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Figure 1: The SpatialMouse combines a desktop mouse with a virtual reality controller, enabling seamless interaction across 2D
and 3D information spaces in immersive mixed reality environments.

Abstract

We introduce the SpatialMouse, a hybrid pointing device that com-
bines the capabilities of a desktop mouse with the spatial input
of a virtual reality (VR) controller, enabling seamless transitions
between 2D and 3D interaction spaces in immersive mixed reality
environments. Holistic usage scenarios in mixed reality involve
tasks suited alternately to 2D or 3D information spaces. Yet, exist-
ing input devices excel in either 2D or 3D, but not both, making it
necessary to switch between multiple input devices (e.g., mouse
and VR controller). Our SpatialMouse addresses this issue, offering
the affordances of a desktop mouse for indirect 2D pointing and the
spatial capabilities of VR controllers with six degrees of freedom.
In a user study with 12 participants, our prototype significantly
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reduced perceived task load and improved user experience com-
pared to switching between separate devices. We extract design
recommendations to further support such hybrid input approaches.
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1 Introduction

With augmented reality (AR) and virtual reality (VR) becoming
increasingly prevalent, users may soon replace their desktop work-
space with mixed reality (MR) in their everyday lives to leverage
the improved spatial interaction capabilities. However, many com-
mon tasks, such as editing documents or browsing the Web, do not
bene t from increased spatial capabilities, as they remain rmly
grounded on 2D surfaces. We envision that future work in MR will
span 2D surfaces and 3D spaces as transitional workspaces.
Although a current head-worn device (HWB)xan now su -
ciently simulate physical 2D screen86 44, the a ordances of
physical input devices are more di cult to simulate, because their
capabilities and constraints vary widely. As a result, users must
either intentionally switch between input devices for di erent in-
formation spaces incurring signi cant transitioning costs, even
with hand tracking [10, 25] or work with limited input devices.
This situation is unfortunate, since mouse input still o ers high
accuracy and familiarity for 2D surfaces despite lacking the capa-
bilities for full spatial interaction. In contrast, VR controllers excel
at 3D manipulation in immersive environments, but are inherently
tiring [ 15 20 and less accurate. Users may face hand jit@rdr a
Heisenberg e ect of spatial interactionl[2, 97]. Free-hand interac-
tion using hand tracking 10 25 or touchpads B5 could facilitate
device switching. However, physical input devices o er advantages
for task completion time, accuracy [37, 61], and ergonomics [61].
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2 Related Work

We look at relevantransitional workspacés demonstrate the need
for a uni ed input device, reviewdedicated input devicés 2D and
3D environments, and explorghared input across 2D and 3D spaces

2.1 Transitional Workspaces

Since physical 2D monitors (e.g., desktops, laptops, smartphones)
are still the predominant environment for productivity work, the
research area of cross-realitp,[37 is partially concerned with
the integration of 2D surfaces within immersive 3D environments.
Prior work in this area nds that most cross-reality work ows
involve short, temporary movements between VR and degpp
and that userswere more willing to transit between [desktop] and
VR when the transition cost was lowf89. Several systems have
therefore explored the tight integration between 2D monitors and
MR environments, such as analyzing data from motion captut§ [
44 and volumetric medical scanslf] or 3D modeling BJ. All
these areas represent potential use cases for3patialMouse
Although prior work often considers the combination of physi-
cal monitors with immersive environments, a contemporary HWD
can simply showvirtual monitors [that] can be used now for real-
world work [74, thereby enabling purely digital workspaces. Such
2D surfaces can o er distinct advantages beyond the restrictions
of physical monitors B5 74, such as arbitrary sizes or placement
within the user's environment. ZIGENG3 demonstrates how holis-

To enable seamless interaction between 2D surfaces and 3D tic window management for VR environments could integrate tran-

spaces, we propose tt&patialMousésee Figure 1), a hybrid point-
ing device suitable for both indirect 2D pointing as well as for 3D
input with six degrees of freedom (6DoF). TBpatialMouseom-
bines the capabilities of a desktop mouse with a VR controller as
one uni ed device. When used on a table, tBpatialMousacts as

a conventional 2D mouse suitable for on-surface operation. When
the device is lifted, it automatically switches to a spatial interaction

mode, acting as a VR controller with 6DoFs suitable for 3D spaces.

We implemented an initial physical prototype and evaluated
its feasibility in a user study with 12 participants. We studied the
performance, perceived task load, usability,
of participants working on an abstract task with frequent switches
between 2D and 3D information spaces using tBpatialMouse

compared to dedicated input devices (i.e., mouse and VR controller).

The results of our user study emphasize the feasibility of the con-
cept, indicating that theSpatialMousperforms similarly to current
dedicated input devices in terms of performance, while reducing
perceived e ort, leading to a better user experience. In summary,
we contribute:

(1) The SpatialMousea hybrid pointing device that combines
the mouse input in 2D and the unconstrained 3D spatial
input with 6DoF.

(2) Key insights and implications from a user study, comparing
the SpatialMouswiith a dedicated mouse and VR controller.

We provide the speci cations of our physical prototype and the
study prototype as open-source projéct

1As the line between augmented and virtual reality becomes increasingly blurry, the
term mixed reality in this work is taken to encompass both [86].

2We refer to a head-worn deviceinstead of ahead-mounted displayto emphasize
the increase in wearability and capabilities of contemporary hardware.

3See https://github.com/hcigroupkonstanz/SpatialMouse

sitions between 2D windows and 3D models. Z#idemonstrates
how an operating system for VR could involve 2D and 3D windows,
requiring both precise 2D interaction but also 3D manipulations.

2.2 Dedicated Input Devices

While we acknowledge the abundance of devices and modalities
for 2D input (e.g., touch, stylus, gaze), we focus on the computer
mouse, with its long history in HGY as the most established in-
put device for desktop environments. Although alternatives are
commonplace for certain devices (e.g., touchpads for laptops, direct

and user experiences v, for smartphones), prior research has shown that they can be

signi cantly slower [85] and less accurate [82] than mouse input.

The consumer market is saturated with custom mice, address-
ing not only minutiae such as weight and latenc®?, 9§ but
also o ering diverse form factors with di erent trade-o s: While
horizontal mice o er more performance, vertical mice promote
ergonomic wrist posture §0, 77]. Although some designs reduce
performance 50 77, research proposed slanted mouse designs
that optimize ergonomics without compromising performandg(.
Since theSpatialMousshould be easily grippable when acting as a
VR controller, we base our initial prototype design on such slanted
mice, which are similar to o -the-shelf VR controllers.

Similar to the mouse for 2D input, physical 6DoF controllers
have established themselves as the leading input device for MR en-
vironments 43, despite the wide variety of available 3D input de-
vices B8 83. While free-hand input via hand tracking or gaz&§

4www.zwin.dev, last accessed 2025-07-11.

5See Bill Buxton's unpublished manuscriptuman Input to Computer Systems: Theories,
Technigues and Technologwww.billbuxton.com/inputManuscript.html) and Horst
Oberquelle'sComputer Museum(www.fundus.uni-hamburg.de/en/search/expert?
collection=computer&g=mouse), both last accessed 2025-07-11.
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is becoming more prevalent, studies show that physical controllers
can outperform free-hand input@1], partly due to their tactile
feedback [8] and technical limitations of hand-tracking [18, 37].
Given the advantages of dedicated input devices, prior research
has investigated explicitly switching between devices. All studies
conclude that such a switch incurs a signi cant overhedd) 25 76:
For example, a recent study by Cools et @5[shows that switching
between free-hand interaction and mouse input incurs signi cant
penalties for tasks that require constant switching between 2D and
3D spaces. This overhead is likely greater for physical controllers,
as users may avoid picking up another device after working with a
mouse PJ. Thus, prior work proposes ainiversal mouse-pointer to
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to support more than 2DoF: Examples include the roller mou&@,[
Rockin'Mouse fl], VideoMouse 42, two-ball mouse §3, Globe-
Mouse B1], or the commercially available SpaceMofiselowever,
these examples employ isometric approaches (i.e., with resistance),
which are slower for interaction in 3D space than isotonic inputs
(i.e., without resistance)dg. In contrast, ying mice [10] such

as the bat 94 or the Cubic Mouse 33 support isotonic input with
6DoF but seem more comparable to contemporary MR controllers,
as they lack support for mouse operation. The devices closest to
our SpatialMousare Logitech's MX Air 7, Sodial's Air Mouse®,

and Simgraphics' Flying Mousé, which supports both mouse op-
eration and isotonic input with 6DoF. To the best of our knowledge,

handle both 3D and 2D interaction [to reduce] functional discontinuity there are no studies that evaluate the e cacy or ergonomics of

in the transition between [3D manipulation] and WIMP9].

2.3 Shared Input Across 2D and 3D Spaces

Adapting traditional 2D input devices for interaction within immer-
sive 3D spaces is an ongoing research tofi|[ Prior research has
explored translating 2D input into 3D space, for example, by infer-
ring cursor depth from scene contex1p4, positioning the cursor
from multiple views [3] or virtual planes [24, or using multi-touch
gestures b, 23. These approaches work well with spatial ARJ,
which projects the cursor on physical surfaces rather than allowing
it to hover in free space$2 81. However, given the 2DoF of mouse
input, such approaches fall short of 6DoF devices for manipulation
tasks b7, 103. It has been argued that thdengthy and dominant
reign of the 2D mouse is at an end when it comes to 3D syf#ns

The opposite may be true for input devices with 6DoF: They
show potential for 3D manipulation taskslpg, but perform worse
than dedicated 2D input devices (mouse, touch) to interact with 2D
information spaces14 25 47). Several causes have been identi ed:
The Heisenberg e ect of spatial interactiorlp, 97] acknowledges
that discrete input distorts the spatial position of the input device.
Other ergonomic factors include the gorilla arm e ec#f, 72 and
di culties due to touching the void [15 2(. These factors can be
partially alleviated by providing users with a desk to stabilize their
arms [22 26. Note that this approach implicitly provides the user
with the option to switch to a dedicated mouse.

Research has therefore explored other input devices suited to
both 2D and 3D spaces. Pen input devices, such as the Eye dflRa [
or SpatialTouch 103, can o er a natural mapping for direct 2D and
3D input. While some researchers suggest that pen input can be a
good choice for certain scenarios (e.g., medical use c&#bg{),
others show that pen input performs worse than 6DoF controllers
in task performance and user experience for general 3D sketching
and docking tasks6. Hybrid user interfaces2§ that combine
traditional 2D devices with MR environments could o er a suitable
alternative. For example, previous work has employed spatially-
aware tablets to interact within MR environmentgl§, 87], such
as 3D slicing 6 69 or investigated the use of smartphones for
3D manipulations 17, 73. While hybrid user interfaces can be
su cient to interact with both environments, their ergonomics and
e ciency are limited due to the devices' physical constraints.

Thus, we still see the mouse and traditional 6DoF controllers as
the optimal choice in their respective environments. To bridge the

this device compared to a combination of mouse and MR controller
or investigate their potential within transitional workspaces. Our
SpatialMouséurther di ers by its design for spatial interaction in
MR environments, taking the form of an MR controller and slanted
mouse for improved ergonomics. In contrast, devices such as the
Flying Mouse retain the shape of a traditional horizontal mouse,
which could restrict its suitability as an MR controller.

3 Use Cases

Our work is motivated by two main scenarios from prior work
that span 2D surfaces and 3D spaces, requiring users to switch
between these environments. Apart from our presented following
use cases, we envision ti@patialMousas a viable input alternative

for various scenarios that span across 2D surfaces and 3D spaces.

3.1 Immersive Analytics

Immersive analytics 21] investigates how technologies such as
VR can support analytical reasoning and sense-making. This use
case draws inspiration from cross-reality workspaces such as Hy-
bridAxes [B4 and ReLive[44. Given the distinct strengths and
limitations of 2D and 3D visualizations8g, their complementary
use P9 can enable more e ective and exible work ows: 2D visual-
izations are well-established and e ective for providing an overview
of dense information, which requires precise interaction. In con-
trast, 3D visualizations are well suited for inherently spatial data
(e.g., motion trajectories) or providing environmental context.

We envision data analysts uidly27] transitioning between 2D
surfaces and 3D spaces throughout their analytical work ow. For
example, to evaluate a user study, an analyst might start with a 2D
overview of aggregated data to identify patterns or outlies.

In this phase, mouse input is ideal due to its precision and low
ergonomic demand, enabling e cient selection and ltering even

in dense datasets. To explore spatial data such as motion patterns,
the analyst can drag relevant 2D visualizations into the surround-
ing 3D spaceT9 84, where they transform into 3D representa-
tions [568 59. These visualizations can then be spatially arranged
or manipulated using a VR controller, allowing the analyst to ex-
amine data from di erent perspectives or select speci ¢ regions
within the 3D visualization. By seamlessly switching between 2D
and 3D views, analysts can triangulate insights across dimensions,
leveraging established techniques such as linking and brush& iy [

Shttps://3dconnexion.com/us/spacemouse/, last accessed 2025-07-11.

gap between these two devices, previous research has adapted mice’ifdesign.com/en/winner-ranking/project/mx-air/36413, last accessed 2025-07-11
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3.2 3D Modeling

Cross-reality workspaces for 3D modeling, such as My dnd
ZIGEN [B3, tightly integrate desktops with immersive VR envi-
ronments. Spatial interaction using 6DoF controllers supports one-
to-one mapping for 3D manipulation that mimics real-world ob-
ject handling and natural navigationd5. However, research has
highlighted limitations of spatial input for design tasks. Given the
ergonomics of extended mid-air interactiod() 72, designers tend

to produce simpler 3D models to reduce straii7]. In addition,

ne motor control can be challenging without arm supporgp, 26,

and biomechanical constraints may cause translations to be ac
companied by unintentional rotations4[1]. Research thus proposes
to split intrinsically 3D operations from operations that are ideally
suited to 2D [2€], for example, by imposing geometric constraints
in software [29. Unsurprisingly, 2D mouse input can provide higher
precision for ne-grained adjustments in 3D modelin@][ As a
result, prior work has explored the use of mobile devices to provide
greater precision and control in 3D modeling applicatioré3[80.

We envision 3D designers switching between 2D and 3D input
as their task demands. A typical work ow might begin on a 2D
desktop, where a designer uses familiar mouse-based input to nav
igate les. From the desktop, relevant models can be dragged to
the surrounding 3D space, transforming them into interactable ob-
jects [b3. Designers can thus perform spatial operations such as
extrusion and sculpting, or isolate parts of the 3D model for detailed
re nement. However, for ne-grained 3D manipulations, design-
ers may prefer the precision and stability a orded by 2D mouse
input [ €], taking advantage of its physical constraints. Designers
may also constantly switch between editing 2D texture maps and
adjusting their placement on the 3D moddi§], highlighting the
need for seamless transitions between mouse and 6DoF input.

4 SpatialMouse
With the increasing relevance and viability of transitional work-

spaces, we see the need for an appropriate input device that supports
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Figure 2: The SpatialMouse integrates mouse and VR con-

" troller functions, with mode-dependent mappings:  mouse
mode maps buttons to left/right click and the joystick to
scrolling; spatial mode maps buttons to triggers and the joy-
stick to 2D input. A top-mounted tracker enables 3D tracking,
and the baseplate serves as a wrist rest.

Left and right clicks can be triggered by pressing the upper
and lower buttons with index and middle ngers, respectively. A
joystick mounted near the user's thumb allows for scrolling input,

" similar to a scroll wheel: moving the joystick up and down moves
the content up or down at a speed relative to the joystick's tilt
angle, providing precise and adjustable scrolling control. Similarly,
moving the joystick back and forth allows for horizontal scrolling,
while pressing the joystick simulates clicking on a scroll wheel.

Our initial prototype does not include any additional buttons as
often found in many commercial mice (e.g., back, forward). This
omission is due to space constraints inside our physical prototype
and could easily be addressed by industrial design methods.

Spatial ModeThe SpatialMousactivates thespatial modavhen
the device is picked up and no longer detects a surface under its
baseplate (approximately 1 cm above the surfacegpatial mode
the device provides 6DoF for translating and rotating virtual objects
in 3D space. This can be used for direct or indirect 3D manipulations

users in the seamless transition between 2D surfaces and 3D spaces(€-9- viaraycasting). Given the lack of standardized control schemes

The SpatialMouseepresents one possible solution (see Figure 2),
which allows users to seamlessly switch between indirect 2D point-
ing input for mouse operations and 3D input with 6DoFs for spatial
interactions, without changing the input devife

4.1 Interaction Concept

The SpatialMousdi erentiates between two distinct modesnouse
modeand spatial modeThe user keeps the same hand posture in
both modes, avoiding grip adjustments.

Mouse ModeThemouse modis activated when th&patialMouse
is placed on a surface, allowing the user to operate 8patialMouse
like a slanted mouse. Users can indirectly control a cursor on a 2D
surface (e.g., desktop monitor) by moving the device like a mouse. In
mouse modenput to the cursor is relative and may require clutch-
ing: The clutch can be activated by lifting th®patialMousand
moving it back to a neutral position. Although clutching might also
activate thespatial moddsee below), th&patialMousseamlessly
switches back tanouse modepon being put down again.

8Also refer to the supplemental video.

for VR controllers, we designed thgpatialMous& support a basic
set of inputs, with a primary and secondary button, as well as a
joystick. While the button mapping is application-dependent, the
upper button acts as the primary input, similar to the trigger of
a contemporary VR controller (e.g., HTC Vive). The lower button
acts as a secondary button similar to clicking the touchpad of an
HTC Vive controller. In our prototype, the primary button is used
to grab objects, the secondary button deletes them, and the joystick
supports 2D inputs for precise mid-air control.

4.2 Implementation

In the following, we describe théorm factor hardware components
andsoftwareof our SpatialMousePlease refer to the supplemental
material for 3D models and assembly instructions.

Form FactoiWe followed an iterative design approach for the
form factor of theSpatialMousésee Figure 3). Starting with a VR
controller attached to a mouse to gain an initial understanding of
general ergonomics and input placement, we built clay models and
cardboard prototypes to re ne the device's shape. Given that the
SpatialMousts also intended to be used as a VR controller, we found
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