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Abstract—This paper presents an Augmented Reality platform
enabling bi-directional interaction between a human operator
and a robot during collaborative object transportation tasks.
The proposed system supports two interaction modes. In the
first one, based on the leader-follower paradigm, the operator
drives the motion while the robot assists the task by complying
with the forces and torques applied during transportation. In the
second mode, the operator specifies a target pose for the object
via the Augmented Reality platform and the robot autonomously
calculates its end-effector reference trajectory while maintaining
compliant behavior to safely react to the wrenches exerted by the
operator and/or the environment. Experimental results employing
the Franka Research 3 collaborative robot and the Microsoft
HoloLens 2 device demonstrate the robustness of the framework
and its capability to assist the operator in transporting large
objects while improving the intuitiveness of human-robot inter-
action.

I. INTRODUCTION

Human-Robot Collaboration (HRC) is widely implemented
by scheduling sequences of tasks wherein operators and
robots work toward a shared objective [1], [2]. This synergy
leverages the complementary strengths of both agents: the
robot’s physical power generation capability and the human’s
cognitive abilities. For instance, humans’ proactive capabilities
can be exploited to oversee and optimize the physical power
of robots when facing diverse task demands and unexpected
disturbances. Consequently, achieving seamless integration be-
tween humans and robots represents a challenge of paramount
importance in HRC.

In collaborative scenarios, the information stream can be
uni-directional, proceeding from the robot to the human
operator or vice-versa, or bi-directional, where a reciprocal
communication channel is established. As detailed in [3],
Human-Robot Collaboration interfaces aim at establishing a
bi-directional information flow, which can be primarily classi-
fied into feed-forward and feedback modalities. Feed-forward
interfaces manage the communication stream directed to the
robot, originating from the human operator or the external
environment [4]. A prominent example is provided by visual
interfaces, which assist the user in the intuitive generation and
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validation of trajectories [5]. Moreover, in contexts involving
physical Human-Robot Collaboration (pHRC), haptic devices
assume a crucial role by integrating the human in the loop.
They facilitate a bi-directional signal stream, dealing with the
force exchange, which is fundamental for tasks such as the co-
transportation of objects [6]. Conversely, feedback interfaces
operate in the opposite direction, i.e., from robot to human,
aiming to augment the operator’s perception of the task and
its environment. Mixed Reality (AR) devices, for instance,
are particularly well-suited for this purpose, enhancing human
awareness through the overlaying of contextual information
supplied by the robot [7], [8], [9].

In the field of pHRI, safety, dependability and performance
must be integrated within a unified framework of optimality.
Such an approach aims to guide future advancements in the
design of robotic systems that can operate safely and reliably
in human-centered environments, according to the vision of In-
dustry 5.0 [10], [11], [12]. This research direction is motivated
by the growing deployment of robots for object transportation
tasks in industrial contexts, as well as in other domains such as
service robotics and teleoperation. Such collaborative schemes
enable the distribution of interaction forces among multiple
robots, reduce the physical workload on humans and facilitate
the manipulation of large or heavy objects while maintaining
safe operating conditions.

The dynamic allocation of roles between human and robot
agents is explored in [13] through the introduction of three
distinct schemes for task effort distribution. A central con-
cern in this framework is the robotic system’s capacity to
autonomously and appropriately adapt its own role during
collaboration, which represents a necessity dictated by task
dynamics, environmental uncertainty and unpredicted varia-
tions in human intent.

A variable impedance control is implemented in [14] for HR
collaborative transportation tasks, where three control modes
are defined: robot-dominant, human-dominant and collabora-
tion mode. A learning mechanism for parameter estimation is
employed for enhancing safety, by actively adapting stiffness
and damping throughout the human-robot interaction. Simi-
larly, the work in [15] proposes a variable admittance control
approach for the HR object manipulation. In this scheme, the
admittance parameters are dynamically adapted based on the
desired trajectory and the external forces sensed by the robot,
enabling the system to effectively respond to potential changes
of the manipulated object. This approach further incorporates
robust inverse dynamics control to stabilize the motion control
laws, ensuring accurate trajectory tracking even in the presence
of uncertainties.
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Fig. 1. System architecture: the Microsoft HoloLens 2 device, on the left; the Franka Research 3 robot, on the right. The communication stream is guaranteed
via ROSBridge, employing JSON format messages.

Another critical issue arises from the translation–rotation
ambiguity resulting from the coupling of multiple degrees of
freedom in the object’s dynamics. The study in [16] addresses
the difficulties encountered by human operators when applying
large torques during collaborative object handling with a robot.
By imposing a virtual nonholonomic constraint on the object,
the robot’s motion is effectively restricted, thereby preventing
object’s sideslip and enhancing the stability of the cooperative
manipulation.

To address this challenge, further efforts have focused on
the development of passive robotic systems, whose mechanical
design specifically aims to mitigate the problem, allowing
for efficient transmission of wrenches and smooth trajectory
tracking. In [17], a system consisting of multiple mobile
collaborative robots has been developed to enhance payload
manipulability. In this case, the human operator exerts direct
control over the trajectory and forces, acting as the primary
guiding force to manipulate the object. Passive robotics is also
explored in [18], where a passive robotic porter, comprising
three omnidirectional wheels equipped with servo brakes and
a control unit, is developed to assist humans in object co-
manipulation. The additional passive joint is exploited to
adjust the object’s orientation, while its position is regulated
through the servo brakes.

II. MOTIVATION AND CONTRIBUTION

As previously discussed, Augmented Reality (AR) applica-
tions represent effective interfaces for Human-Robot Interac-
tion in collaborative transportation contexts. They provide a
bi-directional information flow that enables full integration of
the human operator into the control loop.

The development of HR platforms for collaborative trans-
portation is part of an advanced project aimed at creat-
ing a general-purpose augmented reality framework on the
HoloLens 2, entitled HumanTIX [19]. The platform has been
deeply enriched and developed so that the system is capable of
addressing the integration of the human operator as an agent

in the loop, exploring dynamic role allocation and intentions
exchange issues, previously investigated. It has been designed
to ensure safe interaction between robots and low-skilled
operators during tasks, such as robot trajectory planning, pick-
and-places (see Section III) and object transportation (see
Section IV). As assessed in [19], this approach reduces the
physical workload associated with robot interaction, at the cost
of a slight increase in cognitive load for novice users. The main
aspect requiring attention concerns the potential information
overload during the user’s first interactions. However, an
appropriately configured level of robot autonomy can ensure a
simple and effective user experience. Moreover, the platform
implements novel features that address the need to incorporate
safety guidelines by introducing the tracking of parameters and
signals from both the human and the robot, with the aim of
strengthening the bi-directional communication [12].

The application proposed in this work incorporates both
feed-forward and feedback interaction modes (see Section IV).
On one hand, it allows for the generation of the desired object
trajectory; on the other hand, it enhances the operator’s percep-
tion by providing information about the forces exerted by the
robot on the object. In this heterogeneous system, composed of
a human operator, a collaborative robot and an AR device, the
operator can dynamically adjust the robot’s level of autonomy,
switching from a simple leader–follower scheme to a more
advanced configuration in which the object trajectory is shared
with the manipulator. In the latter case, the implementation of
an admittance controller ensures the reduction of interaction
forces and guarantees a safe collaboration (see Section V).
Additional AR functionalities, e.g., controlling the opening
and closing of the robot’s end-effector, are provided through
an intuitive virtual control panel. Finally, thanks to its modular
design, the application naturally supports the development and
integration of new features that exploit the full capabilities
of the augmented reality device (e.g., human gaze or hand
movements tracking).



III. AUGMENTED REALITY FEATURES

The system architecture is illustrated in Figure 1. On the
left, the Microsoft HoloLens 2 wearable device runs the
Unity platform (v2021.3.22f1, 64-bit) [20], integrated with
the Mixed Reality Toolkit v3 (MRTK3) [21]. This library
provides essential components for developing cross-platform
features within the Unity environment. On the right, the Robot
Operating System (ROS) is in charge of managing the inputs
and commands for the Franka Research 3 collaborative robot.
Bi-directional communication between these two components
is achieved through the exchange of JSON-formatted messages
using the ROSBridge protocol, which enables non-ROS clients
to interact with ROS systems via WebSockets.

This platform is built upon previous advancements devel-
oped in [12], [19], which provides:

‚ the robot URDF-hologram placement in the AR environ-
ment and calibration error assessment (about 5 mm in
position, ă 1 deg in orientation);

‚ the visual feedback of the manipulator’s joint states
through color-mapped virtual spheres and reachable
workspace;

‚ the trajectory path generation via the interaction with
virtual entities, including the end-effector hologram and
the path way-points;

‚ the robot planned trajectory simulation and execution;
‚ the human gaze-tracker, for monitoring the operator con-

centration, and the virtual wall construction, for separat-
ing the human and robot workspaces.

Additional AR features have been implemented for execut-
ing a collaborative object transportation task, including the
introduction of virtual buttons for managing the end-effector
status, calibrating the manipulated object and tuning the sys-
tem’s autonomy level through various collaboration modalities,
which will be comprehensively discussed in Section IV.

IV. HUMAN-ROBOT COLLABORATIVE OBJECT
TRANSPORTATION TASK

By leveraging the bi-directional communication established
through the AR platform HumanTIX, the human operator can
be seamlessly integrated as an agent in the loop within the
control architecture. On the one hand, the human operator can
exploit the information provided by the Augmented Reality
platform, visualized through the HoloLens 2 display, to mon-
itor the robot’s current state in real time, which shows also a
feedback of the interaction forces exerted on the object during
the task execution. On the other hand, the operator can plan the
object trajectory and suitably modify it to minimize the forces
applied on the object or for collision avoidance. Furthermore,
the operator is able to proactively update the task sequence,
such as grasping, pick-and-place, or motion actions, according
to the task requirements. Finally, the proposed framework
allows the user to switch between different control modes,
ranging from a leader-follower scheme to an object admittance
control. In this way, the operator can exploit her/his superior
cognitive capabilities to assist the robot in complex decision-
making or adaptation processes, while the manipulator assist

(a) Third-person perspective.

(b) Human operator wearing the HoloLens device perspective.

Fig. 2. Two snapshots of the video showing the collaborative object
transportation, available at https://web.unibas.it/automatica/multimedia.html.

her/him in physical demanding task, whose execution is be-
yond a single agent capability. A new 3D printed fingertip has
been attached to the Franka Hand to ensure torque transmis-
sion to the robot and avoiding object side-slipping throughout
the transportation task. Figure 2 shows two snapshots of the



Fig. 3. The QR code used for the object calibration. Once detected, the virtual
panel is superimposed on the real one.

collaborative object transportation task from an external per-
spective (Fig. 2a) and from the operator wearing the HoloLens
device (Fig. 2b). The operator is provided with the wrenches
exerted on the object, which are represented by virtual arrows
whose size varies according to the numerical value of the
wrenches, and can activate/deactivate the visualization of each
component according to her/his needs. More in detail, the two
interaction modalities for HR collaboration will be explored
in the following subsections.

A. Leader-follower modality

In the first control mode, the human acts as the leader while
the robot operates as the follower. In this configuration, the
robot assists the operator in physically demanding tasks, such
as object transportation, by exhibiting a compliant behavior.
Specifically, the operator commands the desired object tra-
jectory by manually guiding it within the shared workspace:
she/he can tackle unexpected situations and provide fine
adjustments of the trajectory of the grasped object at each
time instant. On the contrary, the robot provides support in
lifting and moving the object through compliant control. In
this scenario, the AR interface helps the human operator grasp
the object and provides visual feedback on the forces exerted
by the robot on it in order to reduce its internal stress.

According to this modality, the robot behaves as a passive
agent, merely reacting to the operator’s actions. It is compli-
ant with the wrenches sensed throughout the object motion,
according to

M :x ` D 9x “ γ, (1)

where x “ rpT,ϕT
sT is the robot end-effector pose, with ϕ

denoting the Euler angles triplet and M and D are the gain
matrices for the robot virtual mass and damping, respectively.
Moreover, γ “ T T

Apϕqhe, with

TApϕq “

„

I3 O3

O3 T pϕq

ȷ

, (2)

where T pϕq relates the Euler angles derivative 9ϕ to the
angular velocities ω and he is the wrench measured at the
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Fig. 4. Robot trajectory (bottom) and corresponding filtered sensed wrench
(top).

manipulators’ end-effectors. Notice that no spring term is
included in (1), since the desired end-effector pose, xd, can
be considered as the actual pose of the manipulator in every
time instant.

B. Admittance control modality

In the second control mode, the human operator still defines
the object trajectory, but this information is fed into the robot
controller via the Augmented Reality interface. As in the
previous case, the AR platform assists the operator during the
initial grasping phase and provides real-time visualization of
the robot state and the applied wrenches.

After performing the calibration of the manipulator, the
AR device identifies the initial pose of the object through
the detection of the QR code placed on it (see Fig. 3).
Consequently, the virtual object reference frame is displayed
within the AR scene, thereby the user can translate and rotate
it to assign the target pose of the object. Based on this
information, a path is generated in the task space and the
robot exploits the closed-chain constraints [22] to compute
the corresponding desired end-effector trajectory (xd, 9xd, :xd).

Throughout the task execution, an admittance control
scheme is used to reduce the wrenches exerted on the object.
The robot computes the human wrench exerted on the object,
along with the forces arising from an eventual contact with
the external environment, γo “ TT

Apϕqho, where ho “ Ghe

and G represents the grasp matrix. Both these contributions
determinate the wrench exerted at the object center of mass,
according to

Mo:eo ` Do 9eo ` Koeo “ γo, (3)

where eo “ xo,d ´ xo,r is the object tracking error, with
xo,d and xo,r denoting the object desired and reference pose,
respectively. In this way, the manipulator acts as an active
agent since it is in charge of limiting both external and
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Fig. 5. Robot trajectory (bottom) and corresponding filtered sensed wrench
(top). In the bottom row, dashed and lines represent the desired and the
reference trajectories, respectively.

internal forces acting on the object, by means of the admittance
control framework. On the other side, the human operator can
change the robot trajectory by applying forces and torques to
the object. This results in a modification of the end-effector
reference trajectory, xr, which the robot subsequently follows.
When the operator stops to apply wrenches, the elastic term in
(3) drives the system back to the desired trajectory, allowing
the object to reach the predefined target pose.

Finally, the human operator can switch between the two pro-
posed collaborative control methods through the AR interface,
enabling intuitive and flexible task supervision and execution.

V. EXPERIMENTAL RESULTS

Two experiments have been carried out, one for each
interaction mode. The workpiece to be transported is a wooden
board of size 0.9 ˆ 0.45 ˆ 0.003 m and weight 0.5 kg.

Figure 4 shows the interaction wrench applied to the object
by the human operator and the corresponding variations in
the object pose during the execution of the collaborative
transportation task through the first interaction mode. In this
experiment, that lasts approximately 100 s, the object motion
is constrained in the xy plane. Thus, as can be seen in the two
graphs in the top row of Fig. 4, only the forces along the x
and y axes and the torque around the z axis are depicted. In
the bottom row of the same figure, the x and y coordinates
of the position and the z coordinate of the orientation for
the end-effector are reported. As expected, the robot complies
the sensed forces and torques, following the object trajectory
imposed by the human operator.

In the second experiment, executed enabling the second
interaction mode, the human operator moves the object digital
twin in order to specify the target pose and commands the
robot to start the motion by using the AR interface. Then,
the robot computes the desired trajectory for its end-effector
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Fig. 6. Norm of the object position (left) and orientation (right) tracking
errors.

using a third-order polynomial time law, which lasts 10 s.
During the execution of the task, the robot tracks the desired
trajectory while maintaining compliant behavior with respect
to possible interaction forces and torques. In the first phase of
the motion, the human operator also follows the trajectory as
passive agent, then, around t “ 6 s, starts to exert wrenches
on the object. The robot immediately reacts, deviating from
the desired trajectory according to the sensed wrench. This is
shown in the bottom row of Fig. 5, where it can be seen that
the reference trajectories (solid lines) deviate from the desired
ones (dashed lines) according to forces and torques exerted
by the operator. Around the time instant t “ 13 s, the human
operator stops to exert wrenches and, then, the robot resumes
the desired trajectory and attempts to reach the target point by
exploiting additional 10 s of steady-state time. Residual forces
(along the y-axis) and torques (along the z-axis) measured by
the robot can be observed in the top row of Fig. 5. As a
consequence, the robot achieves the desired final pose with a
residual tracking norm error of „ 0.009 m and 0.025 rad, as
shown in Fig. 6.

VI. CONCLUSIONS

This paper presents an Augmented Reality platform aimed
at allowing bi-directional interaction between a human opera-
tor and a robot during object transportation tasks. The platform
allows the human operator to use two interaction modes. The
first one is based on the leader-follower paradigm, where the
operator is in charge of imposing the motion and the robot has
to assist her/him as passive agent. The second one forecasts
that the robot has to follow a desired trajectory for the object
(previously defined by the operator) and, at the same time,
has to exhibit a compliant behavior in order to safety react to
wrenches imposed by the human or the environment.

Experiments conducted with Microsoft HoloLens 2 and the
collaborative Franka Research 3 robot confirm the robustness
of the proposed approach and demonstrate the system’s ca-
pability to assist the operator in transporting heavy objects,
while also enabling more intuitive interaction with the robot
through the virtual reality interface.

Future work will focus on integrating a mobile robotic
platform to extend the operational workspace beyond the limits
of a single manipulator during the transportation task.
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