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3D Curve Creation on and around
Physical Objects with Mobile AR

Hui Ye, Kin Chung Kwan, and Hongbo Fu∗

Abstract—The recent advance in motion tracking (e.g., Visual Inertial Odometry) allows the use of a mobile phone as a 3D pen, thus
significantly benefiting various mobile Augmented Reality (AR) applications based on 3D curve creation. However, when creating 3D
curves on and around physical objects with mobile AR, tracking might be less robust or even lost due to camera occlusion or
textureless scenes. This motivates us to study how to achieve natural interaction with minimum tracking errors during close interaction
between a mobile phone and physical objects. To this end, we contribute an elicitation study on input point and phone grip, and a
quantitative study on tracking errors. Based on the results, we present a system for direct 3D drawing with an AR-enabled mobile
phone as a 3D pen, and interactive correction of 3D curves with tracking errors in mobile AR. We demonstrate the usefulness and
effectiveness of our system for two applications: in-situ 3D drawing, and direct 3D measurement.

Index Terms—Mobile Augmented Reality; In-situ 3D Drawing; Interactive System; Curve Refinement; Optimization
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1 INTRODUCTION

3D virtual curve creation is a fundamental operation in
many graphics applications, including 3D sketching [1],

[2], [3], 3D modeling [4], [5], 3D animation [6], [7], [8], and
3D measurement [9], [10], [11]. Many existing techniques
such as single-view sketching [12] and multi-view sketch-
ing [13] focus on 3D curve creation from 2D inputs. How-
ever, requiring users to concentrate on 2D displays, such
techniques only support indirect authoring and are often
not intuitive to create 3D curves with complex shape. While
they might be adapted for drawing on physical objects, it is
difficult to use them for creating 3D curves around objects,
since 3D interpretation of 2D input strokes is a difficult
problem on its own.

In contrast, mid-air 3D drawing enabled by for example
outside-in motion capture (MoCap) systems (e.g., Motion
Analysis [14], OptiTrack [15]) allows easy creation of com-
plex 3D curves. However, such systems are not only ex-
pensive, thus being limited to a small group of professional
users, but also available only in the laboratory setup.

In recent years, inside-out motion tracking algorithms
such as Visual Inertial Odometry (VIO) [16] and Concurrent
Odometry and Mapping (COM) [17] have been robustly
implemented (e.g., in ARKit by Apple and ARCore by
Google) to estimate a mobile device’s 3D pose, i.e., 3D
position and 3D orientation, for mobile Augmented Reality
(AR). The ability of freely creating 3D curves using a single
AR-enabled mobile device as a 3D pen has been shown
in various mobile apps such as Paint Space AR [18] and
Just a Line [19], and a recent research prototype called
Mobi3DSketch [20], making 3D content creation more ac-
cessible by everyday users. However, mobile devices are
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different from real pens in shape, weight and size. How to
naturally use a mobile device to create 3D curves similar to
the experience of using a pen has not been explored before.
In addition, for curve creation in mobile AR, real-world
objects are often used as physical references, requiring a
mobile device to move on and around physical objects
(Figure 1 (a)). In such tasks, motion tracking might be less
robust or lost due to insufficient visual features caused by
partial or complete camera occlusion. A similar problem
occurs for interacting near textureless regions.

In this work we address the above issues when novice
users use a single AR-enabled mobile phone as a 3D pen.
We first conduct a user study on input point (i.e., which part
of the phone is preferred to be used as the tip of a pen)
and phone grip when using the phone to create 3D curves
on and around physical objects with mobile AR (Figure
2). The results show that there are 7 types of input point,
and 6 types of phone grip. We also find that users usually
pair input point and phone grip, and there are in total 21
types of pairs, some of which are more preferred to others.
We select top three pairs, and for each of them analyze
four types of motion tracking errors through a quantitative
experiment for controlled in-situ 3D drawing. To the best
of our knowledge, there is no existing work in exploring
the input point, phone grip, and tracking error of a mobile
device for creating 3D curves. Our work is the first one to
study these issues, which are significant in curve creation
with mobile AR.

Based on the results of the studies, we design and
develop an interactive system for in-situ 3D curve creation
using a single mobile phone in an eyes-free (i.e., without
looking at its screen) manner. The study results also show
that motion tracking errors are often difficult to avoid. To
correct created 3D curves with tracking errors, we thus
design a touch-based interface through which users can
interactively provide hints (e.g., 2D sketching, relocating
key points and/or edges), which are used together the IMU
data to refine the curves through first initial correction and
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Fig. 1. We present a system for novice users to facilitate 3D curve creation on and around physical objects using an AR-enabled mobile device as
a 3D pen (a), followed by interactive correction of curves with tracking errors (b). (c) and (d) show the results after initial creation (using 0.7 mins)
and after interactive correction (using 5.6 mins), respectively. We also demonstrate our system with a 3D measurement application (e). The ground
truth length is 106.1 cm for this example.

then global curve optimization. Figure 1 shows an example
before and after interactive refinement. Compared with the
existing relative drawing tools [20], our proposed system
is more intuitive and accurate to create curves that have
close interaction with real-world objects. Compared with the
existing absolute drawing tools [1], [21], [22], which usually
rely on specialized hardware setup to obtain accurate re-
sults tailored for experts, our proposed system for absolute
drawing with interactive refinement is more accessible to
ordinary mobile users. Thus, it is a portable, intuitive, and
reasonably accurate 3D curve creation tool.

We demonstrate the usefulness and effectiveness of our
system for two applications: in-situ 3D drawing, and direct
3D measurement. We conduct a user study where novice
users create and refine 3D curves in various scenarios that
require close interaction between a mobile phone and real-
world environments. Such curves are useful for creating
artistic 3D sketches, 3D models, 3D animations or measure-
ments that closely interact with the environment, but are
often challenging to create for inside-out motion tracking
systems due to the previously mentioned reasons. The user
feedback shows our system is intuitive and powerful, and
benefits various applications.

Our main contributions are summarized as follows: (1)
an elicitation study on the input point and phone grip
when using a mobile phone to create 3D curves on and
around physical objects, (2) a quantitative experiment on
tracking errors of the paired input point and phone grip
for controlled in-situ 3D drawing, (3) an interactive system
for direct in-situ 3D curve creation using mobile AR, (4) the
demonstration of two applications: in-situ 3D drawing and
direct 3D measurement, and user studies for novice users
to create and refine freeform 3D curves with a single AR-
enabled mobile phone as a 3D pen.

2 RELATED WORKS

The state-of-the-art motion tracking techniques such as
COM [17] and VIO [16], [23], [24], [25] often achieve robust
tracking by fusing the visual information and the IMU data.
To achieve real-time tracking, such techniques often take
the past visual and IMU data in a temporal window for

Fig. 2. Elicitation study of input point and phone grip.

local motion estimation through forward integration, caus-
ing accumulated errors, which might be reduced by bundle
adjustment [26] and loop closure [27], [28]. Instead, since
we post-process a 3D curve returned by an automatic VIO-
like tracking algorithm, we perform initial correction using
both forward and backward integration, and global curve
optimization by considering an entire initially corrected
curve and user-specified hints. Given our focus on inter-
active curve refinement, which can be used together with
many existing motion tracking algorithms, a full review on
existing motion tracking techniques is beyond the scope of
this paper. Interested readers might refer to an insightful
survey on visual odometry and visual SLAM [29].

3D curve creation has been well studied due to its wide
applications. Existing techniques can be roughly categorized
into three groups based on their interfaces, namely 2D
interfaces [3], [30], [31], [32], [33], [34], [35], [36], [37],
3D interfaces [2], [38], [39], [40], [41], and hybrid 2D-and-
3D interfaces [1], [5], [42]. 2D interfaces take as input 2D
curves often from graphics tablets or touch screens, and
rely on inference algorithms to predict the missing depth.
One of the commonly used methods to lift 2D curves to
3D is to project 2D curves to 3D planar surfaces, which
can be obtained through environment understanding for
mobile AR applications. The planar requirement limits the
expressiveness of such techniques, and thus their appli-
cations. For example, AR-based measuring apps [9], [10],
[11] work only for physical objects with easily detectable
planar surfaces. In addition, due to the inherent 2D input
nature, 2D interfaces and some of the hybrid 2D-and-3D
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(a) Input point layout (b) Phone grip types (c) Percentages of input point, phone grip and pair

Fig. 3. Results of input point and phone grip study.

interfaces [5], [42] do not support direct interaction with
physical 3D objects. Compared with these 2D or hybrid
2D-and-3D interfaces for relative curve creation, our direct
curve creation interface does not require planar surfaces in
the camera view to support the projection of 2D curves,
and thus allows users to create freeform 3D curves on and
around any real-world objects from multiple views.

Meanwhile, most of the existing techniques have focused
on creating 3D curves from scratch, since they do not need
to handle tracking errors during in-situ drawing. Instead,
we focus on the whole curve creation process, including
both curve drawing and curve refinement. Still, some of
the techniques based on 2D inputs could be potentially
adapted to our problem by using the touch screen of a
mobile device as an input device. For example, our multi-
view curve refinement feature is inspired by existing multi-
view curve creation methods (e.g., [13], [31]). However, in
our case we need to deal with unique challenges to respect
the IMU data and curve segments with high confidence of
tracking.

We are interested more in creating 3D curves directly
from 3D inputs. Such techniques (e.g., [2], [21], [22], [43]
) have been mainly explored in an immerse virtual reality
(VR) environment, where 3D curves are typically created
with a tracked stylus and viewed through a head-mounted
display (HMD). Due to the adoption of robust outside-in
MoCap systems and no need to deal with the interaction
between 3D controllers and real-world objects, their result-
ing 3D curves are often almost free of tracking errors. A
similar hardware setup is adopted by SymbiosisSketch [1]
but for 3D sketching in HMD-based AR, where users can
first create 3D canvases using a stylus with a real object
as reference and then draw on the canvases through a
2D interface on a tablet. Since their stylus is tracked by
an outside-in MoCap system, its tracking is rather robust
even when the stylus is in direct contact with a physical
surface. However, due to the dependence on an external
MoCap system, SymbiosisSketch has been demonstrated in
a laboratory environment only, and is accessible to a small
group of users due to high cost. It is a general problem of
all the HMD-based systems. In contrast, we would like to
extend 3D curve creation to more pervasive usage, which
only requires a single mobile device.

The modern mobile AR platforms such as ARKit and
ARCore, with robust implementation of VIO-like motion
tracking algorithms, enable 3D curve creation in mobile

AR. Some related works such as ARPen [41] and Pocket6
[44] based on mobile AR interaction have been proposed
recently. Since these works do not consider tracking errors,
they restrict interaction to a limited-size control space with
sufficient visual features or the space in front of a mobile
camera. Different from their systems, our system aims to
offer users more freedom for 3D curve creation, especially
on and around real-world objects.

As the first powerful 3D sketching system in mobile
AR, Mobi3DSketch [20] summarizes the challenges such as
the limited field of view (FOV) and the coupling of input
and output devices during absolute mid-air drawing, but
indirectly addresses them by introducing relative drawing
enabled by proxy surfaces as canvases and various snapping
mechanisms. In contrast, our work focuses on addressing
the fundamental issues (e.g., input point, phone grip, track-
ing errors) for absolute drawing on and around physical
objects. Unlike Mobi3DSketch, which aims for easy creation
of well-connected 3D drawings, our work focuses on the
creation of individual curves closely interacting with the
environment. Our findings can potentially benefit existing
works such as SymbiosisSketch and Mobie3DSketch, since it
has been shown that absolute drawing and relative drawing
have their own unique advantages, and can co-exist in a
single system [1], [20].

Researchers have explored to use a mobile phone like a
pen for text entry [45], [46], [47]. They use accelerometer or
magnetometer data to reconstruct the moving trajectory of
the phone. However, these works are only applicable to the
creation of 2D strokes or very simple 3D sketching recovery.
Compared with these works, our work focuses on a more
general and fundamental 3D curve creation task using a
single AR-enabled mobile device.

3 PROBLEMS OF IN-SITU 3D CURVE CREATION

Everybody knows how to naturally hold a pen, whose tip
is pre-defined. However, mobile phones are different from
pens in terms of the size, shape, weight and other features,
and they do not have pre-defined points to be used as pen
tips. We thus first conduct an elicitation study to understand
how users hold a mobile phone (i.e., phone grip) and define
the input point on the phone when they use a mobile device
as a 3D pen closely interacting with real environments. In
addition, we are also interested in studying motion tracking
errors under different choices of input point and phone grip




