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Abstract—The future moon missions will support extensive ex-
ploration activities, including remote operation between astro-
naut missions. The recent discovery of a lunar cave opens
exciting possibilities for future exploration, as these natural
formations could provide crucial protection for astronauts from
the Moon’s harsh surface conditions and harmful solar ra-
diation. Despite significant advances in autonomous driving
systems, their application in lunar exploration is constrained by
uncertainties in environmental reconstruction and incomplete
scene analysis due to occlusions. As a result, teleoperation
emerges as a vital fallback solution for such missions. How-
ever, one of the primary challenges in bilateral teleoperation
is the communication delays, which can destabilize and impair
its performance. To address this, the current work extends
the position-force predictive polygon method to skid-steering
wheeled mobile robots (WMRs). By incorporating an intuitive
haptic interface and a passive position-scaling mechanism, the
system allows the human operator to adjust their commanded
curvature input, ensuring it better matches the turning radius
of skid-steering WMR. Experimental validation demonstrating
the passivity of the proposed framework, along with discussion
on how position scaling affects the system’s overall performance
is presented.

1. INTRODUCTION

Future wheeled mobile robots (WMRs) developed for lu-
nar and Martian exploration will incorporate advanced au-
tonomous driving systems and include versatile features such
as a cargo bed for carrying robotic arms. These capabilities
will be integral to a wide range of exploration activities,
including sample collection, habitat construction, and re-
mote operations during intervals between astronaut missions.
The recent discovery of a lunar cave further enhances the
prospects for human exploration, as such caves could provide
natural shelters for astronauts from the harsh lunar surface
and intense solar radiation. A WMR would play a pivotal
role in exploring these caves, gathering scientific samples,
and assisting in establishing long-term habitats.

Despite significant progress in autonomous driving technolo-
gies, their application in extraterrestrial environments is still
challenged by uncertainties in environmental mapping and
scene analysis, especially in areas with limited visibility
due to occlusions. These uncertainties necessitate the use
of large safety margins, limiting the autonomous system’s
ability to fully exploit its capabilities. As a result, tele-
operation remains an essential fallback solution, enabling
human operators to take control of the WMR from orbital
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Figure 1. Predictive polygon method implemented on the
light weight rover unit (LRU) with a car-like interface.

spacecraft, landers, or even Earth when complex or high-risk
tasks require human judgment and expertise.

For remote bilateral teleoperation scenarios, precise position
control is beneficial [1]. However, it is also important to
shift the control focus from position tracking to enhanced
force feedback [2]. In bilateral teleoperation, this is achieved
by providing force feedback derived from sensor-measured
interaction forces [3], computed forces from the impedance
controller [4][5], or even fictitious forces which are generated
from virtual environment (VE) models [6][7]. This feedback
enriches the operator’s immersion and control precision, im-
proving the operator’s situational awareness during challeng-
ing operations.

However, teleoperation over large distances introduces sig-
nificant communication delays, which can destabilize and
degrade the system’s performance. Significant research has
been directed toward addressing the challenges of commu-
nication delays in telenavigation. For instance, studies have
focused on haptic interfaces [8], compensation for longitudi-
nal slippage in wheeled mobile robots and the use of Time
Domain Passivity Approach (TDPA) to address non-passivity
induced by longitudinal slipping and lateral sliding [9]. Addi-
tionally, wave variables have been employed to stabilize two-
channel tele-driving systems [10], and control methods based
on Llewellyn’s criterion and wave variables have been pro-
posed to mitigate non-passivity due to slippage and constant
communication delays [11]. Passivity-based adaptive scaled
coordination control design was proposed for teleoperation
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of car-like robots, incorporating communication delay and
dynamic parametric uncertainties [12]. To further address
latency issues, predictive models that integrate human driver
commands, past video frames, and vehicle status have been
proposed to provide real-time, latency-free driving scene
predictions [13].

To address the challenge of bilateral teleoperation, we em-
ployed passivity, which serves as a useful tool for conduct-
ing energy-based analyses to evaluate system stability. We
extended the TDPA, a method that has been successfully
tested in various space telemanipulation experiments [14].
TDPA ensures system stability by dissipating excess energy
through virtual dampers, allowing for safe and stable oper-
ation despite high and variable communication delays. Its
modularity also makes it suitable for WMR telenavigation
[15]. An interesting artifact of TDPA, position drift, which
is often considered detrimental for telemanipulation can be
exploited for modifying the intended trajectory of the WMR
when combined with fictitious force feedback. This insight
has led to further enhancements in TDPA for high-delay
telemanipulation tasks [16].

This paper addresses the challenge of achieving stable and
safe teleoperation of a remote skid-steering mobile robot
under high and variable communication delays. One of the
essential elements in achieving this is the creation of local
maps, on the human operator side, of unknown environments.
For this purpose, we adapt an existing on-board mapping and
localization system for ground robots operating in unstruc-
tured environments, resulting in a local 2.5D virtual envi-
ronment (VE) that is employed for teleoperation control and
visualization [17]. To assist with collision avoidance from
feedback forces, we employ the predictive polygon method
[18]. This method considers a virtual curvature polygon
placed in front of the WMR to generate fictitious forces based
on the height values of obstacles that overlap with the poly-
gons. These forces provide feedback to the human operator,
helping to steer the robot away from potential collisions [19].
While initially designed for car-like WMRs, the predictive
polygon method is extended in this work to accommodate
skid-steering mechanism.

Despite the extent of research in teleoperation for car-like
mobile robots, limited work has been done or only simulation
results are presented for teleoperation of skid-steering mobile
robots [20]. Skid-steering, which offers both high mobility
and a large payload capacity with a simple mechanical struc-
ture, is especially advantageous for planetary exploration,
where rough terrain and heavy cargo are common challenges
[21]. It has been widely used in applications ranging from
military operations to agricultural and exploratory missions.
However, skid-steering is demanding regarding control on
different grounds [21][22]. This poses specific challenge,
particularly when the commanded curvature from the human
operator differs from the actual turning radius of the WMR.
This would further result in depreciated force feedback qual-
ity which could be ineffective in avoiding collision. To
mitigate this, we introduce a position-scaling mechanism into
the control loop, to adjust the commanded curvature to better
align with the real movement of the WMR. We demonstrate,
with experimental data, how this scaling can be designed
without compromising the system’s passivity [23], ensuring
stable and accurate predictive polygon based telenavigation
for skid-steering WMR.

The paper is structured as follows: The background is pre-
sented in Section 2. Section 3 introduces the proposed control
approach. Experimental results are presented in Section 4 to
validate the advantages of the proposed method, showcasing
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Figure 2. WMR as seen in the danger map. The predictive
polygons (in blue) when overlap with the obstacles (in red),
fictitious force is generated, which is cued to the human
operator through the haptic device.

its effectiveness in maintaining intuitive, safe and stable
teleoperation despite high communication delays. Finally,
Section 5 concludes the work.

2. BACKGROUND

The extended model-mediated teleoperation framework for
mobile robots explored the teleoperation of a rate-controlled
WMR under high-latency communication conditions, by in-
corporating both local and remote force feedback [18]. The
system employed a 2 degrees of freedom force-feedback
joystick as the haptic interface to control the DLR lightweight
rover unit (LRU). To manage the three horizontal degrees
of freedom (DoFs) of the LRU, a car-like interface was
preferred, offering curvature and longitudinal velocity com-
mands. This design ensured smooth operation without ro-
tational interruptions, which are typical in 2-DoF systems.
However, curvature commands posed a challenge for generat-
ing intuitive fictitious force feedback using traditional poten-
tial fields, due to the continuous force reflection throughout
the task. To address this, the virtual environment (VE)
implemented a predictive method based on the curvature
polygon. These polygons are used to assess the traversability
of the terrain, as indicated by the LRU’s pan/tilt stereo camera
system, which acquires depth data and generates a local
danger map. The polygons determine the fictitious forces
applied to the haptic device, pushing it left or right depending
on the obstacle overlap, see Fig. 2. The LRU creates this
danger map relative to its horizontal plane, with additional
feedback from the IMU’s gravity vector to account for slope
effects, enhancing the haptic feedback.

The control architecture integrates delayed feedback from the
IMU with local model-based feedback to provide real-time
force feedback to the operator [18]. To guarantee overall sys-
tem stability, passivity observers (PO) and controllers (PC)
are employed on both sides of the communication channel
(CC). This ensures a passive CC and a passive VE, making
the control loop robust to communication delays. Even
when the operator is not actively moving the haptic device,
power derived from the desired velocity and force feedback
is transmitted to the LRU, ensuring continuous interaction.

A thorough user study was conducted which revealed key



insights into the effects of force feedback (FF) on telenav-
igation [19]. A consistent decrease in lateral force in the
presence of FF across all subtasks indicates safer navigation,
as FF induced subjects to adjust their trajectory to minimize
overlap with obstacles. This feedback prevented unnecessary
collisions by altering the user’s input, and the positive impact
of position drift. The position drift specifically occurs when
the control polygon overlaps with obstacles, preventing the
overlap from increasing, whereas without FF, users are more
likely to steer directly into obstacles.

The study also found that average velocity tends to be lower
when FF is present, suggesting that participants drove more
cautiously. FF limits the ability to drive at higher speeds
and enhances driver awareness and safety even in close prox-
imity to obstacles. Interestingly, while FF reduced velocity,
no significant difference in completion time was observed,
indicating that users followed more efficient paths with FF,
as they made fewer adjustments to their trajectory compared
to when FF was absent. This suggests that FF helps users
follow smoother, safer, and more direct paths. Overall, the
study highlighted the tangible benefits of using force feed-
back in challenging physical environments, particularly when
integrated with a stability controller, demonstrating safer
and more efficient rover navigation even under significant
communication delays.

Therefore, the modularity of the predictive polygon controller
allows for the flexible application of various fictitious forces,
making it adaptable to different control architectures, whether
based on position or rate control, as well as measured or
computed force feedback. It could serve as the underlying
base controller for telenavigation, upon which other stability,
multi-modal, or shared-control methods could be integrated,
thereby demonstrating the robustness and effectiveness of it
for real-world teleoperation tasks.

3. PASSIVE TELENAVIGATION INTERFACE

In the previous section, it was explained how the predic-
tive polygon controller was applied specifically to a car-like
WMR with a driving mechanism that matched well with the
curvature commands given by a human operator. However,
when extending this control method to other types of driving
mechanisms, such as skid-steering WMRs, challenges arise
due to differences in how curvature commands translate into
the robot’s actual movement. The polygon-based method
does not map effectively to skid-steering systems, as the
curvature commanded by the operator does not correspond
accurately to the WMR’s actual turning direction. This mis-
match forces the operator to rely heavily on visual feedback
to compensate for the WMR’s heading, which complicates
control and can compromise collision avoidance. In this
section, we propose modifying the predictive polygon-based
controller to include curvature command scaling, enabling
the human operator to adapt the input to better match the
turning radius of a skid-steering WMR. It will be shown
that this approach maintains passivity, thereby ensuring stable
bilateral teleoperation, even in the presence of unknown
communication delays.

Haptic Interface

The haptic interface used for telenavigation of a skid-steering
WMR consists of two 1-DoF rotational haptic devices (Fig.
3(a)), which allow human operators to control the WMR’s
steering. The angular range used was from 0° to 135°,
providing a wide, intuitive control space for operators to steer
the WMR either left or right. A foot pedal (Fig. 3(b)), similar
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Figure 3. (a) Two 1-DoF haptic devices used to command
curvatures to the skid-steering WMR. (b) Foot pedal used to
command velocity to the WMR.

to those used in automobiles, is employed to control the
velocity of the WMR, enabling operators to modulate speed
while steering with the haptic devices.

When both haptic devices are positioned at the 0° mark, their
starting position, the WMR does not receive any turning input
and moves straight when the foot pedal is pressed. Pulling
the left haptic device towards the operator while keeping the
right device in the neutral position skews the WMR to the
left. Conversely, pulling the right haptic device while leaving
the left device neutral causes the WMR to turn right. The
degree of turning is directly proportional to how much the
haptic device is rotated—if one device is fully rotated to 135°
while the other remains at zero, the WMR rotates on spot. If
both haptic devices are rotated back with non-zero angles, the
WMR is again commanded to move straight.

These direction commands, generated by the haptic devices,
serve as curvature inputs for the predictive polygon method
used in controlling the WMR’s movement. The system
also incorporates persuasive fictitious force-feedback from
the virtual environment’s danger map, providing the operator
with feedback on potential obstacles on the course. The
feedback is generated by calculating overlapping region be-
tween direction-dependent curvature polygons P, and Pg,
which represent the left and right curvatures, and obstacles
identified in the environment via stereo vision. The danger
map assigns a binary danger index D(z,y) to each pixel
around the WMR, O if there is no obstacle (green colored
pixels in Fig. 2), 1 if there is (red colored pixels in Fig. 2).
The force-feedback components F,; are computed based on
the total overlap between the polygons and the danger areas,
and a scaling factor k,.

Fyx< Y kpD(w,y) for d=R,L (1)

(z,y)EPa

This system ensures that the operator receives haptic feed-
back, allowing them to make informed decisions about the
robot’s navigation, even in complex and obstacle-laden envi-
ronments.

Passive predictive polygon with position scaling framework

Fig. 4 illustrates the signal flow diagram of a delayed pre-
dictive polygon-based bilateral teleoperation system, where
the variables Ty and T}, represent the forward and backward
communication delays, respectively. In this setup, the haptic
devices send curvature commands that define the robot’s
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Figure 4. Signal flow diagram of passive predictive polygon method with scaling factor .

movement, but these commands, denoted as v™:? only
reach the WMR after a delay Ty. These delayed curvature
inputs cause the predictive polygons, representing the robot’s
motion path, to shift accordingly. When these polygons
overlap with obstacles in the danger map, a fictitious force is
generated, which is then relayed back to the human operator
via the haptic interface, also after a delay T}, providing
essential force feedback.

However, one of the challenges is its inherent vulnerability to
instability due to the communication delays. These delays
can lead to a non-passive CC, which may destabilize the
teleoperation system. As outlined in [24], ensuring the pas-
sivity of the two-port CC is a critical condition for achieving
stable bilateral teleoperation. The TDPA addresses this issue
by introducing adaptive virtual damping elements, which are
deployed both at the haptic interface and on the robot’s side,
which for the remainder of the paper will be termed as main
and secondary sides. These damping elements are placed
in series and parallel configurations, dynamically dissipating
just the right amount of energy to stabilize the entire teleoper-
ation system, even in the presence of communication delays.

A sufficient condition to satisfy the passivity requirement,

particularly under conditions of communication delays, is
given by:

EMAd(k) = SNk —T) — EMA (k) > 0,vk >0, (2)

obs out
Bk = Bir4(k — Ty) — Byt (k) > 0,9k >0, (3)

where, Efvnfd(k) EMA), Etsnd(k) and E2:%(k) are non-
negative, monotonically increasing functions, representing

the energy flow in and out of the main (M) and secondary
(S) sides of the CC. EM4(k) and E2%(k) denote the ob-

obs
served energy flows on the respective sides of the CC. Both
conditions are sufficient to ensure passivity of the delayed

teleoperation system [24].

The real-time assessment of the observed passivity condi-
tions, as specified in (2) and (3), is carried out by the POs,

which monitor the energies W >4 and T on the main and

secondary sides.

WM (k) = ESYk —Ty) — EMA (k) + Epei(k — 1),

in out
4)
W (k) = BNk — Ty) — Ebq (k) + B (k — 1>,( S

where, Eyc’,d(k — 1) and Ef,’g(k — 1) are the energies
dissipated by the main and secondary PCs up to the previous
time step.

Now when the position command is scaled down by p on
the secondary side, so are the powers and therefore energies

Eﬁ;d(k — Ty) and ES%(k), when compared to non-scaled
energy values.

Ejjout(k) - ATZ k)% (k) (6)
k=0

where, 254(k) = p.a™(k — Ty), and AT is the sampling
time. It should be noted that since the scaling is only added
to the delayed position on the secondary side, the energy on
the main side, namely EZIVn[ Ak — Ty) and EM-A(k), remain
unaffected.

The passivity controllers are adaptive energy-dissipating ele-
ments that dissipate any excess energy identified by the POs.
As depicted in Fig. 4, the PC is applied in both impedance
(main side) and admittance (secondary side) configurations
within a Position-Force computed (P-Fc) architecture of the
predictive polygon method.

M.,d .
ad(k) = {M7 if WMd(k) < 0and vMd(k) # 0
0 else

)
S,d .
B(k) = {M it WS4(k) < 0and f5(k) # 0
0 else

®)

where, o and [ are adaptive damping elements that dissipate
the extra generated energy, thereby guaranteeing the passivity



conditions presented in (2) and (3). The impedance-type PC
modifies the delayed feedback force to the main side and the
admittance-type PC modifies the delayed reference velocity
to the secondary side.

FAR) = 54k = T) + o (ko™ (k) )
554 (k) = #5U(k) + B4(k) f5U (k) (10)

where, f M.d (k) is the modified force to the main device, and

9%4(k) is the adjusted velocity reference to the secondary
device.

Since the position is scaled down, the E5:%(k) will be smaller
than non-scaled value and therefore the admittance PC on the
secondary side will be triggered less often. This will reduce
the artifact of admittance PC, which is position drift. So, now
the predictive polygons can overlap more with the obstacles
in the danger map, generating higher fictitious forces cued

to the human operator. On the main side, the effect of this

scaling is that Ei{d(kab) is also smaller than non-scaled
value, which will result in the impedance PC triggering more
often. The artifact of impedance PC is high frequency force
chattering, which can be improved using a virtual mass-
spring filter [25] or chattering-free approach [26].

The proposed framework for predictive polygon method with
position scaling can be used as a base controller for tele-
navigation of skid-steering WMRs. It could be adaptive in
nature where based on the sensory information, the scaling
gets modified to better match the command to reference
curvature without violating passivity. Therefore, it guarantees
stability, along with reducing position drift which can result
in better estimation of obstacles in the WMR’s vicinity due to
higher fictitious forces generated due to more overlap of the
polygons with the obstacles in the danger map.

The following section will demonstrate experimental valida-
tion of stability and performance through position, force and
energy plots.

4. EXPERIMENTAL EVALUATION
Experimental Setup

Figure 3 shows the two 1-DoF rotational devices used as
haptic input devices to command curvature to the predictive
polygon and the foot pedal used to command velocity to the
WMR. Both have a sampling rate of 100 Hz. To have a visual
feedback, three low-latency image streams from cameras
were used, front-left, front-center and front-right. Depth data
from the eight cameras clustered into four stereo pairs, one
on each side of the WMR, was used to build the danger map,
that determines the traversability [17]. The user interface for
the setup is shown in Fig. 5. The three low-latency camera
streams are shown on top and the danger map is displayed
below to provide a convenient overview to the operator of the
WMR'’s surroundings.

Results

The proposed controller was evaluated through a series of
experiments in which a human operator used one of the haptic
devices to command curvature to the predictive polygon
method, guiding the robot towards an obstacle in the danger
map (see Fig. 5). The telenavigation setup had a minimal
inherent delay of less than 10 ms due to the wireless commu-
nication setup. In these experiments, the operator made few
contacts with an obstacle, and corresponding position, force,
and energy data are plotted.

Right camera view

2 Center camera view [
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Figure 5. The user interface for the experimental setup. The
camera views from the WMR is shown at the top, and the
danger map showing the schematic of WMR with predictive
polygon method in displayed at the bottom.

For the case where the position scaling factor ¢+ = 1 and
the delay is less than 10 ms (Fig. 6), the system remains
inherently stable, even in the absence of a passivity-based
stabilizing controller. In this configuration, the polygons
contact the obstacle at a curvature command of 0.1 from
the haptic device. The forces on both the robot and haptic
device sides shows a high degree of correspondence, as the
minimal delay does not significantly alter the force feedback
needed for system stability. The energy plots further confirm

that the system remains passive, with E. Sk — Typ(k)) >

EZM (k), which ensures stable operation.

To test the robustness of the controller, a significant com-
munication delay of 1000 ms £+ 5 ms round-trip (rt) was
introduced. Even for well-tuned systems, such a large time
delay typically leads to instability.

For ;o = 1 with a 1000 ms + 5 ms delay (Fig. 7), the
admittance PC response can be observed in the position plots
through the noticeable position drift between the commanded
curvature from the haptic device and the actual curvature of
the polygons when they contact the obstacle. It should be
noted that no fictitious force is generated until the polygons
overlap with an obstacle. Therefore, during the instance of
no overlap, the fictitious force will be 0, and therefore, there
will be no power flow in the network and no PC activity.
This would result in no visible position drift between the
commanded curvature of the haptic device and the reference
curvature to the WMR. However, as soon as fictitious force is
non-zero, the action of admittance PC may start introducing
position drift. The impedance PC action is evident in the
force plots, where the force feedback exhibits high-frequency
chattering. The energy plots demonstrate that the CC remains
passive, with the POs monitoring excess activity and PCs
dissipating it.

When g = 0.6 and the same 1000 ms + 10 ms delay is applied,
as shown in Fig. 8, notable differences arise compared to the
1 =1 case. Contact with the obstacle requires a higher curva-
ture command from the haptic device, because the position is
scaled down on the secondary side. This should not be mis-
taken with position drift which is an artifact of the admittance
PC. However, once contact is made (the polygons overlap
the obstacle in the danger map), position drift is relatively
reduced compared to p = 1. This reduction occurs because p

= 0.6 leads to a lower EZ ,(k), meaning the admittance PC
triggers less frequently, resulting in less dampening of the ve-

locity command. Consequently, this would allow for greater
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Figure 6. Experimental results for predictive polygon

method with communication delay less than 10 ms.
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Figure 8. Experimental results for predictive polygon
method with position scaling () of 0.6 and round-trip
communication delay of 1000 ms 4 5 ms.

overlap between the polygons and the obstacle, generating
relatively higher fictitious force feedback. However, force
chattering on the haptic device side may increase, as the lower
E? (k — Tp) requires greater dissipation of E, (k), leading
to more pronounced chattering. Despite these artifacts, the
energy plots confirm that the telenavigation system remains
stable.

These experiments demonstrate the effectiveness of the pre-
dictive polygon controller with position scaling. Importantly,
adjusting the scaling factor y does not introduce instabil-
ity into the system, as long as it is accounted for in the
PO and PC. This flexibility allows the human operator to
manually adjust or adaptively modify the scaling, ensuring
that the commanded curvature to the polygons matches the
skid-steering WMR’s actual turning radius. Consequently,
this approach provides meaningful force feedback, enabling
the operator to avoid obstacles and navigate safely without
compromising system stability.

5. CONCLUSION AND FUTURE WORK

This work presents a framework for teleoperating skid-
steering WMRs using the predictive polygon method with
position scaling p. The operator’s commanded curvature
could be modified based on the scaling value in a passive
manner even in the presence of delay, such that it matches
the turning radius of the skid-steering WMR. The haptic
interface consists of two rotational 1-DoF devices, which
allow the operator to command the robot’s curvature, and
a foot pedal that controls velocity, providing a familiar and
effective means of interaction. The fictitious force feedback
computed from the polygon’s overlap with the obstacles in



the danger map, further enhances the operator’s ability to
telenavigate.

Experimental results demonstrate the effectiveness of this
approach under different delay conditions and scaling factors.
For a communication delay = 1000 ms + 5 ms and p = 1,
the system exhibited noticeable position drift between the
operator’s commanded curvature and the reference curvature
to the WMR, only during the polygon’s overlap with the ob-
stacle. This drift, along with force chattering, is an artifact of
the TDPA, which can be compensated by introducing virtual
damping to preserve system passivity. The system was stable,
with the human operator being able to perceive the obstacles
via delayed force feedback. Introducing p = 0.6 under the
same delay resulted in relatively reduced position drift, as the

lower scaling factor reduced the £ ,, causing the admittance
passivity controller to intervene less frequently. This reduced
position drift would allow for higher overlap between the
predictive polygons and virtual obstacles, generating more
pronounced fictitious forces. However, this would result in
increased force chattering on the haptic device side, as lower
Eﬁl required more aggressive energy dissipation on the haptic
device side. Despite this, the system remained stable, with
energy plots confirming passivity.

The predictive polygon method with position scaling, pro-
vides a framework which can be further explored in future
works. Adaptive position scaling could be integrated based
on sensory information for the commanded curvature to
match WMR’s curvature while delivering corrective forces to
the operator. Predictive polygon teleoperation with position
and force scaling can also be exploited for better position
accuracy or force feedback, based on the task at hand.
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