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Abstract 

Touchless and mid-air interfaces are becoming ubiquitous in the design of 
information systems. Implementing ultrasonic haptic feedback in these devices is 
a new area of development. As these devices become more commonplace, it is 
important to evaluate them thoroughly to understand how users will interact 
with them. By exploring the psychophysical mechanisms of perception, we can 
gain a better understanding of how to best design systems with haptic output. 
Multimodal perception is one such aspect that can greatly improve the user 
experience of a mid-air interface. By combining visual and haptic feedback, the 
usability of a system was expected to increase. The system was designed with 
UltraHaptics, Leap Motion and Unity 3D. Eleven participants completed a two 
part study: requirements gathering followed by a user evaluation. The results 
found that usability score significantly increased when visual feedback was 
present alongside haptic feedback. Limitations and suggestions for future visuo-
haptic systems are discussed.  
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Chapter 1  

Introduction 

1.1 Project Overview  

Human Computer Interaction (HCI) research is continuously developing new 
methods of interacting with computer systems. Mid-air and touchless user 
interfaces present a novel way of doing so, taking gestures as input as opposed to 
traditional keyboard or mouse input. Development of such interfaces has evolved 
from projecting images on to dry fog or physical objects (Rakkolainen et al, 2009; 
Kovacs et al, 2015; Hunter et al, 2017) to controlling virtual objects with hand 
tracking, to projecting haptic feedback using the UltraHaptics device on to the 
hand to give the illusion of touching an object (Carter et al, 2013). Interfaces such 
as these will greatly influence the way we interact with technology; as these 
develop they will become more commonplace in everyday technologies such as 
cars and home systems.  

Visuo-haptic interfaces mix perceptual modalities to create an immersive 
perceptive experience, for example, projecting ultrasonic feedback on the hand 
while using a holographic lens display (Kervegant et al, 2017), or using a tool 
such as the Phantom Omni to interact with objects (Barbieri et al, 2013). 
Research on the psychophysical mechanisms of perception can help to inform the 
design of such systems; by understanding perception at a low level we can 
further the design of highly interactive and immersive systems. By combining 
this understanding with an in-depth evaluation of users’ needs and wants, the 
design of such interfaces can be well informed and thus more usable.  

1.2 Problem Statement  

The aim of this project is to thoroughly evaluate a visuo-haptic mid-air user 
interface to investigate the relationship between visual and haptic feedback. 
Haptic feedback alone does not provide the most convincing perceptual 
experience, but in combination with other modalities could prove to be a 
compelling user interaction.  

The project introduces a system that will combine haptic and visual feedback by 
creating a 3D model of a dial, which is interacted with using hand tracking, and 
combining this with ultrasonic feedback. An in-depth user evaluation will be 
carried out to gain rich qualitative and quantitative feedback. It is hypothesised 
that the presence of visual feedback alongside the haptics will strengthen the 
user experience, and thus lead to a higher usability rating.  
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1.3 Outline 

Chapter 2 - Analysis  

This chapter will explore the current literature in the area, focusing on research 
on touchless interfaces, haptic feedback and visual feedback. The mechanisms of 
perception will be explained from a psychophysical perspective, providing 
evidence of why the combination of visual and haptic feedback is stronger than 
haptic alone.  

Chapter 3 - Requirements Gathering 

This chapter will detail the steps taken to gather requirements for the interface, 
the methodology used to do so and the results of the think aloud process.  

Chapter 4 - Implementation 

The approach taken to create the mid-air interface will be detailed here; 
including an explanation of the 3D modelling, the C# scripting and the Leap 
Motion and UltraHaptics devices.  

Chapter 5 - User Evaluation 

This chapter will outline the methodology used for the user evaluation, in terms 
of participants, measures, equipment etc.  

Chapter 6 - Evaluation Results 

The result of the user evaluation will be stated here, firstly the quantitative 
questionnaire results, followed by the qualitative theme analysis results.  

Chapter 7 - Discussion 

This chapter will discuss the results, followed by the limitations and implications 
of the study, then directions for future research in the area.  

Chapter 8 - Conclusion 

The report will be concluded here, stating the contributions of the study to the 
area and summarising the findings.  
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Chapter 2 

Analysis 

2.1 Mid-Air Interfaces  

The improvement of touchless and mid-air user interfaces is an ever expanding 
area of research in information systems development.  The potential applications 
of this technology are seemingly limitless; from touch-free systems used during  
surgery (O’Hara, 2014), to distraction free interfaces in cars (Fariman, 2017; 
Kamps, 2017) and fully immersive video games, to home appliances such as 
television and heating controls. Introducing additional types of feedback, such as 
haptic or audio, to an information system adds sensory connections, leading to a 
more immersive perceptual experience for the user (Sena, 2012). As a result, 
many developers are implementing multimodal perceptual experiences within 
their technology. In one study, the Leap Motion hand tracking controller was 
used to create a Natural User Interface (NUI) for a dental application, meaning 
dentists could interact with diagnostic images on a screen and maintain sterile 
conditions (Rosa & Elizondo, 2014). This is just one example of the many 
applications of a mid-air user interface.  

A touchless interface can consist of a combination of gesture or voice recognition, 
and visual, audio or haptic feedback, or all of these. Many interfaces currently 
focus on the former features, and while haptic feedback is increasingly 
incorporated in design, it remains coupled with physical touch in the majority of 
cases. For example, the haptic feedback offered by the iPhone is only felt by the 
user when the device is touched. As a result of this, haptic feedback experiences 
are limited, and confined to small areas of a device. In order to enhance the 
experience of using haptic feedback with devices, research and development has 
turned to using ultrasound as a means of projecting haptic feedback on to the 
hand. This gives users the experience of touching a virtual forcefield or button, 
for example. 

Thus far, development of virtual buttons using haptics has been limited. Carter 
et al (2013) used the UltraHaptics device in combination with a projected visual 
display to recreate a virtual slider for a jukebox application, by using two focal 
points for projected ultrasonic feedback on either side of the slider. They found 
that participants were able to differentiate between the two points and use the 
slider but required some amount of training to do so. Ideally, an interface should 
be easy to use and understand, with the least possible amount of training. 
Therefore, the focus for development of these mid-air interfaces should be 
creating the most usable version that requires the least explanation. To do so, 
extensive user evaluation must be carried out to understand the needs and 
behaviours of users when using a mid-air interface. Yu & Wu (2014) 
implemented in-depth user evaluation to create a virtual keyboard with haptic 
feedback, but this required the use of a wearable instead of being projected 

directly to the hand as with the UltraHaptics device.   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Additionally, there are a multitude of issues when it comes to how users interact 
with touchless systems. For example, it is well documented that voice recognition 
software faces difficulty in correctly identifying speech (Yankelovich et al, 1995; 
Sivasankaran, 2016; Kambeyanda et al, 1997), particularly when the speaker 
has an accent; furthermore, the vocabulary used by a person to control a system 
can vary greatly (Brumitt et al, 2000). With regard to gesture based interaction, 
users will often place their hands in the wrong place or struggle to carry out the 
correct gesture (Freeman et al, 2016), possibly due to the lack of audio or visual 
feedback to confirm their position (Carter et al, 2013). It is therefore important to 
thoroughly evaluate touchless systems to ensure that they remain usable.  

Visual, audio and haptic feedback can prove advantageous when combined with 
voice or gesture interaction; but for users with disabilities related to any of these 
areas such as deafness or blindness, usability may be decreased. In some cases 
however, touchless systems could be more usable for certain groups of users, for 
example blind people could find haptic feedback very beneficial; this alone 
provides reason to continue development of it. There are many more applications 
and motivations to develop this system, which will be included in the discussion 
of this report.  

Based on knowledge of physical buttons, previous research has found that 
providing haptic feedback alongside touch screen buttons led participants to 
correctly pair the virtual buttons with their corresponding physical counterpart 
(Kim & Lee, 2013). This suggests that haptic feedback paired with visual 
feedback can increase accuracy in a perceptual task. To recreate a user interface 
with mid-air ultrasound, a combination of both haptic and visual feedback should 
be implemented.  

With regard to creating mid-air haptic interfaces with usable buttons or dials, 
research is fairly limited. Hwang et al (2017) created a virtual keyboard, using a 
similar method to the current study, with Unity 3D, Leap Motion and 
UltraHaptics, but also used OculusVR so that the keyboard only appeared in 
virtual reality. This appears to be the most similar study to this project, as there 
are few which focus on creating a usable interface with a combination of haptic 
and visual feedback. However, it required the use of VR which adds to the 
amount of equipment the user needs to interact with. The current study does not 
require the use of a head-mounted display to provide visual feedback, and thus 
gives the user more freedom of movement. In addition, previous research has 
focused on simple buttons, but none have attempted to recreate a rotary switch 
or dial.  

2.2 Psychophysical Mechanisms of Haptic Perception  

The haptic perceptual system is responsible for processing material 
characteristics of surfaces and objects. Haptic perception is a combination of two 
subsystems: cutaneous and kinaesthetic (Lederman & Klatzky, 2009). The 
cutaneous inputs consist of mechanoreceptors and thermoreceptors in the skin, 
while the kinaesthetic inputs are mechanoreceptors embedded in muscles, 
tendons and joints. Cutaneous and kinaesthetic inputs work together to serve a 
range of haptic functions. Kineasthetic inputs aid the perception of position of 
limbs in space (J.L Taylor, 2009), and are included in models of limb movement 
and grasping, while cutaneous inputs deal with changes in temperature and 
sensitivity (Stevens, 1991). In the context of interacting with an interface, 
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kinaesthetic inputs are stimulated by the force feedback of turning a dial, and 
cutaneous by the tactile feedback of the texture and shape of the dial.  

The somatosensory system is subsequently divided in to a “what” system, dealing 
with perceptual and memory functions, and a “where” system to guide the action. 
Multiple studies have found evidence of the “what/where” distinction, for 
example using fMRI (Reed et al, 2005) and behavioural analysis (Chan & Newell, 
2008). It has been found that when using touch alone, familiar objects are 
recognised more quickly and with more accuracy (Klatzky et al, 1985). Contact 
resulting from active exploration guides the observer’s attention to the properties 
of what is being touched, while passive touch focuses the observer’s attention on 
their subjective bodily sensations. This implies that the way to truly understand 
the properties of an object is by an active exploration task, as demonstrated in 
previous studies (Vo & Brewster, 2015; Alexander et al, 2011). Therefore, 
providing users with a task allowing them to explore an object created with 
ultrasound will enable them to focus their attention on the object’s properties, 
and better understand what they are experiencing.  

Classic neurological disorder research reports that neuroreceptors are able to 
differentiate between sensations of tickling, thermal changes, itching and pain 
projected on the skin by focused ultrasound (Gavrilov, 1984; Gavrilov et al, 1977). 
To recreate the perceptual experience of using a dial in a mid-air ultrasound 
environment, it would prove beneficial to stimulate these neuroreceptors, in 
terms of both kinaesthetic and cutaneous inputs. If users are able to perceive 
various sensations through ultrasound, then hypothetically we can create a 
convincing mid-air interface by using an array of different sensations.  

A fundamental aspect of perceptual experience is that of multimodal 
interactions. In a healthy subject, the perceptual experience is made up of vision, 
touch, sound, smell, and where applicable, taste. Each of these senses provides 
an input which are then combined to form an inter-sensory interaction. The skin 
is able to localise the spatial position of objects with more accuracy than the ear, 
but not as well as the eye (Sherrick & Cholewiak, 1986). This suggests that while 
visual perception is the leader of the perceptual hierarchy, haptic perception does 
plays a strong supporting role in the perceptual experience. Moreover, there is 
some evidence to suggest that touch actually serves as an input channel for 
subsequent visual processing, highlighted by fMRI studies of both sighted and 
blind subjects (Sathian & Lacey, 2007). In addition, it has been found by multiple 
studies that haptic perception of 3D objects activates the ventral visual pathway 
(e.g Amedi et al, 2002; Zhang et al, 2004; Kitada et al, 2009) If this is the case, it 
is clear that touch and visual perception are closely interlinked, therefore to 
provide a constructive and satisfying perceptual experience to a subject, both 
modalities should be combined.  

In support of this, there is evidence that when non-informative vision is provided 
(a small area of peripersonal space viewable but the experiment apparatus 
obscured) alongside a haptic matching task, errors are significantly reduced than 
when no vision (blindfold applied) is provided (Newport et al, 2002). In a study 
investigating the impact of visual information of haptic processing in virtual 
environments, it was concluded that visual information can aid in overcoming 
the limitations of haptic perception (Srinivasan et al, 1996). This demonstrates 
that providing subjects with visual feedback during a haptic perception task is 
conducive to a more accurate perceptual experience. 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2.3 Issues with Haptic Perception 

A significant issue with haptic perception is that localising objects in physical 
space can prove problematic, as there are a number of influencing factors 
involved. Research has found that there are multiple reference frames which 
contribute to spatial localisation. For example, using an egocentric frame of 
reference, wherein the perceiver localises the object in relation to their own 
physical body in space, or using allocentric reference, in which they localise based 
on the objects around them (Lederman & Klatzky, 2009). In the case of mid-air 
ultrasound haptic perception, only the egocentric frame of reference would apply, 
as there are no other physical objects present nearby to make reference to. 
Potentially, problems with localisation of objects could create difficulties in the 
haptic perceptual experience, therefore providing visual feedback could prove 
beneficial to counteract this effect.  

In terms of multimodal perception, in many cases vision carries the highest 
weighting. However, when surface texture is a significant factor in the 
perceptual experience, haptic perception surpasses vision (Lederman, Thorne & 
Jones, 1986). It has been found that observers will focus more on material 
properties of an object, such as texture or weight, when they cannot see the object 
(Klatzky & Lederman, 1996). Qualities such as roughness and friction can aid in 
identifying and subsequently using an object (Klatzky et al, 1985). In the case of 
mid-air haptic feedback, as there is no visual element - unless there is a 
corresponding visual interface displayed elsewhere - it may prove beneficial to 
place more emphasis on the texture of the mid-air object, if possible.  

Additionally, the more time dedicated to exploration of an object, the more in 
depth haptic processing occurs (Klatzky & Lederman, 1995), This suggests that 
when evaluating a new visuo-haptic interface participants should be allowed to 
explore for as long as they like, avoiding making them feel time pressured. 
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Chapter 3  

Requirements Gathering  

To aid the design of the mid-air user interface, a collection of various physical 
interfaces were evaluated with a small group of participants. This helped to 
determine which would be the most convincing if recreated in mid-air with 
ultrasound and 3D modelling. Gaining rich qualitative feedback at this stage is 
highly beneficial to the design of the system.  

3.1 Methodology 

3.1.1 Participants 

There were 5 participants. The average age was 27.5 and 60% were male.  
Participants were gathered through word of mouth. 

3.1.2 Equipment/Apparatus 

Participants were asked to explore 3 devices: a Sony PlayStation DualShock4 
controller, an Apple Mac wireless keyboard and a cross section of a mixing desk 
containing 6 rotary switches, as shown below.  

Figure 1: PlayStation controller Figure 2: Apple keyboard

Figure 3: Set of rotary switches



3.1.3 Measures 

Participant responses were measured by audio recording. The audio was then 
transcribed to identify the key themes present and the identified themes were 
used to inform the creation of the mid-air haptic version of the dial.  

3.1.4 Procedure 

Participants were introduced to the three devices and asked which ones they 
were familiar with or had previous experience of using. They were then asked to  
think aloud as they physically explored the three devices and describe what they 
experienced, in terms of shape, size, texture etc. Each participant spent an 
average of 3 minutes exploring each device.  

3.1.5 Results 

The feedback provided insight in to which style of dial or button would be the 
most appropriate to recreate with mid-air ultrasound haptics. Participants were 
asked to explore the three devices and give verbal feedback on each, followed by 
their opinion on which they would hypothetically find most usable in mid-air 
ultrasound format.  

Of the three devices, the rotary switches were the favourable choice among 
participants. This was due to their “simple” and “precise” design. Participants 
reported that they liked the mechanical, analog nature of these switches, and 
found them easy to use. When asked if they would find them to easy to use in a 
mid-air ultrasound format, the majority of participants agreed that they would 
prefer them over the Mac keyboard or PS4 controller. The key features identified 
were the “textured ridges on the side of the switches”, the haptic and audio 
feedback given by the “click” of turning the switch, and the simplicity of the 
switch.  

The comments recorded by participants were analysed for recurring themes. The 
main themes identified were texture, movement, ease of use and shape. The 
texture of the rotary switches was mentioned by 4 participants, with comments 
such as “good grip because of the ridges”, “solid”, and “durable”. Ease of use was 
discussed by all 5 participants in relation to the rotary switches, eg. “It’s simple”, 
“precise”, “satisfying” and “the protrusion on the top guides you to where the 
point of the switch is”. 

The PlayStation controller was the second most popular choice among 
participants; it was commented that the variation of shapes, size and textures 
between the buttons was beneficial as it made it easier to differentiate between 
them. The Mac keyboard was the least favourable, due to the buttons being very 
smooth and uniform, which in many cases would be advantageous, but in the 
case of mid-air haptics participants stated they would find it harder to 
differentiate between keys as they have little to no distinguishing features.  

It was therefore concluded that texture, audible mechanical feedback, simplicity 
and precision were the most important features to implement in a mid-air 
ultrasound version of a button.   
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Chapter 4 

Implementation 

4.1 Unity 3D  

To create the visual feedback, the multipurpose game engine Unity 3D was used. 
Unity can be used to create 3D models of objects, and then scripts can be 
attached to them for animation, movement and interaction. Unity also supports 
Leap Motion and UltraHaptics which is why it was chosen to use. The dial was 
modelled after a combination of real life volume dials, such as those shown below, 
and the rotary switches used during the requirements gathering.  

        Figure 4: Examples of volume dial designs  

Implementing the 3D dial was a relatively simple process; it began by creating a 
sandbox room and building 3D shapes within it. The model featured a black box 
object in the background, to give the effect of the dial being attached to a control 
panel. The dial was a silver cylinder object, housed within another cylinder object 
(the blue circular collar) to give a more 3D effect. The black circle object on the 
dial was a pointer to show the position that the dial was facing. Multiple box 
objects of differing sizes were used to create the value indications around the 
dial. In Unity objects are referred to as GameObjects, and can be parents or 
children of the objects around them; in this case the black panel was a parent, 
and the blue collar and value lines children of it. The main dial was a parent and 
the pointer was its child. This means that when the parent object moves, the 
child object also moves. When the volume dial was turned, the pointer was also 
turned.   

 

Figure 5: Dial front view

Figure 6: Dial side view
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To allow the dial to be interactive, the following constraints were used (figure ?). 
A Rigid Body physics model was applied to make the dial turn on interaction 
with the hand, but it was constrained on the X, Y and Z positions plus the X and 
Z rotations. This meant it would turn only one way, as naturally Rigid Body 
objects will move around the scene. The end result was that the dial turned only 
on the Y axis giving the rotation effect of a real life dial.  

Initially the dial would spin too quickly and not stop, so an angular drag value of 
500 was applied to slow it down. The Capsule Collider is used for collision 
detection, in this case detecting when the Leap Motion hands were near the dial.  
The other objects in the scene did not have Rigid Body or Colliders applied as 
they were not required to move. The script attached to the dial was responsible 
for incorporating Leap Motion and UltraHaptics, which will be explained further 
shortly.  

        

 

Figure 7: Constraints for the dial Figure 8: List of GameObjects
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4.2 Leap Motion 

The Leap Motion controller uses three infrared LED’s and two cameras to track 
hand and finger movements. It is connected via USB and can observe a 
hemispherical area of up to 2 metres. The 200 frames generated per second by 
the camera are then deconstructed within the desired program to analyse hand 
movements and gestures. For example, to determine the position of the palm, the 
coordinate data must be obtained from the current frame:  

Frame frame = controller.Frame (); //get the Frame 

if(frame.Hands.Count > 0){ //check if hands are present

    List<Hand> hands = frame.Hands;

    Hand firstHand = hands [0]; } //save hands in an array

Vector position = firstHand.PalmPosition; //get the palm position 
      and save as vector 

The Vector can then be used to align ultrasonic feedback with the hand position, 
so that the feedback can be felt on the palm of the hand when it is held over the 
UltraHaptics device.  

As Unity 3D has support for the Leap Motion controller, implementing it inside 
the scene was simple. Leap Motion provides a Unity package file which features 
a Hand Controller prefab, which can be added to any scene to allow the user to 
see their hands inside the scene. Figure (?) shows the hands inside the scene 
interacting with the dial model. There are a number of hand models available; for 
the current design the CleanRobotHand was used as it is generic and can 
represent all users. The Hand Controller was placed fairly close to the model (see 
figure ?) to allow the dial to be reached easily.  

Figure 9: The Leap Motion controller axes

Figure10: Code to get palm position 
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The figures above show a hand interacting with the 3D dial via the Leap Motion 
Controller. The dial can be seen turning clockwise, and being set at different 
values.  There are a variety of positions and angles that the hand can be placed 
at to turn the dial, such as a pinch or one finger (shown in figure(?) below). 
Turning it with one finger seemed to be as effective as a pinch or grasping 
movement, and in this case may have been more suitable as it allowed more of 
the dial to be viewed rather than being covered by the rest of the hand. Moving 
the Hand Controller object further away was attempted, but then it was not close 
enough to interact with the dial, plus too much of the arm would show. The dial 
was moved closer instead, until it was at a suitable position.  

The Hand Controller was placed immediately above the device, as shown in the 
figure below. The interface was placed horizontally, as the camera is directly 
above, and the UltraHaptics device was placed vertically. This meant that it was 
displayed as in the figures above, and the feedback was projected to the palm of 
the hand. This made it more similar to an interface that would be placed on a 
wall, such as a heating or lighting control. It could however be swapped to appear 
more akin to a flat surface device such as a mixing desk.  

 

Figure11:  Hand turning the dial clockwise 

Figure 12: Hand in variety of positions 
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The original scene had planes on either side to give the effect of being contained 
in a room, but for the purpose of taking screenshots these were removed so that 
the hand controller range could be seen properly. Here the position of the dial 
interface, the Hand Controller object, the camera and the focused light can be 
seen. The positions of these are interchangeable; the design could be used in a 
number of ways.  

The HandControl ler script is 
attached to the Hand Controller 
object, to allow interaction to take 
place. This script is supplied by the 
Leap Motion Unity package, and acts 
as a Unity MonoBehaviour. It checks 
for  the presence of hands in the 
scene, instantiates the hand object, 
then adds the appropriate hand 
models to the scene. The size, model 
type and physics model type can be 
changed accordingly within the 
script. For this project, the hands 
scale were set to 10, to ensure they 
were slightly larger than the dial 
interface.  

 

Figure 13:  Screenshot of the scene 

Figure 14: Hand Controller parameters 
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4.3 UltraHaptics 

The UltraHaptics device uses ultrasound to project sensations directly on to the 
palm or fingers of the hand. This gives the experience of touching a virtual object 
in mid-air. Focused points of high acoustic pressure are created, called Control 
Points, which can then be placed statically around the board or made to move 
with the hand, with the help of Leap Motion hand tracking. The control points 
are emitted at a frequency of 40kHz and are approximately 8mm in diameter. 

Modulation can be either Spatio-Temporal or Amplitude. To create a dial 
Amplitude Modulation was used, as the control point was remaining in a fixed 
position like a real life dial would be, and did not need to move with the hand. 

The device is made up of an array of ultrasonic 16x16 transducers, housed within 
a 3D printed casing with a fan attached underneath to prevent overheating. The 
board is 25 x 167 x 167 mm in size, and the minimum range is 800mm. The 
device is connected to the computer via a USB.  

Figure 15: UltraHaptics set-up (photo © UltraHaptics) 

As with Leap Motion, UltraHaptics provides an API for use within Unity. This 
connects the UltraHaptics device to the Unity engine meaning that feedback will 
be felt when the game is run and hands are placed over the device. After the API 
has been imported to Unity, the next step is to create a C# script that takes both 
UltraHaptics and Leap Motion as parameters. The code must also then convert 
Leap coordinate space to UltraHaptics space, so that the feedback will be 
properly aligned. This is done with the inclusion of the UltraHaptics alignment 
file, and then the conversion of Leap Vector to UltraHaptics Vector: 
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Leap.Vector _leapPalmPosition3D = hand2.PalmPosition;

Leap.Vector _leapPalmPosition2D = hand2.StabilizedPalmPosition;

Ultrahaptics.Vector3 _uhPalmPosition = new 
Ultrahaptics.Vector3(_leapPalmPosition2D.x, _leapPalmPosition2D.y,  
_leapPalmPosition3D.z);

Ultrahaptics.Vector3 _devicePalmPosition = new   
_alignment.fromTrackingPositionToDevicePosition(_uhPalmPosition);

The UltraHaptics Vector3 is then used to create the position that the feedback 
will be projected to, using the parameters of the dial as specified earlier in the 
code.  

Ultrahaptics.Vector3  position  =  _devicePalmPosition  + 
(_devicePalmY  *  _dialAngle)  +  (_devicePalmX  *  _dialAngle)  * 
_dialRadiusF;

Next, the Control Point is specified with the position, frequency and intensity, as 
below: 

const float intensity = 1f;

const double frequency = 200f * (Ultrahaptics.Units.hertz);

Ultrahaptics.AmplitudeModulationControlPoint  _controlpoint  =  new 
Ultrahaptics.AmplitudeModulationControlPoint(position,  intensity, 
frequency);

Lastly, the emitter is created and updated with the control point:  

Ultrahaptics.AmplitudeModulationEmitter  _emitter  =  new 
AmplitudeModulationEmitter();

_emitter.update  ((new  List<AmplitudeModulationControlPoint> 
{ _controlpoint }));

4.4 C# Scripting  

The scripts attached to objects in Unity are written in C#. As UltraHaptics 
output is primarily programmed using C++, the code syntax was very similar, 
but different in some key aspects. Unity requires the use of a void  Start() 
and void Update() methods to begin running the script when the GameObject 
is interacted with.  

The aim of the code is to detect a circle gesture and then project feedback to the 
hand based on the parameters of this gesture. This gives the effect of feeling a 
circular dial that moves with the hand.  
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The code firstly imports the relevant engines such as UnityEngine, Leap, 
Ultrahaptics, System and System.Timers. The class is specified as a 
MonoBehaviour class, which is the method of making a Unity object inherit a 
behaviour - in this case the cylinder dial object. The UltraHaptics alignment file 
and the Leap controller must then be initialised to be used throughout the code. 
The code then instructs Leap to look for the user performing a circle gesture with 
a minimum radius of 10, and saves the parameters of this gesture.  

Next, the Leap gets the hands from the current frame, and iterates through the 
gestures to check if a circle gesture has occurred. The circle direction and 
duration is calculated, and then the dial object is created with parameters such 
as radius, and angle. Subsequently, the Leap palm positions are calculated and 
translated to UltraHaptics Vector3’s. The Control Point is then determined based 
on the dial parameters and position of the hand. Lastly, the feedback is emitted 
using the Control Point, based on the position previously specified.  
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Chapter 5  

User Evaluation 

5.1 Methodology  

5.1.1 Design 

A within subjects design was implemented to investigate one hypothesis. It was 
hypothesised that presence of visual feedback would increase the usability 
rating. The independent variable was presence of visual feedback and the 
dependent variable was usability score. 

5.1.2 Participants 

There were 6 participants. The average age was 28.3 and 67% were male. 2 of the 
6 participants had visual impairments (required glasses) and 1 participant had a 
physical impairment related to the hand, in the form of an arthritic index finger.  

Participants were gathered through word of mouth and university based social 
media channels. 

5.1.3 Measures 

Usability was measured using the industry standard System Usability Score 
(SUS) questionnaire which calculates the usability of the system in 10 Likert 
scale questions, regarding effectiveness (user’s ability to complete the given 
task), efficiency (level of resources needed to complete the task) and satisfaction 
(user’s reactions to using the system). The SUS is reliable with small samples, 
but does not correlate with task performance.  

For this reason, the NASA Task Load Index (TLX) was used to assess the mental 
and physical demand of the task, plus the effort, frustration and user’s 
perception of their performance of completing the task. A third questionnaire 
written specifically for the current system provided Likert scales for participants 
to rate usability of the system, the similarity to a real life dial and how natural 
the interaction felt.  

The verbal feedback given by participants was recorded, and then analysed using 
qualitative theme analysis.  
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5.1.4 Equipment/Apparatus 

The user study was performed with the UltraHaptics device, combined with the 
Leap Motion Controller. The devices were connected via USB to a 2014 MacBook 

Pro with 13” Retina screen, 2.6 GHz Intel Core i5 CPU and Intel Iris 1536MB 
graphics card. The 3D model of the dial was created using Unity software, and 
used C# scripts to run UltraHaptics, Leap and the animation of the dial. The 
figure below shows the set up of the equipment.  

5.1.5 Procedure 

Participants were given their questionnaire package and informed of what they 
would be doing. They were asked to read and sign a consent form and read the 
instructions sheet. 

Participants were firstly asked to use the UltraHaptics device and think aloud to 
describe the sensations they experienced. Then they were asked to use it 
alongside the 3D interface representation, while given the task of attempting to 
turn the dial to the halfway point, and again verbally describe their experience. 
They were given time and freedom to explore the system until they found an 
effective movement to turn the dial.  

After the first condition participants completed the SUS questionnaire, and after 
the second condition they completed the SUS, TLX and system specific 
questionnaire.  

         Figure 16: Participant turning their hand in dial gesture
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5.1.6 Ethics  

Participants were informed before starting the experiment that all their 
information would be kept fully confidential. They were reminded that they could 
withdraw from the study at any time and could omit any questions that they did 
not wish to answer. Consent forms were used to ensure that participants were 
aware of what they were taking part in. The consent forms were then removed 
from the remaining questionnaire paperwork to ensure the data was 
anonymised, and participant names were replaced with numbers. At the end of 
the experiment participants were fully debriefed. The study was approved by the 
University of Glasgow Computing Science ethics committee. 
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Chapter 6 

Evaluation Results 

6.1 Quantitative 

The mean SUS scores were calculated and a paired samples t-test was used to 
determine if usability score was affected by presence or absence of visual 
feedback.  

The results of the t-test showed that the difference between presence of visual 
feedback (M = 23.5, SD = 6.6) and absence of visual feedback (M = 68, SD = 16.2) 
was extremely significant: 

t(5) = 9.4029, p = 0.0002 

The p value is 0.0002 which is very low and thus represents an extremely 
significant difference. Therefore, the hypothesis that presence of visual feedback 
will lead to higher usability score is supported. 

  

 

All Females Males

Age 28.3 41.5 37
S U S S c o r e 
(Condition 1) 

23.5 31 19.2
S U S S c o r e 
(Condition 2)

68 80 62
Ease of Use 4 4.5 3.75
Similarity 2.2 1.5 4.5
Naturalness 3.2 4 2.75
Mental Demand 3 3 2.75
Physical Demand 4 4 3.75
Temporal Demand 5 3.5 6
Performance 11.5 15 9.75
Effort 5 5 5
Frustration 5 4.5 5.25

Figure 17: Table of Descriptive Means 
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As seen in the table above, the average usability score based on the SUS 
questionnaire was 68/100 points, which is the general average SUS score. A score 
over 68 is considered above average while under 68 is below average. Thus, the 
usability of the system can be considered ‘average’. Converting the score to a 
grade using Sauro’s (2011) method gives the system a C grade, deeming it 
‘acceptable’. 

The NASA TLX provided insight to the frustration, effort, mental, physical, and 
temporal demand of using the system, as well as the user’s perceived 
performance in completing the task. On average mental, physical and temporal 
demand was low, scoring between 3 and 5 out of a possible 20. Performance score 
was average, at 11.5 out of 20. Effort and frustration were low, both at 5 out of 
20.  

From the general usability questionnaire, ease of use was rated highly at 4 out of 
5. Similarity and naturalness of the interaction were both rated fairly averagely, 
at 2.2 and 3.2 out of 5, respectively.  

6.2 Qualitative 

From the audio transcription of the participants’ comments during the 
evaluation, some key themes emerged. Firstly, 5 out of 6 participants stated that 
the haptic feedback felt like air. Initially it was thought this could have been due 
to the fan behind the array to ensure it doesn’t overheat, but despite turning this 
off they still retained that it felt like air. Some described it as a “pin prick” of air, 
others said it was a “tingle” or “pulse”. Two described it as “vibrations” and one 
said it felt like “touching a spiderweb”. Half of the participants discussed how 
there was a definite feeling of resistance against their hand, but it was not a 
particularly strong feeling. It was stated by most of them that it was possible to 
feel the feedback turning with the hand as the dial is turned, although it was a 
quite subtle feeling. Two participants discussed how it would be more convincing 
if there was an element of friction or edges, and it was explained to them that 
creating edges with ultrasound isn’t really feasible, but friction in the form of 
texture could be. One participant discussed that the design of the dial should be 
different; instead of having the black circular object on the dial to mark the 
value, the value lines should be on the surface of the dial instead. They stated 
that this would make it easier to see which value the dial was set to.  

Another common theme was that it was tiring to hold an arm out for a prolonged 
period, and their arms began to become fatigued. This is a well-known effect in 
user interface research and will be discussed shortly. Some commented that the 
area of the feedback being projected should be larger, which is something that 
would be trivial to change for a replication of this study. Most of the participants 
stated that they would find this system useful if it was integrated in to an 
everyday device, such as a volume or lighting control. One participant discussed 
how it could be used to develop feedback for games for users with physical and 
mental impairments. 
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The majority of participants reported that it did feel similar to turning a real life 
dial, but others weren’t as convinced. This suggests that the feeling of using the 
system could be subjective, so it would make sense to replicate this study with a 
bigger and more varied range of participants.  

However, all of them agreed that when the visual feedback was present, the 
experience became more realistic, usable and convincing. This again supports the 
hypothesis that presence of visual feedback will increase the usability rating of 
the device.  
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Chapter 7  

 
Discussion 

 
7.1 Interpretation of Results 

The requirements gathering highlighted the need for visual feedback alongside 
the haptics. Participants were able to recognise some features of the Mac 
keyboard without visually processing them, but this was only when there was 
texture and size differences. In the case of the keyboard, as all the keys have a 
smooth texture participants found it difficult to differentiate between the keys, 
whereas with the PS4 controller they were able to tell the buttons apart as they 
all had a different texture, shape and size.  

The rotary switches were described as being “obvious” and “simple”, and 
participants stated that they provided more haptic feedback than the smooth 
keyboard or PS4 buttons. They commented that the texture of the switches on 
the top and sides aided them in recognising what they were touching and in 
using the switch.  It was therefore decided that for the main study a rotary style 
switch would be recreated and the haptic feedback that accompanies it. 

An in-depth user evaluation was then carried out to investigate usability of the 
system that had been created. Data gathered was both quantitative and 
qualitative, and the combination of both led to a detailed picture of the system’s 
usability. In terms of the quantitative data, the results supported the hypothesis 
that presence of visual feedback would increase usability score. The difference in 
usability score between the conditions was highly significant, meaning that the 
presence of visual feedback had a strong influence over usability rating.  

The system scored a ‘C’ for usability, which is the average score using the System 
Usability Scale. This is a positive start for development, given that the 
implementation was at a fairly basic level. The next step would be to create a 
more complex interface, with various buttons and dials.  

From the NASA-TLX questionnaire, performance score was average; this could 
be attributed to a number of factors, such as the inconsistency of the haptic 
feedback, the glitches associated with hand tracking, or even participants’ own 
self-doubt. However, effort and frustration levels were both low, which is 
promising. In addition, mental, physical and temporal demand scored very low 
which is also a positive; the system was evidently not cumbersome or tiring to 
use. This sets a strong foundation for further development - many proposed new 
systems fail due to these very reasons.  

The general usability questionnaire showed that ease of use was rated highly, 
which is again a step in the correct direction. However, similarity and 
naturalness of the interaction were rated average to low, but this does not 
necessarily need to be a negative point. Not all systems are required to be true to 
life to be effective and pleasing to use.  

23



Lastly, the averages on every score differed between males and females; the 
females appeared to rate the system higher on positive attributes and lower on 
negative attributes than the males did. The reasons for this are not immediately 
clear, so it is perhaps something that warrants further investigation with a 
larger sample of participants. 

In terms of qualitative feedback, the variation in the comments suggests that the 
feeling of ultrasound is fairly subjective; perhaps this is worth investigating to 
see if people feel ultrasound differently, or just describe it differently. There was 
a strong sense of participants being underwhelmed by the haptic feedback; they 
frequently commented they expected to feel more from it. However, they did all 
agree that visual feedback gave a more convincing and realistic experience than 
haptics alone, and that they felt like they were turning something.  

Given the nature of both the quantitative and qualitative feedback, it is evident 
that the system could become usable in future with some adjustments. 
Suggestions for this will be discussed further in the Future Work section below.  

7.2 Limitations  

The integration of visual and haptic feedback was not as comprehensive as it 
could have been. The dial object was not programmed to have values, so when it 
was turned it did not register having changed position to a higher or lower value. 
Ideally, the C# script attached to the dial object could be programmed to respond 
to events using Unity’s EventTrigger class, and the haptic feedback could 
simultaneously be programmed to respond to dial change events, perhaps with a 
burst of feedback at each dial position. This would provide the user with a sense 
of friction, which corresponds with the participants’ descriptions of the rotary 
switches given during requirements capture.  

Moreover, as found in other studies (Coelho & Verbeek, 2014; Seixas et al, 2016,; 
Guna et al, 2014), the performance and accuracy of the Leap Motion Controller 
was inconsistent which further limited the visual experience. It was prone to 
glitches, and the hand model shown on the screen being incongruous with the 
user’s actual hand movements. This was potentially due to the lighting 
conditions in the testing room, as light can affect the Leap Motion sensors, so to 
account for this the lighting was dimmed. However, there were still problems 
present due to other factors. For example, one participant suffered from arthritis 
in the left index finger (shown in the figure below), and the Leap controller would 
consistently falsely recognise the finger as being two fingers. This was perhaps 
due to the shape of the finger being slightly bent and veering towards the middle 
finger, and the associated swelling could have been mistaken for another finger. 
Thus far, there does not appear to be any official mention of this issue by Leap 
Motion, so it will require further investigation by future studies.   
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The participant in question discussed 
that while this made it more difficult for 
them in terms of hand tracking 
accuracy, the action of moving a mid-air 
3D dial with haptic feedback was in fact 
easier than its real life counterpart - 
giving the example of a timer dial on a 
microwave. This is because the pressure 
required to turn a real life dial can often 
be difficult and painful to exert for 
arthritis sufferers, thus using a dial 
that requires no pressure to turn would 
be beneficial to them. This is a clear 
direction for future research to take, as 
development of systems like this would 
greatly benefit users with physical 
impairments like arthritis - for example, 
heating and lighting controls in the 
home.  

Additionally, it has been found that the Leap Motion controller can be used 
effectively with stroke patients to complete tasks in a 3D virtual environment of 
a home setting (Bracegirdle, 2014). Combining it with UltraHaptics could 
therefore provide an even more beneficial experience.  

In addition, the UltraHaptics device suffers from some performance impairments 
which can negatively affect the user experience. Firstly, it is inconsistent and 
often requires to be turned on and off to work, which interrupted the procedure of 
the user study - despite it being kept turned off when it was not in use. This 
could be due to overheating, which was compensated for by attaching a fan to the 
back of the device. This leads to the next issue - that participants would often 
mistake the air coming from the fan for the ultrasonic feedback, as the feedback 
itself is fairly weak. The fan therefore had to be turned off to discourage this, but 
that leaves the device at risk of overheating. Furthermore, participants 
commented that the haptic feedback should be stronger, regardless of being told 
that it was set to maximum frequency. They discussed how the experience would 
be more convincing and true to life if the feedback was stronger. This was 
something that could not be changed in the current study as it was set to the 
maximum, but perhaps in future the developers of UltraHaptics can enable it to 
emit stronger feedback - or give the illusion of emitting it by fooling the 
perceptual system. The device is however still in its early stages of development, 
and in time will feasibly overcome these limitations.  

 

Figure18: Left index finger with arthritis 
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In terms of design, the placement of the Leap Motion device above the 
UltraHaptics device lead to some problems in lining up the 3D model 
simultaneously with the hand and the haptics. As the dial is in a fixed position in 
space, the hand must move towards it to correctly interact with it, but must also 
remain within the vicinity of the ultrasonic feedback. This meant that when 
participants moved their hand to the centre of the UltraHaptics device, they 
began to move outwith the tracking vicinity of the Leap, and subsequently their 
hand model began to glitch or disappear from view on the screen. One participant 
suggested that the Leap should be placed centrally instead, precisely in the 
middle of the ultrasonic transducer array. This is feasible as it is unlikely to 
affect the functioning of the feedback, and could be done by placing more 
transducers around the Leap controller. It may be useful in the case of 
interacting with interfaces and objects that are fixed in one place.  

Furthermore, the physical demand associated with the task was relatively high, 
as rated by the NASA TLX questionnaire. Due to the angle that the device was 
placed at, and the hand movements required to turn the dial, participants were 
susceptible to fatigue. Holding the arm and palm at this angle (as shown in the 
figure below) quickly becomes tiring and participants often complained that their 
arm was beginning to hurt.  

Figure 19:  The arm position required to use the mid-air interface 
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This is a well documented effect in both touchless and touchscreen system 
development, often referred to as “gorilla arm” (e.g O’Hara et al, 2014; Gupta et 
al, 2017). If a user has to interact with a vertical screen or device for prolonged 
time, the arm becomes tired, and in this case also the palm of the hand as it is 
held upright at an awkward angle. For this reason, companies such as Apple 
have decided against implementing touchscreens on their laptops (Carmody, 
2010). However, when interacting for short periods of time, users are less likely 
to suffer from gorilla arm. In the case of this user study, to gather data it was 
required for users to interact with the device for longer than they would if it were 
a real life implementation. For example, using a heating or volume control dial in 
the home would be a much quicker interaction and gorilla arm would be less 
likely. In addition, real life implementations of this technology would be 
ergonomically designed to account for such issues, such as placing the interface 
at a lower height than shoulder height, or using a bent arm position instead 
which has been found to be less tiring (Hincapie-Ramos et al, 2014; Bachynskyi 
et al, 2015).  

With regard to methodology, some adjustments could be made to the 
questionnaires, in particular the System Usability Score (SUS) questionnaire. 
Not all of the questions are entirely relevant to this particular system, for 
example “I found the various functions in this system were well integrated.” The 
current system only had one function, to recreate in mid-air the interaction of 
turning a dial, therefore this question was not necessary. In future, it would be 
beneficial to adapt the SUS to better fit the needs of the study. The NASA TLX 
questionnaire was not a direct measure of system usability but did provide some 
interesting insights, such as frustration, effort and mental/physical demand 
related to the task of turning the dial. However, the ‘performance’ section could 
prove problematic as it was the user’s subjective decision on their own 
performance, and it was observed that some participants lacked faith in their 
own technical ability and thus rated their performance score as being lower. To 
eliminate this issue in future, a separate self-report questionnaire could be used 
to cross-check the participant’s perception of their technical ability, and 
potentially discover if there is a correlation between perceived ability and 
performance score. This would remove the possibility of the system’s usability 
score simply being a reflection of the participant’s own self-belief in their ability.  

Lastly, the sample size of the study was relatively small due to time constraints. 
The results given were rich in feedback, but could have still benefitted from more 
participants. A wider range of participants would also be beneficial; in terms of 
age, gender, experience and physical/mental/visual limitations. This would 
enable the user experience of the device to be evaluated at a deeper level; and  
potentially highlight usability issues with particular groups of users.  

7.3 Implications  

One implication of touchless devices is security. If an interface such as a dial is 
accessible in mid-air instead of on a protected system, then potentially anyone 
could interact with it without needing to authenticate themselves. In the context 
of a private household this could be acceptable, but in any public or information 
sensitive setting it could present problems. If interfaces can be accessed without 
security controls they are more likely to be manipulated by malicious parties. 
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While the implementation of mid-air interfaces on a large scale is some time 
away, it is still an issue that should be taken into consideration. Perhaps the 
Leap Motion controller could be developed to identify a user by their hands and 
the system programmed to only accept the hand models of specified users. The 
controller can already represent the user’s actual hands on screen using the 
ImageHand class, so potentially if the hands were saved the program could 
perform a check to determine if they were the correct hands or not before 
running the rest of the program.  

The long term effects of ultrasound exposure are currently debated. There is 
little research regarding the effects of regular ultrasound exposure, and some 
argue that it can cause nausea, dizziness and headaches, possibly because the 
brain becomes confused by the perception of vibration in the eardrum without 
the presence of any sound (Leighton, 2016; Smagowska, 2013). Meanwhile, the 
short term effects of using the UltraHaptics device are noticeable. For example, 
after a prolonged period a tingling sensation can be felt in the hand which can 
linger for a couple of minutes. This can be uncomfortable and perhaps even 
disconcerting to some users, who may feel that it is too invasive. This could 
possibly dissuade some to use the device. This presents a serious implication that 
warrants further investigation, as a key aim of system design is to make it 
usable and accessible to all.  

7.4 Future Work 

Further to the limitations outlined above and the proposed solutions which could 
be incorporated in to future studies, this section will discuss distinct possibilities 
for future research.  

Given the nature of the results, it can be concluded that multimodal perception is 
conducive to a more compelling experience while using a touchless interface. 
Haptic and audio feedback can increase sense of agency  

Thus, introducing as many perceptual modalities as possible will serve to 
increase the user experience of a system - virtual reality, for example, carries the 
highest weight of immersion as it uses 360 vision, stereo sound and physical 
movements. In this context of this study, visual and haptic perception were 
employed, but this could be extended to audio perception. As mentioned 
previously, the dial object was not programmed to respond to events on being 
turned to different values, but if it was it could also be programmed to emit audio 
feedback, such as a mechanical ‘click’. The requirements gathering part of the 
study demonstrated that the click associated with the rotary switches was rated 
highly by participants as being both effective and satisfying to use. Research on 
interface designs using reactive audio feedback and touch input without visual 
input found that audio feedback encourages similar levels of accuracy as visual 
feedback (Zhao et al, 2007). In addition, it has been found that audio feedback 
can improve a user’s depth perception (Mereu & Kazman, 1996). Incorporating 
audio feedback would therefore be a very worthwhile direction for a future 
replication of this study. However, audio feedback must be kept below 94dB as 
above this it has been found to become less effective (Hoggan et al, 2009).  

As discussed in the limitations section of the report, one participant reported 
that a visuo-haptic system in the home could aid in them in interacting with 
daily objects, such as a microwave dial. They stated that the mid-air dial 
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requiring no pressure to turn meant they didn’t need to exert strength with the 
arthritic finger - an action which would usually cause pain and discomfort with a 
real-life dial. A key direction for future research would be to focus on creating 
mid-air interfaces for users with physical limitations such as arthritis. Home 
technology interfaces such as heating, lighting and volume controls could 
incorporate visuo-haptics to create a better user experience for those with 
physical limitations.  

There is an aspect of knowledge and memory based processes at work during 
multimodal spatial perception (Lacey et al, 2007) which suggests that when an 
observer perceives an object, their perceptual system uses previous knowledge 
and/or memory to make sense of the object, in addition to their haptic perception. 
In the case of mid-air haptic perception, it may be possible that subjects who 
have more experience in using dials or rotary switches may perceive the mid-air 
object they are experiencing with a faster and/or higher accuracy rate than those 
who have not. Potentially, a between-subjects study could separate participants 
into groups based on their experience of using such objects, and then measure if 
previous knowledge and memory aids in haptic mid-air feedback processing.  

The haptic perceptual system has a relatively low level of spatial accuracy 
(Weinstein, 1968), meaning that it is difficult to identify edges. This could 
partially explain why there is difficulty in recognising edges in mid-air 
ultrasound objects. Additionally, it has been found that when stimuli is 
presented on a horizontal plane, the vertical position of the stimuli is 
overestimated (Burtt, 1917). This could explain why participants have been 
repeatedly found to miscalculate the vertical region in which they should position 
their hands above the Leap Motion controller. Alternatively, this could be due to 
interaction blindness, wherein the user fails to recognise the interactive 
capabilities of a device (Gentile et al, 2016). This often presents problems with 
the use of touchless interfaces. In the current study, a small degree of interaction 
blindness was observed, as users would often place their hands too close to the 
Leap Motion device, perhaps because they falsely assume that the effects will be 
strongest the closer the hand is positioned. This suggests a deeper bias within 
psychological perception of physical feedback, which could be examined in a 
future study. 

Furthermore, multiple studies using haptic tasks have provided evidence that 
haptic space is non-Euclidean (Kappers & Koenderink, 1999), suggesting that it 
could either be spherical or hyperbolic. In order to understand why subjects 
explore haptic space in the way they do, more research will be required. Again, 
this could explain why users will often place their hands too close to the Leap 
Motion controller. Potentially, they see the device shape as being Euclidean and 
assume that the tracking area projected by it must also be Euclidean; perhaps if 
the device had a different shape this would not happen. A future study could 
focus specifically on how users interact with the Leap Motion device and explore 
possible ways to guide them towards better hand placement.  

There is some evidence to suggest that haptic perceptual ability and tactile 
acuity decreases with age (Norman et al, 2010). This can occur before the age of 
70, and can be exacerbated by the presence of Parkinson’s disease (Konczak et al, 
2012). Furthermore, there is the possibility that sensitivity to ultrasonic waves 
can also decrease with age (Houssami et al, 2002), but this requires more 
research to draw a conclusion. This could potentially raise issues with older users 
of the UltraHaptics device; in the current study one participant reported that 
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they could not feel the ultrasonic feedback, but when the researcher placed their 
hand over the device they could feel it strongly. It is of course possible that this 
was due to other factors such as psychological bias. A future replication could 
investigate subjective perceptions of ultrasonic feedback to determine if there are 
individual differences in the way it is perceived.  

Building on that, there are potentially individual differences in haptic perception 
originating from a broad range of causes. Haptic perception is non-static and can 
be affected by various factors such as injury, compensatory brain reorganisation, 
and learning (Dinse et al, 2008). Some individuals have stronger haptic 
perception than others, such as blind people or musicians. It has been found that 
blind subjects have better tactile spatial acuity than sighted subjects (Grant, 
Thiagarajah & Sathian, 2000). Therefore, blind users may find a haptic interface 
easy to use and possibly beneficial. Superior haptic processing in musicians 
suggests that it is possible to improve haptic perception with experience, and it 
has also been found that haptic perception can be ‘tuned’ to improve (Carter et al, 
2013). A future study could investigate the effects of learning on haptic 
perceptual improvement.  

Furthermore, there may be individual differences in sensitivity on the palm of 
the hand where the ultrasonic feedback is projected. This can be due to age, 
health or skin conditions, or hand size. There is no significant evidence that 
gender affects ultrasound sensitivity, but potentially hand size differing between 
men and women could bias results, thus a future study could separate 
participants based on hand size to determine if this was an influential factor.  

Interestingly, some disorders can permanently reduce haptic perceptual ability, 
such as anorexia nervosa (Grunwald et al, 2001). This was due to deficits in 
somatosensory integration in the right parietal cortex and cortical dysfunction, 
which lasted even after weight had been gained back. This supports the idea that 
there can be individual differences in haptic perception, which could potentially 
cause problems with some groups of users when using a device such as 
UltraHaptics. Therefore, future research needs to explore the needs and 
sensitivities of various groups of users to ensure that the system would be usable 
by all.  

To further develop this system, time could be spent improving the look of the 
interface. More buttons and dials could be added to make it a more realistic 
interface, and the blue ring around the dial could change colour to show value 
increase or decrease like some real life dials, but this was beyond the scope of the 
current project. To increase the sense of agency, the dial could be programmed to 
actually control a real value, like volume or light for example. Adding the 
sensation of texture to the dial, in a similar fashion to Freeman et al (2017), 
would give it the properties discussed in the requirements gathering such as 
ridges on the sides. Again, this would make the experience more realistic and 
convincing. 

Implementing visual feedback alongside haptic feedback has many useful 
applications. Monnai et al (2014) created a virtual touch screen by reflecting the 
ultrasonic feedback off a transmissive mirror placed underneath a screenless 
frame to produce the effect of a virtual touchscreen. They then created a virtual 
touch panel for passcode input, meaning that users would not leave fingerprints. 
Future work could apply this across many devices as a means of increasing 
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security, as hackers cannot obtain fingerprint details from the surface of the 
device to learn the passcode.  

Smaller versions of the UltraHaptics device could be developed for use in 
smartphones and other portable devices. A key limitation of the device is its size 
and static position, meaning the direction of the ultrasonic feedback is also fixed 
to one place (Wilson et al, 2014). Hypothetically, it would be possible to 
implement a smaller size UH array for a small device, but it would contain less 
transducers and thus have a smaller range and lower intensity. Regardless, this 
is definitely an important approach for new research to take.  

There are many more possible applications for this technology, for example with 
virtual and augmented reality systems. First-time users of VR headsets 
consistently reach out their hands to touch something in front of them, before 
being reminded that they must use a controller, as their hands are not being 
tracked. The Oculus VR is the only system so far to support Leap Motion for this 
purpose, but work with UltraHaptics in VR is limited. The possibilities in this 
context are endless, in particular with regard to gaming - the ability to reach out 
and touch objects in a game would add the highest level of immersion possible.  

Lastly, this type of system, in particular combined with VR, could be hugely 
beneficial for training purposes - for example surgery. The ability to feel virtual 
objects with the hand while receiving feedback would be apt for procedures where 
there is a high margin of error - users would immediately know if they had made 
a mistake. Combining all perceptual modalities in this way would bring the 
experience in line with real life and thus provide better training.  
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Chapter 8  

Conclusion 

By evaluating the usability of the system from a psychophysical perspective with 
a strong user focused basis, it becomes clear that mid-air haptics based interfaces 
greatly benefit from the inclusion of visual feedback. Haptic feedback alone in the 
form of ultrasound is not strong enough to elicit an experience of feeling an 
object. However, when provided with a 3D model of the object that can be 
manipulated with hand movements, users’ usability rating of the UltraHaptics 
system increased. Based on the ample amount of research stating that visual 
feedback takes precedence in the perceptual system, but also that multimodal 
perceptual experiences are even stronger, it can be concluded that a system that 
combines perceptual modalities will lead to the most usable and efficient design 
for a mid-air interface.  

The study contributed to the literature by recreating a mid-air interface dial 
based on user focused research. The UltraHaptics system is relatively new and 
there remains a lot of potential for future development, especially partnered with 
Unity, as currently there are few studies which have used both. In addition, only 
one paper could be found (Hwang et al, 2017) that used the combination of 
UltraHaptics, Unity and Leap Motion, and it was published within the last few 
months, so the combination of using all three is still fairly novel.  

Furthermore, while multiple studies have focused on mid-air interfaces, in 
particular simple buttons, there are little to none which have created a dial. The 
feedback given in this study could help to inform future replications that wish to 
create a dial type interface.   

In addition, few studies in the area of mid-air interfaces have carried out an in-
depth requirements gathering before creating the system. Most evaluate 
afterwards, instead of finding out the users’ needs and wants beforehand. 
Putting the user at the centre of the evaluation is fundamental to understand 
how to better design the system, as seen with the participant who suffered from 
arthritis. This type of feedback is crucial to ensure that a system does not become 
inaccessible to some groups of users.  

The project concludes with the findings that ultrasonic haptic feedback greatly 
benefits from the inclusion of a visual counterpart. The components of perception 
are strong on their own, but a multimodal experience can take a mid-air interface 
towards a higher level of usability.  
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Appendix A: Questionnaires 

Multimodal Perception with UltraHaptics: an 
Investigation of Visual and Haptic Feedback in a Mid-

Air User Interface  

Study Information  

The aim of this study is to investigate the user experience of haptic (touch) 

feedback combined with visual feedback.  

The haptic feedback is presented in the form of ultrasonic waves against your 

hand. This will feel like small puffs of air against your hand and you may feel 

some tingling sensations in the skin after prolonged use. While there are no 

damaging effects of ultrasound against the skin, if you feel uncomfortable at 

any point feel free to remove your hand. The device being used is the 

UltraHaptics transducer array, alongside a Leap Motion hand controller which 

tracks your hand movements in order for the feedback to be projected on to 

your hand. The visual feedback is presented in the form of a 3D model of a 

volume dial which can be rotated with hand movements like a real life dial.  

The study will take around 15-20 minutes to complete. Firstly, you will read 

and sign the consent form and then complete the participant details form. 

You will then be asked to hold your hand out over the ultrasonic device to 

feel the feedback, and asked questions. During this your voice will be 

recorded. After this you will do the same but with the 3D model of the dial 

present. You will use your hand to manipulate this dial as if you were moving 

a real life dial. You will then complete questionnaire regarding your 

experience.  

Your data will be anonymised and stored confidentially. You are free to 

withdraw from the study at any time, and if so your data will be deleted. If 



you wish to know the results of the study, or if you have further questions, 

you can contact: 

   Holly Maxwell Pringle  
University of Glasgow 

  1105443P@student.gla.ac.uk  

mailto:1105443P@student.gla.ac.uk


Consent Form  

The aim of this study is to investigate user experience of haptic feedback 

combined with visual feedback.  

The study will take about 15-20 minutes to complete.  

All data will be anonymised and stored confidentially on an encrypted 

computer. Your data will not be linked to your name. You may contact me by 

email (1105443P@student.gla.ac.uk) if you wish to know the results of the 

study or ask questions.  

You may withdraw from this study at any time. If you do not wish to answer 

questions you may omit them. Ethics approval has been provided by the 

University of Glasgow College of Science and Engineering Ethics Committee. 

If you agree with the following statements, please sign your name 

underneath. 

I have been given an information sheet describing this study. 

I understand that any data gathered during this study will be anonymous, 
confidential and stored securely.  

I understand that I may withdraw from this study at any time and my data will 
be deleted. 

I have read this information and agree to participate in this study. 

Name:  

Signature: 

Date:  

mailto:1105443P@student.gla.ac.uk


Participant Details  

Participant Number -  

Age -  

Gender -  

 

Do you have any visual limitations? (e.g glasses, cataracts, colourblindness) 
If so, please state below.  

Do you suffer from physical impairments in your hands? (e.g arthritis, difficulty 
grasping objects)  
If so, please state below. 







Feedback Form  

Please read the questions below and circle the most relevant response. 

1. How easy did you find the UltraHaptics system to use?  

  1   2  3  4  5 
        Very Difficult     Somewhat Difficult    Neutral    Somewhat Easy      Very Easy 

2.  How similar did it feel to turning a real life dial?  

  1   2  3  4  5 
       Very Different   Somewhat Different   Neutral    Somewhat Similar     Very 
Similar 

3.  How natural did the interaction feel?  

  1   2  3  4  5 
      Very Unnatural  Somewhat Unnatural   Neutral    Somewhat Natural     Very 
Natural 

4. Did you think the haptic feedback became more obvious and/or 
convincing when the visual feedback was present?   

Yes  No   Other (specify below) 

Please write any further comments below:  


