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Abstract: Currently, it is possible to combine Mobile-Rendered Head-Mounted Displays (MR HMDs)
with smartphones to have Augmented Reality platforms. The differences between these types of
platforms can affect the user’s experiences and satisfaction. This paper presents a study that analyses
the user’s perception when using the same Augmented Reality app with two MR HMD (low-end
and high-end). Our study evaluates the user’s experience taking into account several factors (control,
sensory, distraction, ergonomics and realism). An Augmalpha-lowerented Reality app was developed
to carry out the comparison for two MR HMDs. The application had exactly the same visual appearance
and functionality for both devices. Forty adults participated in our study. From the results, there were
no statistically significant differences for the users’ experience for the different factors when using the
two MR HMDs, except for the ergonomic factors in favour of the high-end MR HMD. Even though the
scores for the high-end MR HMD were higher in nearly all of the questions, both MR HMDs provided
a very satisfying viewing experience with very high scores. The results were independent of gender
and age. The participants rated the high-end MR HMD as the best one. Nevertheless, when they were
asked which MR HMD they would buy, the participants chose the low-end MR HMD taking into
account its price.

Keywords: mobile-rendered HMDs; head-mounted viewers; headsets; head-mounted displays;
Augmented Reality; low-end mobile-rendered HMDs; high-end mobile-rendered HMDs; Samsung
Gear VR; Google Cardboard; user’s perceptions; comparative study

1. Introduction

User satisfaction with an Augmented Reality (AR)/Virtual Reality (VR) 3D app depends on the
quality of the app, both for its content as well as its quality and realism. However, the graphical quality
does not exclusively depend on the app graphics. The device that is used to output the 3D images also
plays a key role [1].

Mobile devices have proliferated significantly in recent years and they are now available to a large
majority of citizens. Current mobile devices have power that was unimaginable just 5 years ago. There
are two reasons for the success of mobile devices: the hardware that is available and the tools that are
available for programming. Mobile devices not only include fast CPUs, large displays, cameras with
16 MP, graphics acceleration, compass/accelerometers, GPS sensors or gyroscopes but they can also
include depth and motion tracking sensors.

With regard to AR, it is possible to have AR using different types of devices, e.g., video see-through
or optical see-through HMDs (Head-Mounted Displays). For video see-through HMDs, it is possible
to have AR using VR HMDs or HMDs that are specific to AR. The main difference between the two
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types is that VR HMDs do not include cameras for capturing the real world. With HMDs, users can
perform tasks as “naturally” as they would do in everyday life [2]. The possibility of combining HMDs
or Head-Mounted Viewers with smartphones and have an AR platform has opened a new niche for
research and the market. According to Boos et al. [3], current VR HMDs fall into two device classes:
(i) Tethered HMDs, HMDs that are tethered to powerful desktops, such as the Oculus Rift, HTC Vive
and Sony PlayStation VR; (ii) Mobile-rendered HMDs (MR HMDs), self-contained, untethered HMDs
that run on mobile phones slotted into head mounts, e.g., Google Cardboard, Samsung Gear VR,
Google Daydream View, or Zeiss VR One. These mobile-rendered HMDs are screenless viewers made
of cardboard or plastic and their cost is under 100 USD. According to several reports, the AR software
market was valued at 2.13 billion USD in 2016 and is expected to reach 35.22 billion USD in 2022,
with an annual growth of 57.36% [4]. The mobile AR market is expected to reach 79.77 billion USD by
2022, at an annual growth rate of 69.85% between 2016 and 2022 [5]. AR/VR headsets are expected to
grow from 10 million units in 2016 to 100 million units in 2021, with an annual growth of 172.9% for
AR headsets and an annual growth of 48.7% for VR headsets (the International Data Corporation (IDC)
report). The major reasons for this growth are the increasing use of smart portable devices and the
ease of implementation of AR applications. Versatility, reliability, ease of integration and price have
also been identified as drivers of this growth.

It is worth mentioning that the following terms are currently being used to refer to the new devices
of this type: HMDs, head-mounted viewers, headsets, or mobile-rendered HMDs. For consistency,
the term “mobile-rendered HMDs/MR HMDs” will be used in the rest of the paper to refer to devices
of this type.

Comparative studies about VR/AR users’ experiences among the different available MR HMDs
will help researchers and users to choose the most appropriate device depending on its required
use. In this line, the main objective of this paper is to compare a low-end MR HMD with a high-end
MR HMD. Our first hypothesis was that the user’s experience using the two MR HMDs would not
offer statistically significant differences. Our second hypothesis was that there would be statistically
significant differences for the ergonomic factor in favour of the high-end MR HMD. To achieve the
main objective and to check the two hypotheses, we developed an AR app and adapted it to each
MR HMD. The app has exactly the same appearance and functionality for both MR HMDs. A study
involving 40 adults compared the two MR HMDs and evaluated the user’s experience.

The paper is organized as follows. Section 2 briefly reviews related previous work. Section 3 describes
the technical characteristics of the app developed. Section 4 presents details of the study. Section 5 reports
on the results. Section 6 discusses the results and Section 7 presents our conclusions and future lines
of research.

2. Background

2.1. Mobile-Rendered Head-Mounted Displays

This subsection mentions several of the current low-cost MR HMDs. Google Daydream View
(https://vr.google.com/daydream) is a soft cloth VR screenless viewer that is compatible with many
phones. It comes with its own Wii-like motion controller for manipulating objects and menus in VR.
There is no need for adjusting lenses, no fiddling with pairing procedures and no ports or cables to
plug in. The phone automatically pairs with the headset and adjusts the screen to the correct position.
Tracking relies entirely on the phone. It is made of plastic and has a soft finish, which gives the headset
a warm and ergonomic appearance.

Merge VR Goggles (https://mergevr.com/goggles) allow any recent models of Android and iOS
smartphones to be used. This MR HMD does not add any additional sensors or electronics. However,
the sides can be opened to access the smartphone ports.

Zeiss VR One (http://vrone.us) includes high quality lenses without lens distortion. It does not
have adjustable interpupillary distance.

https://vr.google.com/daydream
https://mergevr.com/goggles
http://vrone.us
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Google Cardboard (https://vr.google.com/cardboard) has an open design kit that anyone can make
at home just by following a few instructions. It is one of the cheapest MR HMDs. It is representative of
all the cheap clonic smartphone-based devices for AR/VR.

Samsung Gear VR (http://www.samsung.com/global/galaxy/gear-vr) was developed by
Samsung Electronics in collaboration with Oculus. Any compatible Samsung Galaxy device works
as the headset display and processor. The Samsung Gear VR unit acts as the controller. It contains a
custom inertial measurement unit for rotational tracking. It connects to the smartphone via micro-USB.
The Samsung Gear VR also includes a touchpad and back button on the side as well as a proximity
sensor to detect when the device is on.

The rest of the low-cost MR HMDs are made of plastic with soft parts for ergonomic adaptation
to the user’s face. All of them are screen-less devices that require a mobile phone to support the
AR/VR experience.

According to the technical features of the analysed devices, there are two differentiated MR
HMDs: low-end MR HMDs represented by Google Cardboard and high-end MR HMDs represented
by Samsung Gear VR. In this study, we use a Google Cardboard V2 (see Figure 1a) and a Samsung Gear
VR Innovator Edition (SM-R320), see Figure 1b. Table 1 shows the characteristics of these two devices.
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Figure 1. The MR HMDs used in our study: (a) Google Cardboard V2; (b) Samsung Gear VR Innovator
Edition (SM-R320).

Table 1. Characteristics of Google Cardboard and Samsung Gear VR.

Google Cardboard V2 Samsung Gear VR Innovation Edition
(SM-R320)

Field of view 80◦ 96◦

Pixel density 10 12

Building material cardboard plastic

Phone lock mechanism Velcro all-round clips

Supported mobile devices A wide variety
(screens from 4.0”–6.0”)

Galaxy Note 4
For other models: Galaxy Note 5, S6, S6

Edge, S6 Edge+, S7, S7 Edge, Note 8, S8, S8+

Weight 96 g 379 g

Wearing comfort none foam

Control and sensors button volume key, touchpad, back key, focus
adjustment wheel and proximity sensor

Adjustment to the user’s head No. The user’s own hands or an
external head wand is required Yes

https://vr.google.com/cardboard
http://www.samsung.com/global/galaxy/gear-vr
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2.2. Previous Works with Mobile-Rendered HMDs

MR HMDs under 100 USD (e.g., Google Cardboard) are bringing VR and AR to the masses as the
press and several authors have pointed out (e.g., [6]). These MR HMDs have already been used for
a variety of purposes. For example, Google Cardboard has provided different VR experiences such
as geographic tours in Machu Picchu and the Great Barrier Reef; another example of VR has been
experienced by MacDonald’s customers in their Happy Meal boxes [6].

Samsung Gear VR has also been used for different purposes. For example, Mosadeghi et al. [7]
evaluated the acceptability and feasibility of VR in a diverse cohort of hospitalized patients using this
MR HMD. Their study involved 30 participants, who used four different VR apps. A total of 75%
of the sample believed that the experience could reduce pain by means of distraction. The patients
were split on the comfort level; 52% found the device comfortable and 48% found it uncomfortable.
Younger patients were more willing to participate. In a second study of the same group [8], 100 patients
were involved (50 subjects in the VR cohort and 50 subjects in the control group). The pain reduction
in the VR cohort was significantly greater than in the control group (means = −1.3 vs. −0.6 points,
respectively; p = 0.008). No adverse events were reported from VR.

Steed et al. [9] used Samsung Gear VR and Google Cardboard in a study about presence and
embodiment within VR in uncontrolled settings. The users of these two MR HMDs were invited to
download and run an app that presented a scenario where the participant would sit in a bar watching
a singer. Each participant saw one of eight variations of their scenario. From their results, the authors
concluded that a self-avatar had a positive effect on the self-report of presence and embodiment
and that the singer inviting the participant to tap along had a negative effect on the self-report of
embodiment. That study, did not analyse the differences between the two MR HMDs.

To our knowledge, there is no study that has compared the Samsung Gear VR and Google Cardboard
MR HMDs. However, other comparisons involving one of these two devices or other MR HMDs under
100 USD have already been carried out. For example, Buń et al. [10] compared nVisor MH60V HMD,
Oculus Rift and Samsung Gear VR for education using a virtual 3D human body atlas. A study involving
20 participants was carried out. In their study, features like the field of view, the weight of the devices
and the general impressions and feelings of the participants were considered. They concluded that
Oculus Rift and Samsung Gear VR could be effectively used for creating professional VR applications.
Miller et al. [11] tested a VR application mimicking the game-day experience at Iowa State University.
This application was displayed using a six-sided CAVETM, an Oculus Rift DK2 HMD and Merge VR
goggles. A between-subjects user study (N = 82) compared the sense of presence between the different
systems and a video control. The results revealed that while CAVETM scored the highest in presence,
Oculus and Merge only experienced a slightly lower score compared to the CAVETM. Those authors
suggested that Merge VR goggles is a viable alternative to CAVETM and Oculus.

If other types of HMDs (e.g., optical see-through) and comparisons (e.g., optical see-through vs.
video see-through HMDs) are considered, different studies can be cited. For example, the work of
Debernardis et al. [12] compared a monocular optical see-through HMD (Liteye LE 750A) with a video
see-through HMD (Wrap 920AR Vuzix). They checked the effects on readability of these two HMDs
using two backgrounds (light and dark), five colours (white, black, red, green and blue) and two
text styles (plain text and billboarded text). The study involved 15 participants. They concluded that
the readability turned out to be quicker on the optical see-through HMD. For the video see-through
HMD, the background affected readability only in the case of text without billboard. They suggested
that a good combination for indoor AR applications could be white text and blue billboard. In the
work of Juan & Calatrava [13], a similar optical see-through HMD (Liteye 500) was compared with
a video see-through HMD (5DT). They compared the sense of presence and anxiety in a non-phobic
population (24 participants). If all of the participants were considered, they concluded that the system
using the video see-through HMD induced a greater sense of presence than when the system was used
with the optical see-through HMD. For the anxiety level, the system using the two HMDs provoked
similar anxiety.
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Samsung Gear VR and Google Cardboard have been used as VR HMDs, but, as mentioned
above, it is also possible to use them for AR. Mostly, Perla & Hebbalaguppe [14] carried out a study
to determine the feasibility of Google Cardboard for AR. Twenty engineers and research staff from
an industry research lab participated in the study. The participants’ task was to inspect a desktop
computer using Google Cardboard. The interaction was by voice. The application was tested in two
different settings: (A) a quiet reading room and (B) a work place (not too quiet and not too loud).
The results indicated higher ratings for ease and usefulness of the application in the A setting (the quiet
reading room). They argued that Google Cardboard could be a good solution for VR applications and a
few other short-duration indoor AR applications and they discouraged these MR HMDs for outdoor
activity applications.

This paper is not a comparison of the hardware of MR HMDs. This work focuses on the user’s
experience comparing a low-end MR HMD with a high-end MR HMD.

3. App Development

The AR app developed for the study used the same mobile phone (Samsung Galaxy Note 4) with
a screen resolution of 1980 × 1080 pixels. The app was developed with the aim of obtaining user
experience when using either of the two MR HMDs. Differences depended only on the MR HMD used.

Our app shows different 3D foods on a dish (one food at a time). Four different kind of foods are
shown. The user can change from one food to another by simply placing his/her hand on a drip mat
that acts as a virtual button. Once the 3D food is shown on the dish, the user can take the dish and look
at it from different angles, try to touch the food, etc. (see Figure 2). The appearance and functionality
of the app were exactly the same for both MR HMDs.
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The reason why we chose the Samsung Galaxy Note 4 as the mobile device was its compatibility
with both MR HMDs. The base application was developed using Unity3D (http://unity3d.com)
and Vuforia SDK (https://www.vuforia.com). This base application had full functionality to run on
Android devices. Unity 3D is a cross-platform game engine. It supports scripts written in C#. Vuforia
SDK has an extension for Unity 3D. It facilitates the inclusion of animations and virtual objects. These
inclusions are not as easy as if only Vuforia SDK is used. Vuforia uses computer vision techniques
to recognize and track the following types of fiducial elements in real time: image targets, frame
markers, multi-image targets, cylinder targets, virtual buttons, word targets and VuMark. Vuforia also
includes recognition of 3D objects and physical environments (smart terrain) and provides support for
HMDs such as Epson BT-200, ODG R-7, Samsung Gear VR and Microsoft HoloLens. Unity and Vuforia
support the development of applications for Android and iOS devices. Our app runs on mobile devices
with an Android Operating System. However, once the application has been developed, the platform
for which the application has been built can be selected and the same code can be used for building
applications for Android or iOS devices.

http://unity3d.com
https://www.vuforia.com
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Other physical elements are used to superimpose the virtual elements: a dish and a drip mat.
The dish is used to place the foods (see Figure 3a) and the drip mat (see Figure 3b) serves as a control
mechanism (a virtual button that allows the object being displayed on the dish to be changed).
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The physical elements used to show the foods and to serve as a control mechanism have an image
target superimposed on them. The images were previously processed with Photoshop. The Vuforia
Target Manager (https://developer.vuforia.com/target-manager) was used to create the image targets
(Figure 4).
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The models used in the app were obtained from mainly two websites: www.blendswap.com
and www.turbosquid.com. The models downloaded from Blend Swap were free, while the models
downloaded from Turbo Squid required payment. After obtaining the models, it was necessary to
perform modifications. We created several of the models. For the modification or creation of models,
we used Blender (https://www.blender.org/), which is a free and open software for creating 3D
models. Figure 5 shows two foods used in our app and how they were placed on the image target in
the Unity scene.

The base application was adapted to work for Samsung Gear VR and Google Cardboard by
configuring our Vuforia Unity scene for stereo displays and, thus, to support video-see-through digital
eyewear apps. The real word captured by the camera is non-stereo, i.e., the two eyes perceive the same
image. However, a different view of the virtual objects is perceived by each eye. Therefore, the user has
3D perception of the virtual objects. The perception is the same since a user can be wearing a binocular,
video see-through HMD for AR and add only one camera to capture the real world. A detailed
description of how to develop a Vuforia app for video see-through digital eyewear can be found in
the Vuforia Developer Portal (https://library.vuforia.com/articles/Solution/Working-with-Digital-
Eyewear-in-Unity). Figure 6 shows a screen capture of the app viewed with Google Cardboard.

https://developer.vuforia.com/target-manager
www.blendswap.com
www.turbosquid.com.
https://www.blender.org/
https://library.vuforia.com/articles/Solution/Working-with-Digital-Eyewear-in-Unity
https://library.vuforia.com/articles/Solution/Working-with-Digital-Eyewear-in-Unity
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4. Study

Two previous questions were asked before enrolling the participants: (1) Do you have strabismus?
(2) Do you not perceive 3D in 3D movies? Two users answered affirmatively to one of these questions
and were discarded from the study. After of these two subjects, a total of 40 adults participated in
the study. There were 20 men (50%) and 20 women (50%). They were between 19 and 58 years old.
The mean age was 26.52 ± 7.57 years old. The total sample was divided into two groups. The participants
were randomly assigned to each group, with the number of men and women being evenly distributed.
In Group A, there were 10 men (50%) and 10 women (50%). In Group B, there were 10 men (50%) and
10 women (50%).

All of the participants were duly informed about the purpose of the study. The study was
conducted according to the principles stated in the Declaration of Helsinki. The Ethics Committee of
our university approved this study.

4.1. Measurements

A test and three different questionnaires were used to retrieve data for later analysis (see Figure 7):

• The Lang 1 Stereotest (Q1): The Lang 1 Stereotest has three objects. We followed the protocol
suggested by Brown et al. [15]. A participant passed the test when he/she had 3/3 positive
responses, 3/3 partial positive responses, or 2/3 positive and/or partial positive responses
where the negative response was at the 550” level. A participant failed the test when he/she
had 3/3 negative responses and 2/3 negative responses where the single positive or partial
positive response was at the 1200” level. This test was applied to confirm that the participants
had stereopsis.

• Users’ perceptions about Samsung Gear VR (the Q2 questionnaire): This questionnaire was filled
out by the user after using Samsung Gear VR. It consists of 26 questions, in which the user had to
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evaluate each one on a Likert scale ranging from 1 “Totally disagree” to 7 “Totally agree”. The last two
questions (OF#2 and #OF3) had different types of answers but they also used a 7 point Likert scale.
The possible answers for question OF#2 ranged from 1 “Very poor” to 7 “Very good”. The possible
answers for question OF#3 ranged from 1 “Much worse” to 7“Much better” (see Table 2).

• Users’ perceptions about Google Cardboard (the Q3 questionnaire): The user filled out this
questionnaire after using Google Cardboard. It contained the same questions as the previous
questionnaire (Q2). Q3 had the same rating scale (see Table 2).

• MR HMD comparison (the Q4 questionnaire): Q4 was the last questionnaire to be filled out by the
user regardless of the order of testing the devices. The user indicated with which device he/she
had the best 3D experience, i.e., which one was more comfortable, which one he/she liked the
most, which one he/she would like to buy and some other free questions (see Table 3).

Table 2. The results (median ± interquartile range, M ± IQ) for the Q2 and Q3 questionnaires. All of
the questions used a 7 point Likert scale.

Id Question Q2 M ± IQ Q3 M ± IQ

CF#1 The application responded appropriately to my actions. 6 ± 2 MA 6 ± 1 MA
CF#2 The handling of the application was natural. 6 ± 2 MA 6 ± 2 MA
CF#3 The handling of the application was simple and uncomplicated. 7 ± 1 SA 6.5 ± 1 MA
CF#4 I did not notice delays between my actions and the expected results. 6 ± 3.25 MA 6 ± 1 MA
CF#5 I quickly got used to the application. 6 ± 1 MA 6 ± 1 MA
CF#6 The application was easy to control. 7 ± 1 SA 7 ± 1 SA
CF#7 At the end of the experience, I felt like an expert in handling the application. 6 ± 1 MA 6 ± 1 MA
DF#1 The control mechanisms did not distract me. 7 ± 1 MA 6 ± 1.25 MA
EF#1 The use of the MR HMD was comfortable. 6 ± 2 MA 5 ± 3 MA
EF#2 At no time did I think that I was going to drop the MR HMD 6.5 ± 1 MA 5 ± 3 MA
EF#3 The use of the MR HMD did not require a great effort from my arms. 7 ± 1 MA 6 ± 3 MA
EF#4 I did not feel any discomfort (dizziness, etc.) during the experience. 6 ± 2.25 MA 6 ± 2 MA
RF#1 I had the impression of seeing a dish with food. 6 ± 1 MA 7 ± 1 MA

RF#2 I had the impression that the feeds were real.
It seemed to me that the food on the dish could be real food. 6 ± 2 MA 6 ± 1.25 MA

RF#3 The food looks as real as the dish. 6 ± 2 MA 6 ± 1 MA
RF#4 I had the impression that the food was part of the real scene. 6 ± 1.25 MA 6 ± 1.25 MA
RF#5 I had the impression that I could touch and grab the food. 6 ± 2 MA 6 ± 2 MA
RF#6 I had the impression of seeing the foods as objects in 3D. 6 ± 1 MA 6 ± 1 MA
RF#7 I could examine the food closely. 7 ± 1 SA 7 ± 1 SA
RF#8 I could examine the food from different points of view. 7 ± 1 SA 7 ± 1 SA
RF#9 I did not pay attention to differences between the food and the dish. 6 ± 2 MA 5 ± 2 MA
RF#10 I did not have to make an effort to recognize the foods as 3D objects. 7 ± 1 SA 7 ± 1 SA
RF#11 I liked what the food looked like. 7 ± 1 SA 6 ± 1 MA
OF#1 I was involved during the experience. 6 ± 1 MA 6.5 ± 1 MA
OF#2 Score the 3D. 6 ± 1 MA 6 ± 1.25 MA
OF#3 This experience compared to other previous 3D experiences is... 5 ± 2 MB 5 ± 2 MB

Results for the Q2 and Q3 questionnaires.

Table 3. Results for the Q4 questionnaire. The possible answers for the questions were: (1). Samsung
Gear (SG); (2). Google Cardboard (GC).

Id Question M ± IQ Answer

Q#1 Which device has a better 3D experience? 1 ± 1 SG
Q#2 Which device did you find most comfortable? 1 ± 0 SG
Q#3 Which device did you like the most? 1 ± 1 SG

Q#4
If you had to buy one of them, which would you buy? (The price of the
Samsung Gear viewer is €100 + the Samsung mobile. The price of the
Google Cardboard viewer is less than €20 + any mobile up to 6 inches)

2 ± 1 GC

Results for the Q4 questionnaire.
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The Q2 and Q3 questionnaires measure the user’s perceptions when using the app with a given
MR HMD (Q2 with Samsung Gear VR and Q3 with Google Cardboard). The Q4 questionnaire collected
the user’s opinion about the comparison of the two MR HMDs.

Presence in virtual environments can be defined as an individual and context-dependent user’s
response that is related to the experience of “being there” [16]. According to Regenbrencht & Schubert [17],
this definition cannot be applied exactly to AR. However, in AR, presence can also be achieved by
measuring the presence of virtual elements into the real environment [17]. To measure this AR sense of
presence, we added several questions to the Q2 and Q3 questionnaires. Two questionnaires, one from
Witmer & Singer [18] and another one from Regenbrech & Schubert [17] were adapted to our study.
The Q2 questionnaire is detailed in Table 2. The factors considered are the following [18]:

• Control Factors (CF): degree of control, immediacy of control, anticipation of events, mode of
control, physical environment modifiability.

• Sensory Factors (SF): sensory modality, environmental richness, degree of movement perception,
active search.

• Distraction Factors (DF): selective attention, interface awareness.
• Realism Factors (RF): scene realism, information consistent with the objective world, meaningfulness

of experience.

We also added questions related to ergonomics, preferences and other factors:

• Ergonomic Factors (EF): device comfort, effort, etc.
• Other Factors (OF): score of the 3D experience, involvement during the experience, 3D

experience comparison.

4.2. Procedure

The participants in the study were divided into two groups:

• Group A: the participants used Samsung Gear VR first and afterwards they used
Google Cardboard.

• Group B: the participants used Google Cardboard first and afterwards they used Samsung
Gear VR.

These two groups tested both MR HMDs in different order. The following protocol was used (see
Figure 7):

1. The Lang 1 Stereotest was applied to determine if the participants had stereopsis (Q1).
2. The participants tested the app using one MR HMD (Samsung Gear VR or Google Cardboard).

Then, they filled out the User’s Perceptions Questionnaire.
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a. Group A filled out the Q2 questionnaire (Samsung Gear VR).
b. Group B filled out the Q3 questionnaire (Google Cardboard).

3. Afterwards, they used the other MR HMD that they had not used in step 2.

a. Group A filled out the Q3 questionnaire (Google Cardboard).
b. Group B filled out the Q2 questionnaire (Samsung Gear VR).

4. Finally, they filled out the Q4 questionnaire.

5. Results

An initial descriptive analysis was carried out. Data normality analysis reported that the study
data did not fit a normal distribution. For this reason, the tests used were non-parametric (the
Mann-Whitney U test for unpaired data, the Wilcoxon signed-rank sum test for paired data and the
Kruskal-Wallis test). The data from the study was analysed using the statistical open-source toolkit R
(http://www.r-project.org). For all of the tests, a p < 0.05 determined significance (in this case, the data
is marked with two asterisks “**”).

5.1. Users’ Perceptions Outcomes (Q2 and Q3)

The median of all of the questions is high (see Table 2). It is between 6 (Moderately agree) and
7 (Strongly agree) for both MR HMDs, with the exception of OF#3 whose median is 5 (Moderately
better). If the questions are grouped by factors, the answers are:

• Control Factor Outcomes (CF): All of the questions (CF#1 to CF#7) have a median between 6
(Moderately agree) and 7 (Strongly agree) for both MR HMDs.

• Realism Factor Outcomes (RF): All of the questions (RF#1 to RF#11) have a median between 6
(Moderately agree) and 7 (Strongly agree) for both MR HMDs.

• Distraction Factor Outcomes (DF): The mean of question DF#1 using Samsung Gear VR is 7
(Strongly agree) and 6 using Google Cardboard (Moderately agree).

• Ergonomic Factor Outcomes (EF): All of the questions (EF#1 to EF#4) have a median of 6
(Moderately agree) for both MR HMDs.

• Other Factor Outcomes (OF): All of the questions (OF#1 to OF#3) have a median between 6
(Moderately agree) and 7 (Strongly agree) for both MR HMDs.

These results indicate that the participants were very satisfied with all of the app factors regardless
of the MR HMD used.

The questions were analysed individually using a Wilcoxon signed-rank test for paired data.
The analysis compares each individual question in Q2 with the same question in Q3. The questions
that showed statistically significant differences were:

• EF#1 (W = 509, Z = 3.594, p = 0.001 **, r = 0.402), EF#2 (W = 523, Z = 4.502, p = 0.001 **, r = 0.503)
and EF#3 (W = 220, Z = 3.108, p = 0.002 **, r = 0.347), all of them in favour of the Samsung Gear.

• RF#7 (W = 74.5, Z = 2.008, p = 0.036 **, r = 0.225) in favour of the Samsung Gear.

Specifically, OF questions evaluate the user’s 3D experience. Question OF#1 shows that the users
felt equally involved during the experience with both MR HMDs. The score of the 3D (OF#2) was
similar for both MR HMDs. The users equally rated the 3D experience (OF#3) (compared to other
experiences) independently of the MR HMD used.

5.1.1. Between-Subject Analysis

The users’ perceptions were compared when the participants had only used one MR HMD (Group
A used Samsung Gear VR and Group B used Google Cardboard). The data were analysed using a
Mann-Whitney U test. There was a significant difference for the global score, considering all of the

http://www.r-project.org
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questions (U = 288, Z = 2.382, p = 0.018 **, r = 0.377). The participants of Group A were more satisfied
than the participants of Group B. The analysis was repeated to test if gender affected the users’ scores.
The analysis shows that gender did not influence the results (Group A: U = 66.5, Z = 1.248, p = 0.226,
r = 0.279, Group B, U = 71, Z = 1.589, p = 0.121, r = 0.355). This implies that the participants who used
Samsung Gear first were equally satisfied with the app regardless of gender. The same conclusion
was obtained for those participants who used Google Cardboard. To determine if age affected the
result, the unpaired Kruskal Wallis test was applied (X2(12) = 12.741, p = 0.388 r = 0.877). This analysis
indicated that the result was independent from age. The same conclusion was obtained for Google
Cardboard (X2(11) = 14.559, p = 0.2036, r = 0.877).

When the questions were classified by factors, there was only a statistically significant difference
in the EF (U = 307.5, Z = 2.925, p = 0.004 **, r = 0.462) in favour of Samsung Gear VR. Age and gender
did not affect the results when the questions were grouped.

5.1.2. Within-Subject Analysis

This subsection compares the users’ perceptions of all of the participants, regardless of the order
in which they used the MR HMDs (i.e., independently of the group they belonged to). Therefore,
the study compares the scores of the Q2 and Q3 questionnaires. The results of the Wilcoxon signed-rank
test show a statistically significant difference between the two groups in favour of Samsung Gear VR
(U = 1009.5, Z = 2.017, p = 0.044 **, r = 0.225). Gender and age did not affect the result. To determine if
the order of use of the MR HMDs (Group A or B) affected the results, an unpaired Kruskal-Wallis test
was applied. The results indicated independence from the group factor.

The questions were also analysed grouping by factors. A Wilcoxon signed-rank test for paired
data was applied to each group. The results indicated that there were no statistically significant
differences for the CF, RF, DF and OF factors. However, the analysis shows that there was a statistically
significant difference for the EF factor (W = 583, Z = 4.386, p < 0.001 **, r = 0.49) in favour of Samsung
Gear VR. The tests determined that gender did not affect the users’ scores for the two MR HMDs.
However, there was an exception: gender affected the score for EF when the users tested Samsung
Gear VR (U = 272.5, Z = 1.973, p = 0.048 **, r = 0.312) in favour of women. The unpaired Kruskal-Wallis
test determines independence from age for all of the factors. The same conclusion was obtained for
Google Cardboard. To determine if the order of use of the MR HMDs (Group A or B) affected the score,
an unpaired Kruskal-Wallis test was applied. The analysis indicates independence from the group for
all of the factors.

In another analysis for Group A, the scores for the Q2 questionnaire were compared with the
scores for the Q3 questionnaire. The results of the Wilcoxon signed-rank test showed that there was
a statistically significant difference in favour of Samsung Gear VR (U = 275.5, Z = 2.043, p = 0.042 **,
r = 0.323). However, the gender and the age factors did not affect the results.

When analysing Group A scores grouped by factor, there were only significant differences in the
EF (U = 294, Z = 2.561, p = 0.011 **, r = 0.405) in favour of Samsung Gear VR. Gender and age did not
affect the users’ scores when the questions were grouped by factors.

For Group B, the Wilcoxon signed-rank test shows that there was no statistical difference between
the global score given by the users to the MR HMDs (U = 233.5, Z = 0.907, p = 0.372, r = 0.143). The results
were independent from the gender and the age factors.

When analysing Group B scores grouped by factor, there was only a statistically significant
difference for the EF (U = 294, Z = 2.554, p = 0.011 **, r = 0.404) in favour of Samsung Gear VR. The only
factor affected by gender was the RF but only for Samsung Gear VR (U = 80, Z = 2.274, p = 0.025 **,
r = 0.508). The women considered the experience to be more realistic with Samsung Gear VR than the
men. Age did not affect the users’ scores grouped by factors.

Figure 8 shows the total score of the Q2 questionnaire (Samsung Gear VR) and the Q3
questionnaire (Google Cardboard). The Samsung Gear VR total score was higher than the Google
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Cardboard total score for both groups. The participants who rated the MR HMD the highest were the
users in Group A when they used Samsung Gear VR.Computers 2018, 7, x  12 of 17 
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The Spearman correlation (rho, ρ) was used to test the relationship between factors. For the
Samsung Gear VR, the results show a correlation from medium to high for all of the factors. The factors
with significant correlations are shown in Figure 9.
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Figure 9. Samsung Gear VR. Factors with significant correlations.

For Google Cardboard, the Spearman tests showed lower correlation values. The factors with
significant correlations are shown in Figure 10.

For Samsung Gear VR, there are 10 high/medium correlations. For Google Cardboard, there are
7 high/medium correlations. Therefore, the users of Samsung Gear VR estimated a closer association
between the different factors considered. The correlation found between the EF factor and the DF factor
for Samsung Gear VR and the non-existence of this correlation for Google Cardboard demonstrates
the differences that the users expressed about the ergonomic problems.
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5.2. Preferences about the MR HMD (Q4)

The Q4 questionnaire identifies the preference of the participants for Samsung Gear VR or for
Google Cardboard. Table 3 shows this questionnaire and the median and the interquartile range of the
scores for each question.

Figure 11 shows the number of users that chose each MR HMD for the Q4 questionnaire.
The participants thought that Samsung Gear VR had better 3D (Q#1), it was more comfortable (Q#2) and
they liked it more (Q#3). However, they would like to buy Google Cardboard (Q#4). The participants
argued that the difference in quality does not justify the difference in price.
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The score variable combines all of the answers of the questions related to preferences for a
device (Q#1 to Q#4). To determine if gender affected the score, an unpaired Mann-Whitney U test
was performed (U = 180.5, Z = −0.543, p = 0.597, r = 0.086). The results showed that there were no
statistically significant differences for the global score between men and women. A Kruskall-Wallis
test was performed to determine whether or not the age affected the global score (X2(15) = 19.871,
p = 0.1769, r = −0.8662585). The results indicated that age does not affect it. To determine if the
group factor (A or B) affected the score, an unpaired Mann-Whitney U test was performed (U = 142,
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Z = −1.614, p = 0.110, r = 0.255). The results showed that the order in which the participants used the
devices does not affect the result.

The Q4 questionnaire contains some free answer questions (see Table 4). Question F#1 asks
the user why they would buy one MR HMD or another. The participants that would like to buy
Samsung Gear VR argued that this MR HMD offers a better 3D experience, the quality is higher and
the ergonomic factor is better. However, participants that would like to buy Google Cardboard argued
that the relationship between quality and price is better. Besides, some participants added that design
of Google Cardboard is simple and nice. Some answers to question F#2 about Samsung Gear VR
indicated that it is more comfortable and has higher quality than Google Cardboard. Some answers to
question F#3 about Google Cardboard indicated that it is cheaper, it has good quality for the price,
it is simple and it has an original design. However, they added that the comfort must be improved.
Some answers to F#4 indicated that what they liked the most were the realism of the foods or the
immersion experience.

Table 4. Free answer questions of the MR HMD comparison questionnaire (Q4).

Id Question

F#1 Why? (About Q#4)
F#2 What do you think about Samsung Gear VR?
F#3 What do you think about Google Cardboard?
F#4 What did you like most about the experience?

6. Discussion

This paper presents a comparative study of two MR HMDs (low-end and high-end). The most
notable differences between low-end and high-end MR HMDs are: high-end MR HMDs usually have
higher visual quality and can be adjusted to the user’s head; low-end MR HMDs are cheaper. Samsung
Gear VR was chosen to represent high-end MR HMDs and Google Cardboard was chosen to represent
low-end MR HMDs since they are two of the most popular MR HMDs on the market.

This work attempted to determine if the technical differences between the two MR HMDs really
create a significant difference in the user’s experience. Our study involved 40 participants. We developed
an AR app to evaluate the visual quality of the user’s experience using the two MR HMDs. The users’
perceptions depended only on the MR HMD used. The results showed that there were no statistically
significant differences in the users’ perceptions, which corroborates our first hypothesis. The scores were
high for both MR HMDs. From the results, we can argue that the users had a satisfactory experience
using the two MR HMDs. Our positive results are in line with other previous positive experiences using
MR HMDs (not only the two MR HMDs used in our study but also the Merge VR goggles) [7,8,10,11].

The users’ perceptions were not dependent on gender, age or the order in which the participants
used the MR HMDs (Group A or B). The analysis of the factors evaluated by the questionnaires showed
that there were no statistically significant differences between the two MR HMDs. These results suggest
that regardless of gender or age, everyone can have rich AR experiences with MR HMDs of this type.

With regard to the stereo visualization using a monocular camera for capturing the real world,
the participants did not mention any problem in this regard. The person in charge of the validations
did not observe that the participants had any problems in this sense. Our work is in line with previous
works in which the visualization was stereo and the real world was captured using a monocular
camera, using video-see through HMDs (e.g., attaching a monocular camera to an Oculus Rift HMD),
as well as using other combinations (e.g., combining an autostereoscopic display with a monocular
camera [19]).

With regard to the ergonomics factor, there was a statistically significant difference in favour
of the high-end MR HMD, which corroborates our second hypothesis. Moreover, if the correlations
are considered, the correlation found between the EF factor and the DF factor for the high-end MR
HMD and the non-existence of this correlation for the low-end MR HMD also demonstrates this result.
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Our explanation for this is that the user has to hold the low-end MR HMD using his/her hand and at
the same time pick up and move the dish to observe the different foods as well as to put his/her hand
on the drip mat to change the food. In other words, the fact that the low-end MR HMD does not have
elements for its adjustment to the user’s head has mainly influenced this result. This argument was
corroborated by some comments of the participants and the observations made by the person in charge
of the study. However, another study could be carried out to determine the extent to which this and
other factors (e.g., the difference in the field of view, the difference of sensors or the weight) influence
ergonomic perceptions. Our recommendation is to use MR HMDs with a head restraint when the
user has to manipulate real objects. This problem is similar to the problem of autostereoscopic mobile
devices for AR. In that case, the user has to hold the device with his/her hands and focus his/her eyes
on an area of the screen in order to not lose depth perception. Meanwhile, he/she has to interact with
real objects or even touch an area of the screen, making it very difficult to maintain depth perception.
This problem is less severe but it also occurs in mobile AR applications since the users have to hold the
mobile device in their hands while they perform another activity (e.g., drawing). For example, in the
study carried out by Gombač et al. [20], the participants held a mobile device in their hands while
drawing and their performance drastically decreased.

When the users were asked about their preferred MR HMD, the participants mostly chose the
high-end MR HMD. When they were asked about which device they would buy, the participants
mostly responded they would buy the low-end MR HMD. In low-end MR HMDs, apart from the lenses,
the rest of the MR HMD is made of cardboard. Users can even download the parts and assemble them
by themselves. This makes it even cheaper. In addition, the material with which it is built makes it fully
customizable and recyclable. The participants may have identified these possibilities as advantages,
in addition to its lower price. Our argument is that these aspects greatly influenced their choice.

According to Boos et al. [3], some of the drawbacks of current MR HMDs are the following: low
graphical quality, poor battery life and uncomfortable thermal radiation. Mobile GPU rendering can
consume up to 20 W of peak power [21] and therefore, the thermal output is a safety concern for
near-eye devices without active cooling. These three drawbacks should be improved so that MR HMDs
can be increasingly comparable to tethered HMDs.

In our study, the participants were recruited from our university. The study was carried out in
controlled environments. However, a study conducted “in the wild” could be carried out in the future.
The term “in the wild” has the connotation of performing studies with real users in uncontrolled
environments rather than in laboratories [22]. Larger samples could be collected using this mode of
data collection. Steed et al. [9] demonstrated the feasibility of running studies on VR using MR HMDs
in the wild.

We used Vuforia for the development of our app. However, with the presentation of the
ARKit (https://developer.apple.com/arkit) and Google ARCore (https://developers.google.com/ar)
frameworks (middle of 2017), new alternatives have appeared. ARKit and ARCore are two new
frameworks for building AR apps. ARKit is for iPhone and iPad and ARCore is for Android
devices. ARKit and ARCore can create AR experiences without the need for placing additional
elements to the real scene (e.g., markers or image targets). This trend was initiated by the Tango SDK
(https://developers.google.com/tango). The problem with Tango SDK is that it can only be used
for building AR apps for Android devices with special features (e.g., Lenovo Phab 2 Pro). However,
ARCore works on Google’s Pixel twins and Samsung’s Galaxy S8 running either Android Nougat
or Android Oreo. It has been announced that ARCore will support all devices running Android 7.0
Nougat and above.

7. Conclusions

We have compared two different MR HMDs (low-end and high-end). To our knowledge, this is
the first comparison involving those two different MR HMDs. The results showed that there were
no statistically significant differences in the user’s perceptions between the two MR HMDs. Only

https://developer.apple.com/arkit
https://developers.google.com/ar
https://developers.google.com/tango
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the ergonomic factor offered a statistically significant difference in favour of the high-end MR HMD.
However, when the users were asked about which device they would buy, the participants mostly
responded they would buy the low-end MR HMD. Our argument is that the price and the possibility
of building it yourself greatly influenced this result. Therefore, from our findings, we can argue that
the two MR HMDs and other similar MR HMDs could be used to have rich AR experiences at an
affordable cost.

In this paper, we have compared two MR HMDs. However, several other comparisons are possible
for future work (e.g., other MR HMDs or comparing MR HMDs with tethered HMDs). The sense of
presence induced by MR HMDs and the cyber sickness that can be induced by these MR HMDs are
other aspects to be studied. Also, new applications for different purposes should be developed to be
visualized with current MR HMDs. We hope to benefit users and researchers of MR HMDs with the
work and ideas presented here.
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