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Abstract. In this paper, we present a user-friendly mixed reality (MR)
interface designed for robot teleoperation. To enable untrained users to
effectively operate a robot, we developed an interactive application lever-
aging SwiftUI, RealityKit, and ARKit, and deployed it on an extended
reality (XR) headset. Our application enables users to control a robot
by moving a virtual sphere that serves as a dynamic target. Using Re-
alityKit’s support for natural hand and eye gestures, users guide the
robot through easy and subtle motions, eliminating the need for con-
trollers or exaggerated gestures. This reduces physical strain, enhances
comfort, and makes teleoperation more immersive. The system has been
experimentally tested and statistically validated across users with vary-
ing experience levels.
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1 Introduction

Over the years, the ability for users to directly and precisely control robotic
systems—commonly referred to as teleoperation—has been a critical focus in
robotics research with applications spanning medical, industrial, and service do-
mains. This demand has driven the development of a wide range of control
paradigms, offering safety, intuitiveness, and operational flexibility.

Traditional methods, such as teach pendant operation, allow skilled users to
command robots [8], while kinesthetic teaching enables users to physically guide
the robot through a demonstration that can later be replayed autonomously [4].
While these approaches enhance robot capabilities beyond basic trajectory exe-
cution, they often require expert knowledge and impose physical and cognitive
load, limiting adoption by untrained users.

Recent advances led to the usage of haptic interfaces, which excel in force-
sensitive tasks with tactile feedback but typically use velocity control and still
require user skill [30,7,31]. To meet the growing demand for more user-friendly
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teleoperation applications, mixed reality (MR)-based interfaces are increasingly
being developed. These interfaces enable interaction with physical objects by
mixing elements of the physical and virtual worlds [27,28|, providing a more
immersive and intuitive mode of interaction. The integration of digital con-
tent into the physical environment boosts situational awareness by delivering
context-aware information and enables even untrained users to perceive robotic
behaviour and issue commands using natural, spatial gestures. By reducing the
learning curve and minimizing reliance on technical knowledge, MR systems hold
significant promise for widespread deployment in non-industrial settings.

In this work, we address the accessibility challenges of teleoperation by intro-
ducing a novel MR-based control framework for robotic systems. Our interface is
built with SwiftUI, RealityKit, and ARKit, and deployed on an extended reality
(XR) headset. It enables easy and effective robot control without requiring prior
user training. Direct feedback and gesture-based commands promote a natural
and low-barrier interaction model, making the system suitable for a wide range
of users and applications.

1.1 Contribution

We present an MR interface for seamless robotic teleoperation, emphasizing
usability and accessibility. To the best of our knowledge, this is the first teleop-
eration system developed using the SwiftUI, RealityKit, and ARKit technology
stack and deployed on an XR headset. The interface supports gesture-based
control, with interactions designed to mirror natural human motion. RealityKit,
powered by ARKit, incorporates hand tracking and eye gaze [1], enabling users
to issue commands through subtle gestures, such as a pinch while looking at a
target. This approach eliminates the need for physical controllers or exaggerated
motion, offering a more comfortable and immersive user experience [12].

An integrated calibration system ensures immediate spatial alignment be-
tween the MR environment and the real robot via a fixed marker in the robot’s
workspace. This removes the need for user-specific setup and facilitates quick
onboarding.

The system was validated through experimental trials involving both novice
and experienced users across pick-and-place tasks of varying complexity. Perfor-
mance was statistically analyzed to evaluate usability and task success across
experience levels. In summary, the main contributions of this work are:

— A user-friendly MR teleoperation interface developed with SwiftUI, Reali-
tyKit, and ARKit, enabling control via an XR headset without requiring
prior training;

— Experimental validation through complex manipulation tasks, with statisti-
cal analysis describing user performance and subjective feedback.

2 Related Works

Teleoperation of robots, or telerobotics, focuses on enabling remote users to ef-
fectively control robotic systems [21]. Although not ideal for repetitive industrial
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tasks, it proves essential in fields like surgical robotics [9,10] and space explo-
ration [24,17]. Research in this area has evolved to address challenges in both
user interaction and long-distance communication [2,19]. To meet the growing
demand for intuitive and accessible teleoperation, recent works have explored
various control modalities—ranging from physically grounded haptic devices to
purely visual or immersive extended reality (XR) systems.

Haptic systems aim to provide users with natural, physical interaction for
robot control. In [30], the authors present GELLO, an affordable, intuitive tele-
operation platform optimized for data collection in robot learning. Supporting
bi-manual control and efficient demonstration capture, the system offers fast on-
boarding for novices and outperforms conventional virtual reality (VR) and 3D
input devices. However, limitations in force feedback led to its exclusion.

Building upon this, 7] extends prior work [31] by enabling mobile bi-manual
teleoperation. The interface moves with the user—expanding applicability to
dynamic tasks such as cooking and furniture manipulation. Post-demonstration,
the collected data is used for imitation learning. Usability tests with non-expert
participants confirmed its accessibility and performance.

Despite their intuitive nature, haptic systems often require external hard-
ware, which can increase cost and cognitive load [30].

Vision-based interfaces leverage cameras to interpret human gestures, elimi-
nating the need for wearable or haptic hardware. In [18], a remote control system
uses stereo vision for 6-DoF hand tracking and grasp control. Visual feedback
is provided through multiple fixed and onboard cameras. A switchable shared
autonomy mode enhances precision by aligning the robot to target objects.

Similarly, [22] employs a depth camera to reconstruct arm, hand, and finger
motion in the DART environment [20]. A neural network interprets gestures to
drive the robot, enabling dexterous control even without haptic feedback.

The work in [13] generalizes vision-based teleoperation across various robotic
setups using RGB or depth input. The system translates tracked motions into
commands for physical or simulated robots—and also supports multi-user col-
laboration, enabling shared control of multiple robots.

XR technologies enhance teleoperation by projecting contextual informa-
tion into the user’s visual environment [28,6,23], overcoming limited feedback
of purely visual or haptic systems. In [11], a VR framework enables control of a
dual-arm manipulator within virtual space. A digital twin of the robot and its
environment is displayed, with camera views rendered as virtual screens. Users
can operate in direct control ( Telemanip) or goal-driven (Approach) modes, with
previewed motion paths for verification.

To increase control fidelity, [29] introduces a hybrid interface combining a
handheld VR controller and a data glove. The controller specifies end-effector
goals, while the glove maps finger positions for trajectory generation. Users trig-
ger execution manually—balancing immersion and fine control. In [27], the envi-
ronment is replicated in a fully virtual robotic cell, with data from the robot used
to reconstruct its current pose and the workspace. The robot is then controlled
via a transparent sphere with a coordinate frame and some buttons attached.
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Fig. 1. Scheme of the developed teleoperation framework.

Compared to this, our work assumes that the operator is able to see directly the
robot and the workspace, and enhances the user interface.

Immersive XR environments are, however, not well suited for close-range
tasks, leading to new interfaces. In [26], the authors develop an augmented reality
(AR) interface tailored for industrial scenarios. Using a gamepad for control and
a headset for visual overlay, the system projects essential feedback—such as tar-
get poses, joint angles, force readings, and camera streams—into the user’s view.
It supports both joint-space and task-space control in world and tool frames.

In [3], cues are given based on object-pose recognition. Hints on the position
of the robot and gripper, on the circumference of the end effector, prediction on
occlusions and on the pose of manipulated objects are projected into the AR en-
vironment. Interaction with the robot is operated by gaze and head movements.

In [25], the control is based entirely on AR input and hand gestures inter-
preted by the headset. The end-effector pose is controlled via gesture commands,
rather than direct hand tracking, while voice commands switch modes. Control
is user-initiated and intermittent, but initial calibration to align with the digital
twin may cause synchronization issues.

Contrary to previous works, our framework uses both hand gestures and eye
tracking to interact with the user interface, making it easier for most interac-
tions while still remaining accessible. Moreover, an efficient calibration method
is used, exploiting a physical marker that the user simply observes through the
XR device—enabling fast and seamless integration into the environment. Fi-
nally, and most importantly, to the best of our knowledge, this is the first MR
teleoperation framework developed with SwiftUI, RealityKit and ARKit.

3 Developed teleoperation Framework

Our framework can be divided into two separate parts, the XR headset appli-
cation and the robot interface, communicating over Local Area Network (LAN)
via a socket through standard TCP /IP protocol. The headset acts as the client,
sending a JSON-formatted message to the server on which a robot interface is
running. A conceptual scheme of our framework is reported in Fig. 1.

3.1 MR interface

To realize our application, we developed an app with visionOS set as the sole
supported platform. The application is divided into three main components: the
calibration system, the user interface, and the robot interface.



A Mixed Reality User-friendly Interface for Robot Teleoperation 5

3.1.1 Calibration System Let us consider three orthonormal frames: O,, —
TwYwZw, (the world frame, corresponding to a marker),0, — Y, 2, (the user’s
XR headset frame), and Oy — zpyp2s (the robot base frame). The objective is
to enable the user to define a target pose for the robot end-effector relative to
the world frame. To this aim, we implemented a calibration system based on
ARKit’s native image tracking capabilities in visionOS. Our solution was devel-
oped using only built-in SDKs and frameworks, considering platform limitations
that prevent direct access to the headset’s camera feed, limiting the use of third-
party recognition frameworks [16] such as YOLO, MobileNet, or FastViT. As a
result, our approach relies entirely on ARKit’s internal tracking mechanisms.

To enable reliable tracking, the reference image must conform to ARKit’s
best practices [15], including high visual detail, uniqueness, and sufficient reso-
lution. We selected a marker satisfying these criteria and defined its physical size
precisely (19.7 cm by 19.7 cm). This printed marker corresponds to the world
frame with respect to which the user specifies the target commands for the robot.

Upon detection, ARKit returns a spatial anchor with a transformation matrix
T, € SE(3) describing the position and orientation of the marker with respect
to the user XR headset frame.

This setup, exploiting the knowledge of T, allows the user to specify the
desired pose in the world frame, represented as a transformation matrix Ty €
SE(3). To execute the task, this target pose must be expressed in the robot
base frame. To achieve this, we manually align the robot end effector one time
with the world frame to determine the relative transformation between the base
frame of the robot and the world frame, denoted TZJ € SE(3). The target pose
in the robot base frame TY € SFE(3) is then computed as T = T T .

3.1.2 User Interface The user interface, shown in Fig. 2, consists of a visual
interaction target and an attachment window. Represented as a virtual sphere,
the target serves as the primary interaction point for guiding the robot’s end-
effector. It is selectable and manipulable via natural gestures—such as pointing,
pinching, or gaze—and provides visual feedback when active.

The system interprets user input and continuously updates the position of
the target. Movements made in the virtual space are reprojected into the shared
coordinate system using the transformation matrix obtained during calibration.
This ensures that the target’s virtual position corresponds precisely to a physical
position in the robot’s workspace.

To support additional interaction, a spatially anchored control panel, referred
to as Attachment Window, is displayed alongside the interaction target. Although
rendered as a flat interface, it appears three-dimensional and spatially responsive
in the virtual environment. Its position is dynamically linked to the target entity,
allowing users to access controls without diverting attention from the task.

The Attachment Window includes the following Ul elements:

1. Position. Visualization of position coordinates of the target sphere.
2. Rotation. End-effector orientation control along the vertical axis.
3. Object Width. Object width selection for gripper adjustment.
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Fig. 2. User interface in a virtual environment, showing the target (blue-green sphere
in bottom-left corner) and the attachment window.

4. Gripper Control. Toggle to open or close the gripper.
5. Send Data. Start/stop control for live communication with the socket
server.

This interface offers a compact and intuitive control panel for precise teleopera-
tion in MR.

In order to integrate the virtual interface with the robot-facing code, a socket
was developed, relying on standard TCP/IP protocol.

The socket client sends target position and orientation, gripper command,
and object width combined in a JSON format in constant intervals of 100 ms.

3.2 Robot interface

A custom control interface was implemented to receive commands via a TCP /IP
socket. The commanded end-effector pose is expressed in the world coordi-
nate frame—centered on the calibration marker—and then transformed into the
robot’s base frame. Gripper control is handled through a binary open/close sig-
nal, accompanied by a target width for object-specific adaptation.

Robot motion is governed through a Cartesian position control scheme, which
interpolates between the current and target poses to produce smooth, continu-
ous motion. The control system also supports tunable relative joint acceleration,
allowing for a balance between responsiveness and fluidity—key for aligning mo-
tion behaviour with user interactions.

The control system is structured into three parallel threads:

1. Communication Thread — Listens for incoming commands from the XR head-
set and updates the target pose and gripper status.

2. Motion Control Thread — Continuously sends commands to move the robot
toward the latest received target pose, with a control loop running at a 10
ms period.
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Table 1. User sample description.

User profile Value

Gender Male 78.6%

Female 21.4%

Prescription glasses users 57.1%
Age 26.9 £ 3.05
VR experience (1 - 5 scale) 2.43+1.28
Robot experience (1 - 5 scale) 3.79 +£1.31
i0S experience (1 - 5 scale) 2.07+1.44

3. Gripper Control Thread — Processes gripper commands to open or close the
claw to the specified width.

4 Experiments

Our framework has been experimentally evaluated through testing with a rep-
resentative user sample, who performed tasks of varying complexity. The results
were analyzed to assess both users’ performance and their subjective experience.

4.1 User sample

The user sample we selected for the experiments consists in 14 people with dif-
ferent experience with robotics systems, XR headsets and iOS platforms. This
sample also includes prescription glasses users, who were asked to remove their
glasses to ensure proper use of the XR headset during the experiments. A de-
scription of the user sample is provided in the Tab. 1. The sample was diverse
in gender, prescription glasses use, age, and self-reported experience with VR,
robotics, and 10S (1-5 scale). It is worth to indicate that 85.7%, 42.9%, 78.6%
of participants reported medium to limited experience (<3 on the 1-5 scale) in
VR, robotics and iOS, respectively.

4.2 Experimental setup

Our framework has been evaluated with the use of the following experimental
setup:

— A KUKA LBR iiwa 7 robotic arm equipped with a WSG50 gripper, using
the relative SmartServo-based C++ control interface;

— An XR headset;

— A set of three distinct objects: a tennis ball with diameter 0.06 m, a can
with diameter 0.08 m, and a Rubik’s cube with side 0.056 m;

— Three target locations for object placement: a tube for the tennis ball, and
two marked boxes indicating the desired pose footprints for the can and
Rubik’s cube;
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Fig. 3. Experimental Setup.

— An OptiTrack motion capture system to accurately measure object place-
ment errors.

4.3 Tasks

To the selected user sample it was asked to complete the following tasks, in an
order of their choosing:

1. Ball task: pick and place the tennis ball into the tube. This task is evalu-
ated based on a binary success/failure criterion. Due to the relatively wide
diameter of the tube compared to the ball, this is considered the easiest task,
with minimal precision required.

2. Can task: pick and place the can onto its designated footprint. The objective
here is precise positioning, making it a task of medium difficulty.

3. Cube task: pick and place the Rubik’s cube onto its designated footprint
with correct orientation. This is the most challenging task, as it requires
both precise positioning and orientation.

The execution of these tasks of varying complexity allows for a comprehensive
assessment of the system’s precision, responsiveness, and usability in real-world
object manipulation scenarios.

4.4 Evaluation metrics

For each user, the success of individual tasks was recorded according to the
following criteria:
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— For the ball task, let us consider a binary value s; € {0,1} which denotes if
the ball has been inserted into the tube (s, = 1) or not (s, = 0). Let us then
denote the task execution time as t. € R, measured in seconds. The task is
considered successful if

sp=1At, <120s. (1)

— For the can task, we need to consider the position error, in addition to the
task execution time. Let us denote by p,; € R?® the desired position and by
p € R? the reached position. Let us then define the position error e, € R,
expressed in meters, computed as

ep = [|pg — pll2; (2)
with || - ||2 Euclidean norm. The task is considered successful if
e, <0.02m At, < 120s. (3)

— For the cube task, in addition to considering the task execution time and the
position error, we also have to consider the orientation error. Let us denote
by Rgq € SO(3) the target rotation matrix and by R € SO(3) the reached
one. Let us then define the orientation error ey € R, expressed in radians,
computed from the angle-axis representation of the mutual orientation as

T
-1
ea = arccos (tr(R ) ) e

with tr(-) trace of the matrix. The task is considered successful if
ep <0.02m A eg < 0.2rad Ate < 120s. (5)

For each user, the subjective standard measures NASA Task Load Index
(TLX) and System Usability Scale (SUS) were collected, as well as a custom-
designed questionnaire.

The NASA TLX is a widely adopted tool used to evaluate workload across
various domains, with several variations. Specifically, the Raw NASA TLX [14]
consists of six subscales—Mental Demand, Physical Demand, Temporal De-
mand, Performance, Effort, and Frustration—each rated from 0 to 100 in 5-point
increments. The overall task load is the average of these subscale scores.

The SUS, on the other hand, is a well-established ten-item questionnaire
based on a Likert scale, commonly used to assess system usability, also yielding
a score from 0 to 100 [5].

The custom questionnaire evaluates user experience in terms of ease of use,
with five subscales—Software, Picking, Placing, Position Control, and Orienta-
tion Control-—and in terms of expected behaviour with two subscales Position
Control and Orientation Control. All items are rated on a scale from 1 to 5.
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Table 2. Task performance results.

Metric Ball task Can task Cube task
s% 92.9 78.6 64.3

te [s] 62.5 + 20.2 59.8 £ 16.9 82.8 +£17.3

ep [107% m] - 9.50 £ 6.10 6.70 £ 5.70

eg [1072 rad] - - 8.24 + 5.89

Table 3. Raw NASA TLX, SUS, and custom questionnaire results. Except from TLX,

higher scores are index of better results.

Evaluation test Results

TLX 31.3+17.1

SUS 72.94+12.3

Software 3.71+1.2

Picking Item 3.71+1.14

Ease of Use (1 - 5 scale) Placing Item 3.64+1.28
Position Control 3.71£1.2

Orientation Control 3.07+1.33

Expected Behaviour (1 - 5 scale) Position Control 3.43+£1.16
Orientation Control 3+1.41

4.5 Results

Here the results of the tasks performed by the user sample are reported. The
quantitative results of the performance are provided in Tab. 2, while the users
subjective responses are collected in Tab. 3.

In Tab. 2, the parameter s% indicates the average percentage success rate,
computed considering the aforementioned criterion. Position and orientation er-
rors ey, eg and execution time t, are reported with their mean and standard
deviation taking into account only the successful tasks.

As expected, the results show that the average success percentage is highest
for the ball task, while it is lowest for the cube task. That is because the ball
task requires less position precision, while the cube task requires both precise
position and orientation. It is worth reporting that 80% of the users who failed
the cube task are prescription glasses users. For users with visual impairments,
it is recommended to use prescription lens inserts compatible with the headest,
which were not available during testing as are specific to the user’s prescription.

In terms of successful task completion, it is evident that both the error rate
and execution time are well within acceptable limits. The results demonstrate
that the performance of the system is reliable, with minimal errors and rea-
sonable task completion times, indicating that the system is both efficient and
effective for the intended use.

Regarding subjective user feedback, shown in Tab. 3, the metrics indicate low
perceived workload (NASA-TLX) and high system usability (SUS). The software
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was found to be generally easy to use, and the users perceived both the picking
and placing tasks clearly manageable. They reported a high level of satisfaction
with position control, citing both ease of use and expected behaviour. However,
satisfaction with orientation control was slightly lower in comparison. Some users
noted that the slider interface for managing orientation (see Fig. 2) turned out to
be rather sensitive. Nonetheless, overall feedback was highly positive, suggesting
that the framework was easy to use and comfortable.

5 Conclusion

In this paper, we have presented our MR-based framework for robot manipulator
teleoperation. The framework is based on SwiftUI, RealityKit and ARKit on the
user side, relying on TCP/IP stack to communicate with the robot. The frame-
work has been tested by 14 users with various degrees of experience with robots
and XR headsets, and different metrics were used to evaluate user performance
and comfort in using the framework. The results have shown the framework to
be quite easy to use and responsive, while users that had to remove their pre-
scription glasses performed, on average, worse than those without vision defects.
Finally, users seem to find more ease in controlling the robot end-effector po-
sition than the orientation. Future works include refining the user interface to
make the orientation control more intuitive and effective, for example, substi-
tuting the input sphere with an input cube, which can be rotated by the user.
Other improvements may regard gripper close and open commands, associating
them to hand gestures.
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