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a b s t r a c t
Virtual Reality (VR) Head-Mounted Display (HMD) technology immerses a user in a computer generated
virtual environment. However, a VR HMD also blocks the users’ view of their physical surroundings, and
so prevents them from using their mobile phones in a natural manner. In this paper, we present a novel
Augmented Virtuality (AV) interface that enables people to naturally interact with a mobile phone in real
time in a virtual environment. The system allows the user to wear a VR HMD while seeing his/her 3D
hands captured by a depth sensor and rendered in different styles, and enables the user to operate a
virtual mobile phone aligned with their real phone. We conducted a formal user study to compare the
AV interface with physical touch interaction on user experience in ﬁve mobile applications. Participants
reported that our system brought the real mobile phone into the virtual world. Unfortunately, the experiment results indicated that using a phone with our AV interfaces in VR was more diﬃcult than the
regular smartphone touch interaction, with increased workload and lower system usability, especially for
a typing task. We ran a follow-up study to compare different hand visualizations for text typing using
the AV interface. Participants felt that a skin-colored hand visualization method provided better usability
and immersiveness than other hand rendering styles.
© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
This research explores how a real smartphone can be used inside a Virtual Reality (VR) environment. Typical VR systems use a
Head-Mounted Display (HMD) to immerse users into an entirely
Virtual Environment (VE). However, VR HMDs separate users from
the real world and their actual bodies. The diﬃculty for the user
to perceive tangible objects around themselves inhibits access to
common input devices, such as a keyboard or a mouse.
Smartphones with touch screen interfaces have become one of
the most popular consumer devices, and there is a strong desire
to use them inside VR. For example, people may want to receive
calls, check mobile applications, or send text messages while in a
VR HMD. However, it is currently not feasible for a VR user to easily operate a mobile phone without taking off the VR headset. In
this paper, we present a VR system that enables users to naturally
interact with a real smartphone while experiencing virtual content
in a VR headset.
A few VR HMDs can be used while interacting with a mobile
phone. For example, the HTC Vive Cosmo1 , Windows Mixed Real-

ity,2 and Sony PSVR3 headsets have a ﬂip-up design, which allows
the user to quickly swap between the VE and reality by ﬂipping the
face panel with little effort. The HTC Vive Focus4 and HoloSwitch5
enables users to receive calls or messages on their phones by displaying pop-up notiﬁcations in the VR HMD. However, these approaches do not share the phone screen’s content, and the users
could not answer the phone call or reply to the message in any
form in the VR environment.
Some researchers used a real-virtual bridge mechanism to
create two-way interaction techniques to connect real and virtual
objects. For example, Takashina et al. [1] used a quasi-touch
interface to capture an actual phone screen and transfer it into a
virtual smartphone in VR, and then mapped touch operations in
the virtual world back to the real smartphone. However, the user
still needed to use the VR controllers as virtual hands to press
the virtual touchscreen of the proxy phone. The system provided
a better embodiment experience for mobile phone interaction in
VR, but its input method was far different from the normal phone
operation and limited the user’s VR engagement.
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section, we review related work in each of these areas and discuss
the differences from our system.
2.1. Using smartphones in VR
Smartphones are widely used for mobile Augmented Reality
(AR) because of technology advances in sensors and processors,
which also supports multimodal screen touch interactions with virtual content (e.g., pointing [3] and manipulating [4]). Some affordable VR HMDs (e.g., Google Cardboard6 and Samsung Gear VR7 )
use the smartphone as a display, but the user cannot touch it with
their hands while viewing the virtual content, and so lose the beneﬁt of rich touchscreen interaction. In this research, we aim to
bring the smartphone into VR to access all of the phone features
instead of only viewing the VR content.
In earlier research, smartphones with wireless connection, keypad, touch screen, and gyroscope sensing were mainly used for
various inputs in VR applications. For example, Larsen et al.
[5] connected a cellular phone to a VR system so that the user
could press the arrow keys to move the virtual objects shown on
the phone screen. Liang et al. [6] used a mobile phone to provide movement and tilt input as an alternative to VR controllers
for navigation. Steed and Julier [7] used a smartphone to support portable VR content output and screen-touch input with virtual objects. However, most basic interactions using mobile phones
have been replaced by controllers [8], except in some speciﬁc applications (e.g., 3D modeling [9], or spatial design [10]).
Some smartphones have been partly integrated into commercial
VR systems to enable viewing call notiﬁcations or text messages in
the VR headset, such as the HTC Vive Focus or HoloSwitch. The
smartphone itself was still blocked outside of the virtual world,
and the screen cannot be directly viewed in these VR systems.
Alaee et al. [11] captured the phone appearance, screen, and the
user hands with a depth camera mounted in front of a VR headset and rendered everything as an immersive point-cloud in VR.
However, the point-cloud based phone screen rendering had a low
resolution, limiting precise operations on the phone like text input
and character selection.
In contrast, some researchers tracked the mobile phone and
rendered it as a virtual proxy with the corresponding screen content, and made touch interfaces partially available. For example,
Chang et al. [12] used a Leap Motion8 and an IMU sensor to track a
physical smartphone and rendered its virtual replica with the same
appearance in VR. Their system supported photography of the VR
scene using intuitive camera operations on the virtual smartphone.
However, the user could not see his/her own hands while holding
the virtual phone, and the photo-taking was not as natural as in
the real world. Similarly, Desai et al. [13] used an image-based approach to track the hands and the smartphone with an additional
camera, and then augmented the content onto the corresponding
VR region. The system could open a virtual window for users to
see the real world and use the physical smartphone directly. However, it only provided a 2D camera feed for the phone operation in
VR, and they did not perform an evaluation of their method.

Fig. 1. A virtual smartphone with real-time screen updating is reproduced in a VR
environment. The user can see his/her own hands and touch the virtual phone with
tangible feedback.

Augmented Virtuality (AV) merges real-world objects into virtual worlds. Milgram et al. deﬁned Augmented Virtuality as an immersive graphic environment in which some element of reality has
been added [2]. For example, an AV interface would be a VR experience that includes a virtual TV with a live camera feed from the
user’s environment shown on the virtual screen. Similarly, we want
to add a virtual phone to the user’s VR experience, but show the
actual phone screen on the virtual phone, and enable users to see
their real hands in VR simultaneously.
In this paper, we use the AV technology to add a virtual smartphone and its operation into the VR system by combing spatial
tracking of a real mobile phone, wireless smartphone screen mirroring, and spatial hand detection. This novel interface enables the
user to perform touch input on the mobile screen while being fully
immersed within the virtual space, as shown in Fig. 1. The user can
read or reply to text messages, make or answer phone calls, and
browse the image gallery or social media updates by holding the
real phone in their hands and touching its screen, without taking
off their VR headset.
Our prototype is one of the ﬁrst systems that brings a real
smartphone with natural touchscreen interaction methods into
a VR environment. Compared with previous work, our research
makes the following contributions:
•

•

•

•

We designed and developed an AV system that enables users
to freely interact with a fully-featured smartphone through a
mobile touch screen in a VR environment while wearing a VR
HMD;
We designed and implemented augmented hand visualization
interfaces to improve the on-screen content interaction, especially the text typing, for the mobile phone in AV;
We conducted a formal user study to evaluate the usability of
the AV interface for mobile touch-based interaction in a virtual
environment by comparing with the direct touch interaction in
reality using the mobile device;
We conducted a follow-up user study to compare the performance and usability of the interfaces with three different hand
rendering styles for mobile typing in an AV application.

2.2. Hand representation in VR

In the rest of the paper, we ﬁrst review related work by comparing them with our approach, and then describe our system’s
design and implementation. We present two user studies with performance and usability results. We discuss the limitations of our
proof-of-concept prototype and provide a conclusion and directions for future work.

Representing hands in the VE to improve natural interaction
and presence [14] has always been an important research topic.
Hand pose can be detected with various sensors and projected
into VR systems. For example, the Leap Motion controller is one of
the widely used sensors to track hand movements, and researchers

2. Related work
6
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have attached it to the front panel of VR headsets for spatial gesture input [15]. Some VR controllers were also capable of roughly
positioning virtual hands and sensing ﬁnger movements based on
the button pressing, such as the Oculus Touch. The hands could
also be detected with colored [16] or retroreﬂective [17] markers
attached.
However, most of these methods were not always eﬃcient especially when the hands were partially occluded or holding objects. Given this limitation, a dense 3D point-cloud method was
preferred to generate the hand model [18] and support natural 3D
interaction [19] in VR without relying on pose estimation. Together
with color-based foreground segmentation, better hand recognition
could also be provided [20].
With advanced graphic processing technology, virtual hands
can be rendered in different styles (e.g., hand skeletons, ﬁngertips, cartoon-like or realistically textured palms). Grubert et al.
[21] found that different hand representations could inﬂuence
error rate and presence for typing in VR while using a standard
physical keyboard. Schwind et al. [22] showed that realistically
rendered hands helped the user obtain a higher level of presence.
Using head-mounted depth cameras collocated with the VR headset, users could reproduce their body parts as 3D point-cloud in
VR [23]. User studies found that point-cloud virtual hands improved intuitiveness and self-perception when interacting with VR
objects [24], and were more preferred due to better performance,
less distraction, and a higher sense of presence [25]. In addition,
virtual hands can also be rendered transparent for users to see
occluded objects behind the VR hands. For example, Buchmann
et al. [26] made hands and tools selectively transparent to enhance the human perception of the virtual surroundings. Knierim
et al. [17] made virtual hands semi-transparent while typing on
a keyboard in VR, which improved performance for inexperienced
users compared to opaque rendering styles.
In our work, we use an RGB-Depth camera to detect the user’s
hands in a 3D point-cloud format and then bring them into our
VR system. We also explore how different hand visualization styles
can enhance user performance and experiences while using a mobile phone in VR.

Fig. 2. (a) System setup; (b) Calibration between the attached camera and the VR
system.

how they can affect text typing performance on smartphones in
VR.
In summary, most previous works have not successfully introduced full-featured smartphone interaction into VR, and text
typing has not been well addressed with the current controller
options. We developed our novel system to overcome the above
problems and create a compelling solution.
3. System design
We used an Oculus Rift S9 as our VR HMD in our system since
its high-resolution display (1280×1440 at 80Hz) provides a relatively clearer view of the virtual screen content. Moreover, Oculus
Rift S uses built-in cameras to capture and translate the user’s head
and controller movements into VR no matter which way he/she is
facing and provides room-scale tracking without external sensors.
Our system also enables the user to see his/her 3D digitized hands
and the smartphone in a virtual environment. Both virtual hands
and the phone are correctly aligned with the physical hands and
phone, duplicating the mobile phone interaction with very low latency. Thus, users can answer phone calls or send messages without taking off their VR headsets. The virtual hands can also be
rendered in three different visual styles to affect the user experience and performance. We developed our prototype system by
combining four main technologies; (1) 6 Degree-of-Freedom (DoF)
phone tracking, (2) Phone screen live mirroring, (3) Hand segmentation with depth sensing, and (4) Hand visualization with graphics
shaders.

2.3. Text input on mobile phones in VR
For general text input on computers, a keyboard would be the
ﬁrst choice by default. Prior research showed that simple virtual
keyboards had lower input rates than physical keyboards due to
the lack of haptic feedback [27]. Some researchers have introduced
physical keyboards into VR to provide easy text input solutions
[28]. However, these methods were not applicable for smartphones
since the mobile virtual keys on the mobile screen were too small
for users to recognize with a limited resolution of the HMD, which
leads to ineﬃciency and frequent typos.
Alternative methods have been applied for smartphone text input in VR. Boustila et al. [29] used a conﬁrm-on-release typing
paradigm to interpret the tap point with a circle on the smartphone keyboard and enabled typing in VR. HoVR-Type [30] used a
hovering function to visualize the ﬁnger point while typing on the
virtual phone screen. However, with these systems the user could
not see his/her hands in VR, so the performance heavily relied on
familiarity with the typing interface.
Supporting virtual hand visualization while typing is critical to
guarantee a lower text entry error rate [31], but it can be counterproductive in some cases. Lin et al. [32] visualized the hands and
keyboard to improve the immersive VR experience. However, their
user study found that the keyboard and ﬁngertips were occluded
by the hand mesh, which decreased the ﬁrst key accuracy. Therefore, we choose to use different hand rendering styles and explore

3.1. Conﬁguration and calibration
We set up the system in an oﬃce room. As shown in Fig. 2a, the
user can sit on a chair or stand while wearing the Oculus headset
tethered to a VR-ready computer for content rendering. To capture
the user’s hands, an RGB-Depth sensor was attached horizontally
on the headset’s front panel and connected to the same computer
via the standard USB cable. The vertical ﬁeld of view (FoV) of the
depth camera (41.5◦ ) was smaller than that of the HMD (110◦ ),
so we adjusted the depth camera to be vertically tilted down 16◦
with a spacer so that the hands could be observed more easily. The
user can hold a smartphone with no cables connected but with a
customized Oculus controller attached to the top edge for accurate 6DoF tracking by the Oculus headset. Both the VR computer
and the mobile phone were connected to the same local wireless
network to ensure fast data exchange. The mobile phone can then
wirelessly cast its screen to the computer at its native resolution
9
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Fig. 3. (a) The modiﬁed tracker is installed on the top of the smartphone; (b) A
new battery is attached to the bottom of the phone for better weight distribution.

Fig. 4. (a) The tracked phone in reality. (b) The real-time mirrored and textured
virtual proxy phone.

with negligible delay. A plugin will receive the mirrored screen
content and project frames into the VR scene as a live texture on
the virtual proxy phone screen.
The RGB-Depth sensor captures the hand in a point-cloud format in its own camera coordinate system (CCS), and then the VR
system renders these data points in the HMD coordinate system
(HCS). We conducted a calibration between the depth sensor and
the VR system to get the transforming matrix (from CCS to HCS) to
correctly display the point-cloud hands in the VR scene. As shown
in Fig. 2b, a square base with a small notch and an internal protrusion was placed on the left side, holding one controller as the HCS
reference; An image marker from the Vuforia tracking library10 was
attached on the right side, working as the CCS reference. Thus, the
origin of the marker’s coordinate system and its scale were rigidly
aligned with the controller’s virtual center, both of which can be
used as paired sampling points by the marker-based tracking and
controller-based tracking, respectively. We captured 30 pairs of position values while moving the headset and looking towards the
reference set. We then retrieved the transforming matrix between
the two coordinate systems by applying the Iterative Closest Point
(ICP) method.

Fig. 5. (a) The aligned point-cloud data in the virtual environment; (b) Hand segmentation from the background.

ture. The Scrcpy screen mirroring software11 was used to wirelessly
cast our mobile phone screen content (Fig. 4a) to the VR computer. A customized screen recorder received this content and then
streamed it into the VR system and textured it onto the phone surface in real time (Fig. 4b).
We established a Wi-Fi 6 wireless connection between the mobile phone and the VR computer to enable synchronously responsive updates of the projected screen in VR once the physical phone
was touched. We also enabled the ﬁngertip touch pointer (a white
sloid dot) on the mirrored screen to indicate where the touch was
registered, visually assisting the interaction.
Although the Full HD or even higher screen resolution of modern mobile phones provide enough pixels to fulﬁll the textured
virtual screen theoretically, some content details, especially for
text, may get lost, and a blurry or pixelated visual feeling could be
observed in the VR view. This is because the copy of the mobile
phone’s screen can only be displayed in a small region inside the
3D virtual space at the limited VR display resolution.

3.2. 6DoF phone tracking
As we mentioned above, the Oculus system has a robust and
accurate off-the-shelf visual tracking technique, and its controllers
provide stable and fast 6DoF tracking for spatial input. We disassembled and modiﬁed the right controller into a portable tracker.
The control chip and the trackable ring embedded with infrared
LEDs were attached to the top of the phone using a 3D printed
connecting case, avoiding any occlusion of the phone screen
(Fig. 3a). The controller’s virtual center and the phone screen’s top
center were accurately aligned as one rigid object, and the rendered proxy phone can be placed and tracked in the virtual scene
based on the modiﬁed controller’s position and orientation. The
battery cartridge of the right controller was also removed, and an
extra new battery was then installed at the bottom of the phone to
provide a better overall weight distribution (Fig. 3b). Thus, the user
can comfortably hold the device for a long period of time while
doing the touch interaction.

3.4. Hand segmentation and visualization
To bring the 3D hand input into the VR scene, we ﬁrst use an
RGB-Depth sensor (Intel RealSense SR30512 ) to segment out the
hand from the background with the depth frame Fig. 5a. This was
done by removing the points located outside of the required depth
range (less than 0.1 meters or more than 0.8 meters from the
camera center). We then detected the hand region from the foreground by converting the foreground color image from the RGB to
HSV color space and applying the skin-color probability detection

3.3. Real-time phone screen mirroring
Once the real phone was successfully tracked and aligned with
the virtual proxy phone in VR, we captured the mobile screen’s
content and fed it into the virtual phone’s screen as a live tex-
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[22] to get the skin-color pixels as the ﬁnal hand region. With the
intrinsic and extrinsic parameters of the color camera and infrared
camera, we ﬁnally can visualize the hand region in a point-cloud
format in the 3D virtual space (Fig. 5b) by uploading the aligned
color and depth values to the GPU for real-time rendering.
3.5. Implementation and performance
We ran the VR system on a desktop computer (Intel Core i78700 CPU @3.2GHz, 32G RAM, GTX 1080 GPU, Windows 10 OS, Intel Wi-Fi 6 AX200 with Wi-Fi 6 support). The smartphone (Samsung Galaxy Note 10 Plus, 12G RAM, 6.8-inch Quad HD screen at
a resolution of 3040×1440, Wi-Fi 6 enabled) projected the mobile
screen to the VR computer via our private network connection (at
a bandwidth of 530 Mbps with 170 ms delay on average).
The mobile phone screen refresh rate is 60 Hz natively, while
the mirrored screen was transferred at 60 Hz as well since no explicit frame drop was found from the capturing rate of the Scrcpy
plugin. However, during the ﬁnal rendering step, the mobile screen
was textured in the VR system at a resolution of 2476 × 1173, dropping to 48 frames per second (FPS) while still ensuring a clear
and smooth presentation of the screen content to the VR user. The
controller-based tracker provided stable tracking (4.36 ± 2.91 mm)
[33] at an average frequency of 91 Hz, and the total weight added
by the controller for the phone tracking was about 240g. The RealSense SR305 camera for hand detection ran at 60 FPS with a resolution of 640 × 480 and 69 by 54◦ FoV. The point-cloud rendering
was refreshed at about 78 FPS on the Rift S display (Supporting up
to 80 FPS), which took up 80% of the GPU capability.

Fig. 6. The experiment setup. The user sits on the chair and holds the mobile
phone with two hands while placing their elbows on the desk for support.

so that users can naturally put their hands on the virtual desk and
receive consistent visual and touch feedback.
4.2. User study I
In this study, we would like to verify if most of the essential
everyday mobile tasks based on touchscreen interaction could be
operated correctly and naturally in the VR environment. We selected ﬁve typical smartphone activities, and each was tested under both the real and virtual environments. For example, the user
would ﬁrst answer the phone or reply to a text message directly
on the actual phone with the touch input without any VR gears.
The participant would also complete the same tasks on the virtual
phone with our AV interface by wearing the Oculus headset.
Our main research questions for this study were:
(Q1) How can we use a smartphone with screen-touch input in
a VR environment with the same interaction methods as in reality
without taking off the VR headset?
(Q2) What is the usability difference of the AV interface compared with physical input in reality for typical mobile phone applications?
Based on design experience and prior research [11–13], we
made the following research hypotheses:
(H1) By tracking the smartphone’s pose, mirroring its screen
content, and capturing the user’s 3D hand data, we could bring
a fully-featured smartphone and its touch-based interaction into a
virtual environment.
(H2) No signiﬁcant difference would be found in common mobile interactions when using a smartphone in VR with our AV interface.

4. Smartphone touch interaction in VR
We designed the ﬁrst user study with the primary goal of evaluating the tangible AV interface that we developed for the mobile
phone in a fully immersive virtual environment, and investigating
the beneﬁts and limitations of this interface in VR compared with
the direct interaction with mobile phones in reality. In this case,
our primary independent variable was the type of interfaces presented and used for the mobile interaction (Direct touch in physical reality vs. Augmented Virtuality operation in VR). The dependent
variables were different perspectives of the user experience (easiness, workload, system usability, and so on). We tested everyday
mobile tasks based on mobile screen touching with both interfaces
to collect usability data and feedback for our evaluation.
4.1. Study environment and set-up
We set up our experiment in a small oﬃce room with a standard desk and chair. Although the user could walk around holding
the mobile phone while wearing the VR headset, they were asked
to sit on the chair and hold the mobile phone with two hands.
This setup enables natural and ﬂexible operations with the smartphone, where users can choose to use the phone in midair or put
their elbows on the desk edge to obtain physical support, as shown
in the Fig. 6. The experiment was conducted our experiment under
a controlled lighting situation by keeping the room curtains closed.
Although the color ﬁlter is compatible with a broad range of skin
colors in different lighting conditions, the controlled environment
makes robust and high-quality virtual hand capturing and rendering.
To eliminate any potential inﬂuence from the environment, we
also created a virtual scene with a similar style and layout as the
physical oﬃce. For example, a virtual desk is placed in front of the
user in VR with the same color and size as the physical one, as
partially shown in Fig. 5b. Besides, a controller is located at the
corner of the desk to align the virtual desk with the physical one,

4.2.1. Experimental design
We used a within-subject design for the study that each participant would experience both conditions. The participants were
asked to use the mobile phone as usual without the VR equipment,
which was considered as our control condition (Reality). We then
brought the mobile phone with the same screen-touch interaction
into VR through the AV interfaces as the comparison (AV). The order of the interface conditions was counterbalanced between participants.
Each participant experienced ﬁve different applications, corresponding to ﬁve types of typical mobile phone activities under
both conditions, as described below:
•

•

46

Video call The participant makes a video call to the host (the
author) via Skype and discusses some random topics for about
a minute.
IM (Instant_messaging) The participant uses Facebook Messenger
to communicate with the host about their feelings by sending
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and receiving at least ﬁve pieces of messages, including plain
texts, gif pictures, or emojis.
SNS (Social_networking_service) The participant checks new
feeds from Twitter and posts their comments under one piece
of interesting news.
Media Consumption The participant watches a short video from
YouTube for one minute and then tries to jump to the end using
the playback interface.
Photography The participant takes a photo of the local environment or makes a selﬁe, and then reviews the photo in Google
Photo and shares it with the host.

Although people may use different mobile phone applications
instead of the speciﬁc ones used in the study, the functions and
user interfaces for each category are very common. Participants
can quickly get used to the testing applications in our training sessions. Temporary accounts for these applications were created and
logged in before the user study, so no personal data was recorded.

Fig. 7. SEQ results (Error bar: +/- SE; ×: Mean; The higher, the better).
Table 1
SEQ statistical analysis result.

Z
p

4.2.2. Experimental procedure
Before the study started, participants were introduced to the
study design and the overall setup. The experiment began with the
participants signing a consent form, answering demographic questions, and describing their VR/AR experience. The participants were
then explained about the new system and the experiment tasks,
followed by a training session in which participants tried each interface condition for all tasks (1 minute) to get familiar with the
system. After the training session for each condition, the ﬁve tasks
mentioned in Section 4.2.1 were tested in a randomized order for a
longer time (2 minutes). Participants were asked to complete predeﬁned questionnaires regarding the interface usability once all
tasks were completed. There was a 1-minute short break between
each task and a 10-minute long break applied between each condition. When all sessions (ten tasks in total for each participant)
were ﬁnished, a short interview was conducted to collect more
subjective comments. The whole procedure lasted about 60 minutes on average, and the participants could stop the experiment
anytime during the study if needed.
Due to the Covid-19 pandemic, strict safety protection and sanitation rules were followed throughout the study. The headset and
the mobile phone were carefully cleaned with wet sanitation tissues before each session. Participants’ hands were also sanitized
before and after the study.

Skype

Messenger

Twitter

YouTube

Photo

−3.125
.002

−3.661
<.001

−3.539
<.001

−3.444
.001

−3.361
.001

Table 2
NASA-TLX statistical analysis result.

Z
p

Skype

Messenger

Twitter

YouTube

Photo

−7.380
<.000

−8.838
<.000

−7.511
<.000

−7.905
<.000

−7.333
<.000

We summarize qualitative feedback collected from the participants
from the post-experiment interview.
We recruited 21 participants (6 females and 15 males) from the
university campus, with their ages ranging from 22 to 45 years old
(M=33.4, SD=5.9). Fifteen of them (71%) reported having VR experience, while six (29%) had never used any VR devices. We conﬁrmed that all participants had their personal smartphones and
were familiar with the standard touch-based interfaces. On average, their everyday smartphone usage time was 1-2 hours for 24%,
2-3 hours for 38%, and more than 3 hours for the rest (38%). Their
primary usage for smartphones (multi-choice) was receiving and
sending messages (81%), general web browsing (67%), photographing (52%), phone calls (38%), video/audio calls (33%), and social media checking (33%).

4.2.3. Measurements
We used several subject questionnaires to evaluate the user experience across ﬁve testing tasks under each condition. We used
the Single Ease Questionnaire (SEQ) [34] for measuring the total
interface diﬃculty, the NASA Task Load Index Questionnaire (TLX)
[34] for measuring the mental and physical workload, the System
Usability Scale (SUS) for measuring the usability of the interface,
and the User Experience Questionnaire (UEQ) [35] for measuring
the general user experience. After completing both conditions, participants were asked the following interview questions; 1) What
are the user experience differences between the two conditions on
each task; 2) What are the pros and cons of the AV interface in the
virtual environment?

4.3.1. Task diﬃculties
The SEQ is a 7-point single-question Likert scale regarding the
total diﬃculty of the task (1:Very Diﬃcult, 7:Very Easy), and we
collected responses from the ﬁve mobile interaction tasks with this
scale. The Wilcoxon Signed-Rank test was conducted to compare
the statistical difference between two conditions on each sub-task.
Signiﬁcant differences were found in all ﬁve categories between
the two conditions, as shown in Fig. 7. The mobile interaction in
reality was considered signiﬁcantly easier than that in VR for the
ﬁve tasks (Table 1). For example, we found that in the AV condition, participants felt that text input was pretty tricky (M=3.857,
SE=0.386).
4.3.2. Workload
To evaluate the participants mental and physical efforts in
each condition, we used the NASA-TLX questionnaire, which consists of six rating items within a 100-point range with 5-point
steps (0:very low, 100:very high). The Wilcoxon Signed-Rank test
showed a signiﬁcant difference in workload between the two conditions across all ﬁve tasks (Table 2). Fig. 8 shows the average TLX
rating results of each condition. Participants using the AV interface
in the VR environment had a signiﬁcantly higher workload in all

4.3. Result I
In this section, we report on the ﬁrst study results with statistical methods regarding the usability of our developed AV interface
for mobile interaction tasks compared with similar interaction in
reality. The mean difference was marked signiﬁcant at the 5% level
(α =.05), and the threshold was adjusted with the Bonferroni correction for multiple post-hoc comparisons unless noted otherwise.
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Fig. 8. NASA-TLX results (Error bar: +/- SE; ×: Mean; The lower, the better).

Fig. 10. UEQ results (Error bar: +/- SE; ×: Mean; The higher, the better).

tween the two conditions. However, there were signiﬁcant differences (p<.001) in all other tasks.
5. Augmented smartphone typing in VR
Some people may have an occlusion issue in daily scenarios
while typing on a small mobile screen keyboard as their ﬁngertip might cover the screen target, creating many typing errors and
a low typing speed. In the AV scene, we found that the typing experience was rated challenging and had the lowest usability score
among the ﬁve tasks, as presented in Section 4.3.
The color and transparency of the 3D hand in the AV interface
can be changed to improve the on-screen content’s visibility and
the typing experience on the virtual phone keyboard. We designed
a follow-up study to explore if the augmented hand visualization
style could improve text typing with the smartphone’s on-screen
keyboard. The study focused on evaluating the performance and
experience of an augmented hand visualization regarding smartphone text typing. We chose skin color as the independent variable because colors can psychologically affect human visual search
and attention [36].

Fig. 9. SUS results (Error bar: +/- SE; ×: Mean; The higher, the better).
Table 3
SUS statistical analysis result.

Z
p

Skype

Messenger

Twitter

YouTube

Photo

−3.922
<.000

−4.017
<.000

−3.827
<.000

−3.921
<.000

−3.726
<.000

tasks. We also noticed that messaging had a pretty high workload
with the AV method, which aligned well with the SEQ results.

5.1. User study II
Based on prior research [17,22,37], we chose to change the rendering color and transparency of the user’s virtual hands for the
augmented typing. The main research question for this study was:
(Q3) How do the color and transparency of point-cloud hands
affect typing performance and user experience on smartphones in
a VR environment?
Our research hypotheses were:
(H3) Using skin-colored hands for text input on the phone in VR
helps with embodiment and the immersive experience compared
to using other solid colors.
(H4) Adding transparency to virtual hands would increase the
performance and reduce the occlusion issues during typing and
improve the overall typing user experience.

4.3.3. System usability
We used the SUS questionnaire to evaluate the system usability, consisting of 10 rating items with ﬁve response options (from
Strongly Disagree to Strongly Agree). A SUS score of 68 or above
is viewed as above average system usability. We reviewed the results of ﬁve tasks in the two conditions (Fig. 9), and the Wilcoxon
Signed-Rank test showed signiﬁcant differences in system usability between the two interfaces across all ﬁve tasks. As shown in
Table 3, the system usability of the physical application interaction
(control condition) was signiﬁcantly higher than with the AV interface. However, the SUS results revealed that the usability of the
calling (M=72.024, SE=1.994) and the photographing (M=70.238,
SE=5.201) operations in the AV mode were both higher than the
average score, while the augmented message typing had the lowest
score (M=59.400, SE=3.380). In contrast, as all participants were
very familiar with touch-based mobile interaction, the SUS scores
from the ﬁve tasks in the real world were higher than 70.

5.1.1. Experimental design
We kept the exact system implementation and experiment
setup described in Section 4.1 for the second study, except for
the rendering conﬁguration of the hand point-cloud. In speciﬁc,
we added an extra conﬁguration for users to choose the virtual
hands’ rendering color and transparency beyond the real skin texture. As shown in Fig. 11, the hands can be rendered in a realistic
style or with a solid color, and the point-cloud could also be semitransparent with a see-through attribute. The transparency value
was determined in a pilot study concerning the balance of the virtual hands’ penetrability and realism. Inspired by the hand repre-

4.3.4. User experience
The UEQ survey was used to evaluate the overall user experience of the system. The scales were adjusted from between 1(very
bad) to 7 (excellent) to between -3 (very bad) to 3 (excellent). All
the operations in both conditions notably obtained a positive mean
value (Fig. 10). With the Wilcoxon Signed-Rank test, no signiﬁcant
difference was found on the calling task (Z=-1.226, p=.220) be48
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Fig. 11. The different virtual hand visualization styles: (a) Realistic skin-colored
non-transparent condition, (b) Augmented skin-colored semi-transparent condition,
and (c) White-colored semi-transparent condition.

sentation style in Oculus Quest system13 , we selected the white
color as one of our color conditions. It would allow the contour
to be seen on top of the white-colored mobile keyboard to reduce
the visual distraction from the noisy edge of the point-cloud data.
In this study, three different visualization conditions were implemented for our comparison:
•

•

•

Fig. 12. Screenshots of the typing test software: (a) Character typing test; (b) Word
typing test.

C1 Skin-colored non-transparent hands: The virtual hands were
rendered with a real skin texture (Fig. 11a).
C2 Skin-colored semi-transparent hands: The skin-colored virtual hands were rendered with 30% opacity (Fig. 11b).
C3 White-colored semi-transparent hands: the virtual hands
were rendered in a solid white color with 30% opacity (Fig. 11c).

ﬁnished, participants were expected to rank the three conditions
and provide subjective opinions about the interface and system via
an interview. The typing accuracy and speed in each experimental
condition were automatically logged. The same COVID-19 safety
precautions were continued as well.
In the ﬁrst user study, we enabled auto-correction for the message typing to reproduce a practical daily application case. However, in this test we disabled the auto-correction for the testing
software for a basic result. The user study took about 30 min on
average for each participant.

5.1.2. Experimental task
With the same apparatus used in the ﬁrst study, we developed
two different typing tasks for users with three interface conditions.
The ﬁrst task was to type single characters, including small and
capital letters (a-z, A-Z) and numbers (0-9). One of the characters
was randomly presented to participants at a time. The character
was renewed after typing on the keyboard, even if the typed character was incorrect. The default keyboard layout included all lowercase letters and numbers, while the SHIFT key needed to be used
to input a capital character. The second task was word typing, and
participants needed to type the whole word with a random length
of 2 to 12 characters. The presented word would be updated after
the space key was pressed. During the typing, the user could voluntarily choose to use the backspace key to correct typing errors.
In each typing task, the participant had one minute to type on
the mobile application14 and the accuracy and the total number
of typed characters or words were logged by the software. Meanwhile, the participants were asked to type as fast and accurately as
possible. Screenshots of the sample test and results were shown in
Fig. 12a and 12b.

5.1.4. Measurements
We collected both objective and subjective data. For example,
the typing speed and typing accuracy were collected in both
character typing and word typing tasks. The typing speed is the
number of characters or words participants typed per minute. The
typing accuracy describes the proportion of the correct characters
or words entered in the total number of entries. The two parameters can be obtained directly from the typing software’s report. In
addition to the questionnaires used in the AV condition of the ﬁrst
study, we also added the Slater-Usoh-Steed Questionnaire (SUSQ
for short to distinguish from SUS) [35] to measure the immersive
feelings in VR with different rendering styles.
5.2. Result II
In this section, we report on the experiment results with a
statistical analysis regarding the augmented hand visualization
method for AV smartphone typing.

5.1.3. Experimental procedure
We recruited the same participants from the ﬁrst study in the
same order. A brief introduction of upcoming tasks was given to
help participants understand the basic concept. Participants were
trained to get used to the AV typing with new hand rendering
styles and learn how to use provided three styles with the mobile
keyboard in the VR environment. They had 6 minutes to freely
practice typing characters and words with all styled interfaces in
the typing software. Participants had a 2-minute test (1 minute
for characters and 1 minute for words) with each style condition,
and all conditions were conducted in a counterbalanced order to
avoid any learning effect. After each test, participants were asked
to answer a few related questionnaires. Once all the tests were
13
14

5.2.1. Performance
We applied the Shapiro-Wilk test and found that some of the
conditions were not following a normal distribution, so we used
the Repeated-Measures ANOVA for our augmented typing accuracy
and speed analysis. In terms of the typing accuracy, we found no
signiﬁcant difference in typing characters between three different
interfaces (F(2, 60)=.068, p=.935), or typing words (F(2, 60)=.452,
p=.639). In terms of the typing speed, we also found no signiﬁcant
difference in typing characters between the three different interfaces (F(2, 60)=.064, p=.938), or with typing words (F(2, 60)=.250,
p=.780). However, as shown in Fig. 13, by comparing the accuracy
of the AV interface such as C1 with the physical typing interaction,
C1 provided a reasonably high accuracy (84% on character typing,

https://www.oculus.com/quest-2/
https://play.google.com/store/apps/details?id=com.aswdc_typingspeed
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mean immersion score from the SUSQ questionnaire for three rendering interfaces.

5.2.4. User experience
This questionnaire’s results were also adjusted between -3 (very
bad) to 3 (excellent), and the results indicated that the experience was above the average score and positive. The Friedman Test
showed a signiﬁcant difference (χ 2 (2)=6.858, p=.032) among the
three rendering styles. With post-hoc analysis using the Wilcoxon
Signed-Ranks Test, the natural hand color was found to be signiﬁcantly better than the semi-transparent skin-color (Z=-3.478,
p=.001) and the semi-transparent white-color (Z=-2.689, p=.007).
However, there was no signiﬁcant difference between the natural
hand color condition and the semi-transparent skin-color condition
(Z=-0.320, p=.749).
Fig. 13. Results of the typing accuracy (%) and speed (/min) in two typing tests
(Error bar: +/- SE).

6. Discussion
In this section, we discuss the results of our studied research
questions in more detail with experimental observations and postexperiment interviews.

6.1. Bringing full-featured smartphone into VR
Our developed AV system visually and tangibly brought full
smartphone functions and features into the VE while keeping the
same interaction modalities as in reality. Using the customized
tracker, the virtual phone model was well aligned with the actual
phone, so that the user could feel the smartphone’s shape through
hands. The hands were also captured and rendered with a dense
point-cloud in the virtual world. Both the dynamic visual and tactile feedback provided users with a consistent multimodal experience coherently with the experience of using an actual smartphone
even in VR [38].
The ﬁve tasks in the ﬁrst study (Section 4.2) tested the smartphone’s functions and its usability of fundamental interactions in
VR. With the provided system, participants could complete all
smartphone operations in VR while wearing the headset. As expected, the easiness and overall workload were rated based on the
task complexity. The video call received the lowest rating while the
message input got the highest rating [39]. Regarding the system
usability, the calling and photographing tasks got the highest score
while the message typing was still rated as the lowest. For other
tasks (e.g., browsing Twitter or watching YouTube videos), most interactions were handled by swiping the screen or clicking largersize buttons or icons, rated higher in most usability questionnaires
than the typing task.
From the post-experiment interview regarding the AV interface,
some participants said that “it gave a seamless experience with the
real phone while still being immersed in the virtual world” (User 1),
“with no breaking the VR experience” (User 9), and created “ good
link to reality” (User 20). User 11 mentioned that “the system is
surprisingly good to play with the real phone”. User 20 also commented that the system “might motivate to bring people into VR
world”. On the other hand, there are also some negatives to be
noticed. User 19 mentioned that “random misalignment errors and
the rendered visual effects with noise worsen the button click, especially when some of the buttons were located very close with each
other”. User 15 claimed that he/she “felt fatigued after some time”.
However, they commented that overall the system offered no signiﬁcant difference with the experience of using a smartphone in
reality. Therefore, H1 (bringing the full-featured mobile phone into
VR) is conﬁrmed.

Fig. 14. SUSQ results (Error bar: +/- SE; ×: Mean; The higher, the better).

84% on word typing) that were not much less accurate (93% and
91% respectively) from the control condition.
5.2.2. Task diﬃculties and workload
We measured the ease of text typing in the VE with the
three rendering methods. We used the Friedman Test and found
that there was no statistically signiﬁcant difference between all
three conditions (χ 2 (2)=0.226, p=.893, C1 (M=4.38, SE=0.387),
C2 (M=4.33, SE=0.333), C3 (M=4.71, SE=0.391)). We tested the
workload of three AV interfaces and found no signiﬁcant difference (χ 2 (2)=0.199, p=.905, C1 (M=42.19, SE=3.25), C2 (M=42.19,
SE=3.25), C3 (M=42.19, SE=3.25)). So, in this case, the hand rendering difference with color or transparency did not inﬂuence the
task diﬃculties or workload.
5.2.3. System usability and immersiveness
In terms of the SUS, all three hand rendering methods were
rated around the average level of usability (C1: M=62.98, SE=4.35;
C2: M=65.83, SE=3.78; C3: M=61.79, SE=5.23). While C2 received
the highest ratings, the difference between the conditions was
not statistically signiﬁcant based on a Friedman Test (χ 2 (2)=1.351,
p=.509).
To measure the immersiveness inside the VE with the AV interface, we recorded the SUSQ and found a signiﬁcant difference between three AV rendering interfaces using the Friedman
Test ((χ 2 (2)=9.980, p=.007). Followed by the Wilcoxon SignedRanks Test, the skin-colored non-transparent rendering method
was rated signiﬁcantly more immersive than the white-colored
semi-transparent style (Z=-3.338, p=.001, C1 (M=3.98, SE=0.159),
C2 (M=3.71, SE=0.144), C3 (M=3.56, SE=0.141)). Fig. 14 shows the
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6.2. AV vs. reality smartphone interaction

action. First of all, User 20 mentioned that he/she felt insecure
because he/she could not know if someone was around to check
his/her mobile screen that might have some private content that
he/she did not prefer to share with others. Although the user can
manipulate the mobile phone through the AV interface, he/she still
needs to understand the people around to get the context of the
surroundings. The AV technology might make people un-social at
some point since people do not need to break the VR experience
to complete most mobile actions and keep themselves inside the
VR for a longer time, a concern mentioned by User 14. User 14 also
mentioned the Uncanny Valley theory [41]. Speciﬁcally, the AV interaction could make the VR environment too good, which would
not always be a great idea. For example, he/she claimed that “In
the beginning, this system feels very cool, but later I felt a bit scared,
because the VR world is so real, which mixes me with the reality in
a bad sense” [sic]. Extra features need to be considered from the
psychological perspective to reach a well-balanced point by mixing the real and virtual content to a certain extent.

Examining our research hypotheses from the results in
Section 4.3, we found that H2 (no difference between Reality and
AV interaction) was rejected as the usability of the AV interface for
mobile applications in the VR environment was signiﬁcantly lower
than the direct touch-based mobile interaction.
Although with current VR hardware, it might not be easy to
use for complicated tasks that require low-level details, like typing
and reading messages. Our AV mobile interface was still considered
good for certain simple tasks like answering a phone call, checking
videos, or taking photos in VR. A higher resolution VR display may
be required to bring the mobile screen with its content into the VR
environment for accurate and comfortable interaction.
The AV typing was not as accurate or fast as the direct physical
touchscreen typing. However, the novel method provided a fairly
accurate input solution with a reasonable speed for users while
wearing the VR headset compared to the default controller-based
typing for mainstream VR systems. This means that more textbased social media applications like Twitter on the smartphone
could beneﬁt from the AV interface for VR scenarios potentially.

6.5. Limitations
Our AV interface had its limitations that could be improved in
the future. A few users complained that the VR headset itself was
too heavy to wear with all of the sensors attached and was not
very friendly to people with glasses (User 10, User 11). Although
we carefully considered the weight distribution of the attached
tracker on the smartphone to provide a better balance, the current kit was still heavy to hold for long-term usage. A customized
phone case with embedded photodiodes for tracking could be
developed to replace the current solution, and provide a lightweight VR tracking result with more reliable alignment between
the screen content and the virtual phone model. Since we used
a visual-based skin-color detection algorithm, the hand segmentation could be signiﬁcantly affected by the environmental lighting
condition. In some cases, skin-color like content, such as pictures
on the mobile screen, might not be removed appropriately from
the hand region.
The user study in this research focused on the seated pose for
participants because of the above limitations. In contrast, interacting with the smartphone while moving around for participants
could be investigated once self-contained VR HMDs could be deployed for our implementation.

6.3. Improving phone text typing in VR
As discussed in the ﬁrst study, we found that AV typing needed
quite a lot of mental and physical effort to focus on, and eyes
could get tired after some time (User 1). Some reading/typing tasks
needed extra self-interpretation based on what was shown (User
19). In addition to the clarity issue caused by the VR display resolution, some participants also noted that the typing diﬃculty was
also induced by 1) some delays happening when typing too fast
(User 21), and 2) the movement mismatched the virtual and real
button by heavy clicking. For example, one user pressed “W” on
the physical keyboard when intending to type Q in the virtual view
(User 19). This problem could be addressed with more accurate
and responsive real-virtual object tracking in the future.
Examining our research hypotheses in Section 5.2, we found
that H3 (skin color helps embodiment and immersiveness) was
conﬁrmed as the skin-colored style was rated signiﬁcantly higher
with a better user experience than the solid color one, no matter whether the transparency was enabled or not. Our result was
aligned with previous research. For example, the color of avatar
hands could inﬂuence human psychological perceptions in VR [40],
and the skin-colored presentation could help users perceive higher
levels of virtual presence and enhance the VR experience [17,22].
H4 (transparency reduces the occlusion issue) was rejected. Although the white transparent rendering method was rated significantly lower regarding the immersiveness of the virtual environment, both transparent interfaces had no performance difference
from the non-transparent condition. Moreover, the random edge
noise of the point-cloud hand made it a bit diﬃcult to concentrate
(User 20) during the test. The result was different from prior research that a transparent hand could enhance environment perception [26] and typing performance with a keyboard [17]. One possible reason would be that the size of the phone keyboard is much
smaller than that of a typical desktop keyboard. There could be
two or three virtual keys for the mobile phone within the region
of a ﬁngertip. Users could not able to identify which key was actually hit below the relatively larger ﬁngertip, even with the transparency clue. The dense distribution of the virtual keyboard layout
might also reduce the transparency advantage.

7. Conclusion and future work
In sum, we present an AV interface that enables a user to operate a real smartphone in a VR environment. The system allows
the user with a VR headset to hold a mobile phone and operate
the touchscreen with their real hands, successfully bringing complete mobile interaction into VR in real time. Two user studies
were conducted to evaluate the advantages and limitations of this
novel interface based on typical mobile touch-based applications
in the VR environment, especially for text typing on the screen.
The results showed that our system successfully connected the actual smartphone with the virtual world, and most users felt the
same experience in VR as using their smartphones in reality. However, participants reported that our AV interface was signiﬁcantly
different from the familiar mobile interface in the real world, with
less usability caused by the hardware and software limitations at
this moment. They commented that the skin color textured rendering interface could offer a better user experience and immersiveness than other rendering styles. We provided a prototype and its
method for researchers and developers to evaluate the daily mobile
phone interaction in VR and explore possible design implications
before the mature VR phone solutions became widely available.

6.4. Psychological effect
Instead of the mainly focused performance and usability results,
we also discovered a few psychological effects for our AV inter51
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In the future, we plan to explore the design and development of
novel robust manipulation methods for virtual objects in VR environments based on augmented mobile screen-touch input that we
discussed here. We would also like to explore asymmetric VR interaction, which will combine a classic VR controller or free-hand
gestures for 3D rough spatial operation with mobile touch input
for 2D precise adjustment. This work focused more on bringing
the mobile phone into the VR scene with old interaction patterns
rather than demonstrating new phone-based interaction paradigms
for VR. Such work can be conducted in the future to improve the
usability of the VR phone and enrich phone-based interactions in
virtual worlds.
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