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Abstract—Despite extensive investigations into the multiuser
haptic-enabled robotic system (M-Hers), achieving scalable control
design in the presence of nonpassive human operators remains a
key challenge. This is primarily due to the increasing complexity
of stability conditions and interaction coupling as the number of
operators grows. In this study, we address this challenge in two
steps. First, we introduce the individual interaction environment
(IIE) to isolate the passivity violations, which facilitates the inde-
pendent control design for each human-robot subsystem, thereby
enhancing the scalability with respect to the number of subsystems.
Second, within the IIE framework, we identify passivity-violating
components caused by partners’ active behaviors and propose
a novel augmented tank-based controller (ATBC) to guarantee
passive IIE while maintaining high rendering accuracy. Specifi-
cally, the ATBC employs an energy-related power regulation strat-
egy to enhance interaction safety and a time-varying control gain
to mitigate the negative effects of power regulation on rendering
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fidelity. We validated the proposed method through collaborative
haptic tasks on a customized M-Hers composed of three robots
in four different scenarios. Comparative studies demonstrate that
our approach effectively ensures IIE passivity in the presence of
active human behaviors, while ensuring high reproducibility and
achieving a favorable balance between passivity and rendering
accuracy.

Index Terms—Augmented tank-based control, collaborative
tasks, energy-related power regulation (EPR), multiuser haptic-
enabled robotic system (M-Hers), nonpassive individual interaction
environment (IIE).

1. INTRODUCTION

HE multiuser haptic-enabled robotic system (M-Hers) fa-
cilitates collaborative tasks by providing real-time kines-
thetic feedback across multiple human-robot interaction sub-
systems. This system has demonstrated a promising potential in
applications, including surgical training, telerobotic rehabilita-
tion, and multiplayer gaming. A key feature of these applications
is bidirectional energy transfer, where operators simultaneously
exert and receive physical energy. For instance, in a virtual sur-
gical environment, each operator exerts control over the task and
receives feedback in the form of environment forces, facilitating
a realistic training experience [1]. Similarly, in rehabilitation,
haptic-enabled robots allow each patient kinesthetically feel
the movements generated by other participants, enabling joint
participation in the training task. Despite facilitating dynamic
interactions, recent studies reveal that human operators often
exhibit nonpassive dynamics during voluntary actions, such as
intentional force intervention [2] and assistive force genera-
tion [3]. These nonpassive behaviors can inject energy into the
system beyond its passive constraints, which may make the
whole system unstable.
In the context of multiuser haptic interaction, passivity is
a powerful tool for analyzing system stability and guiding
the design of controllers to ensure stable and safe interaction
among users. Methods including wave-variable-based control,
immittance matrix-based control, and the time-domain passivity
approach (TDPA), rely on the principle that a system composed
of passive subsystems interconnected in parallel or feedback
structures remains passive [4] and, thus, stable. These methods
typically assume that both the environment and human operators
exhibit passive behaviors [5], [6]. Based on this assumption,
these methods follow a control paradigm in which overall system
stability can be guaranteed as long as the interaction network
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Fig. 1. Collaborative manipulation using M-Hers: A team of human operators
are tasked to move a common virtual object, where the partners might inject
active energy into human operators’ IIE. ; and Fyy; denote the velocity and
interaction forces of Operator #i, respectively. Fyo and xyo are the force input
and velocity output of the interaction model, respectively. The M-Hers consists
of an (n + 1)-port network X1, n human operators and an interaction model
that achieved through virtual environment. Here, the (n -+ 1)-port network is
referred to as interaction network.

(e.g.,the (n + 1)-portnetwork X, in Fig. 1) is passive. However,
in various scenarios, nonpassive human behaviors are essentially
for performing voluntary tasks, rendering this paradigm invalid.

In M-Hers where nonpassive terminations (e.g., environments
or human operators) are present, control design often relies on
the passivity/activity degree of these terminations (e.g., excess
or shortage of passivity). Existing approaches can be broadly
classified into two categories: 1) constructing augmented inter-
action network that incorporates the passivity/activity degree of
all terminations [7]. However, as the number of terminations
increases, the dimension of the immittance matrix for the new
network expands, making the network’s stability conditions
more complex and complicating the determination of controller
gains necessary to ensure stability. 2) Designing a controller
that synthesizes passivity degree of the passive termination [8].
This approach focuses on modulating the force transmission path
between a nonpassive termination and a passive termination,
typically by scaling forces based on the passivity degree of
the latter [8]. However, this approach assumes a single force
transmission path, which is infeasible in systems with multiple
terminations. As the number of terminations grows, multiple
coupled force transmission paths emerge, making accurate mod-
ulation among passive and nonpassive terminations impractical.
Both methods face scalability limitations, underscoring the need
for more robust strategies to handle complex interactions in
M-Hers with numerous terminations.

To address these scalability challenges in M-Hers with non-
passive terminations, this work proposes an augmented tank-
based control framework that consists two steps. First, to im-
prove scalability, we introduce the concept of the individual
interaction environment (IIE), which enables independent con-
troller design within each human-robot subsystem. This step
mitigates the effects of complex stability requirements (e.g.,
intricate stability conditions) and interaction coupling. The IIE
serves as a workspace that captures each operator’s task percep-
tion, integrating both virtual object and partner-induced effects

(see X5 in Fig. 1). Second, within each operator’s IIE, passivity
violations caused by active partners’ behaviors are identified and
addressed using an augmented tank-based controller (ATBC),
ensuring that nonpassive actions are executed in a passive
manner. In our collaborative virtual environment, as shown in
Fig. 2, forces exerted by all operators influence the motion of a
shared virtual object. Operators perceive altered task dynamics,
such as easier object mobility with increased partner forces or
harder mobility with decreased or opposing partners’ forces.
These dynamics are directly influenced by the energy injected
into or extracted from the IIE by the partners. By isolating
passivity violations within each workspace, the IIE facilitates
controller design that maintains passive IIE while preserving
haptic transparency.

A. Related Work

1) Methods Assuming Passive Terminations: As previously
discussed, ensuring the passivity of the interaction network is es-
sential to guarantee the overall stability of M-Hers, provided that
all terminations are passive. One strategy to maintain a passive
interaction network extends Raisbeck’s passivity criterion from
2-port networks to n-port ones. The work in [9] first introduced
2n conditions on immittance matrix and their residues at the
imaginary-axis poles to ensure passivity for n-port networks.
This criterion has been applied to dual-user [10], [11] and
triple-user haptic systems [12], with simulation or experimental
validation demonstrating its practicality for controller design.
However, this approach relies on constructing immittance ma-
trices, which requires the system to be either linear or can be
linearized. In addition, as the number of terminations increases,
the complexity of immittance matrix and the associated passivity
conditions grows, making the approach increasingly challenging
to implement.

Alternative approaches, such as wave-based control and
TDPA can alleviate these limitations on system model and the
number of terminations. Studies [13], [14] utilized a wave node
to interconnect multiple wave variable transmission lines in
a power-preserving way, ensuring passivity regardless of the
number of terminals. However, wave-based methods suffer from
intrinsic issues, such as wave reflections and position drift, which
can threaten system stability. In [15] and [16], track-TDPA was
developed to ensure passivity in delayed tracks and subsystems
by assuming passive agents; thereby ensuring overall system
passivity. In [17] and [18], a multilateral system was decoupled
into subsystems with respect to each conjugate power pair, with
TDPA deployed to passify each subsystem. In summary, TDPA
approach relies on the fundamental property that the passivity
of each component in a network ensures stability of the overall
network system.

2) Methods  Considering  Nonpassive  Terminations:
Llewellyn’s absolute stability criterion has been used for
stability analysis of M-Hers with nonpassive terminations.
For example, the works in [2] and [19] extended Llewellyn’s
criterion to bilateral systems involving nonpassive operators
or environments by using Mobius transformations to map
termination impedance to driving-point impedance. However,
this approach is limited to 2-port networks. The work
in [7] addressed this limitation by applying series-shunt
decomposition to each termination impedance via Mobius
transformation, where an augmented network immittance
matrix was constructed and then analyzed using Llewellyn’s
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and uarpc; is defined as (11), (12), (26), and (30), respectively.

absolute stability criterion. However, this method faces two
primary limitations that hinder scalability. First, as the number
of terminations increases, the stability conditions for the
augmented immittance matrix become increasingly complex,
complicating the determination of control gains. Second,
the method relies on known boundaries for the real part of
the nonpassive termination impedance, which is difficult to
determine in practice due to variations among operators or
environments.

Passivity analysis that considers the impact of partners’ be-
haviors has been explored in bilateral haptics-enabled teler-
obotic rehabilitation. This scenario allows a therapist to fully
supervise rehabilitation procedures by delivering resistive or
assistive motor therapy. The work in [8] proposed integrating
human biomechanical capabilities (i.e., excess of passivity) into
controller design to address active interaction energy and guar-
antee safe patient—robot interaction during assistive therapies.
This method provided patients with a passive interaction envi-
ronment while delivering nonpassive assistance and has been
further explored in [20], [21], [22], and [23]. However, these
approaches are limited to bilateral systems, as discussed earlier.

3) Energy Tank: Energy tanks have been extensively used to
guarantee system passivity in various contexts, including robot
manipulation [24], human-robot interaction systems with vari-
able impedance/admittance [25], [26], multirobot systems with
time-varying potential fields [27], time-varying topologies [28],
[29], and redundant manipulators implementing hierarchical
tasks [30], [31]. Power regulation has often been integrated
into energy tanks to enhance controller safety by scaling down
nonpassive control actions and regulating the rate of energy ex-
change between the controller and the energy tank. For instance,
the studies in [32], [33], and [34] augmented energy tanks with

Architecture of the collaborative manipulation using M-Hers with ATBC. EPR denotes energy-related power regulation. The definition of d;, Ppissi, 0,

constant power regulation (CPR). However, these methods can
be sensitive to inappropriate power limits. Excessively high-
power bounds may render power regulation ineffective due to the
rapid release and potential depletion of tank energy, while overly
restrictive bounds can compromise control objectives by scaling
down the desired nonpassive behaviors. To alleviate this, studies
have proposed methods, such as iterative learning [35], opti-
mization algorithm [31], and adaptive control [36], to determine
appropriate power bounds. However, these methods often incur
significant computation costs, which can limit their practicality.
Consequently, a straightforward and computationally efficient
power regulation approach with flexible power bound remains
critically important for ensuring passivity and achieving robust
control performance.

B. Contribution and Organization

This work focuses on passifying IIE in M-Hers involving
at least three human operators, without assuming the oper-
ators are passive. Unlike previous methods based on termi-
nation impedance [2], [7], [19], our approach introduces the
concept of IIE and analyzes its interconnection with the hu-
man hand, emphasizing the force feedback mechanisms be-
tween the operator’s hand and the IIE. This analysis simplifies
the controller design by eliminating the need for termination
impedance and directly utilizing force data measured by force
sensors. Furthermore, the introduction of the IIE facilitates
the passivity analysis of the overall system by isolating and
passifying each operator’s workspace individually, thereby en-
hancing the scalability of the control framework. In contrast
to traditional termination impedance-based methods, our ap-
proach provides a more efficient solution for complex multiuser
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environments characterized by highly dynamic and coupled
interactions.

Based on the above human-IIE interconnection analysis, we
identify passivity-violating components resulting from the non-
passive partners’ behaviors within the IIE and propose an ATBC
to ensure IIE passivity while maintaining realistic multiuser hap-
tic interaction. The ATBC employs power regulation to prevent
tank energy depletion, which could otherwise cause unstable
system behaviors when the tank energy reaches its minimum
allowable value. Our method only scales the nonpassive power
flows while compensating for the resultant nonpassivity and its
effects on rendering accuracy, distinguishing it from existing
methods that scale both the nonpassive control actions and power
flows [31], [32], [33], [34], [35]. This approach helps avoid
the degradation of key task objectives directly caused by power
regulation (e.g., modifications to the desired trajectory/force and
degradation of force regulation), a challenge that has rarely been
addressed in the literature. The main contributions of this work
are summarized as follows.

1) In the IIE framework, we theoretically demonstrate that
partners’ active behaviors, such as introducing variable
impedance/admittance-type IIEs or providing assistance,
can compromise IIE passivity. We also identify potential
passivity-violating components and address them within
each operator’s IIE. This framework facilitates both inde-
pendent passivity analysis and controller design for each
human-robot subsystem, thereby enhancing scalability.
To the best of authors’ knowledge, this is the first explo-
ration of IIE passivity in the context of M-Hers.

2) To address the impacts of nonpassive human behaviors on
IIE passivity, we propose a novel ATBC method integrat-
ing an energy-related power regulation (EPR) scheme and
a time-varying control gain. The EPR scheme intuitively
determines the power bound from real-time available tank
energy, which prevents tank energy depletion under larger
power bounds and facilitates practical implementation by
improving computational efficiency and ensuring robust-
ness across various power settings relative to the CPR
scheme. Meanwhile, the time-varying control gain miti-
gates the negative effects of power regulation on rendering
accuracy, even with a smaller power bound. This dual
innovation achieves a favorable balance between passivity
and rendering fidelity, as validated through theoretical
analysis and extensive experiments.

The rest of this article is organized as follows. In Section II,
we introduce preliminaries and problem formulation. Section II1
describes the interconnection structure of the overall system
and identifies passivity-violating components within each op-
erator’s IIE. Section IV develops a tank-based controller (TBC)
to address the presented problem and augments it with an EPR
scheme. Section V analyzes the convergence of the closed-loop
system. In Section VI, experiments have been carried out using a
customized M-Hers to validate the proposed controller. Finally,
Section VII concludes this article.

II. PRELIMINARIES AND PROBLEM FORMULATION

This section begins by introducing the robotic dynamics and
interaction model, which form the foundation of analyzing
M-Hers. Then, two propositions are presented to examine the
impacts of partners’ behaviors on the IIE. Finally, the problem
addressed in this work is articulated in detail.

A. Robotic Dynamics

In M-Hers, the dynamic model of the ith robot in m-
dimensional Cartesian space is given by

Di(;)@; + Ciws, @)% + Gixi) = wi + F
i=1,2,....n )

RTTLXTYL

where z; € R™ is the pose of the end-effector, D;(x;) €
is the symmetric positive-definite inertia matrix, C;(x;, @;) €
R™*™ represents the Coriolis and centrifugal forces, G;(x;) €
R™ is the gravity vector, u; € R""is the control input, and Fy; €
R™ is the interaction force exerted by the ith human operator
and measured by the force/torque sensor mounted on the end-
effector.

B. Interaction Model

The interaction model is implemented through virtual envi-
ronment, as shown in Fig. 2. The virtual object model is defined
as follows:

Myoivo + Bvotvo = Fvo ()

where Myo € R™*™ and Byo € R™*™ denote the mass and
damping of the virtual object, respectively; Fyvo = > | F; €
R™ is the total force exerted to the virtual object, Zvo, Zvo €
R™, respectively, represent the acceleration and velocity of the
virtual object, and zvyo is the position of the virtual object,
which is also the reference command for each robot and human
hand.

C. Problem Definition

In this part, two propositions are introduced to validate the
existence of the problem addressed in this work, which focus on
the impacts of partners’ behavior on IIE, as illustrated in Fig. 1.
Then, the problem is formalized.

Proposition 1: In M-Hers, partners’ behaviors cause variable
impedance/admittance characteristics for the IIE.

Proof: See Appendix A. |

Proposition 2: In M-Hers, partners’ behaviors that act as a
form of assistance may violate the IIE passivity condition.

Proof: See Appendix B. |

Remark 1: Existing studies have extensively explored that
variable impedance/admittance models are potentially nonpas-
sive due to changes stiffness or inertial terms [37], [38]. Further-
more, research in bilateral telerobotic rehabilitation has verified
that assistance from the therapists can lead to a nonpassive
interaction environment for the patient [20], [22], [39]. The
above propositions point out that partners’ behaviors primarily
affect the IIE through two main mechanisms: 1) the introduction
of variable impedance/admittance and 2) assistance behaviors,
both of which violate the passivity condition. However, in M-
Hers, accurately modeling the IIE and the specific assistance
provided by partners is almost impossible due to the interaction
coupling in the interaction model.

Problem 1: Consider the M-Hers described by the robotic dy-
namics (1) and the interaction model (2) with nonpassive human
operators. Develop a TBC urpc; such that the IIE for Operator
#i is passive with respect to (Fy;, 4;), that is, Viges < il Py
with Vrpc; being the total storage energy in IIE under urpc;.

Problem 2: Given the solution to the Problem 1, further
consider the power regulation to enhance controller safety and
its impacts on rendering fidelity. Develop an ATBC wuarpc; such
that the following properties hold.
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dynamics in 32 under classical controller (5). X5 is the practical IIE, X3 is the theoretical IIE and Zy1 (-) = Zy1 (¢, 1).

1) The IIE for Operator #i is passive with respect to
(FHia $2), that iS, VATBCi S x?FHl with VATBCi being the
total storage energy in IIE under uarpc;.

2) The velocity tracking error e; = &; — Tvyo is bounded.

3) The EPR-induced part of the error is addressed by the
time-varying control gain.

To address the above problems, the following properties of

robot dynamics and assumptions are outlined as follows.

Property 1 (see[40]): The skew-symmetric matrix 2C;(z;,

;) — Dy(x;) satisfies that

Property 2 (see[41]): The dynamic model described by (1)
has the property of linear parameterization. For all differentiable
vector x; € R™

Di(xi)xi + Ci(xs, i) xi + Gi(xi) = Yi(wi, &4, X, Xi)6:

where Y; (z;, &, xi, xi) € R™*P is a known regression matrix,
and 0; € RP? is the constant parameter vector of Robot #i. In this
work, x; and y; denote the reference end-effector velocity zvo
and end-effector acceleration Zvo, respectively.

Assumption 1: The human interaction force Fy;(i =
1,2,...,n) is bounded during the interaction task [20]. The
position of the virtual object xyg is also bounded.

Assumption 2: The interaction force Fy;(i =1,2,...,n)
contains both voluntary and passive components, i.e., Fij; =
Fyori — Fpasi, where Fyop; represents the exogenous inde-
pendent voluntary component, which can generate nonpassive
energy for the IIE. Fpas; = Zu;(t, 4;) denotes the passive com-
ponent, which is a nonlinear impedance model [42].

In Assumption 1, it is practical to assume the bounded human
forces in the context of human—robot interaction. The similar
assumptions have been adopted in [6], that is, human forces
are assumed to have bounded energy. In Assumption 2, the
passive component Fpag1 can be nonlinear, which relaxes the
conventional linearity assumption on human upper limb, such
as in [43], [44], and [45].

III. IDENTIFICATION OF PASSIVITY-VIOLATING COMPONENTS
WITHIN 1IE

In M-Hers, human operators interact by manipulating the
virtual object, as illustrated in Fig. 3(a). According to Assump-
tion 2, the theoretical IIE that each operator interacts with is
denoted as Y3, where the active component Fyor; is difficult
to obtain accurately in practice. However, due to the passive
component Fpagi and the feedback interconnection between
Zw1(s) and X, as shown in Fig. 3(b), the passivity of X
implies the passivity of X3 (A proof can be seen in Appendix
C). Therefore, the controller design in this work focuses on
ensuring the passivity of the practical IIE 5, which is potentially
nonpassive due to partners’ behaviors as illustrated in Fig. 3(c).

To achieve collaborative haptic interaction, the human oper-
ators’ motion is expected to remain consistent with the virtual
object. Assuming stiff contact between human operators’ hands
and robots, the control goal can be stated as enabling the robots’
motion to track the virtual object’s motion while ensuring a
passive IIE. In this context, velocity tracking performance serves
as a measure of rendering accuracy.

The velocity tracking error between Robot #i and the virtual
object is defined as

3)

From Property 2, there exists a known matrix Yy;(z;, 2,
Zvo, Zvo) and an unknown constant vector 6; such that

€; = Tj — IV, iZl,Q,...,’I’L.

Yai(zi, &4, ¥vo, Evo)bi = Di(wi)iEvo
+ Ci(xs, &) Evo + Gi(zi) (4)
where D;(x;), Ci(x;,;), and G;(x;) are the robot dynamics
terms as defined in (1). Without considering the requirement of
ensuring a passive IIE, the robot controller u; can be formulated

as the following basic velocity tracking controller [46] to render
the multiuser haptic interaction environment.

upasei = —Kpiei — KuEi + Ya; (i, &4, 2vo, ivo) 0;  (5)
with
(6)

where Kp;, K1;, and A; are the designed positive definite diag-
onal matrices, F; = f e;dt is the integral of the tracking error,

A T .. .
0; = —N;Yy; (24,24, Zvo, Evo) €
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91- =0, — 51 is the estimated vector, and 51 is the estimation
error. In this section, the control input u; = ugasEg;.

Substituting (3)—(6) into (1), the error dynamics can be derived
as

D (x) i + C; (w, d3) € + Yai (zi, &4, dvo, Fvo) 0;
KuE; + Fu;. (N
From Fig. 3(c), the IIE includes closed-loop system and inter-

action model. For the ith closed-loop system (7), its storage
function is expressed as

= —Kpie; —

1 1 1~ ~

Taking the derivative of (8) and substituting (6) and (7), while
using Property 1, yields

1
e?Di (l‘l) éi + aegDi (.1?1) €;

Ve =

+ el KiE GTA 16

1 .
= G?D, (IZ) éq' =+ 56?1),;6,’ + 61T ( — Kpiei

+ Fri — Dj (z3) é5 — Cy (4, &) €5

— Y4 (x4, &4, vo, Evo) 97:)
STy T L
+0; Yy; (xi, &4, Bvo, ivo) €;

= el Fiy — el Kpse,. ©)

In addition, the stored energy of the interaction model is defined

as Syo = %x'zono:'cVO. Using (2), its derivative is computed

as

Svo = dvoFvo — ivoBvoivo. (10)

Therefore, the total stored energy of the IIE is defined as Vjig; =

Vi + Svo. Taking its derivative and invoking (3), (9), and (10),
we obtain

Viig: =

. T T T T
x; FHz —€; Kpiei — xVOFHi + xVOFVO

.T .
— TyoBvolvo

-T T T .
T; i — e; Kpije; — iygBvotvo

o Y Pk

+ =

)
where k = 1,2,...,nandk # 7. Obviously, §; is the potentially
passivity-violating component. This term can be positive if the
partners introduce energy into IIE, which implies that the IIE
for Operator #i can be active with respect to the input—output

pair (Fy;, Z;).

QY

IV. ATBC DESIGN

To preserve the passivity of IIE, the concept of an energy tank
is adopted to develop a TBC, enabling the passivity-violating
components to be implemented in a passive manner. However,
maintaining IIE passivity remains a challenge, especially un-
der aggressive behaviors, such as increased force inputs from
partners, which can accelerate energy release from the tank
and potentially deplete its energy. To mitigate these risks, we
augment the TBC with a novel EPR scheme to regulate the rate

*vo Fuz %vo Fun

[+ ]
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3 Ppiss1
Uy Interaction
(19)&} model
by €
I (31) {J(} l bXvo | Fiay
U U F
Energy t1 c1 Controller TATEG Robot Hl' Operator
ank#1 | y, (D) g, # ol METEI R
(12) (30)
: (28)
X1 X1, X1

Fig. 4. Overview of the control framework for Operator #1.

of energy exchange between the tank and the controller within
specified constraints, ensuring the tank energy remains above a
minimum threshold. The proposed control scheme is illustrated
in Fig. 4.

A. Tank-Based Controller

We define an energy tank With the state xy; € R and the
storage function T;(x;) = 2%1 In the analysis, T;(x;) will
be abbreviated as T;. The tank dynamics is defined as

. (7]
Ty = ?PDISSi + Uy (12)

ti
where Ppiss; = ezTKpi(:’i + !..C\Y;OBVQ,@VO — %»éi denotes the
rate of dissipated energy in the subsystem #i, u; represents the
tank input, «; enables or disables the injection of energy into the
tank to prevent the tank energy from exceeding the maximum
value Tyax;. It is defined as

o — {Ci7
i =
0,

where 0 < ¢; < 1 is a positive constant to be designed. In this
work, ¢; is set to be smaller than one due to energy conservation,
and further satisfies y ;" ; ¢; = 1. The variable ; accounts for
monitoring the potentially passivity-violating components d;
and is defined as
p— 17
Yi = 0,

which enables/disables the injection of energy into the tank due
to §;. Based on (12), when ~; = 1, the variable ¢§; serves as a
dissipation term and its associated energy will be injected to
the energy tank. In contrast, when ~; = 0, the energy injection
is stopped and the energy extraction is instead necessary to
compensate for the nonpassivity behaviors. This is achieved
by the following interconnection between energy tank and the
controller through the power ports (u;, yt;) and (e, Ye; ) in the
following power-preserving manner:

uei| | 0 Wi | |Yei
Ut B —%'T 0 Yti

with y.; = &; and yy; = ;. w; denoting the interconnection
between tank and controller, which is defined by

n
_1 Pk
= Bi(1 =) Lok=1"1F
ti
where the variable -; is responsible for the activation of energy
extraction when the potential nonpassivity is detected, and the

if T; < Tvaxq

1
otherwise (13)

it §;, <0

14
otherwise a4

15)

(16)
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variable f3; is deployed as

1,
=t

where Ty, is the lower limit of energy tank, which should
be greater than zero to avoid singularity in (12), i.e., Ty > 0.
B; = lindicates available tank energy tank to compensate for the
nonpassive behavior, and 5; = 0 means that the tank is depleted
and detached from the controller. However, this detachment may
compromise IIE passivity if the potential passivity-violating
component §; remains positive. To address this issue, we modify
the robot controller u; to the following TBC based on controller
ugasg; 1n (5), as follows:

if T > Tving

17
otherwise an

UTBCi = UBASE; + Uci — QjfliC; (18)
where u,; is the controller input due to the interconnection with
energy tank, which is defined in (15), and p; is a variable damper,
which is given by

0
aele;”
Hi = et
0,

indicating that p; is activated under the conditions of both
potential nonpassivity and tank energy depletion.

The strategy described above guarantees IIE passivity, as
proven in the following theorem.

Theorem 1: Under Assumptions 1 and 2, the problem of
ensuring IIE passivity in M-Hers involving nonpassive human
operators, as defined in Problem 1, is solved by the TBC urpc;
(18) based on the energy tank (12).

Proof: The total storage energy in IIE under TBC (18) is
defined as Vipc; = Vigs + 1, where Vg, is detailed in (11).

Substituting (18) into (1), the error dynamics can be obtained
as

D; (x

if v, =0and 3, =0

19
otherwise (19)

i) éi + Ci(xi,4;) e; + Ya; (x4, &4, Evo, Evo) 0

= —KyE; — Kp;e; + Fu, + 8:(1 — ) ZFHk — Q;fhie;.

k=1
(20)
Taking the derivative of Vjig; and invoking (18), we have
Vie: = @7 Fa; — €] Kpie; — ivoBvoivo + 0;
+Bi(L—w)el > Fugp — cupie] e (21)
k=1
From (12) and (15), the derivative of T; is given by
T = Q4 (6 KPzez + xVOBVOxVO - ’7151)
- pi(1 Z Fi. (22)
From (21) and (22), the derlvatlve of Vree; 1s derived as
Vipe: = 27 Frai — (1 — o) el Kpie
— (1 — a;) @y Bvoivo
+ (1 04271) Bz( rYZ) % aiﬂiefei
§ 1’?FH1 — (1 — ai) C?Kpiei
+ (1 =yl — Bi) — Bi)di — aipie] e (23)

The “<” results from (13), which implies that (1 —
ai)igoBvoivo > 0. Given that o; € (0, 1) and €ZTKpi6i >0,
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it follows that

il Py > Viger — (1 — yileu — Bi) — Bi)di + aupiele;.
(24)
If v; = 1, then p; = 0. From (24), it obtains
&l Fri > Ve — (1 — «4)8; > Vige. (25)

Ifv; = 0, two scenarios arise. First, if 5; = 1, implying that y; =
0, then (24) becomes xTFHZ > VTBC'L This indicates that the
desired nonpassive behaviors can be implemented in a passive
manner as long as the tank energy remains above the threshold
Ty Second, if 3; = 0, implying that cv; j1;¢7 é; = §;, then (24)
becomes 1?FH1 > VTBCi. In this case, the energy tank detaches
from the controller, and the variable damper p; is simultaneously
activated to dissipate the additional energy generated by the
partners’ active behaviors, thereby ensuring the passivity of IIE.
Therefore, it can be concluded that the IIE for Operator #i is
passive with respect to (Fyy;, ;). |

B. Augmented TBC

While the presented TBC theoretically preserves IIE passivity,
tank depletion may occur under aggressive operator actions,
as demonstrated in Sections VI-E and VI-F. This highlights
the need to enforce power flow constraint to maintain pas-
sivity in practice. However, such constraint involves a safety-
performance tradeoff problem. Specifically, excessively high
power limit may undermine the effectiveness of the power regu-
lation method, whereas a conservative power limit may degrade
task performance by scaling down the desired nonpassive ac-
tions. This tradeoff poses a key challenge for power limit setting
in the existing literature. For instance, the CPR scheme needs to
tune the fixed power bounds according to operator experience
or task requirements [32], [33], whereas the optimization or
learning-based method can compute appropriate trajectories but
often incur high computational cost [31], [35]. To address these
limitations, we propose an EPR scheme with a time-varying
control gain. Unlike existing methods, EPR avoids scaling non-
passive action, and its resulting nonpassivity is addressed by the
time-varying control gain, which further mitigates the negative
impacts of power regulation on control performance.

The power transferred from the tank to the controller is defined
as P, = —u;";yti. To enforce constraints on P;, a scaling factor
o; 1s introduced as

Ui_{ﬂ\ﬁfiv if Pi>'PMAXi20 26)
1, otherwise
where Pyax; is the maximum allowable power, which serves as
the core of the EPR scheme. It is designed as

kmdx
T; — T
At ( MIN% )

where At is the sampling time of the controlled system and
kmax 18 a positive constant to be designed. In this context, Pyax;
denotes the rate at which the available tank energy, T; — TN,
would be depleted over a time interval of At . It should be
noted that the EPR scheme (27) adjusts the power bound based
on the tank energy 7; in real time. Therefore, the tank will not
be drained as long as % is larger than the sampling time.
Through the EPR scheme (27), the interconnection between
energy tank and the controller is reformulated as follows:

Uei| 0 OiWi | |Yei
Ut N _in;‘r 0 Yti .

Puaxi = 27)

(28)
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) TABLE I
Vareci (33) UNDER DIFFERENT TANK VALUES

Vi Bi VATBC:
1o 0 B &l Fai — Wi + (1 — a;)8; < &7 Fry
b; 0 >0 <0
LU?FHZ - W; + (1 —0i)0; — bie?ei < LU?FHZ
1= p; =0 >0
- o;,=1=b=0
=0 under _ Paiaxi =b =B PMAX7 5
0 Pi Le €
. . T .
e i = a;jé“el $;FH1 - W; +6i — (aiﬂi =+ bi)ei e; < IZTFHZ
b;i =0 >0 =0

e = x means that e implies *

From (28), the power transferred from the tank to the controller
is modified as

P! =0;P; < Pyax; Vt (29)

which indicates that the EPR scheme ensures power exchange
within the permitted constraints.

To address the power bound selection dilemma, we introduce
a time-varying control gain in the controller design. The robot
controller u; is designed as the following ATBC by further
augmenting TBC urpc;:

(cipi + bi)e; (30)
where upasgi, @, and p; are defined as (5), (13), and (19),
respectively; uc; is obtained from (28), and b; is a time-varying
control gain introduced to compensate for the impact of bounded
power flow and is defined as

Pi— PMAX76
L Pee
b; =

)

UATBCi = UBASE; 1 Uci —

if P> Pyaxi >0

31
otherwise. D

The proof of passivity is provided as follows.

Theorem 2: Under Assumptions 1 and 2, the problem of
ensuring IIE passivity in M-Hers involving nonpassive human
operators, as defined in Problem 2-1), is solved by the ATBC
uarpci (30). The controller is augmented by the EPR scheme
(27) and the time-varying control gain (31).

Proof: Substituting (30) into (1), the error dynamics is given
by

D; () i + Ci (w4, &3) e; + Yaq (24, 4, Evo, vo) 0;
= _KIzE Kptet +FH1+ﬁz — % UZZFH]C
— (aipi + bi)e;. (32)
The total storage function is selected as Varpc; = Vi + 1;-
Taking the derivative of Vrpc; and invoking (32) yield

Virsei = 47 Fg — Wi + (1 — aii)d;
— Bioi(1 — ;)6 — (33)

- Ozi).i‘,\I;OBvoi‘vo + (1 — Oéi)e;-TKpiei, which

(cvips + bi)e] e;
where W; = (1
is nonnegative.

The analysis of Vargc; considers three cases based on ; and
Bi, as detailed in Table I. For all cases, the inequality Varpc; <

@7 Fyy; holds. Consequently, the IIE for Operator #i is passive
with respect to (Fy;, &;). [ ]

It should be noted that in the second case of Table I, the non-
passive component (1 — ;)d; is introduced by the EPR scheme.
This term arises because the EPR scales only the energy transfer
rate between the energy tank and the controller while preserving
the task objectives (&; — Zvyo, ¢ = 1,2,...,n). Thanks to the
design of b;, this issue is effectively addressed. The compensa-
tion term b;el e; effectively addresses this issue and mitigates
the EPR-induced tracking accuracy degradation, as proven in
Section V.

Remark 2: When the tank energy reaches the lower limit
Twmini, the indeterminate relationship between the energy storage
rate «; Ppiss; and the extraction rate P; can cause fluctuations
in tank energy near Ty, triggering chattering of 3;. This can
lead to chattering in the control input, which further induces
high-frequency noise in the velocity and degrades system sta-
bility. One common solution is to smooth 3;, which mitigates
the resulting negative effects on system stability [33]. However,
the proposed EPR scheme provides a fundamental alternative
solution by preventing the depletion of tank energy.

Remark 3: From (19) and (31), a singularity occurs when
el'e; = 0, which may cause dramatic change in control input
and potentially degrade system stability. To avoid this issue, we
replace (19) and (31) with

—fi— if y;=0and B; =0
p={ wiefete DN v (34)
0, otherwise
and
P-P .
SipMaxiyo o qf P> B i >0
by = q Prelleite S (35)
0, otherwise

respectively, where € is a designed positive constant. By setting a
small ¢, the impacts of such modification on IIE passivity could
be effectively mitigated and even be negligible when e'e; > .
Furthermore, this modification cannot affect system stability.
The corresponding analysis can refer to Section V.

V. CONVERGENCE ANALYSIS

This section focuses on the convergence of the tracking error
e;. The tracking error serves as a key metric for evaluating
transparency in haptic rendering for the multiuser interaction.
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Theorem 3: Under Assumptions 1 and 2, the problems de-
fined in items 2) and 3) of Problem 2 are solved if (1 —
1 .. .
Qi)Af,, — 5 > 0, where A~ represents the minimum eigen-
value of the matrix Kp;.
Proof: 1) Proof of Problem 2-2): According to (3), Table I
and Young’s inequality, (33) can be calculated as

. T T
Varses < &7 Fu; — (1 — a;)e; Kpie;

= 6?FHZ‘ + iz;oFHi - (1 - ai)e;Kpiei

1. . 1
< §H9€VO||2 + || Faal|® — ((1 — ) hpep, — 2) lleal]?.
(36)
Based on (36), we can see that VATBCZ- < 0 whenever
1 /1,.
Jed? = - (GllvolP + IFl?) @D

where p; = (1 — a;)Ag,,, — 3. From Assumption 1 and (2), it
follows that @yo is bounded. Therefore, the right-hand side of
(37) is bounded. If (37) is satisfied, VATBCZ- will be negative,
causing Varpc; to decrease. As a result, by the definition of
VatBCi, the variables e;, F; and 51 will eventually decrease as
well. When e; decreases to

fed? < = (3llvolP + i)

7

(38)

VATBCZ- will be positive. This leads to two possibilities. First, as
VatBc; increases, e; also increases. Once e; reaches the bound
defined in (37), Varsc; will begin to decrease. Consequently, if
e; continues to increasg and decrease in this manner, e; remains
bounded, as do F; and ;. The second possibility is that as Vargc;
i~ncreases, e; still remains within the bound defined in (38), while
0; and E; increase. Combining the first possibility, e; is proved
to be bounded. _

To ensure system stability, it is necessary to prove that 6; and
E; are bounded. From Remark 3, u; and b; are bounded, and the
above analysis establishes that e; is bounded. By Assumption 1
and (2), &vo, Zvo, and &; are also bounded. Since the practi-
cal operational workspace of the robot’s end-effector is finite,
Assumption 1 further ensures that £; cannot grow unbounded.
Therefore, the right-hand side of (32) and the terms C; (z;, &;)e;,
D;(x;), and Yy;(x;, x4, ©vo, Zvo) on the left-hand side are all
bounded. It remains to prove 6; and é; are bounded. If é; is
bounded, then so is ; according to (32). Suppose that é; goes
to infinity, then ||e; || will increase to the bound in (37), making

Varsc; < 0 and decreasing Varpe;. As a result, e;, F;, and 6;
decrease, and continually increase and decrease in this fashion.
Hence, these variables remain bounded. From (32), ¢; is bounded
in this case, contradicting the infinity assumption. Therefore,
both é; and #; are bounded, and the closed-loop system is stable.

2) Proof of Problem 2-3): If the ATBC is considered without
the term related to b; to compensate for the impacts of power
regulation, it is rewritten as

UprpCi = UBASE: + Uci — Qi fL;€;. (39)
Subsequently, when P; > Pyax; > 0, (33) becomes
Virsei < &7 Fri — (1 — ) e] Kpies + (1 — o) 0
Pyiaxi
— aipie} e; — Bi(1 — ;) I\}?X 0;. (40)
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Similar to the analysis of (33), (40) is calculated as

Virses < &7 Frai — (1 — aq) ] Kpieg + A

1.
< §||3?VOH2 + || Faa ||

- ((1 — ) Ahgy, —

where A; = (1 — %)& > 0 is induced by the EPR scheme.
Similar to (36), it yields that VATBCZ- < 0if

1
)i+ a0 @

1 /1.
Jed? = 2 (Glivoll + 17l +4,) @
and Vipe; > 0 if
2 1 1 . 2 2
led? < = (Sllvoll + 1Ful + &) . @3

Compared to the results in (37) and (38), it yields that A;
increases the boundary of e;. However, under the same parameter
settings for the virtual object and controllers, the design of b;
effectively compensates for the negative effects of power reg-
ulation on tracking accuracy. In addition, the analysis suggests
that tracking performance can be further improved by increasing
Kp;. Specifically, by appropriately increasing the elements in
Kp;, the bound on ||¢;|| can be reduced, thereby mitigating the
increase of tracking error even when Fyy; becomes large. |

VI. EXPERIMENTAL VALIDATION

In this section, experiments are performed in four different
scenarios to validate the effectiveness of the proposed ATBC.
Specifically, Experiment #1 mainly compares the proposed
ATBC with two state-of-the-art tank-based methods in terms
of reproducibility and fidelity of haptic rendering. Experiment
#2 establishes a rigorous comparison environment to verify that
the proposed EPR scheme can enhance control robustness to
power limit settings, achieving a favorable tradeoff between
IIE passivity and haptic fidelity. This result is further validated
in Experiment #3, which involves a human-robot interaction
scenario. Finally, Experiment #4 demonstrates a clinical ap-
plication of the ATBC, with a focus on rendering fidelity.
All experiments involving human subjects were approved by
the local ethics committee of the Southern University of Sci-
ence and Technology (Approval No. 20230095), and consents
were obtained from them.

A. Experimental Setup

The M-Hers used in experiments is shown in Fig. 5, consisting
of three one-DOF haptic robots with identical configurations. A
workstation PC, equipped with an Intel Core 15 9400F CPU
(2.90 GHz), is connected to the three robots via USB cables.
Each robotic setup is built on ESP32-S3 (Espressif Systems,
Shanghai, PRC) and programmed on FreeRTOS with C code,
operating at a frequency of 1 kHz. The interaction model is
implemented via a virtual environment, created by the unity 3-D
game engine (Unity Technologies, San Francisco, CA, USA).
The end-effector velocity is computed by numerical differentia-
tion of the position signal, derived from measured joint position
via the transmission ratio, and applying a first-order low-pass
filter (cut-off frequency of 64 Hz).
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K @ External robots () Predefined trajectory

@ Damping spring () Stiff adapting piece B3) M-Hers

Predefined force
Fy; = —5.8sin0.8t N

Predefined force
Fy3 =15sin1.6t N

Fig. 5.
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Fy is maximal in Stage 1 and Fy; is maximal in Stage 2.

System architecture of (a) Experiment #1, (b) Experiment #2, and (c1) Experiment #3. (c2) Task requirements for Experiment #3. In Stage 1, Operator #2

exerts the largest force to dominate the task; in Stage 2, Operator #1 takes over. The curves broadly depicts the contribution of human effort, instead the predefined

force trajectory. VO denotes the virtual object.

For the considered setup, the dynamic model (1) is formulated

as a one-DOF mass-damper system as follows:
D&+ Cix; = vy + Fuy,i1=1,2,3

where D; and C; are mass and damping terms, respectively.
The implemented TBC (18) is designed as

urpei = — Kpie; — KuBi + Ya,0;
n
+ B8 (L=%) Y Fuk — cspuie; (44)
k=1
with 6; = fAZ-YdI;eZ-, where Yy; = [Zvo, Zvo], and 0; =
[ﬁi, C’i]T. D; and C; are the estimated values of D; and Cj,

respectively.
The implemented ATBC (30) is designed as

uxtpci = — Kpiei — K E; + Ya0;

+Bioi (1 =) > Fuar — (cupsi +bi) e
k=1

(45)

Unless otherwise stated, the parameters of controller and
interaction model used in all experiments are as follows: Kp; =
KP2 = Kpg = 50, KH = K[Q = K13 = 1200, A1 = AQ =
Az = diag{6,60}, Tvini = Tvine = Tvinz = 1.6], Tvaxi =
TMAX2 = TMAX3 = 16], At = 0.0018, T1 (O) = TQ(O) =
T3(0) = 8J, a1 = (g = 033, a3 — 034, MVO =30 kg,
and Byp = 30 Ns/m.

B. Experiment Design

In this section, the collaborative task of moving a shared
virtual object was implemented under four scenarios.

1) Experiment #1: The performance of the proposed ATBC
in addressing nonpassive human behaviors was evaluated by
comparing it to two state-of-the-art controllers: the basic tank-
based controller (BTC) [24] and valve-based tank-based con-
troller (VTC) [32]. Following their design principles, we adapted
their approaches to address the potentially nonpassive compo-
nent J; identified in our work.

1) Case #1 (BTC): This controller modifies the desired ve-
locity command as

(1 =7)Bi) dvo + (1 — %) (1 = Bi)do;
(46)

with a:(,ol from MVO'i,VOi + BVOj"(/Oi = Fyy;. The posi-

tion command x4, is obtained by integration of &4,. v

is designed as (14) and f3; is smoothly modified according

to (26) in [24], given by

Tai = (Vi +

it T; > Ty + 0.6
(1 —cos (Lghamer)) | if T, + 0.6 > T}
> TN

N[—= =

fi =
0, otherwise.

2) Case #2 (VTC): This controller augments BTC with CPR,
and the desired velocity command is as follows:

—7)Bi) Zvo + (1 — %) (1 — Bi)dyo,
(47
where o; is designed following (25) in [32], which is same
as (26) in the work but employs CPR with Pyax = 2.
Other variables, including 3; and +;, are designed as same
as those in Case #1.

3) Case #3 (TBC): This is the proposed TBC (44) without

power regulation.

4) Case #4 (ATBC w/o b;): The proposed ATBC (45) without

b;, using kuax = 2At.

5) Case #5 (ATBC): This is the full ATBC approach (45)

with kmax = 2At.

All the above cases were implemented under the identical
experimental conditions for 10 trials. To ensure a consistent in-
teraction environment, the M-Hers is mechanically coupled with
three external robots that replace human operators by following
predefined velocity trajectories, as shown in Fig. 5(a). The exter-
nal robots serve as velocity sources and the connectors (i.e., stiff
adapting piece and damping spring) provide passive mechanical
behaviors. When the external robots move, the springs deform
and generate interaction forces on the M-Hers. These forces
consist of a voluntary component driven by the external robots’
motion, and a passive component arising the connector, which
aligns with Assumption 2.

Tqp =0 (i + (1
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TABLE II

POWER LIMIT SETTING IN EXPERIMENTS #2 AND #3

Control Scheme

Experiment #2

Experiment #3

TBC (44) X X
ATBC (45) ]ZMAXf _ ;1 P;AAX{ _:182
with CPR MAXi MAXi
Pyaxi =1 Pyaxi =4
Pyaxi = 0.1 Pyaxi =2
- Pyaxi =1
ATBC (45) kmax = 0.05At  kmax = 0.05A¢
with EPR kmax = 0.7T5At  kmax = 0.75A¢t
as (27) Femax = 2At Kmax = 2At
kmax = 4At kmax = 4At
- kmax = 8At

e At denotes the sampling time (At = 0.001 in experiments)

o CPR: Constant Power Regulation, EPR: Exponential Power Regulation.
e X denotes no power regulation.

2) Experiment #2: This experiment includes nine scenarios,
summarized in Table II, where all conditions remain same except
for the upper bound of power Pyiax;. Each scenario was repeated
for 10 trials, and the results focus on the comparison between
the proposed EPR approach and the CPR method (e.g., [32]).
The experimental setup is shown in Fig. 5(b). Since operator
forces are hard to keep consistent across trials, virtual opera-
tors with predefined forces were adopted to facilitate reliable
comparison and statistical analysis. The predefined forces for
virtual operators are set as Fyy; = 0 N, Fyo = —5.8sin 0.8t N
and Fyz = 15sin 1.6¢ N.

3) Experiment#3: Three healthy human operators (two male
and one female: age 27.33 £ 2.52 years, weight 67 £ 14.1 kg,
height 171.33 £ 10.07 cm) were recruited in this experiment,
where they sat at the robots and grabbed the end-effector handles,
as shown in Fig. 5(cl). The experiment simulates collaborative
manipulation of moving a shared virtual object, whose motion
arises from the operators’ collective effort. The visual feed-
back shows the actual motion of the virtual object and robotic
end-effectors, reflecting the control performance rather than a
predefined trajectory to track. The task requirements are shown
in Fig. 5(c2), indicating intended maximal forces at each stage
and allowing operators to perceive assistance and resistance
during the task. The identical procedure was implemented in
10 scenarios, categorized into CPR and EPR methods, as listed
in Table II.

4) Experimental #4: To show the potential of the work for
clinical applications, we conducted a clinical experiment in
Shenzhen Second People’s Hospital. In Fig. 6(a), three pa-
tients (two male and one female: age 54 + 12.17 years, weight
74 + 18.25 kg, height 163.33 £ 9.61 cm) with upper limb im-
pairment collaboratively performed physical exercise in a shared
virtual environment. The experiment series include eight trials of
which patients sequentially joined the task with specified force
directions, as illustrated in Fig. 6(b). They are designed to enable
each patient perceive assistance or resistance from others in the
collaborative task. In this experiment, k. = 0.5A%.

C. Evaluation Method

The experiment results are evaluated regarding reproducibil-
ity, rendering fidelity, and robustness to power limit setting.

e © @ @ Haptic robots in M-Hers
(a) Operator #1 {7 [, L — Air="=="""""="=="====mmm =y Movement
Operator #2 v gl [iymmmmmmmmmmmmmm o eiiod
Operator #3 PNt

(b)

Stage 1 Stage 2 Stage 3~ Stage 1 Stage 2 Stage3  Stage 1 Stage 2 Stage 3
Trif I [ ] Tra | I | | Tr7[ [ [ ]
Tr2| | | | Trs | I | | Tr8] | [ 1
Tr3| | I ] ™6 [ | | ]

[CT_T—1Operators #1-3 join and apply force in the required motion direction.
[T T 10perators #1-3 join and apply force against the required motion direction.

Fig. 6. (a) System architecture of Experiment #4. (b) Requirements of task
participation in eight trials (Tr1-Tr8). Stage 1: One operator performs the task
alone. Stage 2: A second operator joins. Stage 3: The third operator joins.
Once joined, each operator continues participating in all subsequent stages. VO
denotes the virtual object.

Unless otherwise stated, the results are expressed as mean =+
standard deviation (SD). |(-)| denotes the absolute value of (-),

— Tr
with (-) = % being the average value of variable (-) across
repeated trials, where (), is the (+) in the trth trial, and Tr is the
number of trials. The subscript ¢ denotes ¢ = 1,2, 3.

1) Reproducibility: Highreproducibility of haptic rendering,
referring to the consistency of force-velocity behavior across
repeated trials, is crucial for stable and repeatable task execution.
It is rigorously examined using three indicators.

First, we calculate the normalized root mean square error
(NRMSE) of interaction forces and their corresponding veloc-
ity response for each trial, using the average profiles across
10 trials (Fy; and ;) as baselines. The NRMSE is com-
puted based on min—max normalization, i.e., NRMSE( Fyy;, F;)
and NRMSE(#;, ;). Consistently small values across tri-
als indicate low trial-to-trial variation and, thus, high
reproducibility.

Second, we compute the SD of Spearman correlation co-
efficients between Fy; and &; (Corr(Fy;,4;)) across trials to
assess the consistency of the force-velocity relationship. The SD
of Corr(Fyo, ©vo) is also analyzed to evaluate the consistency
of virtual object rendering. A smaller SD value indicates more
consistent results across trials, reflecting the reliability of haptic
rendering.

Third, we analyze the concordance correlation coefficient
(CCC) between each trial’s interaction force and velocities and
their baselines, i.e., CCC(Fy;, Fy;) and CCC(&, ;). Higher
CCC values represent strong agreement and consistent force-
velocity coupling behavior across trials.

2) Rendering Fidelity: The rendering fidelity is assessed us-
ing the trajectory tracking errors between M-Hers and virtual
object. We analyze the integral absolute error (IAE) of the
2-norm of both E = [Ey, Ey, E3] and e = [eq, €2, e3], which
treats all tracking errors equally and fully integrates their values
and variations. In this work, it is defined as

IAE, (¢ / () dr (48)

where @ represents E and e, t € [0, tena] and tenq denotes the
end time of a whole trial. Furthermore, we also introduce IAE,
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Fig.7.  Experiment#1: Validation of reproducibility. Average interaction force (curves), NRMSE based on min-max normalization (bars), and Spearman correlation

coefficients (bars) for (al)—(a3) Case #1, (b1)—(b3) Case #2 (c1)—(c3) Case #3, (d1)—(d3) Case #4, and (e1)—(e3) Case #5. CCC values for (f) interaction forces and
(g) corresponding velocity responses. The numbers in (al)—(el) and (a2)—(e2) are the mean NRMSE values. (a3)—(e3) Spearman correlation coefficient is denoted
as Corr. SD denotes standard deviation. (f)—(g) Pink asterisk indicates a significant difference from Case #1, and the blue asterisk indicates a significance from

Case #2.

for statistic analysis, which denotes the total accumulation of
|leo ()] throughout the entire trial, as follows:

tend
IAE, :/ |l (7)||dT. (49)
0

3) Robustness to Power Limit Setting: As discussed in
Section IV-B, the power limit involves a tradeoff between con-
trol performance and IIE passivity. We, therefore, assess the
controller’s robustness to various power limit settings from both
aspects. Since velocity is directly influenced by the control input
and, thus, more sensitive to power regulation than position,
the related metrics are calculated based on velocities. First,
rendering accuracy is quantified using IAE,, as described in
Section VI-C2. Second, we examine the signal-to-noise ratio
(SNR) of robot velocities during operation, which measures
the ratio of desired signal power to noise power. As noted in
Remark 2, high-frequency noise may be introduced into veloc-
ity signals when the tank energy approaches its lower bound,
indicating that the IIE passivity is deteriorated. Thus, SNR is
used to evaluate IIE passivity, with lower SNR values reflecting
increased high-frequency noise

F desired

SNR = 101g ( (50)

noise

where Pesied and Pyelociry are the power of the reference ve-
locity @vo and the actual measured velocity &;, respectively.
Proise = Plelocity — Plesirea denotes the power of noise in the
actual velocity, relative to the desired velocity.

4) Statistical Analysis: Based on the above metrics, statisti-
cal results were obtained using the Wilcoxon signed rank test
(p < 0.05 is accepted as statistical significance). For multiple
comparisons, the Benjamini-Hochberg correction was used to
control the false discovery rate. In the corresponding plots,
levels of statistical significance are indicated by asterisks as
follows: ***p < 0.001, **p < 0.005, *p < 0.05; n.s. indicates
no significant difference (p > 0.05).

D. Evaluation Results for Experiment #1

1) Reproducibility: Fig. 7 illustrates the reproducibility of
haptic rendering under different methods. In Fig. 7(al)—(el), the
mean NRMSE values for interaction forces under Cases #3—#5
range from 0.0297 to 0.0872 (mean: 0.0484), which are notably
lower than those in Cases #1 and #2 (range from 0.0862 to
0.1835; mean: 0.1255). Fig. 7(f) further confirms the improved
force reproducibility in Cases #3—#5 through higher CCC.
For example, the CCC values for Robots #1—#3 are 0.9322 +
0.0563,0.9901 4+ 0.0116, and 0.9885 4 0.0187 in Case #5, with

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on February 10,2026 at 03:18:43 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: AUGMENTED TANK-BASED CONTROIL, GUARANTEES PASSIVE IIE FOR MULTIUSE HA PT C-
IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vi

1B Max-Min range of |E;| mean(|E;|)
0.25 - [CJIE| Max-Min range of |E,| mean(| Ey|)
3 ax-Min range o 3 mean! 3
Max-Mi f | E: E:.
0.2+ - -91.91%
E T .70.74% l
T 015 f
s 1
5]
§ o1
3
a 0.05 »H é /
T = -
oL+ L $ ¢ $ i 1 5 E E

ENABLED ROBOTIC SYSTEMS
ienna, Austria. Cite as T-RO paper.

lel Max-Min range of |é;| mean(|e;|)
0.4 - e >[ Max-Min range of |es| == mean(|és|)
e Max-Min range of |é;] mean(|é;|)
1
z 03} i
é : -77.52%
2 71.94% ;
bS] 02f i -72.9%]
> -67.15%I
Ag -61.0: /é‘
3 01 Lo
> T  .5633% !

N1 $$¢-éé ) = =S

B &?’ &P »é’
(?" (?" 0" (P" (?"

R »}f" &P af’
(?" 0" C"" d’" 09

(@)

& & &?’ %“ vﬁ’
(?"’ d’" 0" c’é’ <P°’

Fig. 8.

B LK o o
(?" C‘"’ (55’ (?" (?L’

A A I R A A I
(? & (?" d’" (?°’ (?L’ & (}"’ & (?"

(b)
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Experiment #1: Validation of rendering fidelity: IAE under Cases #1-#5. (a) IAE1, (bl) IAE2, and its (b2) corresponding statistics based on || E||.

(c) TAEq, (d1) IAE2, and (d2) its corresponding statistics based on ||e||. The curves in (a) and (c) denote the average IAE; across trials, and the shaded regions

represent the standard deviation.

improvements of 25.42%, 3.09%, and 13.31% over Case #1 (all
p < 0.005), and 4.78% (p = 0.1602), 6.03%, and 7.36% over
Case #2 (all p < 0.005 except Robot #1).

In Fig. 7(a2)-(e2), reproducibility enhancements are also
observed in resultant robotic velocity response. Cases #4 and #5
yield lower NRMSE (all < 0.033) versus Cases #I and #2 (all
> 0.0541), along with significantly higher CCC. For example,
in Case #5, CCC values for Robots #1-#3 are 0.9931 4 0.125,
0.9922 £ 0.143, and 0.992 + 0.123, all significantly higher than
those in Cases #1 and #2 (all p < 0.05), as depicted in Fig. 7(g).
Notably, 1 in Case #3 exhibits high NRMSE due to its frequent
oscillations caused by tank energy depletion, thereby reducing
trial-to-trial consistency. This inference is shown in the results
of TBC in Experiments #2 and #3.

InFig. 7(a3)—(e3), Case #5 demonstrates superior consistency
in force-velocity coupling behavior compared to Cases #1 and
#2. This is verified by its lower SD values of Corr(Fy;, ;) (i.e.,
0.0801, 0.029, and 0.0275 for Robots #1-#3) and a reduced
SD values of Corr(Fyo,4vo) (0.0374; 42.37% and 32.49%
reduction from Cases #1 and #2 respectively).

In summary, the proposed ATBC (Case #5) significantly
enhances haptic rendering reproducibility over BTC (Case #1)
and VTC (Case #2). A possible reason is the modified trajectory
command in BTC and VTC [see (46) and (47)], where large

deviations between @vo and 4%, may cause aggressive transi-
tions, leading to unpredictable robotic responses and degraded
consistency. This effect is also evident in the Video 1, where
slight oscillations in motion are observed under VTC.

2) Rendering Fidelity: Fig. 8(a) shows that the distribution
of |E;| in Case #5 is 0.0119 £ 0.0073 m, 0.0181 + 0.0098 m,
and 0.0082 + 0.0066 m for Robots #1—#3, with reductions up
to 91.91% compared to Cases #1 and #2. Similarly, Fig. 8(b)
presents that the |&;| in Case #5 yields 0.0093 £ 0.005 m/s,
0.0117 £0.0069 m/s, and 0.0117 = 0.0077 m/s for Robots
#1-#3, reducing by >56.33% compared to Cases #1 and #2.
These improvements arise because the ATBC preserves the
reference trajectory from virtual object as the desired command
while ensuring IIE passivity via a time-varying control gain.
In contrast, Cases #1 and #2 enforce passivity by modifying
the desired trajectory, leading to large deviations from the
virtual object and degraded rendering accuracy. As shown in
Fig. 9(a) and (c), IAE; values for | E|| and ||e|| grows notably
lower in Cases #4 and #5 than in Cases #1 and #2. A simi-
lar result is observed in IAEs [see Fig. 9(bl) and (d1)], with
significant difference (p < 0.005) listed in Fig. 9(b2) and (d2).
Therefore, these findings demonstrate that the proposed ATBC
achieves better rendering fidelity than conventional tank-based
approaches.
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Fig. 10.  Experiment #2: Evolution over time of tank energy 7, 3;, and P; (i = 1,2, 3) under (a) Pyax = 4, (b) Puax = 2, (¢) Puax = 0.1,(d) kmax = 0.05A¢,

() kmax = 2At, and (f) kmax = 4At. Puax = Puaxi (1 = 1,2, 3). P; represents the power without regulation. The green markers denote the moment when the
power first reaches its limit. The shaded regions denote two adjacent intervals when power is limited.

Furthermore, Case #5 achieves better tracking performance
than Case #4, including the slower growth in IAE; and smallest
values in IAEs for both position and velocity errors (all p <
0.005). These results reveal that the time-varying control gain
b; is helpful to enhance rendering accuracy.

Despite statistical difference, the increasing trend of IAE; for
||E|| under Case #3 is close to that under Cases #4 and #5,
whereas Case #3 exhibits higher IAE; for ||e||. This is because
the tank energy is depleted, and hence chattering is induced
on velocity. Given no significant difference between Cases #3
and for
tank energy depletion than velocity. This motivates the focus on
velocity-based results in Experiments #2 and #3.

E. Evaluation Results for Experiment #2

1) EPR Scheme Analysis: The evolution of power is shown
in Fig. 10(d)—(f), corresponding to different EPR settings of
kmax = 0.056At, 2At, and 4At, respectively. Two key results
can be observed. First, a smaller EPR setting imposes a stricter
limit on power flow. For example, under k,,x = 0.05At¢, power
first reaches its bound much earlier (t ~ 1.3s for both P, and P)
than under k. = 2A (¢t = 4.29 for P; and 4.3s for P,) and 4A¢
(t = 5.94 s for P, 6.06s for P»). As aresult, the tank energy (7}
and 75) continually increases, as shown in Fig. 10(d), because
the strict power limit constrains energy extraction. By contrast,
higher EPR settings allow more effective energy extraction,

causing a reduction in tank energy, as shown in the curves of
Ty and T in Fig. 10(e) and (f).

Second, the power limit Pyax; adapts to the real-time tank
energy T; as defined in (27). A higher 7; yields a larger Pyiax;,
allowing greater power flow P; and faster energy extraction. For
instance, in Fig. 10(f), the largest EPR setting (kpax; = 4At)
leads to the lowest values of 77 and 75 at ¢ = 5 s compared
to other settings. As 7T; drops, the Pyax; decreases, limiting
P; and slowing energy extraction. When the energy storage
rate exceeds the extraction rate, 7; rises again, increasing
Puyiax; accordingly. This trend, highlighted by the shaded re-
gion in Fig. 10(f), demonstrates the regulation loop between T;
and Pyiax; that prevents tank depletion and preserves system
stability.

2) High-Frequency Noise: Fig. 10 shows the tank energy 7;,
signal (;, power P;, and velocities &; in a single trial under
six scenarios. Fig. 10(a) and (b) depicts that overly large CPR
settings (Pyviax; = 4, 2) lead to tank energy depletion, causing
chattering in the (3; and velocities. In contrast, with a smaller
power bound (Pyax; = 0.1) in Fig. 10(c), T; remains above the
minimum energy limit Tyyn;, ensuring passive IIE and avoiding
high-frequency noise in velocities. These results indicate that
only CPR scheme with an appropriate bound can avoid tank en-
ergy depletion, as further confirmed by Fig. 11, where the SNRs
for 1 and x, increase as the Pyax; decreases. Using the EPR
scheme, T; always remains above its lower limit across different
kmax settings, as displayed in Fig. 10(d)—(f). The corresponding
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SNRs for @7 and @2 exceed those using CPR scheme with high
bounds (e.g., Puaxi = 4, 2), as illustrated in Fig. 11. Therefore,
the EPR scheme is more robust to power limit settings, as it can
effective prevent tank energy depletion across a wide range of
configurations.

3) Rendering Fidelity: Fig. 12(a) shows a significant reduc-
tion in IAEs as the CPR power upper bound decreases [p < 0.05
for pairwise comparisons in the pink frame in Fig. 12(b)].
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This occurs because larger power bounds enable faster energy
exchange between tank and controller, which can induce risky
system behaviors. For example, Fig. 10 shows faster tank de-
pletion under Pyjax; = 4 compared to Pyiax; = 2, leading to
increased chattering in the signal 3; and higher velocity noise in
21 and Z9. This observation aligns with the increased SNRs
of 21 and &5 as Pyax; decreases, as shown in Fig. 11. In
contrast, IAE, shows no significant change across EPR cases
(kmax = 0.05A¢,0.75A¢, 2At; as highlighted in the blue frame
of Fig. 12), with nearly identical SNR values in Fig. 11. These
sharp contrasts suggest that EPR offers a better tradeoff between
passivity and tracking performance compared to CPR, simpli-
fying the selection of power bound and ensuring more reliable
control outcomes.

The above claim is further substantiated by using Pyiax; =
0.1 and kpax = 0.05At¢ as the baseline. As shown in Fig.
10(c) and (d), the tank energy behavior under Pyax; = 0.1
demonstrates stricter power regulation, with 7} reaching the
upper limit Tyjax; in a shorter duration-15 s under Pyjax; = 0.1
versus more than 20 s under ky.x = 0.05A¢. Despite this,
there is no significant difference in rendering fidelity between
these two cases (p > 0.05), as shown in Fig. 12(b). However,
when the power bounds are increased 40-fold (Pyvax; = 4
and k. = 2At, respectively), the system’s behavior diverges
significantly in terms of passivity and rendering fidelity. For
instance, 1; reaches the lower limit under Pyjax; = 4, while
remaining above the lower limit under k,,x = 2At, as shown
in Fig. 10(a) and (e). This indicates that the passivity con-
dition of IIE is compromised under Pyax; = 4. Furthermore,
Fig. 12(b) reveals a significant difference in IAE, between
Pyaxi =4 and Pyax; = 0.1, no significant difference be-
tween km,x = 2At and k. = 0.05A¢, and a significant dif-
ference between Pyax; = 4 and kg = 2At. These contrasts
further validate the superior balance between IIE passivity and
rendering accuracy achieved under the EPR method. Addi-
tional supporting results are highlighted in the green frame of
Fig. 12(b).

The significant increase of IAEs under k., = 4At (p < 0.05
between k.« = 4At and other three EPR cases listed in the
blue frame) might be caused by the immense power exchange
between energy tank and controller. In particular, overly relaxed
power regulation can lead to dramatically changed control input,
which would cause aggressive robot behavior and, thus, damage
tracking performance.

F. Evaluation Results for Experiment #3

Fig. 13 displays the performance of TBC and ATBC, where
velocities under TBC exhibit high-frequency noise, whereas
ATBC maintains the stable motion throughout the operation.
This distinction is validated by the power spectrum results, that
is, the TBC generates higher power levels in the high-frequency
range (200-500 Hz) compared to ATBC.

Fig. 14 presents the results under ten different power regula-
tion conditions. Excessive CPR (Pyax; = 12 and Pyiax; = 8)
causes high-frequency noise, as shown in the power spec-
trum plots, leading to lower SNR values than other conditions.
Fig. 14(d) shows that the tank energies reach their maximum
limits within a similar time interval under Pyiax; = 1 (t = 6.45)
and k. = 0.05A¢ (t = 6s), which indicates these two power
limits regulate the rate of tank energy release at comparable
levels. However, when the power limit increases eight-fold to
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Puvaxi = 8, the SNR values of velocities decrease substantially
by 4-5 dB, as displayed in Fig. 14(a)—(c). In contrast, the SNR
values remain nearly unchanged under EPR, demonstrating that
this scheme relaxes the power bound selection for ensuring
stable interaction. Furthermore, the tracking accuracy metric
TAE; generally decreases as the power limit is reduced under
both CPR and EPR schemes, further confirming that excessive
power exchange would negatively affect tracking performance.
In summary, the findings in Experiment #3 are consistent with
those of Experiment #2.

G. Evaluation Results for Experiment #4

In this experiment, all patients successfully completed the
tasks without injury. Fig. 15 shows the interaction force profiles
in two trials. In Fig. 15(a), the movement period (MP, the
duration of one cycle as illustrated in Fig. 6(a) increases from
12.71 s (Stage 1) to 15.29 s (Stage 2), likely because Fyyo in
Stage 2 serves as resistance to Operator #1. In contrast, the MP

in Stage 3 decreases to 7.6 s, as Fyys assists Operator #1 by
acting in the same direction as the virtual object’s movement.
Similar results can be observed in Fig. 15(b), where reduced MP
corresponds to operators applying force aligned with the virtual
object’s motion. These findings suggest that the proposed ATBC
enables collaborative task implementation in clinical scenarios.

Furthermore, despite irregular variations in interaction forces
caused by patients’ inconsistent motor outputs (see Fig. 15),
the system maintained high fidelity. Fig. 16(a) shows the mean
NRMSE for position tracking remains below 0.03 for all par-
ticipants. Fig. 16(b) verifies that the mean NRMSE for velocity
tracking remain below 0.06. These results demonstrate that the
proposed ATBC maintains high rendering fidelity even under
challenging interaction conditions.

VII. CONCLUSION

In this study, we focus on the scalability challenges in M-Hers
with nonpassive human behaviors. To address this problem,
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we propose an augmented tank-based control framework that
includes two parts: 1) introducing the IIE to isolate the passivity-
violated components caused by partners’ active behaviors within
each operator’s workspace and 2) identifying these passivity
violations within the IIE and designing an ATBC to ensure
passive IIE. This proposed method effectively overcomes the
challenges, such as complex stability conditions [7] and interac-
tion coupling [8], [20], [21], [22], [23], by enabling independent
ATBC design within each operator’s IIE, thereby enhancing
scalability and ensuring passive IIE.

The ATBC involves two critical efforts: first, rendering the
multiuser interaction scenario that resembles real-world con-
ditions while ensuring passive IIE; and second, enabling ef-
ficient tuning of power bound. The first goal is achieved by
employing the EPR to only scale the power exchange between
tank and controller, but remains the original task objectives.
In other words, the desired command %y from the interaction
model is not modified, maintaining the authenticity of the haptic
feedback. To further address potential resulting nonpassivity,
we introduce a time-varying control gain b;, which not only
mitigates potential instability risk but also compensates for
the impact of EPR on rendering fidelity. The second goal is
achieved by the energy-related power bound adopted in EPR
scheme. It effectively prevents the depletion of tank energy,
avoiding potential unsafe system behaviors including chattering.

Furthermore, this EPR mechanism enables a more flexible power
bound range to ensure passive IIE than CPR [32], [33] and a
lower computation cost compared to those utilizing optimization
or learning algorithms [31], [35].

The effectiveness of the proposed ATBC was evaluated
through four experimental scenarios, focusing on reproducibil-
ity, rendering accuracy, and robustness to power limit setting.
First, Experiment #1 showed that ATBC significantly improves
both reproducibility and fidelity of haptic rendering compared
to the BTC and VTC in [24], [32] (see Figs. 7-9) in addressing
nonpassive human behaviors in IIE. The designed time-varying
control gain b;, formulated as (31), further enhances the render-
ing accuracy, as verified by the significant difference between
ATBC and its variant without b; (see Fig. 9). Second, Exper-
iments #2 and #3 proved that the EPR scheme significantly
enhances the controller’s robustness against varying power limit
settings compared to CRP method, effectively preserving pas-
sivity and maintaining rendering quality (see Figs. 11, 12, and
14). Specifically, the EPR-based ATBC prevents the depletion
of tank energy, thereby avoiding the chattering in both signal
B; and control input, and ensuring stable velocity response (see
Figs. 10 and 13). In addition, rendering accuracy, quantified by
TAE-, shows statistical significance among CPR settings but
remains statistically consistent across EPR settings (except at
kmax = 4At; see Fig. 12). Third, Experiment #4 validated the
clinical application of ATBC for collaborative task, verifying
its ability of preserving high rendering fidelity despite irregular
interaction forces from patients.

Although ATBC has been extensively validated through ex-
periments for its effectiveness, its general applicability still
requires further verification and expansion. Future experimen-
tal investigations will explore the effectiveness of the ATBC
on M-Hers with multi-DOF robots or systems with different
robotic dynamics. These studies are promising to provide more
haptic-enabled interaction tasks in three-dimension space. The-
oretically, further extensions will focus on addressing the impact
of communication delays on the passivity of the IIE, making the
proposed ATBC applicable to multiuser teleoperation systems.
Another promising direction is to design a state observer for
velocity and acceleration estimation that simultaneously guar-
antees IIE passivity, which could provide more stable estimate
and better performance. These three future avenues hold the
potential to expand the theoretical and practical scope of ATBC
in complex scenarios.

APPENDIX A
PROOF OF PROPOSITION 1

In the proof, we assume that the end effector of robots can
perfectly tracking the position and velocity of virtual object,
that is, xvo = xz; and &yo = %;, ¢ = 1,2, ..., n. For clarity, we
proceed with the proof in one dimension as an example.

Proof:

Applying Laplace transformation to (2), we have

Fvo(S) = ZV()(S)VV()(S) (51)
where Zvo(s) = Myos + Byo is the impedance of virtual ob-
ject, Vvo<8) = SXVO(S).

For Operator #i, there exists
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where Z;(s) denotes the impedance felt by Operator #i.
Due to Fyvo(t) = >, Fu;(t), and by combing (51) and
(52), the following holds:

Zvol(s Z Zi( (53)
Based on (51)—(53), we obtain
FHZ(S) ZZ(S)
= . 54
Fvo(s) Zvo(S) ( )

If Fui(s),i=1,2,...,n at sample time ¢, evolves to

FYEW (s) = Fy(s) + AFy;(s) at the subsequent sample time
tk+1, then (54) becomes
FNEW (5) 7N (s) 5
Fyo(s) + 3251 AFu;(s)  Zvo(s)

where the subscript 7 is used as a summation index to avoid
confusion with the fixed operator index <.

From (54) and (55), we define the changed impedance felt by
Operator #i as

AZi(s) = Z;""(s) — Zi(s)
FNEW Fu(s
_ (s) _ Fui(s) Zvols)
Fyo(s) + 327 AFu;(s)  Fvol(s)
 Fyo(s)AFu(s) — Fuils) 225, AFu;(s) (s
Fyo(5)Fvo(s) + Fuo(s) X5t AF(s) 0
(56)
To ensure AZ;(s) =0, the condition should be sat-
isfied such that for any AFu,(s), Fvo(s)AF;(s) —

Fiyi(s) 32— AFu;(s) = 0. This implies that the changed in-
teraction forces Fyy;(s) should meet the following requirement:

Fyo(s) 271 AFu;(s)
The condition in (57) is challenging to fulfill because
Z?Zl AFy;(s)includes the voluntary contributions of partners,
as described in Assumption 2. Given that regulating operators’
voluntary contributions is almost impossible, it can be inferred
that the impedance felt by Operator #i will vary with changes
in partners’ interaction forces. |

(57)

APPENDIX B
PROOF OF PROPOSITION 2

Proof: In multiuser collaborative haptic-enabled interaction,
the movement of all operators is in the same direction. Taking
the IIE for Operator #i € {1,2,...,n} as an example, an I[E
satisfies

7 () Faa(t) = Vi(t) + Wi(t)
with W;(t) = Wg;(t) + Wp;(t). Here, V;(t) is the stored en-
ergy in the ith IIE, Wg;(t) > 0 denotes the power dissipated
by the controlled system, and Wp;(t) is the power dissipated
or injected by the partners in IIE of the ith human operator. If

Wp;(t) > 0, the partners within the ith IIE dissipate energy;
otherwise, they will inject energy into the IIE.

On the one hand, if Wp;(t) > 0, the partners’ forces oppose
the movement of Operator #i. In this case, the movement of
Operator #i is resisted, and the condition Wg; (t) + Wp;(t) > 0
holds. Thus, the passivity of the ¢th IIE will be ensured.

On the other hand, if Wp,(t) < 0, the partners will inject
active energy to the 7th IIE, which means that their forces support
or are at least consistent with the movement of Operator #i. In
this case, the ith human operator could maintain the current
velocity with less force or achieve larger velocity with the same
force. As a result, the movement is assisted. According to the
definition of passivity, once the condition Wg;(t) + Wp;(t) < 0
holds, the passivity of the ith IIE will be violated. |

APPENDIX C
PROOF OF FIG. 3

Proof: According to Assumption 2, the model of passive
component Fpasy is Zp (+), we can obtain that

; o
Su1 < 27 Fpast

where Sy is the storage function of the passive component.
Suppose X, is passive, it yields that
Sy, < i1 Fin
where Sy, is the storage function of Xs.
Taking Sy, = Su1 + Sx, as the storage function for the
feedback interconnection between Zy(.) and X5 in X3, and

based on Fyor1 = Fpas1 + Fi as stated in Assumption 2, we
have

i Fyor1 < Su1 + S,
Therefore, the passivity of X, suffices the passivity of 3. W
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