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Figure 1: Remote VR collaboration can be extendedwith physical elements such as tables and props (a-b). Physical local objects
and virtual remote objects are mixed in the UI (c-d) to seamlessly interact with all the objects.

ABSTRACT
Virtual Reality (VR) remote collaboration is becoming more and
more relevant in a wide range of scenarios, such as remote assis-
tance or group work. A way to enhance the user experience is
using haptic props that make virtual objects graspable. But physical
objects are only present in one location and cannot be manipulated
directly by remote users. We explore different strategies to handle
ownership of virtual objects enhanced by haptic props. In particu-
lar, two strategies of handling object ownership – SingleOwnership
and SharedOwnership. SingleOwnership restricts virtual objects to
local haptic props, while SharedOwnership allows collaborators to
take over ownership of virtual objects using local haptic props. We
study both strategies for a collaborative puzzle task regarding their
influence on performance and user behavior. Our findings show
that SingleOwnership increases communication and enhanced with

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
SUI ’21, November 9–10, 2021, Virtual Event, USA
© 2021 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-9091-0/21/11. . . $15.00
https://doi.org/10.1145/3485279.3485287

virtual instructions, results in higher task completion times. Share-
dOwnership is less reliant on verbal communication and faster, but
there is less social interaction between the collaborators.
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1 INTRODUCTION
Collaborative work allows to combine knowledge and shape col-
lective solutions that incorporates different perspectives. This can
benefit various application areas ranging from problem-solving
and content layouting, to architecture and manufacturing tasks
[26, 31, 54]. A promising technology to enable collaboration across
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distance is VR. One can imagine a workspace where a user is col-
laborating at a table. The table and its objects are physical, spatially
registered with and visualized in the virtual scene. This provides the
advantage of physicality, the intuitive familiarity of working on a
table and the tactile sensation of grabbing and manipulating objects.
At the same time, the benefits of virtuality can be exploited — one
can perceive the remote collaborators’ presence and the interaction
is synchronized over the network in a unified VR experience.

Lots of future collaborative work can shift to VR. With technical
advancements, future VR systems could integrate physical objects
and provide them as haptic props that are ubiquitously applicable
during collaboration. This could enable remote users to create a
collective solution by using physical objects present in their location.
Here a fundamental challenge is interaction with remote physical
objects. One can manipulate the own local object as well as the
virtual representation of a remote object but not manipulate the
actual remote physical object.

Yet, collaborators may be of distinct expertise, where an ability
to manipulate remote objects directly can become helpful. Related
work suggests augmenting objects with motors [12, 44] or using
teleoperated robot arms for remote control [15]. Or, to indicate
the manipulation virtually, which the partner can then physically
recreate in their location [20, 23]. However, as these approaches
either require extensive hardware augmentation or user effort, it is
desirable to seek alternative ways to tackle this challenge.

We investigate a new approach that engages users more actively
and closely preserves the notion of physical manipulation across
local and remote spaces. Our idea is to use passive haptic props
in each physical location for the interaction with virtual objects.
These haptic props have a variable representation in the virtual
environment and can be used to control the available virtual objects.
We explore this in two ways of ownership of the assigned virtual
objects: SingleOwnership and SharedOwnership. SingleOwnership
restricts collaborators to manipulate only the virtual objects that are
associated with their local haptic props, whereas SharedOwnership
allows transferring virtual objects between remote locations by
taking over ownership with haptic props.

We implemented a distributed multi-user VR system that allows
remote collaborators to interact with haptic props to solve a spatial
arrangement task. The system incorporates haptic props registered
at two locations by optical tracking. The spatial information is
shared live across the network. Collaborators experience virtual
objects assigned to remotely located haptic props at the correct 3D
location and orientation in the virtual room. We conducted a user
study to gather insights about the performance, experience, and
trade-offs of the collaboration with different ownership strategies.
We implemented a puzzle task that required the collaborators to
create a certain arrangement of puzzle pieces using haptic props.
To fulfill the task, the collaborators had to exchange knowledge
with the given ownership techniques.

For SingleOwnership we employed two conditions. (1) collabora-
tors could either use haptic props to arrange their own puzzle piece
and then rely on verbal communication and gestures to communi-
cate the solution of the task to each other. (2) Collaborators could
create virtual instructions that indicate the correct arrangement
of puzzle pieces using blank haptic props (Instruct). Therefore, we
provided an additional set of haptic props. These haptic props were

’blank’ and could be assigned to a puzzle piece by the user. For
SharedOwnership, we employed two transfer techniques namely
copy and cut. Copy allowed collaborators to use blank haptic props
to retrieve a copy of a virtual object that is assigned to a remotely
located haptic prop. Cut allowed collaborators to reassign virtual
objects from remote haptic props to blank local haptic props. In
this case, the remote haptic prop turned blank.

By having the ability to transfer remote objects using local haptic
props, collaborators perceived that they communicated less using
speech or gestures. Our results indicate that which strategy to han-
dle ownership works best – SingleOwnership or SharedOwnership
– is depending on the underlying scenario. We found that collab-
orators were significantly slower when using virtual instructions
compared to verbal communication or transferring ownership via
copy or cut. By having the ability to transfer remote objects using
local haptic props, collaborators perceived that they communicated
less using voice or gestures. Overall, we found that SingleOwnership
techniques are more useful if awareness between collaborator’s
actions is needed (e.g., novice/expert scenario), while SharedOwn-
ership techniques provide benefits when collaborators want to use
their own expertise to solve a task with fewer dependencies on
each other. For example, creating a collaborative solution to which
collaborator contributes with their own knowledge to shape the
best result.

The contributions of this work are as follows:
(1) The design of SingleOwnership and SharedOwnership col-

laboration techniques. SingleOwnership techniques rely on
instructions either verbally or by using haptic props. Share-
dOwnership techniques allow transferring virtual objects
between remote locations using haptic props. This allows
the collaborators to work more independently.

(2) An open-sourced VR system for multi-user remote collabo-
ration with tracked physical objects at both locations.

(3) A user study comparing our techniques and revealing in-
sights on the unique trade-offs between spatial task efficiency
and communication engagement of the users.

2 RELATEDWORK
In the following, we review previous work on video-based remote
guidance, 3D-based collaboration, as well as tangibles and haptics
with a focus on their use in collaboration.

2.1 Video-based Remote Guidance
As one of the first efforts, Kuzuoka investigated experts collabo-
rating remotely over a screen with a head-mounted device (HMD)
user [30]. The user’s HMD included a small display that showed
the collaborator’s finger pointer image to indicate position. The
evaluation showed that gestures led to improved task performance,
with fewer words needed. Other methods for providing input to
the collaborator are annotations through gestural sketching [41],
visual hand embodiment, and cursor pointers [16]. The latter de-
scribes two fundamental ways to support the collaborator: pointing
gestures for reference and representational gestures to convey form
and nature of actions. Kirk and Fraser compare unmediated hands,
hands and sketch, and digital sketch only, either presented on a
monitor or projected into the workspace [28]. No difference was
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found for output location (monitor or projected), but hand gestures
had the highest performance. Others extended screen-based input
to communicate rotation and translation of objects [2].

2.2 VR-based Collaboration
Traditional voice or video-based remote guidance con�ne the col-
laboration, e.g. from ambiguous language [52] or confusion [24].
Hence, VR-based collaboration approaches that go beyond voice
and video-based guidance are promising for co-located [40] and
remote collaboration [5]. It is bene�cial for the experience when
collaboration happens synchronously [19]. However, collaboration
can be asymmetric, meaning users can collaborate using di�erent
technologies [27, 50]. Moreover, previous work shows that 3D-
based collaboration is not limited to two users [22, 46] and allows
group-to-group telepresence [4]. Yet, it requires e�cient interaction
concepts to enable �uid collaboration [55].

An essential part of remote 3D-based collaboration is reconstruct-
ing collaborators' bodies [25, 29] and their physical environment
[17], allowing scenarios such asHoloportation[39]. Awareness cues,
such as gaze and head movement, can be added for a more realistic
collaboration [42, 45, 51]. Previous work found task performance
to bene�t from a combination of these awareness cues [21]. Others
have explored how hand gestures and sketches can be integrated
in collaboration scenarios [18, 49]. Studies found that hands are
very intuitive [53] and increase task performance accuracy [49].
Hence, we utilize them for our scenario, empowering collaborators
to communicate via pointing and gestures.

2.3 Physical Object Integration
2.3.1 Tangibles.Tangibles allow computer interfaces to be closer
to the physical world by providing users with haptic feedback [20].
They can enhance task performance (e.g., allow for more precise
input [12]), achieve a higher learning gain, and perceive problem-
solving as playful [47]. Tangible interfaces for collaboration were
introduced in 1998 [6]. They often require active components to
re�ect the movement of the tangibles at other physical locations
[43]. Prior work explores scenarios, such as playing air-hockey
over distance [37] or transmission of shapes [32]. Nonetheless, the
active components remain technically challenging, making them
less generalizable (c.f., air-hockey scenario [37]).

2.3.2 Haptic Props.Combining tangibles with VR is promising as
aspects of the physical object (e.g., visual appearance) can be added
in real-time, enabling a more universal usage [23]. These generic
physical objects are often referred to as haptic props, designed to
give users the sensation of touch (e.g., as passive [33] or active
haptic props [23]) without a strict 1:1 mapping between object and
function. How to enable more expressive physical sensations in
VR has been explored before. For example, people can physically
move objects in the background of the virtual session [8, 10], the
prop itself can dynamically change weight [56], and can be actuated
through robots [35, 58] or quadcopters [1]. It is also possible to use
dynamic repurposing of interaction elements, such as the passive
haptic [3] or the user's manual input [9, 57] to be able to interact
with a more diverse set of props. Complementarily, our research
investigates increasing expressiveness of haptic props for remote
collaboration where local and remote props are mixed.

2.3.3 Collaborative Haptic Props.For co-located collaboration, these
haptic props can be shared by users [23], whereas if remote, each
collaborator needs their own set of haptic props [13]. Previous work
frequently studied asymmetric collaboration that uses a combina-
tion of AR for a novice user on-site and VR for a helping remote
expert [7, 14, 38]. Nevertheless, in many scenarios it makes sense
to utilize symmetric collaboration between VR users (e.g., problem-
solving [31], content creation [11], or training [22]). Di�erent types
of active haptic props have been proposed in the literature that can
re�ect manipulations by remote collaborators [13, 23]. Additionally,
the teleoperation of a robotic arm can allow users to manipulate
remote objects [15]. However, these systems are more challenging
to construct and require additional components such as motors or
displays. We extend the prior work by a study of how remote and
local users can interact with passive haptic props and utilize them
in a synchronous collaboration task.

3 HAPTIC PROPS FOR COLLABORATION
We introduce our approach to collaboration using passive haptic
props in an immersive VR environment (see Figure 2). Our approach
is split up into two integral parts � SingleOwnershipand Share-
dOwnership. First, we introduce how we use passive haptic props
to interact with virtual objects, and we present how collaborators
can help others to solve tasks by creating virtual instructions using
these props (SingleOwnership). Second, we describe techniques for
sharing ownership of virtual objects across remote locations using
haptic props. These techniques are inspired by established concepts
like copyandcut known form standard desktop PCs (SharedOwner-
ship). Since concepts are well-known and ubiquitously available,
we were interested in how they apply to the utilization of haptic
props.

3.1 Interacting with Haptic Props
In a remote collaboration scenario, each collaborator possesses a
set of haptic props which are mapped to virtual objects (see Figure
2a). The goal is to place the virtual objects in a speci�c arrangement
by using haptic props. As it is not possible for a local collaborator
to move remotely located haptic props, we need a mechanism to
manipulate virtual objects mapped to remote haptic props using
local haptic props. For example, in Figure 2b a remote object is
reassigned to the local haptic prop by transferring its virtual rep-
resentation. This is one example, how haptic props can be used
to interact with remote objects. To enable seamless collaboration,
haptic props need clear semantics. In the following, we introduce
how we accomplished that by giving our haptic props two states.

3.1.1 Assigned Haptic Props and Blank Haptic Props.Our collabo-
ration techniques are based on two di�erent states of haptic props.
The haptic props can either be assigned to virtual objects that are
part of the collaboration task or can be blank. If the haptic prop
is assigned to a virtual object the collaborator that physically pos-
sesses the haptic prop is the owner of the virtual object and can
move it around in VR. If the haptic prop is blank, it can be used to
interact with virtual objects that are assigned to remotely located
haptic props (see Figure 2b). These two states form the basis of
our collaboration techniques. In the following, we introduce our
techniques in greater detail.
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Figure 2: (a) A local and a remote users collaborating using virtual objects which are assigned to haptic props. (b). A remote
object is transferred to the local object. This transfer can be triggered when a local object intersects a remote object.

Figure 3: Three ways of handling ownership of the local user to a remote user's object. Initially, intersecting a local object with
a remote object starts the interaction (a-b). Then, an Instruction (c) shows a virtual replica useful to indicate what to do to the
remote object. Techniques (d) and (e) transfer the ownership from a remote to a local user. Either a copy of the virtual object
is created (d) or the identity of the virtual object is assigned to the local haptic prop (e). The remote object then turns into a
blank.

3.2 Techniques for Single Ownership
For single ownership collaboration using haptic props, we devised
two di�erent techniques.

Baseline.The baseline technique allows each collaborator to
arrange virtual objects, using their own local haptic props. In this
case, the haptic props can not be used to interact with virtual objects
assigned to remotely located haptic props. Hence, collaborators
must rely on verbal communication or gestures to collaborate in
the VR environment.

Haptic Props for Remote Instructions.This technique allows col-
laborators to create instructions for each other using blank haptic
props similarVirtual Replicasintroduced by Oda et al. [38]. Virtual
Replicasare representations of physical objects that are manipu-
lated by a remote collaborator. The virtual replica can be augmented
virtually by an expert with annotations to instruct the remote col-
laborator. This helps in scenarios, in which experts give instructions
to trainees or people with di�erent levels of expertise collaborate.
We combine remote instructions with haptic props to allow for
the natural creation of instructions for remote collaboration. Our

technique allows collaborators intersecting a blank haptic prop
with a virtual object that is assigned to a remotely located haptic
prop (see Figure 3 a-b). This triggers the creation of an instruction
that associated the virtual objects with the blank haptic prop (see
Figure 3 c). The remote collaborator can now follow the instruction
to place the virtual object correctly.

3.3 Techniques for Shared Ownership
In contrast to the single ownership approaches, requiring a remote
collaborator to actively place objects with respect to the other
collaborator's instructions, we introduce two interaction techniques
that allow taking over the ownership of virtual objects that are
assigned to haptic props of remote collaborators.

Taking Over Ownership via Copy.One way to retrieve ownership
of a virtual object is to copy it (i.e., assigning it from a remote to
a local haptic prop). To do so, a collaborator uses a blank haptic
prop. To create a copy, a collaborator intersects a blank prop with
a virtual object assigned to a remote haptic prop. (see Figure 3 a-b).
The virtual object is copied to the blank haptic prop (see Figure 3 d).
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Now the copied object can be moved to the correct position without
the collaborator's help. The remote collaborator keeps the piece
assigned to their haptic prop.

Taking Over Ownership via Cut.Taking over ownership of a
virtual object can be accomplished by re-assigning it from a remote
haptic prop to a local blank haptic prop. Similar to taking over
ownership by copying a virtual object, cut allows a collaborator to
use a blank haptic prop to retrieve ownership of a virtual object. To
cut a virtual object, a collaborator intersects a blank haptic prop
with a virtual object of the remote collaborator (see Figure 3 a-b).
Then it is assigned to the blank haptic prop and the remote haptic
prop turns blank (see Figure 3 d).

4 IMPLEMENTATION
To evaluate the di�erent collaboration techniques, we developed a
distributed synchronized collaborative VR environment in which
two collaborators can interact to accomplish their tasks. It is based
on using a VR headset and motion-tracking technology at each
location. This allows collaborators to be immersed in a virtual
environment integrating tracked physical components into the
virtual scene. The code of the project is available under MIT license
on GitHub1.

4.1 Architecture
The environment consists of multiple instances of an application
running in parallel in two separate locations. Each location uses an
OptiTrackmotion capture system (120Hz, latency� 8 ms, 0.02 mm
precise) to track the collaborator and passive haptic props. In both
locations, we calibrated theOptiTracksystem. Our systems reported
a mean 3D error of< 0.5 mm in both our labs. In both locations,
we calibrated the HMD systems and aligned them with theOpti-
Trackcoordinate system. The arrangement of the cameras did not
meet any special requirements except providing su�cient tracking
quality in the collaboration area. In our setup, the �rst location
used anHTC Vive Pro, and the second location anOculus Rift. The
application was created withUnity3Dand enables users to join
a shared virtual environment and interact with the given virtual
objects that were assigned to haptic props. To allow interaction
between the two locations, local spatial data is synchronized with
data from the remote client application, resulting in a seamless,
location-spanning VR environment. Therefore, the system utilized
a UDP channel to exchange data live and without unnecessary
networking overhead.

4.2 Mixing the Virtual Environment with the
Real-World

We created a virtual environment consisting of a room with a table
in the middle (see Figure 1 c-d ). For each location, real-world ob-
jects can be integrated into the environment to enable VR-mediated
collaboration (see Figure 1 a-b). Static objects such as tables, which
have physical representations in both locations, are implemented as
shared elements within the virtual environment. Optically tracked
haptic props are present on the table at the location of each collab-
orator. Virtual objects are linked to these haptic props. The motion

1https://github.com/jonasauda/im_in_control

Figure 4: Puzzle Task: (a) The Circuits and Microprocessors
pieces. (b) Plan showing the required arrangement of the
pieces. (c) First and second collaborators' individual part of
the solution (exclusive knowledge). (d) components avail-
able at each location at the start.

of each tracked object is then applied to its virtual representations.
Virtual objects present at the remote location are rendered trans-
parent to easily indicate which objects are assigned to local haptic
props and which to remotely located ones (see Figure 1 c). To give
the collaborators a representation of themselves, the system tracks
their hands via tracking gloves. We only show the hands of the
collaborator, not a full avatar. We did not implement full �nger
tracking in the current stage of the system. As we had plenty of
optically tracked objects, we went for a more simplistic approach.
Hence, only a hand with static �ngers was shown. Nevertheless,
this still enables user-to-user pointing to collaborate. Collaborators
were able to interact with the provided haptic props with their
hands.

5 EVALUATION
We conducted a explorative study using our collaborative environ-
ment to connect two collaborators on a virtual table across two
physical locations. We explore howSingleOwnershipand Share-
dOwnershipof passive haptic props in�uences collaboration perfor-
mance and teamwork quality. In the following, we introduce our
details on our virtual environment con�guration, the collaborative
task, the study conditions, and the procedure and participants. We
report results in the following notation; mean values (M), standard
deviation (SD), median values (Mdn), and interquartile ranges (IQR).

5.1 Virtual Environment
Our application allowed collaborators of each location to meet at
a virtual table in the middle of a virtual room (see Figure 1). The
tabletop measured 80cm� 80cm. Our virtual environment consisted
of a simple room with white walls and a wooden �oor, clear of
any distractions. At the table, the collaborators worked on the
collaborative puzzle task. At each physical location, a collaborator
sat at a real table in the middle of a tracking space. The virtual and
physical tables match exactly in size to prevent any mismatch. The
collaborators sat across from each other during the collaborative
task.
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