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Abstract— Teleoperation enables human operators to control
robots in remote environments, yet its integration with physical
human–robot interaction (pHRI) for handling cumbersome
objects remains limited. This work introduces a mixed reality
(MR) teleoperation interface using an object-based control
strategy, enabling the remote operator to manipulate a virtual
point on the object rather than the robot’s tool center point.
The approach was evaluated in collaborative manipulation of
an object exceeding the robot’s payload capacity and compared
with conventional control in a user study. Object-based control
supported accurate, differentiated rotational behaviors and was
rated more favorably in usability while maintaining low work-
load, indicating its potential for precise, intuitive manipulation
of heavy or bulky objects.

I. INTRODUCTION

Teleoperation, which enables human operators to control
robots in remote environments, is an active research area
in industrial, service, caregiving, and assistive robotics. Ad-
vances in communication technology have made it possible
to achieve real-time interaction over distances exceeding
10,000 km [1]. However, most teleoperation scenarios focus
on direct manipulation of the remote robot. Teleoperation that
involves collaborative manipulation with a local human, such
as physical human–robot interaction (pHRI) [2], remains a
relatively unexplored frontier.

One of the most challenging scenarios in human–robot
collaborative manipulation is handling cumbersome ob-
jects—items that are heavy, bulky, or have awkward geome-
tries—whose mass exceeds the payload capacity of a single
robot arm. In pHRI, prior work has investigated approaches
such as cobots using force-sensor feedback [3], [4] and
dual-arm robots [5], typically without remote control. In
these tasks, the robot may guide or support part of the
object’s motion while the human bears the remaining load.
To integrate pHRI and teleoperation, it is essential to design
control strategies and interfaces that are both intuitive and
well-aligned with the collaborative task.

A common control strategy for robot manipulators uses
the tool center point (TCP), which is typically fixed at the
robot’s end-effector flange and offset to the center of the tool.
TCP-based control is well established and widely compatible
with various robotic platforms, including industrial robots.
However, since TCP-based control was not originally devel-
oped for teleoperation, defining control points that are better
suited to the task may yield more user-friendly systems.
Object-based control is a control strategy that focuses on
objects manipulated by robots. It is a promising alternative
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Fig. 1: Object-Based MR Teleoperation and Physical Col-
laboration with a Local User

that offers high operability, as it shares many similarities with
the manipulation of virtual objects in 3D design software [6].
Although several methods have been proposed [7]–[9], few
studies have examined their application in physical collabo-
rative tasks or evaluated their usability.

For teleoperation interfaces, Mixed Reality (MR) and Vir-
tual Reality (VR) systems have been explored as immersive,
spatially coherent tools [10]–[15], providing operators with
enhanced perception of the remote environment. While these
interfaces have shown benefits in conventional teleoperation
tasks, there has been limited investigation into their integra-
tion with object-based control for collaborative pHRI. This
gap highlights the need for approaches that combine immer-
sive interfaces with control strategies designed specifically
for shared manipulation tasks.

In this study, we propose MR teleoperation interface for
pHRI, focusing on collaborative manipulation of large or
unwieldy objects (see Figure 1). We present the proposed
method and its implementation using a robot arm and a head-
mounted display (HMD), followed by a technical evaluation
and a preliminary user study. The results suggest that our
MR-based interface can be operated comparably to con-
ventional methods while offering slightly higher perceived
usability.

II. OBJECT-BASED TELEOPERATION INTERFACE

We assume that the robot arms used for teleoperation are
joint position control and have a function that calculates
inverse kinematics by inputting the target position and orien-
tation. This is because many consumer-available affordable
robot arms use position control with servo systems for each
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joint rather than torque control using force sensors. Such
position-based control schemes are also widely applicable
to various industrial robot arms. In basic industrial control
architectures, motion commands are specified relative to
the robot’s TCP, often located at the gripper flange. In
this section, we first describe the problem setup and a
geometric transformation that maps a desired object-level
control point to the corresponding TCP position, and then
introduce the design of the MR interface required to perform
this operation.

A. Problem

Consider a robotic manipulator grasping a rigid object.
The TCP (point A) pose in the world frame {w} is

Tw
A =

[
RA pw

A

0⊤ 1

]
,

where RA ∈ SO(3) represents the rotation matrix and pw
A ∈

R3 is the position of A. On the grasped object, we define a
Virtual Control Point (VCP) M located at a fixed offset from
A. The relative pose of M with respect to A is expressed as

TA
M =

[
RAM pA

AM

0⊤ 1

]
,

where RAM ∈ SO(3) represents the constant local rotation
from A to M (fixed due to rigid grasp), and pA

AM ∈ R3 is
the translation vector from A to M , expressed in frame {A}.

Given the desired pose of M in the world frame,

Tw
M =

[
RM pw

M

0⊤ 1

]
,

we aim to relate Tw
A and Tw

M via the known transform TA
M .

Figure 2 shows the coordinate frames and transformations.

Fig. 2: Reference frames of the robot end-effector and the
rigidly grasped object, showing the TCP A, auxiliary point
B, and the VCP M .

B. Coordinate Transformation

Here, we first consider the special case where there is
no local rotation between the TCP A and the VCP M , i.e.,
RAM = I . In this case, TA

M represents only a translation.
From rigid-body kinematics, we have the direct relation-

ship between the poses:

Tw
M = Tw

A TA
M

where the local homogeneous transform TA
M is defined as:

TA
M =

[
I pA

AM

0 1

]
Solving explicitly for the TCP pose, we obtain:

Tw
A = Tw

M TA
M

−1

Since TA
M describes only translation, its inverse is straight-

forward: (
TA
M

)−1
=

[
I −pA

AM

0 1

]
Expanding the terms, we get:

Tw
A =

[
RM pw

M

0 1

] [
I −pA

AM

0 1

]
=

[
RM pw

M −RMpA
AM

0 1

]
The positional component can thus be expressed as

pw
A = pw

M −RM pA
AM .

Using this result, the desired TCP pose (pw
A,RA) can be

directly supplied to the robot’s inverse kinematics solver to
obtain the corresponding joint commands for teleoperation.

C. Mixed Reality Interface for Control Input

To define the desired pose of the control point M , we
design a mixed-reality interface using an HMD and VR
controller that provides a life-scale virtual representation of
the robot and its surrounding environment, as illustrated in
Figure 3, enabling operation from a third-person perspective.

Fig. 3: Comparison between the real environment and the
mixed-reality interface.
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Fig. 4: System architecture overview: (Remote user) a Windows PC runs the MR interface; (Local robot) an Ubuntu PC
with ROS 2 controls the robot; both are connected via wireless LAN.

The interface operates as follows: (1) The operator po-
sitions the controller near the virtual representation of the
object and presses the trigger of the VR controller, prompting
the system to register the nearest point on the object as M ,
thereby defining pA

AM . If the controller is beyond a prede-
fined threshold distance from the object, the control point
defaults to point B (see Figure 2). (2) The operator specifies
the object’s desired pose by keeping the trigger pressed and
performing translational and rotational movements with the
controller. The MR system tracks these motions and converts
them into the target pose Tw

M .
The computed pose Tw

M is then transformed into the
corresponding TCP pose Tw

A using the method described in
Section II-B. This MR-based interaction approach follows
the principles presented by Lee et al. [9].

III. IMPLEMENTATION

We developed a prototype system to verify the pro-
posed method described in Section II. Figure 4 presents an
overview of the system architecture, which consists of two
main components: (1) a remote user operating through an
MR interface, and (2) a local robot arm executing collabora-
tive manipulation tasks. The two components communicate
via a wireless local area network (LAN).

A. Remote User

The MR interface is implemented using Unity 6.1 under
Windows 11 to generate a life-scale virtual environment.
A Meta Quest 3 head-mounted display (HMD) and VR
controller are used for visual presentation and user input. All
MR computations are executed on a laptop equipped with an
Intel Core i7-13700H CPU, 32 GB RAM, and an NVIDIA
RTX 4060 GPU.

B. Local Robot

The local manipulator is a UFactory xArm6 (Reach:
700mm), operated via ROS 2 (Humble distribution) on a
desktop PC running Ubuntu 22.04 with an AMD Ryzen 7
PRO 8700GE CPU and 32 GB RAM. Robot motion com-
mands are sent using the native xArm Python SDK. Since
the SDK lacks direct velocity control and may cause errors
with large displacement commands, we implemented linear
interpolation between the current and target TCP poses,
as recommended in the User Manual [16]. Interpolated
commands are streamed to the robot at 200Hz to ensure
smooth motion.

C. Network and Synchronization

All components communicate over a wireless LAN. The
MR environment is updated at 70Hz, while ROS 2 handles
communication and message passing at 50Hz. Feedback
from the robot, including current joint angles and TCP pose,
is continuously transmitted via ROS 2 to the MR interface for
real-time synchronization with the digital twin visualization.

IV. TECHNICAL EVALUATION

The evaluation aims to validate the feasibility of collabo-
ratively manipulating a large and cumbersome object whose
weight exceeds the payload capacity of a single robotic
manipulator, using the proposed method in cooperation with
a human operator. We define tasks involving such overweight
objects, manipulated in coordination with a human through
object-based control, and record the resulting motions.

A. Experimental Setup

For the experiment, we used a vertical aluminum ladder
with a length of 1800mm and a total mass of 6.9 kg as
operating object. This weight is heavier than the nominal
payload of the xArm6 (5 kg) [16]. In the task, the xArm6
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Fig. 5: Configuration of the Motion Capture System

robot grasped one extremity of the ladder, while a human
operator grasped the opposite one.

To measure object motion, we used three reflective spher-
ical markers affixed near the ladder’s geometric center (see
Figure 5). Motion tracking was performed using the Opti-
Track V120 Trio1. Only the ladder’s motion was recorded;
the robot and human motions were not directly tracked.

During the evaluation, the robot executed pre-recorded
motion trajectories while the human operator was following
passively. The experiment was conducted in an environment
free of obstacles and workspace constraints.

B. Experimental Protocol

We execute three distinct rotations around the vertical Z-
axis to characterize the behavior of the system under different
pivot constraints:

• Motion 1: Rotation of 35◦ about the point grasped by
the robot.

• Motion 2: Rotation of 35◦ about the location of the
motion capture marker.

• Motion 3: Rotation of 20◦ about the point grasped by
the human operator. (Note that the rotation angle was
limited due to the range constraints of the xArm6.)

This corresponds to performing the same rotational input
with different VCPs.

While at rest, we measured the share of the ladder’s weight
borne by the human. The operator held a scale supporting
the object, and we measured approximately 3.70 kg.

C. Results

Figure 6 shows the execution results of each motion, from
left to right: the X-Y plot, the time series changes in position,
and the time series changes in rotation.

In Motion 1 and 3, where the ladder was rotated around
one of its extremities, the trajectory in the XY plane fol-
lows a smooth arc, and the dominant rotational component
occurs around the Z-axis. These results are consistent with
a controlled in-plane rotation. In Motion 2, we can observe
a minimal displacement with a far-dominant rotation com-
posant around the Z-axis, confirming that the marker closely

1https://www.optitrack.com/cameras/trio-3/
indepth.html

(a) Motion 1 data - Blue: X axis, Orange: Y axis, Green: Z axis.

(b) Motion 2 data - Blue: X axis, Orange: Y axis, Green: Z axis.

(c) Motion 3 data - Blue: X axis, Orange: Y axis, Green: Z axis.

Fig. 6: Measurement results for each motion.

approximates the rotational center. However, the path was not
perfectly static because the ladder was not rigidly grasped
by the robot, and the operator could introduce some bias
depending on how well they followed the robot’s motion.

Thus, these results confirm that the system can produce
differentiated and controlled pivoting behaviors depending
on the defined rotational reference.

V. USER STUDY

We conduct a user study to investigate the usability of
the proposed method. We compare our Object-Based (OB)
control method with a baseline TCP control method (BL),
typically used for teleoperating robots. The evaluation con-
sisted of a series of positioning and orientation tasks designed
to simulate collaborative work scenarios.

A. Procedure

We employed a within-subject design in which each par-
ticipant tested both control methods. The order of interface
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Fig. 7: Comparison of Workload (NASA-TLX) and Usability (SUS) between BL and OB

presentation was shuffled across participants to control for
learning and fatigue effects, resulting in two possible se-
quences (BL→OB or OB→BL). Both orders were equally
represented across participants.

For each interface, participants received a brief tutorial fol-
lowed by a 5-minute practice session. Then they completed
12 predetermined object-placement tasks per interface. After
completing a condition, participants filled out the System
Usability Scale (SUS) [17] and the NASA Task Load Index
(NASA-TLX) [18]. Table I shows the experimental summary.

TABLE I: Experimental Procedure Summary

Phase Time Description
Briefing & Setup 5 min Instructions
Free Practice 5 min Unrecorded exploration
Block 1 ∼5 min Tasks using Interface 1 (BL or OB)
Questionnaire 1 ∼15 min SUS + NASA-TLX (Interface 1)
Block 2 ∼5 min Same tasks using Interface 2
Questionnaire 2 ∼15 min SUS + NASA-TLX (Interface 2)

B. Task

Participants use each interface to align a physical object,
manipulated by the xArm6 robot, with a virtual target pose
displayed in the MR headset. The object is supported pas-
sively by a local human assistant, who helps counterbalance
gravity but does not guide the motion as shown in Figure 1.
This setup allows the remote operator to focus entirely
on the control. Note that these positioning and orientation
tasks are performed under the assumption of an obstacle-
free environment.

Participants are required to complete each target pose in a
fixed sequence to eliminate the influence of a random order.

C. Measurement

For both methods, timestamped position and orientation
data of the manipulated object are recorded continuously.
Additional logs capture pivot selection events and trigger

activations to analyze interaction patterns. Quantitative per-
formance is measured via task completion time, defined
as the interval between the target pose appearance and
successful alignment.

D. Participants

7 volunteers from Tokyo University of Science participated
in the study. All participants are healthy adult males and
novices at robot teleoperation.

E. Results

1) Task Performance: The OB method resulted in a longer
total completion time (mean = 197.33 s, SD = 25.60 s) com-
pared to the BL method (mean = 171.65 s, SD = 43.99 s), an
increase of 25.68 s (+14.96%). With OB, participants often
needed to adjust their body posture, sometimes standing up,
to reach the object and manipulate the virtual control point.

Beyond these adjustments, OB appeared to encourage a
more precise strategy: participants tended to approach the
target slowly, refining the object’s orientation step by step.
This behavior likely contributed to the higher number of
Trigger button presses in OB (mean = 50.33, SD = 15.18)
relative to BL (mean = 45.00, SD = 4.00), an increase of 5.33
transitions (+11.84%). In contrast, the BL method relied on a
single control point and often elicited faster, more trial-and-
error–based interactions. Such differences in manipulation
strategy may have affected the completion time.

2) Subjective Taskload: The form results indicate that
the NASA-TLX —evaluated on a 7-point Likert scale—
workload ratings were similar between the object-based and
baseline TCP control methods (see Figure 7). Mean scores
for each workload dimension remained below the midpoint
of the scale for both conditions, suggesting an overall low
perceived workload.

In contrast, the System Usability Scale (SUS) scores
differed between the two conditions, with OB obtaining a
higher average score (84.00 ± 12.71) than BL (74.00 ±
16.85). Note that the commonly accepted usability threshold

268



is 68 out of 100. As participants used the same MR interface
in both conditions, these results also indicate that the MR
interface was effectively usable independent of the control
method.

VI. DISCUSSION AND CONCLUSION

The proposed MR interface for teleoperation and its
object-based control method demonstrated efficiency, usabil-
ity, and a low perceived workload in the context of collab-
oratively manipulating cumbersome objects. These findings
suggest that the approach is a viable alternative for remote
collaboration scenarios where rotational precision and refer-
ence flexibility are critical. Nonetheless, several directions
remain for future work.

First, the current evaluation was limited in both task
variety and participant numbers. To better assess generaliz-
ability, future studies should examine a broader spectrum of
collaborative manipulation tasks, including objects of varying
sizes, weights, and geometries, and more challenging tasks,
such as guiding a rod through a narrow space, and involve
a larger, more diverse participant pool in realistic settings.
Moreover, the task should be made more demanding so that
successful completion cannot be achieved through brute-
force strategies, ensuring that the evaluation more faithfully
reflects the intended precision requirements.

Second, our system currently focuses on providing the
remote operator with information about the robot’s state.
In collaborative settings, however, awareness of the local
human’s state is equally critical for safe and efficient inter-
action. Future work will aim to extend the system to convey
key information about the local user’s actions, intentions, and
physical constraints, thereby enhancing mutual understand-
ing between the remote and local users.

Finally, the integration of haptic feedback between the
remote operator and the local human is a promising av-
enue. Allowing the remote user to perceive forces acting
on the robot could improve coordination, enhance safety,
and enable more precise control during collaborative tasks.
Furthermore, while this study focused on position-controlled
robot manipulators for ease of implementation, we believe
that our object-based control approach has the potential to
be extended to force-controlled systems, offering valuable
insights for the development of future collaborative teleop-
eration technologies.
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