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Abstract: Light is an important means of information representation and feedback in Human-Computer
Interaction (HCI), and light-emitting interaction elements are omni-present. We address here the interplay
of light and tangible interaction with specifically designed objects. The goal of such designs is to support
an embodied, emotional and engaged interaction experience integrated into the physical surroundings.
The specific combination of tangible interaction and light as a medium is used in several approaches, but
a systematic overview of this research area still does not exist. In order to understand the essence, process
and result of tangible interaction with light, we conducted a systematic literature review of 169 studies of
tangible interaction with light over the past 20 years. Our results provide a demographic overview of the
research, but foremost analyze their concepts, purposes, conceptual frameworks, user contexts, interaction
behaviors and problems addressed by tangible light. Three important findings were obtained: (1) Tangible
interaction with light has been used for diverse purposes, contexts and interactions; (2) Tangible light
has addressed problems: weak interaction, don’t know how to interact, interaction lacks innovation,
collaborative interaction, remote tangible interaction, and emotional interaction; (3) Current research in
this area can be classified as “wild theory” in conceptual research frameworks, which means it emphasizes
very much on innovation. The most important contribution of this work is the systematic review in itself,
but the findings of our work also give some indications on new ways and future trends for tangible
interaction, when combined with light as a medium.

Keywords: HCI; tangible interaction; user interface; tangible user interface; TUL tangible light;
human-light interaction

1. Introduction

“God saw that the light was good, and he separated the light from the darkness.” Light is essential
to humans not only for lighting and decoration, but also for information communication, which refers
to visible light communication [1]. Since more than 80% of our perception, learning, cognition,
and activities are mediated through vision, light is an important medium for Human-Computer
Interaction (HCI). In this work, we focus on a very specific topic, which is the combination of
tangible interaction using physical objects with light as a medium to output information or to allow
user input via light. This means to integrate light into the haptic experience, i.e., tangible light
tangible interaction [2]. Research in this area studies how light itself may become more physically
tangible, and how the interaction with tangible objects is influenced by light regarding, for example,
visual attraction and gestural movements [3].

Light is an important means of information representation and feedback in HCI, and light-emitting
interaction elements are omnipresent. Tangible interaction occurs through body gestures immediately [4]
or emotional and conceptual awareness [5]. The interplay of light and tangible interaction connects user
“context” and “presence”, which supports an embodied and engaged interaction experience beyond
haptic experience with a visual [6,7], emotional [8,9] and conceptual [10-13] awareness. For example,
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to turn on a lamp, we used to press a switch. However, in the context of tangible interaction with light,
we can: (1) physically touch the lamp itself instead, (2) use an in-air hand gesture, (3) use other natural
body behaviors, e.g., blink, blow, and face expression, and (4) use behavioral preference perception.
In all the contexts, the lamp can sense and respond to users’ control awareness, not as an “unfeeling”
object. This is a valuable area to know: (1) how light is linked to the haptic experience, for example,
playful interaction with light in the context of games [14]; (2) how the interplay between the two
modalities creates an exceptional experience that cannot be achieved by any of them alone, where light
enhances users’ interactive experience.

It is good to have a comprehensive overview, however, we do not have such a research review yet.
Therefore, we conducted a literature review of the studies of tangible interaction with light for the past
20 years. In this review study, tangible interaction with light contains two meanings: (1) light is an
input modality, for example, use light to enter information or interact with a light beam to manipulate
the HCI system; (2) light is an output modality to mediate information, for example, HCI is improved
by light stimuli or feedback, which comes from ambient or discrete light information. Our method
involves a systematic review and coding of 169 studies that were seriously conducted for exploring
and displaying the research about tangible interaction with light. The results paint an in-depth picture
of the research about interaction with tangible light in HCI.

2. Research Questions and Contributions

The review aims to understand the essence, process and result of how tangible interaction with
light is conceptualized. In order to get a methodical and systematic understanding, we focus on the
following four research questions in practices:

Q1: What makes tangible interaction with light an important research topic?
Q2:  What are the characteristics of tangible interaction with light?

Q2.1: What are the research trends of tangible interaction with light over the years and
countries?

Q2.2:  What are suitable user interface mediums for tangible interaction with light?

Q2.3:  What are known interaction designs for tangible interaction with light?

0Q2.4:  What are the functions of light for tangible interaction?

Q3:  What are the conceptual research frameworks to guide the prototype design of tangible
interaction with light, and how can the current research be classified?

Q4: What problems posed by the tangible interaction with light have been addressed or explored
in current research? (Q4.1) What are the valuable research topics for the future? (Q4.2)

The main contribution is to summarize in a structured way the studies on tangible interaction
with light of the last 20 years. According to our four research questions, we can see more specific
contributions of our review work are: (1) to have a better understanding of the importance of tangible
light research, which also contributes to a broader topic: tangible interaction; (2) to have a systematic
knowledge about what their research trends, user interfaces, interaction ways, functions of light,
and conceptual research frameworks. This information is helpful for HCI designers and researchers
who want to know more details about the interplay between light and tangible interaction; (3) to show
the problems addressed by tangible light research and provide valuable research topics for bringing
tangible light closer to real-life application.

3. Theory Background

3.1. Tangible and Embodied Interaction

Embodiment should be seen as a fundamental concept for HCI [15]. Over the last years, research has
established the exploration of this form of interaction—embodied interaction. Embodied interaction refers
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to the ability to involve one’s physical body in interaction with technology in a natural way, such as
by gestures [4]. The philosophical underpinnings of embodied interaction are widely accepted and it is
closely related to the field of “tangible interaction” since embodied interaction transitions from the pure
psychological interaction domain into the physical interaction space [5]. With the development of a range
of technologies designed to sense movements of the body, embodied interaction is increasingly used in the
design, analysis, and evaluation of the interaction with technology. However, there is still much work to be
done to demonstrate their practical applications in HCI [16].

In order to work out what it means to design embodied technologies for embodied people in
an embedded world, researchers are exploring it from the following four aspects. First, the turn to
embodiment is a momentum in HCI, following the success of Dourish’s [15] book “Where the Action
Is”. It is about understanding interaction in terms of practical engagement with the social and physical
environment. Second, Klemmer, Hartmann, and Takayama [17] elaborated on bodily engagement with
the physical and digital worlds from philosophical, psychological and sociological theory perspectives.
Third, Hornecker and Buur [18] developed a tangible interaction framework that conceptualizes
technologies about embodied interaction, tangible manipulation, physical representation of data
and embeddedness in real space. At the same time, it offers four themes to help researchers
understand the interaction with tangible interaction systems: tangible manipulation, spatial interaction,
embodied facilitation and expressive representation. Finally, Hurtienne’s [19] theory of embodied
cognition is grounded in the ways of how people experience the world through physical interaction,
and it emphasizes the value of using abstraction from specific contexts.

It should be noted that tangible interaction is an “umbrella term” used to describe HCI user
interfaces and interaction approaches that emphasize [18]: (1) tangibility and materiality of the interface,
(2) physical embodiment of data, (3) whole-body interaction, and (4) the embedding of the interface
and the user interaction in real spaces and contexts. Tangible interaction presented a new direction
for computer interfaces that brought computing back into the real world. Therefore, tangible user
interfaces were envisioned as an alternative to graphical displays that would enrich user interaction.
Normally, it was represented as to manipulate via physical interaction with tangible objects. The core
idea was to allow users to do HCI by their bodies and to sense representation and control.

In all, to adopt tangible and embodied interaction means to have a particular sensibility and
approach to view technology and design in the context of the world around us. An embodied
interaction perspective takes full consideration of the ways human beings are embodied with both
their perception and action. Thus, it allows us to view the interaction differently not as a split of
perception and action. Different meanings are ascribed in interaction through our tangible and
embodied interaction with the physical world and with each other. Rather than struggle to make
sense of the inflexible meaning encoded in computers, we create and communicate the meaning of
our actions by exploring, adapting and adopting interactive technologies, incorporating it into our
world and everyday practices. For example, instead of using generic input devices such as a keyboard
or mouse to control computers, we can use a meaningful natural body contact or gestures. This is a
tangible and embodied interaction.

3.2. Tangible Light Interaction

Tangible Light Interaction (TLI) refers to an interactive visible light communication,
which integrates intuitive ambient intelligence and social communication [2,3]. Human beings are the
ultimate beneficiaries of TLI [20]. As we know, visible light communication is a new paradigm that
could revolutionize wireless communication [1], which has been used in, for example, smart cities and
human sensing. TLI is a unique research topic for tangible interaction, because light itself is not tangible.
However, it is a good medium to augment the tangible and embodied interaction with visualized or
sensible feedback. Particularly within the field of intelligent technologies, tangible light examples
have shown how design concepts can support social interaction and remote communications in new
ways [3].
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TLI defines how interaction and behavior are mapped into light outputs [3,20]. An interaction
could be an elaborated succession of activities defining for an embodied and emotional engagement.
The user might be a person or many, which locally or remotely manage and control the interactive object.
The aims of TLI could be to, for example, broadcast information to people, provide visual guiding,
orchestrate a situation, create a particular mood, illuminate the room, display a graphic symbol or
icon (still or moving), send data to a personal or group device [2,20]. For example, LightCube [20],
a conceptual tool for learning contexts, could externalize students’ emotional, motivational or cognitive
states, and create appropriate ambient atmosphere correspondingly.

TLI contains two categories: (1) Light is a main and direct (not additional) feedback to tangible
interaction [3]. Take turning a lamp on/off as an example, unlike pushing a switch, people can use
hand gestures instead and even adjust its brightness. In such kind of situation, color, brightness and
on/off changes of light is the direct feedback of a tangible interaction. (2) Light visualizes the results of
tangible interaction [2]. Touching or moving a tangible object gives people a physical sense of tangible
interaction, but light can augment it with a visual stimulation by light shining, color changing or
character representing. For example, when playing a game has tangible objects, light can not only
make people more engaged but also provide additional hint information.

3.3. Theories in HCI

Theory works at an abstract level, enabling understandings and generalizations to be made about
specific phenomena. Within HCI, a number of vehicles for disseminating these have been proposed,
ranging from qualitative and descriptive concepts, themes, patterns, ideas, frameworks, to more
formally and predictive, taxonomies, models and principles. They usually are based on assumptions
and, at the highest level, aim to provide general laws, rules and formulas, which can be applied in a
variety of contexts. Norman and Draper [21] have come close to articulating a general model of HCI,
however, it is a conceptual model rather than a model in cognitive psychology or computer science.
It is intended as a framework for understanding rather than as the content of such a framework.

An early example of using HCI theory was how to apply information processing theory to make
predictions. Later, HCI moved on from its early roots in engineering, and started to mix science,
engineering, art and design. Thus, the ways theory has been used and developed in HCI has become
more diverse. For example, Bederson and Shneiderman [22] proposed five theories for HCI: descriptive,
explanatory, predictive, prescriptive and generative, which form a generative circle with clarifying
terminology, explicating relationships, testing hypotheses, and developing new theories. Rogers [23]
added theories of informative, ethnographic, conceptual and critical to providing us different ways of
understanding, conceptualizing and constructing arguments about user experience, interaction design
and practice. Finally, Rogers [23] made Table 1 to provide an overall summary of the different roles
theory has been developed for in HCI. They are not mutually exclusive and some will overlap to show
the different ways that theory has and can play.

Table 1. A summary of the ways theory has been used and developed in Human-Computer
Interaction (HCI).

Types Description Reference
Descriptive Clarifying terminology and guiding inquiry [22,24]
Explanatory  Explicating relationships and process [22]
Predictive Testing hypotheses about user performance [22,23]
Prescriptive Providing guidance on how best to design and evaluate [22,23]
Informative Importing relevant findings to ground understanding of HCI =~ [23]
Ethnographic  Providing detailed descriptions arising from a field study [23]
Conceptual Eliciting frameworks for informing design and evaluation [23]
Critical Couching HCI in a cultural and aesthetic context [23]

Wild Developing new theories of technology use in situ [22,23]
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4. Methodology

Our review methodology consists of three main phases: planning the review, conducting the
review, and reporting the results. After discussing the research purpose, we identified six search terms.
They came from two considerations: (1) focused on the tangible, interactive, and directly involving
aspects of the artifact: “tangible”, and “gam*” (e.g., game or gamification); (2) related to the artifact’s
attribute of being a light source or including light in the interaction with the artifact, for example,
“light*”, “lamp*”, “bulb*”, and “lantern*”.

About the choice of the above search terms, two reasons need to be explained. First, “gam*” was
one of the search terms, because game (gamification) is an important research area for tangible
interaction, especially for learning and edutainment [25,26]. Second, we decided to not use “embodied”
as a search term, because (1) “tangible” is a more accepted term in HCI, which is more closely linked
to physical interactive artifacts such as prototypes, which we were interested in, and (2) we tried to
search with the keywords of “embod*” and “light*”, however, the related results were almost the same
for the search with “tangible” and “light*”.

Before performing the search, the inclusion and exclusion criteria were defined. We include
peer-reviewed papers, posters and book chapters with a conceptual or physical prototype published
after the year 2000. However, we exclude non-English papers, dissertations and theses.

The search was conducted from December 2019 to April 2020 by the authors. The search uses
two electronic databases: Web of Science (WoS) core collection and Association for Computing
Machinery (ACM) digital library. WoS includes the main electronic databases for publishing papers
about computer science, such as Engineering Village, IEEE, Springer, and Science Direct. The ACM
is a comprehensive database covering computing and information technology, especially related
conference papers. Thus, our search results are comprehensive.

Combining the main search terms and inclusion and exclusion criteria, as shown in Table 2,
the search was conducted 24 times. The search combinations were with terms “tangible”, “light*”,
“lamp*”, “bulb*”, “lantern*”, “gam*”, and “interact*”. The publication date was limited between 2000
and present. Total records identified through (1) WoS database search results are 8065 papers, (2) ACM
are 1204 papers. In all, 9269 papers were retrieved. Because very general search keywords were
adopted, we decided to screen the results with two strategies: first, read the paper title and abstract,
and save the related results for the next step; second, read the paper content and get the final results for
review. The final decision was based on whether it had a conceptual or physical prototype for tangible
interaction with light or not. Finally, 169 (1.8%) papers were studied and reviewed in our research.

The reasons for this high dropout rate (more than 98%) are: (1) the WoS database has a very high
number of unrelated papers. For example, using “interact* AND light*” as keywords in the title resulted
in 3416 papers, however, more than 99% papers were engineering, instruments instrumentation,
telecommunications, chemistry and so on. (2) Only the studies with a conceptual or physical
prototype are included in our review, thus it further excludes some papers only with a conceptual idea
(no prototype design diagram or sketch).
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Table 2. Search procedure and reviewed results (from year 2000 to present).

Search ID  Title Keyword Abstract Results Review *
WOs-1 tangible AND light* 607 22
WOS-2 tangible AND lamp* 17 1
WOS-3 tangible AND bulb* 5 0
tangible AND
WOS-4 lantge o 2 0
WOS-5 gam* AND light* 1217 3
WOS-6 gam* AND lamp* 37 0
WOS-7 gam* AND bulb* 47 0
WOS-8 gam* AND lantern* 2 0
WOS-9 interact* AND light* 3416 12
WOS-10 interact* AND lamp* 2491 14
WOS-11 interact* AND bulb* 94 0
interact* AND
WOS-12 Jantern® 130 1
ACM-1 tangible AND light* 330 72
ACM-2 tangible AND lamp* 25 5
ACM-3 tangible AND bulb* 63 7
ACM-A4 tangible AND 5 0
lantern*
ACM-5 gam* AND light* 50 0
ACM-6 gam* AND lamp* 1 1
ACM-7 gam* AND bulb* 19 0
ACM-8 gam* AND lantern* 0 0
ACM-9 interact* AND light* 367 29
ACM-10 interact* AND lamp* 12 2
ACM-11 interact* AND bulb* 334 0
ACM-12 interact* AND 1 0
lantern*
Total 9269 169

*: The results obtained for the review are not duplicated.

5. Results and Discussion

In order to response our research questions and make an in-depth analysis, the sections of “Results”
and “Discussion” are put together.

5.1. Importance of Tangible Interaction with Light (Q1)

There are many perspectives to answer RQ1. However, we found the importance of tangible
interaction with light came from three reasons: (1) it is a suitable approach for most diverse purposes;
(2) it is used in different contexts; (3) it supports diverse user interactions.

5.1.1. A Suitable Approach for Most Diverse Purposes

Tangible interaction with light is a suitable approach for most diverse purposes such as education,
games, and aesthetics. This shows us the possibilities of light in HCI, and also deepens our
understandings of the relationships between light and tangible interaction and how light can be
used for tangible interaction.

As shownin Table 3, the purpose of tangible light in the review results is investigated. Six purposes
were summarized, which are for the controller (37 papers), education (24 papers), emotion (19 papers),
aesthetics (26 papers), game (20 papers), and information visualization (33 papers). In addition,
the other 10 studies were unknown for a specific purpose.
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Table 3. Purpose of tangible light in the review results.

Purpose Information Visualization Controllert  Aesthetics Education Game Emotion Sensing Others

Number 33 37 26 24 20 19 10

t Note: e.g., lamp switch, light color, and music volume.

As the most common purpose, the results of tangible interaction with light use light as a
medium to visualize information, such as time [6,27], calendar events [28], temperature [29], alert [30],
off-screen ambient display [31], text and image [32-35], real-time system status [7], gradual data [36-39],
and health status [40]. The visualized information results from the tangible interaction and acts as
a visualized feedback to users. For example, Hourglass [27] senses user’s sleep and uses the lighted
LED number to indicate the amount of sleep time. This means that the physical object is an exclusive
presentation of the collected data of the user’s sleep cycle and is using an ambient low resolution
representation, which distinguishes it from screen interfaces. Metamorphic light [41] supports people
to intuitively manipulate an image projected onto paper. Armura [42], a novel interactive on-body
system, supporting both input and graphical output, such as moving the hand to different positions
reveals what buildings lay in that direction. In LightBundle [43], the metaphoric plant properties lend
themselves to interaction scenarios ranging from timing, location, social awareness to energy transfer.
“I Like This Shirt” [44] explores the translation of social mechanisms in the virtual world into physical
experiences with a shirt that responds to physical touches, which indicate “likes” and tracks and
visualizes the “like count” in real-time on the shirt itself.

Tangible interaction with light has been designed as a new method to control devices, such as
classic home lighting setups [45] or setups with shared control over lighting situations [46,47].
Projects within this category go beyond the traditional interaction with and control of lighting systems.
Beside traditional interaction, such as pressing or flipping a lamp switch, these studies either have
a natural body gesture interaction (e.g., in-air hand gesture) or provide a shared space for tangible
interaction among several people. For example, it makes light manipulation a means to enhance
the experience of the social or work-related environment. The specific control functions vary from
turning on/off the lamp (e.g., [48]) to changing light color and brightness (e.g., [49,50]). In addition,
tangible interaction with light provides a physical experience to control digital music [51]. For example,
the adjustment of light brightness indicates music volume and light flashing represents music rhythm.

It is an emerging trend that tangible interaction with light adds some aesthetics design
elements, such as culture [52], reflection [53], pragmatist philosophy [54], calm user interface [55],
physical metaphor [56], media architecture [57], and olfactory sense [58]. For example, sounds of
infinity [59], an interactive, low-resolution lighting display, portrays a magnified variation of the
infinity mirror.

For education purposes, tangible interaction with light has shown to be a good ambient awareness
tool for student feedback [60], group collaboration [61-65], peer connection [66], abstract concept
displaying [10-13], and an interactive and cooperative play tool for learning [67,68]. For example,
EnergyBugs [12] are energy harvesting wearable with features that invite children to move their
bodies to generate tiny, yet usable amounts of electricity and illuminations with different light colors.
Timelight [69], an ambient light display, the interaction with it helps children better understand the
duration of time periods.

Games with light through animation and simulation have been designed for group
communication [14], group games [70,71], drawing on the ground [72], multi-user music composer [73],
gameboard [74], storytelling [75,76], exercise training [77-79], behavior change [80,81], and physical
knowledge learning [82]. For example, D-TOX [81], a user-centered design to apply gamification to a
smart lamp and mobile application reduces the frequency of smartphone usage during nighttime.

The user’s emotion states can be collected and displayed with a lamp, which is created for
emotional communication [83] and connection [9,84], a companion [85], and a positive effect among
pedestrians [86]. For example, Angelini et al. [87] designed an anthropomorphic lamp that provides
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a novel and more natural way for the communication of five common emotions: happy, sad, trusty,
ecstasy, and angry. Mole Messenger [88], a pair of connected creatures, helps children share and send
messages to their loved ones who may be far away. Calmworklight [89], a desktop lamp, responds to
changes in peoples’ focus strengths captured by a commercially available EEG device.

Tangible light has shown some other possibilities, such as revealing how colored light indicates
semantics in robotics [90], giving visual feedback about hand gestures without affecting phone
on-screen content [91] and energy-saving lighting design [92].

5.1.2. Used in Differentiate Contexts

Tangible interaction with light has been used in different contexts, especially school and home.
The exploration in such different contexts opens a door for interdisciplinary research and light has
shown to be a good medium to improve interaction. As shown in Table 4, review results indicate
school, outside places, home, and workplace are the four most common user contexts. In school,
interaction with tangible light is used in the classroom to support student feedback, collaboration and
conceptual understanding. Outside places, such as park [93], road [85], and building periphery [57],
are installed with tangible light devices for playing, interaction and decoration. At home, tangible light
is an important component for a smart home as a smart lamp [45,48,49], clock [43], and new smart
device [8,81]. In the workspace, tangible light is used for danger alarm [30] and interactive office
lighting [47]. The other 86 studies had no specific user contexts, but instead generally explored design
concepts such as emotion and aesthetics.

Table 4. User context of tangible light in the review results.

Context School Outside Place Home Workspace Others
Number 27 23 21 12 86

5.1.3. Support Diverse User Interactions

As shown in Table 5, for interaction design, most studies (114 studies) allow only one user
to interact with the tangible light. However, there are 12 studies for two users and 27 for three
and more participants. These studies indicate that light is good at improving user’s remote tangible
interaction experience, which is beyond the concept of tangibles and implies a requirement of emotional
connections. This can be an important research direction for how HCI improves human being’s
connections and relationships. In the review results, most two-user studies are to create interpersonal
awareness and communication between two people in a remote distance, such as SnowGlobe [8],
LumiTouch [94], SmallConnection [83], touch trace mirror [84], connected candles [9], and Mole Messenger [88].
Interaction among three or more users is designed for cooperative play [14,68], collaborative problem
solving [62] and shared interaction [65] with light.

Table 5. Numbers of interaction users with tangible light in the review results.

Interaction User One Two Three or More Unknown

Number 114 12 27 16

5.2. Characteristics of Tangible Interaction with Light (Q2)

5.2.1. Research Trends of Tangible Interaction with Light (Q2.1)

For all the selected 169 review results, there are 147 conference papers, 21 journal papers
(includes one review paper [95] about user interaction with everyday lighting systems), and one
book chapter. As shown in Figure 1, 88.8% of papers are published between 2010 and 2019. Particularly
for the past five years from 2015 to 2019, each year’s publication is above 15 papers. It means that,
in general, studies of tangible light is increasing.
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As shown in Table 6, the review results come from 27 countries. The USA, Netherlands and
Germany have the highest number of published papers, which are 33, 25 and 20, respectively.
Subsequently, Korea (13), Japan (12) and China (11) have a similar number of papers. Many reasons
lead to this distribution. However, one not to be ignored is that there are some good HCI research
groups in these countries, such as the tangible media group in MIT (USA), the Human-Technology
Interaction group from Eindhoven University of Technology (Netherlands), media informatics at
the University of Munich (Germany), the intelligence and interaction center at the Korea Institute of
Science and Technology (Korea), Human-Computer Interaction research communities in the University
of Tokyo (Japan) and the IDEA Lab at Zhejiang University (China). In contrast, eight countries such as
Belgium and India have only one related paper.

25

20
g 15
§
S
% 10
k]
Qo
&
5
0
S T TS T s T P o PP
Publication year
Figure 1. Publication year distribution of review results.
Table 6. Country distribution of review results.
Country Number Country Number Country Number
Australia 6 India 1 Poland 1
Austria 2 Iran 1 Portugal 2
Belgium 1 Italy 4 Russia 1
Canada 5 Japan 12 Singapore 2
China (Taiwan) 11 (5) Korea 13 Sweden 3
Denmark 3 Luxembourg 1 Switzerland 2
Finland 3 Mexico 3 Turkey 1
France 4 Netherlands 25 United Kingdom 7
Germany 20 New Zealand 1 USA 33

Note: One paper’s country is unknown.

5.2.2. User Interface Medium with Tangible Light (Q2.2)

The user interface is the space where the interaction between humans and tangible objects occurs
and in the case of tangible interaction it is literally the touch point. Generally, the goal of user interface
design is to produce a user interface that makes it easy, efficient, and enjoyable (user-friendly) to
operate a machine in a way that produces the desired result. We investigated the user interface
medium with tangible light in the review results. As shown in Table 7, user interface medium with
tangible light in the review results includes 14 kinds. The most common medium is LED objects,
which are small light resources that are inserted or combined flexibly with the real life objects to
show HCI results. Unlike functional objects, for example, lamp and dice, it refers to independent
LEDs integrated for tangible interaction. For example, Chhikara and Hespanhol [75] made 11 boxes
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equipped with LED strips and pressure sensors. Once the sensors in one box are activated, they trigger
the LEDs in the next box to light up.

Table 7. User interface medium with tangible light in the review results.

Medium Number
LED Object, e.g., hourglass, LED box, object with LED-edge 38
Lamp 31

Interactive System, e.g., game system, multimodal interactive system 23
Interactive Object, e.g., virtual lamp, robot, toy, exercise device, clock 25
Cube, e.g., music cube, calendar cube, cube toy
Smartphone

Soft Material, e.g., elastic ball, inflatable balloon
Light Switch

Clothes

Paper

Mirror

Hand and Foot

Bracelet and Jewelry

Plant

W N WO O

[y

Note: There are 3 papers that are inclusive in Table 7, because they are summary studies and include many
tangible object descriptions.

Subsequently, lamps are used for lighting but often designed to do a tangible interaction.
Many good innovative concepts and examples would subvert our original perception to HCI, such as
keyboard and mouse. Kao et al. [43] designed a lamp named LightBundle to use natural gestures
(e.g., binding, peeling, pointing, twisting, and grasping) to interact. These interactive ideas were
inspired from the observations of interactions with plants. D-TOX [81], a lamp as well, the color
and intensity of which vary depending on the smartphone usage, aim to give the user a visualized
feedback. CREATURES [96], an interactive interior lamp, could recognize a user touching lamp-shades.
When it senses the shadow, the lamp-shade will fill out and the light slowly flickers. Alternatively,
when it detects sounds or voices nearby; it flickers fast.

Interactive system means a scene that is created to make users collaborate and engage in the
context of tangible light, which includes more than one tangible object. For example, Thrii [97] is a
system to allow three participants to manipulate a large spherical object of which the movement is
tracked via an embedded accelerometer. An analysis engine computes the similarity of movement for
each possible pair of objects, as well as self-similarity (e.g., repetition of movement over time) for each
object. COMB [98], a three tangible modular interface, enables children to practice electronic or digital
music with natural and intuitive behaviors. Interactive objects refers to the interaction medium with
light, for example, Miller et al. [34] made an experiment to ask people to move a tangible object from a
start zone to one of four equidistant colored zones with light. A word representing a color would be
illuminated with colored lights on the table.

The cube is a convenient object to get a physical experience of tangible interaction. The biggest
advantage of the cube is that it has six sides and has been used to design different interactive modes
with light. For example, we can control digitally stored music on a computer by means of gestures and
positioning with MusicCube [51] and AudioCubes [99]. With the most common use of smartphones in
our daily life, smartphones with light can be very helpful in some situations. For instance, light allows
mobile devices to visualize off-screen objects by illuminating the background without compromising
valuable display space [100].

Soft material refers to the tangible light user interface designed with an elastic ball [36],
an inflatable balloon [101], a cushion, etc. Take Sugiura et al.’s [73] music instrument study as
an example, two sensors were embedded in either side of the cushion and it can detect the touch
position and applied pressure. Keys are shown in different colors (projected) and the pitch of each key
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can be changed using the amount of pressure applied. Multiple cushions can be combined to make
a multi-user music composer application. Light switch means the interaction process is not through
light itself but with a switch. For instance, Czuszynski and Ruminski [102] designed a contactless,
hand gestures-based control of a switch with a gesture sensor to control the light.

Wearable light objects embedded in the clothes have been used in two ways. First, it explores
the translation of lightweight social interactions into the physical world with visualized information,
for example, Najafizadeh et al. [44] designed a shirt that can respond to physical touches, which indicate
“likes” and tracks and visualizes the “like count” in real-time on the shirt itself. Second, clothes using
light can be a considerable element of the emotion expression. For example, the brightness and colors of
the light shown in the clothes have been used to visualize people’s emotion statues [103], which means
light helps people exchange feelings. Paper using light to show information gives people a virtual
experience to interact with the text or image. For instance, the LampTop [104] enables an effective low
cost touch interface utilizing only a single camera and a pico projector, and people directly use fingers
to interact with the image.

Mirror is designed to receive a message and you place a finger on the emerging light on
the mirror’s surface [84]. Hand [42] and foot [105] are a novel on-body interface with light and
the interaction supports both input information and graphical output. Light with bracelet [106]
and jewelry [107] is designed to have modular wrist-worn digital jewelry for multiple purposes.
In addition, there is only one research about the tangible interaction between plants and light, but it is
an innovative research project. Sonnengarten [108] is a media art installation based on human—plant
interaction, which aimed to increase people’s awareness of nature via a light-based reaction to touching
the plants.

User interface medium of tangible light in the review results is unconventional and diverse. In this
review study, the user interface is the means by which users interact with a tangible light prototype
to accomplish some purpose. A great deal of literature in HCI discusses user-centered design,
which means we study user behavior and design an interface to afford it. However, the tangible
light review results show a converse design concept: create a new experience for the users. As a
universal element in our daily life, light can create an unexpected integration into other materials.

There are some unconventional and creative user interface design ideas in these studies. As we
know, user interface is a connection point for interaction and communication between users and
designed devices. Usually, a user interface means a display or a touchable screen, a keyboard or an
instrument, a mouse or a controller and the explanation of interactive instructions. Possibly, it is also
the way through which a user interacts with an application or a website. However, tangible light
research shows us many unexpected examples of user interface mediums, such as plants, clothes,
mirror, paper, and soft material. They provide valuable possibilities of future research about tangible
interaction design. For example, soft material opens a door to broader interaction forms other than
lamps, light switches, and LED objects; clothes decorated or embedded with light can be both a
practical purpose (e.g., safety) and an aesthetic artwork; paper and mirror, which are interfaces to
show information by light, enrich our daily life with a sense of embodiment. It is closer to our natural
behavior and easier to understand. Finally, as a symbol of the natural world, the plant user interface
makes the HCI interesting and thought-provoking. An appropriate HCI design might make people
communicate with plants, for example, to know plant requirements of water, light and chemical
materials, and in contrast, let plants indicate people’s living environment.

The diversities of user interface designs in the tangible light research give us a whole picture of
design possibilities in HCI. Besides a traditional interface medium (e.g., LED object), we have seen
13 other interface designs. It ranges from perceptually theme-related objects (lamp and light switch)
to unusual interactive mediums such as soft materials and the human body. This transformation has
brought tangible light to a broader application, such as gamification, augmented reality, fashion design,
and people-plant interactions. The research about the above areas is only a few in the review results,
but they are all shown as a good example to show the possibilities of tangible light in new ways.
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5.2.3. Interaction Behavior with Tangible Light (Q2.3)

HCI studies the ways human interacts with computer technology in their work and activities.
The term “interaction” in the HCI nowadays contains most technology from obvious computers with
screens and keyboards to mobile phones, household appliances, in-car navigation systems and even
embedded sensors and actuators such as automatic lighting. As shown in Figure 2, we summarized
and classified all the types of interaction behavior with tangible light in the review results. It contains
two components: direct interaction (hold, tap, press, shake, touch, move, squeeze, body interaction and
multiple modes) with 104 (61.5%) cases and indirect interaction (in-air hand interaction and inductive
interaction) with 65 (38.5%) cases.

Hold

Tap

Inductive interaction

In-air hand interaction Squ?ezg

Body gesture

Multiple interactions

Figure 2. Interaction with tangible light in the review results.

Among the nine direct interaction behaviors, multiple interactions (34 studies) and touch
(21 studies) have the most cases. In contrast, shake (2 studies) and tap (3 studies) have the
least cases. Multiple interactions refer to the prototype as having more than one way to interact.
For example, LightBundle [43] has the hold, grasp, pick and twist interaction designs for different
scenarios. Lantern [62] has turning interaction for users to choose an exercise and press interaction for
help seeking.

As a common interaction form, touch has more than four times the amount of studies than
body gesture, squeeze, tap and shake. Body gesture in this review means the interaction by user’s
mouth [56,87], foot [105], and expression [109] and so on. Squeeze interaction is suitable for soft
materials, for example, cushions for playing piano [73], soft objects for games [39] and squeeze box [14]
for lightening up the workplace through playful and lightweight interactions.

The shake interaction needs to move the objects quickly, for example, shaking ColorFlare [63] to
make the light start blinking and transmit its color to another ColorFlare. SnowGlobe [8], by shaking one’s
globe will cause the other person’s SnowGlobe to light up brightly. In contrast, the move interaction
needs to move the objects slowly. For example, Boda blocks [64], which is a kit with a set of 16
luminescent cubes that can be arranged in a variety of configurations and programmes. A tangible
user interface designed by Seaborn and Antle [110], when the user is close to the correct position,
the temperature increases and red light slowly appears; when the user moves away from the correct
position, the temperature drops and the red light dims to blue.

Tap interaction refers to touching the objects gently two times. For example, the expressive point
lights [111], users can tap it to explore the expressiveness designs with the point lights embedded on
ubiquitous devices. Press interaction needs pressure to be applied to the objects, for example, Plux [49],
the brightness and saturation of which are determined by the user through the amount of pressure
applied when pressing the tangible Plux controller. With Lantern [62], users can press it to call for
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teacher’s help in the classroom. With Mole Messenger [88], each Mole Messenger box houses a pushable
mole. When one is pushed, the other pops up, as if traversing to the other side of the globe. Finally,
hold interaction allows users to hold the prototype in hand. For instance, with NeonDough [112],
by holding and closing two NeonDoughs, the lights inside can show different colors based on their
resistance values.

For the indirect interaction, it mainly has two categories: inductive interaction and in-air hand
interaction. Inductive interaction refers to the interactions without direct physical contact and the
system can sense the user’s behavior. Take Calmworklight [89] as an example, the lamp’s expression
depends solely on the user’s level of focus. If it is strong, the lamp returns a steady, calming warm
light. If not, the light emission follows a breathing pattern, aiming to encourage the user to be
more mindful of their breath and to cultivate a meditative focus. In-air hand interaction means
no physical touch with the objects, but instead the device recognizes the user’s hand gesture via,
for example, cameras or sensors. It is an inductive interaction, but we made a separate category,
because: (1) “hand” is the most commonly used for tangible interaction; (2) “in-air hand interaction” is
an important branch of “gesture interaction” research. This category is convenient for people who are
only interested in “gesture interaction” to know the situation; (3) it is a contrast with the physical hand
interaction, for example, “hold”, “tap”, “press”. For example, Lumigami [48], turning on, turning off
or adjusting its brightness, the user needs to place his hand below this lamp and follow some design
rules. “Tangible Lights” [45], an in-air gestural control of home lighting, has explored many gestural
interaction styles for lighting control.

Interaction behavior in the review results is both embodied as well inductive. Interactive behavior defines
how users connect and respond to the objects, which is largely determined by different interactive
designs. When we interact with an object, some questions automatically come to our mind, such as
what it does, how it works, and what operations are possible. Even a very subtle difference of operation
gesture designs will produce an obvious different psychological perception. In designing for tangible
interaction, people think about how to involve hands, eyes, and other physical aspects of the human
body in the interaction. This supplements the pure cognitive behavior and includes the user’s mind
and body as they potentiate each other to create a more rich user experience.

More than 60% of research in the review results is about direct interaction that needs the users
physical body to interact with the light in a natural way. First, hand gestures, such as hold, tap, press,
shake, touch, move, and squeeze, summarized from the review results, move users” interaction off
the screen and into a real world. Therefore, we understand the world and ourselves in a physical
and social world with embodied factors. This perspective transformation produced many innovative
designs for the benefits of human, for example, emotional communication. Second, body gestures
(e.g., foot and mouth) are beyond human’s innate traits of being able to manipulate with our hands.
It provides a more engaged and embodied user experience of a light artifact. Finally, more than one
embodied interactions collaborate and communicate and make meaning through physically light
objects in the real world. It shows how to involve hands, feet, mouth and other physical aspects of the
human body in the interaction.

Inductive interaction, such as in-air hand interaction, portrays the possibilities of interacting
without user’s physical contact, such as eyes and face expression. The tangible light objects contain
some kind of sense and computation. Even though the inductive interaction is designed without
physical and tactile perception, users can feel and manipulate the tangible light object. For example,
vision augments user’s information acquisition and understanding with the variabilities of light
characteristics. Face expression perception, which is through capturing with computer sense and
displaying with light, is an obvious intangible interaction, but reflects the user’s deep emotion.
This interactive process is an integration of mind (thought) and behavior. In the future, embodied and

’

inductive interaction can complement each other and create a more inclusive interaction experience
for users.
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5.2.4. Light Function for Tangible Interaction (Q2.4)

Input and output are two interactive channels for HCI. We investigated the functions of light for
the tangible interaction in the review results. As shown in Table 8, most studies have light as outputs
of tangible interaction, which is good to improve feedback experience.

Table 8. Classification and examples of light as input/output in the review results.

Input/Output Number of Results Good Examples

Input 7 Touch trace mirror [84], Thrii [97], interactive tangible game [77], onNote [113]
Output 159 MusicCube [51], Armura [42]

Note: There are 3 papers that are inclusive in Table 8, because they are summary studies and include many
tangible object descriptions.

As an input for tangible interaction, light is mainly used for indicating to users how to do
a tangible interaction to get information, for example, messages from remote friends, navigation
information, and sound. For example, Touch trace mirror [84] uses light to guide the user to move his
or her finger on the mirror to understand the messages from a remote friend. Thrii [97] uses light to
indicate to users how to adjust gestures to reach a similarity of movement. An interactive tangible
game [77] is used for the training of post-stroke reaching, where light lights up to guide users to move
their hands. onNote [113] allows playing printed music scores as a musical instrument, where the user
follows the light indicated with a red circle.

As an output for tangible interaction, light is either ambient information or results of tangible
interaction. For example, Armura [42] supports hand gesture input and graphical output with light to
read information. “I Like This Shirt” responds to physical touches, which indicate “likes” and tracks
and visualizes the “like count” in real-time on the shirt itself [44].

5.3. Conceptual Framework for the Design of Tangible Interaction with Light (Q3)

Referring to the nine HCI theories summarized in Table 1, we coded the 169 review results about
how they design and conduct the tangible light studies. As shown in Figure 3, the most frequent
theories used and developed within these studies are explanatory (47 studies) and critical (36 studies).
The least research is about conceptual (none study) and descriptive (1 study) theories.

Descriptive
Explanatory
Predictive

Prescriptive

[}
2 Informative
[=}
2
~  Ethnographic
Conceptual
Critical
wild
0 10 20 30 40 50

Publication number

Figure 3. Conceptual framework used in the review results.

For the 47 studies portrayed by explanatory theory, the development processes of the tangible
light prototype were explained. Specifically, it is a process with user study, conceptual design,
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prototype development, and prototype test. For example, Thrii [97], which is a multimodal interactive
installation that explores levels of movement similarity among its participants, has four prototype
development sections: previous work research, tangible sphere design, results analysis, and feedback
improvement. Explanation of the design and application process benefits peer researchers. Within all
the review results, critical theory supports 36 emotional, aesthetic and cultural tangible light studies.
For instance, Angelini et al. [87] introduced a novel and more natural way for the communication of
emotions with the ADA lamp. The whole design process was conducted with the purpose of creating an
interactive experience with systems for the computer-mediated communication of emotions through
ambient displays.

Since tangible interaction with light is a familiar but fresh research topic, it is good to see more
than 20% of studies have been conducted to explore its application in a new context, such as emotion,
aesthetics and culture. When the research purpose focuses more on creating new;, creative, conceptual ideas,
it helps to develop new theories of technology use in HCL In the review results, only around 7% of
studies are wild theory oriented, but they provide us good examples of how to design a concept idea
or conduct an experiment of tangible interaction with light. Thus, in order to enrich this research topic,
we should be more oriented by critical and wild theories. The reasons we have mentioned: (1) light itself
is intangible, but has good attributes (e.g., color, brightness, information visualization) to facilitate the
tangible interaction. Without an innovative theory, i.e., wild theory, to guide the conduct of the research,
it would be hard to elaborate the research frameworks and values; (2) light is everywhere and so common
to think of as research. If following a normal framework to design a study of tangible interaction with light,
it might be difficult to find valuable research innovations.

The whole tangible light research in the review results shows a tendency from guided by explanatory
and prescriptive theory to wild theory. As a new research paradigm, wild theory is useful in advancing
knowledge in the HCI field. It is a part of a design discourse rather than formulated into a specific
prediction or explanatory framework. Meanwhile, it implies a shift in design thinking: instead of
developing solutions that fit in with existing practices, tangible light researchers experiment with new
technological possibilities that could change user’s behaviors, i.e., research through the design process.
It informs research, generates insights based on the direct involvement with the prototype, and reveals
challenges and opportunities. An applied field like tangible light research is to think how to best
use the wild theory and follow the basic ideas: create an interactive opportunity, do an experimental
intervention, and encourage a different behavior. Normally, this different behavior comes from a new
and innovative design concept.

Tangible light, as a universal interactive technology, has provided good examples to innovate
users’ interactions, change their behaviors and visualize their emotions. They are valuable directions
influenced and guided with wild theory. As an example of refining user interaction [8,9], tangible light
improves the communication between people in remote places. With an interpersonal awareness
design, such as a tangible movement or touch sense, it gives remote people a connected experience.
In addition, beyond a normal lightning device, some tangible light research has been designed
to regulate user’s behaviors, for example, sleeping time, smartphone usage time, and exercise
tracking. Emotion perception and visualization with tangible light brings a new research area to
integrate behavior psychology and HCI. It transfers traditional visible interaction into a latent and
subconscious interaction. Currently, it is a new area that does not have enough findings yet and
requires more research.

Findings of tangible light research can be used to understand and shape new technology
interventions in our daily living. They contextualize technologies broadly in HCI. For example,
instead of designing research to make a prediction and apply it to a specific problem, tangible light
research has been developed to address more fully the interdependencies among design, technology,
behavior and art. We can view this hybrid form of innovative design—technology-augmented artistic
reality—as engaging in an artistic space with embodied technologies. The focus is on how to augment,
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facilitate, or change the user’s experience in ways that individuals naturally have. A number of
intersections between the space, behavior, technology and cognition could be further explored.

5.4. Problems Addressed by Tangible Light (Q4.1)

We summarized the problems tackled by tangible light in the review results. In all, six problems
are addressed: weak interaction (81 papers), do not know how to interact (30 papers), interaction
lacks innovation (35 papers), collaborative interaction (9 papers), remote tangible interaction (7 papers)
and emotional interaction (4 papers). In addition, three papers are summary studies and, therefore,
not counted in the above categories. In order to see how tangible light fits these problems, Table 9
was made.

Table 9. Problems addressed by tangible light.

Problems addressed in the Review Results ~ Advantages of Tangible Light

Weak interaction (e.g., feedback and process)  Visualize feedback and create an ambient environment
Do not know how to interact Show interactive hints
Interaction lacks innovation (e.g., aesthetics) ~ Light properties (e.g., color and brightness) and characteristic
(e.g., ambient and visual) and characteristic (e.g., ambient and visual)

Collaborative interaction Create collaborative environment
Remote tangible interaction Ambient atmosphere and tangible experience
Emotional interaction Light atmosphere

5.4.1. Weak Interaction

Digital and intelligent devices are becoming common in our daily life. Light is a good ambient
condition to embed on ubiquitous devices. However, these “smart” devices seldom provide sufficient
communications to help users have situated awareness of the surrounding status. Tangible light
explored the expressive designs of how light can be embedded on ubiquitous devices. For example,
Liu et al. [111] demonstrated how designers could develop different light patterns and compose
them with performative arrangements to convey informative clues about what is happening within
the system. In all, light is useful for showing informative feedback. Tangible light takes advantage
of tangible experience and continues feedback, which makes the interaction experience become
more engagable.

Compared to traditional HCI, tangible interaction is a more engaged interaction. However,
without elements, for example, light, sound and tactile, it is hard to have a real sense of tangibles.
Light is a good element to improve the interaction process. For example, Sounds of Infinity [59] is
an interactive, low-resolution lighting display that portrays a magnified variation of the infinity
mirror. Developed for an outdoor light and music festival, the installation provides a retro-futuristic
experience for audiences and explores how playful interactions might impact the behavior of people
in public spaces.

5.4.2. Do not Know How to Interact

Tangible light is useful for increasing users’ situated awareness and guiding them on deciding how
to interact without overburdening. TUIs provide a digitally-augmented physical space for interaction.
However, people without technology knowledge (e.g., children and old people) would have trouble
knowing how to interact. They need more intuitive designs and light is a good medium to teach them
how to interact. For example, Yang et al. [78] designed an upper limb training device for strengthening
the coordination of the upper limb. Patients glide the device on a color map and reach a certain
color point according to LED instruction. Successful reaching would trigger both visual and auditory
feedback. For the problem of not knowing how to interact, light provides hint information. Moreover,
it integrates into all the interaction processes, which other material could not replace.
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5.4.3. Interaction Lacks Innovation

New and innovative tangible interactions are an important research direction in HCL Light has
inspired many innovations for tangible interactions, because it is an intangible medium to do a tangible
interaction. For example, LightBundle [43], a metaphoric plant, has properties for interaction scenarios
ranging from timing, location, social awareness to energy transfer. It inspires from plant’s properties to
design a grasping light idea. Shi et al. [56] designed a manipulated light to take advantage of natural
physical metaphor (waving, clapping and blowing) to achieve a heightened legibility and seamlessness
of interaction between people and information.

New technologies provide expanded opportunities for interaction design. The growing number
of possible ways to interact, in turn, creates a new responsibility for designers: Except TUI prototypes’
visual aesthetics, one has to make choices about the aesthetics of interaction. This issue recently gained
interest in HCI research [114]. Light has good properties, for example, color and brightness, to improve
the feelings and meanings an interaction is enveloped in rather than the interaction results. For example,
Ying et al. [52] designed an interactive lamp, which used a cultural design method on multi-sensor
technology design. The purpose of this work is to integrate culture with technological industrial design.

5.4.4. Collaborative Interaction

There are many tangible interaction studies about individuals, not so many for the group
level [18]. However, tangible interaction is good to provide a collaborative and entertaining learning
experience. For example, TouchTomb [115], a situated tangible gamification installation, has enhanced
informal cultural learning for young visitors and fostered engagement and collaboration among them.
Tang-Phys and Tang-Dix [116], interactive prototype museum installations, are suitable for tacit heritage
knowledge’s embodiment, physical abstraction and materiality.

Light has shown to be a good ambient for collaborative interaction. In the review results, there are
some good examples, such as Thrii is a multimodal interactive installation that explores levels of
movement similarity among its participants [97]. Game of Light [71], a 6 x 6 arrangement of 36 squares
for group interaction. To join the game, the user hangs their completed lantern in the gallery grid.
After placement, the lantern begins to glow and interact with its neighbors—showing a changing
pattern of light.

5.4.5. Remote Tangible Interaction

More than 20 years ago, tangible interfaces were being used for remote collaboration
and communication [117]. At the beginning, it used a concept called Synchronized Distributed
Physical Objects to create an illusion that remote users were interacting with shared physical
objects [117]. Its applications include [lluminating Light (a Luminous-Tangible Interface for holography
simulation) [118], PSyBench (allowed movement on one board to be reproduced on the other
board) [117] and inTouch (two people separated by distance can feel the other person’s manipulation of
the rollers) [119]. However, this approach suffers from three disadvantages [120]: (1) interface graphics
could only partially simulate the sense of co-presence; (2) remote users are not physically embodied;
(3) object movement resulted in a disconnected experience.

To extend the physical embodiment of remote participants, a new idea named physical telepresence
was proposed [120]. It added telepresence robotics [121] to the physical embodiment of the shared
content, in which shape displays could physically embody remote users and objects to enable
communication and collaboration. It has an advantage of increasing the user sense of presence by
capturing and rendering shapes, which extend human capabilities with computer-mediated interaction
techniques. However, it requires a special telemanipulation setup, which means it is hard to be used
the daily life.

There are many forms of communication that aim to ease the feeling of longing for distant loved
ones but they do not enable people to feel physically connected to one another. Tangible light has
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the advantage of integrating remote interaction and atheistic. For example, Connected Candles [9],
a peripheral aesthetic display has been used to create awareness and connect people in long distance
relationships. Light is a sign of connection, not only physically but also emotionally.

5.4.6. Emotional Interaction

With new developments in TUI and emotion sensing technologies, it is a new research direction
to develop TUI that can infer emotional well-being of human beings. People will be accustomed to
interacting by tactile stimuli as touch is critical for physical and mental well-being. At the same time,
light is a good interactive feedback to stimulate people’s deeper emotions. For example, Inter-glow
is a system that facilitates close interaction and communication among users in real spaces by using
multiplexed visible-light communication technology [122].

5.5. Valuable Tangible Light Research Topics for the Future (Q4.2)

Tangible light studies in the review results have shown us a multitude of perspectives, concepts,
and approaches regarding how to benefit from tangible light. The analysis and discussion of tangible
light’s research trend, light function, user interface medium, interaction behavior, and conceptual
frameworks revealed four important research experiences for the future:

First, light as an input for tangible interaction has many possibilities to investigate. As we have
known, studies about tangible light are increasing, which might be influenced by the rise of tangible
interaction research. It is easy to understand light can be used for visual feedback of tangible interaction,
where light is an interaction output. However, light can also be an input in HCI. The relationship
between light and tangible interaction, i.e., light is a reason or result of interaction, contains many
possibilities for innovation. How light, which is intangible, can be used as an interactive medium
for tangible interaction? How can we manipulate the physical objects with light? If we look at what
happens for the interaction between light and the physical world, we can observe phenomenons such
as casting shadows, light reflections, transferring heat, and creating emotions. However, our review
revealed that light as an input modality remains almost unconsidered.

Second, researchers should leave the lab to find and investigate HCI ideas and designs in our
daily life. Wild theory encourages new and innovative ideas, which suits tangible light research
very well. It is important to build functional prototypes to enable an in situ experience but use new
interaction concepts. Light is common but easy to be ignored when thinking of an element for HCI.
Thus, new ideas become more important, which are easier to get from the observation and experience
in the environment around us.

Finally, tangible light studies have considered aesthetic, emotional or cultural needs, which are
easy to be ignored but an important innovation. Traditional design ideas often come from existing
and practical problems. Their aims are to solve and improve user experience. For example,
unlike presenting information only with digital screens, the ambient feedback method has become a
good option. However, this requires designers and researchers to rethink new ways for information
representation, which is beyond text and picture. We need a more open and exploratory research
process, which is driven by the purpose of generating knowledge and ideas. When trying to solve a
problem, do not ignore the insights acquired from the design process.

In all, we see the potentials for the research community to further explore and investigate tangible
light designs. We can ask ourselves questions about: how to involve light as an intangible medium
for tangible interaction designs, how can we have a better understanding of human-light interaction,
and how can we make light a unique interaction experience in HCI?

6. Conclusions

We compiled a systematic literature review of 169 tangible light studies from the last 20 years
of HCI research. The demographic overview of the review results shows an increase in publications
regarding this topic over the years originating from all over the world. Further, we discovered that
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tangible light has been used for diverse purposes and in many user contexts. This diversity—in
the opinion of the authors—shows one of the advantages of tangible light: comprehensibility
and familiarity, which are due to its common interaction and feedback modalities. We as human
beings interact with the world around us mainly through haptic manipulation and understanding,
tangible light integrates seamlessly into our living environment sensual experience.

It is helpful to do an analysis and discussion about what makes tangible light important and what
problems have been addressed. Our insights might not be comprehensive, but elaborate some real
problems for tangible interaction with light: weak interaction, do not know how to interact, interaction
lacks innovation, collaborative interaction, remote tangible interaction, emotional interaction. Not all
the problems are unique for tangible light research, but some have been seen in a broader area tangible
interaction as well. However, tangible light research is still meaningful, because it is a suitable approach
for most diverse purposes, has been used in different contexts, and supports diverse user interactions.
Moreover, it inspires us to think of the possibilities of light as an input for tangible interaction and
how to consider aesthetic, emotional or cultural needs for HCI.

Overall, even though we might lack a very comprehensive analysis and discussion, we presented
an in-depth overview of tangible light studies. We see our work is a fundamental resource to inform,
inspire, and motivate new research in this field. Light not only helps us to transfer from a discrete
to a more ambient and peripheral presence of technology in our everyday environment, but also
involves—in combination with tangible interaction paradigms—our whole body and mind.
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