
HAPTIC INTERFACE DESIGN SUPPORT: ASSISTING DESIGNERS IN
ANALYZING THE DESIGN SPACE OF AND PROTOTYPING HAPTIC

INTERFACES

A Dissertation
Presented to

The Academic Faculty

By

Hongnan Lin

In Partial Fulfillment
of the Requirements for the Degree

Doctor of Philosophy in the
School of Industrial Design

College of Design

Georgia Institute of Technology

August 2022

© Hongnan Lin 2022



HAPTIC INTERFACE DESIGN SUPPORT: ASSISTING DESIGNERS IN
ANALYZING THE DESIGN SPACE OF AND PROTOTYPING HAPTIC

INTERFACES

Thesis committee:

Dr. Wei Wang
Design
Georgia Institute of Technology

Dr. Hyunjoo Oh
Design & Computing
Georgia Institute of Technology

Dr. Leila Aflatoony
Design
Georgia Institute of Technology

Dr. Roger Ball
Design
Georgia Institute of Technology

Dr. Nick Bryan-Kinns
Interaction Design
Queen Mary University of London

Date approved: April 14, 2022



ACKNOWLEDGMENTS

I first thank my co-supervisor, Dr. Wei Wang, for all of his advice, direction, and

support throughout my graduate studies. I also thank my extraordinary co-supervisor, Dr.

Hyunjoo Oh. I am extremely fortunate to receive her mentorship.

I have immense appreciation for my supervisory and examination committees. Dr.

Roger ball and Dr. Leila Aflatoony always made time for insightful, thoughtprovoking,

and helpful discussions that have thoroughly enriched this work. My external examiner Dr.

Nick Bryan-Kinns asked challenging, valuable questions that led to several key improve-

ments of this dissertation.

I am very grateful to the faculty, friends, and colleagues that have made the last four

years an amazing experience. Each of you had a lasting impact on me. At Georgia Tech, Dr.

EunSook Kwon, Fangli Song, Kaiyuan Chen, Yifan Li, Yuanqing Tian, Tingyu Cheng; at

University of Washington, Dr. Liang He; at National University of Singapore, Dr. Clement

Zheng; at Chinese Academy of Sciences, Teng Han; and beyond this list, there are many

more.

Finally, I am forever thankful to my family for their undying love and support.

iii



PREFACE

No creative work owes to a lone individual; this dissertation is no exception. Both of

the projects described in this dissertation are collaborative efforts in at least some capac-

ity. Even where the author contributed all work, there was often informal feedback from

colleagues and friends. As such, this dissertation will use the first-person plural, “we”,

throughout. In this preface, we clarify the author’s contribution to the work.

In Chapters 1, 2, 6, and 7, Hongnan contributed writing and framing, with feedback pro-

vided by the co-supervisors (Drs. Wei Wang and Hyunjoo Oh) and supervisory committee

(Drs. Roger Ball, Leila Aflatoony, and Nick Bryan-Kinns) throughout her PhD program.

In Chapter 3, Hongnan contributed all ideas and most of the work, with assistance of

visualization from Kaiyuan Chen, assistance of developing example applications from Fan-

gli Song, and feedback and guidance from Drs. Wei Wang, Hyunjoo Oh, Leila Aflatoony,

and Teng Han. The website has been published at https://hapticology.com.

In Chapter 4, Hongnan contributed all ideas and most of the work, with assistance of

developing the editor from Dr. Liang He and Yifan Li. Hongnan led the writing and Dr.

Hyunjoo Oh supervised the writing, with feedback from Drs. Wei Wang and Clement

Zheng. This work has been published as a full conference paper at CHI’22:

Lin, Hongnan, et al. ”FlexHaptics: A Design Method for Passive Haptic Inputs Using

Planar Compliant Structures.” CHI Conference on Human Factors in Computing Systems.

2022.

In Chapter 5, Hongnan contributed all ideas and most of the work, with assistance of

moderating the workshop and analyzing the data from Yuanqing Tian and Fangli Song.

Hongnan led the writing with feedback and guidance from Drs. Leila Aflatoony, Hyunjoo

Oh, Wei Wang, and Liang He.

iv



TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

List of Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Approaches and contributions . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Hapticology: An approach to analyze the design space of haptic
interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 FlexHaptics: The design and evaluation of a design method for pas-
sive haptic inputs using planar compliant structures . . . . . . . . . 6

1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Chapter 2: Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 Designing haptic interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Human haptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Machine haptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Application potentials of haptic interfaces . . . . . . . . . . . . . . . . . . 15

v



2.3 The importance of involving designers in developing practical haptic inter-
faces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Haptic interface design support . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.1 Support for analyzing the design space . . . . . . . . . . . . . . . . 19

2.4.2 Prototyping support . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5 Remark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Chapter 3: Hapticology: An approach to analyze the design space of haptic in-
terfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Development of the morphological field of haptic interfaces . . . . . . . . . 27

3.2.1 Scope and depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.3 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 The morphological field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 Supported haptic sensations . . . . . . . . . . . . . . . . . . . . . 30

3.3.2 Correlated user manipulations . . . . . . . . . . . . . . . . . . . . 32

3.3.3 Haptic Stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.4 Forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3.5 Actuating mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4 Comparisons within dimensions and connections among dimensions . . . . 58

3.4.1 Haptic properties and user manipulations . . . . . . . . . . . . . . 58

3.4.2 Haptic stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4.3 Mounting methods . . . . . . . . . . . . . . . . . . . . . . . . . . 60

vi



3.4.4 Actuating mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5.1 Present the state-of-art . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5.2 Guide haptic interface design and research . . . . . . . . . . . . . . 65

3.5.3 Bridge the gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.6 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Chapter 4: FlexHaptics: A design method for passive haptic inputs using pla-
nar Compliant Structures . . . . . . . . . . . . . . . . . . . . . . . . 68

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.1 The design space of haptic inputs . . . . . . . . . . . . . . . . . . . 71

4.2.2 Techniques to create passive haptic inputs . . . . . . . . . . . . . . 72

4.2.3 Structural flexibility design and fabrication . . . . . . . . . . . . . 73

4.3 FlexHaptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.3.1 Design goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.3.2 Overview of modules and mixing operators . . . . . . . . . . . . . 75

4.3.3 Module design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4 Technical evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4.1 Fabrication methods and testing settings . . . . . . . . . . . . . . . 83

4.4.2 Data collection and analysis . . . . . . . . . . . . . . . . . . . . . 90

4.4.3 Results and adjustments . . . . . . . . . . . . . . . . . . . . . . . 91

4.5 FlexHaptics editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

vii



4.6 Application examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.6.1 Haptic layers above graphics on touchscreens . . . . . . . . . . . . 98

4.6.2 Passive haptic proxies in VR . . . . . . . . . . . . . . . . . . . . . 99

4.6.3 Haptic controls with microcontrollers . . . . . . . . . . . . . . . . 100

4.7 Limitations and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Chapter 5: FlexHaptics Workshop: Exploring passive force-feedback devices
using a computational prototyping method with novice designers . .105

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.2.1 Haptic feedback design supports . . . . . . . . . . . . . . . . . . . 107

5.2.2 PHI prototyping techniques . . . . . . . . . . . . . . . . . . . . . . 108

5.2.3 PHI Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3 Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3.3 Data collection and analysis . . . . . . . . . . . . . . . . . . . . . 113

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.4.1 PHI Design processes and challenges . . . . . . . . . . . . . . . . 114

5.4.2 Designing haptic interaction based on FlexHaptics mechanisms . . . 115

5.4.3 Using FlexHaptics method . . . . . . . . . . . . . . . . . . . . . . 117

5.4.4 Coordinating haptics with other aspects . . . . . . . . . . . . . . . 118

5.4.5 PHI Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

viii



5.5 Design implications for future PHI design support . . . . . . . . . . . . . . 121

5.5.1 Providing design references . . . . . . . . . . . . . . . . . . . . . 121

5.5.2 Helping choose and learn a PHI prototyping method . . . . . . . . 121

5.5.3 Improving PHI prototyping methods . . . . . . . . . . . . . . . . . 122

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Chapter 6: Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124

6.1 Summary of contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.1.1 Hapticology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.1.2 FlexHaptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.2 Impact on the design process . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3 Framework to assisting in designing haptic interfaces . . . . . . . . . . . . 129

6.4 Limitations and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Chapter 7: Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .134

Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .135

Appendix A: Example interfaces for values in different dimensions in Hapticol-
ogy morphological �eld . . . . . . . . . . . . . . . . . . . . . . . 136

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .143

ix



LIST OF TABLES

3.1 Representative interfaces as whole proximate objects. They resemble dif-
ferent haptic properties of virtual counterparts: A) shapes [144], B) mass
distribution [145], C) inertia-relavant shape [147], D) mass movement [90],
and E)mechanical mechanisms [149]. . . . . . . . . . . . . . . . . . . . . 37

3.2 Representative haptic interfaces leveraging partial proximate objects. They
consist of proximate objects and positioning mechanisms. A) The proxi-
mate object is textile stretched to resemble target stiffness, and the posi-
tioning system is a wearable mechanism on an index �nger [155]. B) A
texture tile positioned by a handheld spinning wheel [150]. C) The proxi-
mate object is an actuated platform replacing a contacted area of surface of
a simulated object, and it is positioned with the handheld control [156]. D)
A touchable surface levitated by a quadcopter [151]. E) Props managed by
a group of people [153]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Grounded-off-body devices are �xed on a location, such as �oor (A [189]),
desktop ( B [141], C [190], D [121]), and ceiling (E [191]), and reach users
through tangible mechanisms (A-pneumatic actuators, B-robotic arm, E-
pneumatic muscles) or intangible mechanisms (C-magnetic �eld, D-ultrasound
wave). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Moving-off-body haptic systems move in space, utilizing robots (A [193]),
people (B [153], C [154]), and drones (D [195], E [151]). . . . . . . . . . . 43

3.5 Ungrounded devices include portable devices (A, B, C, D) and handheld
controls (E). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6 Grounded-on-multiple-body-parts devices: A) connected to ; B) connects
the index �nger on one hand and �ngers on the other hand; C) connected
to the palm and �ngers; D) connects a wrist and a �nger on the other hand
via magnetic �eld; F)the device is grounded on the wrist to prop the proxy
to the hand. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

x



3.7 Representative examples of grounded-on-a-single-body-part interfaces. They
are grounded to a single body part within which no relative movement
among bones is desired, such as head, distal phalanx, fore arm, and around
the eyes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.8 Representative interfaces with the interacting method of being grasped. A)
the interfaces simulate objects that are perceivable by holding the stylus. B,
C) the interfaces simulate objects that users can perceive in certain gestures.
D)The interfaces replace objects or tools that are meant to be grasped. . . . 45

3.9 Representative interfaces with the interacting method of being worn. . . . . 46

3.10 Representative interfaces with the interacting method of being encountered.
With bare hands and relatively free gestures, users receive haptic sensations
simulated with A) a passive proximated object [76], B) proximte objects
positioned by a group of instructed people [153], C) proximate objects po-
sitioned by a drone [151], D) topological changes on a display [207], and
E) volumetric ultrasound [158]. . . . . . . . . . . . . . . . . . . . . . . . . 46

3.11 Representative haptic interfaces employing a spatial distribution of simple
actuators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.12 representative haptic interfaces using mechanical mechanisms to convert
simple mechanical changes to . A) An asymmetrical three revolute-spherical-
revolute (3RSR) con�guration converts outputs from three servo motors to
the 3-DoF motion of an end effector [245]. B) A hybrid parallel-serial �ex-
ure mechanism transfer input displacement from piezoelectric actuators to
4-DoF haptic feedback [241]. C) A origami design incorporate three micro
motors to produce 3DoF haptic feedback. [93]. D) Mechanical mechanisms
combined with linear actuators to simulate two-handed objects. [149]. E)
A linkage mechanisms combined with a servo motor to simulate hand held
tools [246]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.13 Representative haptic interfaces using string & brake or track & brake
mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1 Fabrication material and methods. . . . . . . . . . . . . . . . . . . . . . . 89

4.2 The parameter set used to generate modules for technical evaluation. Values
of a parameter are presented once in a middle cell under POM/Acrylic, if
the parameter was varied by the same values across different materials. . . 92

4.3 Results of linear regression analysis. . . . . . . . . . . . . . . . . . . . . . 93

xi



4.4 Parameters of each module. The adjustable by users in Step 3 are haptic
parameters set by designers for algorithm. The adjustable by users in Step
4 are geometric parameters that designers can modify on an algorithm-
generated module geometry. The generated by algorithm are geometric
parameters computed by algorithm based on designers' inputs in Step 3. . . 97

A.1 Haptic sensations dimension values and example interfaces. . . . . . . . . . 137

A.2 User manipulations dimension values and example interfaces. . . . . . . . . 138

A.3 Haptic stimuli dimension values and example interfaces. . . . . . . . . . . 139

A.4 Grounding methods dimension values and example interfaces. . . . . . . . 140

A.5 Interfacing methods dimension values and example interfaces. . . . . . . . 140

A.6 Values and examples of the dimension of actuating mechanisms converting
source energy to simple mechanical changes. . . . . . . . . . . . . . . . . 141

A.7 Values and examples of the dimension of actuating mechanisms converting
simple mechanical changes to complex ones. . . . . . . . . . . . . . . . . . 142

xii



LIST OF FIGURES

1.1 Dissertation framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Human haptics and machine haptics. . . . . . . . . . . . . . . . . . . . . . 10

3.1 The morphological �eld. . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 Haptic stimuli. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Examples of electrostatic mechanisms. . . . . . . . . . . . . . . . . . . . . 48

3.4 Examples of electromagnetic mechanisms. . . . . . . . . . . . . . . . . . . 49

3.5 Examples of inverse piezoelectric mechanisms. . . . . . . . . . . . . . . . 50

3.6 Examples of mechanisms based on shape memory materials. . . . . . . . . 52

3.7 Examples of mechanisms based on rheological materials. . . . . . . . . . . 52

3.8 Parallel coordinates plot of haptic interfaces in our dataset based on the
morphological �eld. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.9 Alluvial plot of haptic interfaces in our dataset based on the morphological
�eld. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1 Flexhaptics work�ow: 1) designing a module with desired haptic effects in
FlexHaptics editor, 2) fabricating the module by 3D printing or laser cut-
ting, 3) assembling the parts and embedding a circuit, 4) application exam-
ple as a haptic slider used with a microcontroller (top) and on a touchscreen
(bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

xiii



4.2 FlexHaptics modules. A FlexHaptics module supports a haptic effect among
resistance, detent, and bounce, along a linear or rotary path. The left six
modules afford within-plane path, the two additional modules are designed
for bounce effect along an out-of-plane linear path. Gray parts are rigid;
colored parts are compliant, and color changing from blue to green, and to
red indicates increasing stress levels. . . . . . . . . . . . . . . . . . . . . . 77

4.3 Two mixing operators for FlexHaptics modules. (A) Mixing in parallel
aligns modules with the same movement path and bonds the mobile and
static parts together respectively, resulting in an interface with the same
movement path and a compound haptic effect. (B) Mixing in series uses
multiple modules with different movement paths, and bonds the static part
of one module to the mobile part of another module, producing an interface
with a complex movement path. . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Linear resistance module. It comprises a �exure slidable along a linear
track. Its force feedback is adjusted with beam lengthl, thicknessh, and
width b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5 Rotary resistance module. It consists of a �exure rotatable within a ring. Its
force feedback is adjusted with beam radiana, radiusr , thicknessh, and
width b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.6 Detent modules. A linear and rotary detent module both employ the same
beam geometries as linear resistance module and adapts notches to contact
surface. (A) As the beam moving across a notch, force feedback is deter-
mined by the notch and beam geometry. (B) We present four symmetrical
notch signatures and force-displacement curves. Mixing a left and a right
side of them generates another 12 detent pro�les. Force feedback from a
notch can be adjusted by scaling it along its width or depth direction. . . . . 86

4.7 A linear bounce module can be stretched or compressed, its stiffness can be
adjusted by beam lengthl, thicknessh, and widthb, and unit numbern. . . 87

4.8 A rotary bounce module can be rotated clockwise or counterclockwise, its
stiffness can be adjusted by spiral radiana and wire thicknessh andwidth . 87

4.9 A straight-beam ortho-planar bounce module can be adjusted with beam
lengthl, thicknessh and widthb. . . . . . . . . . . . . . . . . . . . . . . . 88

4.10 A curve-beam ortho-planar bounce module can be adjusted with beam ra-
diusr , radiana, and beam thicknessh and widthb. . . . . . . . . . . . . . 88

xiv



4.11 Experiment settings: (A) testing console and accessory for linear reaction
force, (B) accessory for linear resistance, (C) accessory for rotary resis-
tance, (D) accessory for rotary reaction force, and (E) winding mechanism
for rotary modules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.12 FlexHaptics user interface consists of a FlexHaptics tool panel and module
preview in Rhinoceros environment. . . . . . . . . . . . . . . . . . . . . . 95

4.13 Application examples: (A) a slider input interface for touchscreen painting
applications, (B) a piano keyboard interface for touchscreen musical ap-
plications, (C) a VR controller attachment for bow shooting games, (D) a
string-based wearable haptic device, (E) a tactile low vision timer, and (F)
a joystick with a two-step button on the stick end. . . . . . . . . . . . . . . 99

5.1 Card game. Cards in different colors represents variations of different as-
pects of haptic interfaces, including hardware setups, users, body parts,
form factors, haptic effects, workspace, degrees of freedom, and applica-
tion domains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2 The ideation template requires designers to make clear interaction context,
and how an interface is used in the interaction, and the movement path and
haptic effects of the interface. . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 The development template requires making clear needed modules, haptic
effect speci�cations, and schemes to position modules. Templates are in
black, example contents are in red. . . . . . . . . . . . . . . . . . . . . . . 113

6.1 Impacts of the work on the design-thinking-based process of designing hap-
tic interfaces. Visualization of the process is recreated based on [285]. . . . 128

6.2 The framework that connects haptic-related efforts from different disci-
plines and perspectives to fertilize haptic interface designs. . . . . . . . . . 130

xv



LIST OF ACRONYMS

ERM eccentric rotating mass motor

FEA �nite element analysis

HCI human-computer interaction

LRA linear resonant actuator

PHI passive haptic input

VR virtual reality

xvi



GLOSSARY

actuator The actuator will read the haptic data sent by the haptic rendering module and

transform this information into a form perceivable by human beings. 23

cutaneous Relating to or involving the skin. It includes sensations of pressure, tempera-

ture, and pain. Tactile: pertaining to the cutaneous sense, but more speci�cally the

sensation of pressure rather than temperature or pain. 9

haptic The science of applying tactile, kinesthetic, or both sensations to humancomputer

interactions. It refers to the ability of sensing and/or manipulating objects in a natural

or synthetic environment using a haptic interface. 1

haptic device is a manipulator with sensors, actuators, or both. A variety of haptic devices

have been developed for their own purposes. The most popular are tactile-based, pen-

based, and 3 degree-of-freedom (DOF) force feedback devices. 13

haptic interface consists of a haptic device and software-based computer control mech-

anisms. It enables human–machine communication through the sense of touch. By

using a haptic interface, someone can not only feed the information to the computer

but can also receive information or feedback from the computer in the form of a

physical sensation on some parts of the body. 1

haptic interface the process of perceiving the characteristics of objects through touch. 59

haptics An emerging interdisciplinary �eld that deals with the understanding of human

touch (human haptics), motor characteristics (machine haptics), and with the de-
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velopment of computer-controlled systems (computer haptics) that allow physical

interactions with real or virtual environments through touch. 9

kinesthetic Relating to the feeling of motion.It is related to sensations originating in mus-

cles, tendons, and joints. Force Feedback: relating to the mechanical productionof

information that can be sensed by the human kinesthetic system. 9
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SUMMARY

Haptic interfaces, which enable human-computer interaction through touch, have the

potential to bene�t a wide range of life activities, including communication, education,

creation, entertainment, and transportation. The development of practical haptic interface

design requires the involvement of designers with their user-centered design perspectives

and creative design expertise. Designers entering the haptic domain need support. Previous

efforts have focused on providing hardware and software platforms for designers to design

haptic experiences on top.

In this dissertation, we study how to support designers to create new haptic hardware

with emerging technologies. Speci�cally, we focus on two main challenges: analyzing

the design space of haptic interfaces and prototyping haptic interfaces. Our inquiry is

embodied in two projects respectively: Hapticology and FlexHaptics. In both projects, we

design, build, and evaluate artifacts, i.e., tools and approaches, to transform haptic interface

design from its current state to a preferred state and re�ect on implications for future efforts

on supporting designing haptic interfaces.

Hapticology project proposes a rational design process for haptic interfaces adapted

from design space analysis and morphological analysis. It provides a combination of design

artifacts needed to perform the analysis, including a space of design options, discussions

of impacts of the design options, and data visualization of the design options and impacts.

FlexHaptics project studies the prototyping problem, focused on passive haptic inter-

faces. FlexHaptics method to design passive haptic interfaces comprises the modules,

mathematical models, and editor. It combines important advantages of previous techniques,

including extensive and �ne-tunable haptic pro�les and computer-aided design and fabri-

cation. It also introduces beam structures to the �eld of passive haptic interfaces, which

bene�t predictable haptic properties, accessible fabrication, and compact form factors. The

workshop explores passive haptic inputs with novice designers using FlexHaptics method.
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It reveals the design process followed by novice designers, challenges encountered in de-

signing haptic hardware, and informs implications for future design support for creating

passive-haptic interfaces.

The two projects form a T-shape research structure; Hapticology builds the horizontal

line as it navigates through extensive possibilities of haptic interface designs, and FlexHap-

tics builds the vertical line as it focuses on one haptic interface type identi�ed from Hapti-

cology and dives into the design processes. Synthesizing the �ndings from the projects, we

discuss haptic interface design processes integrating the outcomes of this work and depict

a framework to promote innovation in haptic interfaces.
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CHAPTER 1

INTRODUCTION

Haptic interfaces enable human-computer interaction through touch by measuring, mod-

ulating, and displaying touch information with a user's body. Practical haptic interfaces,

which provide rich haptic feedback in a widely accessible form and cost, could bene�t a

wide range of life activities, including communication, education, creation, entertainment,

and transportation [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. However, even with recent signi�cant pro-

gresses in haptic technologies, the development of practical haptic interfaces is still in its

infancy.

Developing practical haptic interfaces requires more than engineering approaches. In

the foreseeable future, it is nearly impossible to make haptic interfaces that take widely-

acceptable forms and provide extensive haptic sensations at the same time [11, 12]. Un-

fortunately, compact, soft, and cheap haptic interfaces give haptic effects at limited force

levels, displacement magnitudes, or degrees of freedom [13], and reversely, haptic inter-

faces providing strong and complicated haptic effects are bulky, rigid, or expensive [14,

15]. Designing a haptic interface is solving a “wicked problem”, a concept proposed by

Horst Rittel and Melvin Webber [16], that involves complex and interconnected factors,

such as forms, performance, costs, and user values, and a design decision bene�ting one

factor hurt one or more of the other factors. As the problems can never be accurately

modeled, an engineering approach to address them would fail.

Developing practical haptic interfaces also relies on designers' contributions. Designer

is a generic term loaded with different meanings in different communities. In this disserta-

tion, the term designer refers to people who have extensive training or practical experience

in product design or interaction design disciplines. They perform design-thinking-based

processes involving empathizing, de�ning, ideating, prototyping, and testing, and master

1



general design skills needed through the processes. However, they do not necessarily have

knowledge and skills speci�c to haptic interface design. Zimmerman et al. point out that

designers could make complementary knowledge to the contributions of scientists and en-

gineers in creating or guiding the creation of artifacts of practical viability [17]. Given

designers' skillsets, it is reasonable to believe that, when supplied with domain-speci�c

support, they could contribute:

1. Novel hardware. Hardware contributions refer to inventing new actuating mecha-

nisms that can produce haptic stimuli with better technical performance (e.g., higher

deformation, higher blocking force, higher frequency) or form factors ( e.g., softer,

smaller), for example, using emerging smart materials to make compliant vibration

motors.

2. Novel sensations. Sensation contributions refer to either using existing hardware or

developing new hardware to render new haptic sensations, such as using vibration

motors to render the haptic feedback of bending and twisting an object.

3. Novel applications. Application contributions refer to using existing hardware to

convey new sensations and serve new scenarios, e.g., using mobile phones with em-

bedded vibration motors to display navigation information for visually impaired peo-

ple.

However, due to a lack of speci�c knowledge and skills, designers face signi�cant barri-

ers to entering the haptic domain. Researchers have been lowering the barriers to designing

haptic experiences with online libraries of haptic devices [14] and open-source hardware

and software projects [18, 19, 20, 21, 21, 22, 23]. Generally, these efforts help designers

choose among predetermined hardware and code haptic feedback pro�les upon. However,

to develop practical interfaces, besides using existing hardware, a more critical mission of

designers is creating new haptic interface hardware. Innovation in haptic interfaces relies

on leveraging advancements in human haptics and machine haptics. Human haptics refers
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to the study of how humans sense and manipulate through touch, and machine haptics in-

volves designing, constructing, and developing mechanical devices that replace or augment

natural touch. Advancements in human haptics help use concise haptic stimuli to render

vivid haptic sensations, and advancements in machine haptics enable creating haptic stim-

uli with high-performance and low-cost mechanisms. Designers need to comprehend these

�ndings and weave them into design-thinking-based practice to make informed design de-

cisions for haptic interface design. However, both human haptics and machine haptics

are related to multiple disciplines unfamiliar to designers, including physiology [24, 25],

robotics [26], and material science [13]. There is a lack of research investigating how to

empower designers with emerging technologies.

1.1 Research questions

Our ultimate research question is How to support designers in designing haptic interfaces

with emerging technologies? Since the scope is rather broad, we further identi�ed two

speci�c phases in the design process that are mostly affected by the lack of domain-speci�c

knowledge and skills: analyzing the design space and prototyping haptic interfaces.

Analyzing the design space refers to knowing the space of possibilities and the impact

of different design choices on criteria of interest so that designers can make informed and

rational design decisions. So the �rst subsidiary research question isRQ1: How to assist

designers in analyzing the design space of a haptic interface?

Prototyping is to build a simple experimental model of a proposed solution used to test

or validate ideas, design assumptions, and other aspects of its conceptualization quickly

and cheaply. So the second subsidiary research question isRQ2: How to assist designers

in prototyping haptic interfaces?
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Figure 1.1: Dissertation framework.

1.2 Approaches and contributions

Our inquiry to the questions is embodied in two projects: Hapticology for analyzing de-

sign space and FlexHaptics for prototyping haptic interfaces. In both projects, we started

by researching the existing support, then inspired by the research-through-design approach

[17], we design, build, and evaluate artifacts, i.e. tools and approaches, to transform haptic

interface design from its current state to a preferred state and re�ect on implications for

future efforts on supporting designing haptic interfaces. The two projects form a T-shape

research structure; Hapticology builds the horizontal line as it navigates through extensive

possibilities of haptic interface designs, and FlexHaptics builds the vertical line as it fo-

cuses on one haptic interface type identi�ed from Hapticology and dives into the design

processes. Finally, synthesizing the �ndings from the projects, we discuss haptic interface

design processes integrating the outcomes of this work and depict a framework to promote

innovation in haptic interfaces. Figure 1.1 presents the framework of this dissertation work.
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1.2.1 Hapticology:An approachto analyzethedesignspaceof hapticinterfaces

Hapticology project aims at helping designers analyze the design space of haptic inter-

faces by presenting the space of possibilities, discussing the impacts of the possibilities on

non-functional requirements of resulting haptic interfaces, and providing interactive data

visualizations and guide to make the analyzing approach accessible to designers. We struc-

ture the categorization system as a morphological �eld, which Zwicky[27] proposed to

make scienti�c discoveries and solve complex problems in general. In human-computer

interaction discipline, morphological analysis has been shown successful to analyze the

design space of input devices for graphical user interfaces [28], mobile phones as input

devices for ubiquitous computing applications [29], audio objects [30], and 3D-printable

interactivity [31]. We depict the design space of haptic interfaces with dimensions and

associated values; dimensions are conceptual or mechanical components that every haptic

interface consists of, and associated values cover all possible variations of a component.

With the morphological �eld, each haptic interface can be described as a combination of

values from all the dimensions. The dimensions and values are constructed based on an-

alyzing review articles on haptic interfaces, a systematically obtained data set of recently

published research articles on haptic interfaces, and articles in relevant disciplines such as

physiology, material science, and robotics. Moreover, we compare the effects of values on

key features of composite haptic interfaces and marriages to values in other dimensions.

We embody our survey into an interactive database, where 1) the surveyed interfaces can

be browsed with a �ltering system based on the morphological �eld and 2) the surveyed

interfaces are also presented with an alluvial plot and a parallel coordinates plot based on

the morphological �eld. Then we elaborate on how one can use the database and the com-

parisons to construct value combinations for their design goals formulated with required

dimension values and features. One can �rst use the required dimension values to �lter out

possible value combinations in the interactive database, and then synthesize the features of

the combinations according to our comparisons to decide optimal choices for their required
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features.

1.2.2 FlexHaptics:Thedesignandevaluationof adesignmethodfor passivehapticinputs

usingplanarcompliantstructures

FlexHaptics project is to investigate how to help designers prototype haptic interfaces. It

is focused on a speci�c type of haptic interface identi�ed using the Hapticology approach,

which is passive haptic interfaces using planar compliant mechanisms. This type is se-

lected for three reasons. First, it represents emerging haptic interfaces in that it involves

relatively inadequately addressed haptic stimuli – force feedback (compared with vibra-

tion) and requires physical prototyping. Second, it allows focused investigation on haptic

actuating mechanisms since it has minimized powering and sensing mechanisms. Lastly, it

is also increasingly deployed in interactions with touchscreens, products, and virtual reality

environments from labs to real life.

We propose FlexHaptics method that combines recent advantages, including predictable

haptic pro�les, accessible computer-aided design and fabrication, and extended design

space. It supports creating haptic inputs with a set of mechanical module designs that

provide predictable force feedback with embedded beam structures. We present eight dif-

ferent modules. Each unit generates a different kind of haptic effect, including resistance,

detent, or bounce, while traveling along a linear, rotary, ortho-planar linear movement path.

The modules are planar and compact, therefore are easy to fabricate by 3D printing PLA,

laser-cutting an acetal plastic (POM) sheet, or laser-cutting an acrylic sheet. The form

factor also aligns with the construction of modern products, such as touchscreen devices,

gamepads, and keyboards, and satis�es the common need of arranging multiple inputs

within a small space. Moreover, we propose two mixing operators to guide designers in

composing passive haptic interfaces with the modules: parallel mixing generates an input

with multiple haptic effects along a primitive path, and series mixing generates an input

with a compound path. The method comprises an editor as a plug-in within Rhinoceros
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and Grasshopper to let designers explore module design according to desired force feed-

back. To implement the editor, �rst, we developed mathematical models quantifying the

haptics-geometries relationship of each module. The models are in the format of linear

regression analysis equations with an explanatory variable of a composite geometric com-

ponent, informed by existing theories and models. Then we computed the coef�cients and

validated the models through �nite element analysis (FEA) and experiments with modules

fabricated with the three methods. Based on the experiment results, we adjusted the gen-

eration algorithms to address fabrication issues. Finally, we developed the back-end of the

editor with Grasshopper and Rhinocommon in C# and the front-end interface with Human

UI.

We conducted a series of workshops to investigate the prototyping of passive haptic in-

terfaces with novice designers using the FlexHaptics method. Across three weeks, twelve

designers were introduced to the concept of PHIs and the proposed method, then they

ideated, designed, and fabricated their own PHIs. Three moderators observed and assisted

their design processes and interviewed them at the end. With these workshops, we eval-

uated how useful and how easy to use the FlexHaptics method is, revealed the process

and challenges in designing passive haptic interfaces, and provided design implications for

future prototyping support.

1.3 Outline

This dissertation continues as follows:

Chapter 2 provides the necessary background, including an introduction to haptic inter-

faces and designing haptic interfaces, application potentials of haptic interfaces that design-

ers could help realize, the importance of involving designers in designing haptic interfaces,

gaps in existing support for analyzing the design space of haptic interfaces and prototyping

haptic interfaces.

Chapter 3 presents the Hapticology project. Hapticology project proposes a rational
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design process for haptic interfaces adapted from design space analysis and morphological

analysis. And it provides a combination of design artifacts needed to perform the analysis,

including a space of design options, discussion and visualization of the impact of the design

options.

Chapter 4 presents the FlexHaptics method to prototype passive haptic inputs, com-

prising the mechanical modules, mixing operators, mathematical models, the editor, the

work�ow, and application examples made with the method.

Chapter 5 presents the workshop that explores passive haptic inputs with novice design-

ers using FlexHaptics method. It reveals the design process followed by and challenges

encountered by novice designers in designing haptic hardware and informs implications

for future design support for creating passive-haptic interfaces.

Chapter 6 summarizes the research contributions of the two projects and connects them

to prior work. It also discusses the impact of work on the existing design process of haptic

interfaces and depicts a framework synthesized from the two projects to promote innovation

in haptic interfaces. It ends with the limitations of this study and future work.

Chapter 7 concludes the dissertation with a summary of the research contributions and

impacts.
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CHAPTER 2

BACKGROUND

This chapter provides relevant background for this dissertation. It starts with the principle

of designing haptic interfaces, from the perspective of realizing haptic sensations by de-

signing machines. Next, it discusses the application potentials of haptic interfaces. Then it

discusses the importance of designers in realizing the application potentials and developing

practical haptic interfaces. Then it describes existing design support for designing haptic

interfaces and points out the gaps that this dissertation study would bridge, before the �nal

remark.

2.1 Designing haptic interfaces

Designing haptic interfaces requires understanding human haptics and developing machine

haptics (Figure 2.1). Human haptics refers to the study of how humans sense and ma-

nipulate through touch. Machine haptics involves designing, constructing, and developing

mechanical devices that replace or augment natural touch.

2.1.1 Humanhaptics

Haptic perception consists of a closed-loop and a bidirectional channel of both sensing and

acting [32]. In a typical haptic system such as arm-hand system, the hands can reach, hold,

transport, and transform objects [33, 34], the skin and muscles contain a dense collection of

sensory receptors reacting to force or movement constraint imposed by the interactions, and

the brain simultaneously issues motor commands to activate hand or arm movements and

interprets touch information to recognize objects [35]. There are different kinds of hap-

tic perceptions, commonly categorized by cutaneous (tactile) perception v.s. kinesthetic

(or proprioceptive)[36] and passive v.s. active [37] perception. Cutaneous perception is
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Figure 2.1: Human haptics and machine haptics.

through the skin, while kinesthetic perception is through the movements and positions of

the joints and muscles. In active perception, humans explore an object, e.g., by moving

�ngers on the object's surface. The resulting kinesthetic perceptions are essentially linked

to the cutaneous perceptions to form the tactile-kinesthetic perception. In passive percep-

tion, there are no exploratory movements, and perception is limited to the zone of contact

with objects. Despite the variations, haptic perception relies on receptors spreading over

the entire body and is in�uenced by haptic illusions.

Haptic receptors. Haptic receptors embedded in haptic organs detect on-body changes

and generate electrochemical signals for haptic perceptions, and contribute to the discrimi-

nation of three modalities of sensation, namely touch (including both light touch and pres-

sure), temperature, and pain [38]. Furthermore, a combination of two or more modalities

can be used to characterize sensations such as roughness, wetness, and vibration. Ther-

moreceptors perceive the temperature that signals heat or cold information. Nociceptors

are responsible for the perception of pain. Mechanoreceptors respond to mechanical ac-

tions such as force, vibration, and pressure. The �rst two types are considered cutaneous

receptors, while the third type of receptor can be found in skin, muscle tendons, and joints.
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An understanding of haptic receptors, regarding their capabilities and distribution in a body,

guides the design of haptic interfaces, especially in order to maximize their performance

and cost-ef�ciency. For example, the Pacinian corpuscle, one of the four major types of

mechanoreceptors in human skin, detects rapid vibrations of about 200–300Hz; therefore,

to stimulate these receptors, the vibration range of motors used in vibrotactile devices does

not need to operate at frequencies over 300Hz [13].

Pseudo-haptics.Apart from displaying haptics by providing physical stimuli that ac-

curately resemble the physical environment or interaction to the body of a user, pseudo-

haptics can induce haptic illusions by displaying a visual (sometimes auditory) stimulus

that is designed to distort based on user input, with or without physical stimuli. For ex-

ample, to change weight perception while we are grasping and moving the object around,

all previous studies adopted a method of distorting the ratio� of user input displacement

D and visualized displacementD 0, with [39, 40, 41, 42] or without [43, 44, 45] the actual

weight cues that are presented. If� is smaller than 1, the users will perceive the object as

heavier; if� is larger than 1, the users will perceive the object as lighter. Thus far, many

studies have proposed pseudo-haptic designs for inducing various haptic properties, and the

effects of pseudo-haptics have been evaluated in some application contexts, as reviewed by

Lecuyer et al. [46], Pusch et al. [47], and Ujitoko et al. [48].

2.1.2 Machinehaptics

Machine haptics involves designing, constructing, and developing mechanical devices (or

haptic interfaces) that replace or augment the human touch. Haptic interfaces, are put

into physical contact with the human body to exchange information with the human haptic

system [49, 50]. In general, haptic interfaces have two essential functions: 1) they measure

the poses (positions and orientations) or contact forces of any part of the human body, and

2) they display the computed reaction touch to a haptic scene. A haptic interface either

populates touchable virtual objects with haptic properties (e.g., stiffness and roughness) or
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enables person-machine communication by exerting programmable mechanical properties

related to the machine's state [32].

A complete haptic interface consists of sensing, actuating, and computing systems (see

Figure 2); the actuators apply mechanical signals to distinct body areas, i.e., forces, dis-

placements, or their combinations and time derivatives, the sensors measure other me-

chanical signals in the same body areas, and the computing system process data from the

sensors and drives the actuators [49]. Following the same conceptual structure, haptic inter-

faces vary a lot in terms of forms and capabilities. The following paragraphs present some

common device categories, including those historically representing the bulk of haptic re-

search in terms of device design and rendering algorithms, such as vibrotactile interfaces,

grounded force-feedback devices, and exoskeletons, and those emerging with the devel-

opment of technologies and commercial needs, such as passive force-feedback interfaces,

skin-attachable haptic interfaces, surface haptics, and consumer haptic interfaces.

Vibrotactile interfaces. Vibrotactile interfaces stimulate touch sensations on the skin

with vibration. Vibration is easy to produce with electromagnetic vibration motors, such as

eccentric rotating mass motors (ERMs) and linear resonant actuators (LRAs), and emerging

actuators such as piezoelectric actuators [51]. Vibrotactile actuators are widely embedded

in mobile devices [51], environments, handheld controls, and wearable devices. Vibration

tuned by the frequency, magnitude, and temporal-spatial dimension can convey various en-

coded information such as noti�cations [52, 53] and navigational messages [54]. Vibration

closely correlated with user input can display realistic object properties, such as texture and

compliance [55, 56, 57, 58, 59].

Grounded force-feedback devices.Ground force-feedback devices are placed on a

surface and are able to apply force while the user operates the end-effector in 3D space [49,

50, 60]. Force feedback devices are built around a kinematic structure that connects sensors

and actuators to some type of handle. The kinematic structures are generally constructed as

parallel linkages. Such a scheme for virtual object haptic synthesis was already proposed as
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early as 1967 for molecular docking applications [61], then it was used for computer-aided

design [62], musical applications [63], healthcare [64], and arti�cial reality [65]. Their

workspace is limited, and they are not meant to be portable.

Exoskeletons. Exoskeletons are typically wearable kinesthetic devices grounded on

body parts such as hands [15] and arms [66] with more freedom of movement. They mimic

the movements of the operator and provide force feedback via rigid or soft force transmis-

sion mechanisms. To be wearable, the systems incorporate many observations regarding

the human biomechanics and use a variety of techniques, including motor remonetizing,

sophisticated cable routing, and friction reduction by feedback. Exciting design develop-

ment in exoskeletons has been the use of soft robotic techniques and pneumatic actuation

to make exoskeletons lighter, cheaper, and more adaptable to the human body [67, 68, 69].

Passive haptic interfaces.Passive haptic interfaces provide tactile or force feedback

without an external source of energy such as electric energy. They exert unchangeable

force-displacement pro�les by employing unpowered mechanisms, suc as magnetic mate-

rials [70, 71, 72], �exible materials [73, 74, 75], kirigami structures [76, 77, 77], coil spring

structures [78],and meta-material mechanisms [79, 4, 80]. They are usually simpler, lighter,

and less expensive than the active ones, which makes them viable haptic solutions used

alone or in combinations with active mechanisms. A commercially successful example of

passive haptic interfaces is Nintendo Labo [81], which employs cardboard attachments to

transform the original controllers' form and force-displacement pro�le to simulate a variety

of physical interfaces like vehicle controls, a piano keyboard, and a �shing rod.

Skin-attachable haptic interfaces.Skin-attachable haptic devices are mounted to the

hands or other parts of the body and provide haptic stimuli, including vibration [82], pres-

sure [83], and skin stretch [84]. Such a scheme usually requires high-density distributions

of small-scale haptic pixels to match the great spatial and temporal perceptual acuity of the

sense of touch. Also, the interfaces are compliant to be attached to the �nger belly and other

areas without hurting comfort. Nowadays, such devices are enabled by soft and compact
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actuators [13], including mainly �uidic mechanisms that transform �uidic pressure to cer-

tain mechanical changes of worn actuators and smart materials that directly convert electric

energy to mechanical changes, ranging from organic electronic materials to carbon nano-

materials, and composites. They can simulate shape, texture, weight, etc. The wearability

of the devices makes them attractive for use in mobile applications where users should be

free and unencumbered to move about their environment.

Surface haptics.Surface haptics, also known as haptics for interactive touch surfaces,

is a new area of research in the �eld of haptics. The three most popular actuation methods

of surface haptics are vibrotactile, electrostatic, and ultrasonic [85]. Surface haptic devices

display tactile feedback to the users by modulating the interaction forces between the �nger

and the touch surface, which can be grouped based on the direction in which the �nger is

stimulated by the interaction forces as normal to the surface and tangential to the surface.

Surface haptics is to generate tactile effects on touch surfaces such as those used in mobile

phones, tablets, kiosks and information displays, and front panels of new generation home

appliances and cars.

Other haptic interfaces for consumer electronic products. Researchers have pro-

posed various haptic interfaces that �t into popular consumer electronic gadgets, such VR

handheld controllers [86], touchscreen pens [87] and joysticks on game controls [88]. Com-

pared with sophisticated haptic devices, these haptic interfaces might fall short in their

covered sensations over the spectrum. They are gaining attention as they take forms that

consumers or users are used to and are likely to accept and support haptic sensations that

are important in certain applications but are inadequately supported by mainstream devices,

such as inertia and damped oscillation [89, 90, 91].

The long standing direction of machine haptics advancement is to produce mechanical

changes (e.g., vibration and force) with more compact and stronger mechanisms. This re-

lies on novel materials and structure designs. Smart materials modify some of their proper-

ties, such as shape, in a controllable and reversible way as a result of external stimuli such as
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an electrical �eld. Smart materials range from organic electronic materials to carbon nano-

materials and a variety of composites and perform functions based on electromagnetic,

electrostatic, and piezoelectric mechanisms. Smart-material-based interfaces are usually

simple, lightweight, and quiet and possess a high power-to-weight ratio. Traditional rigid

multi-part mechanisms are increasingly replaced by compliant, origami/kirigami, and �uid-

driven mechanisms. A compliant mechanism is a �exible mechanism that achieves force

and motion transmission through elastic body deformation. It is usually may be monolithic

(single-piece) or jointless; thus it does not suffer from some issues that affect multi-bodied

mechanisms, such as backlash or surface wear, and the manufacturing relatively cheap and

accessible [92]. Origami/kirigami, the ancient art of paper folding and cutting techniques,

has provided considerable inspiration for structural design in the engineering �elds over the

last few decades. More and more haptic devices are produced, pursuing a folding form for

better storage and deformation capacity [93]. Fluid-driven actuators use a working �uid to

transfer energy from the source to the device through the application of pressure or volume

change. A major category of these devices consists of pneumatic or hydraulically actu-

ated silicone elastomer structures. The �uidic actuators are usually simple, do not require

sophisticated mechanisms, and are usually cheap and biocompatible.

2.2 Application potentials of haptic interfaces

This section discusses the potential applications of haptic interfaces. Compared to audio

and visual ones, haptic interaction possesses two distinct features. First, it is bidirectional

in that perceiving the world and acting upon it take place together through haptic interfaces.

Second, it is distributed in that sensing and acting capability spread all over the body. The

features make haptic interfaces important or necessary for the following scenarios.

Realistic interaction. Touch senses are rich and involved in most human exploration

and manipulation activities. Haptic interfaces can be designed to provide for a literal re-

production of the phenomena that occur during actual manipulation. The need for realism
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exists widely, such as training of sensory-motor skills (e.g., surgical abilities [94] and stroke

rehabilitation [95]) and teleoperation [96, 97]. And haptics is Incorporated in multimedia

systems [98] and virtual reality systems [99] is to attain the most natural, intuitive, and

engaging modes of human interaction with a digital world. Haptics is sure to play a promi-

nent role in making virtual objects in these worlds physically sensible and palpable, which

increases the realism of these interactions.

Ubiquitous and ambient interaction. In an attentionally overloaded world, haptic

interfaces could reduce workloads on visual and auditory modalities and provide informa-

tion in the background of our sensory and cognitive processes. Haptic interfaces allow

simultaneous input and output, in other words, bidirectional exchange of information be-

tween the real or virtual environment and the end-user, and this observation explains in part

why they create a strong sensation of immediacy and fast-paced interactivity. As appropri-

ate information display has emerged as a major objective of human-computer interaction

(HCI) research and industry development, including subdisciplines such as context-aware,

pervasive, ubiquitous, and affective computing, the haptic sense is well-posed to present

background ambient information [6].

Suggestive interaction.Alternatively, some applications do not demand a signi�cant

amount of �delity with respect to the actual tasks being recreated. Graphical user interfaces

(GUIs) have demonstrated that interactive presentation of data does not have to imitate

reality. Often, being suggestive is what matters the most. For example, both force and

tactile feedback can be used to provide direct spatial guidance to a user, either by leading

with forces or orienting attention in a particular direction [50]. Another example is that

tactile signal are used to display abstractions, such as vibrotactile alerts from mobile phone

for incoming calls and spatial haptic signals to orient spatial attention [100, 54].
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2.3 The importance of involving designers in developing practical haptic interfaces

Haptic interfaces have not been widely adopted in everyday life, and advancing the adop-

tion demand more than engineering approaches due to two reasons. On the one hand, in the

short term, it is impossible to realize the longstanding engineering goal of haptic displays

that emulate the sensations felt during natural touch interactions, much as video and audio

displays are able to reproduce plausibly realistic audiovisual scenes. An idealized haptic

display matching the organization and capabilities of the haptic sense could be considered

to require spatial resolutions approaching the micrometer scale. And temporal resolutions

approaching 1000Hz, however, no device or technology can come close to meeting such

requirements, and the shortcomings amounting to several orders of magnitude require re-

search over many years to be fully bridged [13].

Thus, designing a practical haptic interface is solving a “Wicked Problem,” a problem

that cannot be accurately modeled because of the con�icting perspectives (here as haptic

sensations and device complexity), as proposed by Horst Rittel and Melvin Webber [101].

To solve wicked problems, it is not enough to rely on engineering, where developers use

the reductionist approaches to create a product to meet a speci�cation. It also requires

creative design, labeled by Jonas Löwgren to distinguish it from the engineering design

[102], where designers continually reframe the problem, constantly question the underlying

assumptions during the design process.

On the other hand, there is a lack of killer applications that is so necessary or desirable

that consumers would pay for the (usually expensive) haptic technology just to run that

application, as argued by Tan [11] and Lin et al. [12]. To design killer applications, it

is essential to center around user needs and take the whole experience including other

modalities into consideration.

Designers are trained to solve such under-constrained and user-centered problems. De-

signers' expertise is in design thinking approaches and other practical skills. Design Think-
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ing is a design methodology that provides a solution-based approach to solving problems.

It's extremely useful in tackling complex problems that are ill-de�ned or unknown. Ac-

cording to d.school (the leading university when it comes to teaching Design Thinking)

[103], the �ve stages of Design Thinking are 1) empathizing – understanding the human

needs involved, 2) de�ning – reframing and de�ning the problem in human-centric ways,

3) ideating – creating many ideas in ideation sessions and identifying the best idea to solve

the problem, 4) prototyping – adopting a hands-on approach in prototyping, and 5) testing

– developing a testable prototype/solution to the problem. In essence, the Design Thinking

process is iterative, �exible, and focused on collaboration between designers and users,

with an emphasis on bringing ideas to life based on how real users think, feel and behave.

Designers also master skills needed through the stages, including design research, proto-

typing, and user testing, for conventional products and interactions.

Based on their skillsets, it is reasonable to think designers could help:

1. Novel hardware. Hardware contributions refer to inventing new actuating mecha-

nisms that can produce haptic stimuli with better technical performance (e.g., higher

deformation, higher blocking force, higher frequency) or form factors ( e.g., softer,

smaller), for example, using emerging smart materials to make compliant vibration

motors.

2. Novel sensations. Sensation contributions refer to either using existing hardware or

developing new hardware to render new haptic sensations, such as using vibration

motors to render the haptic feedback of bending and twisting an object.

3. Novel applications. Application contributions refer to using existing hardware to

convey new sensations and serve new scenarios, e.g., using mobile phones with em-

bedded vibration motors to display navigation information for visually impaired peo-

ple.
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2.4 Haptic interface design support

This section discusses efforts that support designing haptic interfaces by making domain-

speci�c knowledge and skills more accessible to designers. We focus on two speci�c

phases that are mostly affected by the lack of domain-speci�c knowledge and skills, an-

alyzing the design space and prototyping haptic interfaces.

2.4.1 Supportfor analyzingthedesignspace

Analyzing the design space refers to knowing the of space possibilities and the impact of

different design choices on how the resulting haptic interfaces meet design requirements.

Creation is often de�ned as the recombination of existing ideas, with a twist of novelty

or spark of innovation by the individual creator [104]. Knowing the existing space of

possibilities helps “stand on the shoulder of a giant”, prevent “reinventing the wheel”, and

ensure ideation divergence. Although, in practice, designers often explore the space of

possibilities on-demand by collecting existing references and creating new possibilities,

regarding the complexity of haptic interfaces, researchers have been helping depicting the

space of possibilities.

Researchers have been depicting the design spaces of haptic interfaces with online li-

braries. For example, VibViz [105] is a library of vibrotactile feedback, and Haptipedia

[14] is a library of grounded force-feedback devices. Another group of efforts is review ar-

ticles, including those of wearable haptic interfaces on hands and �ngertips [106], surface

haptics [85], and tactile interfaces using emerging material technology [13]. These efforts

help designers learn, discriminate, and choose haptic feedback or interfaces within a type

of haptic interface. (Chapter 3 provides a thorough review of related work on depicting

the design space of haptic interfaces). However, to create practical haptic interfaces, de-

signers need to accomplish more tasks than those supported by the existing support. On

the one hand, designers need to know broad types of haptic interfaces and select an optical
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type according to design requirements instead of going directly for a speci�c type of haptic

setup. And this need for across-type presentation and comparison cannot be insuf�ciently

addressed by the existing work of within-type presentation and comparison.

On the other hand, beyond using existing devices (and tuning codes), designers need

to create new haptic hardware. How should designers create such complex systems? It

is helpful to refer to some exemplary methodologies used for designing complex systems,

including Design Space Analysis [107, 108] and Morphological analysis [30, 28, 27]. De-

spite variations of processes and techniques to practice the methodologies, at the core, they

require de�ning requirement criteria, exploring the space of possibilities – breaking down a

subject into dimensions and enumerating design options in each dimension, and analyzing

how the design options affect the criteria. So that designers can synthesize component op-

tions to form a system that performs according to speci�c requirement criteria. Currently,

designers need to construct the space of possibilities and analyze the design-criteria rela-

tionships by themselves, which is challenging, given a much bigger and diversi�ed design

space (any form of haptic interfaces, any actuating technology) (e.g., constructed by human

haptics and machine haptics).

In summary, there is a lack of a consistent framework to contain all types of haptic

interfaces and a lack of support for helping designers decompose existing haptic interfaces

and use the components to create novel haptic interfaces.

2.4.2 Prototypingsupport

Prototyping is to build a simple experimental model of a proposed solution used to test

or validate ideas, design assumptions, and other aspects of its conceptualization quickly

and cheaply so that the designer/s involved can make appropriate re�nements or possible

changes in direction. Prototyping can and should be part of various stages of design think-

ing, as prototyping allows thinking by doing, which is bene�cial in deriving more value

from researching, de�ning, ideating, and testing. Speci�cally, prototypes ful�ll purposes,
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including learning and understanding problems, exploring ideas and opportunities, engag-

ing and testing with end-users or stakeholders, and motivate buy-in of new ideas from

internal or external stakeholders.

Researchers have provided open hardware projects as infrastructures for novice de-

signers to author vibrotactile experiences on top [109, 19, 20] and active force-feedback

[]. These efforts release designers overcome the technical hurdle but not allowing users

to adjust hardware. Researchers also have proposed techniques/mechanisms for design-

ers to customize haptic hardware, limited to passive haptic interfaces. Techniques based

on magnetic materials [72, 110, 71, 70], �exible materials [], and �exible structures such

as kirigami[76] and coil spring [78] structures. Requires manual or computer-aided de-

sign and fabrication processes. There are some general-purpose platforms or techniques

that allow a high level of adjustment freedom and can be used to create haptic hardware.

Arduino (arduino.cc) is a popular open-source microcontroller and development platform

with a dedicated editor. Phidgets (phidgets.com) facilitate rapid hardware prototyping with

over 20 programming languages. The capabilities of 3D printers are rapidly accelerating,

and forward-thinking researchers are tackling the next transition, where 3D printers will

be used to fabricate fully interactive products that are ready to use straight off the printer

[31]. Through using geometry designs and conductive materials, there are open-source ge-

ometry designs, schematics, and software tools. Using the general-purpose platforms and

techniques, designer can create haptic interfaces, for example, by using proper components

like voice coils. But designers might spend much effort to explore what and how to do

without haptic-speci�c guidance.

In summary, there is a lack of investigation on whether designers are capable of creating

haptic hardware, how they would use the prototyping support, what they would create, and

user-informed guidelines on how to support prototyping haptic hardware.
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2.5 Remark

In this chapter, we start by introducing haptic interfaces, and the broad knowledge and skills

that are necessary for designing haptic interfaces, which current designers do not commonly

possess. Then we introduce the application potentials of haptic interfaces. Then we discuss

that realizing the application potential requires more than engineering approaches, and it

is essential to engage designers to solve the under-constrained and user-centered problems.

We also discuss speci�c contributions that can be expected from designers provided with

necessary domain-speci�c support. Lastly, we discuss the gaps in the existing support for

designers to make hardware-level contributions, by the support for analyzing the design

space and the support for prototyping haptic interfaces. We studied how to complement the

gaps, as presented in the following chapters.
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CHAPTER 3

HAPTICOLOGY: AN APPROACH TO ANALYZE THE DESIGN SPACE OF

HAPTIC INTERFACES

Abstract

This chapter presents the Hapticology project, which is to assist in analyzing the design

space of haptic interfaces. The approach guides designers to formulate problem statements

of haptic interfaces, retrieve possible interface con�gurations, and evaluate the possibili-

ties against their problem statements. A combination of design artifacts needed to perform

the approach is developed based on a systematic survey of existing haptic interfaces and

relevant �ndings in human haptics and machine haptics. The artifacts include 1) a morpho-

logical �eld that depicts the space of possibilities with dimensions and dimension values, 2)

a discussion of the impact of the design options on the functions and usability of the result-

ing haptic interfaces, and 3) an interactive dataset, where users can retrieve useful interface

examples by specifying dimension values. The interactive dataset also helps explore the

distribution of interfaces within and across dimensions and identify gaps. The work also

bridges haptic research in human-computer interaction and other disciplines.

3.1 Introduction

Haptic technologies, which involve using actuators to stimulate the sense of touch, have

been increasingly embedded in commercial electronics, such as smart devices, game con-

sole controllers, AR/VR gadgets, and automobile cockpits. Whereas most of the applica-

tions are based on vibrotactile sensations actuated by electromagnetic motors, the direction

of innovation is shifting, driven by user and business needs (e.g., to establish immersive and
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realistic user experiences beyond noti�cations), new knowledge in haptic sensory mecha-

nisms (e.g., cutaneous feedback can induce sensations used to be provided by kinesthetic

feedback [111]), and emerging actuating mechanisms (e.g., smart materials [13]). To guide

the design and research momentum, there is a growing need for helping practitioners and

researchers understand the design of haptic interfaces, in terms of staying informed of the

state of the art, discriminating design variations, and identifying orders of con�gurations

and future research directions.

As haptic interfaces are extremely numerous and diversi�ed, a fundamental effort to

assist in the understanding is categorizing, in other words, recognize similarities across

haptic interfaces and aggregate like entities into groups so that one can extend their un-

derstanding of one haptic interface to other group members. Back in 2004, Hayward et

al. presented 20 device concepts, such as programmable keyboard, exoskeleton, arrays of

vibro-tactors [32]. These scattered device concepts present a cross-section of device de-

signs at that time, however, fail to show whether and how they constitute the whole design

space of haptic interfaces. Researchers also divide all haptic interfaces into groups based

on one aspect, such as cutaneous vs. proprioceptive based on targeted sub-sensories, active

vs. passive on energy supplies [32], grounded vs. ungrounded on mounting sites [112],

and wearable, handheld, and encountered according to form factors [113]. Compared to

the device concepts, although these categorizations manifest how one category relates to

the entire design space at least in a single aspect, members in a category, either a simple

category (e.g., wearable haptic interfaces) or a compound category (e.g., wearable cuta-

neous haptic interfaces), can be quite divergent. Hence the understanding of a member of

such categories is less representative and extendible to the rest members. Recently, using

the aforementioned categorizing schemes, researchers de�ned scopes for review articles

that elaborate on similarities and variations within the scopes. For example, Pacchierotti et

al. [106] reviewed wearable haptic interfaces on hands and �ngertips, Sei� et al. [14] re-

viewed grounded force-feedback (GFF) devices, Basdogan et al. surface haptics [85], and
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Biswas and Visell [13] tactile interfaces using emerging material technology. However,

these separated reviews cannot support comparisons across the scopes suf�ciently. More-

over, the separation may hinder innovation. For example, all haptic interfaces generate

haptic stimuli contributing to haptic percepts and consist of haptic actuating mechanisms

enabling the generation of haptic stimuli; mixing haptic stimuli and actuating mechanisms

across boundaries, e.g., realizing a kinetic stimulus with an emerging material proposed for

tactile interfaces, could lead to novel haptic interfaces. However, scattered presentations

hide potential con�gurations. Sei� et al. [114] elicit experts' mental model of categorizing

grounded force-feedback devices by having 18 experts to review, group, and describe 75

devices. The experts grouped differently (by binning, tagging, and mixed), linked groups

differently (by hierarchy, proximity, and mixed), and most of them failed to address all

devices. Despite these persistent efforts, a consensus has not been reached on an inclusive

and informative categorization system.

This project aims at a categorization system that accommodates all haptic interfaces,

supports informative categories, and relates one category to the entirety. We developed the

categorization system by synthesizing existing categorizations and complementing new cat-

egorizations based on thematic analysis of emerging research articles on haptic interfaces.

And we the structured categorization system as a morphological �eld, which Zwicky[27]

proposed to make scienti�c discoveries and solve complex problems in general, and has

been shown successful to analyze the design space of human-computer interaction-related

subjects such as input devices for graphical user interfaces [28], mobile phones as input

devices for ubiquitous computing applications [29], audio objects [30], and 3D-printable

interactivity [31].

Here, we depict the design space of haptic interfaces with a morphological �eld consist-

ing of dimensions and associated values; dimensions are conceptual or mechanical com-

ponents that every haptic interface consists of, and associated values cover all possible

variations of a component. With the morphological �eld, each haptic interface can be
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described as a combination of values from all the dimensions. It supports descriptive cat-

egories by specifying values in all dimensions. It relates categories to the entire domain;

the morphological �eld enumerates possible values in every dimension, thus one can locate

one interface in every dimension in the entire space. Moreover, we compare the effects

of values on key features of composite haptic interfaces and marriages to values in other

dimensions.

We embody our survey into an interactive database1, where 1) the surveyed interfaces

can be browsed with a �ltering system based on the morphological �eld and 2) the surveyed

interfaces are also presented with an alluvial plot based on the morphological �eld. Then

we elaborate on how one can use the database and the comparisons to construct value com-

binations for their design goals formulated with required dimension values and features.

One can �rst use the required dimension values to �lter out possible value combinations in

the interactive database, and then synthesize the features of the combinations according to

our comparisons to decide optimal choices for their required features. Lastly, based on the

morphological �eld, we shed light on how research on haptic interfaces in HCI and other

disciplines can be mutually reinforced to boost haptic interface innovation.

In summary, we contribute:

1. A morphological �eld of haptic interfaces, which applies to a wide range of haptic

interfaces, relates each category to the entirety, and supports informative categories.

2. A interactive dataset of 165 haptic interfaces that is categorized and visualized based

on the morphological �eld for ef�cient retrieval and visual exploration.

3. Explicit explanation on how the morphological �eld, comparisons, and website 1)

depict the design space, 2) guide the design and research of haptic interfaces, 3)

bridge haptic research in human-computer interaction and other disciplines.
1The interactive dataset can be accessed at hapticology.com.
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3.2 Development of the morphological �eld of haptic interfaces

3.2.1 Scopeanddepth

The survey is con�ned in scope and depth to cover a wide range of haptic interfaces while

keeping necessarily brief. It includes haptic interfaces simulating haptic sensations with

mechanical stimuli, as they dominate the research �eld and involve extensive sensory and

actuating mechanisms that need to be analyzed. Alternatively, it excludes those triggering

non-mechanical sensations, i.e., thermal and noxious sensations, and it excludes those that

do not present novel physical actuation but instead rely on other modalities (e.g., vision) to

distort or overcome haptic perception, such as pseudo haptics [48] and haptic retargeting

[115]. Among all components of haptic interfaces, it focuses on actuating and excludes

sensing, computing, and communicating systems. When it comes to haptic stimuli dimen-

sion (Section 3.3) and actuating mechanisms dimension (Section 3.5), which have their

roots in other disciplines (e.g., physiology and material science), the present work focuses

on presenting viable values and value combinations, instead of elaborating on why a stimu-

lus can generate a haptic sensation or why an actuating mechanism can generate a stimulus.

Reader seeking the explanations for haptic sensory mechanisms could check cited review

and research articles for further information and extensive original bibliographies.

3.2.2 Dataset

We searched in Web of Science using the topic search query of ” TS=((haptic OR tactile)

AND (interface OR device)) AND PY=(2012-2021)”. It yielded 9493 papers containing

339 reviews and 9213 research articles. We included all reviews. To obtain a manageable

and representative set of research articles, we �rst clustered them through co-citation anal-

ysis (k=5, LRF=3, LBY=8, e=1) [116], then retrieved the most-cited 10 percent in each

cluster and another 100 top-cited articles in all research articles, and �ltered the results ac-

cording to our scope by skimming their titles and abstracts. To the best of our knowledge,
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this is the �rst survey of haptic interfaces based on such an indiscriminate dataset that does

not limit form factors, application domains, actuating mechanisms, etc.

3.2.3 Process

We constructed the morphological �eld using methods proposed by Zwicky [27] and Nick-

erson et al. [117], combining top-down and bottom-up analysis approaches. The �rst step

was to set dimensions (meta-characteristics [117]) – logical origins for all sub-dimensions,

categories of values, and values. The next step was to decide ending conditions telling

when to terminate the iterative cycles of developing dimensions, categories, and values.

Our ending conditions and criteria include:

• Simple. One dimension should describe only a single rather than a compound as-

pect of a haptic interface, and one value should describe only a single rather than a

compound feature of a dimension.

• Mutually exclusive. Any two dimensions and any two values in the same dimension

should have no overlap.

• Collectively exhaustive. The dimensions together should cover all aspects of haptic

interfaces and the values in each dimension together should contain all kinds of haptic

interfaces within our scope.

• Connected. Since one goal for the morphological �eld is to instruct designers to com-

bine values across dimensions to form haptic interface con�gurations, the dimensions

were structured in a way to reveal the connectors among dimensions.

We developed the morphological �eld using three intertwined approaches: 1) bor-

rowing from and modifying existing categorizations; 2) conceptualizing from the meta-

characteristics [117], and 3) thematic analysis of the research articles. We identi�ed initial

dimensions and values by investigating how the review and research articles categorized
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and decomposed existing haptic interfaces. Then we analyzed haptic interfaces in the re-

search articles using a procedure adapted from the thematic analysis [118, 119]. First,

we familiarized ourselves with every article in the data set and extracted and attributed

information related to user inputs, sensing mechanisms, system outputs, actuating mecha-

nisms, and resulting haptic perceptions. Then we described the data extracts with values

(i.e., codes) and iteratively updated the morphological �eld toward the ending conditions

by modifying value de�nitions, dividing and merging values, and structuring values. The

morphological �eld stopped evolving around the hundredth paper, and three researchers

used it to label all haptic interfaces and resolved all discrepancies through discussion with

a third trained reviewer.

3.3 The morphological �eld

The morphological �eld (Figure 3.1) characterizes a haptic interaction supported by a hap-

tic interface in the following dimensions:

1. Supported haptic sensations, which refer to haptic sensations an interface can simu-

late.

2. Correlated user manipulations, which refer to user gestures, only by which users can

perceive proper haptic sensations from an interface.

3. Haptic stimuli, which describe mechanical changes an interface generates to simulate

haptic sensations.

4. Grounding methods, which refer to how an interface situates itself in environments

or on a users' body.

5. Interfacing methods, which refer to how an interface physically contacts users to

deliver stimuli.
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6. Actuating mechanisms, which refer to mechanical mechanisms an interface leverages

to generate stimuli.

The following sections elaborate on each dimension and its values with representative

haptic interface examples.

3.3.1 Supportedhapticsensations

Supported haptic sensations include sensations to simulate object properties, action effects,

and abstracted sensations (see the list of values in the supported haptic sensations dimen-

sion in Figure 3.1 and the example interfaces for the values in Table A.1 in Appendix).

Whereas prior categorizations of objects' haptic properties includesurface, structure, and

massproperties [35], the present categorization addsmechanical mechanismsreferring

to the constrained motion of the parts of an object, andforce/motion re�ecting external

mechanical effects on objects. It also includes a category forspecial substancesthat can

hardly be described with the foregoing properties, such as �owing air [120], �uids [121],

and viscoelastic tissues [122].

Action effectsare haptic sensations from interactions with objects (from interactions)

or actions without objects (from actions), but are insuf�cient for users to perceive the ob-

ject properties (material, structure). Examples of haptic effects from interactions include

hitting and being hit rendered by Impacto [123], the sensations of punch, hug, and snake

moving across the body provided by Force Jacket [124], and feeling one's wrist being

grabbed or the arm being stroked enabled by Touch Me Gently [125].Haptic effects from

actionsare simulated by a few devices. For example, GyroVR [126], head-worn �ywheels,

render kinesthetic forces generate from motions, such as �ying, diving, or �oating in outer

space, onto users' body, and device proposed by Sra el al. [127] adds proprioceptive feed-

back to virtual motion such as driving, navigating by �ying, teleporting, or riding.

Abstracted haptic sensations are not related to physical objects or actions.Simple feed-

back refers to simple haptic effects that are presented in response to successful gestures,
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Figure 3.1: The morphological �eld.
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proved to improve the sense of control [128].Simple noti�cations refer to simple haptic

effects initiated by systems to signal noti�cations. For instance, simple noti�cations can

take the forms of vibrations and skin strokes and be delivered around �ngers [129], eyes

[130], wrists [131].Degreesrefer to haptic expressions of levels of speci�c measures. For

example, UltraHaptics modulates the wave pressure of ultrasound above a map to project

population density [128].Spatial sensationsrefer to simple haptic effects presented at spe-

ci�c locations on a device [54, 132] or user body part [133], are commonly for navigation

use.Directional sensationscan be encoded into directional vibration patterns [54], asym-

metric vibrations [134, 135], and forces [136], and guide a user to move toward a particular

position. Encoded information refers to haptic sensations that express relatively com-

plex information, such as braille, that require users to learn and remember the projections

between the haptic sensations and information.

3.3.2 Correlatedusermanipulations

People naturally interpret different haptic properties through manipulative hand move-

ments, such as assessing texture by gently rubbing, stiffness by probing, and weight by

lifting. Proper hand movements are critical to effective and ef�cient haptic perception and

cognition [33]. Although an ideal haptic interface is expected to allow free exploration with

no constraints but suf�cient feedback to any hand movements, existing interfaces usually

limit user manipulations to some extent. Thus, user manipulation is a critical dimension

for describing and evaluating haptic interfaces properly.

Our way of de�ning user manipulations is inspired by how Lederman et al. [33] de�ne

exploratory procedures –stereotyped movement patterns, which do not correspond to spec-

ify hands, pressure, or end effectors, but maintain their typical and invariant properties.

The correlated user manipulations dimension includes eight manipulations (1-8) adapted

from the work by Lederman et al. and four manipulations (9-12) identi�ed from our the-

matic analysis (see the list of values in Figure 3.1 and the example interfaces for the values
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in Table A.2 in Appendix).

1. The “lateral motion” (texture) manifests sideways movement between skin and object

surface, i.e., rubbing. Typically, the �ngers quickly rub back and forth across a small,

homogeneous area of the surface; interior surfaces are explored, rather than edges.

2. The “pressure” (compliance) is produced by applying torque or normal forces to one

part of the object, while another part of the object is stabilized or an opposing force

is applied. This can be seen by obvious movement, as in poking, or by signs of force

evident in the �ngers and hand.

3. The “static contact” (partial shape, temperature) occurs when an object is supported

externally by an external surface or the other hand-while one hand passively rests on

it without molding.

4. In the “unsupported holding” (mass, mass distribution), the object is lifted away from

any supporting surface. Typically, there is hefting of the arm or wrist.

5. With the “enclosure” (size, global shape), the hand maintains simultaneous contact

with as much of the envelope of the object as possible. Often one can see an effort

to mold the hand more precisely to object contours. Periods of static enclosure may

alternate with shifts of the object in the hand(s).

6. “Contour following” (size, shape) is a dynamic EP in which the hand maintains con-

tact with a contour of the object. Typically, the movement is smooth and nonrepeti-

tive within a segment of object contour, stopping or shifting direction when a contour

segment ends, and it does not occur on a homogeneous surface.

7. The “part motion test” (part motion) is the act of making a part move, by applying

force to the part while stabilizing or applying counterforce to the rest of the object.

We only de�ne this EP when there exists a moving part.
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8. The “function testing” (speci�c function) executes movements that actually perform

certain functions. The movements and functions of interest here are running the

�nger along a conduit, placing the hand or �nger into a container, making noise with

a noisemaker, or pinching together the ends of a pincer.

9. In “shaking” (inertia, mass), hands moves an object in a relatively abrupt manner or

irregular paths.

10. “Scanning” is to move the hand across different locations to detect if there is or is no

presence of any haptic effects.

11. ”Tool-mediated” user manipulations refer to using tools to explore objects. The ges-

tures vary with tools.

12. The ”passive” refers to that users do not have to move to receive feedback.

3.3.3 HapticStimuli

Haptic stimuli refer to physical changes that are generated by haptic interfaces and per-

ceived by users to form haptic sensations. Knowing haptic stimuli causing speci�c per-

cepts and machine mechanisms that generate the stimuli is essential to designing interfaces

to simulate haptic sensations. This forms a prerequisite understanding for designing haptic

interfaces, and in other words, the haptic stimuli dimension bridges the theoretical aspects

of human perception and technical aspects of machine stimuli of any haptic interface.

If categorizing the interfaces through the lens of haptic perception processes (Fig-

ure 3.2), whereas prior reviews [13, 106, 85] often con�ne haptic stimuli to on-body

changes that happen when users' body is contacting an object, we include prior-contact

and post-contact stimuli. Prior-contact stimuli are proximate objects with haptic properties

identical to virtual counterparts. Post-contact stimuli refer to in-body changes triggered by

the on-body changes. The on-body changes trigger mechanoreceptors embedded in hap-

tic organs to emit electrochemical signals traveling through nerve systems to the central

34



Figure 3.2: Haptic stimuli.

cortex, �nally forming a percept. Post-contact stimuli address haptic simulation with elec-

trical signals on the mechanoreceptors, nerves, and brain. In summary, the haptic stimuli

dimension has the following �rst-level values:

1. Proximate objects, which refer to objects with haptic properties similar to virtual

counterparts.

2. On-body mechanical effects, which refers to mechanical effects that resemble what

would happen to a human body during natural interactions.

3. Electrical signals, which refer to electrical signals that resemble those generated by

a body during natural touches.2

Here, we explain the stimulus categories with an example of simulating the haptic sen-

sations of pressing a button:

1. To provide a proximate object. Researchers have presented many mechanisms mim-

icking the haptic properties of physical buttons using, e.g., motorized mechanisms

[137], pneumatic [138], kirigami structures[76], membrane domes [139], magnetic

materials [70, 140, 72, 71], and methods to position the physical equivalents in virtual

worlds, such as using robotic arms [141].

2Haptic interfaces that only rely on post-contact electrical signals is out of the scope of this project as they
present no mechanical actuation.
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2. To apply on-body mechanical effects identical to that happen while pressing a but-

ton. For example, Moscatelli et al. created a push-button illusionary by modifying

the contact area on a �nger, which induced an erroneous estimation of �nger dis-

placement [142]. And Ito et al. [143] create a quasi-click sensation in midair by

vibrating skin at neutral positions and action completion positions with ultrasound

focuses.

The following subsections elaborate on the haptic stimuli dimension, discussing the

categories of values in terms of rendered haptic properties, correlated user manipulations,

and requirements on actuating mechanisms and interfacing methods (see the list of values

in Figure 3.1 and the example interfaces for the values in Table A.3 in Appendix).

Proximate objects

Providing physical proxies focuses on creating objects resembling virtual counterparts and

requires less knowledge of the further haptic perception process. The challenge lies in

using limited physical objects to resemble the extensive variability of digital worlds. We

introduce two types of proximate objects and explain ways to extend their variability below.

Whole proximate objects. Whole proximate objects refer to objects substituting the

whole of a virtual object and are suitable to simulate global properties, like shape, weight

distribution, and internal mechanics. To increase the variability of whole proximate objects,

researchers have leveraged shape-changeable, modular, and active mechanisms. HapTwist

[144] employed twistable structures to resemble the shape of various hand-graspable ob-

jects. Transcalibur [145] (Table 3.1) and Shifty [146] changed internal weight distributions

to improve the perception of objects in different shapes. ElastOscillation [90] was a hand-

held device that adjusts its internal mass movement by altering the lengths of elastic strings

connected to the mass to simulate, e.g., shaking a container with liquid. Drag: on [147]

presented a handheld controller in folding-fan design that adjusts folding levels to provide
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