TangiAR: Markerless Tangible Input for Immersive Augmented
Reality with Everyday Objects

Xu Fan
University of British Columbia
Vancouver, BC, Canada
fanxu104@cs.ubc.ca

Xincheng Huang
University of British Columbia
Vancouver, BC, Canada
xincheng. huang@ubc.ca

Robert Xiao
University of British Columbia
Vancouver, BC, Canada
brx@cs.ubc.ca

Figure 1: TangiAR enables tangible interactions using everyday objects in immersive augmented reality. (A) TangiAR tracks
the 3D position and rotation of objects without the need for additional visual markers or texture registration, (B) even under
substantial occlusion. We showcase the performance of the system with two example applications: (C) a tangible controller for
an AR video player; and (D) an AR game: Farm, where the object is used as a tangible proxy.

Abstract

Tangible interactions with everyday objects have been shown to
be fast, accurate, and natural, and have shown promise when com-
bined with immersive augmented reality. However, implementing
tangible controls presents considerable challenges. Previous works
in the field either rely on additional tracking markers on objects,
inadvertently shifting the difficulty to users, or are too computa-
tionally demanding for real-time operation on a head-mounted
display (HMD). We propose TangiAR, a tangible control system
which tracks everyday objects without the need for fiducial track-
ers, enabling them as passive controllers and virtual proxies in AR
applications. TangiAR additionally enables hand and finger proxim-
ity interactions with tangibles, further expanding the interaction
space. TangiAR can run on an unmodified Microsoft HoloLens 2,
making it immediately practical. We evaluated the performance
of TangiAR through a technical evaluation, including occlusion
robustness and tracking accuracy tests, and a user study which
examined the usability of our markerless object tracking system in
various AR interactions.

CCS Concepts
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1 Introduction

Immersive augmented reality (AR) seamlessly overlay virtual con-
tent onto the physical world. While traditional AR input techniques,
such as gesture, gaze, and voice, are expressive and natural, but they
fall short in precision and lack haptic feedback. Physical controllers,
on the other hand, offer both precision and tactility, but requiring
users to carry a separate device undermines the convenience and
fluidity expected from AR systems.

Tangible input [14, 29, 31, 39] presents a compelling alternative.
By turning everyday objects into adaptable input devices, tangi-
bles align closely with the spatial and embodied nature of AR.
They provide inherent, low-cost tactile feedback and support intu-
itive, familiar interactions. Prior research also shows that tangible
controls can match the precision of mouse and touch input, while
achieving faster task completion and reducing user workload [5, 26].
Researchers have also highlighted the value of creating ad hoc tan-
gibles [14], which turns mundane objects into digital interfaces.
Such ad hoc tangibles often require no additional instrumentation,
making tangible interaction more scalable and seamless.

However, building a tangible control system with daily objects
remains challenging due to the computational demands of real-time
object tracking and the need for additional tracking infrastructure
such as markers [11, 15] or external cameras [55]. Few commer-
cial products embrace this approach, and most existing systems,
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whether research or commercial, rely on tracking infrastructure
such as markers [11, 15], external cameras [55], or specialized sur-
faces [39] to function reliably. These requirements impose barriers
for everyday users: instrumenting environments is costly, and cre-
ating or acquiring marked objects adds friction to adoption. This
brings us to our research question: How can we provide marker-
less, minimal-setup, and occlusion-robust tracking for tangible AR
interaction?

This paper presents TangiAR, a novel markerless tangible input
system for augmented reality on head-mounted displays (HMDs).
Our work advances the field of tangible AR interaction—particularly
for HMD-based systems—by tackling key technical challenges and
offering empirical evidence of the system’s effectiveness. The main
research contributions are: (1) a markerless tangible AR system
running on unmodified HoloLens 2, (2) technical evaluation of
tracking performance under realistic conditions, (3) user study
demonstrating usability benefits, and (4) open-source release at
https://github.com/UBC-X-Lab/TangiAR.git.

2 Related Work

There is a long history of using tangible objects to interact with AR
systems. This section provides an overview of the most relevant
works to ours, followed by an overview of object tracking methods.

2.1 Tangible Augmented Reality

Tangible interactions, as introduced by Ishii et al. in Tangible
Bits[31], aim to bridge the gap between the physical and digital
worlds. Virtual data is coupled with physical objects, allowing users
to interact with digital content by manipulating the real world. This
concept extended to AR as Tangible AR [7], where surfaces and
everyday objects become 2D touch interfaces [22, 25, 43, 58].

Prior work has explored surface-top touch input with occlusion
detection [35] and depth sensing [18, 57, 59, 60]. Individual physical
objects also offer a rich channel for AR interaction. Poupyrev et
al. [45] used gestures like picking up, tilting, or releasing objects
to trigger commands. Others mapped object semantics to digital
functionality for easier learnability [4, 6, 40]. Inter-object interac-
tion, such as events triggered by relative positions or orientations,
has also been explored [8]. Most systems use printed markers for
object tracking, enabling real-time pose estimation.

Interacting with 3D environments via tangible objects feels nat-
ural to users and yields measurable performance benefits. Besan-
con et al. [5] showed tangible controls match mouse/touch preci-
sion while reducing task time and workload. Bozgeyikli et al.[9]
found users preferred tangible proxies over controllers and gestures.
Diinser [17] reported faster performance using tangible sliders over
paddles. Hettiarachchi and Wigdor [26] used everyday objects as
tactile proxies. Greenslade et al. [23] found no consensus on ob-
ject preference, suggesting users should choose their own proxies.
These findings informed our design.

Various methods exist for tangible tracking. iaTAR [36] used
cube-shaped props with visual markers on each face. PAIR [52]
combined IMU data with screen-displayed markers to turn phones
into 6-DOF controllers. To improve aesthetics, some systems [11, 33]
used custom markers with distinctive features. Others enhanced
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accuracy with IR markers [55], embedded LEDs [49], or passive re-
flective materials [2]. Prior research has also combined with motion
capture methods such as IMUs [44, 48]. Alternative sensing ap-
proaches use magnetics [39], radar [62], bio-sensing [54], or spatial
touch fields [47].

Besides the above systems that may require complex setups, re-
searchers have explored more accessible alternatives. iCon [11] let
users attach visual stickers to household objects. Drogemuller et
al.[15] proposed QR bands that wrap around objects on demand.
Walsh et al.[55] studied everyday object interactions, while depend-
ing on an external tracking system such as Vicon . Tangi [19]
introduced a toolkit for rapidly building physical proxies. Some
systems go further, enabling ad-hoc tangible control. Instant User
Interfaces[13] used depth cameras for marker-free tracking with
touch detection, though the GPU requirements were too demand-
ing for AR HMDs. Du et al.[16] used UV features, and Funk [21]
combined feature detection with depth sensing. However, neither
of them reported system performance in the paper.

2.2 3D Object Tracking

As classified by Chen [10], 3D object tracking algorithms fall into
three categories: generative, discriminative, and deep learning-
based. Generative models estimate the most probable pose by
searching near the previous state. With robust keypoint detec-
tors like SIFT [42] and SURF [3], many rely on template match-
ing [28, 34, 41, 53], minimizing feature-to-feature distance. These
methods depend on distinctive visual features of target objects.

Discriminative trackers classify image regions into foreground
(object) and background, then infer pose from the foreground.
Early examples include PWP3D [46]. Li et al.[38] used SVMs to
adapt to background variation, while other works[12, 27] enhanced
foreground-background separation. SRT3D [50] introduced an effi-
cient tracking formulation, and ICG [51] integrated depth data to
improve performance.

With the rise of deep learning, many trackers now use neural
networks to predict pose changes from image input. Approaches
include Siamese [37, 63], RNN [61], and attention-based architec-
tures [56]. These methods offer high robustness and accuracy but
are computationally intensive and require GPU acceleration.

3 Implementation

Existing tangible systems either rely on tracking markers—
which are cumbersome and visually intrusive—or object detection
pipelines that are too computationally intensive for HMDs. TangiAR
offers an efficient, markerless alternative. Our primary standalone
prototype runs entirely on the HoloLens using its forward camera
(Figure 2a). To address its limited field of view, we also built a sec-
ond prototype with a wide-FOV camera and offloaded tracking to
a PC (Figure 2b).

3.1 Tracking Engine

Our tracking engine builds on the Iterative Corresponding Geom-
etry (ICG) algorithm [51], a discriminative tracker that segments
foreground and background, then estimates object pose by align-
ing the detected boundary with pre-computed object views. These
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(a) The standalone setup  (b) The wide- eld-of-view

setup

Figure 2: The hardware setups

views are generated o ine from di erent angles, allowing e cient
real-time optimization via rigid body transforms to produce a 6-
DOF pose.

We chose ICG for its real-time performance and robustness to
occlusion critical for tangible controls involving hand interaction.
Unlike keypoint-based methods (e.g., SIBP[ SURF §)), ICG re-
lies on boundary features and thus does not require object textures,
making it well-suited for featureless everyday objects. Its tolerance
for imperfect geometry further supports our use case. However,
ICG lacks object detection and requires an initial pose. Our system
addresses this via manual alignment and implicit tracking when
the object leaves the view, detailed in Sections 3.5 and 3.7.

3.2 Standalone Prototype

After selecting the tracking algorithm, we integrated it into a tan-
gible control system. To demonstrate feasibility, we built a self-
contained prototype running entirely on HoloLens 2, using only
its onboard color camera to save computational resources. We ex-
posed ICG's core functions uploading camera intrinsics, updating
images, running tracking, and exporting poses as Unity/C# APIs,
and compiled the tracking engine as a shared library.

To maintain real-time performance while allowing application
logic to run smoothly, we adopted a multi-threaded architecture.
The main Ul thread is reserved for the app, while separate threads
handle image capture, pixel conversion, and pose estimation. Each
tracked object runs on its own thread. We capture images aiGBag
resolution, balancing quality and performance. Our prototype sup-
ports tracking up to two objects at 60 fps. Future work could adopt
a dedicated multi-object tracker for improved e ciency.

Computed poses are expressed as a position vector and a rotation
guaternion. To reduce jitter, we apply an exponentially-weighted
moving average (EWMA) to position, and SLerp with EWMA to
rotation. Position changes over the last 10 frames are stored in a
circular bu er to support velocity-based interaction.

3.3 Wide-Field-of-View Prototype

Our standalone prototype demonstrates a fully self-contained, mark-
erless tangible system on HoloLens 2. While the HoloLens includes
four wide-angle infrared cameras for spatial tracking, these are

not accessible to user programs. Its front-facing color camera has
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a narrow eld of view (FOV), limiting tangible interaction. To ad-
dress this, our second prototype mounts an Azure Kinect with a
wide-FOV color camera and depth sensing on top of the HoloLens
visor (Figure 2b). The Kinect connects via USB-C to a PC (i7-
11700 @ 2.5 GHz, 64GB RAM, Windows 10), which runs the tracking
engine and streams object poses to the HoloLens over WiFi via UDP.
Performance tests (Sections 4.1, 4.2, and 4.3) are based on this setup.
This wide-FOV prototype illustrate$angiARs full potential and an-
ticipates future headsets integrating similar cameras for enhanced
interaction.

3.4 Model Generation

Our tracking engine requires a 3D model of the object (but not its
texture) to function. The model is preprocessed to extract bound-
ary information from multiple angles, accelerating pose estimation.
However, accurate modeling is time-consuming and technically
challenging. One solution is 3D scanning4, which can be done
with standard depth cameras3f]. In our prototype, we instead
approximate objects using geometric primitives. Many everyday
objects can be roughly modeled this way, and our evaluation ex-
amines how the tracker handles such imperfections. For complex
shapes, 3D scanning remains a viable alternative.

To register a new object, our tool lets users select a primitive
(sphere, cuboid, or cylinder) and input relevant dimensions (e.qg.,
width, height, radius). It then uses OpenSCAL] fo generate the
mesh, preprocesses it for tracking, and saves the resulting model.

3.5 Object Choice and Initial Alignment

To use tangible objects as controllers, the system maps their 6-DOF
pose translation and rotation to application inputs. However,
due to symmetry, some geometries lack certain degrees of freedom.
For instance, a cylinder has ambiguous rotation along its vertical
axis, while a sphere lacks meaningful rotation entirely. The system
accounts for such limitations by recording the available degrees of
freedom during object registration based on the selected geometric
template.

Application designers can specify which rotational DOFs are
required for a given control. For example, a translation-only control
may need no rotation, while a tilt-based input might require two.
At runtime, the system lIters registered objects based on these
requirements and prompts the user to select a compatible one. Once
selected, the user spawns the virtual object at a desired location. A
mesh of the object is rendered, and the user is prompted to align
the real object with it to establish the initial pose. Tracking begins
after the user con rms alignment with a toggle (Figure 3).

3.6 System Calibration

Object poses from our tracking engine are reported in camera co-
ordinates and must be transformed into the virtual environment's
space. In the wide-FOV prototype, the camera pose is estimated via
a calibrated rigid-body transform using an a ne matrix (described
below). In the standalone version, the Windows Holographic API di-
rectly provides the camera pose. We combine this with the tracking
output to compute object poses in Unity coordinates. The API sup-
plies a per-frame camera-to-world 2 ) matrix. Due to di ering
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