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Enabling passivity for Cartesian workspace restrictions
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Abstract— An emerging trend in the field of human-robot
collaboration is the disassembly of end-of-life products. Safety
is a crucial requirement of the disassembly process since worn-
out or damaged products could break, possibly resulting in
dangerous behavior of the robot. To protect the user from
such behavior, this work addresses this challenge through the
implementation of an energy-aware Cartesian impedance con-
troller, combined with virtual workspace restrictions. Hereby,
the passivity of the robotic system is ensured. The paper
proposed two approaches to ensure the passivity of the system
when subjected to workspace restrictions due to unplanned
interactions and contact loss. The first approach employs
an augmented energy tank with restricted energy flow. The
second approach monitors the overall energy flow, regulating
and separating non-passive behavior, caused by workspace
restrictions. The approaches are evaluated and compared with
each other, by using a KUKA LBR iiwa robot. The results
highlight the potential of virtual workspace restrictions in
human-robot collaborative disassembly tasks.

I. INTRODUCTION

Over the past decade, the adoption of circular economy
business models (CEBMs) across the various manufacturing
sectors has been pushed by policymakers across Europe [1],
[2]. However, the implementation of CEBMs poses the
challenge of ensuring financial, environmental, and social
viability, all of which rely on the efficiency of companies
to recover and extract reusable resources and components
from end-of-life products. As pointed out by [3], the process
of disassembling and extracting components faces obstacles
such as variability in part conditions, limited information
about returned products, complex product structures, and
increasing quality standards for recovered materials and com-
ponents. These challenges can make it impossible to fully
automate robotic systems to extract components, leading to
the need for human-robot collaborative disassembly (HRCD)
cells [4]. However, as shown in [5], there is a lack of physical
human-robot interaction (pHRI) in HRCD cells as presented
in [6]-[8].

Several potentially unexpected events and related safety
concerns can arise during HRCD. One example is the
sudden contact loss between components or gripper during
component extraction. This poses injury risks to the human
operator. Control strategies are therefore needed that enable
pHRI [9]. One enabler are virtual walls to constraint the
robot motion. This can shield the operator from potentially

1Dept. of Materials and Production, Aalborg University, Aalborg, Den-
mark. sshj@mp.aau.dk

2 Department of Mechanical Engineering, Massachusetts Institute of
Technology, Cambridge, USA.

3 TIstituto Ttaliano di Tecnologia, Genoa, Ttaly.

This work was supported by the European Unions Horizon 2020 research
and innovation programme under Grant Agreement No. 871237 (SOPHIA).

979-8-3503-8457-4/24/$31.00 ©2024 IEEE

1

dangerous motions while still sharing the same workspace.
An example setup for such an HCRD cell can be seen in
Figure 1.

Fig. 1.  Experimental setup for component extraction: a robot gripper
extracts a component, simulated by a 3D-printed fixture, while being subject
to virtual walls C7 and Co.

In addition to shielding the human from potentially danger-
ous behavior, ensuring that the human can physically interact
with the robot in a safe manner is vital. In order to facilitate
pHRI, it was formally proven in [10] that passivity-based
control is needed.

Different control approaches have been proposed to re-
strict the robot’s workspace virtually. The method proposed
in [11] extends the Operational Space Control framework
and enforces constraints by saturating the manipulator’s
Nullspace. In [12], an energy-aware impedance controller in
combination with a repulsive potential field approach was
presented to enforce virtual walls and joint space restrictions.
However, both of these approaches did not investigate the
influence of such constraints on the passivity of the robotic
system.

The method presented in [13] proposes a passivity-based
control approach for the motion planning of a 6-DOF robot
in an obstacle-populated environment; however, the robot
could only adapt to forces applied to its end-effector. A
passivity-based approach for kinematic control was proposed
and verified in simulation in [14]. The approach was used
for a kinematically redundant robot subjected to joint angle
velocity limits. [15] investigated the use of control barrier
functions to ensure the passivity of an artificial potential
field method to avoid obstacles. A passivity-based control
approach for singularity handling was proposed in [16].
The approach is based on control barrier functions and was
validated in simulation for a 7-DOF robot. Another control-
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barrier function approach to enforce virtual walls for an
impedance controller was presented in [17].

As pointed out in [18], it is vital to monitor and restrict the
amount of energy allowed to be stored and injected by the
controller into the robot to ensure the passivity and safety
of the system. Passivity becomes even more critical when it
comes to kinematically redundant robots, e.g., when joints
are subject to virtual walls that move in the nullspace of the
task Jacobian. This can yield to an abrupt rise in the system
energy, leading to the system’s instability.

In this work, we aim to handle this behavior whilst en-
abling safe pHRI by combining the energy-aware Cartesian
impedance controller presented in [19] with the method
presented in [12] to enforce virtual workspace restrictions.
Additionally, the work presented in [12] is extended by
investigating two approaches for ensuring the passivity of the
system and comparing their performance to each other based
on a faulty proof-of-concept disassembly task. In summary,
the main contributions of this work are as follows:

« Investigation of the passivity-related behavior associated
with virtual walls.

« Presenting two control approaches to ensure the passiv-
ity of the system when subject to virtual walls.

« An experimental comparison between the proposed con-
trol strategies on a kinematically redundant robot in
a proof-of-concept faulty component extraction experi-
ment.

The remainder of the paper is structured as follows: In
section II, the energy flow of the virtual walls and theory of
the two implemented passivity-based methods are presented.
In section III, the experimental results are shown while
section IV summarizes and discusses the findings of the
experimental results. In section V, future research directions
are presented.

II. METHODS

Notation: Vectors and matrices are indicated by small and
capital bold letters, respectively. The transpose of s is rep-
resented as s . The wrench of frame c in respect to frame
j expressed in i is indicated by w7,

A. Control approach

The control torques TI;'I—]p € R™ can be expressed as the sum
of torques associated with the Cartesian springs ngring cR”
and the torques for virtual dissipation T&imp c R%,

T _ T T
Timp = TSpring — TDamp- 1

The Cartesian springs are placed between infinitesimal body
twist displacements An € se(3). The diagonal rotational and
translational stiffness matrices are denoted K, € R3*3 and
K; € R3*3, respectively; The coupling between rotational
and translational terms is described by the matrix K. €
R3*3. The motion-generating elastic wrench is defined as,

EEEET |:Kt Kc:| A

se*(3) > wy, = KT K.

2
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Fig. 2. Bond graph representation, depicting the interconnection of the

robot, the impedance controller, and controller to enable virtual workspace
restrictions. Where C:, R:, and MTEF: indicate elements for energy storage,
energy dissipation as well as a modulated transformer module, respectively.

The elastic wrench, expressed in spatial coordinates 0, can
. 0EET T EEEET . T

be derived by wp = Ad HEW , with Ad HEE €

R6*6 being the Adjoint Transformation [20]. The motion

generating torques TSTpring € R™ can then be mapped onto

the joint space by the Spatial Jacobian J(q) as follows:

T
Ts—lr)ring = J(q)wlo(ﬁEE . (3)

The dissipation torques can be calculated with the controllers
damping matrix B € R™*™ and the joint velocities ¢ € R™
as

Toamp = B(@) & €

More details about the calculation of ‘I'I-l‘;p can be found
in [19], where it was also proven that TIIIP is passive thorough
the implementation of the augmented energy tank E7p.

B. Energy flow of virtual walls

The energy stored in an impedance-controlled robot can be
described as the sum of the storage function S¢y € R of the
controller and the storage function Sgo, € R of the robot:
S = Scut + Srob € R ( [21]). As shown in [10], Sgrep iS
physically bounded and therefore the robot related to Sgep is
passive. Hence, the controlled robotic system is only passive
if the controller, described by Scy, is passive. It is possible
to express Scy as,

SCtrl = Ucul — Ugravity eR. 5

For simplicity, we will neglect Ugayity in the remainder of the
paper and presume it is compensated in an energy-consistent
way. Throughout this work, we will use the bond graph
representation in Figure 2 to visualize the storage functions
and energy flows (including their directions). More details
about Bond Graphs can be found in [22].

The energy flow of the controller can be described by the
rate of change of Scyy, denoted as Pry € R. Py is the sum

9632



of the energy flows through the ports (7imp,q) (impedance
controller) and (7¢, q) (workspace restriction). These energy
flows will be denoted P, € R and Fc € R, respectively.
They are related to Pcyy by,

PCtrl+-PImp+PC:0~ (6)

This equation can be expanded into its sub-components
resulting in,

Pow + PSpring + PDamp + FPc =0. 7
7'Springc‘l TDampél Tcq

T]mp(.l

As shown in [19], the control action of the energy-aware
impedance controller is passive. Hence, possible non-passive
behavior originates from the energy injected by the control
action of the virtual walls. This will be the focus of the
remainder of the paper (left part of Figure 2).

As described in [12] in the event of an external distur-
bance, the robot’s link ¢ moves towards a virtual Cartesian
workspace restriction C; C R? and enters the activation
distance d; ¢; € R at which the virtual Cartesian workspace

restriction starts to introduce a repelling wrench w%jT €
se*(3) on the respective link. This wrench increases expo-
nentially as it comes closer to the limit of the virtual wall
and slows down the motion of the link. Hence, the kinetic
energy of the link is reduced through virtual dissipation.
The moment in which the link’s motion towards the virtual
workspace restriction comes to a hold, no energy flows
between the workspace restriction and the robot’s link as the
link’s velocity is zero. When the robot’s link is repelled by
w%?T away from the virtual workspace restriction, energy is
injected into the system, resulting in an acceleration of the
link in the opposite direction of the virtual wall. In the event
that the energy injected by the virtual wall Po is greater
than the energy dissipated by Ppamp, the system becomes
non-passive. This can result in the instability of the system.
Two approaches will be presented and investigated. The
first approach (subsection II-C) utilizes the concept of an
augmented energy tank. The second approach (subsection II-
D) monitors the overall energy flow of the system and
decouples non-passive control actions from the constraint if
necessary. This is done without the need for an energy tank.

C. Approach 1: Separate Energy Tank

In approach 1, a second energy tank E- is introduced,
next to the one that stores the energy in Er to enable
passivity of the Cartesian impedance controller ( Figure 2).
Both energy tanks have their individual energy flow, which
can be regulated such that the energy flow of the main
task does not restrict the energy flow of the virtual walls.
The overall allocated energies for the task (Er) and the
workspace constraints (E¢) are separated. This is especially
important if links that are subject to workspace constraints
do not influence the main task. Otherwise, this could lead
to the draining of E7 and, therefore, a loss of the task.
Another scenario could be that the energy flow due to the

virtual walls always refills Er, even during a non-passive
task action. Hence, based on the definition of Py at (7cu, 4)
and definition of Ppayp in (7), it can be seen that any increase
of energy Scy is due to a negative energy flow of the power
Pr and P

—(Pr+ Pc) > Pey. 3

Here, P can be calculated by taking into account all virtual
walls C; and restricted links 4. It can be calculated by:
Pc =3, Pc;,. In general, multiple links can encounter
the same virtual wall, and one link can encounter multiple
virtual walls. We will use the same notation for ¢ and j for
the remainder of the paper.

‘We can bound the controlled robot’s energy (storage function
S) by bounding Scyi. This can be implemented by the
aforementioned virtual energy tanks E'r and Ec, which are
individually bounded by their respective upper and lower
bound Er/E; and Ec/E. The individual energy flows of
the tanks are denoted as F¢ and Er. The implementation
of these energy tanks alters the energy flow of the system
such that

Pew + Br + Ec <0 &)
holds true where
Er=—Ppr and FEc=—Pc. (10)

Note, that the passivity violating directions of EC and Pcy
at (7¢,q) are in opposite directions. In a first step, we will
ensure that the energy tank stays within its upper and lower
limits Ec and E. through the following two variables h € R

and [ € R.
h:{o
1

12{0
1

In a second step, pegative values of P are restricted to the
predefined limit £ through the scaling factor

Lo
a={ Bc
1

Based on these augmentations, the energy flow E¢ can be

rewritten as
. alE
Eo = { ©

hEq

lec >0A Ec ZEC
otherwise

i (11)
if Ec <0AEc < E¢

otherwise

if Bo <Eo<O0Al=1

otherwise.

12)

if Bo <0

Lo (13)
otherwise.

To limit the rate of energy that can be drained from the tank
by Pc, the scaling factor « has to be applied to the resulting
torques T(—;'— in the following way:

=al S I (@wd (14)
g
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D. Approach 2: Flow limiting

For this method, no separate energy tank is introduced (sub-
section II-C). Instead, this method employs an energy flow
regulation method and a power-based decoupling strategy for
handling passivity-violating behavior introduced by a specific
virtual wall. As in the previous method, the amount of energy
flow of the control actions is restricted. However, since there
is no additional energy tank for this method, the energy
flow of the workspace restrictions is now regulated at the
port (T¢,q), instead of at the E¢ (Figure 2). The overall
energy flow Pcy at power port (Tcy, §) is monitored. In case
Pew > 0, the method identifies the passivity-violating action
(virtual wall and respective link) and decouples it from Pcyy.
Instead of monitoring the energy flow of the tank (E¢ < 0),
this method restricts Po in a positive direction. Based on
P¢ and a chosen upper limit P¢, the energy flow restriction
variable a € R for the virtual walls is calculated by:

Lo if P> Po >
a={re Mre=Pe=0 (15)
1 otherwise.
This variable scales the resulting torques 7/ which are

defined as the sum of all torques generated by the repelling
wrenches of all virtual walls:

;T
T _ T 0.
TC,(X—aE g Ji (@we,, -
g

Based on these torques, the restricted energy flow at
the power port (7¢,§) can be expressed as Pg =
a) ;> Pc;, € R. Even though the injected energy flow
is already restricted through «, it is still possible to violate
the passivity of the system. In the next step, the overall
energy flow Pcy at the power port (Tcui,q) is calculated
and monitored as follows:

(16)

Peut = (Tipp + T¢h0)dL. (17)

In case Pcyr > 0, the robotic system becomes non-passive.
Since the Impedance Controller is passive, this non-passivity
must arise through the actions of the workspace restrictions.
Hence, the energy flows Pg; . are individually checked if
they contributed to the non-passivity of the system. In case
Pc;, > 0, they are decoupled through the variable ¢; ;,

bii= 0 if Poy >0/\PCM >0
7)1 otherwise.

Consequently, the energy flow at the port (7cy, Q) can be
rewritten to,

Powt+ Pip + > ¢jiPc,, =0.
i g

(18)

19)

P
Finally, this method is implemented by scaling the repelling

wrenches 7/, by the scaling factor o and the decoupling
variable ¢;; in the following way,

i T
=aX Yo @w e
i g

III. EXPERIMENTS & RESULTS

The above-presented approaches were tested in a proof-of-
concept component extraction experiment. The setup consists
of a KUKA LBR iiwa 7 robot, equipped with a pneumatic
gripper and a 3D-printed fixture (Figure 1). The robot is
controlled via an external PC and KUKA’s Fast-Research-
Interface. The robot model was created with the Exp/[licit]-
library'.

The general concept of the experimental setup is to simulate
an accidental contact loss during a separation process of two
components whilst a human operator is in close proximity
to the robot. This scenario aims to showcase the possibility
of enabling close collaboration during HRCD tasks. The
experiments can be divided into two different phases: 1)
accidental phase; and 2) pHRI-phase. 1) Accidental phase :
The presented use-case assumes that the position of the
component is known a priori. Hence, the accidental phase
(highlighted in green) starts with the gripper already grasping
the fixture. While moving the desired pose along the TCP
z-axis, the controller begins to increase the pulling force
until it reaches a scalar set force fuxgracr,- When wgﬁf =
fextract.z» the gripper is triggered externally to open, simulating
the failure of the part. To keep the robot in a predefined
workspace, the robot’s 6™-link will encounter the virtual wall
C1 ( Figure 1). This virtual wall is set to avoid collisions
with human co-workers if a failure happens. The accidental
phase is concluded as soon as the robot TCP has reached
its nominal pose. 2) pHRI-phase: During pHRI, the robot’s
6"-link and 4"-link were manually pushed into the virtual
walls Cy, Cs, respectively. Excessive forces were exerted
to test a worst-case scenario during pHRI. Additionally,
the links were kept in contact with the virtual walls for a
longer time to validate the robot’s stability when additional
energy is injected while going in and out of the virtual walls
(section II).

As mentioned in section I, the energy-aware impedance
controller of [19] is utilized for the task. In order to show
that its control action is passive, the corresponding energy
tank Er will be plotted for both experiments. For a more
detailed description on how passivity is achieved, the reader
is referred to [19]. The virtual walls C4 /C5 are implemented
in the form of simple planes as seen in Figure 1. The
control parameters for both control approach are shown
in Table I and an video of the experiments can be found
in https://youtu.be/wzOtvGffonY.

A. Approach 1: Separate Energy Tank

This subsection will show the benefits of approach 1 by
referring to Figure 3. When the gripper released the fixture
in the accidental phase (4 — 12 s, highlighted in green), the
stored potential energy Usping accelerated the end-effector
abruptly towards HY. The sudden release of energy caused
the end-effector to surpass HY, and consequently, the 6"-
link entered the activation area of C) (dgc, crossed the
dashed line). As soon as the 6™-link passed the activation

Thttps://explicit-robotics.github.io/
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TABLE I
CONTROL PARAMETERS USED DURING THE DIFFERENT EXPERIMENTS.

Energy-Aware Impedance controller [19]

Translational spring stiffness K 800 - I3
Rotational spring stiffness K, 200 - I3
Coupling spring stiffness K. 0-Is
Max. allowed energy Eotal 2]
Max. allowed power Protion 0.5W
Initial damping B 5-1Ir
Extraction force foull, 62N
Virtual walls [12]
Translational spring stiffness LCj St 10-1I3
Activation distance do,c, /2 0.07m
Field potential ol 2
Approach 1: Control parameters
Max. allowed power to be injected Ex —0.175W
Max. Energy level in the tank Ec 20J
Min. Energy level in the tank Ec 0.5
Initial Energy level in the tank Ec 15J
Approach 2: Control parameters
Max. allowed power to be injected Pc —0.25W

distance, the repelling wrench wc6 increased and the link’s
kinetic energy was virtually d1551pated (~ 14.75 s). This
resulted in a positive energy flow Ec at the port of the
energy tank FE¢o, which increased the level in E¢ (Fo-
plot, magnified in purple window). When link 6 reached
its maximal penetration it was pushed out of the activation
distance by WC . It can be seen that the energy flow out

of the tank (EC < 0) did not violate the limit EC and
the injected energy remained approximately constant (Ec-
plot, magnified in the purple window). Consequently, the
energy injected by the control action C; did not violate the
passivity of the system during the accidental phase. After the
end-effector had reached its desired pose, the pHRI-phase
started (~ 15.5 s, highlighted in red). The robot’s 6"-link
was manually pushed into the virtual wall C at 16.2 — 18 s
and again at 23 — 26.2 s. Following the same procedure, the
robot’s 4M-link was manually pushed into the virtual wall Cs
(~ 20 — 22 s). When observing the energy flow E¢ more
closely, a similar behavior as in the accidental phase can be
observed when either link 4 or 6 enter the activation distance
of a virtual wall (dashed line): The amount energy stored in
E¢ and the repelling wrenches WC6 /WC4 increased and
decreased again as the links exited the activation distance
of the respective constraint. Additionally, it can be seen that
when the links were held within the activation distance of
a virtual wall, E¢ changed direction at a high frequency.
This behavior occurred since the repelling wrenches of the
respective virtual walls were nearly equal to the externally
applied wrenches. However, due to the high repelling forces
of the virtual walls (max. wg,;fz = —40 N, max.wg;f =
60 N), even minor fluctuations in the externally applied
wrenches lead to changes in the direction of E¢. If left
unchecked, the oscillations in EC could result in instabilities
(section II) since all the accumulated energy in E¢ could
be released in a single time instant. When the robot’s 6%-
link was manually pushed into C; for the first time (Ec,

20—,
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02/ —q]
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0.1 : : : : : : T T
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[N] 20}
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Is]

Fig. 3.  Observable quantities of approach 1: Energy tanks Er, and
E¢; unrestricted and by o restricted energy flow E¢; repelling wrenches
0,6 4 0,4 irtual walls p p i i
W . and Wiy 4w of virtual walls C; and C5 along their repelling
0,EE
ext,z

direction; external wrench acting along the TCP’s z-axis, w,
magnified in the blue window), it can be seen how EC
initially got scaled by « and limited to the maximal allowed
energy flow Ec- Moreover, while exiting the activation
distance of the respective virtual wall, only a fraction of the
stored energy FE¢ was injected back into the system. This
shows the benefit of the introduced energy flow limitation
(subsection II-C): The level in E¢ rises at a higher rate than
it can be drained and therefore, the system stays passive even
during high-frequent changes in Ec. Additionally, it can be
seen that even though the amount of energy transfer through
port (T¢,q) was limited, the robot’s links did not violate
their respective virtual walls (distances dg,c, /da,c,). This
holds true, even during excessive physical interaction forces
(W, , between 16.2— 18 s and 23 —26.2's; wy;, | between
~ 20 — 22 s).

B. Approach 2: Flow limiting

This subsection will show the benefits of approach 2 by
referring to Figure 4. When the gripper released the fixture
during the accidental phase (~ 14.5 s in highlighted green
area)., a similar behavior to the previous experiment (sub-
section III-A) could be seen: while entering the activation
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Cy along their repelling direction; external wrench along the TCP’s z-axis,

5
ext,z *

distance, energy was dissipated (Pcy < 0) and while exiting
the activation distance, energy was produced (Pcy > 0).
However, Pry did not reach the energy flow limit during the
Pcy (magnified in the purple window). During the pHRI-
phase (highlighted in red), link 6 and 4 were manually
pushed into their respective virtual walls C; and Cs (Cy
between 15.7 — 17.7 s and 22 — 24.5 s for link 6; Cy
between ~ 19 — 21 s for link 4). As already observed
in subsection III-A, during the external disturbance, the
energy was virtually dissipated (P < 0 at port (7¢,q))
when entering the activation distance (dashed line). When
the externally applied wrenches w?jiﬁ/w%’j4 reached their
maximum, a similar behavior as described in subsection III-A
occurred: The energy flow at port (¢, q) fluctuated between
its passive and non-passive direction, due to minor fluctuation
of the externally applied wrench. However, for approach 2,
the passivity check did not utilize the concept of energy tanks
(virtually stored energy). Instead, Po was limited through the
scaling factor «v (equation (15)) and the individual decoupling
terms ¢1,6 and ¢4 for constraint 1,2 and joint 4 and 6,
respectively (equation (18)). The blue magnified window
shows the response of Pg when link 6 is subjected to C. It
can be observed how PCT changed between P and 0. In the
event that the limited positive energy flow aPc would have
led to an overall active system (Pcy > 0), ¢1,6 becomes 0,

decoupling Pc, , from the energy flow at (T¢,q) (equation
(18)). Hence, Pcm < 0 and the overall system was kept
passive. Even when subjected to excessive forces, approach
2 did not penetrate their respective virtual walls.

IV. SUMMARY & DISCUSSION

In this paper, we proposed and compared two ap-
proaches to ensure the passivity of an energy-aware Cartesian
Impedance controller which is able to handle virtual Carte-
sian workspace restrictions, called virtual walls. The paper
showed the concept its applicability in three steps.

Firstly, the energetic behavior of all control actions were
analyzed and their influence on the overall passivity of the
system was shown. It was found that the virtual wall initially
dissipates the energy of an entering link and injects energy
as the link exits the virtual wall.

Secondly, two approaches to handle non-passive actions were
presented: 1) Approach 1 employed an enhanced energy
tank method to guarantee passivity, while restricting the
energy flow from the tank. The energy tank was designed to
efficiently collaborate with a second energy tank, which was
needed to ensure the passivity of the Cartesian impedance
controller. 2) Approach 2 observed and limited the overall
energy flow of the controller, without utilizing an additional
energy tank. In the case of non-passive control actions, the
approach decoupled individual energy flows.

Thirdly, both approaches were evaluated based on a proof-
of-concept component extraction experiment. During the
experiment, multiple pHRI-scenarios were tested. Even when
subjected to significant external forces, both approaches did
not violate the virtual walls, and the robotic system remained
passive.

When analyzing the two approaches, each presented its own
challenges. For approach 1, suitable upper and lower bounds
for the energy tank have to be selected. The determination of
these values is non-trivial due to the unpredictability of the
robot’s interactions with the virtual walls in terms of their
intensity, timing, and energy flow behavior. For approach 2,
the primary challenge is the increased complexity involved
in monitoring and decoupling the energy flows of multiple
constraints and links. For both approaches, it was noticed
that the energy flow associated with the virtual wall exhibited
fluctuations when it was maintained at maximum penetration.
These fluctuations were evident in the restrictive scaling
factor of the energy flow as well. Due to the decoupling
term in approach 2, minor oscillation occurred when link 6
encountered the virtual wall.

V. FUTURE WORK

While this paper focused on virtual walls, future work will
extend this concept to guarantee the passivity of joint space
constraints, e.g., joint limits [12]. Hereby, similar concepts
can be employed. In our control approaches, we did not
establish any direct interaction between the controller parts
of the task and the virtual walls. In future research, we plan to
explore the integration of conflict detection between the task
and virtual walls [23] into the scaling of the task stiffness.
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