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Abstract—Robotic teleoperation systems enable humans to
control robots remotely. Recent advancements in VR have trans-
formed teleoperation into immersive, intuitive platforms that
improve human-machine synergy. However, existing VR-based
teleoperation systems face challenges such as under-informed
shared control, limited tactile feedback, and computational inef-
ficiencies, which hinder their effectiveness in complex, cluttered
scenarios. This paper introduces a novel VR-based teleoperation
system incorporating haptic feedback and adaptive collision
avoidance. The system tracks human hand trajectories via an
VR-based handheld device and provides tactile feedback from
a robotic gripper. Through the proposed tele-MPPI method, the
system anticipates robot motions, adaptively adjusts trajectories
to avoid obstacles, and maintains computational efficiency, en-
abling real-time operation at 20 Hz. Simulations and experiments
demonstrate the system’s ability to grasp delicate objects without
damage and to navigate cluttered environments by mitigating
collision risks.

Index Terms—Teleoperation, virtual reality, human-machine
interface, inverse kinematics.

I. INTRODUCTION

ELEOPERATION systems are a crucial form of Human-
Machine Interaction (HMI), facilitating communication

and control between humans and remote machines or virtual
entities. Over the years, robotic teleoperation has evolved from
basic remote control to advanced, immersive systems where
human operators interact with intelligent robots and virtual
agents in complex, simulated environments. This evolution
has expanded the scope of teleoperation systems, blending
human decision-making with machine precision for improved
synergy: they function as interactive platforms for cognitive
engagement, training, and skill transfer between humans and
intelligent agents [I—4]. These systems have become indis-
pensable across diverse fields, including industrial automation,
healthcare, and remote exploration, by allowing precise and ef-
ficient control over physical or digital entities from a distance.
The advantage of Virtual Reality (VR)-based teleoperation
systems lies in their ability to provide a fully immersive
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Fig. 1: A VR-based robotic teleoperation system with haptic feedback
and adaptive collision avoidance.

virtual environment, allowing operators to interact intuitively
with avatars, robots, or virtual tools, creating a natural and
responsive experience. By integrating real-time data trans-
mission and motion control, VR systems offer a heightened
sense of presence and precision in manipulating virtual or
remote objects. Moreover, VR environments can be adapted to
accommodate various scenarios, such as different robot config-
urations or environmental setups, offering improved flexibility
and adaptability. Combined with handheld tracking devices,
VR-based teleoperation systems further extend the operator’s
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. L —.commercial VR headsets, combining real-time data acqui-
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Solely based on vision while avoiding the unwieldy devices

e : . ) ; °F exoskeleton-based systems. Building upon these VR inter-
anticipates future motion during trajectory selection, resultlr].%Ces We propose a teleoperation system that enhances further

n a highly ef cient teleop_eratlon ?yStem that can adap.tlve%eir capabilities with integrated haptic feedback and real-time
avoid obstacles. In a series of simulations and experimenis

) . motion re-targeting for precise manipulation with automatic
we demonstrate the effectiveness of our teleoperation SySt%rH'stacle avoidance in complex environments
The operator successfully grasps delicate objects such as papéer P '
cup, strawberry, and potato chip without damage, showcasing .
the system's precision and haptic feedback capabilities. AB- Teleoperation Interface
ditionally, within cluttered environments, we show that even The user interface in VR-based teleoperation is crucial
when the captured human hand trajectory leads to potenfiai delivering sensory feedback to operators, such as visual,
collisions with environmental obstacles, the proposed methadditory, and tactile cues. Visual feedback provides immersive
actively adjusts the robot's trajectory to avoid collisions whileeal-time graphics, enabling users to monitor interactions be-
maintaining accurate tracking. tween the robot and its environment while enhancing spatial
The main contributions of this work are three-fold: awareness and decision-making ef ciency [14, 15]. Auditory
We present an integrated haptic feedback system that &edback, such as ambient sounds and collision alerts, helps
hances the perception of grasping forces, enabling operatopgrators interpret changes and operational states through
to grasp delicate objects more effectively. audio signals [16]. Tactile feedback, however, remains the
We propose a tele-MPPI framework that combines MPiost challenging to implement. Most VR controllers rely on
control with a generative IK model to predict motionbasic vibration feedback [6] and are not optimized for robot-
trajectories and dynamically adjust robot paths, ensurisgeci c tasks like replicating gripper actions. While haptic
collision-free operation in cluttered environments. gloves [4] provide more sophisticated feedback mechanisms,
We develop a comprehensive VR-based teleoperation systémair high cost and limited accessibility hinder widespread
that integrates haptic feedback and real-time trajectory traddoption. To address these limitations, our work introduces
ing of a robotic gripper for precise and safe manipulatioa specialized handheld device designed to deliver effective
in complex environments. haptic feedback during object teleoperation.



C. Robot Motion Retargeting

Robot motion retargeting involves translating human mo-
tion signals into corresponding robotic commands, aiming to
minimize discrepancies between human intent and the robot's
movements while adhering to constraints such as physical
limitations, environmental obstacles, and the robot's structural
characteristics. The simplest method involves directly mapping
human joints to robot joints [17]. While straightforward, this
approach lacks exibility and requires complex hand-tuning
for different robot con gurations. Model-based optimization
[18,19] can theoretically achieve optimal retargeting results
but often involves lengthy iterations and the risk of converging
to local optima due to poor initial conditions [20]. Learning-
based approaches train networks to meet speci c retargeting
requirements, offering adaptability and exibility [21, ,_]'Fig. 2: Hardware design of the handheld device. The exploded view
However, they are data-dependent and lack transferability if@strates each component and its installation.
new robots. IK approaches [23-25], on the other hand, are
highly versatile across different robotic arms and can generate
real-time joint con gurations that precisely follow end-effectol Mbps. Power is provided by a 5V 4000mAh lithium battery
trajectories. In practice, robotic arms often feature redundamused at the base, enabling up to 7.5 hours of continuous
Degree of Freedoms (DoFs). Selecting an inappropriate rolapieration. The device measures 21 cm in length, weighs 400 g,
con guration can result in unexpected outcomes, includingnd balances functionality with portability for extended use.
collisions with the environment. In this article, we propose
a tele-MPPI framework that combines MPPI control with a )
generative IK solver to predict motion trajectories and dy?- Haptic Feedback
namically select optimal con gurations in a real-time manner, The handheld device integrates bidirectional control and

ensuring collision-free teleoperations. haptic feedback to facilitate intuitive teleoperation with col-
lision avoidance capabilities. On the handheld device side,
I1l. THE TELEOPERATIONDEVICE operators can actively control the robotic system by moving

This section outlines the hardware design of our handhdfé¢ handle and slider. The tracker captures the device's 6D
interface with haptic feedback, which was developed f#0S€ information, while the motor encoder provides positional
compatibility with standard robotic systems. Our goal is tgata for the robotic grippers opening and closing move-
develop a portable handheld teleoperation interface, see FigMgnts. These inputs are transmitted to the robotic system,
that facilitates immersive interaction with robotic systems. THhabling precise control of the end-effector's 6D pose and
design is guided by the following criterid): Lightweight and 9ripper operation. The 6D pose data is also utilized for robot
Portable: A compact and lightweight design features mobilitynOtiO” retargeting and collision avoidance, as discussed in
and ease of use, providing greater exibility while minimiz-S€¢- IV-A. On the feedback side, a Vision-based Tactile Sensor
ing user fatigue during operations) User-Friendly Hap- (VBTS)[26,27], is integrated into the robotic system to deliver
tic Feedback:The ergonomically designed interface providetctile feedback. The VBTS consists of a soft gel layer that
tactile feedback, enabling precise manipulation, particularfBflapts to surface details upon contact and a camera system that
in teleoperation tasks involving delicate objects, thereby i€cords the gel's deformations. Image data is processed using
proving ef ciency and responsiveness in complex Operatiorghotometric stereo techniques to derive force information,
iii)y Easy-to-Fabricate: The design emphasizes simplicity inwhich is transmitted back to the user. The handheld device uses
manufacturing and assembly, reducing setup and deploymmﬁ motor under current control mode to generate resistance
time. This ensures quick and seamless integration into differé¥t the slider by reversing its rotation in response to the sensed

teleoperation systems. forces, delivering haptic feedback as:
I rev F
= k . 1
A. Hardware | max Fmax @

The internal structure of the handheld teleoperation interfagere | ey ; I max ; F; Fmax represent the goal current, maxi-
is illustrated in Fig. 2. The device features a VR trackenum current of the motor, sensed force, maximum force of
mounted at the top, which wirelessly transmits hand positidhe sensor, ané is the scaling factor. To avoid unnecessary
data to a computer at a maximum frequency of 86.9 Hin uence on the operator caused by sensor noise when there is
Embedded within the handle is a servo motor, coupled withr@ actual contact with an object, a feedback threshold is set.
rotor and slider mechanism, to measure the distance betw&éhen the calculated current ratio falls below this threshold
the user's thumb and index nger via servo position values. fset to 0.05 by default), the output is suppressed to zero.
microcontroller unit, integrated into the handle, communicat&sis integration improves the realism of interaction, effectively
with the computer via USB at a maximum baud rate diridging the user's actions with the remote robotic system.



Fig. 3: The overview of the proposed VR-based robotic teleoperation system with haptic feedback and adaptive collision avoidance.

IV. THE TELEOPERATIONSYSTEM where Xpop; Vier Zier f€present the robotic arm's end-effector

The overview of the proposed teleoperation system is iIIuQp me position, ana, b, z:;md ¢ are scaling parameters to
trated in Fig. 3. Building upon the tactile feedback handheffcOUNt for vyorkquce dn‘ferenpes between Fhe VR tracker
device, we devise a collision avoidance module that procesf&d. the .rObOt'C manipulator. This transform_atlon ensures ef,'
human hand trajectories through three key stages to gene gglive alignment b_etwgen _t_he hanqlheld dewce_ and the robot's
collision-free robot motions. First, a calibrated retargetinyorkSpaceS’ enabling intuitive motion retargeting.

system maps the handheld device to the robot coordinateonce calibrated, motion retargeting translates tracker po-

system, enabling intuitive motion transfer. Then, the retargetgla'onS into carresponding end-effector positions. Given the

", 1+ 1 V.y V. 5VY) |
poses feed into a GPU-accelerated IK solver, which ef cientl}gaCkerS positional readingy’; yt'; z;') in the VR frame, the

generates diverse inverse kinematic solutions while maintalffia"9€ting transformation is expressed as:

ing precision through post-optimization re nement. Finally, xbe=a (X} Vx); (5)
our tele-MPPI framework processes these solutions in parallel vi.o=b @y Vy): (6)
to generate smooth, collision-free trajectories by optimizing b :, v e
joint accelerations with respect to end-effector tracking ac- Zee=C (z " Z): )

curacy and constraint satisfaction. This integrated approaghere the scaling parametess b, and ¢ adaptively scale
enables simultaneous real-time force feedback through th&d translate human motion to align with the robotic arm's
VBTS and safe robot end-effector trajectories, allowing usefgorkspace. Additionally, the handheld device's orientation is
to achieve precise control with both tactile awareness aaqlecﬂy mapped to the robot end effector's orientation, as
collision avoidance during operation. they share the same during initialization. This ensures that
the operator's gestures intuitively translate into precise robotic
movements. Overall, this setup facilitates seamless interaction

. i between the operator and the robotic system.
To capture the motion of the handheld device, we em-

ploy two VR base stations and a tracker mounted on tige GPU-based IK Solver

device. Prior to using the teleoperation system, calibrationpea) time teleoperation requires ef cient generation of fea-
IS perfqrmed to e§t|mate .the h"’}”“‘“?'d device's workspagge ropot trajectories that accurately track human motion.
for motion retargeting. During calibration, the operator holdg ey challenge in this process is obtaining diverse IK solu-
the deylce,hra|ses thfelr arm to a frontr—]r;ausehd position, agdns’to determine appropriate robot con gurations that avoid
maintains the pose for 5 seconds. While the posture mayironment collisions while tracking desired end-effector
vary depending on whether the operator is seated, standingngkes Traditional numerical IK solvers, despite their precision,
performmg_ Speci ¢ t"_iSkS\’l the vprocedur\fe remains COnSIStentprove computationally prohibitive for real-time applications,
The position readinggcyj, Yeais @ndZgy; from the tracker o ey 1arly when diverse solutions are needed at scale.

A. Retargeting

C cali

are used to map the handheld .device'§ pose in the VR co0rrq address this computational bottleneck, we adopt a gen-
dinate system to the robot manipulator's coordinate systeMarative model based on conditional normalizing ows [28].

Ve = Y Xret. 5 This model transforms the IK solution process into a sampling

T Pl g @ problem from a learned conditional distribution of the solution

vy, =YY Yref. 3) space, parameterized by the desired end-effector pose. Thanks
' cal b’ to the parallel nature of the neural network, our approach can

Vo o= gV @ ) generate approximately a batch of 2000 diverse feasible joint
P fal o con gurations in a single forward pass within 10ms.



While computationally ef cient, the sampled solutions ex- Algorithm 1: Tele-MPPI
hibit accuracy limitations with position and orientation de- |nput : Q. : Robot joint con gurations over the

viations of 12 mm and 3 degrees respectively. We resolve observation horizor
this through a hybrid approach that combines the genera- F . System transition model
tive model with a GPU-accelerated optimizer [29] to re ne QUIPUt : Gic: Joint velocity commands
the sampled solutions. By using the sampled solutions aspa'rams +M : No. of candidate trajectories
P ohe y . g P o ) E: No. of control noise vectors
seeds for the optimizer, we achieve remarkable precision with - Noise standard deviation
positional accuracy within 0.01lmm and rotational accuracy : Covariance matrix between added noises

within 0.05 degrees. This hybrid methodology processes 2000/ Get current robot state
high-precision solutions within 40ms on average, successfufiy®: & ¢  robotgetState()
balancing computational ef ciency with the accuracy deman /I Greedy search fokl trajectories

'g comp ney y Piolhgw  GreedySearch(Qly)
of real-time trajectory generation. T

/I lterate overM trajectories

6
7form=1;2;:::;M do

C. Tele-MPPI 8 | dn, ey diff ("yp)

. o L 9 /I SampleE control noise vectors

Traditional optimization methods face signi cant challengeg | ¢ . ...:. . g N (0; )
in converting IK solutions into feasible robot trajectories, fore=0:1::::E 1do
particularly in three key areas: time efciency, trajectoryz Xo;Uo;C(€) f Go;g;fepg;0
smoothness, and obstacle avoidance. Real-time teleoperatfon 4/ Add noise F?_i:‘%sysrem
requires rapid processing of numerous IK solutions whifé or tX‘ o ,uo v )
maintaining smooth trajectories to prevent jerky motions that end ' Tttt e
could compromise control stability. Additionally, generating, /I Evaluate trajectory effort
collision-free paths further compounds these challenges. 1s C(e) )
To address these limitations, we propose tele-MPPI which Csmoot(Xn) + oy Cun(Xe)+ U{ 1 ¢ 1

leverages the MPPI control in our teleoperation system. Telé- end . .

. o . . Y. /I Compute control input according to the cost
MPPI introduces noise into joint acceleration, causing joi inC
trajectories to diffuse over time. Through importance sampling t g (Ce) )
in the joint space, the algorithm identi es optimal trajectories, um ;jh + B o lexpi(C(®) ) e

.« . .« . . . . e=

by minimizing a prede ned cost function. This approach effeg, Uu ufum

tively combines Itering infeasible IKs solutions, generatings end
collision-free paths, and smoothing whole trajectories. 26 // Compute joint positions and velocities

The complete tele-MPPI algorithm is presented in Alg. 7 Q";Q" integrate (V) .
Given a sequence of tracker po$ds.1+ , over an observation 28 //?Selem tlhe tgeStt trar{qe_Ctoan Lor execution
horizonh, these poses are retargeted to the robotic end-effeéfofic SE€BeS (QT: Q")
posesg.T1.1+ h. A GPU-based IK solver computes a set of
possible robot joint state®j.,, ,, which serve as input for
tele-MPPI. Next, theGreedySearch( ) function selectsM racy and constraint violation penalties over the horibgand
candidate trajectories fron@Y.,, ,, prioritizing trajectories Cper discourages noisy trajectories weighted by
with minimal consecutive time-step distances. This ensuresThe running cosCy, evaluates both end-effector tracking
the selection of feasible and ef cient trajectories in real-timgiccuracy and constraint violations:

In the standard MPPI algorithm, directly adding noise to Co = Cot C )

: . . P P run — ‘e C

control inputs can cause trajectory discontinuities. To mitigate _ .
this issue, our proposed tele-MPPI method instead applies Ce=kf(a) eeTk (10)
noise to joint accelerations, while maintaining joint posi- Cc = we (I(collision) + I(limit)); (11)
tions and velocities as state variables. This approach ensures ¢ () represents the forward kinematics given the joint
smoother trajectories while sampling initial joint accelerations P 9 J

. ; .
from previously generated paths to incorporate diverse ﬁ:{)n_gu.ratmn % eeT denotes  the target.p.ose, ar.hd.) IS

. i o an indicator function that suggests collision or joint limit
solutions. The perturbed control input is given by q+

) . . .violations with weightw.

wheret represents the control input with noise, and the noise . L

is sampled from a normal distributioN (0: 2). The smoothness coflsmoeoth €NSUrES trajectory continuity:
The tele-MPPI algorithm employs a comprehensive cost X ) )

function to generate smooth, collision-free trajectories. Thésmooth= ka o 1k+ 1n’lla>r<1dml(0¢ ¢ O 5 (12)

total cost for each rollout is de ned as:

X
Ciotat = Csmooth Ciunt+ C pert 8)

wherekq ¢ 1k penalizes total joint travel distance, and
maxi k ng J(Gk G 1)kj penalizes maximum individual joint
displacement between consecutive waypoints. These terms
whereCgmooth€NSUres trajectory continuity by penalizing largevork together to generate smooth trajectories while preventing
joint movementsC,,, combines end-effector tracking accujerky or unstable joint movements.
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