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ABSTRACT
Augmented Reality (AR) has been getting increased traction lately
with a plethora of AR-enabled devices on the market ranging from
smartphones to commercial Head-Mounted Displays (HMDs). With
the rise in AR, a need exists for there to be a more natural and intu-
itive form of interaction with virtual content that does not interfere
with the user experience. Moreover, advanced and sophisticated
hardware such as the Leap Motion Controller makes this possible
by employing sensors that can track hands accurately in real-time.
This paper presents a framework, IIMR (Intangible Interactions in
Mixed Reality), that operates over a network and allows for mid-
air interactions using just the bare-hands. The aim is to provide
researchers and developers with an inexpensive and accessible so-
lution for quickly developing and prototyping hand interactions in
a mixed reality environment. The system consists of three modules,
namely a Smartphone, a Google cardboard-like HMD, and a Leap
Motion Controller. Diverse applications are developed to evaluate
the framework, and the results from qualitative usability studies
are outlined.
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1 INTRODUCTION
As AR technologies gain popularity and commercial availability,
there exists a need for innovative methods of interacting with
virtual content that delivers more immersiveness than the three
degree-of-freedom (DoF), hand-held controllers, in use today. Al-
though, sophisticated Mixed Reality (MR) headsets like the Mi-
crosoft Hololens [19] adopt multimodal technologies such as speech
or gesture recognition in addition to the controllers. While these are
acceptable forms of input, an AR/MR experience demands a more
intuitive form of interaction than having to hold a physical device.
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New and innovative hardware such as the Leap Motion (LM) Con-
troller [26] and the Microsoft Kinect sensor [20] make this possible
by allowing users to interact naturally with the computer devices.

In this paper, a framework — IIMR is proposed, which makes
use of affordable and accessible modules to develop Intangible
Mid-Air Interactions for Mixed Reality. The framework works by
incorporating an LM Controller, a Google cardboard-like HMD, and
a smartphone. IIMR adopts the Video See-through (VST) capability
of a smartphone combined with a Google Cardboard-like headset.

The key motivational aspect for this framework is the high costs
and inaccessibility of Mixed Reality HMDs in the market today,
which make it challenging and tedious to design and test user ex-
periences. With IIMR, immersive applications can be developed,
tested, and rapidly prototyped with minimum effort and expense. It
works within the Unity 3D game engine, and it employs the Vuforia
AR engine to implement image tracking and stereoscopic render-
ing. The framework is suitable for novice users, but to implement
complex interactions and to build upon this framework, sufficient
working knowledge of Unity is required. In the next section, IIMR
is compared to relevant work in prior literature, and its advantages
over them are described.

2 RELATEDWORK
Various methods of multimodal input techniques have been imple-
mented in mixed reality environments [7, 12, 15] such as speech
recognition [3, 21], and gesture tracking [6, 16, 22]. Eye-tracking
technologies are being implemented for gaze inputs [2, 24], and
foveated rendering [23]. Physical controllers [13], data gloves [18],
and tracking devices [1] that provide haptic feedback, are also being
widely used.

A tangible MR interface coupled with a pinch glove that provides
vibrotactile feedback, is proposed by Lee et al. [14]. The pinch glove
is tracked by fiducial markers and supports the manipulation of
virtual objects through grasping, pointing, and gesturing. However,
there are limitations to the system, such as tracker errors due to
multiple marker tracking and occlusion. Besides, having to wear
a pinch glove is not natural and intuitive, compared to just bare
hands.

Seo et al. [25] implemented a direct hand-touchable interface that
employed markerless AR and depth-camera based feature recogni-
tion to detect hands. The point cloud data extracted was also used
to solve the occlusion problem of the hands. A usability study of
thirteen students revealed that the system was successful in provid-
ing more natural, intuitive, and effective AR interactions. However,
the sensor used in the study, i.e. Kinect, is expensive and not as
portable and accurate as the LM [8], and the entire system required
significant set-up times.
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Buchmann et al. [4] developed a system, FingARtips to ma-
nipulate virtual content in AR using fiducial markers and image-
processing techniques. An HMD and a webcam, both with a resolu-
tion of 640x480, are used in parallel to form a video pass-through
system. It was remarked from an informal user study that even
though the interactions were intuitive and easy, the users expe-
rienced arm fatigue. Additionally, users could not perceive depth
accurately, and this led to them ’fishing’ for the virtual content.

Ha et al. [9] present WeARHand, a system that also uses image-
processing techniques on data received from an RGB-Depth camera
and allows for bare-hand manipulation of virtual content in AR.
It employs visual cues such as a semi-transparent cube to aid in
depth perception, similar to IIMR. A near-range depth camera is
used for hand tracking, and a long-range depth camera is used for
localizing the user’s head relative to the environment. Nevertheless,
the system only supported position-tracking of the hands and not
the orientation, making it only 3-DoF.

An LM controller is used by Manuri et al. [17] along with AR
glasses for hands-free interactions in AR. To avoid false-positives
and unintentional commands, a second speech recognition interface
is incorporated. Unlike IIMR, the system does not allow for direct
manipulation. Instead, it relies on specified gestures to interact
with virtual objects. Xue et al. [30] also utilizes the LM in an AR
stroke rehabilitation scenario. Various games are developed, such
as the grip ball game, and the piano game. The system is deployed
on a smartphone, and the Vuforia engine is used to provide AR
capabilities. Nevertheless, only gestures are recognized, and support
for direct manipulation is absent.

The system that closely resembles IIMR is the surgical training
simulator implemented by Wright et al. [29], which utilizes an
LM, a smartphone, and a google cardboard HMD. The simulator
is used for the training of a neurological procedure. An image
target is registered with Vuforia and placed relative to a physical
mannequin head. Unlike IIMR, which operates over a network, the
LM is connected directly to the Android smartphone since the lab
is an alpha tester for the LM Android SDK. It was reported that
the LM provided intuitive interactions, but the tracking had to be
improved due to occlusion and the lighting conditions.

In summary, several studies have been carried out on provid-
ing more natural and intuitive hand interactions in mixed reality
environments. However, most of them implement expensive, inac-
cessible solutions involving depth cameras and those that utilize
the LM Controller only support gesture commands and do not allow
for direct manipulation. IIMR solves all these issues and makes it
relatively effortless to deploy hand interactions in MR.

3 THE PROPOSED FRAMEWORK
Three-dimensional interactions usually stem from the direct ma-
nipulation metaphor, meaning to execute an operation; one has
to touch it [11]. Therefore, unlike a two-dimensional interface, a
system need not track the pointer all the time. Interactions are
registered whenever a collision is detected between the pointer and
the interaction object.

IIMR is bundled as a Unity package, and It works in coher-
ence with the Vuforia AR engine and makes use of its stereo-
scopic rendering and image tracking capabilities. The framework

allows developers and researchers to design and develop simple
mid-air MR interactions with ease and swiftness. It implements
all the necessary functions, which are readily accessible from the
Unity Editor window, and requires minimal coding from the user.
The only scripting expected is the interaction to follow when
a collision is detected between the pointer and the virtual con-
tent. The framework is available on GitHub at the following link,
https://github.com/rajshekarreddy97/IIMR.

3.1 The System Architecture
The Zeiss VR One Plus HMD [31] is used as it delivers the apposite
combination of affordability and quality in mobile VR, and it also
comes with a camera cutout on its anterior side. This cutout is
necessary for the smartphone’s camera to deliver video input of the
outside world to the user, thereby making it a VST HMD. The LM
was placed in its VR mount and was attached to the anterior side of
the HMD. The LM being primarily a desktop accessory, had to be
tethered to a computer. Figure 1 shows the tethered LM mounted
onto the Zeiss One Plus HMD.

Figure 1: Front (a) and top (b) view of Zeiss One Plus HMD
with the Leap Motion mounted.

From a hardware perspective [5], the LM Controller is quite sim-
ple. The device consists of two cameras and three infrared LEDs
that track infrared light. It reads the sensor data into its local mem-
ory and performs any necessary resolution adjustments. This data
is then transmitted via a USB 3.0 connection to a desktop setup
where a server application is used as an interface. The V2 track-
ing SDK provided by LM is integrated into this server application,
which, upon receiving the tracked hand data, casts it onto a pair of
graphical hands. The transform coordinates of the graphical hands
are then collected and streamed to the AR application running on
the smartphone via UDP packets.

3.2 Hand Tracking
Although the LM provides tracking for palms and fingers in real-
time with almost zero latency, the system is limited to track only
the palms as the data had to be streamed from the server and then
rendered on the smartphone. Hence, enabling individual finger
tracking, which comprised of transform coordinates from three
bones and two joints for each finger, would be computationally
expensive and would increase latency. The data streamed from
the server were the position and rotation coordinates of the left
and right palms. In order to cut down the latency, the data was
transmitted once every frame, and about 50 to 60 frames a second.
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In MR HMDs, especially the ones with monocular displays such
as the one proposed in this framework, providing visual cues is vital
for the perception of depth. A translucent cuboid inspired by the
silk cursor [32] is augmented on top of the user’s hands to tackle
occlusion, enhance depth perception, and provide general feedback
to the user of the system’s understanding of their hand’s position.
As seen in Figure 2, a translucent object with a cuboidal geometry
is overlaid on the user’s hands. Acting as a cursor (and hereafter
referred to as such), it guides the interactions and aids the user in
knowing if the virtual content is in front, behind, or inside it.

When the AR application is powered on, it connects to the server
application’s network, and acts as a UDP client, waiting to receive
packets on a predetermined port. When a packet is received, the
application parses the information and sets the cursor’s transfor-
mation coordinates accordingly. The application and the server
should be connected to the same network. The IP address to which
to stream the data (smartphone’s IP address) is exposed as a public
variable and should be specified before initiating the system.

Figure 2: The translucent cursor overlaid on the user’s hand.

3.3 Calibration System
Due to the LM being located slightly below the smartphone in the
real world, its origin in world coordinates varies with the smart-
phone’s origin and accordingly leads to differences between the
cursor’s position and the user’s hand positions. A manual calibra-
tion system is set up to fix this issue and to localize the cursor
precisely on top of the user’s hands. This system is incorporated
into the server interface and consists of buttons with which minor
adjustments can be made to the cursor’s position. These adjust-
ments are saved automatically and loaded each time the server is
powered on.

The interface presents the user with a set of offset controls for the
left (presented on the left) and right (presented on the right) hands.
These offset controls comprise of buttons for effecting incremental
adjustments to the position coordinates of the X, Y, and Z axes.
On clicking the plus or minus button of an axis, the system adds
or reduces 1cm in the world coordinates to that particular axis of
the cursor. The adjustments are made manually while wearing the
HMD until the cursor appears to be precisely overlaid on the user’s
hands.

3.4 AR Registration
The Vuforia AR engine is utilized to provide Augmented Reality
capabilities to IIMR. The image tracking [27] feature of Vuforia is
primarily used by the framework to register virtual content onto
the real world. The system provides the option of placing the LM
either on a flat surface or in the head-mounted position. Placing
the LM on a flat surface with monoscopic rendering enabled allows
for faster debugging.

Unity’s physics engine handles the interactions between the
cursor and the virtual content. An ‘Interaction.cs’ script is pro-
vided with the framework and should be attached to the object
that requires interactions. Upon doing so, a Collider and a Rigid
Body component are assigned to the object automatically. When the
cursor registers collisions with the object, it calls the function On-
CollisionEnter() inside the script. The interaction to follow should
be specified within this function. The objects also change color as
visual feedback, when a collision is registered with the cursor. These
color variables are exposed by the system and can be modified by
the user.

Test applications with a simple feature set were developed to as-
sess the performance and reliability of the system. The applications
developed are as follows:

• Music Application: A simple music application with three
controls (play/pause, forward, rewind) was developed. The
controls were implemented as virtual content in AR so that
the user could interact with it naturally.

• Planets Application: An application developed to observe
the nine planets in the solar system in 3D. The user would be
able to select a planet from a 3D menu by interacting with it.

• IoT Application: An application that allows users to turn on
a smart bulb by interacting with a virtual switch in front of
them.

4 EVALUATION
A qualitative usability study with subjective measurements was
conducted on a set of 10 participants between the age of 18 and 25.
Out of these 10 participants, 3 of them had prior experience with
commercial mixed reality HMDs.

The participants were given a demonstration on how to interact
with the system before the evaluation. Following the evaluation,
they were handed questionnaires in which they were asked to rate
the system according to 8 criteria. The questionnaire was based on
a Likert scale which ranged -3 to +3 relating to the most negative
characteristic and the most positive, respectively. The first four val-
ues make up the pragmatic qualities i.e. qualities that are associated
with instrumental goals, usability, efficiency, and effectiveness. In
comparison, the last four values make up the hedonic qualities i.e.
qualities that are associated with stimulation, identification, fun,
pleasure, and enjoyment.

The evaluation was conducted in an indoor environment with
sufficient lighting. Each participant was given 15 minutes to freely
interact with the system and try out the different applications.
If any participant happened to be stuck, they were assisted with
verbal guidance. The participants were reasonably successful in
interacting with the system with little difficulty. The results of the
evaluation conducted are mapped onto a graph in Figure 3, where
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the mean values recorded per criterion are plotted. The respective
error bars show one standard deviation above and below the mean.

From criterion 2, It can be seen that the users found IIMR effort-
less to use. Prominent ambiguity is present in criterion 5, where an
almost equal number of users found the system to be boring and
exciting. One can estimate that this could be due to the simplistic
nature of the applications combined with the appealing capabili-
ties of the framework. Figure 4 shows the mean of the pragmatic
and hedonic qualities as well as the overall mean. The evaluation
showed that the system had slightly more hedonic qualities than
pragmatic ones. The overall mean (µ = 0.96) also shows that the
users had a positive impression of the system.

Figure 3: Mean and standard deviation of participant ratings
per criterion.

5 DISCUSSION
At first, it was challenging for users to determine where the cursor
was relative to their hands but was easily fixed by making adjust-
ments in the calibration system. Users even mentioned that they
were impressed by the framework and the ability to interact in the
same way as depicted in modern sci-fi movies, which is also evident
by the high positive ratings of criterion 6.

The system was able to track the user’s hands in real-time, al-
though there was a negligible amount of latency ( 200ms) observed.
The cursor was able to follow the user’s hands and adjust its po-
sition and orientation as deemed fit. Tracking was lost whenever
the hands moved outside the LM’s tracking radius, and the cursor
disappeared. The cursor being semi-transparent was appreciated
because otherwise, it could have obstructed the virtual objects. The
users were also not required to hold anything, which granted them
the freedom to act as they would in the real world. Four users
reported "gorilla-arm" effects [10] ensuing prolonged use.

5.1 Limitations
The system did have minor drawbacks; the smartphone began to
overheat quickly, which was expected as the real-time stereoscopic
rendering placed a heavy load on the GPU. It was noted that a
phone with a more powerful GPU could achieve better results.
Using a stereo camera would vastly improve the depth perception,

Figure 4: Mean and standard deviation of participant ratings
per quality.

but then again it would place a heavy load on the GPU, and increase
rendering and therefore latency times. It is also remarked that at
times the hand would block the image target from the camera view,
and the rendered content would be lost. Another notable effect was
when the user moved their hands swiftly, the cursor would take a
noticeable amount of time to catch-up.

Moreover, given by the average ratings for criterion 1 in Figure
3, the users found the system to be mildly obstructive, which could
be attributed to the system not having occlusion. This affected the
experience considerably as there was no perception of depth, and
the participants also reported that if it were not for the cursor and
the collision feedback, they would not be able to determine if they
were interacting with the virtual content.

There was the expected issue of the screen-door effect [28],
which made it strenuous to use the system for more than ten min-
utes at a time, and two users also reported headaches due to this.
This issue is less prominent on higher-resolution displays, which
have more pixels per square inch; and as a result, the pixels are
packed more tightly together.

6 CONCLUSION
Augmented Reality is still a relatively new technology and an emerg-
ing trend right now. Therefore, one can assume that it will only be
a matter of time before the technology becomes ubiquitous. This
work aimed to develop a framework for intangible mid-air interac-
tions in a mixed reality setting and not limit these interactions to
gestures alone. It was designed with the idea that it can be used as
an affordable system to evaluate immersive applications and user
interfaces by researchers and developers. The framework consists
of a Smartphone, a Google cardboard-like HMD, and a Leap Motion
Controller completing the system. A working prototype composed
of accessible modules was successfully developed, and a usability
study confirmed IIMR’s intuitive and inherent features. Though
its simple nature, the potential of the system is notable and could
be of great advantage when developing and testing interfaces for
wearable AR devices. Future research will be aimed at expanding
the feature-set and capabilities of IIMR.
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