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Abstract

Force feedback has unique qualities to offer in a world that is slowly moving towards interfaces that 

become more organic and dynamic as technology gets more interwoven into the fabric of everyday life. 

Yet, little is known about how to design for force feedback and how its potential can be exploited for more 

intuitive and rich interactions that take full advantage of the haptic sense. This thesis aims to inspire 

further exploration of the haptic design space by contributing a design perspective on force feedback:

A Design Perspective on the Force Feedback Design Process and Tools - This thesis presents 

the findings from an interview study with trained interactions designers who have experience with 

the development of haptic user interfaces. The insights into the designers’ approach, as well as the 

challenges and obstacles they face, provide a new perspective on the haptic design process that has 

not been addressed in prior work. The insights of the analysis of the haptic design process informed the 

design of Feelix - a haptic authoring tool that enables sketching and refinement of haptic effects. Various 

features are integrated in Feelix that address challenges and obstacles that designers are facing during 

the process. This thesis presents the design of Feelix and the evaluation of the tool through workshops 

and longitudinal studies with researchers and students with different educational backgrounds from two 

different universities.

A Design Perspective on the Design of Force Feedback in Relation to Shape Change - The 

combination of the visual and the haptic modality in shape changing interfaces provides compelling 

opportunities for active force feedback in shape changing interfaces that yet have to be explored. The 

work presented here aims to inspire further exploration of the haptic design space in this direction by 

looking at the design of force feedback in relation to shape change, as well as providing a starting point 

for further exploration into the design of active force feedback through shape change.
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Resumé

Kraftfeedback stiller unikke muligheder til råde i en verden, der langsomt bevæger sig mod mere 

organiske og dynamiske interfaces, efterhånden som teknologi bliver vævet mere ind vores hverdag. 

Alligevel vides der ikke meget om, hvordan man bedst designer kraftfeedback, eller hvordan dets potentiale 

kan udnyttes til mere intuitive og rige interaktioner, der udnytter den haptiske sans (følesansen) fuldt 

ud. Denne afhandling har til formål at inspirere til videre udforskning af det haptiske designrum ved at 

bidrage med et designperspektiv på kraftfeedback:

Et designperspektiv på kraftfeedback designprocesser og redskaber til kraftfeedback - Denne 

afhandling præsenterer resultater fra en interview-undersøgelse med uddannede interaktionsdesignere, 

som har erfaring med udvikling af haptiske brugergrænseflader. Det resulterende indblik ind i designernes 

tilgang, samt de udfordringer og forhindringer, de møder, giver et nyt perspektiv på den haptiske 

designproces, som ikke tidligere er blevet adresseret. Indsigterne fra analysen af haptiske designprocesser 

er blevet anvendt i udviklingen af Feelix - et redskab til haptisk redigering, der muliggør skitsering og 

forfinelse af haptiske effekter. Feelix indeholder diverse funktioner, der adresserer udfordringer og 

forhindringer, som designere møder undervejs i processen. Denne afhandling præsenterer Feelix’ design 

samt evalueringen af redskabet gennem workshops og en longitudinel undersøgelse med forskere og 

studerende fra forskellige uddannelsesmæssge baggrunde fra to forskellige universiteter.

Et designperspektiv på design af kraftfeedback i relation til formskift - Kombinationen af den 

visuelle og den haptiske modalitet i formskiftende brugergrænseflader giver attraktive muligheder for 

aktiv kraftfeedback i formskiftende brugergrænseflader, som endnu ikke er blevet udforsket. Det arbejde, 

som præsenteres her, stiler mod at inspirere til videre udforskning af denne retning i det haptiske 

designrum ved at se på design af kraftfeedback i relation til formskift, samt ved at udgøre et udgangspunkt 

for yderligere udforskning af design af aktiv kraftfeedback gennem formskift.
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1

Despite advances in the field, haptic interaction design is still at an early stage of 

development. The majority of developments have focused on simulating haptic 

experiences for Virtual Reality, robotic surgery, touchscreens and the like. Force 

feedback has proven effective in the context of shared control systems, for learning, 

or to enhance precision, along with a huge number of applications that make use 

of force feedback to improve performance and functionality. However, I believe 

that further exploration of the haptic design space requires more imagination 

regarding what could be possible with this interaction modality, especially now 

that technology is becoming more interwoven into the fabric of everyday life. The 

work in this thesis aims to spark this imagination as well as explore the means 

that designers need to realize their imaginations. Designers need to be equipped 

with design tools and knowledge to work more efficiently with force feedback as 

a design material. Currently, haptic interaction design is not yet at the stage it 

needs to be in order to fully exploit the unique qualities of force feedback in user 

interface design. This work aims to contribute to the field by providing a design 

perspective on force feedback.
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Glossary

Artificial Intelligence (AI) concerns the theory and development of 

intelligent behavior in computer systems. Intelligent behavior comprises 

the ability to perceive, reason, learn, communicate, and act in complex 

environments. This also includes understanding this kind of behavior in 

other computers, humans or animals (Nilsson and Nilsson, 1998).

Cutaneous sensations arise from stimulus to the receptors in the skin 

responding to warmth, pain, and pressure (Paterson, 2007). That comprise 

the perception of sensations like touch, temperature, texture, and vibration 

(MacLean, 2008).

Force feedback comprises directional forces that are perceived through the 

kinesthetic sense. Devices that provide force feedback are often grounded 

against an object or the body in order to provide resistance or motive force 

(MacLean et al., 2017). Ungrounded force feedback devices make use of 

momentum or weight to generate force that can be perceived on the body. 

Graphical User Interface (GUI) a visual way of interacting with a computer 

using items such as windows, icons, and menus used by many modern 

operating systems.

Haptic comprises the different factors of the sense of touch (Paterson, 

2007). The term refers to the cutaneous sensations gained from the skin as 

well as the kinesthetic perception of force and motion perceived in joints, 

tendons and muscles (MacLean et al., 2017).

Haptic feedback encompasses feedback that is perceived through the 

kinesthetic and cutaneous senses.

Human-computer Interaction (HCI) is an interdisciplinary research field 

that focuses on the design and use of computer technology. The research 
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The future can be envisioned through various lenses (e.g. (Aarts and Wichert, 2009; Lyytinen and 

Yoo, 2002; Weiser and Brown, 1997)). It is not simply one lens that provides the right perspective, 

they all show slightly different directions in which society and technology could be heading. The 

overarching direction is evident; technology is getting more and more interwoven into the fabric 

of everyday life, as our environment is becoming more saturated with sensors and actuators, and 

materials that are gaining programmable functionalities. One of these visions, that I would like 

to focus on here, labels interfaces as ‘Things’ and ‘Beings’ that can coexist or be combined with 

conventional interfaces or ‘faceless’ interfaces controlled by voice- or gesture-based input (Janlert 

and Stolterman, 2017). The reason I would like to focus on this perspective is because it showcases 

why force feedback can become an intriguing design material for interaction with future interfaces. 

Janlert and Stolterman (2017) describe Things as artefacts that have similar affordances as traditional 

objects, i.e. move, squeeze, twist and so forth. In contrast to normal objects, Things have the ability to 

challenge everyday experiences (e.g. by responding to tangible interactions in ways that do not adhere 

to the rules of physics) and can exhibit expressive qualities. One could think of Things as complex 

systems that are pre-programmed, but still capable of showing complex behaviours and expressions. 

Moving one step further, there are Beings which exhibit agency, can learn, and act based on their 

own intentions. One could think of these as Artificial Intelligence. Janlert and Stolterman suggest that 

interactions with Beings will become more like getting along with a cat or dog. This resonates with 

the idea that intelligent systems are taking on different roles; closer to partner or advisor instead of 

simply following up on explicit user input (e.g. (Xu, 2019)). 

These developments introduce new ways in which we can interact with our environment. 

Interactions we have yet to explore how to design for. As interaction with these Things and Beings 

are getting exceedingly complex, we need to explore how different modalities can be used to facilitate 

interaction and communication. Considering the tangible and expressive qualities of Things and Beings, 

shape change and haptics, in particular force feedback, have unique qualities to offer in this context. 

Despite this potential, the majority of the research in shape change is focused towards resolving 

Introduction
involves observations and analysis of interactions between people and 

computer systems and the design of interfaces that let people interact with 

computers.

Kinesthetic sensations are perceived in joints, tendons and muscles. 

Including force production, body position, limb direction, and joint angle 

(MacLean et al., 2017).

Shape Changing Interfaces (SCI) use their physical shape as input and/

or output in interactinos between people and computer systems. These 

interfaces take advantage of people’s haptic sense and instinctive perception 

of shape and movement to convey information, meaning, or affect (Alexander 

et al., 2018). 
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technical challenges related to material movement, while haptics remains challenging with these new 

materials and actuation methods, because of the required forces and fast response time for force 

feedback in user interfaces. However, it is possible to take a step back and use the haptic technology 

that is available now to explore and mimic interactions that can be designed in the organic and dynamic 

interfaces of the future, to develop guidelines for how motion and force can contribute to interaction 

and communication with such interfaces. This way we can explore which qualities need to be developed 

in materials to utilize the unique qualities of force feedback for interaction with future interfaces.

Until recently, force feedback was mainly studied in the lab, due to the required computation 

power, technology, and complexity to generate this type of haptic feedback. As computation power has 

increased and actuators have become smaller, it has become possible to explore with this technology 

in user interfaces. However, haptic interaction design is at an early stage of development especially 

when compared to, for instance, visual and audio design (Schneider et al., 2017). This can be attributed 

to a number of modality specific challenges that need to be overcome (MacLean et al., 2017). The work 

presented in this thesis aims to address some of these challenges, explore how force feedback can 

become an easy-to-use design material for the development of user interfaces, and inspire further 

exploration of the haptic design space by contributing a design perspective on force feedback:

A Design Perspective on the Force Feedback Design Process and Tools - This thesis starts with a 

design perspective on the haptic design process. Prior studies on the haptic design process analysed 

the haptic design process with a focus on experts in industry and academia (Schneider et al., 2017) and 

the process of novice hapticians who developed multimodal interactions with a haptic toolkit (Seifi 

et al., 2020). To elaborate on these insights, Chapter 2 presents an analysis of the design process of 

trained interaction designers who have experience with the development of haptic user interfaces. 

The analysis focuses on the design of force feedback as well as the integration of force feedback 

technology in the diverse user interfaces designed by participants. The interview study provides 

insight into the designer’s approach as well as the challenges and obstacles they faced during the 

process, contributing a new perspective on the haptic design process that has not been addressed in 

prior work. In addition to this perspective on the haptic design process, the work in this thesis focuses 

on the design of tools to support designers with the design and implementation of force feedback. 

The focus on tools and methods for designers was motivated by the blurred boundaries between 

material and technology, and between different disciplines. These developments create opportunities 

for interaction design, which becomes more interdisciplinary, requiring more in-depth expertise in 

fields like social sciences, psychology, engineering, material science, biology, and computer science. 

To cope with the increasing complexity, designers need to extend their skillset, and need tools and 

guidelines that enable them to design for these complex interactions. This is addressed in Chapter 3, 

which introduces Feelix, a haptic authoring tool for designers. The design of Feelix was informed by 

the findings presented in Chapter 2 and insights derived from literature on haptic tools and the haptic 

design process. A variety of features was integrated in Feelix to address the challenges and obstacles 

that designers face during the process. The chapter concludes with an evaluation of these features 

through workshops and longitudinal studies with researchers and students with different educational 

backgrounds from two different universities.

A Design Perspective on the Design of Force Feedback in relation to Shape Change - The second 

perspective presented in this thesis focuses on the development of design guidelines for the design of 

feedback through force feedback and shape change in user interfaces. The combination of the visual 

and the haptic modality in shape changing interfaces provides compelling opportunities for active 

force feedback in shape changing interfaces that yet have to be explored. The work presented in this 

thesis explores this potential of force feedback in two strands of work, which are presented in Chapter 

4 and 5. The individual chapters address two potential relationships between these two modalities: 

force feedback through shape change, and force feedback in combination with shape change. Chapter 

4 explores the input affordances of shape changing interfaces for the development of an interaction 

repertoire. This study serves as a basis for further exploration of the perception and design for active 

force feedback in shape changing interfaces. Thereafter, the combination of the two modalities is 

explored in the context of dynamic rotary controls, which is presented in Chapter 5. The chapter 

explores the relationship between haptic feel, shape, and functionality in rotary knobs to inform the 

design of a shape changing control knob, DynaKnob. The chapter concludes with an evaluation of 

DynaKnob in terms of user experience, usability, and performance. 

The two presented perspectives come together in the Chapter 6, where opportunities for force 

feedback in future interfaces are discussed to envision how force feedback can shape interactions 

with future interfaces. Ultimately, to inspire designers to explore the potential of force feedback in 

some of the directions in which Human Computer Interaction is expanding.



2120

Methodology and Approach

The following section discusses the approach taken to the research presented in this thesis and 

describes the motivation behind the choices for the different methodologies. The work consists of two 

parts that address the two different perspectives on force feedback that have been discussed in the 

introduction. The overall aim of the work is to contribute design support for force feedback in the 

form of a haptic tool and design guidelines. The first perspective (Chapter 2 & 3) aims to elaborate 

on the insights into the haptic design process from prior work by looking at the design process of 

interaction designers. The analysis focused on the design of force feedback and the implementation of 

the haptic technology to inform the design of haptic authoring tools. The second perspective  (Chapter 

4 & 5) aims to work towards the development of design guidelines for force feedback in haptic user 

interfaces from a multimodal perspective, in particular force feedback combined with shape change. 

Given the difference in research objectives related to the aforementioned perspectives on force 

feedback, several research methods have been combined. A qualitative approach was selected to address 

the aims of the perspective on the force feedback design process and tools, while a mixed-methods 

approach was taken to explore the perspective on the relationship between force feedback and shape 

change for interaction design. Overall, the research presented in this thesis includes the following 

methods: semi-structured interviews (Chapter 2), field evaluations in the form of workshops and projects 

(Chapter 3), elicitation study (Chapter 4), and a mixed-methods approach with emphasis on quantitative 

analysis (Chapter 5). Here, the choices for these methodologies are discussed in more detail.

Interview Study - Chapter 2 presents the findings from the analysis of the inverview study regarding 

the haptic design process of trained interaction designers. The aim of the study was to learn from their 

design approach and analyse the challenges and obstacles that could be mitigated with haptic tools 

and design support. A semi-structured interview methodology (Galletta, 2013) was chosen, because it 

lends itself well for the analysis of the haptic interaction design process of trained interaction designers. 

As it provides the freedom to discuss topics relevant to the participant’s personal experience in more 

depth. Participants were selected based on their educational background in Industrial Design, and 

experience with the design of force feedback derived from the development of several haptic user 

interfaces during the two-year graduate programme. The interview additional included reflections on 

my personal experience with the haptic design process. These reflections were included in the study in 

the form of a fourth participant. All participants received the same competence-based and self-directed 

education in Industrial Design, through which they developed a broad range of skills and knowledge 

for the development of interactive and intelligent products, systems, and services. This educational 

model allowed designers to develop a personal approach to interaction design and emphasize different 

competencies to steer their personal development. Even though this reduced the correlations between 

the participants’ experiences, it inevitably affects the generalizability of the findings. During the analysis 

of the findings, a coherence was observed between the types of activities that were performed during the 

process. These findings are expected to be generalizable among a wider audience. However, the approach 

taken to the individual activities is strongly influenced by the participants’ background, preferences, and 

work processes, as well as the design goals and decisions. 

The preparation for each interview consisted of collecting and analysing documentation about 

the participant’s projects to find relevant avenues for discussions. A general interview template was 

created, which was customized for each interview to include important discussion points relevant to the 

participant’s experience. The general interview template is available in Appendix A. The interviews were 

semi-structured (Galletta, 2013) and conducted in open-ended manner in which follow-up questions 

were asked as emergent findings arose. The resulting data was analysed following the steps of thematic 

analysis (Clarke and Braun, 2014), starting with familiarization with the data, generation of initial codes, 

search for themes, reviewing themes, and refining the themes and the overall narrative iteratively. First, 

the data collected about the participants’ design processes were analysed to find common themes. This 

data consisted of project documentation and interview data. The resulting themes were analysed in 

relation to my personal reflections on the haptic design process to find commonalities. This order was 

chosen to mitigate the influence of my personal experience on the analysis of the experience of the 

participants. For the identification of implications for the design of haptic authoring tools, the insights 

from the interview study were analysed in relation to findings from prior work (e.g. (MacLean et al., 2017; 

Schneider et al., 2017; Schneider and MacLean, 2016; Seifi et al., 2020; Swindells et al., 2006)).

Field Evaluation – For the evaluation of the haptic authoring tool, Feelix, presented in Chapter 3, 

a combination of workshops and longitudinal evaluations was chosen. The initial aim of the workshops 

was to explore how students with different educational backgrounds used Feelix for the design of haptic 

effects. In particular, whether they understood the graphical notation that was implemented in Feelix for 

the design of the haptic effects, and whether they were able to translate their ideas into haptic experiences 

with the edit tools and features that were available in Feelix. The aim of the longitudinal evaluations was 

to evaluate the support provided by Feelix for the integration of the haptic technology into user interfaces 

and the design of multimodal and data-driven haptic effects. Participants consisted of two groups of 
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students with different educational backgrounds including computer science, IT product development, 

and industrial design. Students with different educational backgrounds and design goals were selected 

to explore the generalizability of the findings derived from the analysis of the haptic design process of 

interaction designers, which was conducted among participants with similar educational backgrounds. 

The evaluation was initially conducted among students from the Multimodal Interaction course at 

Aarhus University, and the Interactive Materiality course at Eindhoven University of Technology. Their 

participation in the workshops was voluntary as well as the possibility to use Feelix and the haptic motor 

for their course project. The overall structure of the evaluation was as follows:

1. Workshop 1 - simple design exercise with Feelix

2. Workshop 2 - haptic icon design exercise with Feelix

3. Longitudinal evaluation - the development of an interactive prototype. 

The first workshop day was oriented towards familiarization with Feelix and the haptic technology 

using a simple design exercise. Followed by a more elaborate exercise for workshop 2, designed to gain 

insights into explorations with haptic design using Feelix. In each course, project groups were provided 

the opportunity to use Feelix and the haptic motor for their project. The data from the longitudinal 

evaluation encompassed project reports and short interviews that focused on the participants’ experience. 

As teaching assistant for the Multimodal Interaction course, I was able to observe the design process and 

detect and respond to issues with Feelix, including challenges with the design of the haptic effects and the 

implementation of the technology. This was more difficult to coordinate with students from the Interactive 

Materiality course who mainly had to rely on remote support. The findings derived from the initial workshops 

that were held as part of the courses did not provide sufficient insights to answer the research questions. 

Therefore, later in the process, phd students and postdocs from the Computer Science Department were 

asked to complete the same exercises with Feelix that were presented at the workshops (see Appendix B). 

At this point, a more stable version of Feelix had been released and the questionnaires had been revised to 

collect more information regarding the participants’ interpretation of the graphical notation. All versions 

of the pre-questionnaire are available in Appendix C and D, the evaluation questionnaire is available in 

Appendix E and F. Similar to the interview study, all data were analysed using thematic analysis (Clarke and 

Braun, 2014) following iterative grouping and coding principles. 

Elicitation Study – the aim of the elicitation study (Chapter 4) was to generate a vast repertoire 

of deformation techniques for interactions with shape changing interfaces with different deformable 

characteristics. To accomplish this, a gesture elicitation method (Villarreal-Narvaez et al., 2020) was 

chosen, which are typically used to find input gestures for interactions with user interfaces. In contrast 

to many elicitation studies, the objective was not to find the most appropriate gesture for a particular 

interaction. Instead, the aim was to develop a repertoire that could be explored in future work. The 

study was motivated by the potential for active haptic feedback in shape changing interfaces. When 

designing active force feedback in shape changing interfaces opposed to conventional haptic pointing 

devices, knobs, and sliders, the perception of the haptic experience is affected by the way the interface 

is grasped and deformed. Shape changing interfaces with a versatile morphology exhibit more diverse 

action possibilities. The aim of this work was to create an overview of the deformation techniques that 

could be employed to realize different types of deformations. The proposed interaction techniques were 

recorded and the recordings were later timestamped and coded. A visual representation was created 

from the first and last frame of the recorded deformation technique to create a visual overview for initial 

grouping of deformation techniques. Through iterative coding and grouping themes were established 

following thematic analysis principles (Clarke and Braun, 2014). After the themes were identified, the data 

was analysed using statistical analysis. An overview of the data is available in Appendix G.

Mixed-method Approach – the combination of force feedback and shape change was explored in 

the context of dynamic rotary knobs (Chapter 5). For the purpose of this evaluation, a mixed-method 

approach was chosen with emphasis on quantitative analysis. The work presented in chapter 5 

encompasses three studies. The aim of the first study was to explore the relationship between force 

feedback and different shapes in rotary knobs. A controlled lab approach (Koskinen et al., 2011) was chosen 

in combination with a co-design (Sanders and Stappers, 2008) element. The study combined Likert 

scale ratings for the presented combinations of knob shape and haptic stimulus with a short qualitative 

evaluation. Participants were asked to clarify their highest ratings for different combinations of knob 

shape and haptic stimulus. They were also given the opportunity to design their own stimuli for each of 

the knob shapes. This combination of quantitative and qualitative analysis allowed for statistical analyses, 

the resulting insights could be explained with the qualitative data. The second study aimed to evaluate the 

usability and user experience of the dynamic rotary knob. A controlled lab study lends itself well for this 

purpose, as it allows for analysis of the effect of different factors on the usability and user experience. In 

the controlled environment, participants performed a set of predefined tasks under different conditions. 

Their experience was evaluated subjectively using the SUS (Brooke, 1996) and AttrakDiff (Hassenzahl et al., 

2003) questionnaire to collect quantitative data, which was complemented with open questions in the 

form of a brief interview that provided insights into the participants’ experience. The chapter concludes 

with a performance study conducted in a controlled lab environment. The performance study focused 

exclusively on the collection of quantitative data derived from measurements of speed and task precision 

of a set of predefined interactions with the dynamic rotary knob. The interactions were recorded to 

analyse the manners employed to grasp the knob. 

This section discussed the different research methodologies that have been employed in the research 

presented in this thesis. The approach and motivation behind these methodologies has been discussed 

for each study individually. The studies are described in more detail in the following chapters. The 

perspective on the haptic design process and tools will be discussed in chapter 2 and 3. Followed by the 

perspective on the interplay between force feedback and shape change is presented in chapter 4 and 5.



This chapter describes an interview study that has 

been published in ICMI 2020. This work was co-

authored by Miguel Bruns and Eve Hoggan. 

Anke van Oosterhout, Miguel Bruns, Eve Hoggan. 2020. 

Facilitating Flexible Force Feedback Design with Feelix. 

In Proceedings of the 22nd International Conference on 

Multimodal Interaction (ICMI’20). 

Force Feedback 
Design Process 

Force Feedback 
Design Tool

This chapter describes the design, implementation, 

and evaluation of Feelix, which can be partially found 

in the paper published in ICMI 2020. The evaluation is 

presented in the unpublished manuscript: Evaluating 

Feelix; a Haptic Authoring Tool for Designers.

CHAPTER 2  

CHAPTER 3  

Thesis Structure

The work presented in this thesis is based on four 

publications: three papers and one demo paper, and two 

unpublished manuscripts of which one work-in-progress. 

Chapter 2 is based on an interview study with 

trained interaction designers (van Oosterhout et al., 2020) 

contributing a new perspective on the haptic design 

process based on the insights from interviews with trained 

interaction designers. In Chapter 3, the findings from the 

analysis and prior work are translated into requirements 

for a haptic authoring tool, which informed the design of 

Feelix - a haptic authoring tool for designers. The chapter 

presents the design and implementation of Feelix, 

followed by an evaluation of the tool with researchers and 

students from two different universities. 

Chapter 4 presents a study designed to establish a 

repertoire of interaction techniques with shape changing 

This chapter presents the results of a work-in-

progress study, which is presented in the late-

breaking work paper: Deformation Techniques for 

Shape Changing Interfaces.

Force Feedback
through Deformation

Force Feedback 
and Shape Change

This chapter is based on one demo published at UIST 

2018, one published at DIS 2019, and one at DIS 2020. 

The work was co-authored by Eve Hoggan, Majken 

Kirkegård Rasmussen (first paper), and Miguel Bruns 

(first and second paper).

Anke van Oosterhout, Majken Kirkegård Rasmussen, Eve 

Hoggan, and Miguel Bruns. 2018. Knobology 2.0: Giving Shape 

to the Haptic Force Feedback of Interactive Knobs. In The 31st 

Annual ACM Symposium on User Interface Software and 

Technology Adjunct Proceedings (UIST ‘18 Adjunct).

Anke van Oosterhout, Eve Hoggan, Majken Kirkegaard 

Rasmussen, and Miguel Bruns. 2019. DynaKnob: Combining 

Haptic Force Feedback and Shape Change. In Proceedings of the 

2019 on Designing Interactive Systems Conference (DIS ‘19). 

Anke van Oosterhout and Eve Hoggan. 2020. Reshaping 

Interaction with Rotary Knobs: Combining Form, Feel 

and Function. In Proceedings of the 2020 ACM Designing 

Interactive Systems Conference (DIS ‘20).

CHAPTER 4

CHAPTER 5  

interfaces, which serves as a basis for further exploration 

into the design of active force feedback for shape 

changing interfaces. Chapter 5 explores the relation 

between force feedback and shape change in the context 

of rotary controls. Starting from an exploration between 

the shape of a knob, its haptic feel, and functionality (van 

Oosterhout et al., 2018b; 2019), followed by the design and 

implementation of DynaKnob, a dynamic rotary knob 

that can morph into four distinct shapes whilst providing 

dynamic force feedback (van Oosterhout et al., 2019). The 

chapter concludes with an evaluation of DynaKnob in 

terms of usability, user experience, and performance (van 

Oosterhout and Hoggan, 2020). Chapter 6 discusses future 

work for the design of force feedback and shape change 

in future interfaces.
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As an ongoing trend, the focus of design is shifting more and more towards user 

experience. Yet, haptic interaction design is still at an early stage of development 

(Schneider et al., 2017). Despite the important role of haptics in user experience 

design and the possibilities that have emerged in recent years for active haptic 

technology in user interfaces, designers still face many challenges that can turn 

the design process into a slow and painful experience (Schneider et al., 2017). 

These obstacles and challenges can steer the focus away from designing for the 

user experience. Therefore, designers need better tools and design guidelines 

that enable them to focus on the actual design of the haptic and multimodal 

experience, and provide sufficient freedom to explore and integrate haptics in 

novel and surprising ways. The work presented in this thesis provides a design 

perspective on force feedback. Starting with an analysis of the haptic design 

process trained interaction designers engage in when developing haptic user 

interfaces. The haptic design process has been analysed in prior work from 

different angles (Schneider et al., 2017; Seifi et al., 2020), focusing on different 

user groups and different aspects of the design process. The aim of the work 

presented in this chapter is to contribute a new perspective from the point of view 

of trained interaction designers, with a focus on the design and implementation of 

force feedback in haptic user interfaces.
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The work presented in this chapter is 

based on the analysis of the haptic 

design process published in ‘Flexible 

Force Feedback Design with Feelix’ 

(van Oosterhout et al., 2020). It 

elaborates on the challenges related 

to the haptic design process that were 

identified in prior work and describes 

the findings from the interview study 

in more detail.

Background Work in Haptic Design
Haptic Design Challenges

Designing for the haptic sense is challenging. Partially, as a consequence of the complexity of the 

haptic sense. A haptic experience is composed of different parameters that are qualitatively distinct, 

like the roughness of a texture, the pressure exerted by an object, the heat transferred between the 

material between the skin, and various others parameters that contribute to the haptic experience. 

The combination of these parameters make up the haptic experience, which is difficult to reproduce, 

classify and memorize (MacLean, 2000). The technologies used to generate haptic sensations are often 

limited to manipulating only one of the parameters that make up the haptic experience (MacLean et al., 

2017). The different technologies also vary in expressive nature and can be difficult to integrate with 

materials and other modalities (MacLean et al., 2017), often posing challenges related to latency and 

timing (Schneider et al., 2017).

In addition to the inherent complexity of the haptic sense and the challenges posed by variability in 

hardware, the knowledge about the design process is somewhat limited. MacLean at el. (2017) address 

challenges and needs related to the design of haptic and multisensory experiences, and provide models 

and guidelines for the design of multimodal interactions. Schneider et al. (2017) provide an ‘in the wild’ 

perspective on haptic interaction design and the challenges professional designers face in industry. 

These efforts revealed obstacles with major design activities like browsing, sketching, refining, and 

sharing. Building on this work, Seifi et al. (2020) elaborate on these activities by comparing the design 

activities undertaken by novice and expert practitioners and provide guidelines for haptic design support 

for novices based on analysis of the design process of multimodal experiences created with different 

haptic toolkits (Gallacher et al., 2016; Martinez et al., 2016). 

Besides browsing, sketching, refining, and sharing, evaluation is an essential part of the iterative design 

process, and essential to examine the value of haptics, which is often difficult to articulate (Schneider et 

al., 2017). Recent work by Kim and Schneider provides a theoretical model developed to evaluate haptic 

experiences (Kim and Schneider, 2020). The model comprises four key components: Design parameters, 

usability requirements, experiential dimensions, and personalization. Providing a basis for quantification 

and evaluation of haptic experiences. 
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The analyses of the haptic design process in prior work shows that there is a lack of tools to support 

the haptic design process (MacLean et al., 2017; Seifi et al., 2020). An ecosystem of haptic tools is needed to 

support various stages and activities in the haptic design process (Seifi et al., 2020). For the development of 

tools, methods for notation and representation are needed that correlate with the user’s perception of the 

haptic experience (MacLean et al., 2017; Seifi et al., 2020). This is important for activities like classifying and 

organizing haptic effects for efficient browsing and sharing (Seifi et al., 2015), but also for the development 

of effective techniques and methods for the design of haptic effects. Additionally, further support for 

rapid prototyping, debugging, and remote sharing is needed (Seifi et al., 2020). Novices could benefit from 

support for the design of haptics for multimodal experiences. Currently, there is a shortage of examples, 

guidelines, and expertise for the design of haptic and multisensory experiences (MacLean et al., 2017). 

More theory and practical guidelines are needed to support haptic design, a better infrastructure that 

enables sharing of haptic effects, and an ecosystem of haptic authoring tools for browsing and conceptual 

design, as well as sketching and refinement (Seifi et al., 2020). 

The complexity of the haptic sense and the large variability in hardware also causes variability in 

design processes, approaches, needs, and tools. While there are many similarities between the design 

processes and challenges with haptic technologies, there are also fundamental differences in terms of 

implementation and feedback design. Additionally, different technologies are often used for different 

applications. For example, vibrotactile feedback is often used for notifications, whereas force feedback 

is more applicable for shared control applications. The work presented in this thesis solely focuses on 

the design and implementation of force feedback. Force feedback has received less attention in research 

and industry compared to vibrotactile feedback, despite the interesting potential that this technology 

provides. The first chapter aims to elaborate on the insights discussed above by providing a design 

perspective on force feedback based on an interview study with trained interaction designers who have 

experience with the development of haptic user interfaces. 

Force Feedback Design Process
Findings from an Interview Study with Trained Interaction Designers

This section provides an overview of our analysis of the design process of trained interaction designers. 

It presents the obstacles and challenges that designers face when working with force feedback. The findings 

contribute to our understanding of the haptic design process and can be used to inform the design of force 

feedback authoring tools.

Methodology
The analysis of the design process is based on an interview study conducted among a group of trained 

interaction designers. The interview study focused on the design process interaction designers engage 

in when designing and implementing haptic force feedback in their designs. The analysis addresses their 

design approach, and the obstacles and challenges they encountered along the process. In addition to the 

interview data, available documentation about the design process of the haptic user interfaces designed 

by participants was analysed to gain further insight into their design process. A semi-structured interview 

method was chosen, which started from general open-ended questions complemented with questions that 

arose from the analysis of the available documentation. This was complemented with follow-up questions 

when emerging findings arose. The interviews lasted 50 minutes on average.

Participants - For the interview study, three interaction designers were recruited through our 

professional network. The designers were selected based on their experience with the design of haptic user 

interfaces, all using the same technology. In addition, we reflected on our personal experience with the 

design of haptic user interfaces. Including the author, a total of four designers participated in the study (2 

male and 2 female). All participants received the same five-year training in interaction design and have up to 

three years of work experience. During this period, they have gained experience with force feedback design 

through multiple projects. The majority of these projects were part of the participants’ graduate studies 

and lasted one to two semesters on average. Despite the fact that all projects were built using the same 

haptic technology, the design process and the manner in which the technology was applied were different. 

Participants worked individually on these projects with the exception of ‘FRANK’ (Jose Amorim et al., 2019). 
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Haptic User Interfaces

A brief overview is presented of the most salient haptic user interfaces designed by participants 

(Figure 2.1), to paint a picture of the haptic user interfaces designed by participants and the way they 

implemented the force feedback technology. These samples have been selected because they are publicly 

accessible, and showcase different ways in which haptic technology can be applied. For all projects, the 

haptic technology was similar, but the design process and the manner in which participants applied the 

haptic technology were different. The participants worked on multiple projects using the same haptic 

technology; a brushless motor combined with a magnetic rotary encoder with a rotational resolution of 

c. 0.0879°. The 3-phase motor was controlled with the L6234 motor driver and interfaced with a 32-bit 

microcontroller (Arduino Due or Teensy). Some projects required implementation of multiple motors 

and/or microcontrollers. External components like sensors and actuators were implemented using C/

C++. Some projects were interfaced with graphical user interfaces developed with Unity or JavaScript.

Aesthetics of Haptics - This work 

shows how aesthetic qualities of haptic 

sensations in a button and a rotary knob 

can be carefully crafted in a process 

that starts from a material perspective 

(Dassen and Bruns Alonso, 2017).

Ello - This work explores the 

design of aesthetic haptic experiences 

in unison with light, through an 

interactive light, Ello, that lets you 

perceive light through the haptic and 

visual sense (Dassen, 2017). 

Figure 2.1. Examples of haptic 

user interfaces developed by 

participants. A: Ello (Dassen, 

2017) and C: Aesthetics of 

Haptics (Dassen and Bruns Alonso, 

2017) © W. Dassen, D: Accelerator 

Pedal (de Ruiter and Alonso, 

2019) and E: FRANK (Jose Amorim 

et al., 2019) © A. de Ruiter, 

B: Knobology (van Oosterhout 

et al., 2018b), F: Ripple (van 

Oosterhout et al., 2018a).

Accelerator Pedal - An accelerator pedal that provides haptic feedback to guide the user towards an 

energy efficient driving style (de Ruiter and Alonso, 2019).

FRANK - An interactive 3D printed surface that responds to touch (Jose Amorim et al., 2019).

Scribble - A haptic pointing device designed to communicate with autonomous vehicles. The device 

allows the user to draw the desired trajectory of the vehicle which is visualized on a GUI (Ros et al., 2018).

Ripple Thermostat - An interface for an intelligent thermostat that utilizes a combination of force 

feedback and shape change to engage in a dialogue with the user (van Oosterhout et al., 2018a).

Knobology - An exploration of the relationship between a knob’s shape, haptic feel, and functionality 

(van Oosterhout et al., 2018b).

Analysis
The interviews with the participants were conducted orally, data were transcribed and translated to English 

for further analysis. The interview data, the author’s personal reflection, and the available documentation 

about the design projects were analysed using thematic analysis (Ryan and Bernard, 2003), searching for 

repetitions, identifying similarities and differences, and cutting and sorting relevant themes. Resulting in 

two main themes: 1) Design Activities: Approaches and Obstacles, and 2) Implementation of Haptics. The 

sub themes comprise the individual elements of the design process. These are presented in Figure 2.2 to 

illustrate their relation to one another within the haptic design process. 

Findings
This section describes the findings based on the analysis of the collected data. The analysis addresses the 

individual design activities presented in Figure 2.2. For each activity,  the participants’ design approach, and 

the obstacles and challenges they faced are discussed. Starting from the activities presented in the ‘main-

activities’ section. Working towards the integration of haptic technology and design of force feedback in 

relation to external components, which comprise the activities of the ‘test and implement’ section.

The design process illustrated in Figure 2.2 is iterative, but not sequential. Designers can start from 

any activity, and move back and forward between different activities. The visualization of the process only 

illustrates the activities relevant to the haptic design process and does not address the design process of 

external components (e.g. feedback design for other modalities). The process that designers go through 

is influenced by their personal preferences and workflows, and their design choices along the process. 

Design Activities: Approaches and Obstacles 

Participants designed effects based on position and time. For both, position- and time-based effects, 

the complexity can vary. For example, the design of a spring or a friction effect might only require the 

refinement of a few parameters to get the desired experience. While a simple dent can be designed in 

many ways that result in different experiences. Effects can also be static or data-driven, responding to 

changes in the environment or user input. Additionally, haptic feedback is often integrated in a larger 

interactive system as a part of a multimodal experience. When looking at the implementation of haptic 
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technology, designers often made use of mechanisms to convert forces for instance from rotary motion 

to linear motion, gears to increase the torque provided by the motor, or higher-level interaction effects 

between multiple actuators to create the desired experience for their application. 

Regardless of these design choices concerning the design and implementation of the haptic feedback, 

all participants visited the activities visualized in the ‘main-activities’ section in Figure 2.2. The activities 

in dotted boxes were only visited when needed. For instance, visualizations enable designers to grasp 

complex material experiences or explore initial ideas before translating an experience or idea into code. 

The implementation of the haptic technology can also have consequences for the design of the haptic 

experience when transmission components are used, or when forces are translated or combined. These 

criteria have to be taken into account when translating an idea into a haptic experience.  

Explore and Ideate - Before being able to ideate and explore with force feedback design, designers 

need to understand force-based haptic feedback and the types of experiences they can create with it. 

Generally, people have limited experience with active haptic force feedback technologies as opposed 

to vibrotactile technologies. Active force feedback can be found in for example game controllers 

and robotic surgery, but not often in mainstream consumer products. To get acquainted with the 

technology, designers could benefit from examples that paint a picture of the types of experiences, and 

the resolution and scope of the forces that can be generated. Participants often took an explorative 

approach to develop an understanding of the forces generated by the motor, by trying out different 

codes and playing with variables. 

Haptic 
stimuli

Visualization 
of idea

Test

Contextual 
implementation

Evaluate 
value

Design 
criteria

Mechanical
implementation

Main activities 

Test and implement

Explore 
and ideate idea > code

Figure 2.2. Haptic design process derived from the analysis of the design process of 

haptic user interfaces  (van Oosterhout et al., 2020)

From a design perspective, the exploration process can be approached in different ways. To better 

understand the force characteristics of a haptic experience and develop a sense for its aesthetic qualities, 

designers can collect material samples (Dassen and Bruns Alonso, 2017) or develop material sketches. 

Material sketches enable designers to explore with different haptic experiences, similar to the way form 

studies enable designers to explore with shape (Dassen and Bruns Alonso, 2017). Besides material sketches 

and physical examples, inspiration is oftentimes drawn from personal experience (P1-P4). Currently, 

designers have to develop or collect their own material samples to explore with force feedback. The lack 

of examples that can be downloaded for exploration and effective ways to communicate ideas using other 

modalities than the haptic modality poses additional challenges during the design process. Designers 

need ways to communicate and share their ideas (P3) (MacLean et al., 2017; Seifi et al., 2020; Seifi et al., 

2015). Recently, effect libraries have started to emerge for vibrotactile feedback, which enable designers 

to browse for inspiration and share their designs with others (Israr et al., 2014; Seifi et al., 2015).

Ideation for haptic feedback was often steered by concepts related to its application. These concepts 

provide design constraints and requirements that guide the exploration process. At this stage, the overall 

idea and implementation of the haptic feedback is clear, but there is still enough room left to explore with 

different parameters. Participants regularly resorted to sketching techniques to explore the designs they 

could create within the constraints of the design space (P1, P2, and P4).

Translating an Idea or Experience into Code - Designers needed to translate their ideas into code 

to control the motor. This step from a haptic experience to code becomes more difficult when effects 

become more complex. To convert these complex ideas and experiences into parameters that could be 

used to control the motor, participants often resorted to drawing and sketching techniques (P1, P2 and 

P4). Some examples of different visualizations techniques applied by P1, P2 and P4 are shown in Figure 

2.3. All techniques present a combination of force and position in a unique way. The sketches were often 

drawn in a horizontal graph. Few participants used circular representations to visualize the haptic effects 

for rotary interactions (Dassen, 2017; Dassen and Bruns Alonso, 2017; van Oosterhout et al., 2018b), even 

though the majority of the haptic effects represented circular effects. These circular visualizations were 

often used to represent the experience over a full or partial rotation of the motor. With the circular 

representation, designers can better visualize the position of the effect in relation to the position of the 

Figure 2.3. Examples of visualizations of haptic effects designed by participants 

(Dassen and Bruns Alonso, 2017) © W. Dassen, (de Ruiter and Alonso, 2019) © A. de Ruiter,

(van Oosterhout et al., 2018b).
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motor. When ‘zooming-in’ on details of the effect, participants always used horizontal visualizations. On 

the one hand, these visualization techniques simplified the process of translating an idea or experience 

into code. On the other hand, participants mentioned that the resulting effect did not always feel as 

expected. This exemplifies how designers could benefit from a visualization method that provides an 

intuitive representation of the perceived haptic characteristics for the design of position-based effects. 

The same applies to time-based effects that can be created with linear variations in speed, an approach 

that does not require visualization (P1). For the design of more complex time-based effects, visualizations 

methods were represented as a function of position over time (P4). This implies that there is not one 

design or visualization technique that applies well to the design process of the different applications of 

the motor; instead, the methods and representations could vary depending on the nature of the effects.

Design Criteria - The implementation of the haptic technology as part of the physical setup of the 

user interface, can have consequences for the design of the haptic feedback. For instance, forces from 

the motor can be increased with a gear train when required for the application (e.g. accelerator pedal 

(de Ruiter and Alonso, 2019)). The rotational motion from the motor can also be combined with other 

actuators. When forces are converted using translation or transmission components, the displacement 

of the actuated element(s) of the interface is not directly mapped to the displacement of the motor. 

Designers often design their effects with parameters that correspond to the translated output. For code 

development, these have to be mapped back to the rotation of the motor when designing the haptic 

feedback (P1, P2, and P4). Additionally, the restrictions imposed by the implementation and physical setup 

of the device need to be taken into account by a haptic authoring tool. To support flexible integration of 

force feedback technology, designers also need a calibration method that does not require a complete 

rotation and can be restricted to a single direction, and the ability to set an arbitrary start position (P1).

Test - Participants experienced difficulties with the evaluation and refinement of haptic effects 

due to various factors. Designers need to be able to compare haptic effects in order to tweak and 

refine parameters or choose between different effects. This process is inherently challenging due 

to our limited recall of haptic experiences (MacLean, 2008, 2000), making it difficult to compare an 

effect to the ones tested previously, even the immediately preceding one (P1, P2 and P4). This makes 

it also difficult to interpret and relate different haptic experiences with one another. Expressing the 

characteristics of the effect through either visualizations or audio can make it easier to interpret the 

experience of a designed effect (P2, P4) (MacLean, 2008), and at the same time facilitate communication 

about the experience (Seifi et al., 2015), and make it easier for designers to identify errors during the 

debugging process (Seifi et al., 2020). 

For some projects, participants developed their own solutions to overcome the difficulties relating 

to the interpretation and comparison of designed effects. These solutions often provided real time 

adjustment of parameters or comparison between effects either through a digital medium or through 

a physical setup. For example, digital and physical interfaces with buttons and sliders that provide 

basic functionality for instant parameter adjustment. Other methods that were designed for a better 

interpretation of the haptic experience include visualizations that change depending on the force that 

is exerted by the motor (P2), and visual feedback about the position of the motor on top of a visualization 

of the haptic render (P4). During the design process, participants manipulated various parameters of 

designed effects, e.g. sometimes they were trying to find the proper width, the desired sharpness of a 

haptic dent, or simply refining the intensity of the friction provided by the motor (P1 - P4). Therefore, a 

haptic authoring tool should support instant modification of different parameters of designed effects, 

so haptics can be refined to match the desired experience in the given context. This process could be 

supported by a visual programming environment – similar to Grasshopper (Grasshopper, 2020), Max 

(MAX, 2020), Bolt (Bolt, 2020), or HITPROTO (Panëels et al., 2013) - through which parameters of effects 

can be adjusted in real time (P3).

Evaluation - Participants often evaluated their designs through user studies or discussions with 

experts, peers, or the public at exhibitions. Several participants utilized co-design aspects in their 

studies for the design of haptic feedback (de Ruiter and Alonso, 2019; van Oosterhout et al., 2018a). 

Common methods for subjective evaluation of haptics were AttrakDiff (Hassenzahl et al., 2003), SAM 

evaluation (Bradley and Lang, 1994), and the user experience questionnaire (Ryan and Deci, 2000). For 

the purpose of psychophysical evaluation and research, a haptic tool could provide force calculations 

for the designed effects (P1).

Implementation of Haptics

The ‘test and implement’ section in Figure 2.2, focuses on the evaluation of haptic designs. It comprises 

the different aspects that affect the experience and perception of designed effects that can be 

controlled or influenced by the designer. Focusing on two main elements: its mechanical and contextual 

implementation. From a mechanical point of view, the experience and perception of the designed effects 

can be influenced by force translations or higher-level interactions between multiple actuators. In 

addition, the mechanical design steers the interaction task that users perform, which in turn affects the 

haptic experience (MacLean, 2008). For example, the haptic experience of moving a handle is different 

when pressing against it with the index finger opposed to moving the handle with the hand using a firm 

grip. Second, the haptic perception is influenced by contextual factors, which comprises multimodal 

implementations and data-driven feedback. The integration of haptics with other modalities or data can 

affect the experience and add meaning to the haptic effect (MacLean, 2008) (P2, P4). Therefore, it is 

important that haptic feedback can be designed in relation to these contextual factors (Kim and Schneider, 

2020; MacLean et al., 2017).

Participants approached the design process in different ways. The majority of the prototypes were 

developed using an iterative approach, starting with the exploration and design of haptic effects and 

later integrating the haptic technology with the other components, eventually refining the interaction 
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as a whole. This approach enables designers to focus on the design of isolated haptic effects without 

interference or noise from contextual factors. By expanding the system with one component at a time, 

designers can develop a feel for the way haptics experiences are influenced by the other mechanical 

and contextual factors. However, in some situations it makes more sense to design the interaction for all 

components simultaneously, e.g. when multiple forces are combined.

Mechanical Implementation - It is not possible to anticipate all the factors that influence the 

perception of a haptic experience during the design process. The haptic experience is influenced by 

many factors; some of these depend on environmental conditions that cannot always be controlled by 

the designer. For instance, the interaction with the user interface can be controlled to a certain degree 

through its physical design. However, users ultimately decide how they physically interact with products, 

though it is possible for designers to steer this interaction towards the intended use. The haptic user 

interfaces designed by participants provided different affordances including operation by foot, hand, 

index finger, or a subtle pinch grip (Figure 2.5). 

Participants implemented the haptic technology in various ways to afford these different interaction 

techniques, sometimes using translation mechanisms to convert radial into linear motion, gears to 

increase the force generated by the motor, or combined the forces of multiple motors. Small changes to 

the physical design can already affect the way a haptic effect is experienced, like increasing the radius 

(P2) or changing the shape of a knob (P2, P4). Not only because they influence the amount of force that 

can be exerted, but also because they can affect the expectations that we generate before engaging in 

interaction with the interface (Dassen, 2017; Dassen and Bruns Alonso, 2017).

Mechanisms used to translate, restrict, or combine the forces can also affect the perception of 

the experience because of their physical properties (Figure 2.4). For example, a haptic pointing device 

provides varying resistance depending on the distance between the point of control and actuation. 

Effects like these often feel natural as they occur in everyday interactions, therefore participants argued 

that such effects do not always need to be taken into account by a haptic tool (P3); rather it is something 

that needs to be explored and experienced in the physical world (P2). This explorative process could be 

supported with force simulations (P3) that could reduce physical prototyping (Schneider et al., 2017) and 

aid the designer’s understanding of combined and translated forces. 

Contextual Implementation - Even though most participants started with the design of haptic 

effects in isolation, the meaning of haptics often emerges after it is integrated with other modalities or 

data (P2, P4). To create meaningful haptic experience in a multimodal context, the feedback for these 

modalities has to be designed in relation to one another. Participants often used haptics as a supportive 

modality, integrated to improve the user’s performance when drawing straight lines with a pointing 

device (Ros et al., 2018), or to enrich the interaction with light (Dassen, 2017). In some of these multimodal 

contexts, timing is a crucial factor that can make or break the experience. For instance, when a system 

lets users perceive elements on a visual display through haptic feedback. In contexts like these, latency is 

one of the common problems that designers face (Schneider et al., 2017; Seifi et al., 2015). The challenges 

and constraints imposed by the integration with other modalities can obstruct further explorations with 

the design of haptic effects (P3).

Furthermore, haptic effects are often data-driven, relating to parameters like speed, position, time, 

or external sensor data. Haptic effects can be designed to adapt to the context of use or communicate 

information. To accommodate for differences in personal preferences, haptics could be adaptable or 

customizable, enabling end-users to fine-tune the haptic experience to their preferences (P1) (Schneider 

et al., 2017).

To design haptics in conjunction with all these aforementioned factors that can contribute to the 

experience, designers need methods and tools that enable them to instantly tweak haptics effects to 

explore and refine the experience for a given context, and require support for flexible integration with 

external components for exploration and refinement of haptic effects.

Figure 2.4. Examples of mechanical implementations of haptic technology 

in haptic user interfaces.

Figure 2.5. Evaluated haptic user interfaces were operated by feet, hand, 

index finger, or pinch grasp.
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SUMMARY

This chapter presented an analysis of the design process that trained interaction designers engage 

in when working with force feedback. The insights derived from the analysis regarding the designers’ 

approach and the obstacles and challenges they faced during the process contribute a new perspective 

on the haptic design process that has not been presented in prior work (Schneider et al., 2017; Seifi et al., 

2020). The examples that were presented show that designers implement force feedback in various ways, 

combining and translating forces to create the desired experience for their application. To open up the 

design space and explore the potential that haptic force feedback can provide in the context of physical 

user interfaces, our findings suggest that designers could benefit from:

Mental Mapping - Visualization methods that provide an intuitive representation of the haptic 

experience. Our analysis showed that the visualizations made by participants (Figure 2.3) often did not 

adhere to the widely used torque vs. angle model. Additionally, the manner in which the technology 

is applied plays a role in the development of a mental model. This implies that there is not one design 

or visualization technique that applies well to the design process of the different applications of the 

technology; instead, the methods and representations could vary depending on the nature of the effects.

Translated Visual Representations - Developing appropriate mental mappings for translated forces 

could pose additional challenges to the design of haptic effects, especially when translations become more 

complex. This suggests that designers might benefit from translated visual representations. However, the 

limited variety of force translations that were analysed in this study do not provide sufficient insights to 

formulate design recommendations. This will be analysed in the tool evaluation in Chapter 3.

Force Conversions - Our findings show that force conversions as a result of mechanical translation 

or transmission can make the haptic design process unnecessary complex or confusing. Different 

implementations come with different requirements and restrictions. As can be seen from the examples 

(Figure 2.1), designers often translated forces or used transmission components to adjust the force 

feedback to meet the requirements of their application. This indicates that designers need creative 

freedom in terms of implementation, with minimal restrictions, to be able to explore with haptic force 

feedback and implement it in novel and unexpected ways. Aspects like these can be taken into account by 

a haptic authoring tool to enable designers to focus on the design of the haptic experience itself.

Real-time modification - The design of more sophisticated haptic experiences requires refining, 

tweaking, and comparing designs. Considering the fact that haptic experiences are difficult to memorize 

(MacLean, 2008, 2000), better support is desired for the comparison, and refinement of haptic effects by 

facilitating playback, control, and the ability to alternate between effects in real time.

Flexible Integration - Haptic experiences are influenced by many factors like mechanical and 

contextual implementation. Our analysis showed that designers often explored these factors using a 

modular approach starting from the design of the haptic experience in isolation or as translated effect, 

while later refining the experience in relation to other modalities. To facilitate this process, a tool needs 

to support flexible integration with external components and other software tools.

The diversity in implementations of the haptic technology suggests that the key aspect for a haptic 

tool for designers is facilitating creative freedom in design and implementation. This was the main 

motivation in the creation of Feelix - an authoring tool for sketching and refinement of haptic effects. The 

next chapter describes the tool guidelines and requirements derived from the aforementioned analysis 

and haptic tool design, and evaluations presented in prior work, that informed the design of Feelix. This 

is followed by the design and implementation of Feelix.
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A diverse range of tools is needed to support the haptic design process 

(Schneider et al., 2017; Seifi et al., 2020). The work presented in this chapter 

explores how haptic tools can be tailored towards the needs of interaction 

designers, because they have the capability to further explore the haptic design 

space, and integrate haptic technologies in novel and surprising ways. Building 

on the insights derived from the analysis presented in Chapter 2 and the findings 

from prior work on haptic authoring tools, requirements for a haptic authoring 

tool were identified. These requirements inspired the design of Feelix, a haptic 

authoring tool for designers. Feelix was designed to address various obstacles 

and challenges that designers face during the process, in order to make the 

haptic design process more accessible and efficient. 
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The work presented in the first three 

sections of this chapter is based on 

the guidelines and design of Feelix 

published in ‘Flexible Force Feedback 

Design with Feelix’ (van Oosterhout 

et al., 2020). It elaborates on the tool 

guidelines derived from prior work, 

and describes the implementation of 

the tool in more detail. The evaluation 

of the tool is part of the unpublished 

manuscript ‘Evaluating Feelix: a 

Haptic Authoring Tool for Designers’ 

(submission pending, planned for 

Transactions on Haptics).

Haptic design remains at an early stage of development, especially when compared to other fields 

like audio and graphic design. When looking at, for instance, the graphic design field, people work with 

mature tools developed for specific purposes, like logo design, layout-, or photo-editing, image browsing 

etc. Recent efforts in haptics have contributed software tools for the design of multi-dimensional force 

feedback experiences for simulations and VR (e.g. CHAI3D (CHAI3D, 2020), H3D (H3D, 2020), OpenHaptics 

(Itkowitz et al., 2005) and vibrotactile feedback for mobile devices, game controllers, and the like (e.g. (Ryu 

and Choi, 2008; Schneider and MacLean, 2016; Swindells et al., 2014)). However, there is a lack of tools that 

enable designers to explore with force feedback (e.g. (Enriquez and MacLean, 2003; Swindells et al., 2006)) 

and integrate it into their designs in a flexible manner. Despite the potential that force feedback provides, 

in terms of information, control and experience (MacLean, 2000), examples of everyday interfaces that use 

this potential are scarce, since force feedback is often more difficult to integrate and control. Less rich 

vibrotactile stimuli, on the other hand, are often easier to implement and are commonly used to improve 

the usability and user experience of various devices in our everyday life.

The possibilities for active haptic feedback in user interfaces reach further, to explore this potential, 

designers need tools that provide freedom in design and implementation that enable them create the 

desired haptic experience for their application. In this chapter, I explore how force feedback tools can 

be tailored towards the needs of interaction designers. First, the various haptic tools and toolkits that 

have been developed to support the haptic design process are discussed. Followed by a comprehensive 

overview of guidelines for haptic authoring tools derived from our analysis of the haptic design process 

and insights from prior work. Thereafter, Feelix is introduced. Feelix aims to address obstacles in different 

stages of the design process starting from the implementation of the haptic technology, and generation of 

an accurate mental map between visual representation and haptic experience, towards challenges related 

to testing, refining and comparing initial designs. In order to make the haptic design process more efficient 

and enjoyable. The design of Feelix is presented with details about the design choices and approach, and 

its implementation. The chapter concludes with an evaluation of the tool conducted among researchers 

and students from two different universities.

Haptic Interaction Design
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Background Work in Haptic Tools
Haptic Tools and Toolkits

The following discusses the tools and toolkits that have been developed to support different stages 

of the haptic design process. Starting with the tools that facilitate exploration and ideation, followed 

by tools developed for sketching and refinement of haptic effects.

Tools for Exploration and Ideation

Simple activities that are essential to support browsing for inspiration, like representing, classifying, 

and organizing, can be challenging or cumbersome when working with haptic effects (MacLean et 

al., 2017; Seifi et al., 2020), as a result of obstacles specifically related to the haptic modality like the 

variability in haptic technology and an underdeveloped haptic language (MacLean et al., 2017). To better 

accommodate the ideation phase of the haptic design process, digital libraries have started to emerge 

that provide access to collections of haptic effects (e.g. (Seifi et al., 2015; Zhao et al., 2014)) enabling 

users to browse and explore vibrotactile effects. Additionally, various visualization and classification 

techniques have been explored to browse haptic effect libraries more efficiently (e.g. (Seifi et al., 2015)).

Examples of tools and methods for haptic exploration are not restricted to the digital domain. 

For rapid prototyping of haptic sensations, audio platforms can be used (Zhao et al., 2016) or physical 

sketching techniques that can support exploration and discussion (Moussette and Banks, 2011). Wooden 

Haptics is an example of a DIY spatial haptic interface with multiple degrees-of-freedom (Forsslund et 

al., 2015). Another toolkit designed for explorations with one-degree-of-freedom haptic force feedback 

is Hapkit (Martinez et al., 2020, 2016). Building on Hapkit, Gallacher et al. developed Haplet, offering more 

degrees of freedom and additional vibrotactile functionality (Gallacher et al., 2016). For constructions 

and mechanism design, inspiration can be found on Haptipedia (Seifi et al., 2019), a growing database 

with examples of force feedback devices.

Tools for Sketching and Refinement

While the tools and methods described above support the exploration phases of the design process, software 

tools are needed for sketching and refinement. The software tools that are currently available utilize 

different techniques to make it easier for designers to work with haptic parameters, like demonstration-

based input methods (Hong et al., 2013), representations inspired by music compositions (Jaebong Lee 

et al., 2009; Lee and Choi, 2012), methods that translate visual resources into haptic renders (Dong et 

al., 2015), waveform-based editing methods (e.g. (Enriquez and MacLean, 2003; Schneider and MacLean, 

2016)), visual programming languages (Panëels et al., 2013), and the possibility to capture and replay the 

dynamics of physical knobs for the development of realistic simulations (MacLean, 1996; Swindells and 

MacLean, 2007). Demonstration-based methods are often more efficient allowing for quick iterations and 

might therefore be most useful for explorative design, while more accurate methods like waveform-based 

editing are needed for refinement (Hong et al., 2013; Schneider and MacLean, 2016). Waveform-based 

editing is supported by posVibEditor (Ryu and Choi, 2008), which provides a multichannel timeline to 

organize and combine designed patterns. Another example is Macaron (Schneider and MacLean, 2016), a 

vibrotactile feedback editor that enables designers to create vibrotactile sensations while going through 

all the stages of the design process, preparation, initial design, iteration, and refinement. To make force 

feedback design more accessible, HITPROTO (Panëels et al., 2013) utilizes a visual programming language 

for the design of multidimensional haptic data visualizations for blind and partially sighted users. For the 

design of vibrotactile feedback in patterns or grids, several tools have used graphical representations 

that correlate with the spatial configuration of the actuators (Panëels et al., 2013; Schneider et al., 2015). 

Furthermore, tools, toolkits and plugins like VibEd (Nordvall, 2016), ViviTouch (Swindells et al., 2014), 

FeelCraft (Zhao et al., 2014), Synth-A-Modeler (Berdahl et al., 2016), and HapticTouch (Ledo et al., 2012) 

support integration of haptics with other media like audio, video, gaming, or tabletops.

As one of the few one-degree-of-freedom force feedback editor examples, Hapticon Editor is a 

simple tool for creating, editing, storing, and displaying haptic icons (Enriquez and MacLean, 2003). This 

was followed by Haptic Icon Prototyper (Swindells et al., 2006), a tool for creating fast prototypes for 

one-degree-of-freedom haptic actuators such as knobs and sliders. For educational purposes, HandsOn 

(Minaker et al., 2016) enables students to design spring feedback for Hapkit (Martinez et al., 2020, 2016) 

using simplified graphical simulations. Hapkit was also utilized by Davis et al. to render haptic sine-based 

effects alongside graphical simulations to teach students about the graphical representations of sine and 

cosine functions, and their relation to haptic experiences (Davis et al., 2017).

Some of the examples described here show how a tool can be tailored towards the design of feedback 

for a specific context, like videos and gaming (e.g. (Swindells et al., 2014)), or tactile grid formations (e.g. 

(Panëels et al., 2013; Schneider et al., 2015)). While other examples explored methods to improve accessibility 

for inexperienced users (e.g. (Hong et al., 2013; Panëels et al., 2013)). The haptic authoring tool presented 

in this thesis was developed to extend the available toolset with a tool tailored towards the needs of 

interaction designers to make force feedback design and implementation more accessible to designers. 
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Guidelines for Haptic Tools
Insights from the Analysis of the Haptic Design Process and Prior Work

The literature provides insights based on various evaluations of haptic tools and toolkits. 

Researchers explored a variety of techniques and methods for the design of haptic effects. Even though 

many of these were focused on the design of vibrotactile feedback, the majority seems to be applicable 

to haptic authoring tools in general, while other guidelines solely inform the design of either force 

feedback or vibrotactile tools. In the following, a comprehensive overview of design guidelines for 

haptic tools is presented based on a review of the literature on haptic authoring tools for tactile and 

one-degree-of-freedom force feedback design, including insights from the analysis discussed in the 

previous chapter. All guidelines were analysed using thematic analysis (Ryan and Bernard, 2003), 

searching for repetitions, identifying similarities and differences, and cutting and sorting relevant 

themes. The resulting seven themes are discussed in more detail below. 

Support Editing - Sketching and refinement tools should provide editing features to support direct 

manipulation of haptic effects for exploration and refinement of ideas and designs (Schneider et al., 2015; 

Seifi et al., 2020; Swindells et al., 2006; van Oosterhout et al., 2020). Sketching on paper and in hardware 

(e.g. (Moussette and Banks, 2011)) are effective methods for exploration and ideation as they allow for 

analysis and comparison, through which ideas can evolve. When transferring this process to a digital 

medium, this flexibility that is inherent to sketching can be extended by software tools with features like 

save, load, undo, redo (Schneider et al., 2015), and manipulations of objects through operations like copy, 

paste, align, scale, and translate enable rapid exploration and refinement (Panëels et al., 2013; Schneider 

et al., 2015). Additionally, Panëels et al. (2013) found that designers could benefit from ways to annotate 

designs, similar to paper sketches that are often annotated during the process.

Provide Examples and Support Sharing - Designers need examples and inspiration for guidance 

(Schneider and MacLean, 2016). Resources should be available that inform users about best practices and 

effective workflows (Seifi et al., 2020). Seifi et al. (2020) suggest that these could be implicitly incorporated 

in a tool using templates and default parameters. Which could provide a starting point for design and 

help users learn (Schneider and MacLean, 2016). A library of saved effects and examples enables share and 

reuse of effects (Schneider et al., 2017; Seifi et al., 2020). Example effects and shared effect libraries are an 

important resource for learning and inspiration (Schneider and MacLean, 2016). Various tools implemented 

examples in different forms: The vibrotactile editor Macaron provides the possibility to import effects 

from a browsing tool which can be modified and refined thereafter (Schneider and MacLean, 2016). 

Vivitouch utilizes a vibrotactile icon library (Swindells et al., 2014). A tile palette is implemented in the 

Haptic Icon Prototyper (Swindells et al., 2006). Additionally, the buttons in the Hapticon editor that enable 

insertion of effects that can be used as a starting point for design present a way to integrate examples 

into the tool (Enriquez and MacLean, 2003).

Findings from observations and analysis of the haptic design process (Schneider et al., 2017; Seifi et 

al., 2020) stress the importance of the ability to share effects. Sharing of haptic effects is challenging, not 

only because of the variability in hardware, but also because there is no universal haptic language that 

can be used to browse or classify haptic experiences (MacLean et al., 2017). Israr et al. (2014) generated a 

vocabulary of haptic sensations that is related to semantic and parametric spaces to develop a mapping 

between haptic experiences and media content. These haptic experiences are accessible in the Feel 

Effect Library (Zhao et al., 2014), which is accompanied by FeelCraft (Schneider et al., 2015), a plugin 

that associates the tactile patterns from the Feel Effect library with activities in media. The vibrotactile 

library VibViz (Seifi et al., 2015) organizes vibrotactile stimuli using different taxonomies, enabling users 

to browse haptic experiences using a cognitive framework that relates to the way they describe and 

perceive the haptic experience.

Support Iterative Design and Rapid Prototyping - The explorative design process is characterized 

by fast iterations and rapid prototyping. A haptic tool should accommodate rapid prototyping techniques 

and guide users through different stages of the design process. Rapid prototyping techniques enable 

designers to iterate quickly upon ideas. To do this, designers need the means to explore with different 

effects and compare their designs, enabling refinement of the haptic experience (Panëels et al., 2013; 

Schneider and MacLean, 2014). For refinement of haptic experiences, the effects often need to be evaluated 

in relation to other components, since the experience of a haptic effect is strongly influenced by other 

contextual factors and other modalities (MacLean et al., 2017; van Oosterhout et al., 2020). To facilitate 

the refinement process, designers need easy ways to move back and forward between sketching and 

exploration in context. ViviTouch (Swindells et al., 2014) is an example of such a tool developed for rapid 

prototyping of multimodal interactions that include video, audio and vibrotactile feedback. It enables 

designers to explore with vibrotactile feedback in a multimodal context. 

Provide High Tool Flexibility - Haptic tools need to provide flexibility in different ways. First, the 

large variability in hardware demands for configurable device settings in which users can select specific 

hardware, indicate the spatial layout of vibrotactile actuators (Panëels et al., 2013), and select different 

rendering algorithms (Schneider et al., 2015). The findings from our analysis suggest that tools should 

provide adjustable settings that allow designers to specify the design criteria for their application (van 
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Oosterhout et al., 2020). These criteria are influenced by the physical design and mechanical implementation 

of the haptic technology. In addition, tools should provide methods to integrate seamlessly with other 

haptic development tools to enable users to move back and forward between different design activities. 

For example, seamless integration between browsing tools and tools designed for sketching activities (e.g. 

(Schneider and MacLean, 2016)), or between sketching tools and other development tools when moving 

from design towards evaluation in multimodal context (Swindells et al., 2014, 2006). Flexible integration 

with other software and development tools can be achieved by facilitating import and export of files 

throughout the design process (Seifi et al., 2020). 

Enable Haptic Rendering - Haptic tools need to provide high quality haptic renderings of the haptic 

design. A visual preview of the haptic render can improve the interpretation of the haptic experience 

(MacLean et al., 2017) and could aid designers in the debugging process (Seifi et al., 2020). These insights are 

strengthened by our findings, which suggest that it is easier to interpret and evaluate a haptic experience 

when the characteristics of the forces are also conveyed through a visual medium. This can for example 

be achieved by providing a representation of the haptic render of the effect that shows the position of 

the motor in real time or in more abstract forms for example by mapping the intensity of the force to 

the size of a circle. In addition, novices with no experience with haptic technology might not know what 

types of feedback to expect. Therefore, it is important that a haptic tool provides a consistent rendering 

quality (Schneider et al., 2017; Swindells et al., 2006) and easy ways to troubleshoot (Schneider et al., 2015).

Support Mental Maps - Haptic authoring tools often make use of visualization techniques as a 

medium for design. When utilizing one modality to portray another, the mapping needs to be easy-to-

understand to aid the development of an appropriate mental mapping between the visual representation 

and the haptic render (Swindells et al., 2006). The haptic icon prototyper features waveform-based 

editing and helps designers with the development of a mental mappings between waveforms and the 

haptic experiences, by supporting haptic renders of individual and combinations of haptic tiles (Swindells 

et al., 2006). The hapticon editor (Enriquez and MacLean, 2003) provides a representation of a ball on 

a hill to visualize the forces that are experienced when rotating the knob. Lee et al. adapted musical 

scores for intuitive and effective vibrotactile pattern design (Jaebong Lee et al., 2009; Lee and Choi, 

2012). The vibrotactile library VibViz represented vibrotactile feedback through audio and visual plots to 

better facilitate comparison (Seifi et al., 2015). A vibrotactile experience can also be generated through 

demonstration-based methods as shown by Hong et al. (2013), this approach creates a direct mapping 

between the input and the haptic feedback. The importance of the mental mapping was additionally 

stressed by our findings, which suggests that representation could vary depending on the nature of the 

designed effects in order to improve the user’s ability to develop an appropriate mental mapping.

For the design of multi-actuator feedback, users need to be able to understand higher-level 

interactions between different actuators (Panëels et al., 2013; Schneider et al., 2015; Swindells et al., 2006). 

When developing vibrotactile feedback for tactile grids, the spatial layout of the actuators should be 

reflected in the tool (Panëels et al., 2013). The tactile animation tool by Schneider et al. (2015) shows 

how a tool can support the design for a semantical spatial system of actuators rather than address 

each component individually. The same applies to multi-degree force feedback, which requires an 

understanding of the interactions between the different actuators. For these applications, software 

simulation can be used to improve the mental mapping and reduce physical prototyping (Schneider et al., 

2017; Schneider et al., 2015).

The use of translation mechanisms poses additional challenges to the development of an appropriate 

mental mapping, since the physical design and force conversions can have a significant influence on the 

haptic experience. The findings from our analysis suggest that the use of simulations or translated visual 

representations could be explored to aid the designer’s understanding of the influence of translations 

mechanisms on the experience (van Oosterhout et al., 2020). 

Real Time Playback - A haptic tool should be able to play haptic effects in real-time (Schneider et al., 

2015; Schneider and MacLean, 2016; Seifi et al., 2020; van Oosterhout et al., 2020). Immediate exploration 

of haptic design is essential for the rapid prototyping (Schneider et al., 2015). This is also evident from 

our analysis; designers need methods and tools to instantly tweak different variables of a haptic effect 

or compare different designs with one another in real time to be able to evaluate and refine a haptic 

experience. With vibrotactile stimuli, a timeline can be used to track the experience in relation to time 

(e.g. (Schneider et al., 2015)). Force feedback can be played back either as a function of time or position 

(Enriquez and MacLean, 2003).

The tool requirements described above informed the design of Feelix. The design and implementation 

of Feelix is discussed in the next section.
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Introducing Feelix
A Haptic Authoring Tool for Designers

Feelix is a haptic authoring tool developed to make the design and implementation of force 

feedback more efficient and accessible for designers. The design of the tool is informed by the 

guidelines derived from prior work and findings from our analysis of the haptic design process. The 

haptic authoring tool makes use of edit tools and workflows familiar to designers and developers, to 

minimize the learning curve and make it easier for designers to get started with the design of haptic 

effects. The tools and work processes implemented in Feelix are inspired by graphic design tools like 

Adobe® Illustrator® and Adobe® Premiere® (Adobe Creative Cloud, 2020), and visual programming 

environments like MAX (MAX, 2020) and Grasshopper (Grasshopper, 2020).

First is explained how Feelix aims to address the challenges that designers are facing during the sketching 

phase of the process, followed by the support provided for the refinement process (Figure 3.1). There are two 

sketching modes available, for position- and time-based effects. Initial designs can be refined in the visual 

programming environment: Feelix IO. This section presents the various features provided by Feelix for the 

different elements of the tool: position-based effect editor, time-based effect editor, and Feelix IO. These 

features were designed with the aim to make the haptic design process more intuitive and efficient. This 

section concludes with the technical details of the application, software libraries, and hardware. 

Sketching
Here, we present the approach taken with Feelix to support designers in the sketching phase of the 

haptic design process. This process was informed by the finding of our analysis showing that designers 

frequently resorted to visualization techniques to translate their ideas into code. Designers utilized 

different techniques depending on the nature of the designed effects (position- or time-based). 

Additionally, designers often had to adapt their code to accommodate for the force conversions as a 

result of the physical design and implementation of the haptic technology.

Visualization of an Idea - Prior work acknowledged the challenges related to the mental mapping 

between the graphical representation and haptic render (Swindells et al., 2006). However, little has been 

done to address these challenges from a design perspective. Despite the importance of the mental 

mapping between visual design and haptic experience when utilizing a graphical method to sketch haptic 

characteristics. Reisinger et al. (2006) demonstrated that the conventional torque versus angle model 

does not provide the most intuitive representation of the perceived haptic characteristics. In the previous 

chapter, I have shown that the visualizations methods used by designers do not always adhere to the 

conventional torque versus angle model (van Oosterhout et al., 2020). In addition, the manner in which 

the haptic technology is applied plays a role in the development of a mental model. For instance, when 

designing time-based effects, representing the position as a function of time can be a more intuitive 

approach compared to designing the acceleration of the motor as a function of the position. In addition, 

time-based design is commonly used in video, animation, audio and vibrotactile editing software, and 

might therefore be better compatible with the design of haptic experience in relation to other modalities 

when designing time-based effects.

The use of translated forces could pose additional challenges to the development of an appropriate 

mental mapping for the design of position- and time-based effects, especially when force conversions 

become more complex. The findings from our analysis suggest that designers use horizontal representations 

for editing or communicating details of an effect, while translated visualizations were sometimes used to 

provide an overview of the entire experience. The current implementation of the tool does not provide 
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Figure 3.2. Graphical notations used in Feelix.

Top: position-based effects. Middle: step template position-based effects.

Bottom: time-based effects.

translated representations of designed effects according to their mechanical implementation. To better 

facilitate the design process for haptic user interfaces that make use of force conversions, a translated 

overview of the designed experience will be added in future versions of the tool.

Design Criteria - The findings presented in the previous chapter suggest that the physical design 

and implementation of the haptic technology can introduce different requirements and restrictions (van 

Oosterhout et al., 2020). Designers often translated forces or used transmission components to increase 

the forces generated by the motor to meet the requirements for their application. Feelix aims to take 

such requirements into account as design criteria. Settings are provided to switch between linear and 

rotational motion and to indicate the transmission factor for each motor individually.  

Different Edit Modes for Sketching

To accommodate for the different ways in which the haptic technology can be applied, two sketching modes 

are available in Feelix. One for position-based effects (Figure 3.4) and one for time-based effects (Figure 3.5).

Position-based effects - Position-based effects can be drawn on a drawing plane with a variety of 

edit tools familiar to designers, among others a brush, pen, and selection tools. Path-based effects can 

be combined with effects that do not depend on the rotational direction of the motor like spring effects. 

There are two templates available for the design of position-based effects. The default template 

is a blank canvas where the feedback for the motor can be drawn. For the representation of position-

based effects, the intensity of the force is depicted on the vertical axis (0 – 100%) versus the position 

of the motor on the horizontal axis. The intensity of the force can be drawn with Bezier curves, to add 

a direction to the force intensity, the thickness of a path can be adjusted. Increasing the thickness on 

the left side of the path will create a force in counterclockwise direction when rotating in clockwise 

direction and a force in clockwise direction when rotating in counterclockwise direction. For example 

when looking at the illustration in Figure 3.2 (top), when the motor is at the position of point A, the force 

will be directed to A’.

An additional template is provided for the design of stepped stimuli. In contrast to the blank canvas, 

only the force intensity has to be drawn here. Since the canvas is already divided into sections that 

determine the direction of the force (Figure 3.2 middle). A coloured line is displayed at the centre of each 

section. On each side of the line, the force will be directed to either the left or right side, depending on 

the direction of the arrow. When the relative position of the motor is on one side of the line, the force 

will be directed towards the line in the indicated direction. The direction can be altered with the arrow 

buttons above the sections, as can the position of the coloured line. 

This graphical notation allows for the design of the magnitude of the force and its direction as two 

separate variables; the line indicates how much current is supplied to the motor, while the line thickness 

indicates the direction and offset of the force in relation to the position of the motor. The graphical 
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notation builds on methods that have been explored in prior work, where they have been used in co-

design processes (van Oosterhout et al., 2019, 2018) (See Chapter 5, page 109). 

The haptic experience of the path-based effects discussed above changes depending on the position 

and rotational direction of the motor. In addition to these effects, Feelix provides possibilities to integrate 

effects that are independent of the rotational direction of the motor. These include spring, barrier, friction, 

and damper effects. More details regarding the use and implementation of these effects is provided in the 

paragraph ‘Effect Types’ and ‘Effect Options’ in the following section. 

Time-based effects - The edit tools and drawing plane for time-based effects are similar to the tools 

for the design of position-based effects. The only difference is that time-based effects are visualized 

using a position versus time model, where the time is represented on the horizontal axis and the position 

of the motor is displayed on the vertical axis. This allows designers to draw the position of the motor in 

relation to the time. The designed effects can be arranged as frames on a timeline (Figure 3.2 bottom). 

Similar to the way graphical animations are designed.  

Implementation of Sketching Tools and Features

The following discusses the different features implemented to sketch, manipulate, render, and play 

designed effects. Visualizations of these features are presented in Figure 3.4 for position-based effects and 

Figure 3.5 for time-based effects. 

Edit Tools and Features – The edit tools consist of a brush and pen tool to draw the force intensity, 

the force direction can be adjusted with the line-thickness tool (Figure 3.3). Paths can be split, modified, 

and transformed using scissor, anchor, and selection tools. A special tool is available to zoom, this can also 

be achieved with the mouse wheel or touchpad. The time-based effect interface provides similar tools 

as the position-based interface, with the exception of the line-thickness tool. In addition to sketch tools, 

path transformations can be made from the edit tab of the main menu. Which provides access to basic 

methods like undo and redo, but also transformations like move or reflect. Precise transformations can 

be made from the fixed toolbar at the top right of the window (see Figure 3.4 and 3.5). From here, effects 

effect bar
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edit tools

alignment tools transform tools

layer window

effect details,

effect library, and

standard effects

drawing canvasstatus bar

Figure 3.4. The editor layout for the design of position-based effects.
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preview of 

the haptic render

Figure 3.3. Edit tools available in Feelix, inspired by graphic editing tools 

(e.g. Adobe® Photoshop® and Adobe® Illustrator®)
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Figure 3.5. The editor layout for the design of time-based effects.

time line export effects

can be scaled and positioned accurately in relation to one of the nine reference points. Precise design is 

also supported by other features like grids and guides with snap functionality, and alignment tools. Feelix 

utilizes the concept of layers for the design of position-based effects. Layers are used to differentiate 

between clockwise and counterclockwise rotation (see Figure 3.4). These edit tools, and workflows are 

similar to other graphic design tools and are therefore expected to be easily adopted by designers.

Effect Types – In addition to the design of path-based effects, there are standard position- and 

time-based effects available that are independent of the rotational direction of the motor. The standard 

position-based effects include barrier, spring, friction, and damper. For the design of time-based effects, 

standard easing functions are available. Standard effects do not have to be sketched and are directly 

accessible in the sketch and visual programming environment. They can be dropped onto the bar above 

the drawing canvas for the design position-based effects (see Figure 3.4) or the timeline for the design 

of time-based effects (see Figure 3.5). These effects can be scaled and their parameters can be modified 

thereafter. They were included in this manner, because the analysis showed that for effects that are 

independent of the rotational direction (e.g. spring), designers did often not resort to visualization 

techniques but started directly with the refinement of parameters. These effects can serve as a starting 

point for designers to explore and get familiar with force feedback without needing to draw effects first. 

Effect Options – For the design of position-based effects, the settings of standard and path-based 

effects can be adjusted from the ‘details’ tab in the effect window. The name of the effect can be specified 

and the rotational direction in which the effect can be experienced. It is possible to mirror path-based 

effects in the opposite rotational direction. Effects can be designed to appear only once at the location 

they were drawn, but it is also possible to make an effect appear every rotation. To create a sequence 

of similar effects, path-based effects can be repeated. Changes made to the parent effect will be copied 

automatically to its child elements. For path-based effects, the render quality can be changed to control 

the number of data points that are sent to the motor. Standard effects have slightly different options. 

For barrier and friction effects, users can play with the intensity of the effects, whereas for spring and 

damper effects the derivative of the intensity can be controlled in relation to the position of the effect for 

the spring and in relation to the rotation speed for the damper effect. 

For time-based effects, the duration of the effects can be scaled simply by resizing the frame on 

the timeline or by adjusting the values in the details window when the frame is selected. The frames on 

the timeline can be mirrored, merged, and the entire sequence can be played in a loop. The key frames 

remain linked to the modules created in the file. Adjustments made to these modules in the drawing 

plane are copied to the frames on the timeline. When a frame consists of none or multiple paths, it will 

be marked invalid. It is also possible to explore with time-based effects without drawing, as there are 

various easing functions available that can be mirrored, merged, and scaled after they have been inserted 

on the timeline.
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Effect Library – The details tab in the effect window also provides the functionality to save the effect 

in the effect library. With this library, effects can be shared across files, refined in the visual programming 

environment, and exported to be used in combination with the library for brushless motor control. When 

exporting an effect, it will be translated into plain text that can be pasted into the initialization and 

setup of the code. This feature was implemented to make it easier for designers to design their initial 

effects with Feelix and utilize these designs later in the prototype without intervention of Feelix. This 

functionality is available for position- and time-based effects.

Render and Play Effects –  Position-based effects are rendered in a separate window. There are no 

restrictions for the design of position-based effect. When rendering a file, designs that are not feasible 

are adjusted. The resulting render will be displayed in the ‘play’ tab. After rendering, the file can be 

uploaded to the motor. The uploading process can be monitored in the status bar at the bottom of the 

main window. When the uploading process is completed, the position of the motor in relation to the 

visualization of the haptic render is displayed with a cursor, and the speed and position are updated in 

the top right corner of the window. Besides rendering and uploading effects, this window can be used 

to calibrate the motor, change its start position, the frequency of the timer, and adjust settings for the 

use of transmission or translation components like gears and capstan mechanisms. 

In contrast to position-based effects, which are rendered and played from a separate window, 

time-based effects can be played directly from the timeline using the upload and play buttons at the 

top of the window. First, effects have to be uploaded to the motor. Thereafter, the effect can be played 

and stopped with the buttons in the toolbar of the main window. When changes are made to the effects 

on the timeline, the file needs to be uploaded again.

Refinement
In addition to sketching methods, designers need to be able to refine their haptic designs. In the 

refinement process, designers need to be able to compare, evaluate, and tweak various parameters. 

Evaluating, comparing, and refining haptic effects is a slow process. On top of that, our recall of haptic 

experiences is vague compared to other senses (MacLean, 2008, 2000). Feelix aims to support this process 

with a visual programming environment (Figure 3.6). Additionally, export functionalities and libraries are 

provided to facilitate integration with external components without intervention of Feelix. 

Real Time Modification - Our analysis showed that designers built their own digital and physical 

tools to support the refinement process (van Oosterhout et al., 2020). These solutions comprise instant 

Figure 3.6. The visual programming environment, Feelix IO, 

integrated to support the test and refinement process.

adjustment of parameters, comparison of effects provided by several motors at a time, and interactive 

visualizations. A haptic tool can facilitate these processes with support for instant adjustment of 

parameters and comparison of different effects. This functionality is provided in Feelix IO, which 

is developed to make it easier for designers to evaluate and compare haptic effects using real time 

parameter adjustment. In addition, designers can explore with standard position- and time-based 

effects that do not require initial sketching (e.g. spring, damper, and easing functions). As for the design 

of such effects, visualization techniques are often not required. However, these effects generally do 

require some form of refinement. Furthermore, multiple motors can be controlled at the same time, 

position- and time-based effects can be combined, and users can alternate instantly between effects 

to compare haptic designs in contrast to one another.



6362

Integration with External Components - Haptic feedback is often data-driven or designed in 

relation to other modalities. Feelix provides several possibilities for designers to integrate their designs 

with data and other components. Data can be sent to Feelix IO via serial communication. Subsequently, 

this data can be used in the IO sketch as input parameter which will be updated at run time based on 

incoming data. The downside of this approach is that it introduces latency and requires a connection 

between the microcontrollers and Feelix. 

At some point in the process, designers need to be able to integrate their haptic designs with 

external components in a flexible manner, without intervention of Feelix. Therefore, Feelix provides 

an alternative solution to easily integrate designs created with Feelix into the application. Designed 

effects can be exported as plain text. Subsequently, the exported effects can be imported using a library 

provided for brushless motor control. The text can be pasted into the initialization and setup of the 

code. This way, the original designs created in Feelix can be integrated and further refined in relation to 

external components using code. Enabling flexible integration and refinement of the haptic experience 

for the given context. 

Feelix IO

The visual programming environment (Figure 3.6) was developed to support designers in the refinement stage 

of the process. It enables designers to adjust parameters of initial designed effects in real time, comparison 

of different designed effects, and facilitates control of multiple motors at a time. In addition, parameters of 

effects can be mapped to external (sensor) data.

Feelix IO Components – In Feelix IO, three types of components are available: value and operator 

components, effect components, and motor components. Value and operator components can be used 

to control input parameters of effect components. The output parameters of effect components can be 

connected to motor components. Only the data from the components that are (in)directly connected to 

the motors will be included when rendering the file.

Real Time Parameter Adjustment - The parameters of initial designed effects can be adjusted using 

components like sliders, operators and switches. Parameters that can be adjusted include: intensity, 

position, repetition, direction, duration, and various others. Each parameter can be switched on or off. 

When switched off, its default value will be displayed in the details section of the sidebar. 

Render, Upload and Play – Feelix provides feedback about the validity of a connection, when a 

connection is not possible it is marked invalid. For instance, when there is a comparison between variables 

that use different units or when the output variable does not match the units of the input parameter it is 

connected to. Connections that are invalid are displayed as a dotted stroke, in contrast to normal strokes 

for valid connections. When rendering all invalid connections will be removed and components or effects 

that are invalid will be marked with a red border. When rendering succeeds, the file can be uploaded 

to the motor. After uploading, the play button can be used to start the file. When playing the file, no 

new components can be added, only the values of existing components can be modified. When other 

adjustments are made, the file needs to be rendered and uploaded again.

External Components – Haptics is often designed in relation to external components and it is often 

this relation that adds meaning to the haptic experience. To make it easier to explore with data-driven 

feedback and the design of multimodal feedback, additional microcontrollers can be connected to Feelix 

IO. A custom value component can be created and mapped to the serial port of the microcontroller. Each 

custom value component has an identifier. The value of the component will be updated with the data 

that is received on this serial port when the data is sent along with the identifier. It is also possible to use 

the incoming data from the motor regarding its position, speed, and rotational direction in the Feelix IO 

sketch or send it to other microcontrollers connected to Feelix. The data communication through Feelix 

does introduce some latency and a serial connection is required, which makes it less suitable for some 

applications. For these applications, effects can be exported using the tool and integrated with external 

components using the library for brushless motor control.

Walkthrough

The tool aims to support different workflows and needs of designers depending on their application 

and the nature of the designed effects. When designing more complex effects, designers can utilize the 

drawing canvas in the position-based or time-based sketch environment. Before starting with sketching, 

designers can specify the requirements for their design in the file settings. Thereafter, designers can start 

to sketch their effects. After effects have been added to the drawing canvas, the file can be uploaded to 

the motor using a separate upload window for position-based effects or directly from the timeline for 

time-based effects. When a motor is used for the first time, it needs to be calibrated before effects can be 

uploaded. The calibration settings are saved in Feelix for each motor that has been calibrated.  

The designed effects can be saved to the effect library. This feature allows copy and reuse of 

effects across files and refinement of effects in the visual programming environment. Depending on 

the designer’s goals and needs, the visual programming environment can be used to tweak parameters 

of effects. This can be effects that have been sketched by the user or standard effects like spring and 

friction. Drawing spring and friction effects can be tedious. Therefore, designers can also start in the 

visual programing environment when they only wish to make use of these standard effects. The main 

purpose of the visual programming environment is to better facilitate the refinement process. Making 

it easier to compare effects and tweak their parameters. Additionally, it provides some possibilities for 

integration with external data and multimodal implementations. For integration of the designed effects 

without intervention of Feelix, the design can be exported. Effects are exported individually from the 

effect library. Only path-based effects can be exported, as standard effects are already integrated in the 

programming library that can be used to design haptic effects using code. 
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Technical Details
The application consists of two main components: a software application and a library developed to 

control the brushless motor. The software application is based on Electron (Electron, 2020). The Electron 

framework provides easy access to the serial ports of the computer, enabling communication with the 

motor. This accessibility also comes at the cost of increased security risks. Therefore, there is currently 

no shared library system implemented in Feelix, it is however possible to save files locally and share them 

with others. Files are saved as JSON files with the extension ‘.feelix’ or ‘.feelixio’. The application is written 

in Typescript, HTML, CSS, and JavaScript, and available for Windows and OS.

C Library

The software works together with a library developed for Teensy 32-bit microcontroller boards. Various 

libraries are available for download on the documentation website docs.feelix.xyz.

Feelix Library - This library enables communication between Feelix and the motor in order to upload 

and play effects designed with Feelix.

Code Example for Communication with Feelix IO - For the design of force feedback that changes 

depending on sensor data, additional microcontrollers can be connected to Feelix. This code example 

shows how data can be sent to Feelix and how incoming data from Feelix can be read from the serial port. 

The code can be modified as long as the formatting of the data communication remains the same.

Import and Export Effects from Feelix - This library is available to simplify the step from exploration 

with Feelix to integration with external components. Export functionality is implemented in Feelix to 

allow designers to proceed with the designs they have drawn with Feelix and integrate them into the 

code for their application. Effects that have been saved to the effect library in Feelix can be exported as 

plain text. This text can be pasted into the initialization and setup of the 

code when using this library. The new effect object that is created can 

be controlled and scaled with methods provided by the library. The play 

method for the effects returns two values for force intensity and angle, 

which can be written to the motor. This approach enables designers to 

manipulate or combine output variables of effects before writing them 

to the motor. The library was designed to make it easy to access the 

encoder variables, import effects from Feelix, and use standard effects 

and functions provided for brushless motor control.

Hardware

Feelix is designed for control of high torque brushless motors, despite the 

challenges related to the high variability in hardware. The main objective 

behind the development of Feelix is the evaluation of the approach taken 

to make the design process more accessible and efficient. When the haptic 

Figure 3.7. Hardware module 

consisting of a brushless 

motor (gimbal), motor driver, 

encoder, and microcontroller.

design process is adequately supported, the hardware support can be extended to other types of actuators. 

Each of the brushless motors (Figure 3.7) used for the design and evaluations with Feelix was controlled 

by a 3-phase motor driver (L6234) and uses a magnetic rotary encoder with a precision of c. 0.0879° to 

determine its position (ams AS5047D). Both elements were interfaced with a 32-bit microcontroller (Teensy 

3.2). The frequency of the timer at which the program operates is set to 200 by default; this can be adjusted 

in Feelix or in the code when using one of the libraries.

Control Architecture

Figure 3.8 shows an overview of the control architecture that shows the communication between Feelix 

and the microcontroller used to control the motor. When designs are uploaded, they are converted into 

data points. The user can specify the quality to reduce or increase the number of data points. Less data 

points will result in faster upload speed, but have a small impact on the quality of the designed effect. The 

data are sent to the Teensy, that runs a library to control the motor based on the received data points. 

Besides data points, general data about the effect is added and the timer frequency will be adjusted to 

the settings that are specified in Feelix. The Teensy will read the encoder to retrieve information about 

the position of the motor. Thereafter, the appropriate values are calculated from the data and send to 

the motor. The Teensy returns the position and speed of the motor to Feelix. The position of the motor is 

then visualized as cursor hovering the uploaded effect, while the speed is displayed in the corner of the 

window in rpm. In Feelix IO, the user also has to upload the effects that are part of the Feelix IO sketch. 

After the file has been uploaded, parameters can be adjusted manually or periodically (e.g. based on time), 

these parameters are sent to Feelix and the program is updated accordingly in real time. 
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get motor 
position

update 
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Figure 3.8. Control architecture to illustrate the upload process and 

communication between Feelix and hardware components.
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Evaluating Feelix

The approach taken with the design of Feelix was inspired by the findings from the analysis 

of the design process presented in Chapter 2. Here, an evaluation of this approach is presented to 

analyse the effectiveness of the features provided by Feelix that were developed to support the design 

and implementation of force feedback in haptic user interfaces. This includes features to support the 

mental mapping, comparison and evaluation of haptic effects, and flexible integration with external 

components using Feelix IO or the export functionality. Feelix has been evaluated among participants 

from two different universities to explore if the tool supports the haptic design process for users with 

different backgrounds, workflows, and design goals.

Methodology
Feelix was evaluated in workshops and longitudinal evaluations with researchers and students from two 

different universities and with different educational backgrounds. The workshops were designed with 

exercises and questionnaires to examine whether students - with minimal or no prior experience with 

force feedback - can easily understand and use the graphical notation, and whether the tools and features 

that are available enable designers to explore and create diverse designs that reflect their ideas. The 

support provided for integration of the haptic technology with other external components was evaluated 

in the longitudinal evaluations with Feelix. 

Participants

Feelix was evaluated among students from Master courses ‘Multimodal Interaction’ and ‘Interactive 

Materiality’ at two different universities. The students who attended the Multimodal Interaction course 

had a background in Computer Science or IT Product Development. While students from the Interactive 

Materiality course had a background in Industrial Design. At both courses, students had the chance to 

participate in the workshop voluntarily and had the opportunity to continue working with Feelix for their 

course project. The Multimodal Interaction course focused on the design and user evaluation of multimodal 

interfaces, while the Interactive Materiality course focused on the design and evaluation of interactive 

material qualities. For both courses, the requirements of the prototypes were different: the Multimodal 

Interaction course required the use of multiple modalities to enhance human computer interaction, 

while students in the Interactive Materiality course had to design interactive qualities in materials using 

a research through design approach (Zimmerman et al., 2007). In addition, Feelix was evaluated among a 

group of researchers and students outside the courses. This group followed the same exercise as presented 

in the courses, and a few participants used the motor and Feelix in a project they were working on. In total, 

24 participants between the age of 21 and 35 (M = 25.6, SD = 3.78) participated in the evaluation, 6 from the 

Interactive Materiality course, 11 from the IT Product Development course, and 7 researchers and students 

who participated outside the courses. 10 Participants described their gender as female and 14 as male. An 

overview of the participants’ background is presented in Figure 3.9. 

Research Questions

Feelix was designed to make the haptic design process more designer friendly by providing a different 

approach to the graphical notation of force feedback, support for exploration and refinement of effect 

parameters in real time, and flexible integration with external components. The main questions addressed 

to evaluate the approach taken with Feelix and the support provided for integration with external 

components are as follows:

Is the graphical notation easy to understand and use?

Does Feelix provide the means to explore and design diverse haptic experiences?

Does Feelix provide sufficient support for integration with external components?

The learning curve of the tool is expected to be lower for participants with experience with Adobe 

Design tools. Since the edit tools and work processes implemented in Feelix were inspired by graphic 

design and video editing tools like Adobe® Illustrator® and Adobe® Premiere® (Adobe Creative Cloud, 

2020). These are programs designers are familiar with. Furthermore, the export functionality and Feelix IO 

environment are expected to support the integration of the haptic technology with external components.

Study Design and Procedure

The study consisted of a workshop, one day at the Interactive Materiality course and two days at the 

Multimodal Interaction course, followed by a longitudinal evaluation of Feelix.

Workshop - In both courses, students worked in groups of 1 to 3 students. At the start of the first 

workshop day, each group received a motor, USB cable, and power supply. After completing the consent 

form, students filled out a background questionnaire regarding their experience with Adobe® design 

tools, visual programming tools and object oriented programming. In this questionnaire, an example was 

provided of a position-based effect with the graphical notation presented in Feelix. Participants were asked 

to explain in their own words how they expected this effect to feel. After the pre-questionnaire students 
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proceeded with downloading the software, calibrating it once before the first time use, and uploading 

example files following step by step instructions provided on the documentation website. The example 

files provided some indication about what students could expect from the software and the motor. After 

they experienced the example files, students were asked to complete a simple exercise individually: design 

a haptic detent or step. The workshop day concluded with a short questionnaire. The course lasted two 

hours, of which at least one hour was spent on the upload instructions and exercise with Feelix. Students 

were allowed to finalize and submit their design for the exercise after the course ended. 

To evaluate if Feelix supported the design of diverse haptic effects, a second exercise was presented on 

the second workshop day of the Multimodal Interaction course. For this exercise, students had to design 

a diverse set of haptic icons for different functionalities of notifications (free of choice). The exercise was 

performed in groups. Similar to the first exercise, students had the ability to finalize their designs after the 

course ended. They were asked to submit their designs along with a brief explanation about the idea behind 

the individual icons. The instructions that were provided for the workshop are available in Appendix B.

Longitudinal Evaluation - The students from the Multimodal Interaction course had the opportunity 

to use Feelix in their multimodal course projects, these students worked with the environment for the design 

of position-based effects. The students from the Interactive Materiality course, who decided to work with 

Feelix in their projects, mainly used the environment for the design of time-based effects. The differences 

between the projects and design approach of the students from the different courses provided insights into 

different usage scenarios of Feelix. The projects from the Multimodal Interaction course focus on the design 

of haptics in relation to other modalities, while the projects from the Interactive Materiality course provide 

insights into the design process of time-based effects, as well as the mechanical implementation of the 

technology. Additionally, the projects at both courses enable evaluation of the support provided by Feelix for 

flexible integration with external components, since this is a requirement for both courses. For the analysis 

of the longitudinal evaluation, the available documentation about the process was analysed and students 

were asked to participate in a short semi-structured interview to evaluate their experience with Feelix.  

Background

29.2%
IT Product Development

29.2%
Industrial Design

12.5%
Computer Science

4.2%
Electrical  Engineering

25.0%
PhD / Postdoc

Figure 3.9. 

Background of the 

participants.

Findings
The following provides an overview of the analysis of the first two days of the workshop, based on the 

results from the questionnaires and the outcomes of the design exercise. Thereafter, the findings derived 

from the longitudinal evaluation of Feelix are presented.

Prior Experience

At the start of the first workshop, participants filled out a questionnaire to gain insights into their 

experience with design tools, haptics, and programming, as well as their initial interpretation of the 

graphical notation.

Prior Experience with Programming and Design tools - Participants were asked to rate their 

experience with Adobe® Design tools, visual programming tools a 5-point Likert scale ranging from 

novice (1) to expert (5), see Figure 3.10. The results of a Kruskal-Wallis test show that the self-reported 

experience with Adobe® Design tools was not influenced by the participant’s background (M = 3.3, SD = 

.90): χ2(2) = 1.45, p > .05, and neither was the self-reported experience with visual programming tools (M 

= 1.6, SD = .84): χ2(2) = 3.37, p > .05. Overall, participants were familiar with Adobe® Design tools and had 

little experience with visual programming.

Prior Experience with Haptics - Ten participants indicated to have prior experience with the design 

and/or implementation of haptic feedback, six participants specified the technologies they had used to 

design haptics:

• DC motors / servo motors (1 participant)

• Vibration motors (5 participants)

Others reported to have no particular experience with the design of haptic feedback or implementation 

of haptic technology.
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Experience with 
Adobe Design Tools

Experience with 
Visual Programming

Figure 3.10. Experience of 

participants on 5-point Likert 

scale: novice (1) - expert (5).
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Initial Interpretation of the Graphical Notation - An illustration of a position-based effect using 

the new graphical notation was presented to the participants in the pre-questionnaire. Participants 

were asked if they could describe the haptic experience corresponding to the visualization of the effect 

in their own words. The question was answered before the participants performed any exercises with 

Feelix. The answers were analysed using coding principles resulting in three themes: incorrect (33.3%), 

partially correct (54.2%), and correct (12.5%). Participants from the Interactive Materiality course were 

asked to read the paper ‘Flexible Force Feedback Design with Feelix’ (van Oosterhout et al., 2020) before 

the workshop, and were therefore the only participants who interpreted the graphical notation correctly. 

The intensity of the force could be easily interpreted from the graphical notation by the majority (66.7%). 

However, the line-thickness was often misinterpreted. It was often confused with the ‘smoothness’ or 

‘softness’ of the haptic experience (16.7%). These findings suggest that the visualization method used for 

the haptic effects does not speak for itself, but participants were able to provide an accurate description 

of the haptic experience when adequate background information was provided.

Analysis of Designed Effects

Participants from the Multimodal Interaction course and the group of researchers conducted at least 

one design exercise with Feelix. Some participants also completed the second design exercise. After 

the exercises, participants filled out a short evaluation questionnaire that provided insight into their 

experience. The following discusses the findings from the analysis of the exercises presented during the 

workshops and the evaluation questionnaire.

Exercise 1 Design a Haptic Step or Detent - The first exercise, for which participants designed a 

haptic step or dent, was designed to explore whether participants understood the graphical notation, and 

whether they were able to use it to translate their ideas into designs. The participants approached the 

exercise in different ways. Four participants reported to systematically explore the features of the tool 

step by step. For example, by starting with drawing a path that indicates the intensity, testing the sketch, 

modifying the line thickness, and testing again, trying to understand and perceive the difference in the 

haptic experiences caused by the changes made to the sketch. While others took a less systematic and 

more exploratory approach using various quick sketches and standard effects.

A total of 21 responses were received for exercise 1 (examples are presented in Figure 3.11). From the 

21 responses, 5 were discarded because they did not adhere to the instructions of the exercise. From the 

remaining 16 responses, 10 seemed to have grasped the concept and were able to use it for the design of 

a haptic dent. The remaining 6 only designed the force intensity, without providing a direction for the 

force. Suggesting that they either did not grasp the concept or had difficulties with the drawing tools that 

were provided. 

After the design exercise, participants were asked whether they were able to translate their ideas 

into haptic designs with Feelix and if their design felt the way they expected. Twelve participants (50%) 

mentioned that the visual representation seemed logical and easy to understand. “The way I drew the 

design made sense in relation to how it felt” (P11) and “It was actually very intuitive, once I had wrapped my 

head around the position-based effects” (P24). While five participants (20.8%) reported having difficulties 

in understanding the basics of the effects. “The thickness of the lines was unintuitive and a bit unclear 

to me” (P14). Six participants (25%) mentioned that difficulties with the design of feedback were related 

to unfamiliarity with the edit tools, however three out of these six (12.5%) also mentioned that these 

difficulties were overcome after a brief exploration period. “The drawing tools were a bit difficult to get 

to work at first, but after a while I got a hang of it” (P6) and “[…], but after getting familiar with the basic 

functionalities […] the whole process of making patterns of force-feedback was much easier” (P20). While 

four participants (16.7%) who were more experienced with Adobe® Design tools indicated that they 

could easily adapt to the edit tools and workflows used in Feelix. “Using the program was quite intuitive 

as I have been working with other Adobe programs, so the UI and workflow was easy to pick up” (P5). 

Few others (12.5%) ran into technical issues along the process and were not able to explore with Feelix 

and evaluate their designs, however everyone managed to successfully calibrate the motor and upload 

the example effects. These findings show mixed results, about half of the participants understood the 

graphical notation with little effort and were able to use it to translate their ideas into haptic design after 

a short exploration period. While several others had difficulties wrapping their head around the graphical 

notation or experienced difficulties because they were less familiar with the edit tools and workflows.  

Exercise 2 Design Haptic Icons – The second exercise was designed to explore whether Feelix 

enabled participants to explore with haptic effects and develop diverse haptic experiences that reflected 

their ideas. For this exercise, participants were asked to design a set of distinguishable haptic icons for 

different functionalities or notifications and provide some details about the ideas behind the designs. 

The exercise was performed in groups, 5 responses were received for the second exercise, 4 of these 

included a detailed explanation for each of the designed effects (examples are presented in Figure 3.12). 

Three groups of the Multimodal Interaction course submitted the exercise, and two participants who 

took part in the evaluation outside of the courses (referred to as E1 – E5). E1 and E4 did not modify the 

force direction of the effects and there was little variation in their designs (Figure 3.10, bottom). They 

also did not include any standard effects and only worked with path-based effects. E3 designed haptic 

icons in the step template with reasonable variation. The ideas presented by E2 and E5 showed that these 

participants grasped the concept behind the graphical notation and were able to explore with various 

Figure 3.11. A few examples of responses for exercise 1.
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features available in Feelix, like the use of layers and a grid, standard effects, and options to repeat and 

mirror effects. They also managed to develop diverse designs that related well to the functionality they 

were designed for. It is worth noting that E2 spent more time on the exercise with Feelix especially 

compared to E1 and E3. These results suggest that the tool provided the means to translate ideas into 

haptic designs and supported the development of diverse haptic experiences, especially after participants 

became more familiar with the tools and features available in Feelix. However, not all participants were 

able to achieve results of similar quality with Feelix.

Re-evaluation of the Interpretation of the Graphical Notation - After completing the first 

two exercises, participants were asked if their interpretation of the graphical notation changed based 

on their experience with Feelix. Due to limited responses on the survey, the question was presented in a 

more elaborate form in the evaluation of Feelix among students and researchers who participated outside 

the courses. This group of seven participants was presented with two additional graphs in the pre-

questionnaire (Figure 3.11). Subsequently, they were asked if their interpretation changed based on their 

experience with Feelix after completing at least one of the two exercises. Six out of seven participants 

(85.7%) provided a partially correct explanation in the pre-questionnaire, and one participant (14.3%) 

provided an incorrect explanation. After their experience with Feelix, all participants were able to 

explain the haptic experiences corresponding to the graphical notation correctly. Most of the answers 

to the question also suggested that they felt more confident about their understanding of the graphical 

notation. “I certainly feel more certain about how they work now” (P21) and “Now I know, that the width of 

the lines explains the direction in which they pull” (P23). Explorations with Feelix did not only clarify the 

graphical notation, one participant mentioned that it also improved the understanding of force feedback 

in general. “What I do like about Feelix is both the educational aspect (i.e., I learn how force-feedback works 

Figure 3.12. Top: diverse designs that related well to the ideas of the participant. Bottom: more 

simplistic designs that did not show any variation in force direction of designed effects.

practically) and the free-hand drawing, especially because it 

does not limit my expressiveness” (P20). P21 indicated that the 

relationship between the graphical notation and the control 

of the motor became clearer after exploration with the code 

designed to control the motor. Even though the graphical 

notation seemed to be easily understood, few participants still 

reported to have some difficulties with translating their ideas 

into sketches for the motor. Suggesting that the graphical 

notation was easy to understand and use for the majority, 

however not for everyone. Some might benefit from other 

representations e.g. using a visual metaphor like “the motor 

‘falling’ into a hole” (P19). 

Longitudinal Evaluation

Here, a brief over of the prototypes developed with the aid of 

Feelix is presented. The prototypes were developed by two 

groups from the Multimodal Interaction course, two groups 

from the Interactive Materiality course, and one student 

– who participated in the evaluation of Feelix outside the 

course. Resulting in a total of five projects, these are referred 

to as G1 – G5 in the analysis. Participants from the courses 

worked on the prototypes over the course of 5 to 7 weeks. 

For comparison, the haptic scroll wheel (G5) was developed 

within one day. 

Haptic Doorknob – Three students from the Multimodal 

Interaction course (G1) used Feelix in the process of 

developing a multimodal doorknob. The doorknob combined 

haptic and visual feedback to convey information about the 

amount of people in the room in relation to the room size. For 

the physical design of the system, a capstan mechanism was 

used so that the feedback could be experienced on both sides 

of the door.

VR Archery - Another group of three students from the 

Multimodal Interaction course (G2) designed a VR controller 

that utilized force feedback complemented with visual and 

auditory feedback to increase the immersion for archery in 

VR. The brushless motor was implemented as a reel for the 

in
te

ns
ity

 (%
)

angle (position)

in
te

ns
ity

 (%
)

angle (position)

in
te

ns
ity

 (%
)

angle (position)

Figure 3.13. Position-based 

effects presented in the 

pre-questionnaire. The first 

graph was presented to all 

participants. The other two 

only to the participants 

that took part in the study 

outside the courses
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bowstring, providing resistance when the user pulls the bowstring to span the arrow. When the virtual 

arrow is released the motor retracts the string.

Simon - For the Interactive Materiality course, a group of three students (G3) designed an interactive 

material named Simon that could behave in a tense or relaxed manner. The material responded to user 

input through touch with carefully designed movements that expressed the state of Simon. In this project, 

Feelix was used to explore with time-based effects during the exploration phase of the project. At a later 

stage, the motor was replaced with a servo due to technical issues and complexity.

TrOpic - Another group of two students of the Interactive Materiality course (G4) designed a material 

that explored transitions between transparent and opaque with materials. The material was actuated 

with subtle movements to create transitions between different levels of opacity using different layers 

of opaque materials. Users could interact with the material through touch. The students used Feelix for 

exploration with position- and time-based effects. Similar to the previous project, the technology was 

replaced with a servo at a later stage.

Haptic Scroll Wheel – The haptic scroll wheel was designed by a student who participated outside 

the courses (G5). The implementation did not require additional usage of sensors or adjustments to the 

physical design. The motor was simply placed on its side (see Figure 3.14) facilitating scrolling through a 

Visual Studio document. The motor would provide haptic feedback when scrolling past a section where 

recent changes had been made.

During the process, participants had the possibility to reach out for questions and address potential 

issues with Feelix or the motor. Enabling quick response to bugs that surfaced during the process, 

and providing insights into unexpected usage of Feelix and unforeseen needs of designers, as well 

as obstacles and problems they encountered when working with Feelix and the haptic technology. 

Students of the Multimodal Interaction course (G1 and G2) also received feedback and guidance during 

the development process, while students from the Interactive Materiality course (G3 and G4) mostly 

Figure 3.14. Haptic Scroll Wheel: a prototype developed by G5. Left: screenshot of the effect 

designed in Feelix, middle: prototype used for scrolling through Microsoft® Visual Studio®, 

right: brushless motor positioned on its side to facilitate scrolling.

had to rely on the documentation on the website and remote support when requested. The available 

documentation about the process, observations during the progression of the course, design files made 

with Feelix, and interviews with some of the participants were analysed using thematic analysis (Ryan 

and Bernard, 2003) resulting in two main themes: exploration and design strategies, and refinement and 

integration strategies. 

Exploration and Design Strategies - The insights from the analysis show that Feelix supports the 

iterative design process with ample functionalities for fast and easy explorations. In particular, the grid 

functionality, effect options (repeat), standard effects, loop for time-based effects, the visual render, and 

the export functionality were often used during the exploration and design phase. “Feelix makes it easy 

for us to experiment and explore with different haptic feedback outputs” (G4). 

To simplify the design process, a step template was available for position-based effects and a set 

of standard effects. The design files that utilized the step template and observations during the course 

showed that various participants utilized the step template in unexpected ways. Even though this led to 

interesting haptic experiences in some cases, it shows that the idea behind the step template was not well 

understood by everyone. In particular, the direction of the forces defined by the steps in the template 

seemed to be unclear. Therefore, the force direction needs to be better visualized using the coloured 

areas similar to the default template to create coherence and improve the users’ understanding of the 

functionality that has been built into the step template. The same applies to the usage of the standard 

effects like barrier and friction, which seemed to be easy to use and explore with. Various participants 

also combined these effects with path-based effects in their designs. However, feedback is needed to 

show the influence of standard effects on the experience of path-based effects when these are combined. 

Two participants emphasized the need for examples for the design of position-based effects in 

Feelix. The examples provided in Feelix were intentionally modest in order to be able to explore whether 

participants understood the graphical notation and were able to use it for the design of diverse effects 

that represented their ideas, instead of copying and modifying existing examples. This was done because 

insights from prior work have shown that examples support, but also steer the design process (e.g. 

(Schneider and MacLean, 2016)). To support the design process, participants were able to find all the 

necessary information for the design of effects with Feelix and the integration with external components 

on the documentation website. However, not everyone used this resource. Therefore, the most important 

information about the usage of the tool should be accessible in the tool itself. Most importantly, a clear 

explanation of the graphical notation needs to be provided, complemented with examples to guide users 

and show best practices (Seifi et al., 2020) (P19). For participants who are less familiar with edit tools, video 

examples can be an effective method to show how edit tools can be used. 

 

Refinement and Integration Strategies - The visual programming environment, Feelix IO, 

was developed for the refinement of initial designs and exploration of effects in relation to external 
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components. However, the environment was rarely used by participants. This can be attributed to the late 

introduction of the functionality; a few weeks into the process. During the design process, participants 

moved quickly from exploration with effects with Feelix to integration with external components. This 

process was best facilitated by the export functionality, which provided more freedom for integration 

with external components compared to the visual programming environment.  

The export functionality was frequently used for position- (G1, G2 and G5) as well as time-based 

effects (G3 and G4). The haptic scroll wheel (G5) exemplifies how Feelix can be used for quick and easy 

design and setup of a working prototype using the export functionality combined with the library for 

brushless motor control. The library was designed with the intention to leave sufficient freedom for 

designers. However, participants with little programming experience indicated that they needed more 

code examples for integration with external components. Therefore, a balance needs to be achieved 

between freedom of integration and ease-of-use for users with little programming experience; controlling 

the motor should be almost as simple as controlling a servo motor with a library to make force feedback 

design and implementation truly accessible for designers.

The same applies to the hardware integration. Participants often designed and explored with haptic 

effects in Feelix and exported these designs for integration with other sensors and actuators. Even though 

this function was considered useful, participants still experienced difficulties when integrating the hardware 

with other components. Which can be attributed to the prvoided hardware. The brushless motor (Figure 

3.7) was controlled by a Teensy, as the main focus of the project has been on the software design rather 

than the provided hardware. Participants had the possibility to connect additional sensors to the Teensy 

or create a serial connection between the Teensy and another microcontroller. For the students from the 

Interactive Materiality course, the communication between two microcontrollers and additional hardware 

components became too complex considering their programming experience and the time available for 

their project. Therefore, they eventually decided to replace the motor with a servo that mimicked the 

behaviours explored with Feelix earlier in the process. These challenges could be mitigated with a better 

hardware modules that can be more easily integrated with external components.

Other challenges that participants faced were related to the physical design and implementation 

of the technology. Students from the Multimodal Interaction course received guidance or feedback on 

their mechanical design during the course. They explored with capstan mechanisms (G1) and gears (G2). 

The design of such mechanisms for force feedback interaction requires basic engineering knowledge 

and skills to minimize the friction and backlash. It was more difficult to monitor the process and provide 

assistance with the mechanical design remotely. Students from the Interactive Materiality course (G3) 

indicated that they would have benefited from support with the development of a mechanical design, as 

they experienced difficulties with the development of a mechanism that provided minimal friction for 

converting the rotary motion into linear motion.

Lastly, more support is needed for debugging. Our observations and the remote support provided 

during the course suggest that designers could benefit from a more in-depth understanding about 

the hardware. Ideally a tool should monitor whether a haptic device is operating correctly. However, 

the majority of the debugging takes place when effects are exported and the motor is integrated with 

other components. Detecting and resolving issues at this stage requires a basic understanding about the 

hardware and the way it is controlled. A haptic tool could provide short explanations to inform users 

about the way the hardware is controlled, which can be strengthened with feedback examples. 

Discussion
This section of the chapter presented the evaluation of Feelix, in which the approach taken with Feelix 

has been examined through workshops and longitudinal evaluations with researchers and students from 

two different universities. Here, the research questions described on page 67 are revisited in the light 

of our findings, followed by implications for the design of tools and toolkits for development of haptic 

user interfaces.  

Graphical Notation - One of the main objectives of the study was to explore whether the graphical 

notation is easy to understand and use for translating ideas into haptic effects. Our findings suggest 

that the graphical notation is easy to understand for many, however not to everybody. Even though 

most participants had little trouble with understanding the concept behind the graphical notation, 

several participants still reported to have difficulties with ‘wrapping their head around it’ when 

designing haptic experiences. 

The visualisation method for depicting the force intensity of position-based effects, and the 

visualization method used for time-based effects both present a promising approach that was easy 

to understand and use. The visualization method for force direction of position-based effects, on the 

other hand, needs further refinement to improve the mental mapping and thereby the ease-of-use for 

designers. Another solution could be to provide distinct graphical notations within the tool, enabling 

users to select a method that best visualizes their perception of the haptic experience. To further analyse 

the effectiveness of the graphical notation for position-based effects, the method needs to be evaluated 

in comparison to the conventional torque versus angle model, in terms of interpretation and ease-of-use 

for the design of haptic effects. 

One advantage of the graphical notation for position-based effects is the extended possibilities 

due to the decoupling of force intensity and direction. However, proper usage of these two variables in 

relation to one another requires some experience and exploration with the hardware. Some participants 

appreciated this freedom, while others became more uncertain about their abilities to design feedback 

for the motor when the motor behaved differently than expected. Additionally, there were participants 

who only designed the intensity of the force and did not change the direction of the force. These findings 
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indicate that more examples are needed to show best practices (Seifi et al., 2015), explanations to clarify the 

usage of edit tools, and better guidance in the design process (e.g. markings of undesired combinations of 

force intensity and direction, and visualizations of interactions between standard effects and path-based 

effects) to guide novices in the exploration phase

Exploration and Diversity – A haptic authoring tool should provide the means to explore with 

haptics and enable designers to quickly translate their ideas into haptic effects to support the iterative 

design process. Our insights suggest that Feelix provides ample features and functionalities for quick 

explorations and the development of diverse haptic effects. However, not all participants were able to 

achieve results of similar quality. This might be attributed to the lack of familiarity with the edit tools 

and workflows.  Four participants indicated that their experience with Adobe® design programs enabled 

them to quickly adapt to the edit tools and workflows presented in Feelix.

Integration with External Components – When looking at the support for integration with external 

components, several aspects obstructed the design process. These include, the complexity of the library, 

integration with other hardware components, and the mechanical implementation. 

The export functionality appeared to be very effective for integration with external components. It 

was often used by participants when moving from exploration with Feelix to integration with external 

sensor data. For integration with external components, the flexibility of the export functionality was 

favoured over the visual programming environment. Feelix IO was rarely used, which might be attributed 

to the late introduction of this functionality and the limited flexibility. To improve the flexibility of Feelix 

IO, Bluetooth connections could be explored to make it easier to use this functionality for refinement or 

rapid prototyping with external components.  

The challenges and obstacles that arose during the longitudinal evaluation when the haptic 

technology was combined with external components can be attributed to the design of the hardware 

Figure 3.15. Example of representation of the mechanical 

implementation. Above: examples of translations, 

right: example of usage in the editor.

Representation mechanical implementation 

(overview visualization)

module and library. The motor was controlled with a Teensy, which did not provide easy integration with 

external components. These challenges can be mitigated with better designed hardware modules that 

can be more easily integrated with external components, and improvements to the library. Comparable 

to servo motors and the libraries available to control them. Preferably, the hardware module has its own 

processor, memory, driver, and encoder and can be interfaced with other components using for example 

SPI or I2C communication. This way, the technology will be more accessible and easier to integrate for 

designers who are less experienced with hardware configurations and programming. 

Besides a hardware module that can be easily interfaced with other components, designers could 

benefit from support for the design of mechanisms with minimal backlash and friction as this posed 

challenges to the design process for 5 groups that utilized Feelix for their project. The physical design and 

integration of the haptic technology is an important aspect for the development of haptic user interfaces, 

when using mechanisms for force feedback purposes, friction and backlash need to be minimized. 

Implications for the Design of Haptic Tools
Here, we present four implications for the development of tools and toolkits for the design of user interfaces 

that utilize force feedback with the focus towards flexible and easy integration with other components.  

Our findings suggest that the approach taken with Feelix enabled designers to quickly explore with the 

design of position- and time-based effects, despite the differences among participants in the perceived 

intuitiveness of the position-based notation. The majority of the obstacles and challenges designers faced 

occurred during the integration process. 

Focus area of drawing field 

which is highlighted in the 

overview visualization.
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Export Functionality is Essential for Flexible Integration – A haptic authoring tool needs to provide 

methods to export designs and integrate them with other hardware components. The export functionality 

presented in Feelix proved to be very effective for this purpose.

Hardware Modules that are Easy to Use and Integrate – Support for the development of haptic 

user interfaces needs to reach further than authoring tools alone. Also, the technology needs to be easy 

and flexible to integrate with external components, especially for designers who are less experience with 

hardware and software design. 

Support for Mechanical Design – HaptiPedia (Seifi et al., 2019) provides a variety of examples for 

mechanism design through an organized overview of haptic interfaces. However, these examples do 

not translate easily to the versatile implementations of force feedback in user interfaces developed by 

designers. Instead, designers could benefit from a set of simple mechanisms specifically designed for 

haptic interaction, which can be modified to meet the requirements for the application, in a similar fashion 

as the set of physical add-ons ‘HERMITS’ (Nakagaki et al., 2020). Additionally, haptic authoring tools could 

be used to provide guidance for mechanical design to simplify the design process for translated effects. 

For example, by presenting a visual overview of the implementation (Figure 3.15). 

  

Graphical Notation that Visualizes the Personal Perception - With respect to the design and 

exploration process, the graphical notation seemed to be easy to understand and use for the majority of 

the participants for both time- and position-based effects. However, there were two participants who 

reported to have a contrasting interpretation of the graphical notation for position-based effects and 

five participants who reported having difficulties in understanding the basics of the effects. Therefore, 

participants could benefit from a functionality that enables them to select a graphical notation that best 

suits their perception of the haptic experience. 

SUMMARY

The chapter started with an overview of the design guidelines for haptic tools based on a review of 

the literature on haptic authoring tools for tactile and one-degree-of-freedom force feedback design, 

including insights from the analysis discussed in the previous chapter. The different categories that were 

identified were: 

Support Editing - Sketching and modification allow for exploration and refinement of ideas. A haptic 

editor should support basic features like load, save, undo, and manipulation of haptic paths and objects 

(e.g. copy or align) (Panëels et al., 2013; Schneider et al., 2015; Seifi et al., 2020; Swindells et al., 2006; van 

Oosterhout et al., 2020).

Provide Examples and Support Sharing - Example templates, effect libraries, and remote sharing 

support learning and provide inspiration (Enriquez and MacLean, 2003; MacLean et al., 2017; Schneider et 

al., 2015; Schneider et al., 2017; Schneider and MacLean, 2016; Seifi et al., 2020, 2015; Swindells et al., 2014, 

2006; Zhao et al., 2014).

Support Iterative Design and Rapid Prototyping - A haptic tool should guide users in an iterative 

design process and support fast iterations to enable rapid prototyping (MacLean et al., 2017; Panëels et al., 

2013; Schneider and MacLean, 2014; Swindells et al., 2014; van Oosterhout et al., 2020).

Provide High Tool Flexibility - A haptic tool should integrate seamlessly with other hardware and 

external events, and provide a simple device setup and configuration. Higher flexibility can be achieved 

by enabling import and export of files to support integration with other software and tools (Panëels et al., 

2013; Schneider et al., 2015; Schneider and MacLean, 2016; Seifi et al., 2020; Swindells et al., 2014, 2006; van 

Oosterhout et al., 2020).

Enable Haptic Rendering - High quality haptic renders of haptic effects with visual preview, support 

interpretation, and can aid designers in the debugging process (Schneider et al., 2017; Schneider et al., 

2015; Seifi et al., 2020; Swindells et al., 2006).
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Support Mental Maps - Users should be able to generate an appropriate mental mapping between 

the graphical representation and the haptic render. When working with multiple haptic actuators, a 

visualization of the spatial layout of actuators can support the design of feedback for multiple actuators 

in relation to one another (Enriquez and MacLean, 2003; Hong et al., 2013; Jaebong Lee et al., 2009; Panëels 

et al., 2013; Schneider et al., 2015; Seifi et al., 2015; Swindells et al., 2006, 2006; van Oosterhout et al., 2020).

Enable Real Time Playback - A haptic tool should be able to play haptic effects in real time. With force 

feedback, files can be played back based on position and time (Enriquez and MacLean, 2003; Schneider et 

al., 2015; Schneider and MacLean, 2016; Seifi et al., 2020; Swindells et al., 2006; van Oosterhout et al., 2020).

These guidelines informed the design of Feelix, a haptic authoring tool for designers. Feelix was 

designed to make the design process more accessible and efficient. The tool explores with a new 

graphical notation for the design of position- and time-based effects more intuitive. In addition, a visual 

programming environment is implemented for the refinement of previously designed haptic effects in 

relation to external components. 

The chapter concluded with an evaluation of the approach taken with Feelix. The findings from the 

analysis suggest that the approach taken with Feelix enabled designers to quickly explore with the design 

of position- and time-based effects. The graphical notation for position-based effects was not easy to 

use for everybody, suggesting that further exploration is needed to develop and evaluate the graphical 

notation in comparison to other methods in terms of interpretation and ease-of-use. Even though the 

export functionality facilitated flexible integration with external components, designers - who are less 

experienced with hardware and software design - could benefit from hardware modules that support easy 

and flexible integration and control. 
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Since the introduction of shape changing interfaces, research in the field has 

contributed a number of taxonomies to classify shape changing interfaces 

according to different characteristics, including shape, interaction mapping, 

material, actuation, and information affordances, in an attempt to grasp the 

diversity of these interfaces in terms of design and information. However, to our 

knowledge there exist no classifications of input techniques that are used to 

physically deform shape changing interfaces through physical interaction. The 

interaction affordances provided by shape changing interfaces are important 

for interaction design and interaction mapping. The work presented here 

aims to analyse how deformable properties in shape changing interfaces are 

related to deformation techniques, in order to provide a first step towards the 

development of design guidelines for physical interaction with shape changing 

interfaces. The results of the study contribute an overview of interaction 

techniques based on the analysis of a set of 7 models with different deformable 

properties, each presented in 2D and 3D form.
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The work presented in this chapter is 

discussed in the late-breaking work 

paper: ‘Deformation Techniques for 

Shape Changing Interfaces.’ (van 

Oosterhout and Hoggan, 2021).

Background Work in 
Shape Changing Interfaces
Taxonomies for Shape Change and Haptic Exploration

A variety of models and frameworks have been developed to classify shape changing interfaces 

based on types of shape change (Rasmussen et al., 2012), interaction mapping (Boem and Troiano, 2019), 

design and application (Sturdee and Alexander, 2018), resolution (Roudaut et al., 2013), material (Coelho 

and Zigelbaum, 2011; Qamar et al., 2018), actuation (Taher et al., 2017), information affordances (Petersen et 

al., 2020), and control (Rasmussen et al., 2016). However, to our knowledge there exist no classification of 

interaction affordances provided by shape changing interfaces from a physical interaction perspective. 

Petersen et al. (2020) discuss the definition of affordances in the context of shape changing interfaces 

from an information perspective based on Gibson’s original work on ecological perception and 

affordances (Gibson, 1975); describing the informative affordances embedded in physical, transformative, 

and movement characteristics of shape changing interfaces. 

Despite the inherent haptic qualities of shape changing interfaces, the possibilities for active force 

feedback in interfaces that utilize physical changes in shape as input and output are rarely discussed. One of 

the few exceptions is the work by Rasmussen et al. (2016) that explores the dynamics between the physical 

changes in shape and human actions by looking at the levels of control that can be negotiated between the 

user and the system. However, much more is possible with active haptic force feedback in shape changing 

interfaces. Force feedback can offer an additional communication layer, as it provides qualities in terms of 

information, guidance and control (MacLean, 2000). In addition, the shape change and haptic modality exhibit 

expressive qualities that can complement one another (van Oosterhout et al., 2018). Further exploration of this 

perspective of active force feedback in shape changing interfaces requires a comprehensive overview of the 

interaction techniques that can be performed to deform shape changing interfaces. 

The perception of force feedback is highly susceptible to the task that is performed. The amount of 

force that is applied depends on the grip and the muscles involved in the interaction, which influence 

the haptic perception (MacLean, 2008). Lederman and Klatzky (1993) classified exploratory procedures 

used to retrieve information about an object using the haptic sense. They found that people perform 

deliberate and systematic exploratory procedures to retrieve information about different properties of 

an object when only using the haptic sense: lateral motion (texture), pressure (hardness), static contact 
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(temperature), unsupported holding (weight), enclosure (volume/global shape), and contour following 

(global/exact shape). This work looks at the different interaction techniques that can be performed to 

manually deform shape changing interfaces, starting from a classification of the different types of shape 

changing interfaces presented in prior work (Sturdee and Alexander, 2018). This classification formed 

the basis for the development of a preliminary set of interaction techniques that can be used to deform 

objects or interfaces. We hope that the insights derived from this work can inspire interaction design 

with deformable and shape changing interfaces, and support analysis of active haptic force feedback in 

user interfaces that afford more versatile input methods then conventional interfaces that use buttons, 

knobs and sliders.

Background
There is a large diversity in terms of design, technology and application of systems that fit the definition 

of shape changing interfaces; this is also shown in the considerable effort committed to classify shape 

changing interfaces according to various characteristics. In the following, we discuss models and 

frameworks that provide insight into the diversity in deformable properties and input affordances of 

shape changing and deformable interfaces, as well as a brief overview of different types of studies on 

ergonomics and affordances of controls and input devices.

Classifications of Shape Changing Interfaces - Shape changing interfaces are devices that use 

physical changes of shape or materiality as input and/or output, they are interactive and computationally 

controlled, self- and/or user-actuated, and have the ability to convey information, meaning, or affect 

(Alexander et al., 2018). Examples of such interfaces stretch from mobile displays (e.g. (Hemmert et 

al., 2010)) to furniture (e.g. (Grønbæk et al., 2020)). Over the years, researchers have classified these 

interfaces from different perspectives. Sturdee and Alexander (Sturdee and Alexander, 2018) presented 

a comprehensive overview of different categorizations methods applied to shape changing interfaces 

(Coelho and Zigelbaum, 2011; Kwak et al., 2014; Rasmussen et al., 2012; Roudaut et al., 2013; Taher et al., 2017). 

That shows the relation and overlap between different classifications, the model is structured following 

the interaction framework by Vallgårda; a framework that distinguishes between physical, interactive, 

and temporal aspects of interaction design (Vallgårda, 2014). The work presented in this paper explores 

interaction with shape changing interfaces from the perspective of deformation as result of haptic 

interaction, and therefore focuses on the classification of shape changing interfaces within the physical 

dimension (Sturdee and Alexander, 2018) as a starting point for the study. 

Early on, Coelho and Zigelbaum provided an overview of shape-changing materials and their dynamic 

properties to inform the design of shape changing interfaces from a material perspective (Coelho and 

Zigelbaum, 2011). Based on a review of the design space, Rasmussen et al. (2012) categorized eight different 

types of shape change: orientation, form, volume, texture, viscosity, spatiality, adding/subtracting, and 

permeability. Shortly thereafter, the term shape resolution was introduced by Roudaut et al. (2013), 

providing a metric for the different deformations that can be realized in shape changing interfaces. The 

user’s interpretation of different changes in shape in response to the user’s actions was explored by Kwak 

et al. (2014), at different resolutions including deformations in height, volume, orientation and texture. A 

technical perspective was provided by Taher et al. (2017), listing the various actuation techniques used to 

actuate shape changing interfaces. Recent work by Qamar et al. (2018) categorizes self-actuated shape 

changing interfaces based on their morphing material properties and the 4D printing taxonomy by Nam 

and Pei provides yet another angle to the material science perspective based on deformations that can be 

programmed into the material during printing (Nam and Pei, 2019). 

Interactions with Deformable Interfaces - Surveys of the literature on shape changing interfaces 

are often focused towards design and development of system output and self-actuation, while systems 

that only use deformation as means of input are often excluded (Boem and Troiano, 2019). To fill this gap, 

Boem and Troiano (2019) categorized available literature on deformable interfaces according to their 

shape, input sensing, interaction mapping, and input. The materials used for deformable interfaces were 

categorized as either shape-retaining or non-shape-retaining. The deformable interfaces included in the 

review supported a variety of hand-based interactions including stretch, bend, twist, squeeze, push, slap, 

punch, twiddle, roll, and shear.   

Materials with different sensing capabilities have been explored to analyse if deformable interfaces 

can accurately recognize input through deformation (Nguyen et al., 2014; Vanderloock et al., 2013). Mapping 

these deformations to actions is a challenging task that has been addressed in various studies, mostly in 

the context of flexible mobile devices and displays. Many of these exploration use flexible or foldable 

paper sheets and/or foam combined with projections to explore the mapping between input and output 

(e.g. (Tan et al., 2015; Troiano et al., 2014)). 

The shape-retaining properties of foam provide more resistance and allow for more precise input 

compared to non-shape-retaining flexible materials (Steimle et al., 2013). Findings from the study 

by Warren et al. (2013) conducted with a thin flexible prototype suggest that repeating a deformation 

accurately can be difficult. In contexts like these, haptic feedback through e.g. material resistance could 

provide support for more complex and diverse interactions with flexible interfaces. 

Ergonomics and Affordances - A variety of studies have looked at object handling affordances and 

ergonomics of knobs, handles and the like (e.g. (Paschoarelli et al., 2012; Seo and Armstrong, 2008)). These 

studies provide insights in the relationship between grip, movement and force. Other related work 

focused on the psychophysical characteristics of hand movements (e.g. (Ciriello et al., 2001)), or analysed 

the grip and action affordances of mobile devices and how these are impacted by different form factors 

(Eardley et al., 2017). 

Building on this work, we analyse different interaction techniques that can be performed with 

interfaces that become more versatile in terms of material and shape.
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Deformation Techniques
Categorizing Interaction Affordances of Shape Changing Interfaces

A study was set up to analyse the interaction techniques performed to deform the different 

models presented in Figure 4.1. The methodology used for the study was inspired by the guessability 

method often used for gesture elicitation studies (Villarreal-Narvaez et al., 2020), which was selected 

to elicit a large number of possible interaction techniques.

Defining a Set of Deformable Models
The design of the models is based on the classification presented in previous work (Sturdee and 

Alexander, 2018), focusing on the physical characteristics of shape change. The first category is spatial 

and comprises factors like area, volume, height and form. The second category is orientation and 

relates to deformations through curvature, fold and twist. Resolution relates to texture, granularity 

and spatiality. Stretchability, malleability, and viscosity are aspects related to materiality. Lastly, 

permeability and modularity relate to divisibility.

Within each category, models were developed with different deformable properties. The material 

property viscosity was excluded from the analysis as this property is usually not controlled through direct 

physical input. The models for each category were presented in rectangular form each in two different 

versions: 2D and 3D. All 2D models were 8 x 16 cm, and all 3D models were 8 x 16 x 8 cm, this size was 

selected because it could be handled comfortably with either one or two hands. The rigid models were 

printed with PLA and flexible filament was used for non-rigid models. The rigid models supported two 

stable states, while all flexible models return to their original state when there is no force applied. Paper, 

cloth and textiles interfaces were excluded as this opens up a new design space that has already been 

explored in prior work (e.g. (Boem and Troiano, 2019; Lee et al., 2010; Troiano et al., 2014)). 

Spatial - The model for spatial deformations consisted of a sheet of which the surface area could be 

expanded (2D, PLA), and a block with adjustable volume (3D, PLA).

Orientation - For orientation we looked at two different object properties, curvature and folded. 

For curvature, participants could deform a bendable sheet (2D, PLA) and a bendable block (3D, Flex). For 

3D Models
8 x 16 x 8 cm

2D Models 
8 x 16 cm

Spatial

Orientation

Resolution

Materiality

Divisibility

Volume

Curvature

Granularity

Malleable

Stretchable

Folded

Permeability

Figure 4.1. Categories of shape changing interfaces that support manual deformation. Building on 

the classification presented by Sturdee and Alexander (Sturdee and Alexander, 2018)
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deformations based on folding, a foldable sheet (2D, PLA), and foldable block (3D, PLA) was provided. 

Twisting was excluded as it could be seen as a form of curvature that could be realized with the bendable 

sheet and block as well as other models.

Resolution - For resolution, spatiality was selected as an appropriate deformation for haptic 

interaction. Presented in a model that consisted of different elements that could be arranged in relation 

to one another. The model supported rotation of the individual elements and was presented as a flat 

object (2D, PLA) and as a block (3D, PLA).

Materiality - Two different models for the category materiality were included: malleable and 

stretchable. A malleable sheet (2D, Flex) and malleable block (3D, Flex) that would retain their shape 

after deformation. Both malleable models were filled with homemade play dough to mimic the malleable 

characteristics. For the stretchable models, a stretchable sheet (2D, Flex), and a stretchable block (3D, 

Flex) were used, which only exhibited one stable state.

Divisibility - A permeable structure was used for the category divisibility. Two models were designed 

using kirigami principles to allow for changes in permeability. Like the other models, they were presented 

as sheet (2D, Flex) and as a block (3D, Flex). The overall permeability of the material could be adjusted by 

compressing in one direction or stretching in the other, while also supporting changes in permeability of 

individual diamond shaped cells.

There are a variety of ways to design for these individual properties, in particular with characteristics 

as resolution and divisibility, which cannot be captured in a small set of models. With the design of this 

set of models (see Figure 4.2), we aimed for generalizable results that can be used to inform the design 

of interactions with a large variety of possible shape changing interfaces by using similar shaped objects 

that afford a variety of different deformations.

Methodology
A within-subject study was designed to explore different interaction techniques with the set of 

deformable models. Each participant was asked to propose interaction techniques using 7 different types 

of deformable models, all presented in 2D and 3D form (Figure 4.2).

Participants - 4 participants (3 male and 1 female) between the age of 28 and 32 (M=29.3, SD=.95) 

participated in the study. 3 participants were right-handed and 1 was left-handed. Additionally, the non-

dominant hand of participants was traced on a piece of paper to record their hand size. Participants were 

recruited through the university. All participants signed an informed consent at onset of the experiment.

Setup - Participants were seated behind a desk. A camera was set up to record the interactions, the 

camera focused on the hands of the participant. The models were positioned on the edge of the table 

one by one, the 2D and 3D models were counterbalanced. Each individual set of models was presented 

in random order.

Procedure - At the start of each trial, the 

participant received a model that was designed 

to afford at least one of the deformations from 

the list presented in Figure 4.1. Consequently, 

the participant was asked to propose any 

interaction technique they can think of 

to deform the model corresponding to its 

deformation. They were allowed to use either 

one or both hands during the interaction, or 

make use of the table surface as they saw fit. 

For each new interaction technique that was 

proposed, participants rated the perceived 

ergonomics on a 5-point Likert scale (1= very 

poor, 5 = very good), to indicate the ease with 

which the interaction could be performed. 

Each interaction technique was performed in 

front of the camera. For models with two stable 

states, interaction techniques were counted 

for deformations in both ways. For example, 

opening a foldable model was counted 

separately from closing the model as these 

interactions are not always interchangeable. 

The study lasted 75 minutes on average.

Analysis
We collected video recordings of the 

interactions performed with the models. The 

video recordings were transcribed. For each 

interaction, the start and end frame were saved 

as well as the timestamps of the frames. The 

frames were used to create a visual overview 

of the data that supported the classification 

of the different interaction methods. The data 

was saved along with the results from the 

ergonomics questionnaire.

Volume

Curvature

Foldability

Malleability

Granularity

Stretchability

Permeability

2D

2D

2D

2D

2D

2D

2D

3D

3D

3D

3D

3D

3D

3D

Figure 4.2. Models used in the study.

Left: 2D models, right: 3D models.



9594

Coding Interaction Techniques

The interaction techniques were coded through an iterative process. This resulted in a set of 19 themes to 

describe the actions performed to deform the models (Figure 4.3). Actions performed to grab or place the 

model in a position from where the interaction could be performed were discarded for simplicity. Further 

analysis of the interaction techniques focused on whether the table surface was used, the way the objects 

were handled, the grip of the hands, as well as the ergonomic feasibility.

Results
The following discusses the manner in which participants handled the models, and the interaction 

techniques used to apply different deformations to rigid and flexible models. A total of 537 interaction 

techniques were generated by 4 participants using 14 models, of which 7 were presented in 2D form (288 

interaction techniques) and 7 in 3D form (249 interaction techniques). Besides video analysis, subjective 

data was collected about the quality of the ergonomics of the interaction (ease of the interaction). 

Object Handling

The video recordings showed that the way participants handled the objects varied. Participants were 

allowed to use one or both hands, and the table surface to apply deformations to the models. Based on 

30

20

10

0

30

20

10

0

40

Rigid              Flexible

Figure 4.3. 

Frequencies of 

deformation techniques 

performed by 

participants for rigid 

and flexible  models. 

Top: 2D models, 

bottom: 3D models.

Bimanual – The majority of the interactions (365) were performed with two hands. The most 

frequently used technique was symmetric bimanual interaction (60%), in which the same interaction 

technique was observed in both hands either identical or opposite. The symmetric bimanual interaction 

technique was the only technique that was observed more frequently without support from a surface 

as shown by the result of a Chi-Square test χ2(1) = 33.34, p < .01. For the remaining 40%, participants 

used asymmetrical bimanual interactions, in which the non-dominant hand was observed supporting 

the model, in the cases where no surface was used. The opposite pattern could be observed here, with 

significantly less interactions performed without support from the table surface: χ2(1) = 27.09, p < .01. If the 

surface was used for asymmetrical bimanual interaction, the non-dominant hand would keep the model 

in place often with a radial grasp, flat hand, fingertips, or pinch grip. The grasp technique depended on 

the characteristics of the model and type of interaction that was performed.

The above-mentioned object handling methods did not have an effect on the subjective evaluation of 

the ergonomics, as shown by the results of a Kruskal-Wallis test: H(3) = 4.56, p = .21. 

single-handed
with whole hand

single-handed
with finger(s) or thumb

asymmetrical bimanualsymmetrical bimanual

the analysis, four different types of object handling were identified: single-handed interactions with a 

subset of the fingers or thumb, single-handed interaction with the whole hand, symmetric bimanual 

interactions, and asymmetric bimanual interactions (see Figure 4.4). 

Single-handed – In total, 172 single-handed interactions were recorded, 69% of these interactions were 

performed with the whole hand, while the remaining 31% were performed with a subset of the fingers or 

the thumb. Single-handed interaction techniques were often performed with the aid of the table surface 

(56.4%). We observed that 3D models that are deformed with single-handed interactions with only a 

subset of fingers or the thumb require the use of a surface. For 2D models with stretchable or malleable 

properties single-handed object handling with thumb and/or a subset of fingers were exceedingly rare 

and rated poorly (1 to 2 on a scale of 5). Single-handed interaction with the thumb was possible with 2D 

rigid models as they were easier to clamp between the fingers and the palm of the hand when solely the 

thumb was engaged in the interaction.

Figure 4.4. Examples of categories observed for object handling.
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Interaction Techniques
Here, we discuss the interaction techniques that were typically used for rigid and flexible models. 

Followed by interaction techniques that are universally applicable. Based on the analysis of the recorded 

interactions, 19 interaction techniques were identified. As expected, different types of models afforded 

different types of interactions that corresponded with the model properties. The frequencies with 

which these techniques were used to perform deformations in rigid and flexible models are presented 

in Figure 4.3. An overview of the data is available in Appendix G.

Typical Interaction Techniques for Rigid Models 

Some of the interaction techniques performed to change the orientation or volume were associated 

with rigid models. Typical interaction techniques to apply a change in the orientation, which were 

usually observed in rigid models, were flipping, spinning, and flicking. Additionally, sliding methods were 

observed for changes in volume of rigid models.

Slide – The sliding interactions could be performed with finger and or thumb extension and flexion. 

By positioning multiple fingers on a surface, friction is created between the hand and the object. Sliding 

was one of the few methods that could be performed single-handed with the thumb, without support 

from a surface.

Flip, Spin and Flick – These three interactions were mostly 

performed to alter the orientation of rigid models. Flipping seems 

most common in 2D foldable models, while spinning was only 

possible with the granularity model, which was the only model that 

supported full rotations. All three interaction techniques can be 

100

50

single-handed
finger(s)/thumb

150

single-handed
whole hand

bimanual
symmetric

bimanual
asymmetric

with surface            without surface

0

Figure 4.5. Frequencies of 

the observed single-handed 

and bimanual interactions 

with and without use of the 

table surface.

used to initiate momentum, for flipping and flicking 

this is achieved with finger and/or thumb flexion or 

extension. For spinning, momentum is created from 

the rotation motion of the wrist or shoulder. Flipping 

interactions can be performed single-handed 

without support from the surface, however a larger 

momentum can be created with asymmetrical bimanual interaction when the object is not grounded. 

This method was often observed for spin and flick interactions (Figure 4.6 and 4.7). These deformation 

methods are quick, while at the same time the output of the resulting deformation is difficult to control.

Typical Interaction Techniques for Flexible Models 

Flexible models supported different types of interaction that were not observed in interactions with 

rigid models. These interactions include methods to apply pressure such as pinching, squeezing, and 

punching. Furthermore, flipping interactions were also observed in 2D curvature models as these could 

be ‘flipped’ under tension and would return to their original state after pressure was released. In these 

models, flipping is achieved by a slight change in orientation of the grip which was observed single-

handed or symmetric bimanual.

Pinch, Squeeze and Punch – The malleable model in particular invited for these types of interactions. 

Commonly used pinches were lateral, pulp, and five-finger pinch. Squeezing interactions varied from 

subtle squeezes with power grasps to crumbling. Lastly, punches were performed with clenched fist 

exclusively on malleable models.

Universal Interaction Techniques

The majority of the interaction techniques were observed in both flexible and rigid models. 

Push, Pull and Shear – Pushing was a common method to apply pressure with a spherical grasp, 

flat hand(s), extended finger(s), thumb(s), or with a pinch grasp. Whereas, pulling is a common technique 

often performed with spherical or pinch grasp, but can also be performed with a hook and snap 

grasp, which was observed in interaction with permeable models. For flexible models, changes in the 

directional movement of push and pull actions were used to create changes in the orientation of the 

model (curvature or shear).

Twist, Turn and Swing – Orientation changes were often 

generated with twist and turn (Figure 4.8) interactions. Twisting was 

symmetric bimanual as it requires movement of both hands rotating 

in opposite direction, while turning was mostly performed with 

asymmetrical bimanual object handling using the non-dominant hand 

Figure 4.7. 

Example of an 

asymmetric 

bimanual spin 

interaction.

Figure 4.8. 

Example of 

symmetric 

bimanual turn 

interaction.

Figure 4.6. 

Example of 

an asymmetric 

bimanual flick 

interaction.
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to keep the model in place. Swing interactions on the other hand were often performed 

single-handed, using the momentum of the arm to inflict a deformation in the model’s 

volume or orientation. For all these interactions, the grasps used by participants were 

similar depending on the characteristics of the model. Observed grasps include spherical 

grasp, extension grasp, and lateral pinch.

Roll, Spread and Stroke – Rolling interactions were only observed in flexible models, 

which could be attributed to the rectangular shape used for the models in this study. 

Therefore, rolling is listed as an interaction technique that could additionally be used in 

rigid models when this is supported by its design. Rolling interactions were often performed 

with a flat hand or with extended finger(s), using the contact surface between the hand and 

material similar to sliding techniques. Spread interactions were initiated by extension of the 

thumb and/or a subset of fingers, to stretch flexible materials or change the orientation or 

volume of rigid models (Figure 4.5). Stroke interactions were observed in flexible and modular 

(granularity) models, performed with extension of a subset of fingers. Roll, spread and stroke 

interactions can be performed single-handed with the aid of a surface or bimanual. 

Poke and Slap –These interaction techniques are used to apply a deformation as a result of a collision 

with the model. This can be subtle with an extended finger when poking, or with a flat hand when 

slapping. These interaction techniques are versatile, but were most frequently observed in permeable 

and malleable models.

Shape – For interactions with the granularity models (rigid) and the flexible models, a different type 

of interaction technique was observed for which participants shaped or modelled the objects with or 

around their hands. For instance, by using their hands to align the individual elements of the model 

(granularity) or shape the curvature of flexible models. For malleable models, the original shape of the 

model was restored with a subtle pinch grasp following the contours of the model (see Figure 4.9). These 

shaping and molding techniques might become more relevant for flexible and modular interfaces.

Discussion and Conclusions
Shape changing interfaces can be more versatile in terms of interaction affordance compared to 

conventional interfaces. With conventional interfaces that utilize force feedback, the physical design 

often clearly directs the way users interact with the device through sliders, knobs, levers and the 

like. With these controls, there is still room for differences in grasp and body posture that affect the 

haptic experience, however, this is often more restricted compared to interaction affordances of shape 

changing interfaces. Shape changing interfaces have the ability to take on a variety of different shapes 

depending on their deformable properties. These can (but do not have to) provide more diversity in 

physical appearance, affordances, and the way the interface can be handled, as there is often no longer 

Figure 4.5. 

Folding by 

spreading the 

fingers.

a single point for interaction. The work presented here attempted to grasp this diversity in interaction 

techniques in a comprehensive overview that can be used to inform haptic interaction design with shape 

changing interfaces. We hope that this work can be relevant from various perspectives:

Inform Force Feedback Design and Evaluation of Shape Changing Interfaces - When such interfaces 

utilize force feedback for guidance, communication, or feedback purposes, it becomes important to 

evaluate the feedback for different interaction techniques, and adapt the design when needed to create a 

holistic haptic experience regardless of the manner in which the object is handled. This work attempts to 

provide an overview for interaction techniques that can be used to aid the evaluation of haptic interaction 

with shape changing interfaces and for the development of haptic design guidelines for more consistent 

and reliable haptic feedback in shape changing interfaces that utilize active force feedback for guidance, 

feedback, or communication. 

Force feedback could not only support interactions with rigid shape changing interfaces. It also 

has the potential to improve interactions with flexible interfaces considering the challenges that were 

observed with single-handed object handling of flexible interfaces and the difficulties with replicating 

input (Warren et al., 2013), local adjustable resistance could be a way to guide interactions and allow for 

more precise and diverse input methods in flexible and malleable interfaces.

Inspire Interaction Mapping with 2D and 3D Interfaces with Deformable Properties - In addition, the 

work presented provides an overview as well as analysis of the object handling with interfaces that exhibit 

different deformable properties. This can inspire the design of deformable characteristics in shape changing 

interfaces and mappings between interaction techniques and the system’s behavior or functionality.

Another interesting potential of interfaces that provide more diversity in physical appearance, 

affordances, and object handling is the possibility to detect expressive user input based on the way the 

user interacts with the interface. Future work could explore how different interaction techniques and their 

parameters relate to the affective state of the user (e.g. (Altun and MacLean, 2015)).

Limitations and Future Work

Several limitations to this work need to be addressed. First, the grasp technique is an important aspect 

that influences the haptic experience of an interaction. In this study, the models afforded a variety of 

grasping techniques for hand-based interaction. However, these techniques were restricted to the design 

of the models. For example, the use of handles or levers affect the affordances of the interaction as well 

as the techniques that can be employed. Also, the module size affects the deformation techniques that 

can be performed. 

Second, the initial set presented here shows how different interaction techniques relate to different 

deformable qualities of shape changing interfaces based on a preliminary study with a small sample 

size. Therefore, these insights serve as a starting point rather than a complete overview of interaction 

techniques with shape changing interfaces. A set that could be expanded on in future research.
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Figure 4.9. Examples of deformation techniques 

observed in the study.
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Shape changing interfaces are often designed with a focus on the visual 

sense, and are sometimes used for haptic interaction or both. In the previous 

chapter, we looked at different interaction techniques that can be performed 

with a deformable interface to create a starting point for the development of 

design guidelines for active force feedback in shape changing interfaces. In 

this chapter, we dive further into the interplay between the haptic and shape 

change modalities. This time, by looking at informative affordances provided 

through shape change combined with force feedback. This was explored in 

the context of interface controls; a dynamic rotary knob was developed that 

served as an indirect input device for a graphical user interface. The design 

and implementation of the dynamic knob, DynaKnob, were informed by insights 

derived from an exploration of the relationship between a knob’s shape, haptic 

feel and functionality. The implementation of DynaKnob in a multimodal context 

was evaluated in terms of usability, user experience, and performance over the 

course of two studies. The chapter concludes with potential applications and 

design guidelines for dynamic controls.
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The work presented in the chapter 

is based on several publications. 

The findings presented in the first 

section can be found in ‘Knobology 

2.0: Giving Shape to the Haptic 

Force Feedback of Interactive Knobs’ 

(van Oosterhout et al., 2018b) and 

‘DynaKnob: Combining Haptic Force 

Feedback and Shape Change’ (van 

Oosterhout et al., 2019). The second 

section describes the design of the 

shape changing control knob that was 

previously addressed in ‘DynaKnob: 

Combining Haptic Force Feedback and 

Shape Change’ (van Oosterhout et 

al., 2019). The last section presents 

the evaluation of Dynaknob, which is 

based on ‘Reshaping Interaction with 

Rotary Knobs: Combining Form, Feel 

and Function’ (van Oosterhout and 

Hoggan, 2020).

Multimodal Force Feedback
and Shape Change

Visual cues inform us about affordances of objects in our surroundings. When we perceive an object, its 

material, structure and/or mechanism provide cues that not only provide information about what actions 

are possible, but it also influences our expectations about how these interactions will feel. For example, 

these cues can provide indications about how heavy an object will be when you lift it or how much force it 

will require to push a button. Active haptic force feedback can challenge these expectations because the 

feedback is dynamic and can only be experienced through active exploration. Shape change - or any other 

modality for that matter - could be used to provide cues that enable users to perceive what feedback they 

can expect before performing the interaction. The advantage of shape change in this context lies in the 

combination of the haptic and visual modality, that can both be perceived through touch.

This chapter explores the relationship between force feedback and shape in the context of 

conventional rotary knobs, and how knobs can become dynamic, in terms of both shape, and force 

feedback. Starting with an evaluation of twelve distinct haptic stimuli in relation to six widely used knob 

shapes, to understand how we can design for combinations of knob shapes and haptic stimuli that can 

provide users with feedback about its functionality. The results of this study informed the design of 

DynaKnob. A shape-changing knob inspired by mechanical metamaterials that can adapt its haptic force 

feedback and physical shape according to the functionality. The chapter concludes with an evaluation of 

DynaKnob in terms of usability, user experience and performance.
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The Relationship Between a Knob’s 
Shape, Haptic Feel, and Functionality

Despite the advantages of tangible interaction, physical controls like knobs seem to be disappearing 

from a wide range of products in our everyday life. Historically, knobs have played an important role 

in man-machine interaction, although in recent decades, the design of physical controls has changed. 

Moving from what Djajadiningrat et al. terms the ‘analogue professional’ era, where systems were 

mainly controlled using knobs and sliders, towards the ‘digital hacker’ era, where the interaction 

repertoire at first mainly focused on push buttons and later touchscreens (Djajadiningrat et al., 2007). 

While touchscreen interfaces provide the flexibility needed to accommodate for the complexity 

of choices and functions of today’s artefacts, they lack the physicality of buttons and knobs (Janlert, 

2014). Interactions with analogue controls that used to be guided by affordance and physical constraints, 

have now been replaced with touchscreen-based interaction through digital buttons and standardized 

gestures, which appeal to our cognitive skills and lack the rich inherent feedback of physical controls. 

Tangible interaction demands less visual attention, allows for easy manipulation, and interaction is often 

faster and more accurate (Fitzmaurice, 1997; Ng et al., 2017; Voelker et al., 2015). This study explores how 

we can use the shape and haptic characteristics of rotary knobs dynamically to inform the user about 

its functionality. This work focuses on rotary knobs because they allow for an infinite range of possible 

physical states, whereas buttons typically support only a few discrete states. 

There exist recent examples that combine screens with physical controls. For smaller devices, like a 

smartwatch or thermostat, touch based interaction poses challenges. This has led to devices that merge 

physical controls with screens in new ways, like the Nest (Nest Thermostat, 2019) and the crown on the 

Apple Watch (Apple Watch, 2019). The advantages of the combination of screens and physical controls 

have also been explored for larger screen-based devices. The Microsoft Surface Dial (“Microsoft Surface 

Dial,” 2018) and BWM iDrive (BWM iDrive, 2019) are examples from industry, and there have been various 

explorations in research (e.g. (Jordà et al., 2007; Pauchet et al., 2018; Robinson et al., 2016; Weiss et al., 2009)). 

These examples were designed to improve input accuracy, provide physical affordances, or create more 

natural and direct interactions by combining visual and tactile interaction.

Prior work has demonstrated how a screen combined with a single rotary 

controller that provides dynamic force feedback to adapt to a variety of 

applications can replace a complex layout of buttons (Laehyun Kim et al., 2010). 

In examples like these, the relationship between the physical design of a knob 

and its functionality that is present in traditional devices (Baumann and Thomas, 

2001) starts to blur, as knobs remain static while providing varied amounts and 

patterns of force feedback to complement different system functionality. This 

work explores if a knob’s shape could provide inherent information about its 

functionality as nested affordance (Gaver, 1991), like icons and labels on buttons. 

Sequential affordances (Gaver, 1991) reveal themselves on rotation of the knob 

through force feedback, and communicate more detailed information about the 

knob’s functionality. 

For the design of control knobs, classic human factors literature (e.g. (Ely et 

al., 1956; van Cott and Kinkade, 1972; Woodson and Conover, 1964)) provides a range 

of guidelines on for example: The area needed for hand clearance (Ely et al., 1956), 

and the type of functions that knobs work well for, such as continuous adjustment 

over a wide range (Weiss et al., 2009), and a suggested amount of positions (3-24) 

to control (Ely et al., 1956). Baumann and Thomas (Baumann and Thomas, 2001) 

present an extensive overview of the number of states that can be supported by a 

variety of physical controls and provides details regarding precision and operation 

speed. The ergonomics of control knobs has been studied for various designs, 

including a ridged and tap design (Peebles and Norris, 2003). More torque can 

be exerted on knurled knobs than on knobs with a smooth surface (Sharp, 1962). 

These studies showed how characteristics of knobs used to relate to applications, 

situation of use and ergonomics.

Study
In order to understand how we can design for combinations of knob shapes and 

haptic stimuli that can provide users with feedback about its functionality, we 

evaluated the relationship between 6 different knob shapes and 12 distinct stimuli. 

Knob Shapes 

Knobs come in many different shapes and sizes, depending on context, function 

or interaction. Eleven different shapes of knobs were identified based on 

Figure 5.1. Knob shapes used in the study. 

Top to bottom: circular, serrated, shuttle, ridged, pointer, 

and tap knob shape.
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literature (Ely et al., 1956; Peebles and Norris, 2003; van Cott and Kinkade, 1972; 

Voelker et al., 2015; Weiss et al., 2009; Woodson and Conover, 1964); and from 

this set, six different knob shapes (circular, serrated, shuttle, ridged, pointer 

and tap) were selected for the study (Figure 5.1). These shapes represent 

types of knobs that are widely used in the products that surround us in daily 

life, such as the knobs on the dashboard of cars, on audio equipment, kitchen 

stoves or coffee machines 1 2. 

Haptic Stimuli

Insights gained from prior studies regarding the detection thresholds for 

friction, inertia and/or torque variations of rotary controls (Kühner et al., 

2011; Peebles and Norris, 2003; Tan et al., 2015) steered the design of the haptic 

feedback stimuli for this study. In addition, we made use of the perceptually 

relevant parameters for rotary controls: Relative inertia, detent amplitude, and 

detent spacing (Swindells et al., 2009). The research was partially conducted 

by Miguel Bruns, who proposed early suggestions for the set of haptic force 

feedback stimuli. The final set of 12 haptic feedback stimuli were designed as 

a combination of constant patterns, detents, spring and/or barrier effects 

(Figure 5.2). Stimuli with detents were presented in two variations of detent 

amplitude and three variations of number of detents per revolution (6, 12 

and 60). The values 6 and 12 matched the 6 grooves on the tap knob and 

12 indentations on the serrated knob. With the aim to evaluate whether 

participants relate the detent spacing to the number of grooves. A set of 4 

constant stimuli was designed as a combination of two variables; acceleration 

and friction. For both acceleration and friction, two values were selected with 

a clearly noticeable difference. Two additional haptic stimuli were designed 

to simulate a rotary switch with two or three stable states. Both designs were 

inspired by the haptic library in TouchSense, a programmable rotary module 

by Immersion (Immersion Haptic Effects Library, 2004). The hill effect was 

combined with the barrier effect to create a switch with two stable states, 

Figure 5.2. Visualizations of the different types of 

haptic stimuli that were evaluated in the study.

1 Majken Kirkegård Rasmussen and Miguel Bruns selected the knob shapes for the study.

2 The knob shapes were designed and printed with assistance of Mark Moore.

and the switch with three states consisted of a compound detent effect merged with the spring effect. 

All stimuli were designed with a precursor of Feelix, which supports the design of position-based effects 

with a blank canvas and step template.

Continuous - The line in the graph (Figure 5.3) indicates the force intensity in relation to the relative 

position of the motor. To create the experience of being pulled back or pushed forward, the thickness of 

the Bezier curve can be adjusted by pulling the line to the left or to the right as visualized in blue. When 

the relative position of the motor is at point A in Figure 5.3, the force angle will pull the motor back to A’. 

Mimicking the effect of a hill in this situation. 

Detents - The force intensity for stimuli with detents followed a sinusoidal pattern. The amplitude 

of stimuli with a low amplitude used 33 percent of the maximum force intensity, and stimuli with a high 

amplitude used 100 percent of the force intensity. For the design of stimuli with detents, the sketch plane 

is divided in sections (Figure 5.3). The number of sections relates to the number of detents. At the centre 

of each section, a line is displayed. The position of this line can be adjusted. When the relative position of 

the motor is on the left side of the line, the force angle of the motor will pull the motor back to the closest 

detent. Vice versa, when the relative position moves past the line, the force angle will pull the motor 

forward to the next detent. The mode was implemented to simulate the experience of mechanical steps.

step

Figure 5.3. Left: visualization of continuous stimuli, right: visualization of detent.

Effects - Predefined effects like acceleration, friction, spring, and barrier could be added and 

modified with an effect panel. Constant stimuli were designed with a constant difference in force angle 

and relative position of the motor, depending on the direction of the rotation. A force angle opposite 

from the direction of rotation results in friction, whereas a force angle similar to the direction of rotation 

results in acceleration. The force intensity of moderate acceleration was 20 percent of the maximum 

force and moderate friction 25 percent, strong acceleration 50 percent, and strong friction 80 percent. 

These values were selected after pilot studies. The difference for acceleration is smaller, because the 

force direction is similar to direction of the rotational movement.

Two different effects were used for the design of the switches, a spring, and a barrier. The spring 

effect was designed with a varying difference between the relative position and the force angle, depending 



111110

on the distance between the start point of the effect and the relative position of the motor. The barrier 

effect, which simulates the sense of hitting a hard stop, was designed in a similar way, but the difference 

between the relative position of the motor and the force angle was smaller and constant. For both effects, 

the maximum force intensity was applied.

Hypothesis

Based on suggestions by Baumann and Thomas (Baumann and Thomas, 2001) and findings by Peebles and 

Norris (Peebles and Norris, 2003), we hypothesize that the preferred haptic stimuli of the six different 

types of knobs are as follows:

1. The circular knob is expected to be associated with constant stimuli. 

2. The serrated knob has light grooves on the surface that increase the level of grip compared to the 

circular knob, therefore the level of friction is expected to be slightly higher. It is unclear whether the 

indentations will be associated with haptic detents. 

3. The shuttle knob is designed for adjustment of variables over a large or infinite range with low 

operating force (Baumann and Thomas, 2001). Therefore, we assume that it is best related to constant 

stimuli with acceleration.

4. The ridged knob is an arrow shaped knob, these are preferred for adjusting variables with three or 

more discrete states.  Therefore, this shape is expected to be associated with stimuli with a few states 

or a large detent spacing. 

5. Pointer or arrow shaped knobs should have a switching step with a minimal rotational angle of 15 

degrees (Baumann and Thomas, 2001), therefore we hypothesize that the pointer knob will be best 

associated with 12 detents per revolution. 

6. The tap knob is expected to be associated with high friction, since the grip provided by the strongly 

grooved surfaces increases the level of force that can be exerted on the knob.

Participants

Twenty participants (9 female, 11 male) between the age of 25 and 36 (M = 28.7; SD = 3.27), 14 participants 

were right-handed and 6 left-handed. Participants were recruited through social networks and the 

university. Participants did not have professional experience with physical control knobs, instead we 

aimed to gain insights based on their experience with physical knobs in everyday life. The participants 

had a background in either computer science, IT product development, engineering, design, software or 

architecture. All participants signed an informed consent at the onset of the experiment. Participation 

was voluntary and no compensation was given for taking part in the study.

Setup

The participants were seated behind a desk. The six rotary knobs were positioned horizontally in front of 

the participant. The knob shapes and haptic stimuli were presented without context, like a scale around 

the knob or feedback on a visual display. Because this could influence the perceived functionality of the 

knob. Instead, the participants were asked to envision applications or functionalities when the shape 

related well to the stimulus that was presented. With the aim to generate an understanding about the 

range and type of applications or functionalities that could be associated with different combinations.

Procedure

For each trial, 1 of the 12 stimuli was presented with all six knob shapes. At the start of each trial, all knobs 

automatically rotated to their start position at 12 o’clock (Baumann and Thomas, 2001). Subsequently, 

the participants were asked to turn the six knobs with their dominant hand in either a clock- or counter 

clockwise direction. There were no specific requirements about how to hold the knob, except for the 

shuttle design that had to be operated with the index finger. After each trial, participants were asked: 

“Could you rate the appropriateness of the relationship between the shape and haptic stimuli?” Answers to 

the question were given on a 7-point Likert scale, where 7 was most appropriate. No time restrictions 

were given and participants were allowed to experience the haptic feedback stimuli multiple times. After 

all trials were completed, each knob was loaded with the participant’s highest-rated haptic stimulus. The 

participants were asked if they could explain the relationship between the particular haptic stimulus and 

the knob (e.g. relate it to the shape of the knob, or its similarity to everyday knobs for specific applications). 

The participants’ comments were transcribed for qualitative analysis. 

Lastly, participants had the opportunity to adjust haptic stimuli to improve the relationship with the 

shape or propose new stimuli that were not presented in the initial set. Multiple designs per knob were 

allowed. The haptic feedback stimuli were designed with the aid of the graphical editor in cooperation 

with the researcher. In total, the study took about 60 minutes per participant.

Results
The results section focuses on how participants experienced the relation between knob shape and haptic 

stimuli, and the association they had between the shapes and haptic stimuli in terms of applications.

Relation between Knob Shape and Haptic Stimuli

The relationship between each shape and the presented stimuli was analysed to evaluate what stimuli are 

most appropriate for particular knob shapes. The results of the Likert scale ratings were analysed using 

the Friedman test followed by Wilcoxon Signed-Ranks tests for each of the knobs. The most important 

results are reported below and an overview of the results is presented in Table 5.1.

Circular knob – the results confirm our hypothesis that the circular knob seems to be best 

associated with constant friction or acceleration (5.1 to 6.1 out of 7). Participants found the circular knob 

in combination with 60 detents to suit, rather than stepped stimuli with a large detent spacing and spring 

or barrier effects (2.0 to 4.8). For 60 detents, a low amplitude (5.6) was rated significantly higher than a 

high amplitude (4.8), Z = -3.334, p < .05.
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Serrated knob – the indentations on the serrated knob were associated with haptic feedback stimuli 

with detents. Frequent detents (12 or more) and a low amplitude were rated most favourably, with average 

ratings ranged from 5.7 to 6.1. The results also confirm our hypothesis that low friction (5.6) was most 

appropriate of all constant stimuli (4.8 to 5.6). 

Shuttle knob – as expected the shuttle knob was clearly associated with constant stimuli (4.1 to 5.6), in 

particular acceleration. Low acceleration (5.6) was preferred over high acceleration (4.9), Z = -2.34, p < .05. 

Stimuli with stepped, spring and barrier effects were least associated with the shuttle knob (1.3 to 4.3). 

Ridged knob – confirm our hypothesis the ridged knob was favoured in combination with stimuli with 

spring and barrier effects (5.0 to 5.5), and stepped stimuli with large detents spacing (6 or 12 detents per 

revolution), (4.7 to 5.4). Rather than constant stimuli and stimuli with 60 detents per revolution (2.9 to 3.6). 

Pointer knob – there was a significant difference among the haptic feedback stimuli for the pointer 

knob χ2(11) = 32.01, p < .05. Contrary to our assumptions, all stimuli were associated reasonably well with 

the pointer knob. Two patterns can be observed. First, stepped stimuli with a large detent spacing, and 

spring or barrier effects were rated between 5.0 and 5.5. The second group consisted of the constant 

stimuli and frequent detents, with average scores between 4.0 and 4.7.

Tap knob - The tap knob was expected to be associated with high friction (3.7), however the results 

suggest otherwise. Instead, the tap knob relates well to stimuli with 6 or 12 detents, with average ratings 

between 5.4 and 6.1.

Haptic Feedback Stimuli Designed by Participants

The majority of the participants (16 out of 20) used the opportunity to redesign the haptic stimulus for 

at least one of the presented knob shapes. The redesigned stimuli were mostly inspired by the presented 

stimuli or by associations people had with specific knobs based on personal experience. Participants 

designed a total of 36 stimuli, 16 of those stimuli were designed for the pointer knob. The most common 

adjustment for the pointer knob was limiting the rotation to values ranging between 205 and 328 degrees 

(e.g. Figure 5.4). The limited rotation was combined with constant or stepped stimuli with detents 

ranging from 4 to 51 degrees, the detent amplitude varied from 12.5 to 72.5 percent of the maximum 

force intensity. For all other knobs, 3 to 5 stimuli were designed. A limitation to the number of rotations 

was suggested once for each knob except for the shuttle knob. Three participants indicated that the 

circular and serrated knob should not be able to rotate infinitely, instead it should be restricted to a few 

rotations, while a maximum of one rotation was suggested 

for the pointer, ridged and tap knob. The amplitude or 

spacing of detents were adjusted by 7 participants for the 

circular, serrated, ridged, and tap knob. Those redesigned 

stimuli remained closely related to the preferred stimuli. 

Furthermore, the shuttle was redesigned to resemble 

the behaviour of an old-fashioned phone; the designed 

stimulus consisted of a spring effect. The timer knob on a 

Figure 5.4. 

Example of 

stimuli 

designed for  

the pointer 

knob

microwave was mimicked with the pointer knob that would solely rotate back to its start position after 

rotation. The latter two stimuli were designed with a particular functionality in mind. While the other 

stimuli were variations of stimuli from the initial set, designed to create a stronger relation between the 

knob’s shape and the haptic stimulus.

Association with Applications

Participants were asked if they associated the knob with specific applications or functionalities. The 

main themes mentioned by the participants focused on the type of variables that can be controlled by 

knobs. Although several different applications were mentioned for each knob, most of the applications 

were based on the same types of data, e.g. volume control knobs manipulate a numerical variable on a 

continuous scale. We identified 3 different data categories: Continuous, discrete, and limited range (few 

possible states) variables. For each knob, one mention per participant per theme was counted. The knobs 

that were related to constant force feedback stimuli were associated with variables on a continuous 

scale (33 mentions in total; circular 15 mentions, serrated 5 mentions, shuttle 8 mentions, and pointer 

5 mentions). The knobs associated with wide detents were related with variables on a discrete scale (31 

Circular Serrated Shuttle Ridged Pointer Tap

6 steps low amplitude 3.4 (1.48) 4.7 (1.42) 1.9 (1.02) 5.1 (1.32) 5.1 (1.43) 6.1 (1.25)

6 steps high amplitude 2.6 (1.45) 3.4 (1.34) 1.3 (0.72) 5.4 (1.43) 5.1 (1.55) 5.8 (1.48)

12 steps low amplitude 4.8 (1.23) 5.7 (1.14) 2.2 (1.25) 4.7 (1.55) 5.0 (1.54) 5.4 (1.52)

12 steps high amplitude 3.1 (1.56) 4.7 (1.42) 1.3 (0.56) 5.2 (1.40) 5.5 (1.40) 5.6 (1.61)

60 steps low amplitude 5.6 (1.38) 6.1 (1.02) 4.3 (1.53) 3.4 (1.76) 4.7 (1.70) 4.3 (1.77)

60 steps high amplitude 4.8 (1.40) 5.7 (1.29) 3.0 (1.50) 3.1 (1.40) 4.4 (1.78) 4.4 (1.71)

Acceleration low 6.1 (1.16) 5.3 (1.42) 5.6 (1.43) 3.0 (1.58) 4.4 (2.01) 3.8 (1.26)

Acceleration high 5.9 (1.28) 4.8 (1.58) 4.9 (1.80) 2.9 (1.67) 4.4 (2.07) 3.7 (1.61)

Friction low 6.0 (1.06) 5.6 (1.32) 4.8 (1.53) 3.6 (1.75) 4.5 (1.87) 4.1 (1.26)

Friction high 5.1 (1.34) 5.2 (1.41) 4.1 (1.66) 3.4 (1.74) 4.0 (2.12) 3.7 (1.61)

Compound detent spring (switch 3 steps) 2.0 (1.20) 2.7 (1.29) 1.3 (0.72) 5.0 (1.62) 5.2 (1.96) 3.4 (1.46)

Hill barrier (switch with 2 steps) 2.1 (1.36) 2.5 (1.48) 1.3 (0.65) 5.5 (1.77) 5.4 (1.76) 3.4 (1.67)

Table 5.1. Mean and Standard Deviation (SD) for each knob shape and haptic stimulus on 

a Likert scale of 1-7, with scores closer to 7 meaning strongly preferred. The most 

favourable relationships between knob shape and haptic stimuli are displayed in bold.
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mentions in total; serrated 7 mentions, ridged 11 mentions, pointer 11 mentions, and tap 2 mentions). The 

indicator knobs (12 mentions in total; ridged 8 mentions, and pointer 4 mentions) were the only knobs 

related to limited range variables. Solely the pointer knob could be associated with all three scales. The 

associations with the tap knob were not supported by the quantitative results, in contrast to the other 

knobs. The association between the tap knob and everyday controls appeared to be less obvious. The 

tap knob was associated with continuous control (e.g. radiator knob and water tap), despite the strong 

preference for a large detent spacing in combination with the tap knob. “Step size should match the size of 

the grooves” (P18). “Because of the grooves 6 steps feels natural” (P11).

Participants were asked whether they could explain why certain stimuli relate to particular knob shapes. 

The results indicated that their expectations were often affected by everyday experience with control 

knobs. In addition to their personal experience, associations between distinct knobs and haptic feedback 

stimuli were explained by one factor. Namely, the level of grip that the knob affords and thereby the level of 

force that can be exerted is the primary factor (except for the pointer knob). The circular and shuttle knob 

provided little grip compared to the other knobs and were therefore associated with acceleration. “The 

feedback should provide only little resistance because of the smooth surface of the knob” (P9). The notches of 

the serrated knob slightly increased the level of grip, which made the knob more appropriate for stimuli 

with moderate friction and stepped stimuli (12 detents per revolution or more) with a low amplitude. “I 

expect more friction because of the grooved surface” (P3). The tap and the ridged knob provided a decent level 

of grip, and were therefore related to stimuli with detents with higher force intensities. “Feedback does not 

have to be strong, but I expect that the knob is harder to turn because of the grooves” (P10).

Discussion 
Our findings suggest that the knob shapes can be explained by three different characteristics: Smooth 

(circular and shuttle), grooved (serrated and tap), and pointing (ridged and pointer). With a similar 

approach, the haptic feedback stimuli can be divided in three main groups: Constant and small detent 

spacing, large detent spacing, and switches. 1) Smooth knobs were associated with constant stimuli, in 

particular moderate and strong acceleration. The shuttle knob requires low operation force to afford 

interaction with the index finger using a smooth concave notch at the surface of the knob (Baumann and 

Thomas, 2001). The smooth appearance of the circular knob raised expectations that the knob should 

rotate easily without detents or much friction. 2) Grooved knobs were associated with detents. The detent 

spacing seems to correlate with the size and number of grooves. Besides detents, lightly grooved knobs 

seem to relate well to constant stimuli with moderate friction. The grooved surface affects the perceived 

affordance, and makes the use of haptic stimuli with higher force intensities more acceptable, but not 

necessary. 3) Pointing knobs were best associated with haptic feedback stimuli with a large detent spacing, 

and were the only knobs that performed well as a switch with a few states.

The results of the tap and ridged knob, in contrast to the serrated, circular, and shuttle knob, 

suggest that knobs that afford more grip are appropriate for a larger range of force intensities than 

knobs that provide less grip. Which confirms Baumann and Thomas’ suggestion that for strongly 

grooved or arrow-shaped knobs, a higher operating force can be used (Baumann and Thomas, 2001). 

Although the majority of the study results confirmed our original assumptions, there were a couple of 

unexpected findings. For example, grooves on the surface of a knob do not solely affect the perceived 

grip. They can also be associated with haptic detents; the size and number of grooves seems to correlate 

with the detent spacing.

The pointer knob shape was the only shape that associated reasonably well with all stimuli. However, 

it was never selected as the most favorable knob shape. Additionally, the majority of redesigned stimuli 

were designed for the pointer knob. Indicating there was no perfect match between the pointer knob 

and the presented stimuli. The outcome of the stimuli designed by participants suggests that the pointer 

knob relates well to constant and stepped stimuli, but its degrees of freedom should be restricted to less 

than one rotation.

The Perceived Functionality and Context of Use

The findings indicate that there exists a relationship between the shape of the knob, the haptic feedback 

and the type of variable that is being controlled. The knobs were presented without any specific contextual 

information, instead participants were asked to imagine different contexts and functionalities for 

combinations of knob shape and haptic stimulus. Most knob shapes did not solely relate to one particular 

haptic stimulus, often participants envisioned a different functionality or context for the same knob with 

another stimulus. A high detent amplitude was for instance expected to be used for situations in which 

accidental operation needs to be avoided. Additionally, the relationship between stimuli with a few possible 

states and knobs without indicator (circular, serrated, tap) might depend more heavily on the context of 

use. These knob shapes related poorly to those stimuli, because the relative position of the knob is not 

communicated through their shapes. Although, when the knob is used in a particular context, the relative 

position could be communicated outside the knob itself. This might enhance the relationship with those 

stimuli, especially for the tap knob, which is associated well with stimuli with a large detent spacing.

The selection of the most appropriate haptic stimulus for different knob shapes was based on 

associations people had with the shape, either influenced by their experience or the characteristics of the 

shape of the knob. Therefore, cues about the characteristics of the stimulus presented on the knob could 

be conveyed through its shape. The haptic stimulus itself provides more detailed information about the 

variable that is being controlled. When the haptic feedback does not meet the expectations associated 

with the shape, the knob can feel ‘weird’ or ‘broken.’ From all knobs, only the pointer knob seems to 

relate equally well to all stimuli and could therefore be used to control continuous, discrete, and limited 

range variables. Which makes it possible to alter its perceived functionality simply by changing its haptic 

feedback. However, the shape was never selected as the most favourable knob shape for constant and 

stepped stimuli.
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DynaKnob

A Dynamic Rotary Knob that can Morph into Four Distinct Shapes whilst 

Providing Dynamic Force Feedback

The previous study results suggest that it is not possible to design a universal knob with one 

shape that would suit all purposes and feedback patterns, since different knob shapes seem to match 

to different types of haptic stimuli, and the combination of shape and haptic stimuli seems to affect 

the perceived functionality. Therefore, a dynamic control knob was designed that has the ability to 

change its shape and haptic feedback corresponding to its functionality.

For this purpose, DynaKnob was built, an all-in-one knob that can morph between four distinct 

shapes, whilst providing force feedback. From the six evaluated knob shapes, four were chosen to cover 

all possible data types (see Figure 5.5). The shapes that had a natural and direct relation with a variety of 

functionalities were included. The circular knob was selected due to high ratings for continuous variables 

and the tap knob because of high ratings for discrete variables. We selected the pointer knob, instead of 

the ridged knob for control of limited range variables. Because the pointer knob is more widely applicable 

than the ridged knob. Additionally, a simplified version of the serrated knob with six small indentations was 

added, because of high ratings on stimuli with frequent detents (12 or more per revolution) in contrast to 

the other knob shapes. The serrated and tap knob relate well to haptic detents. The correlation between 

the characteristics of the grooves and haptic detents could therefore provide feedback about the range 

of the discrete variable controlled by the knob. The shuttle knob was excluded from the design, since the 

knob shape was solely associated with continuous variables on a large to infinite range.

There exist a few examples in literature of design and evaluations of shape changing controls. The 

results of a study with a shape changing button (Tiab and Hornbæk, 2016), suggests that it is difficult to 

communicate affordance and state through movement, due to the complexity in interpretation. Other 

examples have shown ways in which the shape of physical controls (Kim et al., 2018; Michelitsch et al., 2004; 

Suh et al., 2017) can be adapted to alter the functionality, whilst providing haptic feedback (Michelitsch et 

al., 2004), and how tagged objects (physical tokens) in combination with force feedback can be used to 

merge discrete and continuous control for multimodal tasks (MacLean et al., 2000). In a different context, 

the Ripple thermostat (van Oosterhout et al., 2018a) uses shape 

change and force feedback to communicate affect. 

The design of DynaKnob was inspired by work on 

mechanical metamaterials and kirigami techniques. Mechanical 

metamaterials consist of individual building blocks or cells. Their 

properties arise from their geometrical structures rather than 

composition. Advances in additive manufacturing have led to 

new possibilities with the design of metamaterials that exhibit 

functionalities, such as deformation in response to mechanical 

forces and reprogrammable stiffness or dissipation. Recent work 

on the design of shape-morphing mechanical metamaterials  

(Coulais et al., 2016; Ion et al., 2018; Rafsanjani et al., 2015) have 

inspired the design of DynaKnob, for which a 3D printed cell 

structure was developed. The origami inspired technique 

kirigami has also been explored for the design for multi-

shape metamaterials (Bertoldi et al., 2017). Origami-inspired 

metamaterials are created by folding along predefined creases, 

whereas the kirigami technique uses cuts instead of folds to 

achieve large deformations or create 3D objects from a flat 

sheet. Many studies explored the geometry of the origami-based 

Miura-folded patterns. The technique can be used to create 

bidirectional flat-foldable cellular 3-dimensional structures 

(Dudte et al., 2016; Tachi and Miura, 2012; Yasuda and Yang, 2015), 

varying the unit cell geometry in each layer enables the design of 

mechanical metamaterials (Schenk and Guest, 2013).

Design and Implementation of DynaKnob
DynaKnob has a diameter of 62mm and can morph between 

four different shapes. The geometric structure consists of two 

types of cells, each with a different functionality. All cells were 

arranged along the circumference of the knob.

The first cell type was designed to morph into a triangular 

protrusion, to transform the circular knob into a pointer knob. 

Figure 5.5. DynaKnob in  four different states. 

Top to bottom: circular, serrated, pointer, and tap shape.
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The pointer cell can be folded inside the knob with a printed mechanism based on hinges created with 

alternating thickness of the material. This causes the material to bend at the desired points when a force is 

applied. These type of mechanisms made out of flexible materials will always have the tendency to return 

to their initial state unless they are buckled or snapped into position. The pointer was printed in unfolded 

state and would return to its initial position when released.

The second cell type was repeated six times around the circumference of the knob. It can deform into a 

small indentation when it is slightly pulled inwards to change from a circular to serrated knob shape. Pulling 

the cells further inwards resulted in the larger indentations for the tap knob shape. The cell structure was 

designed to make the knob spring back to its original state when there was no force applied (see Figure 5.6).

The entire knob consists of three different materials. PETG filament was used to create a strong base 

for the design to provide a firm grip. The shape changing cells of the knob were created with flexible 

filament, with a shore hardness of 85A. A smooth and flexible cover for the knob was printed with flexible 

filament with a shore hardness of 60A. Four arrow buttons and one selector button were positioned on 

top of the knob at the centre to extend its functionality. The buttons were printed with flexible conductive 

filament (EPTU).

Actuation
A vertical motion supported the transition between the tap, serrated, circular, and pointer shape. The 

shape transformation was actuated by a central component that moved in a vertical direction for a 

distance of 20 mm along the central axis of the knob. The movement was controlled by two BLDC motors, 

using a construction with two trapezoidal rods and nuts. The pointer cell was pushed outward with an 

arm (Figure 5.6, bottom left) when moving up. Moving down pulled the pointer back inward. The serrated 

and tap cells were being pulled in with a wire when the component moved down. The structure of the 

cells enabled them to return to their original shape when the component returns to its original position. 

The elements attached to the centre component prevented the cells from being pushed further inward 

during the interaction (Figure 5.6, bottom right).

Force Feedback - DynaKnob uses a GM6008H BLDC motor to provide a variety of haptic effects 

including detents, friction, hard stop, and spring effects. The stimuli were designed to guide the 

interaction by limiting the degrees of freedom to a number of discrete steps. Constant friction supports 

the adjustment of continuous variables.

Shape Change - The changes between different knob shapes are supported by a 3D printed structure 

consisting of flexible and rigid materials. Two additional GM4008H BLDC motors actuated the transitions 

between the different knob shapes, using trapezoidal rods and nuts.

Figure 5.6. DynaKnob design and actuation. Top: topview (left) and bottomview (right). 

Middle: design of the pointer cell (left), design of tap - serrated - circular cells (right). 

Bottom: cross section of DynaKnob, actuation pointer cell (left), actuation tap - serrated - 

circular cells (right).
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Potential Applications  
A physical knob that can change shape opens up opportunities for new user interface controls that can 

accommodate a variety of functionalities. For example, in-car systems, smart home applications, and also 

drawing, photo and video editing.

The use of a dynamic knob could be particularly interesting for interactions that require users to rely 

more on their tactile sense, e.g. in virtual reality or eyes-free interaction. As the use of force feedback 

and shape both provide tactile information that could reduce the workload, while force feedback could 

also enhance accuracy. The motion of actuated changes in shape and rotation could be designed to invite 

people to engage in interaction with the knob, e.g. the faster the movement, the more urgent the task. 

Additionally, shape transformations could provide sequential affordances (Gaver, 1991) when the user 

interacts with the knob. 

Shape change could also be used as input modality. Giving users the possibility to transform the 

shape would enable them to shift quickly between different functionalities. In order to use shape change 

as input modality, additional sensors need to be added and intuitive interactions need to be explored that 

are easy to perform and do not interfere with the normal usage of the rotary knob.

Lastly, elderly or people with physical impairments who have less strength in their hands might 

benefit from a shape changing knob that can provide better grip in situations where the force feedback 

is stronger.

In the next section, an example is presented in which DynaKnob is integrated as an indirect input 

device for a GUI. The feedback provided by DynaKnob in terms of shape and force feedback are evaluated 

in relation to the functionalities. Followed by a performance study of that examines the two modalities in 

terms of speed and accuracy.

Reshaping Interaction 
with Rotary Knobs
Combining Form, Feel and Function

In this section, two multimodal studies are discussed that were conducted to investigate whether 

the shape change and/or force feedback features of DynaKnob affect the usability, user experience and 

performance. First, the main findings of our first study that explores the use of DynaKnob as an input 

device for a GUI are presented. Followed by a performance study in which the duration and accuracy of the 

interaction with DynaKnob were examined for visual and non-visual interaction. In addition, we analyse 

how different combinations of knob shape and haptic stimulus influence the way users physically interact 

with the knob. The section concludes with six implications for design of dynamic input devices that utilize 

force feedback and/or shape change. First, an overview is presented of relevant literature.

Dynamic Input Controls

The force feedback provided by physical controls can be dynamically controlled to alter physical 

constraints and provide guidance during interaction. Prior work has shown that force feedback can assist 

users e.g. in steering and targeting tasks (Dennerlein et al., 2000) and control tasks (Bianchi et al., 2010; 

Lischke et al., 2017). Additionally, force feedback systems can accommodate a variety of functionalities. E.g. 

the force feedback dial by Kim et al. (Laehyun Kim et al., 2010) replaces the complex layout of buttons on 

a remote control, while MacLean et al. (MacLean et al., 2000) combined haptic cues with tagged handles 

for media control, where the tagged handles are discrete selectors for different functionalities. Building 

on this work, DynaKnob utilizes its physical shape and force feedback to support various functionalities.

In the realm of shape changing controls, Tiab and Hornbæk (Tiab and Hornbæk, 2016) have explored 

different behaviours of a shape changing toggle switch to communicate affordance, system state, and 

feedback. Their results suggest that designing for affordance through movement and shape change is 

challenging, due to a lack of design principles to communicate affordances of shape changing interfaces.  

ExpanDial (Kim et al., 2019), KnobSlider (Kim et al., 2018) and Button+ (Suh et al., 2017) use their shape 

for adaptive physical affordances that depend on the context of use. Similarly, the shape of the haptic 

chameleon (Michelitsch et al., 2004) serves as input, while the capabilities of the knob are communicated 

through force feedback. Another example is Ripple (van Oosterhout et al., 2018a), which combines force 
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feedback and shape change to convey affective meaning in a user-system dialogue. Ripple changes its 

size to alter its physical affordance, making it easier or more difficult to rotate.

Instead of extending tangible controls with dynamic properties, researchers have also been exploring 

ways to add physicality to already highly dynamic touchscreens. Since touchscreens lack the physical 

affordances that are inherently present in tangible interfaces, interaction is typically less accurate and 

requires more visual attention (Jansen et al., 2012; Voelker et al., 2015). Several studies have managed to 

enhance touchscreen-based interaction by adding tangible elements. A few examples are pneumatic 

deformable buttons (Harrison and Hudson, 2009), Spinner (Kobayashi and Akamatsu, 2005), CapWidgets 

(Kratz et al., 2011), Slap Widgets (Weiss et al., 2009), and GazeForm (Pauchet et al., 2018). 

Evaluating Rotary Controllers as Input Devices

The literature provides various examples of studies with rotary controllers as indirect input devices, in 

contrast to direct input devices like touchscreens. Interaction with physical knobs appears to be more 

accurate in contrast to virtual knobs, and tangible knobs retain their performance when the knob itself 

is not in the locus of attention (Voelker et al., 2015). A reduced task completion time and error rate for 

rotary controllers with haptic textures was found by Grane and Bengtsson (Grane and Bengtsson, 2012) 

when navigating a menu, however when visual feedback was included, task completion time increased. 

The use of a physical knob as an indirect input device often comes at the cost of a higher learning 

curve compared to direct input devices like touchscreens, due to the translations between inputs and 

outputs that have to be learned (Rogers et al., 2005). This highlights the importance of an optimal mapping 

between the input device and the structure and layout of the GUI (Harvey et al., 2011). In the study 

presented here, the design of all GUI elements was optimized for rotary knobs. 

Several studies explored the way users grasp tangible objects. TouchTokens (Morales González et 

al., 2016) is a project that explored the use of different physical tokens to constrain the user’s grasp and 

thereby the spatial configuration of fingers on a touch sensitive surface. Their results show that users 

have a consistent grasp, but this grasp is user dependent. Kim et al. explored how people grasp dials that 

differ in diameter and height (Kim et al., 2019). Building on these examples, this work explores how the 

shape of a knob and haptic stimulus can influence the way participants grasp a knob.

Materials
A GUI was developed to evaluate DynaKnob as an indirect input device. The GUI (Figure 5.7) was designed 

with several primary functions that are commonly implemented in multimedia devices, car interfaces 

and/or could be used for smart home control. The mapping between the rotary input and elements of the 

GUI was carefully designed to support seamless interaction between the control knob and the interface. 

Navigating the GUI involved two types of actions: 1) Turning DynaKnob to move through a set of items, 

select an item, or select a variable on a scale. 2) Pressing a selector button to engage with highlighted 

items. The four additional buttons were used two navigate between different elements of the GUI.

A few examples are provided here to give an impression of the implementation of haptics and shape 

in relation to the functionality of the GUI (Figure 5.7). For more details, we would like to refer to the video 

(van Oosterhout and Hoggan, 2020) and Appendix H. The combinations of knob shape and haptic stimuli 

were selected based on the functionality of the interface following insights derived from prior work (van 

Oosterhout et al., 2019). 

Selection of list items – For selection of a value on discrete scale with large range, the serrated knob 

was used in combination with detents. The detent-spacing is correlated to the number of list items.

Discrete selection limited range – The pointer knob was compared to the tab knob, both in 

combination with detents for discrete selection. The range of the rotation was restricted with hard stop 

effects at both ends.

Level adjustment – The use of an indicator was explored by combining the circular and pointer knob 

both with constant friction for level adjustment. Hard stop effects were used corresponding to the range 

presented on the screen.

Text entry - The pointer knob shape was used in combination with haptic detents corresponding to 

the number of items along the circumference of the graphical dial.

Dial phone number – This functionality was supported with the circular knob in combination with a 

spring effect with detents, to resemble the interaction with old-fashioned phones.

Time Adjustment – Hours were adjusted with the tap knob in combination with 24 detents per 

revolution, while minutes were controlled with a serrated knob with 30 detents.

Figure 5.7. A few examples of relationship between haptics, knob shape, and the 

functionality of the GUI (see Appendix H for a complete overview).
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Study 1 - GUI
An evaluation of DynaKnob as indirect input device for a GUI.

Participants

Twenty people took part in the study (6 female), aged between 23 and 63 (M = 30.8, SD = 11.46). Participants 

rated their experience with haptic and shape changing interfaces on a 3-point scale: No experience (9 

participants), average (9 participants), and experienced (2 participants). Eighteen participants were right-

handed; they were instructed to use their preferred hand during the study.

Study Design 

The first study aimed to explore whether the shape change and force feedback features of DynaKnob can 

provide additional feedback about the functionality of the system and thereby enhance the usability and 

user experience. Four conditions were evaluated to explore the effect of knob shape and haptic stimulus 

on the usability and user experience, these conditions were:

1. No feedback (baseline condition: circular knob shape without force feedback) 

2. Force feedback (combined with baseline condition for knob shape: circular)

3. Shape change (combined with baseline condition for force feedback: no feedback)

4. Force feedback and shape change

Figure 5.8. 

Setup study 1, 

with DynaKnob 

positioned in 

front of the 

monitor at 

a 53-degree 

angle. and the 

GUI and tasks 

displayed on the 

screen.

Procedure

The participants were seated behind a desk. DynaKnob was positioned in front of the participant in a box 

that was tilted at a 53° angle to make it easier for participants to divide their attention between the GUI 

and the knob (see Figure 5.8). The application window of the GUI was displayed on a 27-inch monitor, 

positioned behind the knob. The tasks were presented in a separate window, next to the window of the 

GUI as shown on the monitor in Figure 5.8. 

For each condition, participants had to perform a set of seven tasks that consisted of multiple steps 

with the GUI, using DynaKnob as an indirect input device. Before onset of the experiment, participants 

performed a trial run to explore the GUI and different tasks. The four evaluated conditions were 

counterbalanced and the tasks for each condition were presented in random order. After all tasks of a 

condition were completed, participants rated their agreement with 10 statements related to the usability 

of a system (SUS (Brooke, 1996)) on a 5-point Likert-scale for the three types of operations: discrete 

selection, text entry, and level adjustment. Additionally, the user experience was subjectively evaluated 

using the pragmatic and hedonic quality scales of the AttrakDiff questionnaire (Hassenzahl et al., 2003) 

measured on a 7-point Likert-scale. The study concluded with a short semi-structured interview about 

the participant’s experience with force feedback and shape change in relation to its functionality.

Selection of Tasks

Seven tasks were selected that covered each of the five main categories of the GUI: calendar, music, 

phone, navigation and settings. Each task consisted of several steps. The steps involved different types of 

operation like discrete selection, text entry, and level adjustment. 

• Go to calendar, create a new event on December 16 from 9.45 - 10.15 with the title “Doctor”.

• Go to navigation, search address “Kirkevej 8”

• Go to music, search “Everlong - Foo Fighters”, and select the song. 

• Go to phone, select the phone dial, and dial number “69 00 44 68”.

• Go to phone, select “Julia Confer” from the list and call.

• Go to settings, select “Atmosphere lamp”, change the color to light green and set the 

brightness to 75%.

• Go to settings, select “Seat adjustment”, change the angle of the seat to 45 degrees and  

move the seat forward.

Results and Discussion

The usability of the knob was evaluated for four different conditions: no feedback, haptic feedback, shape 

change, and haptic feedback and shape change. The results of a Friedman test revealed no significant 

differences between the SUS scores of the evaluated conditions (χ2(3) = 4.73, p = .19, see Figure 5.10). 

Similarly, the result of the pragmatic qualities of the AttrakDiff questionnaire was non-significant (χ2(3) 

= 5.80, p = .12). The different conditions had a significant main effect on the hedonic scale (HQ-S) of 
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the AttrakDiff questionnaire (χ2(3) = 40.05, p < .001, see Figure 5.9). On the hedonic scale, the condition 

force feedback and shape change (M = 5.4, SD = .76) received the highest rating of all conditions. This 

indicates that the condition force feedback and shape change was experienced as most novel, creative, 

and innovative. It provided guidance and constraints during the interaction, supporting participants in 

selection tasks. Ten participants indicated that force feedback made the interaction “more intuitive,” 

“easier to control” or “informative.” Interaction with the shape-changing knob was also described as 

engaging and playful by nine participants. However, changes in shape were also considered distracting 

by three participants and slowed down the interaction, mainly when the pointer knob rotated to align 

with the visual representation. 

Having conducted interviews with the participants after the study, we believe that some of the 

results of the study are due to the sensory dominance of visual feedback. Previous work has shown that 

vision often dominates perception, for example when determining the position, shape, or size of objects 

(Heller, 2013). In this case, the visual feedback from the GUI dominated the interaction, in comparison 

to the shape change and force feedback from the knob. The majority of the participants (16 out of 20) 

stated that the GUI provided adequate visual feedback about the active functionality of the knob, so it 

was not necessary to focus extra attention or additional senses on the feedback coming from the knob 

itself. We could, however, argue that the use of an indicator on the knob - when combined with haptic 

stimuli that limit the degrees of freedom to a few states - becomes obsolete when the range of the haptic 

stimulus and relative position of the knob is communicated visually elsewhere. Which is in contrast to 

prior findings regarding the relationship between knob shape and haptic stimulus without context (van 

Oosterhout et al., 2019).  

Results from literature are also mixed. Some show that shapes and movements of shape-changing 

interfaces can be very intuitive and self-explanatory, like the pedestrian navigation system that uses its 

shape to indicate the direction, which appeared to be a more intuitive solution compared to vibrotactile 

feedback (Spiers and Dollar, 2016a, 2016b). Others have demonstrated that shape change can also be 

ambiguous and difficult to interpret, as shown by the example of the toggle switch (Tiab and Hornbæk, 

2016). In our case, the knob’s shape was often not self-explanatory, in contrast to the intuitive relationship 

that exists between haptics and functionality. The pointer knob shape was easy to interpret, since it uses 

a conventional metaphor (pointer) and related directly to the feedback on the screen. This relationship 

was less straightforward for other knob shapes like the tap and serrated knob. Only three participants 

related the changes between serrated and tap knob shape to the “granularity” of the controlled variable.  
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Study 2 - Performance of DynaKnob
The results of the first study suggest that different shapes may be more suitable for contexts in which 

the visual workload needs to be minimized or when visual feedback is completely absent. Therefore, 

the following study was conducted to investigate the effect of knob shape and force feedback on the 

performance with DynaKnob during visual and non-visual interaction. For each trial, the task completion 

time was measured as well as the accuracy with which the task was performed. These measures were 

evaluated in a within-subject design study to explore the effect of four factors:

1. Knob shape: circular (base-condition), serrated, tap, and pointer.

2. Force feedback: no feedback (base-condition), friction, 15-degree detents, and 45-degree 

detents. Both stimuli with detents were presented twice, with low and high force intensity.

3. Angle: participants had to rotate towards different targets at 45-degree, 135-degree and 

315-degree. All rotations were performed clockwise and started at 12 o’clock position.

4. All conditions were evaluated for visual and non-visual interaction.

Participants - Sixteen people took part in the study (2 female), aged between 25 and 60 (M = 32.1, 

SD = 11.34). The participants were recruited through social networks and the university. All participants 

signed an informed consent at the onset of the experiment. Fourteen participants were right-handed; 

they were instructed to use their dominant hand during the study. Participation was voluntary and no 

compensation was given for taking part in the study.

Setup - The participants sat on a chair behind a desk. DynaKnob was positioned on the desk in front 

of the participant. The interaction with the knob was recorded with a GoPro. DynaKnob was used in 

combination with a simple GUI that showed the rotation angle participants had to perform (Figure 5.11). 

For conditions with visual feedback, a blue path was shown on the screen tracking the movement of the 

knob during interaction as opposed to non-visual interaction where no visual feedback about the position 

of the knob was provided on the screen. For non-visual conditions, the knob was also placed out of the 

user’s sight using a small curtain (Figure 5.11, bottom).

Procedure - First, participants were introduced to the knob shapes, haptic stimuli, and the different 

rotations they had to perform. When the study began, participants were asked to rotate the knob as 

fast and accurately as possible towards the target position shown on the screen. When the task was 

completed, the knob would rotate back to its initial position at 12 o’clock. The factors knob shape, force 

feedback, and angle were randomized. Conditions with the same angle were never presented after 

Figure 5.11. Setup performance study for visual (top) with feedback on the 

screen and non-visual (bottom) interaction without feedback on the screen, and 

with curtain in front of DynaKnob. 
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Figure 5.12. 

Accuracy measured in degrees from target for non-visual conditions. The baseline condition, 

circular knob without haptic feedback, is displayed in white. The results significantly different 

from the baseline condition are visualized in red.
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Figure 5.13. 

Accuracy measured in degrees from target for visual conditions. The baseline condition, circular 

knob without haptic feedback, is displayed in gray.

one another to minimize cross-trial transfers. All conditions were repeated twice, resulting in a set of 

144 trials. This set of 144 trials was again evaluated twice, once with and once without visual feedback, 

resulting in 288 trials in total. These conditions were counterbalanced. On average, the study took c. 35 

minutes per participant.

Expectations - This study explores the effect of knob shape and haptic stimuli on the accuracy 

and duration of the interaction for visual and non-visual conditions. Stimuli with detents are expected 

to improve the accuracy for non-visual conditions, since they limit the range of the rotation. The 

pointer shape was also expected to lead to more accurate results for non-visual conditions, as it enables 

participants to keep track of the position of the knob. Lastly, stimuli with higher force intensities are 

expected to have a negative effect on the rotation speed compared to stimuli with low force intensities.

Results

A total of 288 trials were recorded per participant. For each trial, the accuracy and duration of the 

interaction with DynaKnob were recorded. The most important findings are reported here.

Accuracy - The accuracy was measured in a number of degrees from the target. The data was 

analysed using a GLMM with gamma regression link, since the data violated the assumption of normality. 

A model was fit with fixed effects for (non-)visual condition, shape, haptic stimulus, (non-)visual 

condition*shape, and (non-)visual condition*haptic stimulus. With a random effect (intercept) to account 

for the differences between participants. Significant interaction effects were found for both knob shape 

and haptic stimulus when combined with the (non-)visual condition (Figure 5.12). The results suggest that 

the pointer knob shape increased the likelihood of more accurate interactions for non-visual conditions 

(β = .32, t = 3.16, p < 0.05) compared to the baseline condition (the circular knob shape). No significant 

differences were found between the baseline conditions and the other knob shapes. In case of visual 

conditions, the accuracy of the interaction was not affected by the knob’s shape (Figure 5.13). Haptic 

stimuli did have an effect on the interaction for the non-visual condition (Figure 5.12, left). Estimates of 

the model indicate that for non-visual conditions, haptic stimuli with large detent spacing and/or high 

force intensities increased the likelihood of more accurate interaction when compared to no feedback: 

15-degree and high force (β = .87, t = 7.19, p < 0.01), 45-degree and low force (β = .68, t = 5.65, p < 0.01), 

45-degree and high force (β = 1.49, t = 12.32, p < 0.01). 

When looking at the combination of the two factors, haptics and shape, the combination of pointer 

knob shape and stimuli with large detent spacing with high force intensity yields the best results (M = 

15.3, SD = 23.1). Significantly more accurate than the baseline condition of a circular knob shape without 

feedback (M = 30.9, SD = 23.2, Z = -5.49, p < .001, see Figure 5.17). These results confirm our assumption 

that the pointer knob shape and haptic detents have a positive effect on the accuracy of the interaction 

for non-visual conditions.
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Duration - An additional model was built to analyse the effect of knob shape and haptic stimuli on the 

task completion time. In this model, the angle was included as a predictor variable since the duration of the 

interaction was correlated with the rotation that needed to be performed. The model explored the influence 

of the fixed effects: (non-)visual condition, haptic stimulus, and angle. These variables were all added as 

main factor and as two-way interaction effects. Combined with a random effect (intercept) to account for 

differences between angles that induce correlations among durations for different angles per participant. 

The non-significant factor knob shape was removed from the model to improve its fit to the data. Results 

showed that the haptic stimuli had a significant effect on the duration for larger rotations (Figure 5.16). For 

non-visual conditions, 315-degree angles were performed significantly slower compared to no-feedback 

conditions when combined with stimuli with detents and a large detent spacing or high force intensities 

(15-degree high force: β = .15, t = 3.17, p < 0.05; 45-degree low force: β = .18, t = 3.96, p < 0.01; 45-degree high 

force: β = .34, t = 7.43, p < 0.01). For visual conditions (Figure 5.15), only stimuli with 45-degree detents and 

high force were significantly slower compared to no-feedback conditions (β = .14, t = 3.08, p < 0.05).

Video Analysis - The interactions with DynaKnob were recorded to analyse the effect of the different 

test conditions on the interaction techniques applied by participants. The video data was transcribed for 

analysis. Based on the data we identified four main grasping techniques that were commonly used. One 

interaction could consist of multiple grasping techniques (Figure 5.14).  

1. Pinch grasp (2 or 3 fingers grasped from the side)

2. Radial grasp (4 or 5 fingers grasped from above)

3. Usage of the pointer 

4. Rotate the knob with one finger on the side

Some of the physical characteristics of the knob shapes elicited particular interaction techniques. 

Several techniques were observed, we focus on the most common ones. The triangular protrusion of the 

pointer knob shape was not only used to verify the position of the knob, it was also used as a handle for 

both visual (14% of the interactions with pointer knob shape) and non-visual (34%) conditions. Several 

participants explored similar interaction techniques with other knob shapes, placing a finger in one of the 

grooves of the tap shape (18% of all interactions with tap knob shape) or simply on the side of the circular 

and serrated knob shape to rotate the knob (15% of all interactions with the serrated knob shape, and 13% 

#1 #2 #3 #4

Figure 5.14.
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Figure 5.15. Duration for 45º, 135º, and 315º angles measured in seconds for visual conditions. The 

baseline condition is displayed in gray. The significantly results are visualized in red.

Figure 5.16. Duration for 45º, 135º, and 315º angles measured in seconds for non-visual conditions. The 

baseline condition is displayed in white. The significantly results are visualized in red.
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of all interactions with the circular knob shape). By keeping one finger on a fixed location, participants 

were able to track the position of the knob, while performing the rotation in one fluent motion.

Interaction Phases - Interactions with DynaKnob often consisted of different phases. They were 

frequently initiated by a larger ballistic movement followed by a corrective movement. This is in line 

with the results of the analysis of a knob-turning task that showed a decay in velocity when approaching 

the target (Novak et al., 2000). A similar pattern can also be observed in interactions with other input 

devices (Aranovskiy et al., 2016). Larger ballistic movements were often associated with a radial grasp, 

while the corrective movements were mostly performed with a pinch grasp (Figure 5.14). The latter was 

also commonly used to perform a series of small consecutive rotations without changing the position 

of the hand. 

Corrective movements were performed differently for visual and non-visual conditions. For visual 

conditions, corrective movements were slow and precise. While for non-visual conditions corrective 

movements were either absent or consisted of larger rotations back and forwards, used to ‘guess’ the 

correct position of the knob. For non-visual conditions, these corrective movements were sometimes 

affected by the pointer shape. The position of the knob could be derived from the triangular protrusion, 

enabling more precise corrective movements like the ones observed in visual conditions. However, the 

participants only noticed the triangular protrusion during 44% of the interactions with pointer knob 

shape during non-visual conditions.

Discussion

The results of the performance study indicate that the combination of shape and force feedback for non-

visual interaction has the capability to improve performance compared to interactions with a static knob 

(Figure 5.17). This is especially the case with the pointer knob shape. Where the triangular protrusion can 

be used to keep track of the position of the knob. In terms of the force feedback, increasing the detent 

spacing and amplitude of stepped stimuli has a positive effect on the accuracy of the interaction.

10º

20º

30º

40º no feedback

pointer knob

45º detents

pointer knob with

45º detents

Figure 5.17. 

Comparison of accuracy 

between the baseline 

condition, pointer shape, 

and stimuli with 45º detents, 

and a combination of pointer 

shape and 45º detents. 

The knob shapes did invite for various interaction techniques. For example, the tap knob shape 

suggested the use of the radial grasp, which enables larger ballistic movements. In addition, more force 

can be exerted using the radial grasp, supporting haptic stimuli with higher force intensities. On the other 

hand, more precise and corrective movements were performed with the pinch grasp, through which less 

force can be exerted. These findings imply that the combination of knob shape and haptic stimulus can 

be used to facilitate an optimal grasp and thereby enable faster or more precise control depending on the 

action that needs to be performed with the knob. The knob shapes used in this study did not constrain 

the user’s grasp. However, different grasp techniques could be enforced through the design of the shape, 

like with TouchTokens (Morales González et al., 2016).

Even though shape change appears to be redundant when visual feedback is provided elsewhere, 

a tangible position indicator has proven to be useful in contexts that demand minimal visual workload, 

especially when it can be detected without requiring active exploration. However, the use of a tangible 

position indicator only makes sense when its orientation corresponds to the output presented elsewhere. 

In other situations, a knob without position indicator would be desirable. Therefore, being able to alter 

between a knob with and without position indicator allows for dynamic mapping or orientation detection 

when needed. 

Conclusion

The work presented here explored if the feedback provided by DynaKnob through force feedback and 

shape change has an effect on the user experience, usability and performance of the interaction. Overall, 

our first study with the GUI showed that the combination of force feedback and different shapes scored 

significantly higher on the hedonic scale than each modality alone, and in the baseline condition. However, 

there were no significant differences in terms of usability. The shape feedback was not necessary in the 

evaluated condition, since the GUI provided clear visual feedback that allowed participants to anticipate 

the result of their actions with DynaKnob. Subsequently, the effect of different shapes and force feedback 

on the performance with DynaKnob was investigated for visual and non-visual conditions. In addition, the 

interaction techniques applied by participants when using DynaKnob were analysed. The results showed 

that both shape and force feedback, in combination and individually, have the potential to improve the 

interaction when no visual feedback is provided. Furthermore, the feedback also appears to influence 

users’ grasps and interaction techniques in general. 

However, more studies are needed that evaluate shape changing controls to better understand the 

value of dynamic controls. Future work should evaluate the use of shape change in a different context 

where no visual feedback about the functionality of the knob is available, or when users have to perform 

a secondary task while interacting with a dynamic control knob e.g. when driving. Lastly, the use of shape 

change as an input modality for dynamic controls was outside the scope of this work and could also be 

explored in future studies.
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SUMMARY

This chapter presented a study to explore the relationship between different knob shapes and haptic 

stimuli. The insights from the analysis suggest that smooth knobs (circular and shuttle) relate well to 

continuous stimuli with little friction and can be used for control of variables on a continuous scale, while 

knobs with grooves provide better grip and are more suitable for higher levels of friction. Additionally, 

the number and size of the grooves seem to correlate with the amplitude and spacing of the haptic 

steps and are more appropriate for control of variables on a discrete scale. Lastly, pointing knobs were 

best associated with haptic feedback stimuli with a large detent spacing, and were the only knobs that 

performed well as a switch with a few states.

The insights from this work inspired the design of DynaKnob, a rotary knob that can morph into four 

distinct shapes whilst providing dynamic force feedback. The knob was used for evaluation as an indirect 

input device for a graphical user interface. The following implications were derived from two user studies.

Design Guidelines
We have formulated six design implications that should be taken into account when 

designing dynamic input devices.

Shape Change and Visual Feedback - The results of the first evaluation imply that 

the use of shape change to convey information about the functionality of physical 

controls is redundant when adequate visual feedback is available. However, the 

results of the second study show that shape change could improve the performance 

when there is no adequate visual feedback or visual workload needs to be minimized.  

Avoid the Need for Exploratory Procedures – In the second study, participants 

often did not detect the triangular protrusion of the pointer knob shape during non-

visual interaction. Therefore, non-visual interaction should not require (extensive) 

exploratory procedures (Lederman and Klatzky, 1990) to detect the changes between 

different shapes. 

Balancing Perception and Distraction when Reducing Visual Workload - On the 

one hand, shape change should be perceivable without the need for exploratory 

procedures. On the other hand, shape change should be subtle enough to avoid 

distraction from the main (visual) task, since unexpected or loud changes in shape 

can distract people.

Position Indicator - A tangible position indicator can be used to improve the 

accuracy of non-visual interactions. Alternating between a knob with and without 

indicator has advantages. The position of the indicator needs to be directly mapped 

to the output presented elsewhere. More variation is possible with knobs that do not 

have an indicator, allowing for more precise or faster input.

Haptic Stimuli and Performance for Non-visual Interactions - The evaluation of 

the performance indicated that constant stimuli seem better suited to fast rotations 

that do not require high accuracy, while stimuli with detents with higher force 

intensities are more appropriate for slow and precise rotations for interactions 

without visual feedback.

Combination of Knob Shape and Haptic Stimulus - For optimal performance in 

terms of accuracy for non-visual interaction, a tangible indicator combined with 

stepped stimuli with a large detent spacing yields the best results (Figure 5.17). 
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6 This thesis has laid out a design perspective on force feedback. Starting from 

the haptic design process to gain insights into the requirements of haptic tools 

to support the design process and make force feedback more accessible as a 

design material for the development of user interfaces. This design perspective 

on tools and support for the haptic interaction design process was accompanied, 

but also driven by a design perspective on the compelling interplay between 

force feedback and shape change. This thesis only explored this interplay on a 

fundamental level by analysing how the diversity in deformable characteristics of 

shape changing interfaces relates to physical object handling as well as exploring 

how force feedback can be designed in conjunction with shape change. This 

chapter discusses the findings in a larger picture and addresses potential 

directions for force feedback design that can be explored in future work. For 

this purpose, I will proceed from the perspective discussed in the introduction 

of this thesis, namely the perspective of Things and Beings that can coexist or 

be combined with conventional interfaces or ‘faceless’ interfaces controlled by 

voice- or gesture-based input (Janlert and Stolterman, 2017). First, I would like 

to point out that interactions are often inherently multimodal, force feedback and 

shape change are only one element of the equation. Everything needs to work 

together, meaning that interaction modalities and affordances of systems can 

change depending a variety of environmental, social, and contextual factors. 

Here, I will only focus on the value that force feedback and shape change can 

add to interfaces that are becoming more organic and dynamic as technology 

gets more interwoven into the fabric of everyday life.
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Opportunities for 
Force Feedback in Future Interfaces

There are several reasons why I would like to stick with the labels of Things and Beings (Janlert and 

Stolterman, 2017). Most importantly, because the use of words like interfaces, systems, computers, devices, 

Artificial Intelligence or the like can introduce strong associations with particular devices and interaction 

techniques. Talking about Things and Beings, however, leaves more room for imagination about the 

way interactions between Things or Beings and users can be shaped, and how their relations can evolve 

over time. It accentuates different qualities of Things and Beings like embodiment, expressiveness, and 

agency. In the following, I will discuss the value of force feedback for interactions with Things, followed 

by a discussion of its value in the context of Beings.

Force Feedback in Interaction with Things - When our environment gets more saturated with 

technology, traditional objects can become interfaces that can be handled in a similar manner as traditional 

objects (Janlert and Stolterman, 2017). This trend is visible in research fields like tangible interaction, 

shape change, and Internet of Things. Considering the developments in material science and biology, this 

trend will likely continue towards objects consisting of materials or modules with sensing and actuation 

capabilities. These sensing capabilities, combined with the diversity in input affordances, will likely 

enable Things to identify users based on object handling. Besides sensing capabilities, Things can be self-

actuated enabling expressions through shape or haptics, and alternations of their appearance to change 

their informative or physical affordances. Force feedback seems a natural approach to interaction with 

Things, considering their physical qualities, and inherent sensing and actuation capabilities. Shape and 

motion can be used to invite for interaction or convey information about the state of the Thing or about 

its behaviour expressed through force feedback. The latter was touched upon in Chapter 5 of this thesis, 

where the relationship between conventional control knobs shapes and haptic stimuli was explored. Of 

course, shape changing interfaces allow for more advanced and interesting dynamics between force 

feedback and shape change beyond interactions with rotary knobs. This might lead to new forms of 

interaction with Things and Beings. 
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Figure 6.1. Ripple Thermostat (van Oosterhout et al., 2018a).

One can look at the interaction between shape change and force feedback in different ways. The two 

modalities can be designed in relation to one another as discussed in Chapter 5, or active force feedback 

can be an inherent quality of shape change when deformation is used as input and output modality, which 

is touched upon in Chapter 4. Developments in material science and technology are needed in order to 

design for force feedback in materials. Currently, materials that can change shape in response to light, 

electricity, temperature or the like either generate too little force or do not have a response time fast 

enough for force feedback applications. Research in material science and human computer interaction 

moves at a different pace. Though material science can be steered when we identify the qualities that 

need to be developed in materials to enable rich and meaningful interactions with the Things in our 

surroundings through force feedback. 

Force Feedback in Interaction with Beings - The major difference between Things and Beings is 

that Beings exhibit higher levels of agency and have the ability to learn and develop over time. Agency is 

an interesting quality in interfaces because it is tightly coupled with intention and control. Traditional 

interfaces were designed to facilitate control. As interfaces start to take on different shapes and different 

roles with more autonomy, force feedback can become an interesting inherent property of interfaces 

that can be designed for communication, collaboration, and negotiation of control. Force feedback 

can be integrated in multiple dimensions in shape changing interfaces. Not in the conventional way of 

talking about multidimensional force feedback, but in a way where, for example, a squeeze interaction 

can be combined with rotation in one single handling thus allowing for more diverse and advanced 

communication based on the haptic sense. In this way, shape change can add a new dimension to force 

feedback, one that is not only visual, but also exhibits the same bidirectional qualities, allowing for more 

diverse interaction combinations and possibilities that exploit the unique qualities of force feedback in 

a meaningful way for communication between the user and system in a fluent dialogue. One example 

of this is Ripple thermostat (van Oosterhout et al., 2018), a project in which I touched upon the complex 

dynamics between these two modalities to mediate interaction with an intelligent thermostat. In this 

example, the interface consisted of a rotary knob (Figure 6.1) the shape of the knob could change its 

size. A larger shape was associated with more dominant behaviour expressed through force feedback 

that could be experienced on rotation, while a collapsed knob shape was associated with submissive 

behaviour expressed through subtle guidance. Both the user and the system could influence the size 

of the knob and thereby control the behaviour of the system. With an approach like this, more intuitive 

and expressive interactions can be designed in a way that allows for mutual exchange of intentions. 

Explorations with these modalities in this combination inspired the direction of my Ph.D. studies. When 

properly designed, this relationship between force feedback and shape change can be used to create 

meaning and value in interaction with Beings, as it provides opportunities to negotiate control, persuade, 

and convey expression or intent, which are important qualities in Beings that exhibit agency. 
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The design perspective on force feedback that was presented here included an 

analysis of the haptic design process, development tools, and guidelines for the 

design and implementation of force feedback in relation to shape change. I hope 

that the work presented in this thesis will fuel the imagination of some, and that the 

design perspective on the haptic design process and tools can inform the design 

and development of more tools and toolkits that enable designers to realize their 

imagination with sufficient freedom and support along the process. This work 

is my contribution to a future where force feedback moves beyond enhancing 

performance and functionalities in applications, towards more meaningful and 

engaging interactions. 



147146

Conclusions 
and Future Work

As discussed earlier, in the first chapter of this thesis, haptic interaction design still faces many 

challenges and obstacles that need to be addressed to enable further exploration of the haptic design 

space (Schneider et al., 2017). This thesis analysed these challenges and obstacles in the context of force 

feedback design for user interfaces in Chapter 2. These findings were translated into tool requirements, 

which informed the design of a haptic authoring tool, Feelix. Chapter 3 discussed the design and 

implementation of Feelix, followed by an evaluation among researchers and students with different 

backgrounds. The main findings suggest that Feelix supports designers in the iterative design process 

for multimodal and shape changing interfaces. However, in addition to authoring tools, designers require 

support and guidance for hardware and software for integration with external components. From an 

engineering perspective, designers could additionally benefit from support with mechanism design. This 

indicates that an authoring tool alone does not suffice for turning force feedback into a design material 

that is truly accessible for designers. They also need plug and play hardware modules and software 

libraries that are easy to use and provide sufficient freedom for integration with external components. 

Besides force feedback design tools, this thesis explored the intriguing interplay between force feedback 

and shape change. The work in Chapter 4 explores how interaction techniques with shape changing 

interfaces relate to their deformable properties. This was done to establish an interaction repertoire to 

inform future studies in which I intend to explore how force feedback experiences are affected by the 

type of interaction that is performed. In order to develop design guidelines for active force feedback in 

shape changing interfaces. Chapter 5 introduces a set of design guidelines for force feedback in relation to 

shape change, which has been explored in the context of rotary control knobs. To conclude, the previous 

chapter discussed the work presented in this thesis in a larger picture and suggested potential directions 

for force feedback design that can be explored in future work.

In conclusion, haptic interaction design is still in its infancy, especially when it comes to force 

feedback. More developments are needed in haptic interaction design to make force feedback a more 

accessible design material for user interfaces design. But most of all, we need creative and passionate 

designers that can explore the design space of the haptic modality to create value and meaning, but also 

beauty in interaction with future interfaces.



149148

Bibliography

A

Aarts, E., Wichert, R., 2009. Ambient intelligence, in: Technology Guide. Springer, pp. 244–249.

Adobe Creative Cloud, 2020. Retrieved November 2020 from https://www.adobe.com.

Alexander, J., Roudaut, A., Steimle, J., Hornbæk, K., Bruns Alonso, M., Follmer, S., Merritt, T., 2018. 
Grand Challenges in Shape-Changing Interface Research, in: Proceedings of the 2018 CHI Conference 
on Human Factors in Computing Systems  - CHI ’18. Presented at the the 2018 CHI Conference, ACM 
Press, Montreal QC, Canada, pp. 1–14. https://doi.org/10.1145/3173574.3173873

Altun, K. and MacLean, K.E., 2015. Recognizing affect in human touch of a robot. Pattern 
Recognition Letters, 66, pp.31-40.

Apple Watch. Retrieved January 2020 from https://www.apple.com/watch

Aranovskiy, S., Ushirobira, R., Efimov, D., Casiez, G., 2016. Modeling pointing tasks in mouse-based 
human-computer interactions, in: 2016 IEEE 55th Conference on Decision and Control (CDC). IEEE, pp. 
6595–6600.

B

Baumann, K., Thomas, B., 2001. User Interface Design of Electronic. CRC Press 424. https://doi.
org/10.1201/b12625

Berdahl, E., Vasil, P., Pfalz, A., 2016. Automatic Visualization and Graphical Editing of Virtual 
Modeling Networks for the Open-Source Synth-A-Modeler Compiler, in: International Conference on 
Human Haptic Sensing and Touch Enabled Computer Applications. Springer, pp. 490–500.

Bertoldi, K., Vitelli, V., Christensen, J., van Hecke, M., 2017. Flexible mechanical metamaterials. 
Nature Reviews Materials 2, 17066. https://doi.org/10.1038/natrevmats.2017.66

Bianchi, A., Oakley, I., Lee, J.K., Kwon, D.S., 2010. The Haptic Wheel: Design &amp; Evaluation of a 
Tactile Password System, in: CHI ’10 Extended Abstracts on Human Factors in Computing Systems, 
CHI EA ’10. Association for Computing Machinery, New York, NY, USA, pp. 3625–3630. https://doi.
org/10.1145/1753846.1754029

Blandford, A., Furniss, D. and Makri, S., 2016. Qualitative HCI research: Going behind the scenes. 
Synthesis lectures on human-centered informatics, 9(1), pp.1-115.

Boem, A., Troiano, G.M., 2019. Non-Rigid HCI: A Review of Deformable Interfaces and Input, 
in: Proceedings of the 2019 on Designing Interactive Systems Conference. Presented at the DIS ’19: 

Designing Interactive Systems Conference 2019, ACM, San Diego CA USA, pp. 885–906. https://doi.
org/10.1145/3322276.3322347

Bolt - Create your game without coding. 2020. Retrieved May 2020 from https://ludiq.io/bolt

Bradley, M.M., Lang, P.J., 1994. Measuring emotion: the self-assessment manikin and the semantic 
differential. Journal of behavior therapy and experimental psychiatry 25, 49–59.

Brooke, J., 1996. SUS: a “quick and dirty’usability. Usability evaluation in industry 189.

BWM iDrive, 2019.

C

CHAI3D, 2020. Retrieved November 2020 from https://www.chai3d.org.

Ciriello, V., Snook, S., Webster, B., Dempsey, P., 2001. Psychophysical study of six hand movements. 
Ergonomics 44, 922–936.

Clarke, V. and Braun, V., 2014. Thematic analysis. In Encyclopedia of critical psychology (pp. 1947-
1952). Springer, New York, NY.

Coelho, M. and Zigelbaum, J., 2011. Shape-changing interfaces. Personal and Ubiquitous Computing, 
15(2), pp.161-173. https://doi.org/10.1007/s00779-010-0311-y

Coulais, C., Teomy, E., de Reus, K., Shokef, Y., van Hecke, M., 2016. Combinatorial design of 
textured mechanical metamaterials. Nature 535, 529–532. https://doi.org/10.1038/nature18960

van Cott, H.P., Kinkade, R.G., 1972. Human engineering guide to equipment design (revised edition). 
AMERICAN INSTITUTES FOR RESEARCH WASHINGTON DC.

D

Dassen, W., 2017. Aesthetics of Haptics. University of Technology Eindhoven, Eindhoven, 
Netherlands.

Dassen, W., Bruns Alonso, M., 2017. Aesthetics of Haptics: An Experience Approach to Haptic 
Interaction Design, in: Proceedings of the 2016 ACM Conference Companion Publication on 
Designing Interactive Systems - DIS ’17 Companion. Presented at the the 2016 ACM Conference 
Companion Publication, ACM Press, Edinburgh, United Kingdom, pp. 254–259. https://doi.
org/10.1145/3064857.3079156

Davis, R.L., Orta Martinez, M., Schneider, O., MacLean, K.E., Okamura, A.M., Blikstein, P., 2017. 
The Haptic Bridge: Towards a Theory for Haptic-Supported Learning, in: Proceedings of the 2017 
Conference on Interaction Design and Children, IDC ’17. Association for Computing Machinery, New 
York, NY, USA, pp. 51–60. https://doi.org/10.1145/3078072.3079755

Dennerlein, J.T., Martin, D.B., Hasser, C., 2000. Force-Feedback Improves Performance for 
Steering and Combined Steering-Targeting Tasks, in: Proceedings of the SIGCHI Conference on Human 
Factors in Computing Systems, CHI ’00. Association for Computing Machinery, New York, NY, USA, pp. 
423–429. https://doi.org/10.1145/332040.332469

Djajadiningrat, T., Matthews, B. and Stienstra, M., 2007. Easy doesn’t do it: skill and expression in 
tangible aesthetics. Personal and Ubiquitous Computing, 11(8), pp.657-676.

Dong, H., Gao, Y., Osman, H.A., Saddik, A.E., 2015. Development of a Web-Based Haptic Authoring 
Tool for Multimedia Applications, in: 2015 IEEE International Symposium on Multimedia (ISM). pp. 
13–20. https://doi.org/10.1109/ISM.2015.71



151150

Dudte, L.H., Vouga, E., Tachi, T., Mahadevan, L., 2016. Programming curvature using origami 
tessellations. Nature Materials 15, 583–588. https://doi.org/10.1038/nmat4540

E

Eardley, R., Roudaut, A., Gill, S., Thompson, S.J., 2017. Understanding Grip Shifts: How Form Factors 
Impact Hand Movements on Mobile Phones, in: Proceedings of the 2017 CHI Conference on Human 
Factors in Computing Systems. pp. 4680–4691.

Electron - Build cross-platform desktop apps with JavaScript, HTML, and CSS. 2020. Retrieved, 
May 2020 from https://www.electronjs.org/

Ely, J.H., Thomson, R.M., Orlansky, J., 1956. Design of controls. DUNLAP AND ASSOCIATES EAST 
INC NORWALK CT.

Enriquez, M.J. and MacLean, K.E., 2003, March. The hapticon editor: a tool in support of haptic 
communication research. In 11th Symposium on Haptic Interfaces for Virtual Environment and 
Teleoperator Systems, 2003. HAPTICS 2003. Proceedings. (pp. 356-362). IEEE.

F

Fitzmaurice, G.W., Buxton, W., 1997. An Empirical Evaluation of Graspable User Interfaces: Towards 
Specialized, Space-Multiplexed Input, in: Proceedings of the ACM SIGCHI Conference on Human 
Factors in Computing Systems, CHI ’97. Association for Computing Machinery, New York, NY, USA, pp. 
43–50. https://doi.org/10.1145/258549.258578

Forsslund, J., Yip, M., Sallnäs, E.-L., 2015. WoodenHaptics: A Starting Kit for Crafting Force-
Reflecting Spatial Haptic Devices, in: Proceedings of the Ninth International Conference on Tangible, 
Embedded, and Embodied Interaction, TEI ’15. Association for Computing Machinery, New York, NY, 
USA, pp. 133–140. https://doi.org/10.1145/2677199.2680595

G

Gallacher, C., Mohtat, A., Ding, S., Kövecses, J., 2016. Toward open-source portable haptic displays 
with visual-force-tactile feedback colocation, in: 2016 IEEE Haptics Symposium (HAPTICS). pp. 65–71. 
https://doi.org/10.1109/HAPTICS.2016.7463157

Galletta, A., 2013. Mastering the semi-structured interview and beyond: From research design to 
analysis and publication (Vol. 18). NYU press.

Gaver, W., 1991. Technology affordance. Proceedings of the SIGCHI conference on Human factors 
in computing system 79–84.

Grane, C., Bengtsson, P., 2012. Haptic Addition to a Visual Menu Selection Interface Controlled by 
an In-Vehicle Rotary Device. Advances in Human-Computer Interaction 2012, 787469.  
https://doi.org/10.1155/2012/787469

Grasshopper - New in Rhino 6. 2020. Retrieved May 2020 from https://www.rhino3d.com/6/
new/grasshopper

Grønbæk, J.E., Rasmussen, M.K., Halskov, K., Petersen, M.G., 2020. KirigamiTable: Designing for 
Proxemic Transitions with a Shape-Changing Tabletop, in: Proceedings of the 2020 CHI Conference on 
Human Factors in Computing Systems. Presented at the CHI ’20: CHI Conference on Human Factors in 
Computing Systems, ACM, Honolulu HI USA, pp. 1–15. https://doi.org/10.1145/3313831.3376834

H

H3D. Retrieved, May 2020 from https://h3dapi.org/

Harrison, C., Hudson, S.E., 2009. Providing Dynamically Changeable Physical Buttons on a 
Visual Display, in: Proceedings of the SIGCHI Conference on Human Factors in Computing Systems, 
CHI ’09. Association for Computing Machinery, New York, NY, USA, pp. 299–308. https://doi.
org/10.1145/1518701.1518749

Harvey, C., Stanton, N.A., Pickering, C.A., McDonald, M. and Zheng, P., 2011. To twist or poke? A 
method for identifying usability issues with the rotary controller and touch screen for control of in-
vehicle information systems. Ergonomics, 54(7), pp.609-625.

Hassenzahl, M., Burmester, M., Koller, F., 2003. AttrakDiff: Ein Fragebogen zur Messung 
wahrgenommener hedonischer und pragmatischer Qualität, in: Mensch & Computer 2003. Springer, 
pp. 187–196.

Heller, M.A., 2013. The psychology of touch. Psychology Press.

Hemmert, F., Hamann, S., Löwe, M., Zeipelt, J., Joost, G., 2010. Shape-changing mobiles: tapering 
in two-dimensional deformational displays in mobile phones, in: CHI’10 Extended Abstracts on Human 
Factors in Computing Systems. pp. 3075–3080.

Hong, K., Lee, J., Choi, S., 2013. Demonstration-based vibrotactile pattern authoring, in: 
Proceedings of the 7th International Conference on Tangible, Embedded and Embodied Interaction - TEI 
’13. Presented at the the 7th International Conference, ACM Press, Barcelona, Spain, p. 219. https://
doi.org/10.1145/2460625.2460660

I

Immersion Haptic Effects Library, 2004.

Israr, A., Kim, S.-C., Stec, J., Poupyrev, I., 2012. Surround haptics: tactile feedback for immersive 
gaming experiences, in: CHI’12 Extended Abstracts on Human Factors in Computing Systems. pp. 
1087–1090.

Itkowitz, B., Handley, J., Zhu, W., 2005. The OpenHaptics/spl trade/toolkit: a library for adding 
3D Touch/spl trade/navigation and haptics to graphics applications, in: First Joint Eurohaptics 
Conference and Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Systems. 
World Haptics Con-ference. IEEE, pp. 590–591.

J

Jaebong Lee, Ryu, J., Choi, S., 2009. Vibrotactile score: A score metaphor for designing vibrotactile 
patterns, in: World Haptics 2009 - Third Joint EuroHaptics Conference and Symposium on Haptic 
Interfaces for Virtual Environment and Teleoperator Systems. Presented at the 2009 world Haptics 
Conference (WHC 2009), IEEE, Salt Lake City, UT, USA, pp. 302–307. https://doi.org/10.1109/
WHC.2009.4810816

Janlert, L.-E., 2014. The ubiquitous button. Interactions 21, 26–33. https://doi.org/10.1145/2592234

Janlert, L.-E., Stolterman, E., 2017. Things that keep us busy: The elements of interaction. MIT Press.

Jansen, Y., Dragicevic, P., Fekete, J.-D., 2012. Tangible Remote Controllers for Wall-Size 
Displays, in: Proceedings of the SIGCHI Conference on Human Factors in Computing Systems, 
CHI ’12. Association for Computing Machinery, New York, NY, USA, pp. 2865–2874. https://doi.
org/10.1145/2207676.2208691

Jordà, S., Geiger, G., Alonso, M., Kaltenbrunner, M., 2007. The ReacTable: Exploring the Synergy 
between Live Music Performance and Tabletop Tangible Interfaces, in: Proceedings of the 1st 
International Conference on Tangible and Embedded Interaction, TEI ’07. Association for Computing 
Machinery, New York, NY, USA, pp. 139–146. https://doi.org/10.1145/1226969.1226998



153152

Jose Amorim, D., Caleca, G., Loos, M.I., de Ruiter, A., Bruns, M., 2019. FRANK: An exploration 
into the potential of expressive and engaging robotic materials. Student Design Challenge TEI 2019. 
Retrieved from https://tei.acm.org/2019/program/sdc.html

K

Kim, E., Schneider, O., 2020. Defining Haptic Experience: Foundations for Understanding, 
Communicating, and Evaluating HX, in: Proceedings of the 2020 CHI Conference on Human Factors 
in Computing Systems, CHI ’20. Association for Computing Machinery, New York, NY, USA, pp. 1–13. 
https://doi.org/10.1145/3313831.3376280

Kim, H., Coutrix, C., Roudaut, A., 2018. KnobSlider: Design of a Shape-Changing UI for 
Parameter Control, in: Proceedings of the 2018 CHI Conference on Human Factors in Computing 
Systems, CHI ’18. Association for Computing Machinery, New York, NY, USA, pp. 1–13. https://doi.
org/10.1145/3173574.3173913

Kim, H., Guimarães, P.D., Coutrix, C., Roudaut, A., 2019. ExpanDial: Designing a Shape-Changing 
Dial, in: Proceedings of the 2019 on Designing Interactive Systems Conference, DIS ’19. Association for 
Computing Machinery, New York, NY, USA, pp. 949–961. https://doi.org/10.1145/3322276.3322283

Kobayashi, S., Akamatsu, M., 2005. Spinner: a simple approach to reconfigurable user interfaces, 
in: Proceedings of the 2005 Conference on New Interfaces for Musical Expression. pp. 208–211.

Kratz, S., Westermann, T., Rohs, M., Essl, G., 2011. CapWidgets: Tangile Widgets versus Multi-
Touch Controls on Mobile Devices, in: CHI ’11 Extended Abstracts on Human Factors in Computing 
Systems, CHI EA ’11. Association for Computing Machinery, New York, NY, USA, pp. 1351–1356. https://
doi.org/10.1145/1979742.1979773

Kühner, M., Wild, J., Bubb, H., Bengler, K., Schneider, J., 2011. Haptic perception of viscous friction 
of rotary switches, in: 2011 IEEE World Haptics Conference. pp. 587–591. https://doi.org/10.1109/
WHC.2011.5945551

Kwak, M., 2014. GHOST: Exploring the Subtleties “of” and “Interaction with” Shape-Changing 
Interfaces, in: Proceedings of the 8th International Conference on Tangible, Embedded and Embodied 
Interaction, TEI ’14. Association for Computing Machinery, New York, NY, USA, pp. 297–300. https://
doi.org/10.1145/2540930.2558131

Kwak, M., Hornbæk, K., Markopoulos, P., Bruns Alonso, M., 2014. The design space of shape-
changing interfaces: a repertory grid study, in: Proceedings of the 2014 Conference on Designing 
Interactive Systems - DIS ’14. Presented at the the 2014 conference, ACM Press, Vancouver, BC, 
Canada, pp. 181–190. https://doi.org/10.1145/2598510.2598573

L

Laehyun Kim, Wanjoo Park, Hyunchul Cho, Sehyung Park, 2010. An universal remote controller 
with haptic interface for home devices, in: 2010 Digest of Technical Papers International Conference on 
Consumer Electronics (ICCE). pp. 209–210. https://doi.org/10.1109/ICCE.2010.5418849

Lederman, S.J., Klatzky, R.L., 1993. Extracting object properties through haptic exploration. Acta 
Psychologica 84, 29–40. https://doi.org/10.1016/0001-6918(93)90070-8

Lederman, S.J., Klatzky, R.L., 1990. Haptic classification of common objects: Knowledge-driven 
exploration. Cognitive psychology 22, 421–459.

Ledo, D., Nacenta, M.A., Marquardt, N., Boring, S., Greenberg, S., 2012. The HapticTouch Toolkit: 
Enabling Exploration of Haptic Interactions, in: Proceedings of the Sixth International Conference on 
Tangible, Embedded and Embodied Interaction, TEI ’12. Association for Computing Machinery, New 
York, NY, USA, pp. 115–122. https://doi.org/10.1145/2148131.2148157

Lee, J., Choi, S., 2012. Evaluation of vibrotactile pattern design using vibrotactile score, in: 2012 
IEEE Haptics Symposium (HAPTICS). Presented at the 2012 IEEE Haptics Symposium (HAPTICS), IEEE, 
Vancouver, BC, Canada, pp. 231–238. https://doi.org/10.1109/HAPTIC.2012.6183796

Lischke, L., Woundefinedniak, P.W., Mayer, S., Preikschat, A., Fjeld, M., 2017. Using Variable 
Movement Resistance Sliders for Remote Discrete Input, in: Proceedings of the 2017 ACM International 
Conference on Interactive Surfaces and Spaces, ISS ’17. Association for Computing Machinery, New 
York, NY, USA, pp. 116–125. https://doi.org/10.1145/3132272.3134135

Lyytinen, K., Yoo, Y., 2002. Ubiquitous computing. Communications of the ACM 45, 63–96.

M

MacLean, K.E., 2008. Haptic Interaction Design for Everyday Interfaces. Reviews of Human Factors 
and Ergonomics 4, 149–194. https://doi.org/10.1518/155723408X342826

MacLean, K.E., 2000. Designing with haptic feedback, in: Proceedings 2000 ICRA. Millennium 
Conference. IEEE International Conference on Robotics and Automation. Symposia Proceedings 
(Cat. No.00CH37065). Presented at the 2000 ICRA. IEEE International Conference on Robotics and 
Automation, IEEE, San Francisco, CA, USA, pp. 783–788. https://doi.org/10.1109/ROBOT.2000.844146

MacLean, K.E., 1996. The ‘haptic camera’: A technique for characterizing and playing back haptic 
properties of real environments. Proc. of Haptic Interfaces for Virtual Environments and Teleoperator 
Systems (HAPTICS) 459–467.

MacLean, K.E., Pasquero, J., Smith, J., 2005. Building a haptic language: communication through 
touch. Computer Science Department, University of British Columbia TR-2005-29 1–16.

MacLean, K.E., Schneider, O.S., Seifi, H., 2017. Multisensory haptic interactions: understanding 
the sense and designing for it, in: Oviatt, S., Schuller, B., Cohen, P.R., Sonntag, D., Potamianos, 
G., Krüger, A. (Eds.), The Handbook of Multimodal-Multisensor Interfaces: Foundations, User 
Modeling, and Common Modality Combinations - Volume 1. ACM, pp. 97–142. https://doi.
org/10.1145/3015783.3015788

MacLean, K.E., Snibbe, S.S., Levin, G., 2000. Tagged Handles: Merging Discrete and Continuous 
Manual Control, in: Proceedings of the SIGCHI Conference on Human Factors in Computing Systems, 
CHI ’00. Association for Computing Machinery, New York, NY, USA, pp. 225–232. https://doi.
org/10.1145/332040.332435

Martinez, M.O., Morimoto, T.K., Taylor, A.T., Barron, A.C., Pultorak, J.D.A., Wang, J., Calasanz-
Kaiser, A., Davis, R.L., Blikstein, P., Okamura, A.M., 2016. 3-D printed haptic devices for educational 
applications, in: 2016 IEEE Haptics Symposium (HAPTICS). pp. 126–133. https://doi.org/10.1109/
HAPTICS.2016.7463166

Martinez, M.O., Nunez, C.M., Liao, T., Morimoto, T.K., Okamura, A.M., 2020. Evolution and Analysis 
of Hapkit: An Open-Source Haptic Device for Educational Applications. IEEE Transactions on Haptics 
13, 354–367. https://doi.org/10.1109/TOH.2019.2948609

MAX, 2020.

Michelitsch, G., Williams, J., Osen, M., Jimenez, B., Rapp, S., 2004. Haptic Chameleon: A New 
Concept of Shape-Changing User Interface Controls with Force Feedback, in: CHI ’04 Extended 
Abstracts on Human Factors in Computing Systems, CHI EA ’04. Association for Computing Machinery, 
New York, NY, USA, pp. 1305–1308. https://doi.org/10.1145/985921.986050

Microsoft Surface Dial, 2018.

Minaker, G., Schneider, O., Davis, R., MacLean, K.E., 2016. Handson: enabling embodied, creative 
stem e-learning with programming-free force feedback, in: International Conference on Human 



155154

Haptic Sensing and Touch Enabled Computer Applications. Springer, pp. 427–437.

Morales González, R., Appert, C., Bailly, G., Pietriga, E., 2016. TouchTokens: Guiding Touch Patterns 
with Passive Tokens, in: Proceedings of the 2016 CHI Conference on Human Factors in Computing 
Systems, CHI ’16. Association for Computing Machinery, New York, NY, USA, pp. 4189–4202. https://
doi.org/10.1145/2858036.2858041

Moussette, C., Banks, R., 2010. Designing through Making: Exploring the Simple Haptic Design 
Space, in: Proceedings of the Fifth International Conference on Tangible, Embedded, and Embodied 
Interaction, TEI ’11. Association for Computing Machinery, New York, NY, USA, pp. 279–282. https://
doi.org/10.1145/1935701.1935763

N

Nakagaki, K., Leong, J., Tappa, J.L., Wilbert, J., Ishii, H., 2020. HERMITS: Dynamically Reconfiguring 
the Interactivity of Self-Propelled TUIs with Mechanical Shell Add-ons, in: Proceedings of the 33rd 
Annual ACM Symposium on User Interface Software and Technology. pp. 882–896.

Nam, S. and Pei, E., 2019. A taxonomy of shape-changing behavior for 4D printed parts using 
shape-memory polymers. Progress in Additive Manufacturing, pp.1-18.

Nest Thermostat. Retrieved on January 2019 from https://nest.com/thermostats/

Ng, A., Brewster, S.A., Beruscha, F., Krautter, W., 2017. An Evaluation of Input Controls for In-Car 
Interactions, in: Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems. 
Presented at the CHI ’17: CHI Conference on Human Factors in Computing Systems, ACM, Denver 
Colorado USA, pp. 2845–2852. https://doi.org/10.1145/3025453.3025736

Nguyen, V.P., Yoon, S.H., Verma, A. and Ramani, K., 2014, September. Bendid: Flexible interface for 
localized deformation recognition. In Proceedings of the 2014 ACM International Joint Conference on 
Pervasive and Ubiquitous Computing (pp. 553-557).

Nilsson, N.J. and Nilsson, N.J., 1998. Artificial intelligence: a new synthesis. Morgan Kaufmann.

Nordvall, M., Arvola, M., Boström, E., Danielsson, H., Overkamp, T., 2016. Vibed: A prototyping tool 
for haptic game interfaces, in: IConference 2016. iSchools.

Novak, K.E., Miller, L.E., Houk, J.C., 2000. Kinematic properties of rapid hand movements in a knob 
turning task. Experimental Brain Research 132, 419–433. https://doi.org/10.1007/s002210000366

O

van Oosterhout, A., Bruns Alonso, M., Jumisko-Pyykkö, S., 2018a. Ripple Thermostat: Affecting the 
Emotional Experience through Interactive Force Feedback and Shape Change, in: Proceedings of the 
2018 CHI Conference on Human Factors in Computing Systems  - CHI ’18. Presented at the the 2018 
CHI Conference, ACM Press, Montreal QC, Canada, pp. 1–12. https://doi.org/10.1145/3173574.3174229

van Oosterhout, A., Bruns, M., Hoggan, E., 2020. Facilitating Flexible Force Feedback Design 
with Feelix, in: Proceedings of the 2020 International Conference on Multimodal Interaction, 
ICMI ’20. Association for Computing Machinery, New York, NY, USA, pp. 184–193. https://doi.
org/10.1145/3382507.3418819

van Oosterhout, A., Hoggan, E., 2020. Reshaping Interaction with Rotary Knobs: Combining 
Form, Feel and Function, in: Proceedings of the 2020 ACM Designing Interactive Systems Conference. 
Presented at the DIS ’20: Designing Interactive Systems Conference 2020, ACM, Eindhoven 
Netherlands, pp. 1973–1982. https://doi.org/10.1145/3357236.3395536

van Oosterhout, A., Hoggan, E., 2021. Deformation Techniques for Shape Changing Interfaces. In 
CHI’21 Extended Abstract. Association for Computing Machinery, May 8–13, 2021, Yokohama, Japan. 

ACM, New York, NY, USA, 10 pages.

van Oosterhout, A., Hoggan, E., Rasmussen, M.K., Bruns, M., 2019. DynaKnob: Combining Haptic 
Force Feedback and Shape Change, in: Proceedings of the 2019 on Designing Interactive Systems 
Conference. Presented at the DIS ’19: Designing Interactive Systems Conference 2019, ACM, San Diego 
CA USA, pp. 963–974. https://doi.org/10.1145/3322276.3322321

van Oosterhout, A., Rasmussen, M.K., Hoggan, E., Bruns, M., 2018b. Knobology 2.0: Giving Shape to 
the Haptic Force Feedback of Interactive Knobs, in: The 31st Annual ACM Symposium on User Interface 
Software and Technology Adjunct Proceedings - UIST ’18 Adjunct. Presented at the The 31st Annual 
ACM Symposium, ACM Press, Berlin, Germany, pp. 197–199.  
https://doi.org/10.1145/3266037.3271649

P

Panëels, S., Anastassova, M., Brunet, L., 2013. TactiPEd: Easy Prototyping of Tactile Patterns, in: 
Kotzé, P., Marsden, G., Lindgaard, G., Wesson, J., Winckler, M. (Eds.), Human-Computer Interaction – 
INTERACT 2013. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 228–245.

Panëels, S.A., Ritsos, P.D., Rodgers, P.J., Roberts, J.C., 2013. Prototyping 3D haptic data 
visualizations. Computers & Graphics 37, 179–192. https://doi.org/10.1016/j.cag.2013.01.009

Paschoarelli, L.C., Santos, R., Bruno, P., 2012. Influence of door handles design in effort perception: 
accessibility and usability. Work 41, 4825–4829.

Paterson, M., 2007. The senses of touch: Haptics, affects and technologies. Berg.

Pauchet, S., Letondal, C., Vinot, J.-L., Causse, M., Cousy, M., Becquet, V., Crouzet, G., 2018. 
GazeForm: Dynamic Gaze-adaptive Touch Surface for Eyes-free Interaction in Airliner Cockpits, in: 
Proceedings of the 2018 on Designing Interactive Systems Conference 2018 - DIS ’18. Presented at the 
the 2018, ACM Press, Hong Kong, China, pp. 1193–1205. https://doi.org/10.1145/3196709.3196712

Peebles, L., Norris, B., 2003. Filling ‘gaps’ in strength data for design. Applied Ergonomics 34, 73–88.

Petersen, M.G., Rasmussen, M.K., Trettvik, J., 2020. Affordances of Shape-Changing 
Interfaces: An Information Perspective on Transformability and Movement, in: Proceedings of 
the 2020 ACM Designing Interactive Systems Conference. Presented at the DIS ’20: Designing 
Interactive Systems Conference 2020, ACM, Eindhoven Netherlands, pp. 1959–1971. https://doi.
org/10.1145/3357236.3395521

Q

Qamar, I.P.S., Groh, R., Holman, D., Roudaut, A., 2018. HCI meets Material Science: A Literature 
Review of Morphing Materials for the Design of Shape-Changing Interfaces, in: Proceedings of the 
2018 CHI Conference on Human Factors in Computing Systems  - CHI ’18. Presented at the the 2018 
CHI Conference, ACM Press, Montreal QC, Canada, pp. 1–23. https://doi.org/10.1145/3173574.3173948

R

Rafsanjani, A., Akbarzadeh, A., Pasini, D., 2015. Snapping mechanical metamaterials under tension. 
Advanced Materials 27, 5931–5935.

Rasmussen, Majken Kirkegård, Merritt, T., Alonso, M.B., Petersen, M.G., 2016. Balancing User and 
System Control in Shape-Changing Interfaces: a Designerly Exploration, in: Proceedings of the TEI ’16: 
Tenth International Conference on Tangible, Embedded, and Embodied Interaction. Presented at the 
TEI ’16: Tenth International Conference on Tangible, Embedded, and Embodied Interaction, ACM, 
Eindhoven Netherlands, pp. 202–210. https://doi.org/10.1145/2839462.2839499

Rasmussen, M.K., Pedersen, E.W., Petersen, M.G., Hornbæk, K., 2012. Shape-changing interfaces: 



157156

a review of the design space and open research questions, in: Proceedings of the 2012 ACM Annual 
Conference on Human Factors in Computing Systems - CHI ’12. Presented at the the 2012 ACM annual 
conference, ACM Press, Austin, Texas, USA, p. 735. https://doi.org/10.1145/2207676.2207781

Rasmussen, Majken K., Troiano, G.M., Petersen, M.G., Simonsen, J.G., Hornbæk, K., 2016. Sketching 
Shape-Changing Interfaces: Exploring Vocabulary, Metaphors Use, and Affordances, in: Proceedings of 
the 2016 CHI Conference on Human Factors in Computing Systems, CHI ’16. Association for Computing 
Machinery, New York, NY, USA, pp. 2740–2751. https://doi.org/10.1145/2858036.2858183

Reisinger, J., Wild, J., Mauter, G., Bubb, H., 2006. Haptical feeling of rotary switches, in: Proc. of the 
Eurohaptics Conf.

Robinson, S., Coutrix, C., Pearson, J., Rosso, J., Torquato, M.F., Nigay, L., Jones, M., 2016. 
Emergeables: Deformable Displays for Continuous Eyes-Free Mobile Interaction, in: Proceedings of 
the 2016 CHI Conference on Human Factors in Computing Systems, CHI ’16. Association for Computing 
Machinery, New York, NY, USA, pp. 3793–3805. https://doi.org/10.1145/2858036.2858097

Rogers, W.A., Fisk, A.D., McLaughlin, A.C., Pak, R., 2005. Touch a Screen or Turn a Knob: Choosing 
the Best Device for the Job. Human Factors 47, 271–288. https://doi.org/10.1518/0018720054679452

Ros, F., Terken, J., van Valkenhoef, F., Amiralis, Z., Beckmann, S., 2018. Scribble Your Way Through 
Traffic, in: Adjunct Proceedings of the 10th International Conference on Automotive User Interfaces and 
Interactive Vehicular Applications, AutomotiveUI ’18. Association for Computing Machinery, New York, 
NY, USA, pp. 230–234. https://doi.org/10.1145/3239092.3267849

Roudaut, A., Karnik, A., Löchtefeld, M., Subramanian, S., 2013. Morphees: toward high “shape 
resolution” in self-actuated flexible mobile devices, in: Proceedings of the SIGCHI Conference on 
Human Factors in Computing Systems - CHI ’13. Presented at the the SIGCHI Conference, ACM Press, 
Paris, France, p. 593. https://doi.org/10.1145/2470654.2470738

de Ruiter, A., Alonso, M.B., 2019. Designing Haptic Effects on an Accelerator Pedal to Support a 
Positive Eco-Driving Experience, in: Proceedings of the 11th International Conference on Automotive 
User Interfaces and Interactive Vehicular Applications, AutomotiveUI ’19. Association for Computing 
Machinery, New York, NY, USA, pp. 319–328. https://doi.org/10.1145/3342197.3344532

Ryan, G.W., Bernard, H.R., 2003. Techniques to identify themes. Field methods 15, 85–109.

Ryan, R.M., Deci, E.L., 2000. Self-determination theory and the facilitation of intrinsic motivation, 
social development, and well-being. American psychologist 55, 68.

Ryu, J., Choi, S., 2008. posVibEditor: Graphical authoring tool of vibrotactile patterns, in: 2008 
IEEE International Workshop on Haptic Audio Visual Environments and Games. pp. 120–125. https://
doi.org/10.1109/HAVE.2008.4685310

S

Schenk, M., Guest, S.D., 2013. Geometry of Miura-folded metamaterials. Proceedings of the 
National Academy of Sciences 110, 3276–3281.

Schneider, O., MacLean, K., Swindells, C. and Booth, K., 2017. Haptic experience design: What 
hapticians do and where they need help. International Journal of Human-Computer Studies, 107, pp.5-21.

Schneider, O.S., Israr, A., MacLean, K.E., 2015. Tactile Animation by Direct Manipulation of Grid 
Displays, in: Proceedings of the 28th Annual ACM Symposium on User Interface Software & Technology - 
UIST ’15. Presented at the the 28th Annual ACM Symposium, ACM Press, Daegu, Kyungpook, Republic 
of Korea, pp. 21–30. https://doi.org/10.1145/2807442.2807470

Schneider, O.S., MacLean, K.E., 2016. Studying design process and example use with Macaron, 
a web-based vibrotactile effect editor, in: 2016 IEEE Haptics Symposium (HAPTICS). Presented at 

the 2016 IEEE Haptics Symposium (HAPTICS), IEEE, Philadelphia, PA, USA, pp. 52–58. https://doi.
org/10.1109/HAPTICS.2016.7463155

Schneider, O.S., MacLean, K.E., 2014. Improvising design with a Haptic Instrument, in: 2014 IEEE 
Haptics Symposium (HAPTICS). pp. 327–332. https://doi.org/10.1109/HAPTICS.2014.6775476

Seifi, H., Chun, M., Gallacher, C., Schneider, O.S., MacLean, K.E., 2020. How Do Novice Hapticians 
Design? A Case Study in Creating Haptic Learning Environments. IEEE Trans. Haptics 1–1.  
https://doi.org/10.1109/TOH.2020.2968903

Seifi, H., Fazlollahi, F., Oppermann, M., Sastrillo, J.A., Ip, J., Agrawal, A., Park, G., Kuchenbecker, 
K.J., MacLean, K.E., 2019. Haptipedia: Accelerating Haptic Device Discovery to Support Interaction 
& Engineering Design, in: Proceedings of the 2019 CHI Conference on Human Factors in Computing 
Systems, CHI ’19. Association for Computing Machinery, New York, NY, USA, pp. 1–12.  
https://doi.org/10.1145/3290605.3300788

Seifi, H., Zhang, K., MacLean, K.E., 2015. VibViz: Organizing, visualizing and navigating vibration 
libraries, in: 2015 IEEE World Haptics Conference (WHC). Presented at the 2015 IEEE World Haptics 
Conference (WHC), IEEE, Evanston, IL, pp. 254–259. https://doi.org/10.1109/WHC.2015.7177722

Seo, N.J., Armstrong, T.J., 2008. Investigation of grip force, normal force, contact area, hand size, 
and handle size for cylindrical handles. Human Factors 50, 734–744.

Sharp, E.D., 1962. Maximum torque exertable on knobs of various sizes and rim surfaces. AIR 
FORCE AEROSPACE MEDICAL RESEARCH LAB WRIGHT-PATTERSON AFB OH.

z, A. J., Dollar, A.M., 2016a. Outdoor pedestrian navigation assistance with a shape-changing haptic 
interface and comparison with a vibrotactile device, in: 2016 IEEE Haptics Symposium (HAPTICS). pp. 
34–40. https://doi.org/10.1109/HAPTICS.2016.7463152

Spiers, Adam J, Dollar, A.M., 2016b. Design and evaluation of shape-changing haptic interfaces for 
pedestrian navigation assistance. IEEE transactions on haptics 10, 17–28.

Steimle, J., Jordt, A. and Maes, P., 2013, April. Flexpad: highly flexible bending interactions for 
projected handheld displays. In Proceedings of the SIGCHI Conference on Human Factors in Computing 
Systems (pp. 237-246).

Strohmeier, P., Carrascal, J.P., Cheng, B., Meban, M., Vertegaal, R., 2016. An evaluation of shape 
changes for conveying emotions, in: Proceedings of the 2016 CHI Conference on Human Factors in 
Computing Systems. pp. 3781–3792.

Sturdee, M., Alexander, J., 2018. Analysis and Classification of Shape-Changing Interfaces for 
Design and Application-based Research. ACM Comput. Surv. 51, 1–32. https://doi.org/10.1145/3143559

Suh, J., Kim, W., Bianchi, A., 2017. Button+: Supporting User and Context Aware Interaction through 
Shape-Changing Interfaces, in: Proceedings of the Eleventh International Conference on Tangible, 
Embedded, and Embodied Interaction, TEI ’17. Association for Computing Machinery, New York, NY, 
USA, pp. 261–268. https://doi.org/10.1145/3024969.3024980

Swindells, C., MacLean, K.E., 2007. Capturing the dynamics of mechanical knobs, in: Second Joint 
EuroHaptics Conference and Symposium on Haptic Interfaces for Virtual Environment and Teleoperator 
Systems (WHC’07). IEEE, pp. 194–199.

Swindells, C., MacLean, K.E., Booth, K.S., 2009. Designing for Feel: Contrasts between Human and 
Automated Parametric Capture of Knob Physics. IEEE Transactions on Haptics 2, 200–211. https://doi.
org/10.1109/TOH.2009.23

Swindells, C., MacLean, K.E., Booth, K.S., Meitner, M.J., 2007. Exploring affective design for physical 
controls, in: Proceedings of the SIGCHI Conference on Human Factors in Computing Systems. pp. 933–942.



159158

Swindells, C., Maksakov, E., MacLean, K.E., Chung, V., 2006. The Role of Prototyping Tools for 
Haptic Behavior Design, in: 2006 14th Symposium on Haptic Interfaces for Virtual Environment 
and Teleoperator Systems. Presented at the 2006 14th Symposium on Haptic Interfaces for Virtual 
Environment and Teleoperator Systems, IEEE, Alexandria, VA, USA, pp. 161–168. https://doi.
org/10.1109/HAPTIC.2006.1627084

Swindells, C., Pietarinen, S., Viitanen, A., 2014. Medium fidelity rapid prototyping of vibrotactile 
haptic, audio and video effects, in: 2014 IEEE Haptics Symposium (HAPTICS). Presented at the 2014 
IEEE Haptics Symposium (HAPTICS), IEEE, Houston, TX, USA, pp. 515–521. https://doi.org/10.1109/
HAPTICS.2014.6775509

T

Tachi, T., Miura, K., 2012. Rigid-foldable cylinders and cells. Journal of the international association 
for shell and spatial structures 53, 217–226.

Taher, F., Vidler, J., Alexander, J., 2017. A Characterization of Actuation Techniques for Generating 
Movement in Shape-Changing Interfaces. International Journal of Human–Computer Interaction 33, 
385–398. https://doi.org/10.1080/10447318.2016.1250372

Tan, H., Tiab, J., Šabanović, S., Hornbæk, K., 2016. Happy moves, sad grooves: using theories of 
biological motion and affect to design shape-changing interfaces, in: Proceedings of the 2016 ACM 
Conference on Designing Interactive Systems. pp. 1282–1293.

Tan, Y.H., Ng, P.K., Saptari, A., Jee, K.S., 2015. Ergonomics aspects of knob designs: a literature 
review. Theoretical Issues in Ergonomics Science 16, 86–98. https://doi.org/10.1080/146392
2X.2014.880530

Tiab, J., Hornbæk, K., 2016. Understanding Affordance, System State, and Feedback in Shape-
Changing Buttons, in: Proceedings of the 2016 CHI Conference on Human Factors in Computing 
Systems, CHI ’16. Association for Computing Machinery, New York, NY, USA, pp. 2752–2763. https://
doi.org/10.1145/2858036.2858350

Troiano, G.M., Pedersen, E.W., Hornbæk, K., 2014. User-defined gestures for elastic, deformable 
displays, in: Proceedings of the 2014 International Working Conference on Advanced Visual Interfaces - 
AVI ’14. Presented at the the 2014 International Working Conference, ACM Press, Como, Italy, pp. 1–8. 
https://doi.org/10.1145/2598153.2598184

V

Vallgårda, A., 2014. Giving form to computational things: developing a practice of interaction 
design. Personal Ubiquitious Computing 18, 577–592. https://doi.org/10.1007/s00779-013-0685-8

Vanderloock, K., Vanden Abeele, V., Suykens, J.A. and Geurts, L., 2013, October. The skweezee 
system: enabling the design and the programming of squeeze interactions. In Proceedings of the 26th 
annual ACM symposium on User interface software and technology (pp. 521-530).

Villarreal-Narvaez, S., Vanderdonckt, J., Vatavu, R.D. and Wobbrock, J.O., 2020, July. A Systematic 
Review of Gesture Elicitation Studies: What Can We Learn from 216 Studies?. In Proceedings of the 
2020 ACM Designing Interactive Systems Conference (pp. 855-872).

Voelker, S., Øvergård, K.I., Wacharamanotham, C., Borchers, J., 2015. Knobology Revisited: A 
Comparison of User Performance between Tangible and Virtual Rotary Knobs, in: Proceedings of the 
2015 International Conference on Interactive Tabletops & Surfaces - ITS ’15. Presented at the the 2015 
International Conference, ACM Press, Madeira, Portugal, pp. 35–38.  
https://doi.org/10.1145/2817721.2817725

W

Warren, D.H., Rossano, M.J., 1991. Intermodality relations: Vision and touch. The psychology of 
touch 119–137.

Weiser, M., Brown, J.S., 1997. The coming age of calm technology, in: Beyond Calculation. Springer, 
pp. 75–85.

Weiss, M., Wagner, J., Jansen, Y., Jennings, R., Khoshabeh, R., Hollan, J.D., Borchers, J., 2009. SLAP 
Widgets: Bridging the Gap between Virtual and Physical Controls on Tabletops, in: Proceedings of 
the SIGCHI Conference on Human Factors in Computing Systems, CHI ’09. Association for Computing 
Machinery, New York, NY, USA, pp. 481–490. https://doi.org/10.1145/1518701.1518779

Woodson, W.E., Conover, D.W., 1964. Human engineering guide for equipment designers. University 
of California Press.

X

Xu, W., 2019. Toward human-centered AI: a perspective from human-computer interaction. 
Interactions, 26(4), pp.42-46.

Y

Yasuda, H. and Yang, J., 2015. Reentrant origami-based metamaterials with negative Poisson’s ratio 
and bistability. Physical review letters, 114(18), p.185502.

Z

Zhao, S., Schneider, O., Klatzky, R., Lehman, J., Israr, A., 2014. FeelCraft: Crafting Tactile 
Experiences for Media Using a Feel Effect Library, in: Proceedings of the Adjunct Publication of the 27th 
Annual ACM Symposium on User Interface Software and Technology, UIST’14 Adjunct. Association for 
Computing Machinery, New York, NY, USA, pp. 51–52. https://doi.org/10.1145/2658779.2659109

Zhao, S., Schwemler, Z., Fritz, A., Israr, A., 2016. Stereo Haptics: Designing Haptic Interactions 
Using Audio Tools, in: Proceedings of the TEI ’16: Tenth International Conference on Tangible, 
Embedded, and Embodied Interaction, TEI ’16. Association for Computing Machinery, New York, NY, 
USA, pp. 778–781. https://doi.org/10.1145/2839462.2854120

Zimmerman, J., Forlizzi, J., Evenson, S., 2007. Research through design as a method for interaction 
design research in HCI, in: Proceedings of the SIGCHI Conference on Human Factors in Computing 
Systems. pp. 493–502.



161160

A
P

P
E

N
D

IX

A
P

P
E

N
D

IX

B
Interview Protocol
General Template

Design Approach

1. How did you approach the design of haptic force feedback?

2. How was the process different from other design processes?

Challenges and Obstacles

1. What were difficulties?

2. How did you combine the design of haptics with other modalities?

3. How did the implementation of the haptic technology affect the haptic design process?

4. Can you think of ways to simplify the design process, what do you think is missing currently?

5. Did the final result of the designed feedback meet your expectations? 

6. Would you do something different next time?

Additional questions relevant to the participant’s experience

Instructions 
Workshop Exercises

Instructions Exercise 1 Designing haptics

1. Please read and sign the consent form and fill out the pre-questionnaire before reading any other 

material. 

2. Download and install Feelix. Run the installer for Windows or OS. 

3. Read the instructions for the design of haptic effects that are based on position. 

Instructions and documentations: Getting started - Feelix and Design position-based effects, also 

have a look at the edit tools. There are different tools to draw the intensity and direction of the force: 

edit tools - Feelix.  

4. Test if you are able to connect to the motor and upload. You can use the example files to test: Main 

menu > File > Example files > Position-based. Follow the instructions to connect with the motor. 

Thereafter, follow the instructions for uploading haptic effects. Make sure to calibrate the motor 

before the first time.  

When you experience any problems don’t hesitate to contact me or try the troubleshoot instructions on 

the documentation website.

5. Design exercise (c. 20 minutes):  

Design (individually) a haptic dent (a step or bump, e.g. something the motor falls into or has to be 

pushed over). Create a new position-based file for this exercise. You can leave the details as they are 

and press create (blank template). Here you can find information about the edit tools and features: 

edit effects - Feelix. Save the file of your design exercise. You can save the file from the Main menu > 

Save as.

A
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6. If you do not take part in exercise 2, please fill out a short questionnaire about your experience with 

Feelix. You can also continue with the next exercise if you like. When you do continue you can fill out 

the questionnaire afterwards.

Instructions Exercise 2 Designing haptics

Design a set of at least 3 distinguishable haptic icons (haptic effects/patterns)  for various functionalities/

notifications (doesn’t really matter what as long as you start designing from a concept/idea). Please 

save the files you designed and add them to the folder you created previously on the drive and include a 

document with a brief description about the idea or concept behind the designs. Don’t forget to fill out the 

evaluation questionnaire if you have not filled it out yet. Thank you! 

Thank you for your participation.

Pre-questionnaire 
Students

Prior Experience

1. Participant ID

2. Age

3. Gender

 Female           

 Male       

 Other 

3. Background      

     

 IT Product Development       

 Industrial Design

 Computer Science 

 Other

4. Rate your experience with programs like Adobe Illustrator, Photoshop, Premiere, and AfterEffects

 novice                                                                                    expert
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5. Rate your level of experience with visual programming  

 (e.g. Unity Bolt, Max MSP, Grasshopper)

 novice                                                                                    expert

6. Rate your level of experience with object-oriented programming

 novice                                                                                    expert

7. Did you work with haptic feedback (force feedback or tactile) in your designs before?

 

 yes

 no

8. If yes, please provide some details about the methods and tools you used to implement 

 haptic feedback in your designs.

Interpretation of graphical notation

10. Try to explain in your own words how you expect this haptic effect will feel.

in
te

ns
ity

 (%
)

angle (position)

in
te

ns
ity

 (%
)

angle (position)

in
te

ns
ity

 (%
)

angle (position)

Pre-questionnaire 
Participants Outside the Courses

Prior Experience

1. Participant ID

2. Age

3. Gender

 Female           

 Male       

 Other 

3. Background      

     

4. Rate your experience with programs like Adobe Illustrator, Photoshop, Premiere, and AfterEffects

 novice                                                                                    expert

5. Rate your level of experience with visual programming  

 (e.g. Unity Bolt, Max MSP, Grasshopper)

 novice                                                                                    expert
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7. Did you work with haptic feedback (force feedback or tactile) in your designs before?

 

 yes

 no

8. If yes, please provide some details about the methods and tools you used to implement 

 haptic feedback in your designs.

Interpretation of graphical notation

10. Try to explain in your own words how you expect these haptic effects will feel.

in
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 (%
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angle (position)
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angle (position)

Evaluation 
Questionnaire 
Students

1. Participant ID

2. Describe your design approach/process

3a. I had difficulties translating my idea into a design for a haptic effect

 strongly disagree                                                                                    strongly agree

3b. Why?

4a. My designs did often not feel the way I expected

 strongly disagree                                                                                    strongly agree

4b. Why?
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Evaluation Questionnaire
Participants Outside the Courses

1. Participant ID

2. How long have you used Feelix?

 About 30 minutes           

 About 1 hour       

 Several hours

 Other

3a. I had difficulties translating my idea into a design / my designs did often not feel like I expected

 strongly disagree                                                                                    strongly agree

3b. Why?

4a. The features and tools provided by Feelix allowed me to explore different ideas

 strongly disagree                                                                                    strongly agree

4b. Why?

Interpretation of graphical notation

5. Did your interpretation of the graphical notation of the haptic effects change after

  your experience with Feelix? If so, how would you describe these haptic effects now?

6. Do you have any other remarks, experiences or ideas that you would like to share?
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Data 
Deformation Study

2D Models 
8 x 16 cm

Spatial Orientation Resolution Materiality Divisibility

Volume Curvature Granularity Malleable StretchableFolded Permeability

Object handling SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA

push

pull

pinch

squeeze

shear

twist

turn

flip

spin

swing

punch

slap

poke

flick

shape

slide

spread

roll

2D Models 
8 x 16 cm

Spatial Orientation Resolution Materiality Divisibility

Volume Curvature Granularity Malleable StretchableFolded Permeability

Object handling SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA

push

pull

pinch

squeeze

shear

twist

turn

flip

spin

swing

punch

slap

poke

flick

shape

slide

spread

roll

3 1 4 4 5 8 1 1 1 2 6 1 1 1 1 1

3 4 1 1 7 7 4 6

1 1 1 1 2 1 1 1 1

1 1 2 1 2 1 3 2 4 1 2 3 1 3 1

2

3 6 4 3 1

1 3 4 2 2 5 2 7 2 2 2 1 1 1 2

1 2 1 1 1 4 7 1 1 1 2 1

3

3 1 6 2 1 3 1

3

1

1 4

2

1 2 3 3 1 1 2

10 3 5 1 2 5 1 1

1 1 1 2 2 1 2

4 1 2 1 3 2 1

3 2 6 3 2 4 5 2 3 4 2 2 3 5 1 2 1 4 1 2 4 1

1 3 5 3 2 1 4 1 5 3 1 6 1

1 3 2 1 1 3 2

4 4 2 1 3 4

1 1

1 4 1 3 3

4 3 4 4 1 3 9 1 3 2

2 4 1

1

3 4 1 5 1 2 1 1

1 1 2 1

1 1 1 1 2 1 1

1 4

2 1 2 1

1 1

2 1

1 3 1

1 2 1 1

stroke 1 1

stroke 11

TOTAL

41

33

10

27

2

17

37

23

3

17

3

1

5

2

13

28

10

14

2

TOTAL

62

36

13

18

2

12

34

7

1

18

5

8

5

6

2

3

5

5

2

2D Models 
8 x 16 cm

Spatial Orientation Resolution Materiality Divisibility

Volume Curvature Granularity Malleable StretchableFolded Permeability

Object handling SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA

push

pull

pinch

squeeze

shear

twist

turn

flip

spin

swing

punch

slap

poke

flick

shape

slide

spread

roll

2D Models 
8 x 16 cm

Spatial Orientation Resolution Materiality Divisibility

Volume Curvature Granularity Malleable StretchableFolded Permeability

Object handling SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA SF SH BS BA

push

pull

pinch

squeeze

shear

twist

turn

flip

spin

swing

punch

slap

poke

flick

shape

slide

spread

roll

3 1 4 4 5 8 1 1 1 2 6 1 1 1 1 1

3 4 1 1 7 7 4 6

1 1 1 1 2 1 1 1 1

1 1 2 1 2 1 3 2 4 1 2 3 1 3 1

2

3 6 4 3 1

1 3 4 2 2 5 2 7 2 2 2 1 1 1 2

1 2 1 1 1 4 7 1 1 1 2 1

3

3 1 6 2 1 3 1

3

1

1 4

2

1 2 3 3 1 1 2

10 3 5 1 2 5 1 1

1 1 1 2 2 1 2

4 1 2 1 3 2 1

3 2 6 3 2 4 5 2 3 4 2 2 3 5 1 2 1 4 1 2 4 1

1 3 5 3 2 1 4 1 5 3 1 6 1

1 3 2 1 1 3 2

4 4 2 1 3 4

1 1

1 4 1 3 3

4 3 4 4 1 3 9 1 3 2

2 4 1

1

3 4 1 5 1 2 1 1

1 1 2 1

1 1 1 1 2 1 1

1 4

2 1 2 1

1 1

2 1

1 3 1

1 2 1 1

stroke 1 1

stroke 11

TOTAL

41

33

10

27

2

17

37

23

3

17

3

1

5

2

13

28

10

14

2

TOTAL

62

36

13

18

2

12

34

7

1

18

5

8

5

6

2

3

5

5

2



173172

A
P

P
E

N
D

IX

H
GUI for DynaKnob Evaluation 
 

open pop up 
window

Calendar interface

Pop-up to add a new 

event to the calendar

Music interface

Settings interface

Settings interface
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visual feedback 
on rotation

open pop up 
window

move map

zoom

select next item 
below

press buttonswap button 
selection

Phone interface

Navigation interface

Pop-up search address




