force, which is in line with the measurements.

C. Effect of Double Task

We also observed the effect of double task performance in the
period prior to perturbation in the position tracking task, when
the participants could focus entirely on controlling position and
commanded stiffness of the remote robot. RMSE of the posi-
tion in the coupled SCI condition was statistically significantly
higher than in the decoupled SCI condition. The difference
(0.0020 and 0.0013 m, respectively) can be attributed to the
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notion that maintaining arm muscle activity is more difficult
than maintaining a finger position on a push-button device.

In the force tracking task, MTTREF of the force signal in the
coupled SCI condition was statistically significantly higher than
in the decoupled SCI condition. This means that the participants
could reach the reference force faster when using the decoupled
SCI. The difference (3.4105 and 2.4886 s, respectively) can be
attributed to more focus being required to keep the reference
commanded stiffness in the coupled SCI condition, which tends
the participant to approach the reference force more slowly.

We should note that maintaining reference commanded stiff-
ness might not always be important in real-world scenarios, as
long as the primary tasks (position/force tracking) are performed
sufficiently on the remote robot side. For example, by using the
coupled SCI, the operator can naturally perform the task based
on the environmental interaction, while the stiffness automat-
ically changes according to the coupling effect (as shown in
the position tasking task with perturbation). If the dynamics
of the human arm and the robot arm performing the task are
comparable, using the coupled SCI can be intuitive and the
coupling effect can be used as a natural aid. This can especially
be beneficial when operator has to perform task with the remote
robot under random impacts [2] or when visual feedback is
limited or unavailable [18]. However, if the dynamics of slave
and master are drastically different (e.g., operating a heavy-load
robot or operating a microscopic surgical robot), the coupling
effect may produce unnatural reactions.

Although commanding stiffness according to some reference
is not something a typical interaction task requires, a practical
example that does is found in tasks where a robotic arm has to
interact with a very delicate object; such as glass in industrial
tasks or human tissue/organ in surgical tasks. In such cases, it is
important to command a prescribed safe low stiffness in order not
to break or damage the delicate object. If the stiffness suddenly
increases above the safe reference, as a result of the coupling
effect, then the task cannot be performed in a safe manner.

D. Additional Aspects

We should note that the coupling effect only occurs when force
feedback is present. That is, when a haptic interface is used to
form a physical coupling with the human operator’s arm [2],
[8], [16], [18], [19]. The coupling effect is not present when
there is no force feedback, since there is no physical coupling
with the human arm. Such example are unilateral tele-impedance
setups where the human arm is freely moving in the air and the
commanded position is measured by optical sensors [5], [10],
[21].

Another kind of interface used as stiffness command interface
in bilateral tele-impedance setups is based on grip force [16],
[17]. Various studies showed that grip force is highly correlated
with the neuromuscular impedance [46], [47], therefore, with
respect to the terminology of this study, commanding stiffness
by grip force could be classified as coupled.

In the force tracking experiment, the wall appeared pre-
dictably and the subject had to approach it to establish the
contact. If the wall appeared unexpectedly, the reflex effect
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would become more prominent. In this case, the condition would
be similar to the condition of an object unexpectedly hitting the
slave robot, as examined in the position tracking task.

We should stress that the main study was performed in ab-
sence of common real-world bilateral teleoperation issues (i.e.,
transparency, stability, etc.) in order to obtain uncorrupted results
and to specifically examine the coupling effect on a fundamental
level. This kind of a clean study can serve as a baseline for future
studies regarding influences of specific bilateral teleoperation
issues on the coupling effect. However, we performed analysis
of transparency and stability mathematically in appendix (see
Appendix), which indicate that the increased commanded stift-
ness of the slave robot due to the coupling effect can potentially
destabilize the closed-loop stability, but on the other hand can
temporarily improve the transparency of the system.

Other factors such as impedance estimation quality and ex-
pertise level of the operator could also influence the study. Since
we were focused on the coupling effect itself, we strived to
standardize the impedance estimation quality, expertise level of
operators and other conditions as much as possible. In future,
we will consider examining the effects of these two conditions.

The movements in the experiments were performed along
the x-axis and were relatively small, therefore, an effect of
arm configuration properties, such as manipulability, was not
prominent. In future research, we will also consider examining
the effect of (velocity and force) manipulability ellipsoids on the
coupling effect.

In addition to proprioception and the sense of touch that are
related to force feedback, human can also use other senses to
perceive the remote environment in teleoperation. While this
study focused primarily on the coupling effect of force feedback,
visual and audio feedback might evoke reflexes too. Therefore,
even unilateral tele-impedance or decoupled SCIs might be af-
fected to some degree by other types of feedback. Future research
will focus on whether or not the definition of the coupling effect
could be extended to visual or audio feedback.

Next to reflexive muscle activity evoked by the force feedback
of the system, we assumed that other cues, which could cause
reflexive behavior (visual and audio), have negligible influence
on the commanded stiffness signal in decoupled SCIs. However,
it should be noted that in real-world settings, unexpected force
perturbations at the primary limb (or at some other point of
body) might elicit some reflex repose on the secondary limb too.
In addition, other nonphysical cues (e.g., unexpected audio or
visual cues) can potentially startle the operator and elicit reflexes
on the secondary limb.

In this study, we used dichotomous scale in the questionnaire,
which might have disadvantages compared to continuous scales.
A continuous scale, like Likert 1-5 scale, gives more range,
which is especially useful for information that is not easily
quantifiable [35], [48]. Since Q2 and Q3 are already quantifiable
by the actual measurements and act as a supplement to the main
measured results, we selected the dichotomous scale and went
for the smallest range to minimize the ambiguity. As for QI,
we preferred a binary answer to maximize the neutrality of the
question, since continuous scales (e.g., Likert scale) may present
a question-induced bias over the method preference.
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VI. CONCLUSION

These novel fundamental insights in the coupling effect in
bilateral tele-impedance should be an important consideration
for users and applications. As a general guideline, we recom-
mend using the coupled SCI for position tracking tasks, since
the coupling effect can help to naturally counteract unexpected
perturbations from the environment. On the other hand, we rec-
ommend using the decoupled SCI for scenarios where a contact
should be established or where a specific interaction force should
maintained, since results showed a better task performance with
decoupled SCI. When scaling of the dynamics between the
master and the slave is not comparable, the decoupled SCI might
be preferred over the coupled SCIL.

APPENDIX

In this appendix, we provide a mathematical tool and analysis
of force feedback tele-impedance that specifically focuses on
the coupling effect. Section VII-A examines transparency and
Section VII-B examines stability. These properties have been
extensively studied in the literature and various methods and
solutions already exist [7], [11], [18], [23]-[25]. The purpose
of this analysis is to highlight the novel insights and aspects
specific to the coupling effect in force feedback tele-impedance.

A. Transparency

Transparency is one of the main performance measures for
force feedback teleoperation, which indicates how well the
system can transmit the remote environment impedance to the
human operator [7], [49]. High transparency means that the
human operator perceives very similar impedance at the master
device, i.e. as if he/she was directly interacting with the remote
environment. Low transparency means that the interaction at
the master device is poorly reproduced. Transparency depends
on system parameters (i.e., hardware, controller) and various
conditions and factors. One of the key factors that can degrade
transparency are time delays in the communication loop [7],
[49].

We describe force feedback tele-impedance with the hybrid
matrix configuration model [23], [25], which we modify to
account for the coupling effect between the human impedance
and the impedance of the slave controller (see Fig. 11). The
relationship between the human force Fj, and motion &y, and
the remote environment force F, and motion ., is given by H
matrix as

F] h h !
ho| _ 11 12 Th (18)
hor  hoo| |Fe

_jje

where A1 is the input impedance, hos is the output admittance,
ho1 is the motion scale, and hq5 is the force scale.

Fig. 11.  H-model of a tele-impedance system. The specific modification from
the standard model is signified by the red line, which indicates the coupling
effect between the human impedance and the impedance of the slave controller.
Zy, and Z, are human and environment impedances, h11 and hoo are input
impedance and output admittance, repetitively, and ho1 and hj2 are motion and
force scales, respectively.

We use multiple-input-multiple-output formulation to de-
scribe the general control architecture as

Fn F
Flue _ kiw ko ks kul| |2n p (19)
Fy ko koo kog koy| |F. F.

Te Te

where Fi, and Fy. are master and slave controller forces, repet-
itively, and k; ;(s) are controller transfer functions. Based on
the elements k; ; of the controller matrix (19), the H matrix
elements h; ; can be derived as [50]

(Zm — k12)Zs — koaZp, + k12koa — k14koo

h11 = 20
" (k11 +1)Zs + (—k11 — V)kasa + k1akon 0)
hig = k1325 — kizkoa + k1akos — k14 21
(k11 + 1) Zs + (—k11 — )koa + kiako
ko1 Zm + (k11 + 1)kag — k12koy
hoy = 22)
2 (k11 + 1) Zs + (—k11 — ko + k1akon ¢
hyy = (k11 + 1)kos — kigkor — ki1 — 1 23)

(k11 + 1) Zs + (—k11 — ko + k1ako

where Z,,, and Z are the intrinsic impedances of master and
slave devices, respectively.

The position-force control architecture, which was used in
this study, is formulated as

Fy,  Fy
Fuel [0 0 KpesTo 0 ] |in i
Fy 0 %eisTd 0 _IZS Fe Fe
Te Te

(24)

where K is the gain (stiffness) of the slave impedance controller
[obtained from (9)] and K is the force feedback gain. Ty is
a time delay in the communication loop, which is considered
here for generality, even though the system in the main study
had negligible delays. For formulations of other teleoperation
architectures, refer to [11].
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The modified H-model formulation that includes the coupling
between the human impedance Z;, and the impedance of the
slave controller K is, therefore, derived as

L 7Kf678T"’
H(S) = KS[Zh]e—sTd s (25)
o SZs+K5[Zh,] 5Zs+K5[Zh]

where K [Zp] signifies the dependency that accounts for the
specifics of the coupling effect during the reflex phase, when
the human has no cognitive control over the arm impedance.
This dependency has not been accounted for in analysis of stan-
dard force feedback teleoperation systems [7], [11], [23]-[25].
The formulation in (25) is specific to the system used in the
study. Nevertheless, the formulation should be adapted if another
teleoperation control architecture is employed (e.g., position-
position, position-force, 4-channel, etc. [7], [11], [23]-[25]),
while accounting for the coupling effect similarly as in (25).
Deriving from H-model in (18) and assuming that there is no
extra external force at the remote environment (F., = 0), the
transmitted impedance from the environment to the human is
defined as
Fy (h11haa — higha1) Ze + hiy (26)
in hoaZe +1

Zth(s) =

where Z;j, is the impedance transmitted from the environment to
the human via the master device. When there is no physical inter-
action with the remote environment (e.g., free air movement), the
impedance of the environment is zero (Z. — 0) and the transmit-
ted impedance at the master device becomes equal to that of the
master device: Z;p 0 = hi1 = Z,,. Therefore, a master device
with lighter hardware construction and better compensation of
its dynamics, generally gives better transparency. The coupling
effect has no influence on transparency in a free-air condition.
In the other extreme case, when the slave is interacting with a
very stiff remote environment, like in the force tracking task on a
wall in the experiments, we can examine the maximum possible
impedance that can be transmitted by the system. This case is
useful for the analysis since a very high impedance of remote
environment is difficult to transmit and reproduce. Assuming the
environment impedance goes to infinity (. — o0) and deriving
from (25), the transmitted impedance is approximately equal to

Zth,g)o(s) _ h11h22h;2h12h21

_ 7S2Td
_ .SZm Kst[Zh]e (27)
S

where the transmitted stiffnesses in low and high frequency cases
for a very stiff remote environment are

Kth,low == III% 5Zth,oo(5) - *KfKe [Zh]eisQTd' (28)
S—r

Kth,high = lim SZth,oo(S) = SZm.
§—00

(29)

By examining (28), at low frequency one of the main trans-
parency bottlenecks, which can degrade system performance,
are time delays in the loop. At higher frequencies the time delay
has an even larger negative effect on the transmitted impedance
(i.e., the term e *7¢ = 1 at s = 0 and exponentially decays as
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the frequency increases). Nevertheless, the coupling effect has
no influence on time delays. Another potential limitation is the
force feedback scaling factor K y. Whenever it is set too low,
the operator may not be able to sufficiently feel the interaction
forces required to reproduce the desired impedance.
Nevertheless, the most interesting transparency limitation
with respect to the paper’s study is the slave controller impedance
thatis commanded by the human operator. In force feedback tele-
impedance, the human operator feels the combined impedance
of the environment and the slave robot, since the stiffness of the
slave impedance controller scales the force feedback [2] [also
seen in (28)]. In case of an interaction with a very stiff environ-
ment with low commanded stiffness of the slave impedance con-
troller, the operator predominantly feels the compliance of the
slave robot controller. This indicates that the commanded slave
stiffness is also a limitation for transparency in tele-impedance
[see K [Zp] in (28)]. Whenever an event induces a human
operator’s reflex, the stiffness value of K also increases through
the coupling effect. This can temporarily improve transparency
of the system in a low frequency case. On the other hand, by
examining (29), the transmitted stiffness in a high frequency case
is dominated by the master impedance. Therefore, the coupling
effect does not have a significant influence on transparency.

B. Stability

Like any other force feedback teleoperation, force feedback
tele-impedance is also prone to stability issues. Using the H-
model from (18) in a closed-loop form and modified to include
the coupling effect (see Fig. 11), we derive the closed-loop
transfer function between human-induced external force F},, and
human arm (slave device) motion Zj, as

Tp hooZe +1

h (30
Fn.  (ha2Ze + 1) (Zp + h11) — higho1 Z. )

where H matrix elements, which include the gain (stiffness) of
the slave impedance controller K, are dependent on Z},. If the
human impedance and the environment impedance are known,
the derived closed-loop transfer function can be used to analyze
the stability with the Root—Locus method [11], [24], [51] or the
Nyquist method [7], [11], [51]. By varying the specific model
parameters under set conditions, one can observe the stability
margins of the corresponding tele-impedance system.

Previous studies on force feedback teleoperation have demon-
strated that lower stiffness improves stability in teleopera-
tion with a preset stiffness [11] and in tele-impedance with a
human-commanded stiffness [2]. Within force feedback tele-
impedance, increasing the commanded stiffness due to a human
reflex as a result of the coupling effect can potentially destabilize
the slave device; the poles of the closed-loop transfer function
(30) might move into the right half-plane. Whether the stability
limit is reached during the reflex depends on the parameters
h;.; of any specific system (i.e., controller settings and human,
hardware and environment dynamics) and various conditions
and factors.

Another major stability factor are time delays in the tele-
operation loop, where higher delays degrade the closed-loop
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stability [7], [11], [52]. As seen from (24) and (25), delays in
the communication loop effectively scale the parameters h15 and
ho1 and, therefore, influence the locations of closed-loop poles
in (30). Nevertheless, the coupling effect has no influence on
time delays.
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