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ABSTRACT
We introduce a smartwatch assisted sensor fusion approach
to robustly track 6-DOF hand movement in head mounted
display (HMD) based augmented reality (AR) environment,
which can be used for robust 3D object manipulation. Our
method uses a wrist-worn smartwatch with HMD-mounted
depth sensor to robustly track 3D position and orientation
of users hand. We introduce HMD-based augmented real-
ity platform with smartwatch, and method to accurately cali-
brate orientation between smartwatch and HMD. We also im-
plement natural 3D object manipulating system using 6-DOF
hand tracker with hand grasping detection. Our proposed sys-
tem is easy to use, and doesnt require any hand held devices.

Author Keywords
Augmented Reality; 3D User Interfaces; Virtual Object
Manipulation;

ACM Classification Keywords
H.5.1. Multimedia information systems: Artificial, aug-
mented, and virtual realities; H.5.2. User interfaces: Input
interaction styles

INTRODUCTION
Recent development of low-cost commodity head-mounted
displays (HMD) enabled many users to experience virtual re-
ality (VR) and augmented reality (AR) environment. While
HMD and AR environment has become more common, input
device and natural interaction for the HMD environment is
yet challenging topic.

For 3D object manipulation task in AR, most natural ap-
proach for holding and manipulating virtual object is utiliz-
ing users own hand [1,3]. With recent advancement of con-
sumer depth cameras, the most broadly studied hand track-
ing approach is vision-based tracking. In HMD environment,
vision-based hand tracking algorithm using HMD-mounted
depth sensor can detect or track hand posture, or even de-
tailed hand joint angles. However, estimating pose of the hu-
man hand is challenging, and most of existing vision-based

hand tracking system easily fails to track occluded hand pos-
ture (e.g. grasping posture).

On the other hand, we set our focus on utilizing smartwatch
device. While smartwatch market is growing fast in recent
years, interaction technique utilizing smartwatch has been
studied a lot. Most of smartwatch has watch-sized display,
built-in inertial measurement unit (IMU) for activity tracking,
and wireless communication module for wireless connectiv-
ity. The fact that smartwatches are wearable, small, and wire-
less makes smartwat-ches much more useful input device.

In this paper, we present a sensor fusion approach for tracking
6-DOF hand movement in HMD based AR environment, us-
ing both vision-based hand localization and smartwatch based
hand orientation tracking. We describe our proposed method
step by step approach. Our system does not require any
hand-held devices to track users hand movement, and enables
robust 3D object manipulation using bare hand with smart-
watch.

Figure 1. Hardware configuration of proposed system.

SYSTEM DESIGN

Concept
We assume target user wearing smartwatch, and video see-
through HMD with near-range depth camera and stereoscopic
RGB camera (Figure 1). Near-range depth camera is used
for hand localization, and can be also used for generating
occlusion mask for improving depth perception. After cali-
bration, wrist-worn smartwatch is used for tracking hand ori-
entation. Our system uses stereoscopic RGB camera to pro-
vide video see-though view of HMD. We assume HMD and



smartwatch give their orientation in their reference frame us-
ing their own internal tracker, and also assumes that HMD
and HMD mounted cameras are calibrated.

Smartwatch-HMD Orientation Calibration
Since smartwatch orientation tracker and HMD orientation
tracker have independent reference frame, calibration be-
tween smartwatch and HMD is needed. Let the orientation
of watch relative to its reference frame Rwatch, and the ori-
entation of HMD relative to its reference frame RHMD. For
calibration between smartwatchs reference frame and HMDs
reference frame, we use 2D marker tracking. At first stage of
system, smartwatch displays 2D marker, and user looks at 2D
marker using HMD. Then, marker tracking module detects
marker from RGB image, giving relative orientation between
marker and HMD, Rmarker/HMD. At that moment, we can
compute rotation offset between smartwatchs reference frame
and HMDs reference frame as follows:

Roffset = R′HMDRmarker/HMDR′−1watch (1)

Here, R′HMD and R′−1watch denotes HMD and smartwatch ro-
tation at the moment of marker tracking.

After 2D marker is tracked, we can compute smartwatchs ori-
entation relative to HMD as follows:

Rwatch/HMD = R−1HMDRoffsetRwatch (2)

Here, RHMD and Rwatch denotes HMD and smartwatch ro-
tation in real time.

6-DOF Hand Tracking
Robust 6-DOF hand tracking is very important for 3D in-
teraction in HMD environment, so robust position tracking
and orientation tracking are needed. We use both near-range
depth camera and smartwatch for position and orientation
tracking. We observed that existing vision-based hand tracker
[2] gives acceptable position of hand robustly, even if they
fail to track hand orientation. Because hand tracker gives 3D
position of hand relative to depth camera, one can compute
3D position of hand relative to HMD, assuming that system
knows the relationship between near-range depth camera and
HMD. For orientation tracking, we assume that watch rota-
tion is same with hand rotation. Proposed system uses real-
time tracked Rwatch/HMD as hand orientation.

Natural Interaction for Object Manipulation
We use grasp-to-manipulate metaphor for 3D object manipu-
lation, like in [1, 3]: i) user grasps the object to hold, ii) user
moves and rotates the object while grasping, and iii) user re-
leases hand to release the object. For our proposed system,
grasp gesture is detected by existing hand tracker, like hand
position tracking.

For our object manipulating system, we assume 3D AR space
with various objects. When user grasps object with hand, the
object in close range is attached to users hand, and moves

and rotates along with hand movement. User releases hands
to release holding object.

Figure 2. Object manipulation using proposed method

IMPLEMENTATION AND RESULTS
We implemented our proposed system using commodity de-
vices. To implement see-through stereoscopic AR environ-
ment, we used Oculus Rift Development Kit 2 with Ovrvi-
sion stereoscopic RGB camera. For near-range depth cam-
era, we used Creative Senz3D camera. For smartwatch, we
used Samsung Gear Live, which uses Android wear as soft-
ware platform. We implemented our initial prototype in Unity
3D Engine. Our preliminary implementation of object ma-
nipulation can be seen at Figure 2. Result showed robust ob-
ject manipulation with low tracking failure. We also designed
simple user test for measuring completion time of five object
manipulation tasks, by using existing hand tracker [2] based
pinching method and proposed method. Results show that
proposed method shows much faster completion time (29.6s
in average) than using [2] (110.1s in average).

CONCLUSION AND FUTURE WORK
We presented robust 6-DOF hand tracking by fusing near-
range depth camera image with smart watch sensor informa-
tion. First, we enabled fast and robust 6-DOF hand track-
ing by using vision-based hand localization with smartwatch
based hand orientation tracking. Also, we introduced method
to calibrate orientation between smartwatch and HMD. We
also implemented natural object manipulating system using
our 6-DOF hand tracker with grasping method.
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