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Figure 1: Depiction of our proposed baseline interaction technique pairs “Button Press” (Mouse+Button and Air-Tap+Button),
“Close Grab” (Close Pull and Close Push), and “Distant Grab” (Pinch Pull and Pinch Push). Photos were transformed using Stable
Diffusion and manually edited and annotated for clarity.
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ABSTRACT
Desktop environments can integrate augmented reality (AR) head-
worn devices to support 3D representations, visualizations, and
interactions in a novel yet familiar setting. As users navigate across
the dual realities—desktop and AR—a way to move 3D objects
between them is needed. We devise three baseline transition tech-
niques based on common approaches in the literature and evaluate
their usability and practicality in an initial user study (𝑁=18). After
refining both our transition techniques and the surrounding tech-
nical setup, we validate the applicability of the overall concept for
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real-world activities in an expert user study (# =6). In it, computa-
tional chemists followed their usual desktop work�ows to build,
manipulate, and analyze 3D molecular structures, but now aided
with the addition of AR and our transition techniques. Based on
our �ndings from both user studies, we provide lessons learned
and takeaways for the design of 3D object transition techniques in
desktop + AR environments.

CCS CONCEPTS
ˆ Human-centered computing ! Gestural input ; Scienti�c
visualization;User centered design.

KEYWORDS
Augmented reality, Cross-reality, Hybrid user interfaces, Usability
study, Expert study, Computational Chemistry, Gestural input
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1 INTRODUCTION
Digital work�ows are shaped by the means which we view and in-
teract with digital content. 2D displays, being the de facto standard,
have meant that the majority of digital content and media exists
and is portrayed in 2D form: optimized for viewing on a �at rectan-
gular surface. Despite this, there exist many situations in which the
constraints of 2D displays become apparent. Most evidently is their
intrinsically limited screen real estate and their inability to por-
tray 3D information and structures. Augmented and virtual reality
(AR/VR) head-mounted displays (HMDs) are thus an increasingly
attractive and capable replacement to the 2D displays of old. Their
appeal had led to a push towards highly embodied, engaging, and
immersive post-WIMP 3D interfaces [41], supplanting the need for
2D displays and their associated interaction metaphors in favor of
3D scenes, content, and visualizations. Yet, we see reimaginings
of �the o�ce of the future� [ 28] functionally emulate what we in
the 21st century are already familiar with: the same 2D displays
represented as virtual panels �oating in space around us�further
reinforced by companies such as Meta, Apple, and others (e.g., [11]).
Unsurprisingly, this spatial computing concept allows users to re-
tain access to the mature ecosystems and input devices of desktop
computing within a virtually recon�gurable 3D workspace. While
in some ways the �best of both worlds�, the approach has arguably
yet to take full advantage of immersive HMDs capabilities.

Prior research has recognized this by exploring how to more
tightly integrate 2D and 3D work�ows that go beyond just having
2D panels in 3D. Generally under the moniker of �cross-reality� [67],
these systems allow the use of two or more points of the reality-
virtuality continuum (RVC) [47]�in some cases at the behest of the
user. For example, the user might go from working on a desktop
to putting on a VR HMD to get an equivalent immersive view of
their workspace [2, 32, 62]. This form of transitional interface[12],
in e�ect, incorporates two or more manifestations of the same

underlying system (e.g., desktop and VR) that can be switched in
an ideally seamless manner, allowing users to choose the interface
which best suits their needs. This transition across realities and
displays, however, tends to be cumbersome [54] and can be spatially
disorientating [32, 37], making their use less compelling in practice.

To ease the transition between realities, it is instead possible
to transition digital objects themselves [6, 72], thus keeping the
user within the same frame of reference (oractuality [6]). That
is, objects are visibly moved from one reality, such as a physical
desktop monitor, to another reality, such as in AR, all while the
user still perceives themselves to be in AR. This speci�c hybrid
of devices is particularly appealing in instances where an existing
desktop work�ow is already well established but can be enhanced
with AR [73], while still allowing the use of existing desktop input
modalities and applications. For example, a user might decide to
bring a 3D object or visualization out into AR to get a better sense
of its structure, before returning it back to the desktop to continue
their work [42, 64, 65]. In this sense, digital objects are no longer
constrained to one device or the other, and can freely move across
thesedual realitiesat will.

We note, however, that the act of moving an object from the
desktop-to-AR (and vice versa) still incurs its own transition cost.
For instance, consider the visualization and analysis of complex
3D molecular structures on a desktop. Not only does the scientist
need to specify and trigger the transition, but they also need to
maintain their mental model of the 3D structure after the transi-
tion is completed�especially should the object's representation
change signi�cantly. Even seemingly mundane objects that are
small and/or visually isotropic (e.g., spheres) still necessitate a non-
trivial physical and cognitive e�ort to both perform the transition
and whatever task(s) come afterwards. Whilst previous research
has investigated object transitions between desktop and AR envi-
ronments (e.g., [22, 25, 45, 59, 72, 74]), none have, to the best our
knowledge, properly explored and evaluated the e�ectiveness of
said transition techniques�least of all in real-world use cases.

In this work, we investigate the design of digital object transition
techniques across desktop and AR, particularly in single-user con-
texts where individual objects are transitioned via an explicit action
by the user. We �rst identify three baseline transition techniques
based on those commonly proposed in the literature (Section 3).
We deploy these techniques in an initial user study of 18 partici-
pants to understand users' behaviors and preferences between the
techniques, and to elicit more general feedback of the desktop +
AR setup as a whole (Section 4). After technique re�nement (Sec-
tion 4.6), we validate them in an expert study of six participants in a
real-world task: the simulation and analysis of 3D molecular struc-
tures (Section 5). We conclude by discussing lessons learned and
takeaways for both our transition techniques and for the desktop +
AR setting as a whole (Section 6).

Our contributions are as follows:

(1) User study (# = 18) to explore and evaluate three baseline
transition techniques

(2) Re�ned techniques inspired by feedback, observations, and
literature

(3) Expert study (# = 6) to validate the use of the transition
techniques in a real-world setting
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2 RELATED WORK
Our work lies within the �eld of cross-reality(Section 2.1), par-
ticularly those that combine a desktop with an AR environment
(Section 2.2). We describe proposed transition techniques from prior
work, and their subsequent evaluation where relevant (Section 2.3).

2.1 Cross-reality systems
The term �cross-reality� was coined in 2020 to describe �the tran-
sition between or concurrent usage of multiple systems on the
RVC� [67]. Wang and Maurer [71] proposed a design space speci�-
cally for single-user cross-reality applications. Most relevant to us,
they identi�ed a common scenario for theTransition and Concur-
rent Usageof cross-reality, that is, the movement of a visualization
of one point of the RVC to the other. In this case, it is not the
user moving across the RVC�as is the case intransitional inter-
faces[12, 18, 27]�but only the visualization (or object) itself. Wang
and Maurer [71] also described four forms of interaction in cross-
reality systems, two of which�Moving a visualization across realities
andSelecting objects across realities�are necessary to facilitate the
aforementioned scenario. Auda et al. [6] more recently conducted a
survey which identi�esSubsitutionalas one of three main types of
cross-reality systems, which follow the principle of having (digital)
objects adapt to and be interactable at every available actuality (i.e.,
an experienceable point of the RVC), such as having a book chang-
ing its appearance depending on whether it is seen in reality, AR,
or VR [12]. Thus, not only can digital objects be moveable across
the RVC [71], but their appearance and/or interaction a�ordances
should change to match the target actuality [6] (e.g., from a 2D rep-
resentation on a monitor to a 3D representation in AR/VR [42, 64]).

2.2 Combining digital screens and AR
AR has clear synergy with augmenting digital screens for myriad
purposes. Theaugmented display[58] is an approach that extends
physical screens with 2D and 3D content using AR HMDs. For exam-
ple, 2D data visualizations can be augmented with 3D annotations
and views [57], and tablets can have AR visualizations overlaid or
aligned next to them [40]. In these works, the AR content is a direct
extension of the screen, thus there is little separation between them.
Complementary interfaces[76] instead provide a clearer separation
between screen and AR, with user interaction distributed across
both devices. For example, a handheld tablet can be used as a control
device for AR content [33, 66]. In these works, the roles of either
device are strictly pre-de�ned by the system designer.

Our focus on desktop + AR settings is more closely aligned with
what Fröhler et al. [26] consider as �spatially agnostic cross vir-
tuality,� which extends a monitor with AR without a strict spatial
relationship between the two. The best example (and the largest
inspiration behind this work) is that by Wang et al. [73] who inves-
tigated how 3D visualizations presented in AR can support particle
physicists in their existing desktop work�ows. Their participants
could create and inspect their visualizations both in 2D on the
desktop and 3D in AR, which both had equivalent functionality.
However, visualizations were authored in either one display or
another (with a mechanism to synchronize the two at will), and all
interactions were only via mouse input�even in AR. Even still, their
�ndings show great promise in the use of AR to support existing

desktop work�ows through the use of 3D, and suggest that content
in the two environments should be clearly separated without con-
stant synchronization. These insights guide this work into how we
might best support thetransitionof digital objects as they move
between desktop and AR.

2.3 Transitioning digital objects between
desktop and AR

When utilizing multiple devices together, a means to transfer data
between them becomes vital. Brudy et al. [16] proposed a taxonomy
for cross-device interactions in ubiquitous computing in which they
speci�ed three phases: (1)con�gurationto pair the device(s) that
the objects are transferred between; (2)content engagementwhich
facilitates the actual transfer, interaction, and exploration of the
objects; and (3)disengagementto end the pairing. Their literature
review shows the in�uence of device a�ordances on the interac-
tion design of transfer techniques�particularly the physicality of
touchscreens�yet their analysis of AR/VR headsets is minimal,
instead relegated to a side category of miscellaneous devices.

Feiner and Shamash [25] is perhaps the earliest example of mov-
ing digital content between desktops and AR for meaningful use in
both displays, wherein they proposed the use of AR as an extension
to the limited display size of the desktop. They described how win-
dows can be dragged out from the screen using the mouse cursor
and positioned in 3D space. Similarly, Rekimoto and Saitoh [59]
described thehyperdraggingtechnique, which allows 2D content
such as documents and images to be dragged o� the edge of a
display using a pointing device, thus transitioning it onto a pro-
jected AR surface. Another early work that describes transition
techniques speci�cally with 3D objects that by Benko et al. [9],
using a projected tabletop and AR HMD setup. They presented
several techniques using hand gestures, including a �grab and pull�
out from the table and a �at-handed downwards �push� back into
it. Findings from their user study indicate that such hand gestures
were intuitive and easy to perform, likely due to their similarity
to real-world interactions. More recent research has proposed sim-
ilar techniques in a proper desktop + AR setting. Wu et al. [74]
presented techniques for �pulling� 3D models from a desktop into
AR, though they did not consider the opposite direction. McDade
et al. [45] presented three multimodal techniques for the transi-
tion of objects both into and out of desktops: Physical Free-hand
Drag-and-Drop, Superhuman Hand (for distant transitions), and
Superhuman Gaze+Hand. While all three rely on hand gestures,
the third incorporates eye gaze to indicate which object on the
monitor is to be transitioned. Cools et al. [22] proposed a prototyp-
ing framework for developing cross-reality desktop + AR systems,
envisioning techniques that utilize both mouse and hand input.
When transitioning an object from the desktop-to-AR, the mouse
serves as the source of the transition in the desktop environment
and the hand as the destination in 3D space. The opposite is true
when transitioning from AR to the desktop, with the hand as the
source and the mouse as the destination. Wang et al. [72] instead
conducted an elicitation study to determine user preferences for 3D
transitions. While they did not directly propose new techniques,
they recommend that mid-air hand gestures�mainly drag, tap, and
grab�be the primary interaction used to perform them. All four
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of these works, however, did not conduct an evaluation of their
respective techniques, let alone for real-world tasks.

To the best of our knowledge, the work by Aigner et al. [3] is
one of few which evaluates the use of object transitions between a
screen and AR in an expert pilot study. Cardiologists were asked
to plan a surgery in a cross-reality prototype using an isosurface
3D heart model. This model could be transitioned between real-
ities, including a screen and AR, to be viewed in di�erent ways.
They received �overhwelmingly positive� feedback from their ex-
perts, citing the bene�ts of utilizing multiple systems of the RVC
and having seamless transitions between them. While highly rele-
vant, their work used a large display while standing and not seated
at a desktop. Other works such as that by Seraji et al. [64, 65]
and Schwajda et al. [63] proposed transition techniques and subse-
quently evaluated them. However, these works focus primarily on
the visualization domain which requires alternate considerations
speci�c to the �eld (e.g., the animation of individual components of
the visualization [42]). In this work, we evaluate the usability and
practicality of transition techniques in desktop + AR environments,
both in generic contexts and in real-world expert contexts.

3 CONTEXT, PROTOTYPE, AND TRANSITION
TECHNIQUES

As any transition technique exists within a broader system and
work�ow, we �rst describe the scope to which our techniques are
intended to be used in. We then describe the prototype system that
our transition techniques were implemented in, followed by the
baseline techniques which we later evaluate.

3.1 Scope
As cross-reality environments, let alone desktop + AR, can be in-
credibly broad and wide-ranging, we establish a scope that our
chosen techniques are intended for, which we also believe to be the
de-facto standard in the literature.

Desktop and AR.Our focus is primarily on the desktop/monitor
(or equivalent) as the 2D space and AR as the 3D space. We choose
this as it most closely resembles existing depictions of �the o�ce of
the future� [28], and particularly for knowledge workers, working
on desktops will likely remain the norm for years to come.

Minimal duplication of objects.Prior work has indicated that
while having the same object be duplicated and synchronized on
both desktop and AR can be useful [22, 73], this duplication should
be kept to a minimum [73]. Many other works which consider an
object as existing only in one environment at a time (e.g., [9, 42, 45,
72, 74]).

Close distance from the monitor.Given the natural a�ordances of
the desktop, most prior work considers transitions when the user
is close to the monitor [3, 9, 22, 42, 65, 71, 74]. While McDade et
al. [45] were motivated by the bene�ts of distant transitions during
presentation settings, they did not evaluate any such techniques.

Single-user.Object transitions are presently considered only in
single-user contexts, with multi-user contexts being mentioned
either as a motivating use case [45] or as future work [3, 63].

Focus on 3D content.Due to the natural a�nity of AR with 3D
space, we primarily focus on the manipulation and use of 3D objects
across both desktop and AR (e.g., [3, 22, 45, 72� 74]), and not just
on 2D windows and information (e.g., [25, 59, 64]).

While our techniques and �ndings are likely still applicable when
used somewhat outside of the scope, such as when using a large
display while standing [3, 63], other techniques would clearly need
to be designed if the scenario is vastly di�erent, such as if the
monitor is attached to a ceiling and is physically out of reach.

3.2 Transition Techniques
We now describe our three baseline transition techniques, which in-
tentionally follow designs that, while common in the literature, have
yet to be formally evaluated. We focus on keyboard & mouse [22, 64,
73] and hand gestures [3, 9, 22, 45, 72, 74] as the two primary input
modalities for performing a transition. Fundamentally speaking,
many of these techniques �nd their roots in existing 3D selection
and manipulation techniques (e.g., [1, 5, 10, 34, 36, 41, 75]), particu-
larly those of hand and pointer-based interactions.

Figure 2: Schematic of a transition process. First, the user
has to decide which object to transition and make a selection
accordingly. Second, a transition has to be triggered. Then, a
transition is supported by an animation ( C= 0 to C= # ) until
the end state is reached.

To help us better describe our transitions, we introduce a sim-
pli�ed transition pipeline as seen in Figure 2, which is generally
based on the design space of 2D and 3D transformations by Lee et
al. [42] and other related works. It comprises of three logical stages
and one optional phase:

(1) Selection. How does the user denote the object(s) that might
later be transitioned? The consideration of interaction meth-
ods to indicate a selection before a transition even occurs
shows up in many prior works (e.g., [22, 45, 72])

(2) Trigger. What action does the user perform to initiate the
transition? This is the �essential functionality� which Wang
and Maurer [71] describe to move an object between realities,
and falls under �content engagement� by Brudy et al. [16]

(3) Animation. Assuming that when the transition is triggered,
the object is not instantaneously set to its �nal transitioned
state, how is the object animated throughout this set duration
and what does it appear as? While animations are not consid-
ered in works involving generic 3D objects (e.g., [22, 45, 72]),
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animations have been used when transitioning visualizations
between 2D and 3D (e.g., [42,63])�particularly due to the im-
portance of animations in statistical graphics [30] allowing
users to, for example, better track regions of interest [23]

(4) End State. At the end of the transition (which may have
included an animation), where do the object(s) end up? Do
they change appearance in terms of their position, rotation,
scale, or even their material properties and geometry? While
a change in position, rotation, and scale (i.e., geometric trans-
form) can be applied to any 3D object, a change in material
properties and geometry is highly dependent on the object
itself. For example, McDade et al. [45] showcased how a 3D
object can be �exploded� into its constituent components [35]
by transitioning it into AR, yet this is clearly not possible
for simpler atomic objects (e.g., a primitive sphere)

We structure our three transition techniques using these stages.
However, since each technique is actually a pair of two individual
techniques, one in the desktop-to-AR direction and the other in
the AR-to-desktop direction, we describe the two separately. This
is because the display and input modality used for the transition
naturally in�uences the design of the technique [16], therefore the
techniques in either direction become relatively distinct from each
other�especially if they rely on interaction metaphors based on
unique device characteristics (e.g., hand tracking). We also align
with prior work which also logically separates the two directions [9,
42, 72], but still pairing them as complementary techniques [9].
Illustrations are shown in Figure 1, and videos are included as
supplemental material. All techniques went through pilot testing
with four participants to help adjust any transition parameters.
This mainly informed the use of Animations and the chosen End
State of the objects after the transition. In particular, all transition
techniques include an Animation that interpolates the object from
its perceived starting state (i.e., geometric transform) to its de�ned
End State over a duration of 1.5 seconds with an ease in and out.

3.2.1 Bu�on Press Technique Pair.TheButton Pressbuilds o� the
notion that whenever the user shifts their attention and work-
�ow between the desktop-to-AR (and vice versa), a switch in input
modality is already necessary (e.g., between typing on the keyboard
and 3D gesture manipulation). As their hands would likely already
be resting on or will soon need to be moved to the keyboard &
mouse, utilizing it as a �connection point� between the two displays
in the form of a familiar keyboard shortcut is feasible.

Mouse + Button (desktop-to-AR).To move an object out of the
desktop, aSelection is �rst made by clicking on the desired object
with the mouse [22], then Triggered by pressing a button on the
keyboard (mapped to space bar). After theAnimation , the object's
End State is set to a �xed position in front of the center of the
monitor, which we chose based on pilot study feedback as it was
the simplest to understand. The object is rotated to maintain its
viewing angle to the user, and is scaled to match the object's �real�
size to more accurately present it in 3D.

Air-Tap + Button (AR-to-desktop).To move an object from AR
to the desktop, a Selection is similarly made by air-tapping the
desired object with the hand, then Triggered by pressing the same

button. The object is then moved to the center of the desktop cam-
era's viewing plane, but keeps its original rotation. The object is
automatically scaled to ensure that it remains visible on the screen
(� 50%screen height), as AR objects can be of sizes much larger
than the monitor itself.

3.2.2 Close Grab Technique Pair.The Close Grabis a standard
technique common in the literature (e.g., [3, 9, 42, 45, 64, 72]) as it
builds directly o� direct and embodied manipulation concepts as
well as hand-based 3D interaction techniques (e.g., [1]). In particular,
we consider grab using hand gestures instead of mouse inputs
(e.g., [22]) as gestures can then be used in 3D manipulation tasks.

Close Pull (desktop-to-AR).Selection is performed by hovering
the hand directly in front of the desired object on the desktop.
A pointer appears on the screen to help identify the object that
the hand is in front of. The Trigger is when this hand performs a
�pinch� action with the index �nger and thumb. The object is then
Animated into an End State with it positioned on the user's hand,
billboarded to face the user, and scaled to its real size.

Close Push (AR-to-desktop).In the reverse direction, Selection is
performed by grabbing the desired 3D object in AR with the same
pinch gesture, which is the default in many AR systems. The trigger
is when the object is moved by the user such that it collides with
the monitor. Based on pilot participant's feedback, we included a
radial progress bar as an explicit depth cue for how much further
the object needs to be moved towards the monitor, which �lls until
the two collide. When the transition is initiated, the object is then
Animated into an End State with it positioned at the center of the
camera's viewing plane, keeping its original rotation, and rescaled
to be viewable on the screen.

3.2.3 Distant Grab Technique Pair.The Distant Graballows for
objects to be transitioned at a distance, again using hand gestures.
This is akin to the many pointer-based selection and manipulation
techniques already in the VR literature (e.g., [15, 75]). While not
necessarily intended to be used on far away screens as McDade
et al. [45] suggested, it prevents users needing to lean forward to
be close to the screen as is the case with Close Grab, thus likely
reducing physical demand.

Pinch Pull (desktop-to-AR).Selection is performed by holding the
hand in front of the desired object on the desktop at any distance. A
ray perpendicular to the monitor plane helps identify the object that
is being hovered over. As pinching with the index �nger is often
mapped to the grab interaction in AR systems, we instead pinch
with the middle �nger and thumb to avoid accidental transitions
when grabbing other AR objects that are away from the monitor.
The transition is Triggered when this pinch is performed. The
Animation causes the object to move towards the user's pinching
hand, billboarded to face the user, and scaled to its real size.

Pinch Push (AR-to-desktop).To transition objects back into the
desktop at a distance, Selection is performed by hovering the hand
over the desired object, and the Trigger is when the middle �nger
and thumb pinch gesture is performed on the same hand. The
object is then Animated to move towards the center of the camera's
viewing plane, keeping its original rotation, and rescaled to be
visible on the screen.
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