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Abstract 

Title:  Evaluation of Low Cost Controllers for Mobile Based Virtual Reality 

Headsets 

Author: Summer Lindsey 

Major Advisor: Dr.  Deborah Carstens 

  

 Virtual Reality (VR) is no longer just for training purposes.  The consumer 

VR market has become a large part of the VR world and is growing at a rapid pace.  

In spite of this growth, there is no standard controller for VR.  This study evaluated 

three different controllers: a gamepad, the Leap Motion, and a touchpad as means of 

interacting with a virtual environment (VE).  There were 23 participants that 

performed a matching task while wearing a Samsung Gear VR mobile based VR 

headset.  Measures of performance, preference, presence, and enjoyment were 

collected and compared across controller.  Overall, it was seen that Leap Motions 

performance effected its other scores and was the least preferred controller.  The 

touchpad resulted in the highest presence scores without notable performance issues.  

However, the gamepad was the most preferred controller based on its ease of use and 

pre-established history with users.  Based on the results of this study, 

recommendations for VR companies and developers were made as well as areas of 

future research to further improve the user experience of consumer VR.   

 Keywords: virtual reality, controllers, usability, Leap Motion, mobile VR 
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Chapter 1 Introduction 

Problem Statement 

 Virtual Reality (VR) is quickly becoming a leading tech industry.  Between 

the years of 2014 and 2020, VR is expected to grow from a 108.8-million-dollar 

industry to a 21.8-billion-dollar industry (Perry, 2015).  Furthermore, over 50 million 

VR headsets are projected to be sold by 2020 (Scottsdale, 2016).  The recent 

development of Google Cardboard and the ability to utilize smartphones to run VR 

environments, has shifted VR to a mobile based focus.  Samsung sold over $2.3 

million worth of its VR headset the Samsung Gear VR – over six and a half times 

the Oculus Rift (a PC based VR headset) (SuperData, 2016).  As 86% of young adults 

between the ages of 18-29 own a smartphone, consumer VR is rapidly becoming a 

household norm (Anderson, 2015).  For consumer based VR, applications include 

gaming, educational, 360 video and pictures.  In the near future, Skyping or business 

meetings will also be included as consumed based VR (Perry, 2015; Scottsdale, 

2016).  “The VR equivalent of the mouse-has yet to be developed” (Perry, 2015, p.  

57) even though the technology and processing power is updating and releasing at an 

alarming rate.  This study aims to evaluate existing VR controllers to develop 

recommendations for mobile based VR headsets moving forward.  The goal of the 
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recommendations is to aid in developing a universal user-friendly controller for VR 

purposes.   

Background 

 Due to the growth of the VR market, interface development is highly 

important to differentiate from competitors.  However, research focusing on 

evaluating different interfaces – specifically for VR – is lacking (Dachselt & Hubner, 

2007).  A high level of user satisfaction can be attributed to the experience with the 

user interface (Sanchez, 2011).  For virtual environments (VE) in particular, a high 

level of presence, or feeling of being within the environment, is a large contributor 

to the VR user experience (Shafer, Carbonara, & Popova, 2011).  Research shows 

that controllers that naturally map or match the real-world task, in terms of motions 

or gestures, are shown to increase feelings of presence (Held & Durlach 1992).  Non-

intuitive interfaces that may require additional cognitive resources can reduce 

enjoyment or in some cases, cause anxiety (Johnson & Wiles, 2010).  In fact, even if 

a naturally mapped control performs worse, users will still prefer it over a non-

naturally mapped controller (McEwan, Johnson, Wyeth, & Blackler, 2012).  These 

studies show the importance of developing a naturally mapped controller and their 

effects on presence and enjoyment. 

 Past research examining VR controllers has evaluated prototype, or high end 

input methods.  Bowman and Wingrave (2001) discovered that users had a desire for 
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their hands themselves to be input devices; however, arm strain is a concern when 

using handheld objects as controllers or when a prolonged period or reach is needed.  

Contrary to user’s desire for gestural based inputs and the rapid growth of consumer 

VR, little research has been done on consumer grade input methods for VR.  The 

Leap Motion serves as a hand tracking device that allows users to utilize their hands 

as the controller itself.  Studies of the first generation release model have found that 

the Leap Motion had more errors than a traditional mouse for computer interaction 

and that users were much more accustomed to using a mouse for a computer and 

preferred this method input (Bachmann, Weichert, & Rinkenauer, 2015).  However, 

the release of the next generation Leap Motion Orion which has more responsive 

tracking, warrants an evaluation of Orion for VR application.  Due to preexisting 

input methods, the impact of presence, and the impact controller performance can 

have on a user’s experience, these aspects should be considered when evaluating 

controllers.   

Operational Definitions 

 For the following study, performance, preference, and presence are of interest 

when relating to controller type.  Since these may have differences in definition, this 

study will use the following interpretations.   
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Preference 

 Preference is defined as the controller that users would prefer to use if they 

had to pick.  In this study, this will be shown by a user rating of most preferred to 

least preferred. 

Presence 

 Presence can be defined as becoming so immersed within an environment 

that the user becomes unaware of the methods used in order to interact with the 

environment (Biocca, 1997).  This study will measure presence in terms of control 

by utilizing a subset of Witmer, Jerome, and Singer’s (2005) involvement/control 

factor questions. 

Performance 

 Performance is defined as the combination of the user’s ability to perform a 

task quickly and without errors.  In this study, this will be recorded as the time to 

complete one trial from start to finish, as well as the number of incorrect inputs from 

the user.   

Controller 

 Controller is defined as the device used in order to make selections in a VE.  

The three controllers to be used in this study include: The Steel Series XL Stratus 

Gaming Controller, the touchpad on the Samsung Gear VR headset, and the Leap 

Motion. 
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Research Question & Hypotheses 

 The research questions for this study are: 

RQ1: Is there a preference of one controller over another for VR? 

RQ2: Does the controller influence the presence level in VR? 

RQ3: Does the controller influence the time performance in VR? 

RQ4: Does the controller influence the error performance in VR? 

RQ5: Does the controller influence the enjoyment in VR? 

Hypotheses: 

Null Hypothesis 1 

H01: There will be no significant difference in presence between all three controller 

types. 

Alternative Hypothesis 1 

HA1: There will be a significant difference in presence between all three controller 

types. 

Null Hypothesis 2 

H02: There will be no significant difference in time between all three controller types. 

Alternative Hypothesis 2 

HA2: There will be a significant difference in time between all three controller types. 
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Null Hypothesis 3 

H03: There will be no significant difference in errors between all three controller 

types. 

Alternative Hypothesis 3 

HA3: There will be a significant difference in errors between all three controller types. 

Null Hypothesis 4 

H04: There will be no significant difference in enjoyment between all three controller 

types. 

Alternative Hypothesis 4 

HA4: There will be a significant difference in enjoyment between all three controller 

types. 

Due to the nature that preference is collected it is not quantitatively analyzed but is 

presented and discussed.   

Potential Significance and Generalizability 

 The findings of this study could potentially help drive recommendations and 

methods for interaction in mobile based VR headsets moving forward.  These 

findings could help companies improve user experience, which in the mobile sales 

world, is the driving reason for a top selling phone (Kraft, 2012).  Companies who 

incorporate the recommendations suggested from this study may be able to improve 

sales and capitalize on a rapidly growing market.   
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 The findings from the study will be generalizable to the entire VR 

community.  However, the target population of this study is mobile phone users who 

have an interest in purchasing consumer mobile-based VR headsets.  Because this 

study is utilizing technology readily available on the market to consumers, this study 

has a high level of ecological generalizability.  The environment and equipment in 

which a user would interact with their mobile based VR headset would vary little to 

none at all.   
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Chapter 2 Literature Review 

Introduction 

VR environments (VE) have been prevalent in medical, training, and research 

fields for many years.  VEs utilize state-of-the-art technology to provide 

environments that are usually costly to implement or impossible to enact in real life.  

In the past, VR for entertainment purposes was few and far between due to the high 

cost of VR setups (Bowman & McMahan, 2007).  However, with the development 

of recent low-cost technology, VR is now accessible to the everyday user by 

mounting a smartphone into a headset.  This can be accomplished with a simple piece 

of cardboard or by using prebuilt head mounted devices (HMD) with added 

functionality and comfort for as low as $100.  According to the Pew Research 

Center’s annual technology ownership survey of 2015, 68% of Americans own a 

smartphone – increasing by 35% since 2011.  This is growing every year especially 

with the younger crowd as 86% of young adults between the ages of 18-29 own a 

smartphone (Anderson, 2015).  The growth rate and accessibility of this technology 

warrants a new VR application – home entertainment.  Device performance in terms 

of latency, fidelity, and accuracy has been the focus of most VR research.  In 

comparison, VE task interface methods are not widely researched and are often not 

analyzed, user tested, and readily available for developers to implement (Dachselt & 
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Hubner, 2007).  As VR HMDs start to become a regular item in the average 

household, the need for interface research is quickly becoming a necessity.  An 

amazing user experience can differentiate a company from its competitors; making 

them the lead in the industry.  A majority of cell phone sales are attributed to solely 

the user experience (Kraft, 2012).  If VE interfaces and menus gained more attention, 

it could drive the sales and growth of consumer VR HMDs.  Specific interface 

features are essential in order to create the best user experience.  A user’s interface 

should be as intuitive as possible with little to no training needed, require minimal 

time and effort, and map closely with the framework of reality – giving a sense of 

being immersed in the environment (Saito, 2008).  Ensuring that these are addressed 

correctly will result in a higher level of user satisfaction and improve the user’s VR 

experience (Sanchez, 2011). 

Virtual Reality Experience 

VR aims to mimic the real world as closely as possible.  Based on the issues 

that tend to arise with VR, Sutcliffe and Gault (2004) developed a set of heuristics 

that can be applied to VEs.  VEs should simulate the real environment in the same 

way that the user interacts with it.  Anything that the user interacts with should match 

their expectation of what an object should do and how it should respond.  The 

outcomes in the environment should closely correspond to the user’s inputs – and 

those inputs should be as instantaneous as possible without lag.  Based on these 
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heuristics, it is important that user interaction feels seamless and a part of the 

environment.  Sutcliffe and Gault (2004) also suggests the controls feel as close to a 

real-life interaction as possible.  By doing so, this increases and supports the users’ 

feeling of presence in the VE, a construct which is important since it has been shown 

to improve the user experience and level of realism in the environment (Shafer, 

Carbonara, & Popova, 2011).  The level of presence needed depends on the task.  

However, virtual hands are suggested for any environment in which the user is 

manipulating objects (Sutcliffe & Gault, 2004).  These heuristics set the framework 

for the interaction aspect of VR. 

Interaction Influences on Presence 

The terms that have been used to define the feeling of being within a VE will 

be discussed.  Immersion is defined as feeling physically within the environment 

while presence is defined as feeling mentally within the environment (Sherman & 

Craig, 2002).  A sense of presence means that the user becomes so immersed within 

their environment that they begin to forget the mediums they are using in order to 

interact with the environment (Biocca, 1997).  Other researchers have addressed 

presence from an interaction standpoint and referred to it as sense of embodiment.  

Sense of embodiment is the feeling that you are the controller and/or person in the 

environment (Bowman & McMahan, 2007; Kilteni, Groten, & Slater, 2012).  A 

user’s sense of embodiment can be broken down into three different aspects.  Does 

the user understand where they are in relation to the rest of the VE?  Does the user 
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feel that the motions that they are seeing on the screen are a result of their own 

controller inputs?  Does the user feel that their virtual body is their own body?  If the 

answer is no to these three questions, the user will not feel part of the VE.  If the 

answer is yes to one of these questions, then the user will begin to feel a slight sense 

of embodiment.  If the answer is yes to all of these questions, then the user will feel 

fully immersed in the VE and begin to feel their own body is one in the same with 

the virtual body (Kilteni, Groten, & Slater, 2012). 

A multitude of factors can reduce or improve a user’s presence.  Welch, 

Blackmon, Liu, Mellers, and Stark (1996) evaluated the effects of visual delay (lag 

in response from the system), interaction (the way in which the user interacts with 

the environment), and graphic realism (fidelity of the environment) on a user’s 

feeling of presence.  It was found that graphic realism had little to no effect, and 

visual delay decreased levels of presence.  However, if the user was actively 

interacting with the environment (in this task, driving a car) compared to merely 

being an observer of the environment (car passenger) users experienced a gain in 

presence more so than the loss caused by visual delay.  This study emphasizes the 

importance of having the user actively engage with the VE and the effect it has on 

feelings of presence.  Held and Durlach (1992) found that if the user can predict what 

their control input will do and receive an immediate response to their control input, 

this will prevent decrements to levels of presence.  Held and Durlach (1992) 

additionally emphasized the importance of naturally mapped controllers – controllers 
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that mimic real life interaction methods - as an influencing factor for levels of 

presence.  A study performed by Williams (2014) have shown these aspects while 

also evaluating the controllers mapping effects on the user’s level of enjoyment.  

Williams evaluated user’s ratings of enjoyment and presence in a racing game.  The 

study compared whether a regular video game controller or a steering wheel 

controller, and whether 2D or 3D invoked feelings of presence.  It was found that 2D 

versus 3D did not have an effect on presence.  However, using the steering wheel 

controller was found to result in higher levels of presence (p=.05) and enjoyment (p 

= .04).  Naturally mapped controllers allow the user to focus on the environment 

instead of focusing on the logic so that the right command gets inputted.   

Research has shown the importance of the user feeling that they are the 

controller within the environment – and that there is a balance between overly 

cognitively demanding and boring tasks.  Cognitive demand is the level of decision 

making, attention, and memory that a user must utilize in order to perform the task 

(Mendes, Pompeu, Lobo, Silva, Oliveira, Zomignani, & Piemonte, 2012).  For video 

games, interacting with the environment and inputting commands cannot be too 

cognitively demanding.  Attempting to remember particular button inputs or 

searching for the buttons may result in a loss of enjoyment which takes away from 

the task itself, or even causes anxiety (Johnson & Wiles, 2010).  The interaction 

medium for the user is just as vital as the environment itself in order to achieve an 
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effective VR experience.  Research suggests that the type of controller used in the 

VE can also play a role in the level of presence and the user’s experience. 

Virtual Reality Controllers 

 Controllers are a medium in which the users interact with their environment.  

Various modes of interaction have been used over the years for VR including gloves, 

3D motion tracking, gesture inputs, and sensor suits.  These interaction methods 

attempt to move beyond a traditional mouse and keyboard in the pursuit of immersion 

(Burdea & Coiffet, 2003).  The controller and inputs through the controller should 

fit with the user’s previous experiences and ideas of normal interaction methods.  The 

controller should support the user experience by minimizing learning time, and 

should be designed to be intuitive without the need for manuals or tutorials (Sanchez, 

2011).   

Optimal controller depends on the game 

McGloin, Farrar, and Krcmar (2011) found that naturally mapped controllers 

based on the task presented, such as a motion based controller for a sports game, 

have been shown to be preferred.  These pairings have also been shown to increase 

feelings of presence, and level of enjoyment.  They have also been shown to increase 

the users feeling of the game fidelity in terms of graphics and sounds.  Limperos, 

Schmierbach, Kergise, and Dardis (2011) found that when users played a football 
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video game, their enjoyment was not solely based on their outcome of winning or 

losing.  When users were able to play using a Wii controller or a PS2 controller, users 

felt a higher sense of enjoyment with the controller they felt gave them a better sense 

of control.  Since the PS2 controller was more traditional in nature and better suited 

to the task, the participant, even when he or she lost, enjoyed using the PS2 controller 

more because of their increased feelings of control.  Separate studies have examined 

controllers for a racing game and found that utilizing a racing wheel instead of a 

video game controller resulted in higher ratings of presence and immersion.  Users 

also felt more challenged and felt the controls were more intuitive as they mapped 

naturally to the task.  On the contrary, users performed worse using the racing wheel 

compared to the controller by 6%.  Even though users performed worse on the racing 

wheel, it satisfied the users because they felt less constrained by the wheel and the 

interaction method better supported their mental mappings of the controls (McEwan, 

Johnson, Wyeth, & Blackler, 2012).  On a physiological level, utilizing different 

controllers in an environment that aims to immerse and challenge the user, can result 

in differences with user’s brain activity.  Studies suggest that attempting to use a 

traditional video game controller for shooting based video games resulted in brain 

activity correlated with negative emotions and tension.  In comparison, when using 

a Wii-mote, the users experienced brain waves that have previously been found to be 

associated with a sense of presence (Nacke, 2010).  Even if a controller is better 

suited to a task, users develop a preference regardless of its performance.  Gerling, 
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Klauser, and Nisenhaus (2011) researched the side effects of switching a user from 

their native controller, to a new inexperienced controller.  The users experienced a 

decrease in performance (more in-game deaths) and errors on the new controller 

compared to their native controller.  However, users were found to feel higher levels 

of being absorbed into the game (p = .031) and found the game to be more 

challenging (p = .027) with the new controller.  The researchers concluded that if the 

game is well designed, the effect of switching controller types is minimal.  This may 

allow users to switch to controller input types that best suit their desires.  They also 

noted that less enjoyable and engaging games or tasks should be evaluated in order 

to evaluate the effects of transferring controllers. 

Breaking the controller norm 

Naturally mapped controllers have been thoroughly researched and have been 

shown to be desirable (McGloin, Farrar, & Krcmar, 2011).  However, when 

comparing multiple different forms of naturally mapped controllers, the subtle 

differences become apparent.  A study by Shafer, Carbonara, and Popova (2014) 

evaluated presence, feelings of control, and enjoyment with three different types of 

naturally mapped inputs for table tennis games: a controller that closely resembled 

the weight, shape, and mapping of the virtual paddle, a controller that only resembled 

the mapping of a table tennis paddle, and an empty hand body movement input where 

the user’s hand was the paddle.  When the users were holding an object, they felt 

more in control of their inputs.  The researchers also found this drove feelings of 
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spatial presence which ultimately led to higher ratings of enjoyment.  The researchers 

concluded that feeling in control is one of the largest influencers for a user’s level of 

enjoyment in playing a video game.  Moving into more recent technology, Baldauf, 

Frohlich, Adegeye, and Suette (2015) researched the effects of different directional 

controls using a smartphone as the input device for basic games including Pacman 

and Mario.  The study compared four different touchscreen input methods: 

Directional buttons, a D-pad, a virtual joystick, and tilt input.  Directional buttons 

consisted of four separate up, down, left, right buttons, while a d-pad is a connected 

cross of the four directions.  A virtual joystick allows the users to select a specific 

angle by sliding their finger along the edge of a circle.  A tilt input allows the user to 

input direction by tilting the controller itself left right forward or aft.  The results 

showed that the D-pad had the shortest task completion time, while tilt had the 

longest.  However, the directional buttons and the D-pad had the highest occurrences 

of users glancing down at the controller to look at the buttons (p <.001).  Users 

expressed that the sizing of directional buttons resulted in a need to glance down and 

wish the buttons gave haptic feedback since there is no tactile feedback with 

smartphone screens.  Overall, users preferred this method compared to the usual D-

pad and joystick because of the task they were given.  Users felt that the separate 

buttons were a more intuitive design and separated out the possible inputs, preventing 

an accidental input of another direction.  Haptics have shown to be important in 

creating an effective VR environment.  Hamam, Georganas, and Saddik (2010) 
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evaluated the experience of using the PHANTOM Omni, a device that utilizes six 

degrees of freedom when providing haptic and force feedback.  The study utilized a 

PC program to write Japanese characters with study findings suggesting that majority 

of users at least found it comparable to the experience of using a mouse and 75% of 

the participants stated it was a better experience than using a mouse.  The researchers 

also suggest that the haptic level of realism (p < .1) and the usefulness of the existence 

of haptic feedback in this use case (p < .05) correlated with the level of quality of the 

experience.  However, the intuitiveness of the haptic feedback was not found to be 

an influence.  Ebrahimi, Babu, Pagano, and Jorg (2016) evaluated the effects of 

reaching in a VE by comparing it against the real world, as well as with the addition 

and absence of visual and haptic feedback.  In order to evaluate this, participants 

would reach out with a stylus to find a groove in a surface in front of them.  As they 

reached towards the target, the stylus would make contact (haptic) and the stylus 

would glow red when very close to the grove (visual).  In the VE, it was found that 

participants with no haptic or visual feedback experienced longer times and more 

errors.  Ebrahimi, Babu, Pagano, and Jorg (2016) concluded that adding visual and 

haptic information in VEs can help to mediate the effects of sensorimotor issues that 

occur in VEs.   

The studies mentioned above evaluated the effects of different controllers on 

enjoyment, presence, and performance during actual video game play.  However, 

there is currently a research gap with respect to how controller design impacts these 
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constructs during video game menu interaction, particularly in regards to 

entertainment based VEs.  Traditional menus are well suited for point-and-click or 

controller inputs.  However, as research has shown, the user may experience higher 

levels of enjoyment and immersion based on the environment of the task.  For VR 

menus, this may mean deviating from traditional methods.       

Menu Interaction Styles in Virtual Reality 

For immersive environments like video games or VEs, menus must be 

constructed in a non-obstructive way.  For environments that could require quick 

inputs, it is ideal for the interface to be non-intrusive and as accessible as possible.  

This can be achieved by minimizing the amount of information being shown, the 

depth of menus, and minimizing the required user inputs.  (Federoff, 2002).  Research 

conducted by Bowman and Wingrave (2001) evaluated the effectiveness and 

preference for three different interaction methods for VE.  One interaction method 

utilized pinch gloves which used the conductive material sewn on the fingertips for 

the user to control by touching various finger tips together.  The researchers 

developed a menu system called TULIP which assigned labeled options to each 

fingertip that the user could touch to their thumb to select.  The user could select 

three options at a time using the fore finger, middle finger and ring finger.  The pinky 

finger was used to cycle through more menu options.  The next list of menu options 

was viewable on the palm of the hand.  This interaction method was compared 
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against a menu that floated in front of the user in the VE.  The user selected options 

by holding a stylus, pointing it at the desired option, and pressing a button on the side 

of the stylus.  Lastly, the users were given a tablet in real life that displayed the menu 

options in VR.  The users were given a stylus in this condition as well in order to 

select their options.  The study evaluated 26 participants on their comfort, preference, 

and the amount of time it took them to complete the task.  Users were asked to select 

an object’s shape, color, and texture by selecting the options from menus and 

submenus.  Users were given 30 trials for each condition.  It was found that after the 

first five trials, the time to complete a trial had reached a steady and consistent time 

(about a three second difference between trial sets) and learning had occurred.  The 

TULIP Menu took closer to 10 trials before time to complete leveled as the concept 

and interaction method was entirely new.  It was found that the TULIP menus took 

the largest amount of time.  Floating menus required the arm to be higher than the 

other two conditions which resulted in a high rating of arm strain for floating menus.  

The majority of users preferred the TULIP menus compared to the pen and tablet and 

floating menus.  The researchers described that the learning curve issue with TULIP 

menus developed from a lack of affordances with the interaction method.  Many 

users attempting an incorrect method to select an option such as grabbing it with the 

opposite hand.  It was noted that the TULIP menu interface would cause a large 

amount of occlusion in a VE and concluded that this menu interface should continue 

to be compared to other menu interfaces.  Bowman and Wingrave (2001) were faced 
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with technological limitations due to software and hardware constraints at the time 

and focused on higher end/priced technological controls.  However, they expressed 

the desire for a user to be able to utilize their hands as a means to interact with VR 

menus compared to utilizing tools.   

Patel et al.  (2006) also evaluated three different menu types in VEs.  

However, this research utilized the same controller for each of the three menus.  

Users were asked to build a wireframe face using options in three different types of 

menus.  Linear menus where the option is selected via ray casting (aim and click), 

sphere menus in which the user holds down a button, rotates the sphere and releases 

on the desired selection, and fan menus by rotating the controller to highlight slices 

of a fan and clicking a button for the desired option.  The task was detailed enough 

to last 8 to 10 minutes per menu type.  A majority of users preferred the linear menu 

compared to the other two menu types because it requires no prior learning and the 

menu remained stationary on the screen.  Based on the issues observed in their study, 

the researchers made design recommendations for VR menus moving forward.  

Menus should remain stationary once they appear and are open on the screen.  Menus 

should provide feedback once an option has been selected.  Selections should be easy 

to find and select.  In terms of the controller, it should require minimum wrist 

rotation, have little to no lag, and control buttons should be easily differentiated.   

More recent research evaluated different types of pie menu interactions and 

layouts using the same controller across all conditions.  Specifically, Gerbhardt, Pick, 
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Leithold, Hentschel, and Kuhlen (2013) evaluated different selection methods within 

a pie menu.  A pie menu offers menu options within a circle, similar to slices of a pie 

graph.  Different controls were compared including ray casting (aim the controller 

and click), hand location (with a mapped symbol on the menu), and rotating the 

controller in a circle.  For ray casting and controller location, users were able to 

cancel a selection and go back by using the predefined area in the center of the menu 

– two different sizes were tested.  Different presentation styles of submenus were 

also evaluated.  These included menus that displayed over the prior menu, submenus 

that displayed next to the selected option of the prior menu, and where prior menus 

shift linearly to the right.  These different submenu presentations evaluated the user 

experience of menu self-occlusion versus environment occlusion.  In this study, 24 

participants were given the task of matching the color, shape, and pattern of specific 

object as well as entering five digit numbers into text boxes.  Users were given the 

tasks and then filled out a questionnaire about all features at the end of each 

condition.  It was found that the number entering tasks were significantly quicker 

than the matching task (p <.001) due to the increase of submenus in the matching 

task.  Matching tasks were also found to have a higher number of errors.  Ray casting 

menus were found to be the most efficient compared to hand location (p=.008) and 

rotation (p=.003).  Rotation selection accounted for almost half of the errors, while 

ray casting and hand location accounted for 29% and 25% respectively.  Presentation 

of the submenus and the cancel selection area sizes were found to have insignificant 
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differences.  In favor with the other results, users preferred ray casting over the other 

two interaction methods.  Hand position was noted as the least favorite due to the 

arm strain of moving the arm around in order to make a selection.  The researchers 

commented that ray casting was the most preferred due to the least amount of hand 

movement and was more straightforward in comparison to the other two methods.  

However, while ray casting was preferred in this study, it has been shown to have 

performance decrements as distance increases.  This can be attributed to a smaller 

actuation size and slight hand twitches or movements that make it harder to pinpoint 

the selection.  However, fixed position menus and auto-scaling menus have been 

shown to mitigate these decrements (Das & Borst, 2010).  These interaction styles 

utilized mediums in order for the user to interface with menus, however newer 

technology allows the user to cut the medium out and interact with GUI systems 

using their own hands – similar to pressing real life buttons. 

Leap Motion as an Input Device 

 The Leap Motion controller consists of infrared cameras which track the 

user’s hands at up to 200 frames per second within 150 degrees and around eight 

cubic feet in front of the Leap Motion cameras.  This allows the user to interact with 

game environments, VR, and desktop GUI (Graphic User Interface) using inputs 

similar to touch screen interfaces and real life interaction including swiping, 

grabbing, punching, etc.  and can be purchased for $80 (“Leap Motion for Mac & 
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PC”, 2016).  This technology allows for the user to cut out the medium and interact 

directly with the interface using only their hands as input devices.  In the time 

following the Leap Motion’s release in 2013, few studies have examined the 

performance of the Leap Motion as an input device – and little to none from a user 

experience perspective.  For non-virtual applications, researchers have evaluated its 

effectiveness at replacing the computer mouse.  Falcao, Lemos, and Soares (2015) 

assessed Leap Motion as an input device for Photoshop.  Users were asked to select 

functions and tools within Photoshop’s GUI and then draw using their fingertip 

within the program.  The evaluation found that the tasks required a large amount of 

time and effort compared to a mouse and keyboard.  The Leap Motion exhibited 

issues recognizing user inputs, and if an error occurred, no quick gesture based 

“back” functions existed – requiring more effort from the user.  Furthermore, users 

experienced arm discomfort after extended periods of time.  Falcao, Lemos, and 

Soares (2015) concluded that the Leap Motion needs improved recognition and 

gesture inputs that will in turn improve user experience as the user themselves feel 

more in control.  This study presented the need for Leap Motion’s technology to 

develop further in order to elicit better performance as an input device.  Alternative 

studies have isolated pointing inputs with the Leap Motion to gauge its effectiveness.  

When performing pointing tasks, it was found that the mouse had an error rate of 

2.3% while the Leap Motion had a significantly higher error rate at 7.2% (p = .001) 

was also shown to be on average 100ms slower than pointing with a mouse.  The 
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researchers noted that this study faced limitations with the level of experience for 

both the mouse and Leap Motion.  Users are highly familiar with using a mouse as 

their interaction method with a computer monitor, while this study’s participants had 

never used a Leap Motion prior.  Additionally, this research did not address the users 

experience in terms of enjoyment or preference when conducting this study 

(Bachmann, Weichert, & Rinkenauer, 2015).  Seixas, Cardaoso, and Dias (2015) also 

evaluated Leap Motion effectiveness for pointing tasks and compared its 

performance with both a mouse and touchpad.  The users experienced a learning 

effect with the Leap Motion, and reached a consistent time after six trials.  After 

learning effects wore off, it took users an average of twice as long to select a target 

in comparison to a mouse.  The Leap Motion rated lowest in multiple comfort ratings 

including force required, finger-fatigue, operation speed, and effort.  However, this 

study required near-to-full extension of the arm during 120 instances of the pointing 

task.  For VR application, Valentini and Pezzuti (2016) evaluated the precision of 

the Leap Motion by testing particular input locations with each finger and discovered 

that the Leap Motion is effective in reading fingertip pointing inputs within 4-5mm 

of accuracy.  It was noted that as the inputs approximate the edges of the Leap 

Motion’s field of view, accuracy may begin to degrade – particularly in the lower 

right corner if using the right hand.  The users concluded that the Leap Motion is 

suitable and performs well as an input device and has the capability to be used in 

virtual and augmented environments.  Since the release of these studies, Leap Motion 
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has released an update to their software called “Orion” which improves many of these 

features and is geared towards VEs.  It includes: an expanded tracking range, 

responding accurately even in high occlusion settings, and recognizing hands faster 

than before (“Orion Beta”, 2016) – preventing the need to maintain and hold the arm 

within view of the Leap Motion trackers in between inputs.  Due to the recency of 

the Orion update, no formal studies have been conducted on its performance.  

However, Leap Motion technology is quickly finding its way into the VR realm 

including compatibility with the Oculus Rift and Samsung Gear VR and integration 

into the RAZER OSVR.  An evaluation of Leap Motion’s performance from a user 

experience perspective for these consumer based applications is quickly growing into 

a necessity as the technology develops. 

The best input device for different tasks depend on the task itself, such as a 

driving wheel for a racing game or raycast controllers for projection VR.  The best 

input also depends on several other mediating factors as applicable such as presence, 

enjoyment, preference, error rate, and speed (Bowman & Wingrave, 2001; McEwan, 

Johnson, Wyeth, & Blackler, 2012).  Controller research has shown that users 

experience higher levels of enjoyment and prefer controllers that result in feelings of 

being in control (Limperos, Schmierbach, Kergise, & Dardis, 2011).  However, 

naturally mapped controls have also shown to influence user’s controller preference 

(McEwan, Johnson, Wyeth, & Blackler, 2012).  VR controller research has focused 

its attention on finding the optimal handheld controller in order to achieve higher 
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levels of presence and performance (Bowman & Wingrave, 2001).  Although various 

methods have been shown to achieve a positive user experience, these methods are 

either prototypes, costly, or outdated.  The controllers that have been shown to be 

desirable for VEs are not readily available to the everyday consumer.  The Leap 

Motion offers a low cost naturally mapped interaction method for consumer VR 

HMDs.  However, its newest Orion update that fixes previously known issues, has 

not been formally evaluated.  Dachselt and Hubner (2007) stated that VR menu 

research is still lacking, this study aims to evaluate low cost interaction methods 

available on the market today for menu navigation purposes.  This study will 

compare three different type of controllers for menu interaction, including: a 

gamepad, an integrated touchpad, and the new Leap Motion with Orion update.  This 

evaluation will produce recommendations for consumer based VR products moving 

forward to facilitate the best user experience – which will aid the sales and growth 

of consumer based VR HMDs.   

  



27 

 

Chapter 3 Methods 

Introduction 

This study assessed the performance, preference, enjoyment, and sense of 

presence for existing controllers available to the consumer at an affordable cost.  The 

VR market is shifting to a more low-cost consumer centered market. Although 

previous research has focused on expensive top-of-the-line technology, or validated 

a prototype that has not been released to market, this study utilized existing low 

budget interaction technology with the target audience and evaluated the controllers 

from a usability perspective. 

Participants 

Population & Sample 

 This study utilized staff and students from the Florida Institute of Technology 

(FIT) – a southeastern private university.  While this approach used convenience 

sampling, young adults are the highest percentage of smartphone owners (Anderson, 

2015) and thus would be most likely to purchase a mobile based VR headset.  

Participants were recruited via FitForum, a Florida Institute of Technology mailing 

distributor, contacting existing students and faculty who have subscribed.  In the 

recruitment email, it was noted that individuals must be over 18 years of age and 

individuals who are color blind will be unable to participate due to the nature of the 
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task.  Participants were asked to reserve a time slot to participate in the study by 

selecting an available time slot in a Doodle Poll survey.  A needed sample size of 24 

participants was calculated through a power analysis using G*Power 3.0.10 based on 

a MANOVA repeated measures with an alpha of .05 and a medium effect size.  A 

total of 23 participants were collected.  The age range of the participants was 18-34 

years old and consisted of 17 males and 6 females.  Two participants rated their 

English proficiency as good while the remaining 21 participants rated themselves as 

very good to excellent.  Ten participants had experienced at least one head mounted 

VR headset prior to this study.   

Participant Protection 

An Institutional Review Board (IRB) protocol was submitted to the FIT 

Institutional Review Board to give attention to human subject research.  The 

participants’ data are not identifiable or traceable back to the participant and all data 

will remain anonymous.  Consent forms are kept separate from surveys and 

participants are assigned a number which prevents identifying information being 

linked to their data.  Participants were asked to sign a consent form, informing them 

of the anonymity of their data and the study risks consisting of simulator sickness 

and every day risk of using a controller and VR headset.  Participants were also 

informed that they may stop at any time without penalization.  
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Instruments & Materials 

Controllers 

Three different types of controllers were evaluated during this study.  The 

SteelSeries Stratus XL controller was the most appropriate gamepad for this study as 

it is the most frequently purchased item with the Samsung Gear VR headset on 

Amazon (“Samsung Gear VR Frequently Bought Together”, n.d.) and is listed as an 

officially supported gamepad on Oculus Support Center (“What type of Bluetooth 

gamepad works with Gear VR?” n.d.).  The Samsung Gear VR headset has an 

integrated touchpad on the right side of the headset and was also evaluated as a 

controller.  The last controller is the Leap Motion hand tracking device which was 

mounted to the front of the headset.   

 

Figure 1 Controllers and Menu Task Selection Method 
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a.  Study controllers, displayed from left to right: SteelSeries Stratus XL, Leap 

Motion, Samsung Gear VR Touchpad.  b.  Menu task selection method, from left 

to right: Steel Series – move the left joystick up and down to navigate options and 

the A button to select.  Leap Motion: Reach out in front of you with a cupped 

hand and use your fingertips to press a virtual button.  Samsung Gear VR 

touchpad – Move your head to move the cursor that is locked at the center of 

your screen and tap anywhere on the touchpad on the side of the headset to select 

the option. 

Setup 

 The study was conducted in an office on campus in the College of 

Aeronautics department.  The software was run on a custom-built computer with the 

following specs: Windows 10 Pro 64bit, Intel i7 2600K 3.4GHz CPU, 8.00GB DDR3 

RAM, 2x ATI AMD Radeon HD 6900 series graphics cards, and a 1TB Seagate 

SATA hard drive.  A Samsung galaxy S7 running Android Marshmallow 6.0.1 

operating system was used for the display.  A Samsung Gear VR 2017 model was 

used for the VR headset.  Due to the fact that Leap Motion does not yet have support 

for mobile based VR headsets, the program Vridge by Riftcat was used to allow for 

the VR software to be run on the PC and streamed to the phone’s screen via Wi-Fi.  

An Asus RT-AC1900 Dual-band Wi-Fi router was used to transmit the signal.  The 

Samsung Galaxy S7 connected to the 5 GB channel for the fastest connection.  The 

program would then receive the phone’s gyroscopic position and send it into the 
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software.  This would loop and allowed the Leap Motion to be run as if it were a PC 

based VR headset.  Vridge was utilized for both the Leap Motion and gamepad 

conditions as it allowed the researcher to view a duplicate of the VE on a computer 

monitor.  The touchpad condition was run via the Oculus software existing on the 

Samsung Galaxy S7 and could not be observed on a computer monitor.   

Measurements 

To collect demographic information, a pre-survey was administered to collect 

basic demographic information including age, gender, race, and English proficiency.  

In this survey, Participants were asked to self-report their experience with video 

games, video game platforms, controllers, specific controllers, VR, specific VR 

headsets, and the Leap Motion (See Appendix B).   

There were three dependent variables measures within the study: 

performance, presence and preference.  Performance measures included number of 

errors and time to complete trial.  The beginning of each trial was auto-recorded by 

the game software’s output log with a timestamp.  Each input (correct or incorrect) 

was recorded in the software output log with a timestamp.  Using the output log, 

average trial times and the number of incorrect inputs were calculated. 

To measure a sense of presence a subset of Witmer, Jerome, and Singer’s 

(2005) involvement/control questions were included.  Questions such as “How 

involved were you in the virtual experience?” and “How much were you able to 

control events?” with a 7-point Likert scale with question specific anchors such as 
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“not at all,” “somewhat,” and “completely” (See Appendix C).  Preference was 

measured by asking participants to rank the controllers from favorite to least favorite 

and filling out a table of their most and least favorite aspects of each controller (See 

Appendix D).   

To measure enjoyment a question from Kendzierski and DeCarlo’s (1991) 

physical activity enjoyment scale.  Participants rated how they felt about the activity 

in the moment on a scale of 1 to 10 from “I enjoy it” to “I hate it.” 

Procedure 

Research Design 

 This study aimed to evaluate different controllers for a mobile based VR 

application from a usability perspective.  The experimental method used to compare 

the controllers effectively was a one-way repeated measures within-subjects design.  

This allowed every participant to have exposure to each controller, as well as allow 

the evaluation of multiple outcome variables for each controller condition.  The 

independent variable is the controller type.  Controller order was counterbalanced 

across participants to account for order effects by using a Latin square rotation 

method.  This design aimed to evaluate the performance, presence, preference 

ranking, and enjoyment for each of the controllers and those metrics acted as the 

dependent variables (See Figure 1).   
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Figure 1 Research Design 

*Controller order was counter-balanced to avoid order effects. 

Task 

In alignment with previous controller interaction studies for VEs (Bowman 

& Wingrave 2001; Gebhardt, Pick, Leithold, Hentschel, & Kuhlen 2013), this study 

utilized a matching task to evaluate the three different controllers: a classic gamepad, 

a touchpad along the side of the headset, and virtually rendered hands.  At the 

beginning of the study, participants were administered the consent form and 

demographic survey.    Participants were read and given instructions on how to 

navigate and make selections with each controller prior to the task phase (See 

Appendix A) and given three example selection rounds as a tutorial before the real 

trials began.  The order of controllers was counterbalanced to prevent order effects. 

The participants wore the Samsung Gear VR headset and viewed a virtual 

mockup of a room with gray walls and a gray floor.  A shape rendered on the left 
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field of view.  The shape spawned with a combination of possibilities.  The possible 

shape options were: cube, sphere, or cylinder.  The possible color options were: red, 

blue, or green.  The possible texture options were: stripes, dots, or checkered.  On 

the right field of view, a menu fixed in the 3D space was displayed.  The participants 

used the menu to match the properties of the shape shown on the screen (See Figure 

2).  They were instructed to match shape first, then color, then texture.  Once the 

shape, color, or texture button has been pressed, the respective submenu was 

displayed.  As each feature was completed, the main menu feature button appeared 

blank.  If the participant attempted to select an incorrect button, including selecting 

the color submenu before the shape submenu, the button appeared red during press-

down and did nothing.  A correct button pressed resulted in the next menu popping 

up.  Once all three parameters were selected, a continue button appeared.  Once the 

continue button was pressed, it was recorded as one trial.  The participants had 10 

matching trials for each controller.  Once all 10 trials had been completed, the 

presence survey and enjoyment question were administered for that controller.  The 

presence survey and enjoyment question were administered a total of three times 

throughout the study after each controller’s 10 trials.  Once all three conditions were 

completed, the preference rating was administered where participants ranked the 

controllers from most favorite to least favorite.  Participants also filled out the table 

identifying what they liked most and least for each controller.   
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Figure 2 Task Example 

A shape spawns and the user starts by selecting shape.  The shape submenu appears 

and the user selects the corresponding shape.  The main menu reappears with a blank 

shape button to notify the user the feature has been completed.  The user matches 

color next.   

Data Analysis 

All survey responses were collected via paper surveys.  The 23 participants’ survey 

responses and performance metrics from the outputs logs were entered in an SPSS 

(Statistical Package for the Social Sciences) (Version 20.0.0, IBM 2011) database.  

Qualitative comments from the preference most and least liked table were 

categorized, reported, and discussed.  Based the high number of dependent variables 

for this study (performance, preference, presence, and enjoyment) a multivariate 

analysis of variance (MANOVA) was used.  Since this was not medical based 

research, an alpha of .05 was utilized.   

This study uses a repeated measures design.  Participants were recruited from 

FIT and will undergo all three controller conditions.  A gamepad, the integrated 

Samsung Gear VR touchpad, and the Leap Motion were evaluated using a VR 
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matching task.  The dependent variables measured include performance, presence, 

enjoyment, and preference.  These metrics evaluated these controllers from a 

usability standpoint to develop recommendations for VR controllers moving 

forward.   
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Chapter 4 Results 

 This section reviews the statistical and qualitative findings of the study.  Once 

data was entered into SPSS, the data was evaluated for any outliers or missing data.  

Upon evaluating the data, it was found that there was no missing data.  As the Leap 

Motion is mounted on the front of the headset, and can be used both right side up and 

upside down, it was at risk of falling off, or flipping orientation if users looked 

straight down.  There were two instances of the leap motion falling off or flipping 

orientation which were corrected during the study.  The correction was made by 

subtracting the time that elapsed during the issue and replacing it with the average 

time between button presses for these two instances.  During the data cleaning 

process, one outlier for time was identified as being greater than two standard 

deviations above the mean.  This participant received a trial time of 67.13 seconds 

(16 standard deviations above the mean) during their second trial.  This time delay 

occurred at the start of trial when a user attempted to select color before shape and 

was waiting for the submenu to appear; the user remembered that shape must be 

selected first and then proceeded on with the trial.  As a result, an assumption was 

made that this was an erroneous data point.  There were 9 outliers 2 standard 

deviations above the mean for Leap Motion errors.  These were likely due to the VE 

recording one button press multiple times rapidly in succession.  As a result, these 

data points were removed from the data set.  Next, learning curves were analyzed to 

identify where performance seemed to plateau as the goal was to look at interaction 
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effects on performance void of any learning and familiarity effects.  Learning curves 

of time appeared to plateau between trials 5 and 6, and learning curves of errors 

appeared to plateau to some degree between trials 6 and 7, thus trials 7 through 10 

were used for calculations of both time and errors (See Figure 4).   

 

Figure 3.  Line graph of average trial times across participants.   
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Figure 4.  Line graph of average errors across participants 

   

Qualitative Findings 

 For preference, participants ranked the controllers in order from their most 

preferred to least preferred.  Gamepad was rated as the most preferred controller by 

13 out of 23 participants (56%).  Touchpad was rated as the most preferred controller 

by 8 out of 23 participants (35%) and Leap Motion was rated as the most preferred 

controller by 2 out of 23 participants (9%).  Video game experience showed an 

influence on preferred controller.  Fifty five percent of participants with extensive 

gaming experience and 70% of participants with some gaming experience preferred 

the gamepad, whereas 100% of participants with no gaming experience preferred the 
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touchpad (See Figure 5).  Leap Motion was ranked as least preferred controller by 

17 out of the 23 participants (74%).   

 

Figure 5.  Controller preference percentage breakdown.   

 

After participants rated preference, they could fill out a table with what they liked 

and disliked about each controller.  Comments of similar topic were categorized and 

grouped and are presented below with the number of times the comment was 

mentioned.  (See Table 2).  The Leap Motion was most liked for its sense of 

immersion, yet participants disliked the issues they faced attempting to accurately 

make selections.  The participants mainly liked the ease of use for the gamepad but 

noted that it was not as immersive as the other two controllers.  Participants also 

noted that the touchpad was easy to use but users did not like trying to find or 
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remember the location of the touchpad on the side of the headset after moving their 

head position. 

Table 2 

Qualitative Comments and Frequency  

 

Leap Motion Like #  Leap Motion Dislike 

Accuracy/Selection Issues with Hand 

Difficult 

Tiring to Keep Arm Up 

# 

Immersive 7  8 

Seeing my Hands 5  7 

Fun 4  3 
    

Gamepad Like   Gamepad Dislike  

Easy 12  No Immersion 6 

Familiar 9  Easy 4 
     

Touchpad Like   Touchpad Dislike  

Easy 13  Issues Locating/Actuating Touchpad 6 

Using Circle/Gaze to Select 

Immersive  

5 

2 

 Moving Head 

Holding up Hand/Tapping 

4 

4 

Quantitative Findings 

A repeated measures MANOVA was conducted with controller type as the 

independent variable with the following dependent variables: presence, time, errors, 

and enjoyment.  Repeated measures showed a significant multivariate effect for 

controller, Wilk's Lambda = .109, F (8,15) = 15.375, p < .001, η2 = .891.  There were 

also significant univariate effects of controllers for presence (F(1.593, 35.045) = 

16.184, p < .001), and time (F(1.659, 36.490) = 63.064, p < .001).  Errors were found 

to approach significance, (F(1.171, 37.765) = 3.155, p = .061).  Enjoyment was also 

found to be significant (F(1.522, 33.479) = 9.625, p = .001).  To determine where 

the differences existed, Tukey’s HSD was calculated for post hoc analysis.  Leap 
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Motion was found to have significantly longer trial times compared to gamepad (p < 

.001) and touchpad (p < .001).  For trial times, gamepad and touchpad did not have 

significant differences.  Leap Motion was found to have significantly lower presence 

ratings compared to gamepad (p = .004) and touchpad (p < .001).  Gamepad was 

found to have significantly lower presence ratings compared to touchpad (p = .013).  

Leap Motion was found to have significantly lower enjoyment ratings compared to 

gamepad (p =.006) and touchpad (p = .001).  Gamepad and touchpad enjoyment 

ratings were not significantly different (See Table 1 for Means).  Null hypotheses for 

time, presence, and enjoyment were all rejected and found to be significantly 

different.  Errors were not significantly different and we fail to reject the null 

hypothesis. 

Table 1 

Univariate Measure Means (Standard Deviation) 

Measure Leap Motion Gamepad Touchpad 

Average # of Errors .21 

(.29) 

.09 

(.22) 

.05 

(.10) 

Average Trial Time 15 

(3.20) 

8.81 

(2.49) 

9.39 

(1.63) 

Presence Score 26.57 

(5.45) 

30.13 

(3.74) 

31.96 

(2.61) 

Enjoyment 6.83 

(2.14) 

7.96 

(1.14) 

8.09 

(1.50) 

Note: Errors and trial times are per trial for trials 7 to 10.  Trial time is in 

seconds.   

 

This section reported the process for data cleaning which removed outliers 

and learning curves.  A repeated measures MANOVA was run in SPSS and presence, 



43 

 

performance, and enjoyment were found to have significant differences for controller 

type.  Qualitative data for preference and comments were organized and presented.   
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Chapter 5 Conclusion 

Overview 

 The purpose of this study was to evaluate the effects of controller type on 

performance, preference, presence, and enjoyment for VR headsets.  Samsung sold 

2.3 million dollars of their mobile based VR headset, the Samsung Gear VR in 2016 

– six and a half times its PC counterpart which was the Oculus Rift (SuperData, 

2016).  Moreover, the VR industry is expected to grow to 17.8 billion by 2019 

(SuperData, 2016).  This rapid growth of the industry requires usability research to 

ensure consumers are receiving the best user experience, thus increasing sales.  This 

study evaluated different low cost controllers currently available to consumers to 

make recommendations for the VR industry moving forward.   

 The following variables were measured in this study: performance (time and 

errors), presence, enjoyment, and preference.  Due to the nature in which preference 

was collected, a parametric test could not be run.  The results of the controller ranking 

preference were reported and were discussed.  Comments of controller features were 

categorized and presented by similarity as well as the frequency of the comment 

made.  These aimed to answer the research questions: 

RQ1: Is there a preference of one controller over another for VR? 

RQ2: Does the controller influence the presence level in VR? 
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RQ3: Does the controller influence the time performance in VR? 

RQ4: Does the controller influence the error performance in VR? 

RQ5: Does the controller influence the enjoyment in VR? 

 The results showed a significant difference in controller type with respects to 

presence, time, and enjoyment with Leap Motion receiving the poorest scores for all 

three variables.  Errors approached significance but failed to reject the null 

hypothesis.  The gamepad controller was the most preferred with 56% of participants 

listing it as their top controller.   

Discussion 

 This section will evaluate the results and comments from the participants and 

consider the reasoning for these findings.  Recommendations for VR companies and 

developers are suggested.  Limitations and areas of future research are addressed.   

Preference 

 Is there a preference of one controller over another for VR? This was the first 

research question.  Users preferred the gamepad with 56% rating it as their most 

preferred controller.  Held and Durlach (1992) stated that users prefer to select a 

controller with which they have a pre-existing history.  This was further seen in this 

study as many users noted that “using [the] gamepad controller is like playing video 

games, piece of cake” and that it “allows me to go into an automatic state of 
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think[ing] due to its familiarity.”  Additionally, those who listed the gamepad as their 

most preferred controller were only seen in participants who listed themselves as 

having some to significant video game experience (See Figure 5).  Considering 21 

of the 23 participants had at least some gaming experience, this may account for these 

results.  Touchpad was the second most preferred controller as users found it “simple 

and easy to use” and “gives a futuristic feeling which is fun/cool.”  However, some 

users noted that their “hand gets tired being in the same position after a while” or 

that it was “slightly difficult to remember exact spot of the touchpad.”  This may 

account for the touchpad coming in second place as the most preferred controller.  

Some participants may prefer the cognitively easiest controller to use regardless of 

its sense of presence.  Leap Motion was the least preferred controller as many users 

experienced several issues during its use.  One main issue occurred as a result of 

rapid head movement during task performance.  Rapid head movement resulted in 

users experiencing visual “drift” and a need to rotate their chair during the 

experiment in order to keep the shape and menu in center view.  This is possibly due 

to the Riftcat streaming to use the Leap Motion with a mobile based VR headset.  

Users who experienced this issue often rotated up to 90 degrees from their starting 

point – with a few cases exceeding 90 degrees.  Some users also experienced issues 

reaching the menu buttons due to the menu distance being too great for the real-life 

length of their arms.  The menu distance was developed to accommodate the fifth 

percentile female length arms at full extension to ensure 95% of participants could 
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reach the virtual buttons and that the average population would be at a comfortable 

reach distance.  However, most users attempted to lean forward instead of reaching 

forward to select a button.  As the Samsung Gear VR only has rotational tracking 

and does not have positional tracking, leaning forward does not bring the user closer 

to the menu and resulted in user frustration.  Many users needed a full arm extension 

in order to reach the buttons.  With the arm at full extension, it became difficult for 

the Leap Motion to determine the positioning of the finger and would often curve the 

virtual fingers.  As a result, this makes it difficult to press the button as the fingertips 

are the trigger for a button press to occur.  Users noted “As events passed, the room 

appeared to reset in orientation, requiring me to rotate my chair in order to keep a 

persistent field of view that I desired.  Hand recognition was not 100% what I 

intended to do (bending fingers).”  However, those that did not experience drift or 

reach issues noted the Leap Motion as a positive experience: “The Leap Motion was 

really impressive & the hands in VR were really accurate,” “Felt almost real.  Being 

more involved.”  Some users found that using one finger, using a jabbing motion, or 

flicking their fingers worked best for them.  As seen in Figures 3 and 4, most users 

“got the hang of it” halfway into the trials.  Users who also attempted to select buttons 

in the peripheral instead of center-screen seemed to require less of an arm extension 

in order to make selections.  This may be caused by participants losing possible reach 

distance by reaching across their body, or by a closer rendering of the arm from the 

Leap Motion in peripherals, these users needed less arm movement.  These issues 
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made the Leap Motion difficult for most users and resulted in the other controllers 

being rated higher as participants’ most preferred controller.  These issues also 

reflected in the decreased scoring of the Leap Motion in other measures.   

Presence 

 Does the controller influence the presence levels in VR?  This was the second 

research question.  All three controllers were found to induce significantly different 

presence levels from each other with the touchpad receiving the highest presence 

scores, gamepad receiving the middle presence score, and Leap Motion the lowest 

presence score.  According to Held and Durlach (1992), naturally mapped controllers 

should perform best.  However, because the Leap Motion had tracking and 

performance issues, this caused users to note it as frustrating and difficult which can 

take users out of the VR experience and decrease the sense of presence (Johnson & 

Wiles, 2010).  The gamepad was the quickest performer, but users noted it was 

“boring” and had a “lack of immersion.”  The gamepad was detached from the VE 

and did not engage the user’s body in the same way that the Leap Motion and 

touchpad did.  The touchpad utilized the users gaze as a means of selecting options.  

As users stated: “it’s like controlling it with our mind” and “feels immersive without 

feeling slow”.  This resulted in the users exhibiting the highest sense of presence in 

the touchpad condition.   
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Performance 

 Does the controller influence the time performance in VR?   This was the 

third research question.  The Leap Motion was found to have significantly longer 

trial times compared to the gamepad and touchpad.  This may have been caused by 

the large movement required of the arm as opposed to the small actuation of a 

joystick or head position in order to make selections.  However, towards the end of 

the trials, the Leap Motion took on average 60% (5-6 seconds) longer than the 

gamepad and touchpad.  These longer times may also be attributed to the noted 

selection and drift issues. 

Does the controller influence the error performance in VR? This was the 

fourth research question.  Once outliers were removed due to repetitive inputs 

received from the Leap Motion, it was found that errors were not significantly 

different between controllers.  This data suggest that the Leap Motion may have still 

been within the learning phase, while participants had a pre-existing history with 

gamepads and touchpads as they are common in today’s consumer laptops and other 

products and may have already surpassed the learning phase.  This may have resulted 

in the shallower learning curves.  As Wickens, Lee, Liu and Becker (2004) states, 

users will often try out or require references to tutorials when first performing a task 

until errors decrease.  Users then can focus on then experience a reduction in errors 

and then can perform the task more efficiently and can reduce task time.  From there, 

the cognitive and attention demands of the task decrease and users can experience a 
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more automatic state.  Participants may have still been within this learning 

development phase and thus did not produce comparable performance to the other 

two controllers.    Nevertheless, these decrements in performance may have 

contributed the participant’s presence, preference, and enjoyment results.   

Enjoyment 

 Does the controller influence the enjoyment in VR?  This was the fifth 

research question.  Gamepad and touchpad were found to have significantly higher 

enjoyment ratings compared to the Leap Motion.  Johnson and Wiles (2010) noted 

that difficult controllers can cause anxiety and decrements to enjoyment.  This is 

reflected in the data as many users had to attempt to select multiple times with the 

Leap Motion before it would register.  As the gamepad and touchpad had little to no 

selection issues, this may have contributed to them receiving similar enjoyment 

scores.   

Recommendations 

 Based on the results of this study, the Leap Motion is not at a performance 

level which is ready for VR headsets.  However, considering that the menu in the VE 

was a large distance away, these performance issues may be mediated by altering the 

depth and size of the menu in VEs.  The Leap Motion “Blocks” demo featured a 

menu style that was presented along the fingertips.  This would allow users minimal 
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reach distance and less arm fatigue as users could hold their hands lower and simply 

look down.  This menu style was not available to developers from Leap Motion at 

the time of this study while reach based menus had just been released as a Unity 

asset.  However, past research with the TULIP menu styles show that this can be 

non-intuitive for first time users (Bowman & Wingrave, 2001) and this should be 

evaluated again as the coming generations may be more tech savvy then when the 

study was conducted.  Participants also noted that they mostly liked the ease of use 

for the gamepad and touchpad, and thus developing more intuitive and easy to control 

interfaces with the Leap Motion show be top priority.  This can be achieved by 

focusing on the tracking and input method.  Users often noted that the Leap Motion 

did not render their hand correctly or do what they wanted it to do.  This caused a lot 

of frustrations for users.  Improving the hand tracking further to provide more 

accurate representation of their real-life hand will help users feel not only a higher 

sense of presence, but also reduce the cognitive efforts of users to position and move 

their hands in a particular way to accurately use the Leap Motion.  In the meantime, 

allowing more than just the fingertips to be a trigger for reach-based menu inputs 

will allow users more gross movements for input.  Leap Motion should make more 

interface styles such as the fingertips menu in “Blocks” readily available to 

developers.  The upcoming Leap Motion faceplate should be evaluated with different 

menu styles to ensure a positive user experience and ensure accurate enough tracking 

to elicit a high performance.  Users who have gaming experience show a pre-
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disposition towards a gamepad controller.  If a universal controller is developed for 

VR, support for gamepad controllers should continue.  The touchpad resulted in high 

presence scores and low performance issues.  Nevertheless, users noted that holding 

a hand by the side of the head was tiring and tapping the side of the headset made 

them more aware of the headset itself.  A hands free timed-gaze selection should be 

considered as many users enjoyed the gaze cursor.   

Limitations 

 This study faced a large limitation with setup.  Considering that a work-

around was needed in order to support the Leap Motion with a mobile based VR 

headset, this may have been the cause for drift.  The hand tracking issues were a 

product of the menu positioning in the VE as well as the poor performance of the 

leap motion itself, however the drift issues possibly caused by streaming the VE, 

may have further lowered the Leap Motions scores.  This was mediated as best as 

possible by using a 5G private Wi-Fi connection less than two feet away from the 

system to ensure the fastest and smoothest streaming.   

This study is limited to Florida Institute of Technology students and utilized 

convenience sampling.  While this is a limitation, the study consisted of mainly 

college age (18-29) students, 86% of which are smartphones owners (Anderson, 

2015).  Participants were asked to self-report their video game frequency, and 

experience with video games, specific controllers, and VR headsets.  One possible 
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limitation is that participants may have reported incorrect data.  In an attempt to 

mediate this, users were asked to report average frequencies.  Additionally, all 

possible controllers and VR headsets were prelisted for participants to select if they 

had previous experience, so that participants recognized controllers and VR headsets 

instead of recall.  Participants were assumed to have no pre-existing color blind 

condition and be proficient in English in order to perform the task.  Users were asked 

to self-report their color-blind status and level of English proficiency. 

 Performance metrics may be skewed with previous exposure to controllers or 

VR.  These variables were measured to ensure they are not confounding factors.  

Considering that 21 out of 23 of the participants had at least some experience with 

video games, this may have caused the performance and preference rankings to be 

skewed.  As this study used volunteers and did not screen participants to receive a 

mix of both gaming and non-gaming participants, this was not controlled.  

Nevertheless, based on the results, this sets the framework for future research.   

Future Research 

 This study evaluated low cost controllers and provides some preliminary 

support for the best controller for VR.  The study herein is one of few studies that 

address the usability of consumer based VR controllers.  This study focused on 

mobile based HMDs that currently do not support motion-based haptic feedback 

controllers such as the Playstation VR or Oculus Rift do.  Those controllers should 
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be evaluated against the current controllers presented in this study.  Considering that 

the two participants without gaming experience preferred the touchpad, future 

studies should evaluate these measures and controllers with a non-gaming 

demographic as they may produce different results.  This study consisted of mainly 

gamers as 21 of 23 of participants had at least some gaming experience and may not 

be generalizable to all consumer VR users.  Additionally, the Leap Motion performed 

poorly with the menu presented in this study.  Different menu types, shapes, and 

depths should be evaluated to create design guidelines for virtual hand based menus.  

The Leap Motion did not flourish in this use case yet, it may in other novel 

environments.  VR controllers should continue to be compared and analyzed in 

training, video game, and task based environments to determine the optimal 

controller for each use case.  This study recruited mainly video gamers for its 

participants.  These conclusions are mainly applicable to those with gaming 

experience of college age.  Controllers should be compared across age groups as well 

as non-gamers to validate the findings across a larger population.   

Conclusion 

 The VR market is rapidly growing and changing every year.  As it grows to 

a $17.8 billion market by 2019 (SuperData, 2016) it is important that user experience 

remains at the forefront of VR research.  This study targeted controllers under a $100 

for consumers, for the most sold VR headset – the Samsung Gear VR – in 2016 
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(SuperData 2016).  The pros and cons of each controller were presented in addition 

to recommendations to improve them.  This study was not a comprehensive analysis 

of all types of VR controllers on the market today.  Regardless, it sets the framework 

for user experience research to continue as a means to improve the quality of the VR 

experience for consumers of VR headsets for entertainment purposes.   
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Appendix A – Instruction Script & Sheet 

Script 
Hello and Thank you for participating in today’s study.  Today you will be asked to 

perform a matching task using controllers while wearing a virtual reality headset.  If 

you experience discomfort, drowsiness, disorientation, fatigue, or nausea and would 

like to stop, you may stop at any time.  You will experience three different 

controllers. 

 

One is the leap motion, which will track and render your hands in the virtual 

environment real time like shown.  You will reach out in front of you and touch a 

button to make a selection like you would touch a button in real life.  Keep in mind 

that your fingertips will trigger a button press.  Pushing your hand through the button 

may result in the button not responding.  The best hand shape for pressing a button 

is a cupped hand where you use a smooth hand motion with all four fingertips to 

press the button.  For the task, use only one hand to make selections.  [Show Video 

Demo] 

 

Another controller is a gamepad controller, you will move the left joystick up or 

down to navigate through button options and the “A” button to make a selection like 

shown.  [Demonstrate on Controller] 

 

Another controller is the touchpad on the right side of the virtual reality headset you 

will be wearing.  A pink circle locked at the center of your screen is your cursor.  

You will move your head to move the cursor and tap on the side of the touchpad to 

simulate a mouse click. 

 

For each controller, you will undergo the same task.  You will have 3 practice rounds 

to become comfortable with the controller.  Use these to practice and ask any 

questions.  Once you hit the Begin button, the official trials will begin.  A shape will 

spawn on the left side of the screen with a shape, color, and pattern like shown.  It 

can be a sphere, cube, or cylinder, red, green, or blue, and have stripes, dots, or a 

checkered pattern.  Use the menu on the right side in order to match the features of 

the shape shown.  Match the features in order of shape, then color, then pattern.  If 

you attempt to select color before shape, it will be recorded as an incorrect input.  

As you complete each feature you will be taken back to the main menu and 

completed feature buttons will appear blank.  Any incorrect input will result in a red 

fill on the button and the button will do nothing.  A correct input will result in the 

next menu popping up.  Note that your time and errors are being measured, so please 

try to take the task seriously and do your best.  You may experience some rotation 

in the virtual environment and may need to rotate your chair, keep in mind this is 

normal and feel free to turn as needed.  After each condition you will be asked to fill 

out questions about your experience with that controller.  At the end, you will be 

asked to rank the controllers from your most preferred to least preferred and lists 

your reasons why. 
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Instruction Sheet 

Leap Motion 
Your hands will render within the virtual environment.  Reach out and touch the button to make a selection.  

Your fingertips are the trigger to click a button. 

                        
Don’t push your hand 

through the button 

Don’t use only one finger to 

push the button 

Used all four fingertips to trigger a 

button press 

 

Gamepad     Touchpad 
       

 

 

 

 

 

 

 

You will use the left joystick to navigate 

And the A button to make selections 

A pink circle is anchored to your head position 

Move your head to navigate and tap the touchpad on the 

right side of the headset to make a selection 

 

Task 

                   
Main Menu 

Displayed 

Click 

Shape 

Look at 

Shape 

 Click 

Sphere 

   Main Menu Displayed 

    Shape is Completed 

 

Shape Examples: 

                                                  
Green Striped Cube Red Checkered Cylinder Blue Dotted Sphere 
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Appendix B Pre-Survey 

VR Controller Survey 

Please answer the following questions 

 
1. Age: ___________________ 

 

2. Gender 

☐ Male   

☐ Female   

 

3. What is your academic level? 

☐ Freshman ☐ Sophomore ☐ Junior   

☐ Senior ☐ Graduate ☐ Other: _____________________  

 

4. What is your Ethnicity? 

☐ White ☐ Hispanic or Latino ☐ African American   

☐ Native American ☐ Asian/Pacific Islander ☐ Other: _____________________   

 

5. What is your level of English proficiency? 

☐ Poor ☐ Fair ☐ Good ☐ Very Good ☐ Excellent 

 

6. What is your experience level with video games? 

☐ No Experience ☐ Little Experience ☐ Some Experience ☐ Significant Experience  

 

7. What is your frequency of video game play? 

☐ Never ☐ Rarely ☐ A Few Times a Month ☐ A Few Times a Week 

☐ Once a Week ☐ Daily   
 

8. What genre of video games do you play? (Please check all that apply) 

☐ None ☐ Mobile ☐ Action ☐ Action-Adventure ☐ Adventure 

☐ RPG ☐ MMO ☐ MMORPG ☐ MOBA ☐ Puzzle 

☐ Strategy ☐ Simulation ☐ Shooter ☐ Other: ______________________ 

 

9. What consoles do regularly play on? (Please check all that apply) 

☐ None ☐ Mobile ☐ PC ☐ Xbox One ☐ PS4 

☐ Wii U ☐ 3DS ☐ PS Vita ☐ Legacy ☐ Other:____________ 

 

10. What controllers do you have experience with? (Please check all that apply) 

☐ None ☐ Dual Shock PlayStation ☐ Xbox One ☐ Xbox 360 ☐ SteelSeries 

☐ Leap Motion ☐ Keyboard & Mouse ☐ Other: _________________________ 
 

11. What virtual reality headsets do you have experience with? (Please check all that apply) 

☐ None ☐ Sony PlayStation VR ☐ HTC Vive ☐ Samsung Gear VR 

☐ Google Daydream ☐ Oculus (DK1,2, or Rift) ☐ Other: ______________________________ 
 

Please Stop Here and Notify the Proctor that you have Finished the Pre-Survey  
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Appendix C Presence Survey 

Leap Motion   Gamepad    Touchpad 

 

 

Modified Presence Questionnaire (Items from Witmer & Singer, 2005) 

Characterize your experience in the environment, by marking an "X" in the appropriate box of the 7-

point scale, in accordance with the question content and descriptive labels.  Please consider the entire 

scale when making your responses, as the intermediate levels may apply.  Answer the questions 

independently in the order that they appear.  Do not skip questions or return to a previous question to 

change your answer. 

  

WITH REGARD TO THE EXPERIENCED ENVIRONMENT 

   

1.  How much were you able to control events? 

 

|________|________|________|________|________|________|________| 

NOT AT ALL SOMEWHAT COMPLETELY 

 

 

2.  How responsive was the environment to actions that you initiated (or performed)? 

 

|________|________|________|________|________|________|________| 

NOT 

RESPONSIVE 

MODERATELY 

RESPONSIVE 

COMPLETELY 

RESPONSIVE 

 

 

3.  How completely were you able to actively survey or search the environment using vision? 

 

|________|________|________|________|________|________|________| 

NOT AT ALL SOMEWHAT COMPLETELY 

 

 

4.  How compelling was your sense of moving around inside the virtual environment? 

 

|________|________|________|________|________|________|________| 

NOT 

COMPELLING 

MODERATELY 

COMPELLING 

VERY 

COMPELLING 

 

 

5.  How involved were you in the virtual environment experience? 

 

|________|________|________|________|________|________|________| 

NOT 

INVOLVED 

MILDLY 

INVOLVED 

COMPLETELY 

ENGROSSED 

 

                         

6.  Please rate how you feel at the moment about the physical activity you have been doing. 

 1 2 3 4 5 6 7 

I enjoy it      I hate it 
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Please write what you liked or did not like about the controller or anything you found different about 

your experience: 

 
 

Please Stop Here and Notify the Proctor that you have Finished the Page 
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Appendix D Preference Rating & Comment Table 

 

1. Please list the controllers in order of your most preferred to least preferred: 

 

Most Preferred 1: _____________________________________ 

   2: _____________________________________ 

Least Preferred 3: _____________________________________ 

 

 

 

2. Please fill out the following table, explaining what you like most and least about each controller 

type: 

 

 Leap Motion 

(Hand Tracking) 

Gamepad 

(Video Game 

Controller) 

Touchpad 

(Look & Tap) 

Most 

   

Least 

   

 

 

Thank you for Participating! 

 


