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Abstract—The Excess of Passivity (EoP) of the human biome-
chanics plays an imperative role in absorbing the interaction
energy during physical human-(tele)robot interaction and can be
exploited by controllers used for stabilization of human-centered
(tele)robotic systems. However, the first generation of nonlinear
EoP-based stabilizers loaded the force reflection channel resulting
in degradation of the force profile. This will challenge applications
that are heavily dependent on the quality of force reflection, such
as telerobotic rehabilitation. This paper explores the possibility
of developing a nonlinear stabilizer that modifies the reflected
velocity to the follower-side operator based on the corresponding
EoP map. As an applied benefit in the context of telerehabilita-
tion, the proposed stabilizer does not require information about
the EoP of all patients; instead, it would require that for the
individual therapist who works with the group of patients. The
paper provides the mathematical derivation and stability proof
of the nonlinear design of the stabilizer named “power-based
velocity-domain variable structure passivity signature control
(PV-VSPSC).” The proposed nonlinear stabilizer is evaluated
through systematic experiments and systematic grid simulation
studies in this paper.

I. INTRODUCTION

Haptics-enabled teleoperation has attracted a great deal of
interest over the last two decades with potential applications in
space and deep-sea exploration, material handling in hazardous
environments, education, robotic surgery, and, more recently,
telerobotic rehabilitation [1]-[4]. Stability and transparency
are the two major concerns during the operation of telerobotic
systems. The stability of such robotic systems with the human
in the loop is of paramount importance since the instability of
the device can be unsafe and potentially injure the operator.
Factors such as communication delay, hard surface contacts,
and relaxed user grasps are known to cause instability in
teleoperation systems with haptic feedback [2].

Transparency is a measure of the rendered force fidelity. It is
the ability to match the impedance of the environment and the
one perceived by the human operator through a teleoperation
system by exchanging the force and velocity information
across the communication network. Signal distortion and delay
affect the transparency and, therefore, the performance of
the teleoperation system. In a perfectly transparent system,
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the force and velocity transmitted across the network are
unaltered and equal on both sides of the teleoperation. The
main challenge has been the stability of the system in the pres-
ence of non-passive components caused by communication
delays. Therefore, one primary goal of the research community
working on telerobotic systems is to develop controllers that
guarantee stability while preserving transparency.

Over the years, several controllers have been designed aim-
ing to address this issue. Passivity-based approaches have been
a popular choice for the design of controllers to stabilize the
bilateral telerobotic systems exposed to time delays. Initially,
Anderson and Spong proposed scattering theory to overcome
the loss of stability in the presence of communication time
delay [5]. Niemeyer and Slotine extended this work and
introduced the classical wave variable method based on the
passivity theory. The wave variable approach applies an in-
vertible transformation, converting force and velocity variables
into internal wave variables in order to ensure stability while
transmitting data across a communication channel with a
constant time delay [6]. However, the conventional wave
variable approach had drawbacks such as wave reflections and
instability due to time-varying delays [7]. Several methods
have been proposed in the literature to overcome these chal-
lenges. For example, in [8], a scaling-based method has been
introduced for the wave variable approach that can guarantee
the passivity of the communication channels in the presence of
variable time delays. In addition, other efforts have been made
to improve the system performance, such as combining RBFN
neural network and wave variables to minimize the effects of
the communication delay and dynamical uncertainties in the
system [9].

One of the most successful examples which can handle
variable time delays is the time-domain passivity approach
(TDPA) introduced by Ryu & Hannaford in [10]. It consists
of a passivity observer (PO) that monitors the generated energy
and a passivity controller (PC) that adaptively dissipates the
active energy. TDPA was extended in [11] to deal with the
issues of varying time delays. The controller was also changed
from the energy domain in [11] to the power domain in [12]-
[15] to enhance the smoothness of the generated force profiles.
The issues of position drift were tackled in [16], [17] for the
two-port TDPA approach. In addition, TDPA was generalized
for multilateral teleoperation in [18], [19].

There are several other recent applications and advances in
the field of passivity-based control, including (a) passivity-
based configuration decomposition and control for non-
holonomic mechanical systems [20], and (b) passivity-based
control for enhancing the stability of robotic systems used
in simulating satellite dynamics [21]. Efforts to minimize the
conservatism of passivity-based controllers have been an active



area of research [22]-[25]. For example, transparency degra-
dation has been discussed for direct force-reflecting bilateral
teleoperation [25].

The controllers mentioned above, however, do not consider
the dynamics of the operator or the environment in a bilateral
teleoperation system, which may have an inherent energy ab-
sorbing capability that can be exploited to extend the scope of
the overall system passivity and therefore minimize the conser-
vatism of the system and eventually, reduce the transparency
degradation. In this regard, energy-tank-based stabilizers have
been proposed in the literature some time in conjunction with
wave variables to stabilize the networked robotic systems.
For example, two-port energy tanks have been designed by
Stramgioli and Secchi in [26] as a means of communicating
passive energy criteria between the environment side and
the operator side. Further, Secci proposed admittance-based
optimization control through the use of energy tanks [27], [28],
and more recent work has been proposed, such as in [29], to
guarantee passivity, especially whenever an assigned control
task may disrupt the passivity of the system. In addition,
Atashzar et al. recently proposed the concept of biomechanical
excess of passivity (EoP), which is the knowledge regarding
the energetic absorption capability of the human biomechanics
(while relaxing any classical assumption on linearity) in [30]-
[33]. The EoP is formulated based on the Strong Passivity
Control Theorem (SPCT). Based on the overall concept of
EoP, the authors have generated a new family of stabilizers that
compensates (by modifying the force reflected to the operator)
only the excess energy which cannot be absorbed by the user’s
biomechanics. In this context, the value of EoP quantifies the
extent of passivity of human biomechanics and can define an
energetic margin that can be exploited to guarantee the stability
of the system while allowing for the non-passive energy to flow
without excessively degrading the transparency. In our paper,
we introduce a new stabilization method that takes into account
the excess of passivity of the environment to design a causal
controller at the follower side and improve the information
flow by reducing energy modulation through the estimation
and exploitation of the EoP of the environment in the loop.

In this regard, our team initially formulated the modulated
TDPC (M-TDPC) [30], which utilizes an estimate of the
minimum EoP. Although this controller significantly improves
the performance of the system, when compared with conven-
tional TDPC, the proposed algorithm utilizes only a minimum
energy absorption margin. An extended version of M-TDPC
was proposed specifically for upper limb systems where the
user’s hand grasp was correlated to the changes in EoP [31]
and used in the design of a new nonlinear control scheme
named grasp-based passivity signature control (GPS-C). In
[31], we have shown that the grasp-related co-contraction of
the muscles can drastically increase the energy absorbability
of the biomechanics (in a non-symmetric manner considering
different interactive directions), and this information was taken
into account when designing the GPS-C stabilizer to further
reduce the conservatism of the system.

Recently in [32], the authors proposed the latest version
of the EoP-based nonlinear controllers for physical human-
robot interaction that was designed based on the concept of

windowed energy, which can gradually switch between the
pure energy-domain formulation and the pure power-domain
formulation while taking into account the excess of passivity
of the user’s biomechanics.

The above-mentioned advancements have been conducted
by our team during the last five years in the context of
(tele)robotic rehabilitation when force information is imper-
ative, and the assistive behavior of the robot is theoretically
non-passive, resulting in failures of classical controllers. One
of the challenges of the above-mentioned EoP-base stabilizers
is that they rely on force modulation for dissipating the extra
energy and guaranteeing stability. Also, the aforementioned
EoP-based stabilizers require the EoP of each patient to be
identified and tracked. In this paper, we tackle the above
problems by proposing a novel stabilization framework that
only requires the EoP of the therapist (reducing the variability
and enhancing the practicality) while modifying the exchanged
velocity information and securing high force tracking perfor-
mance.

In this paper, we propose an admittance-type stabilizer,
named power-based velocity-domain variable structure passiv-
ity signature control (PV-VSPSC), which observes the power
at the therapy terminal and modifies the velocity reflected to
the therapist if the EoP of the therapist cannot compensate for
the excess energy induced into the teleoperation system that
may lead to instability. This is the first time that the EoP of the
remote operator is utilized to modify the velocity sent to the
remote operator. It should be noted that the proposed stabilizer
belongs to a large family of passivity-based controllers (such
as [10], [11], [26]-[29]), which are designed to guarantee
a particular passivity-based stability condition and thus the
stability of physical human-(tele)robot interaction (pHRI).
This is imperative since the instability of the system can
compromise the safety of the user(s) and the robotic system.
The safety of a pHRI system depends on various parameters,
among which stability is an imperative feature that should
not be violated when a human is in physical contact with a
robot. The authors have contributed to this family of stabilizers
in the past [30]-[33], and in this current paper, we propose
a new mathematical derivation of the stability condition and
stabilizer, taking into account the corresponding information
flow, which does not affect force reflection while stabilizing
the system, relaxing several existing simplifying assumptions.

Transferring the stabilizer from the patient terminal to the
therapist terminal, as proposed in this paper, has the following
advantages: (a) The EoP map of the therapist needs only be
generated once using the proposed approach. This is because
the therapist’s limbs are considered to be healthy and, there-
fore, relatively stable over time. On the other hand, the biome-
chanical passivity of a stroke patient changes dynamically as
the rehabilitation progresses since it is dependent on several
factors like muscle spasticity, muscle strength, and range of
motion. Hence, the user-specific EoP map may have to be
generated periodically as the rehabilitation progresses. Also,
since one therapist provides rehabilitation services to several
patients, generating the EoP map of the therapist instead of
for each patient can save time and cost and also reduce the
stress on the patient’s limbs. (b) The force feedback to the



patient encodes the information that the therapist wishes to
deliver to the patient to satisfy the required therapeutic task.
Altering this force information may diminish the perception
of the patient from that prescribed by the therapist and may
not derive the expected outcomes. (c) Modulating the velocity
perceived by the therapist minimally affects the therapy since
healthy operators rely more dominantly on visual feedback
than haptic feedback, whereas patients rely heavily on haptic
feedback. Additionally, this reduces the physical stress on the
therapist.

As a result, there is a need for the design and imple-
mentation of a stabilizer that minimizes the pre-operational
process for patients, minimizes deviation to the therapeutic
force field, and reduces physical fatigue on the therapist. The
proposed nonlinear stabilizer designed in this paper addresses
the aforementioned design factors and is explained in the
upcoming sections.

II. METHOD
A. The Architecture

Fig. 1 shows the two-channel bilateral teleoperation ar-
chitecture used in this paper. This is a modified version
(proposed by Atashzar [34], [35]) of Lawrence’s four Channel
Architecture. In the rest of this paper, the terminologies are
written considering telerobotic rehabilitation application, for
which the patient is located on the leader side (to lead motion
generation), and the therapist is located on the follower side (to
react to the patient’s motion by producing therapeutic forces).
The mathematical derivation and details can be directly used
in other telerobotic applications where a human operator
exists on both sides of the teleoperation. Some examples
include mirror rehabilitation for the left, and right hand of
the same patient [36]-[38], hand-over-hand telerobotic training
between expert and novice surgeons [39], [40], and haptic
communication [41], [42].

The motion of the patient applied to the leader robot is
transmitted across the communication channel to the follower
robot held by the therapist. Due to the closed-loop nature
of the interaction, the therapist can intervene by applying
assistive/resistive forces, which are transmitted back to the
patient over the communication network. In the absence of
any delay or non-passivity, the architecture achieves perfect
transparency even without a stabilizer (f, = fi, where f,
is the force at the patient-leader side, and f;, is the force at
the therapist-follower side). Also, under these conditions, the
architecture guarantees perfect velocity tracking (v, = v,
where v, is the velocity at the patient-leader side and vy, is
the velocity at the therapist-follower side).

However, closed-loop networked (such as internet-based)
teleoperation often experiences variable delays due to several
factors such as stochastic jitters, variable latency, long commu-
nication distance, and communication handshakes in reliable
internet protocols such as TCP. It has been shown that constant
and variable time delay is a non-passive component that can
inject non-passive energy into the system, challenging the sta-
bility. Additionally, the therapist can inject additional energy
into the system by exerting active forces or motions (assistive

therapy), leading to non-passivity. All of these can challenge
the stability and highlight the need for active stabilization in
order to damp out the excess energies. As mentioned earlier,
several techniques have been investigated in the literature to
deal with time delays, each proposing a different approach to
dissipating the excess energy and suggesting different amounts
of energy to be dissipated.
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Fig. 1: Closed-loop 2-channel bilateral teleoperation architecture
between the admittance based reactive dynamics of the patient
terminal and the impedance model of the therapist terminal

Fig. 1, shows the resulting interaction loop of the system. In
this figure, Zo is the admittance model of the patient-leader
terminal, and ), represents the impedance model of the
therapist-follower terminal. ), encloses the communication
channel and the patient. ), represents the entire teleoperation
model.

B. Force and Velocity Decomposition

At the patient terminal, the force is decomposed (as shown
in (1)) into an active exogenous component f; which gen-
erates deriving force and an impeding reactive component
fp—react that resists the robot’s motion through spontaneous
co-contraction of the muscle and inherent biomechanics.

fp(t> = f;: (t) _fpfreact(t)s Where fpfreact = Zp(Upvt) (1)

Similarly, at the therapist terminal, the velocity is decom-
posed into an active component v}, that applies active motion
and a reactive component vip_reqct that resists the applied
forces through spontaneous co-contraction of muscles and
inherent biomechanics.

Uth(t) = VUth—react (t) - v:h (t), where Vth—react = }/th(fth7 t)
)

In (1), Z,(vp,t) is the generalized nonlinear impedance
model of the patient’s reactive dynamics. Likewise, in (2),
Yin(fin,t) is the generalized nonlinear admittance model of



the therapist’s reactive dynamics. In the literature, a commonly
used and relaxed assumption of the user’s hand dynamics
(which would be equivalent to the patient’s hand dynamics
in this paper) and environmental dynamics (which would
be equivalent to the therapeutic behavior in this context) is
a linear second-order mass-spring-damper model [43]-[46].
In order to relax the assumption in this work, we consider
an unknown nonlinear and nonautonomous representation for
the mentioned models and accordingly do not utilize linear
parametrization of the systems. More specifically, the fol-
lowing two points should be highlighted. First, it should be
noted that the proposed method does not require any apriori
knowledge regarding the patient’s hand dynamics. This feature
would allow using the proposed system for a wide range of
patients (who would have various pathological disorders that
would affect their biomechanics) to interact with a therapist.
Second, later in this paper, we will discuss the estimation
of the excess of passivity of the therapist’s biomechanics,
which would be the only nonlinear characteristic that will
be estimated based on strong passivity theory prior to the
operation and will be used intraoperatively when the therapist
interacts with any patient.

While the reactive components, i.e., V¢p—react and fp_react
can be modeled as passive systems [31], [33], f; and v},
which are the active exogenous components (applied by the
human to the robot during human-robot interaction) at the
patient and therapist terminals can be sources of non-passivity
(i.e. excess energy injection). Therefore, this is a potential
additional source of non-passivity besides the communication
delay, which can cause instability in teleoperation systems. In
this work, we do not assume passivity in the generation of
exogenous forces by any user of the system.

C. Passivity-based Stability Conditions

In Fig. 1, the system is stable if the entire interconnection
>3 is passive. This is equivalent to satisfying the follow-
ing condition based on the strong passivity control theorem
(SPCT) [47], [48]:

t
/0 Ut*h(T)T.fth(T)dT > 0. 3)

Combining (3) with the velocity decomposition equation (2)
at the therapist terminal, the stability condition is given as:

ot

A Vth—react(T) " - fen (T)dT— / v (7) T fon (T)dT > 0. (4)

0

The definition of the output-passive model (OPM), which
can be considered for human biomechanics, is given in (5)
based on the SPCT when assuming zero initial condition.
Based on SPCT, with zero initial energy condition, the OPM
Vvt > 0:

t t
/ Vi —renet ()T fun () > / Eonfon()T fun(7)dr (5)
0 0

when & > 0, the system is Output Strictly Passive (OSP) with
EoP of &. If £ < 0, the system is Output Non-passive (ONP)
with Shortage of Passivity (SoP) of &.

Since vy, —react 18 NOt directly accessible during the opera-
tion, we can utilize the definition of OPM given in (5) to find
a more conservative stability condition based on (4). The new
stability condition (6) is calculated by considering the acces-
sible minimal absorption energy of the human biomechanics

(i.e. fot En-fin(T)T . fon (7)d7):

t t
/ EonSon (P fun () — / vin ()T fun(7)dr = 0. (6)
0 0

If the condition of (6) is met, then the condition of (4) is
also met. It can be mentioned that if the power of } ., i.e.
v}, (7). fun(T)dT > 0, then the energy of the terminal which
is the accumulation of power over time, fg v (7). fon (T)dT
is also > 0. As a result, the power-based stability condition
of (6) is given by:

gth'fth(T)T-fth(T) - Uth(T)Tofth(T) > 0. @)

When this condition is not met, the system is not guaran-
teed to be passive. (7) represents the energy-based passivity
condition that needs to be met to ensure stability. Therefore,
a stabilizer, which is discussed later, must be designed to
stabilize the interaction.

D. Admittance-based Excess of Passivity

The biomechanical EoP is the inherent ability of the user’s
biomechanics to absorb kinesthetic energy [31]. Previous stud-
ies related to the passivity behavior of the user’s biomechanics
have shown that the user’s biomechanics exhibit strictly dissi-
pative behavior [31], [33] and the corresponding EoP depends
on factors such as muscle co-contraction and direction of
perturbation. The EoP can be estimated using pre-operative
identification to be used in the design of the stabilizer. In
[31], an impedance-based EoP was estimated prior to the
procedure, and a grasp-based passivity signature (GPS) map
was constructed, encoding the effect of directionality and co-
contraction (by grasping) on the EoP.

Previous stabilizers developed by Atashzar et al. in [31]—
[33] modified the force reflected to the patient’s biomechanics
to compensate for the compounded non-passive therapeutic
energies communicated over the network that cannot be ab-
sorbed by the estimated EoP of the patient. This is done to
guarantee system stability based on strong passivity theory.
However, this method can overload the force reflection gate
and over-skew the force information received by the patient.

This paper aims to design and utilize the admittance-based
EoP of the therapist instead of the impedance-based EoP
of the patient. A novel adaptive nonlinear stabilizer is then
developed in this work (as mentioned in Section II.LF) which
observes the power at the therapist terminal and modifies the
velocity reflected to the therapist if the passivity condition,
given by (7), is not satisfied, to block only the minimum excess
energy that cannot be absorbed in the system. The use of the
proposed stabilizer results in minimal adaptive modulation of
the motions delivered to the therapist. Thus, it does not affect
the therapeutic information context of the force field delivered
to the patient. When augmented with visual feedback, this can



be more natural than the force modification counterpart since
the stabilizer can reduce the therapist’s fatigue, especially for
long hours of rehabilitation.

Additionally, using the proposed architecture, the EoP map
only needs to be generated once for the therapist instead of
pre-determining one for each patient. This can significantly
save time and cost, enhance consistency, and reduce the
physical and mental loads on the patient, which could have
been caused by longer sessions. Also, the EoP map of the
patients can differ significantly based on the type of stroke,
patient-specific biomechanics, and the stage of rehabilitation.
However, calculating the EoP of the therapist will allow us to
utilize the same information for a large number of patients.

E. Method for Estimating the EoP of the Therapist

Previously we have developed a protocol to calculate the
impedance type interaction in [31]. Here we utilize the same
protocol for data collection and will use that in a new
mathematical formulation for generating the admittance-type
EoP for the therapy terminal needed in this paper.
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Fig. 2: Experimental Procedure to measure EoP

Regarding the experimental design, it can be mentioned that
the user-specific admittance-type EoP map can be estimated
by applying multi-frequency directional perturbations to the
upper limb of the user when the user is instructed to hold
the robot without applying any exogenous velocities such that
v}, = 0. The motion profile consists of 10 sinusoids with
frequencies ranging from 0 to 2 Hz. The range is considered
based on studies on the frequency content of motion during
normal daily activities [49], [50]. In order to account for
directionality, the robot handle is perturbed in 8 directions
ranging from O to 77 /4, where each direction is perturbed for
10 seconds for a total time of 80 seconds. The experiment
is conducted for two different grasp pressures, namely stiff
and relaxed grasps, to show a two-point comparison between
their resulting admittance-based EoP. Specifically, a stiff grasp
pressure is measured at a grasp pressure close to 80% of
the user’s maximum grasp pressure and correlates to higher
muscle co-contractions, and a relaxed grasp is measured at
a grasp pressure close to 5% of the user’s maximum grasp

pressure and correlates to lower muscle co-contractions. More
details on the measurement of grasp pressures can be found in
[31]. This experimental setup is shown in Fig. 2. Considering
the above design, during the experiment vip—reqct = Vths
and since vy, is accessible for measurement, the EoP can be
calculated from the OPM model (5) as:

T .
Tse_; Vth—react (T)T-fth(T)dT

oot Fon(D)T - fon(7)dr

where &;p,;—; is the admittance-based EoP. T's; and T'e; are
the starting and ending times of the perturbation in the i*"
direction. It can be seen that a relaxed grasp results in a
higher admittance-based EoP, and a stiff grasp result in a lower
admittance-based EoP. This can be explained as such: a relaxed
grasp indicates that the human on the environment side, which
is the therapist in the context of telerobotic rehabilitation,
is holding the robot loosely and responding weakly to the
patient’s movement. Indeed, if the user at the environment
side releases the handle completely, the admittance-based EoP
will approach infinity, and thus no velocity will be modified
by the proposed stabilizer. As a result of such a situation, no
force will be registered on the environment side (since the
user released the robot), and thus the patient will experience
free motion. On the other hand, during a stiff grasp, the
interaction loop between the two users will be high-gain, and
in the context of telerehabilitation, it means that the therapist
is responding strongly to the patient’s motion, increasing
the therapeutic force reflection. In this case, the velocity is
modified highly by the proposed stabilizer to ensure that the
system meets the designed passivity condition. In this paper,
a lower-bound on the admittance-based EoP is calculated and
used in the stabilizer to be 1/17 m/N.s.
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Fig. 3: Velocity-based VSPSC

F. Velocity-based VSPSC - Stabilizer Derivation

The schematic design of the proposed velocity-based
VSPSC can be found in Fig. 3. In this design, the therapist’s
velocity profile is modified by the Velocity Regulation Gate
(VRG) based on the following equation:

Vth—mod = Y(t)-Ven- 9

Here, ~(t) is the adaptive scaling factor, ranging from 0 to 1,
that needs to be designed as part of the nonlinear stabilizer to
ensure the system passivity. In order to generate the design,
three separate scenarios are considered based on the passivity
condition given in eq. 7.



e Scenario #1 If —uvy(7)T.fin(7) > 0, and since
En-fin (7)Y fun () is always > 0, the passivity condition
is satisfied and no modification to the velocity is needed.
In summary:

If ’Uth(T)T.fth(T) <0, Vth—mod = Vg, and v = 1.

o Scenario #2 Otherwise, if the non-passivity of the pa-
tient’s terminal can be compensated by the reactive dy-
namics of the therapist terminal, the stability condition
given by (7) is satisfied, and thus the complete velocity
profile from the patient terminal ()", in Fig. 1) can be
reflected to the therapist, as summarized:

if & fen(T) T fen (1) — ven(T) T fan () > 0,

Vth—mod = V¢n and v = 1.

o Scenario #3 If the extra energy induced by the patient
terminal cannot be compensated for by the EoP of the
therapist terminal, then the velocity sent to the therapist
must be modified to compensate for the non-passivity to
guarantee the stability. As a result, the following design
should be considered to impose closed-loop passivity and
thus stability:

Een-fen(T) T fen(T) = Veh—moa(T)" - fin (1) > 0. (10)
Substituting (9) in (10), we have:
Eon-fen (D) (1) = ywen (1) fon(r) = 0. (A1)
From (11), the stability factor v can be derived as:
< fth'fth(T)T‘fth(T)‘ (12)

ven (7)) fun (7))
To maximize the transparency, the value of + is taken to
be:
_ fth'fth(T)T-fth(T)
[oen (7)™ fin(T)]

As a result, the proposed variable structure passivity design
can be summarized as follows.

(13)

Considering v¢y,—mod = 7Y-Uth, Where v is the adaptive
velocity modification parameter, the system is passive
when:

1 lf ’Uth(T)T.fth(T) S 0

Lif En fen(D)T fin(7) — van(7)T fon(7) > 0
Een-fen(T)T fen(r)
|Uth(7')T'fth(T)‘

"y =
otherwise

(14)

III. RESULTS

The experimental and simulation results for the proposed
PV-VSPSC are provided in this Section.

A. Experimental Setup

The system architecture used in the experiment is outlined
in Fig. 4. Two Quanser Rehabilitation Robots are utilized;
one acts as the leader robot while the other acts as the
follower robot. The two robots communicate through UDP
communication designed in Simulink. The velocity of the
leader robot is sent to the follower robot through the com-
munication, and the force of the follower side is reflected
back to the leader robot through the communication using
a two-channel optimized telerobotic architecture proposed by
our team before [35]. The velocity at the follower side is fed
to the proposed control algorithm, which includes a nonlinear
Velocity Regulation Gate function that modulates the velocity
to guarantee stability. The modified velocity is then sent to
the follower robot to be tracked. The positions of the leader
(yellow square) and follower (cyan square) are displayed on a
graphical user interface (GUI) for each operator, as shown in
Fig. 4.

Leader GUI

- ] Xrottower(t-ta) Xioader(t-ta)

Leader Robot | | Xisader(t) Xtotower(t) Follower Robot

‘:: v(t

Communication Channel

Fin-dotay

Fig. 4: System Architecture used for the Experiment

For the experiment, the two operators interact using the
experimental setup in a point-to-point reaching task. The
leader operator is tasked with following the green square
on the GUI while the follower operator administers either
assistive or resistive interactions. For this, the system would
generate an impedance coupling between the two operators.
Thus, when the guiding operator leads the motion of the first
operator (who is at the leader’s side), it results in a guiding
force towards the target; likewise, if the guiding operator
lags, it results in a damping force away from the target.
The experiment is conducted for three different delay values
of Oms, 150ms, and 300ms. In order to show the effects
of the stabilizer during resistive therapeutic interaction and
assistive therapeutic interaction, the experiment is done in
two trials. In the first trial, to mimic resistive therapy, the
first user operating the leader robot (the ’patient’) drives the
motion while the second user operating the follower robot
(the ’therapist’) resists this motion. In the second trial, the
second user assists the movement of the first user by leading
the motion, which ’drags’ the first user in that direction. A
third trial is conducted using a variable delay scenario and
compared with the state-of-the-art wave variable with wave
scaling method [8]. All three trials are done at the three delay
values for 15 seconds each. The experiment is conducted at a
sampling frequency of 1kHz.

B. Experimental Results - Trial 1

Fig. 5 shows the associated force, velocity, vy, and stabilizer
on/off profiles in the experiment for the first trial when the
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Fig. 5: Force, Velocity, ~y, and Stabilizer On/Off profiles with Oms
delay (left) and 150ms delay (right) in trial 1.

delay is set to be Oms and 150ms. The force profile shows
the force that is sent from the follower side (blue) and the
force reflected to the leader side (red). The velocity profile
shows the velocity sent from the leader side (blue) and the
velocity reflected to the follower side after the PV-VSPSC
modification (red). The v profile shows the amount of velocity
modification at each time step. And the stabilizer on/off profile
shows when the closed loop system approaches non-passivity,
according to (7) resulting in activation of the stabilizer. As
expected, the follower-side forces and reflected forces are
tracked well (no force modification, which maximizes force
transparency). It should also be noted that during Oms delay,
when the communication does not challenge the passivity
of the interaction, using the proposed stabilizer, the velocity
tracking experiences minimal-to-no perturbation, as expected
based on the design. At 150 ms delay, the amount of velocity
modification increases to ensure system passivity and, there-
fore, stability. The amount of velocity modification is shown in
the v profiles. The stabilizer activates whenever the passivity
condition given in (7) is broken and modifies the velocity
to ensure that this condition is met; the stabilizer activation
profile shows that the stabilizer is much more active at higher
delays than at lower delays.

C. Experimental Results - Trial 2

Fig. 6 shows the associated force, velocity, v, and stabilizer
on/off profiles in the experiment for the second trial when the
delay is set to be Oms and 150ms. The force profiles show
high force tracking in both resistive and assistive interaction
scenarios. As the delay value increases, the amount of velocity
modification by the stabilizer also increases, and the stabilizer
is able to guarantee stability even though there is more than
one source of non-passivity due to the assistive interaction.
The stabilizer activates and modifies the velocity whenever
the passivity condition (7) is not met. The results from trial
1 and trial 2 show that the stabilizer can handle both passive

Fig. 6: Force, Velocity, 7, and Stabilizer On/Off profiles with Oms
delay (left) and 150ms delay (right) in trial 2.

and non-passive behaviors of the closed-loop system while
guaranteeing stability.

Box plot distributions of the absolute force, absolute ve-
locity, and absolute velocity error for trial 1 and trial 2 are
shown in Fig. 7 and Fig. 8, respectively. The mean vy for
each trial is also provided. Each figure has four subplots
(A), (B), (C), and (D). In subplot (A), the blue box plots
represent the force distribution at the follower side, and the
red box plot represents the reflected force distribution at the
leader side. In subplot (B), the blue box plots represent the
velocity distribution before the stabilizer, and the red box
plots represent the modified velocity distribution after the
nonlinear VRG modulation due to the proposed stabilizer.
Wilcoxon non-parametric sign rank tests are performed be-
tween the forces in subplot (A) and the velocities in subplot
(B). Similarly, the sign rank test is performed for the velocity
error between delays in subplot (C). Within these plots, ‘n.s.’
indicates that there is no significant difference between the two
distributions (p > 0.1), “*’ indicates that there is a measurable
difference between the two distributions (p < 0.05), and “**’
indicates that there is a significant difference between the two
distributions (p < 0.001).

Fig. 7(A) and Fig. 8(A) show the distribution of the
follower-side force and distribution of reflected force to the
leader side has no significant difference (p > 0.1), and this is
because the proposed stabilizer applies no force modulation
to maximize the quality of force reflection while guaranteeing
the stability of the system. Fig. 7(B) and Fig. 8(B) show
that the velocity distribution after the stabilizer is lower than
the velocity distribution before the stabilizer (p < 0.001).
This indicates that the VRG-based nonlinear stabilizer is
modifying the velocity by dissipating extra energy through
the velocity channel to ensure that the system is passive and
thus stable. Fig. 7(C) and Fig. 8(C) show the absolute velocity
error distribution between the velocities before and after the
stabilizer. It is imperative to note that as the delay increases,
the velocity error distribution increases (p < 0.001). This
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shows that the amount of modification increases as delays
increases, which is due to the excessive non-passive energy
which is injected into the network, which would challenge
the stability if the proposed stabilizer was not in the loop.
However, due to the adaptive and autonomous activation of
the proposed stabilizer, which observes and governs the flow
of non-passive energy, just enough dissipation is injected to
balance the energy and guarantee stability. Fig. 7(D) and Fig.
8(D) show the mean ~ (velocity modification parameter) at
different delay values. The mean ~y value trends downwards
as the delay increases. Please note that lower v means lower
loop gain and thus higher velocity modulation.

D. Experimental Results - Trial 3

In this section, the experimental validation of the variable
delay condition is shown. In addition, the performance of
the proposed stabilizer is compared with the wave variable
with wave scaling and filtering controller (see [8] for details
on implementation). A wave impedance value of b = 5 was
chosen to maximize the force transparency to create an agree-
able comparison with the proposed stabilizer. Resistive and
assistive interactions are conducted by the users from the first
experiment with a variable delay of 7 = 150 4 100sin(5¢)ms.
The scaling factor ¢ = 0.707 was chosen based on the
formulation of wave variable with scaling ie., g <1 —7
where 7,02 = 0.5.
eProposed Stabilizer (PV-VSPSC)

Fig. 9 shows the force, velocity, v, and delay profiles
during resistive interaction with the variable delay condition
for the proposed stabilizer. It is shown that the leader-side
forces and the reflected forces are tracked with minimal added
deviation by the stabilizer. Again, this is expected since the
stabilizer does not theoretically modify the force feedback
to maximize force transparency as designed. Regarding the

velocity tracking, it should be noted that the amount of modi-
fication increases due to the challenge to the system passivity,
which can be seen in the v profile. This shows that the
stabilizer properly modifies the velocity, taking into account
the follower-side user’s EoP, to ensure that the passivity of
the closed-loop system is preserved. The variable time delay
profile is shown in Fig. 9.
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Fig. 9: Force, Velocity, v, and Delay profiles during resistive
interaction with variable delay using the proposed controller.

Fig. 10 shows the force, velocity, v, and delay profiles
during assistive interaction with the variable delay condition
for the proposed stabilizer. Again, the leader-side forces and
reflected forces are tracked with minimal added deviation by
the stabilizer. The amount of velocity modification increases
to ensure that the system remains passive. These experiments
show the capability of the proposed PV-VSPSC velocity
modification scheme to account for the EoP of the follower-
side user to ensure that the passivity condition is thoroughly
met in variable delay conditions and non-passive interactions.
eWave Variable

Fig. 11 shows the force, velocity, and delay profiles during
resistive and assistive interaction for the wave variable con-
troller. The force profile shows the force sent from the follower
side (blue) and the force reflected to the leader side (red). The



—_2 —Foll Fi z 0.5 —r =
z —R:ﬂ::til; :::s £ 7;31:3:: :/a:l:;tl
° =
22 £
-4 >-0.5
0 5 10 15 0 5 10 15
Time (s) Time (s)
-1 z
= i)
£ l , MJ h’ s
€05 20.15
E 3
s 8 041
Y] S
0 >
0 5 10 15 0 5 10 15
Time (s) Time (s)

Fig. 10: Force, Velocity, v, and Delay profiles during assistive
interaction with variable delay using the proposed stabilizer.

velocity profile shows the velocity sent from the leader side
(blue) and the velocity reflected to the follower side (red).
At the chosen wave impedance, there is high performance in
force tracking during resistive interactions. However, the force
tracking performance during assistive interactions is poor. As
can be seen during resistive interaction, the velocity tracking
deteriorates when the force tracking improves. Likewise, when
the force tracking deteriorates, the velocity tracking improves,
as can be seen in the assistive interaction (this is a property
of the wave variable method). The variable time delay can be
seen in the delay plots.
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Fig. 11: Force, Velocity, and Delay profiles during resistive (left)
interaction and assistive (right) interaction with variable delay using
wave variable.
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Fig. 12: Velocity Error for wave variable and proposed PV-VSPSC
during resistive and assistive interactions.

To compare the results of the two controllers, the mean
velocity error between the velocity sent from the leader-side
and the velocity reflected to the follower side is shown in
Fig. 12. The Wilcoxon non-parametric sign rank test is used

TABLE 1

| Variable | Value |
Yin 1/60 m/(N.s)
fo@®)* chirp signal with a) initial freq = 0.1 Hz,
b) Target Time = 15s and final freq = 4Hz
vp ()* chirp signal with a) initial freq = 0.5 Hz,
b) Target Time = 15s and final freq = 10Hz
Zp € [10,110] N.s/m
delay € [0,200]ms with a step size of 20 ms
Simulation time 15s

to compare the error distributions between the two controllers
during resistive interactions and assistive interactions. There is
a significant reduction in the velocity error using the proposed
PV-VSPSC design compared to the wave variable method
(p < 0.001). This is because the proposed design utilizes
the knowledge of the follower side user’s EoP to minimally
modify the velocity. This shows the superiority of the proposed
stabilizer when compared to the wave variable with the wave
scaling method.

E. Simulation Results

While the conventional stabilizers in bilateral teleoperation
(such as TDPC and M-TDPC) modify reflected force to the
patient, the proposed stabilizer is designed to modify the
velocity received by the therapist to block non-passivity and
thus stabilize the system. The grid simulations are performed
to draw observations and conclusions about the performance of
the proposed stabilizer in a systematic manner for a wide range
of parameters. Four different evaluation metrics have been
considered for the grid study, namely: 1) Spearman correlation,
2) Root Mean Square Error, 3) Reflected Admittance, and 4)
Energy Ratio. These parameters have been plotted against the
patient impedance - Z,, (N.s/m) and delay (seconds) in a 3D
plot for different estimates of therapist EoP. The mean ~y value
associated with each simulation is also evaluated.

As mentioned before, to design PV-VSPSC the therapist’s
motion is decomposed into active (v},) and reactive compo-
nents (Vip—reqct) Where the reactive component, which repre-
sents the therapist’s biomechanics (Ven—react = Yen(fin,t))s
is considered to be passive while the restriction on passivity
of the patient can be relaxed. This means that although the
therapist admittance is passive in nature i.e Yz, € [0,00) the
active component, v}, can still induce non-passive energies.

Here, a grid study is conducted to evaluate the performance
of the stabilizer for various values of delays and patient
impedances. The information regarding the variable values and
ranges used for the grid simulation of the PV-VSPSC in a
bilateral teleoperation architecture are presented in table I. The
grid study is conducted with the patient impedance ranging
from 10 N.s/m to 110 N.s/m, motivated by the results in
the literature [43] and our previous work. In addition, regular
internet delay ranging from 0 to 200 ms can be considered as
a realistic number for within-country communication [1]-[4].
The simulation time for each simulation is 15 seconds.

The surface plots for various values of the estimated EoP are
presented in Fig. 13 to Fig. 16 in different colors, as indicated
by the legend. For example, the cyan surface plot corresponds
to a simulation setting, which considers the highest estimate



of therapist admittance at 95% of Y}, and the green surface
plot corresponds to the simulation setting, which considers
the most conservative estimate at 10% of Y;;. The following
observations have been made for each metric:

Spearman Correlation: Fig. 13 displays the Spearman’s
correlation coefficient between velocity sent across the com-
munication channel from the patient to the therapist vy, and
the velocity reflected to the therapist by the stabilizer after
modulation by the stabilizer, v¢,—moq. Spearman’s correlation
coefficient measures a monotonic relationship between two
variables. A value close to 1 indicates a strong monotonic
(linear or nonlinear) association, and as the value gets closer
to zero, it indicates a weak monotonic association. As can be
seen in the result, since the teleoperation system is perfectly
transparent for zero delays, Spearman’s coefficient between
the therapist velocity before and after the stabilizer is close to
unity since the stabilizer does not modify the incoming veloci-
ties. For higher values of delay, a lower Spearman’s coefficient
is observed. Also, the coefficient decreases as the estimate
of EoP becomes more conservative (which can be seen by
comparing different colored surfaces). This is expected since
the amplitude of the therapist velocity is reduced more by the
stabilizer as the estimate of EoP becomes more conservative.
The coefficient also decreases as the patient impedance Z,, is
lowered from 60 Ns/m because below this value Z, < Zy,.
A noticeable drop in the Spearman Correlation Coefficient is
observed between 0 ms delay and 0.025 ms delay. Since the
stabilizer is implemented in a fully transparent system, which
has been shown to be on the edge of stability, the minimum
additional delay beyond O would make the system non-passive
and, in the case of no stabilizer, unstable. Therefore, this
results in activation of the stabilizer and a drop in the Pearson
Correlation Coefficient, and an increase in the RMSE.

1 EOP = 10%EOPy,,
I £OP = 25%EOPy,,
[ EOP = 50%EOPy,,
1 EOP = 75%EOPy,,
[ EOP = 95%EOPy,

Spearman Correlation Velocity

Fig. 13: Spearman correlation between the therapist velocity before
the stabilizer (v;5,) and after the stabilizer vin—mod

Reflected admittance to the therapist: The generated
therapeutic behavior (Dyperqpy), Which represents the extent
of energy delivered from the patient to the therapist in the
teleoperation system and felt by the therapist, is calculated as:

_ Jo Son®)T oo moa(?)
fot ffh(t)-fth(t)

(15)

Dtherapy
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It should be noted that Diperqpy is an admittance-based
calculation. Fig. 14 displays a grid study of the admittance-
based passivity reflected to and felt by the therapist, D;perapy»
for various values of patient impedance and delay. It can
be observed that the admittance felt by the therapist caps
at a max value which is equal to the considered estimate
of the therapist’s EoP. The stabilizer has achieved this by
compensating only for the non-passive energies that cannot
be handled by the therapist’s biomechanics and reflecting
the remaining energy to the patient, even for a conservative
estimate of the therapist’s EoP which can be concluded by
observing the surface plots for the various EoP estimates
indicated by the legend.
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Fig. 14: Admittance reflected to and felt by the therapist

Root Mean Square Error (RMSE): Root Mean Square
Error (RMSE) is a measure of the deviation between the
velocity reflected to the therapist from the patient across the
communication channel vy, and the therapist velocity after
modification by the stabilizer vy _mod:

(Ve (1) — Vin—moal(i))?

RMSE =

(16)
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Fig. 15: RMSE between therapist velocity before and after the
stabilizer

The RMSE is expected to be higher as the EoP estimate
becomes more conservative due to a higher reduction in the



amplitude of the therapist velocity by the stabilizer to compen-
sate for the excess system energy based on the estimated EoP
of the therapist. The same can be confirmed from the surface
plots for different EoP estimates in Fig.15. Additionally, the
RMSE decreases as the patient impedance Z,, increases for a
given EoP Estimate, as this will enhance the stability margin,
which is noted autonomously by the stabilizer. The noticeable
rise in the RMSE values between 0 ms and 0.025 ms delay
is attributed to the same reason mentioned for the Spearman
Correlation Coefficient.

Energy Ratio - Fj, 04/ Frn ¢ Fig. 16 displays the surface
plots of the ratio of the energy at the therapy terminal after
the stabilizer to the energy before the stabilizer. A value close
to one indicates that the stabilizer reflected most of the energy
to the therapist without modification. A lower ratio indicates
that the stabilizer acts as a gate and only lets a certain portion
of the incoming energy to pass through.

1 EOP = 10%EOPy,,
I £OP = 25%EOPy,,
I EOP = 50%EOPy,
1 EOP = 75%EOPy,
1 EOP = 95%EOPy,,
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Fig. 16: Energy Ratio

It can be observed that the ratio is higher for estimates of
EoP closer to the actual therapist admittance. This is because
the stabilizer modifies the velocity based on the real-time
estimates of the EoP of the therapist’s biomechanics. The
ratio is close to unity for zero delays for all Z, since at zero
delays, the implemented two-channel teleoperation system is
theoretically transparent and stable. This is autonomously
noted by the stabilizer, and minimal-to-no energy modification
is observed. For higher values of delay, energy modification
is more significant, and the behavior of the stabilizer depends
on the conservatism of the EoP estimates (which is a novel
degree of flexibility proposed in this work for PV-VSPSC).
It can therefore be said that instead of blocking all active
energies flowing in the system, the proposed nonlinear vari-
able structure stabilizer is able to automatically modulate the
behavior based on the estimated absorption capability of the
therapist and only blocks the instability-inducing components
of the energy, which cannot be counteracted or balanced by
the inherent biomechanical EoP.

Mean Gamma Value (v) : Fig. 17 shows the surface plots
of the mean ~ values of the stabilizer. A mean ~y value close
to unity indicates that the stabilizer was minimally active. A
value close to zero indicates that the stabilizer was very active.

These results follow closely with the energy ratio results
supporting that the stabilizer is active when the delay is non-
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Fig. 17: Mean Gamma

zero and at lower estimates of EoP. The results support the
proposed design and show the flexibility of the stabilizer in
response to the changes in the delay and estimates of the EoP.

IV. CONCLUSION

This paper introduces an admittance-based power-domain
velocity modulation design for the proposed VSPSC stabilizer
that is focused on the application of telerehabilitation. The
stabilizer observes the energy at the therapy terminal and
utilizes the extrapolation of biomechanical EoP to calculate
energy absorption and modulate the flow of energy in a
customized manner. The EoP is estimated by measuring the
grasping pressure (representative of co-contraction) in real-
time and mapping it to the EoP map generated offline and
fed to the stabilization algorithm of the proposed nonlinear
adaptive stabilizer. If the passivity of the user’s biomechanics
can compensate for the instability-inducing components, the
stabilizer allows for the velocity to be directly reflected to
the therapist without modification. Otherwise, the stabilizer
autonomously intervenes and modulates the velocity that is
sent from the patient across the communication to the therapist
to stabilize the system. This paper, for the first time, proposes
an EoP-based velocity domain variable structure passivity
control algorithm that can guarantee stability while taking into
account the inherent sources of energy absorption to enhance
transparency. Although the work was motivated and designed
for telerobotic rehabilitation, it can be used for several other
applications, including human-centered teleoperation, hand-
over-hand surgical training, mirror rehabilitation, and hap-
tic communication. The future work involves evaluating the
proposed telerobotic system in applied environments such
as telerehabilitation. This study does not include a usability
analysis of patients in clinical settings. This is one of the
limitations of the current study, which will be the focus of
our future work.
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