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ABSTRACT

Exhibits in science museums must be capable of attracting and holding vis-
itors’ attention, but there are always some exhibits neglected by visitors. In this
paper, we propose exhibit upcycling as a practical approach for reusing an unpop-
ular physical exhibit to create a better exhibit. As a case study, we selected an
old physical exhibit at a local science museum. We designed a digital companion
that accompanied the physical exhibit to provide more interactive and enjoyable
learning experiences. Our design strategy was user-centered and iterative, pairing
the digital and physical exhibits step by step. Field studies showed that upcycling
increased the attracting power of the exhibit by 9.54 times while significantly im-
proving learning experiences, engaging behaviors, and positive emotions. These
research results confirm the potential of combining the unique advantages of phys-
ical and digital exhibits for synergy, especially to improve unpopular, outdated

exhibits.
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I. Introduction

In science museums, exhibits are designed and implemented to stimulate visi-
tors’ interest and curiosity about science and technologies. Good exhibits prompt
visitors, interact with them, and reinforce their own learning [I]. A particular
difficulty arises because visitors have complete freedom in choosing the exhibits.
Any boring or confusing aspects in the exhibits, maybe minor at a glance, can
make visitors go away [2]. This nature of the learning environment in science
museums requires exhibits to catch and retain the attention of visitors [3]. Ex-
hibits incapable of doing so possibly waste valuable space in the science museums
with no positive contributions to the visitor experiences. Replacing such physical
exhibits with new ones may be the best way, but it is not always be feasible for
small, local science museums.

In this paper, we demonstrate a concept of exhibit upcycling by digital aug-
mentation, which renovates an unpopular physical exhibit in science museums
by extending it with digital and programmable components in order to upgrade
visitors’ learning experiences. This idea was conceived for the special needs of
local science museums in small cities in the authors’ country. Such science muse-
ums have many old physical exhibits that are left unpopular and unvisited, but
replacing them regularly with new exhibits is extremely difficult because of their
low budgets. According to a statistical report from the authors’ country [4], it
costs between $50,000 and $100,000 to develop and install a new exhibit, but
the average annual budget for new exhibits is $168,000 for each museum. The
situation is very poor also because a few central science museums use most of the
budget for new exhibits. Local science museums, although their visitors account

for the 70% of total visitors in the authors’ country, are allocated with only 10%

1=



Before

Virtual Companion Tangible Interaction
with Original Exhibit

Original Exhibit

Figure 1.1: An unpopular physical exhibit on the wall (left) and its upcycled
exhibit by digital augmentation using a virtual companion (right). The upcycled

exhibit now attracts visitors and provides substantially better user experiences.

of the total budget for new exhibits on average [5]. What’s worse, the suppliers
of physical exhibits are very small and even go out of business quite often, which
makes upgrading old physical exhibits themselves hopeless in some cases. Under
these circumstances, a practical and viable approach can be to reuse old physical
exhibits as much as they are while improving their attractiveness and educational
value by digital augmentation. While doing so, we can use off-the-shelf hardware,
and the content is programmable for upgrade, both for low cost.

For a proof of concept, we conducted a case study with a physical exhibit
called “Blood Flow,” one of the unpopular physical exhibits in a local science
museum. By unpopular exhibits, we mean the exhibits that visitors do not stop
on (i.e., low attraction power), do not use long (i.e., low holding power), and do
not engage in (i.e., low engagement level) [6]. We made discussion with educa-

tional experts at the museum and established main design goals, also based on

visitors’ opinions (Section [Formative Study]). We then designed and evalu-

ated our upcycling strategies using digital augmentation in iterative manner over



six months (Section Ilterative Design Process)).

The final design of the digitally-upcycled exhibit of the Blood Flow consists
of the original physical exhibit and a digital (virtual) companion displayed on
a large TV, as illustrated in Fig. The physical exhibit itself is left intact,
but its interaction modality is upgraded to promote tangible interaction using an
inexpensive camera-based external motion tracker. The upcycled exhibit invites
visitors to interact with it in three steps. First, the virtual companion attracts
and holds visitors by providing easy, enjoyable, and interactive learning experi-
ences. Second, the virtual companion guides visitors’ attention to the original
exhibit. Last, visitors play a tangible educational game with the original exhibit.
Usual digital augmentation techniques add text, audio, video, or other virtual
elements to physical exhibits to append relatively simple information, such as
supplementary materials or use guides [7, [ [9]. Our design moves one step to-
ward exhibit upcycling by providing a virtual companion that starts with an
independent system and leads to collaboration with the original exhibit.

Experimental and observational studies performed with the upcycled ex-

hibit at the museum validate its higher attraction, engagement, enjoyment, and

educational effects than the original exhibit (Section [V] [Final Evaluation). We

also provide discussion on the results and design implications of our case study
(Section [VI] [Discussion)).

The main contributions of this paper are as follows. First, we propose a new
concept of exhibit upcycling by digital augmentation, which improves an unpopu-
lar physical exhibit to provide more engaging and better educational experiences
to visitors by pairing it with a virtual companion. Exhibit upcycling is economical
to preserve resources and greatly less expensive than replacing existing exhibits
with new ones. Second, we share design recommendations for upcycling the ex-

hibit based on the design strategies we followed for six months of user-centered
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Figure 1.2: Overview of the upcycled exhibit for “Blood Flow.” Interactions
occur in three steps: 1) with the virtual companion, 2) transition, and 3) with

the original exhibit.

design. This procedure demonstrated its effectiveness in field studies and can
be easily applied to upcycling other physical exhibits. We hope our research re-
sults present a useful approach to renovating numerous outdated and unpopular

physical exhibits in science and other museums.



II. Related Work

In this section, we discuss previous research on digital augmentation in mu-
seums, embodied learning in informal settings, and how to design and evaluate

museum exhibits.

2.1 Digital Augmentation in Museums

Science museums have been introducing exhibits using interactive technolo-
gies, such as Augmented Reality (AR) [10, 11] and haptics [12} 13]. These tech-
nologies have many advantages, e.g., interacting naturally with visitors, allowing
them to experience scientific concepts through multiple modalities, and allow-
ing content to be changed. One branch of utilizing digital technologies is digi-
tal augmentation, which leaves existing exhibits intact and augments them with
text, audio, video, or other virtual elements to convey information lacking or not
present in the exhibits [9]. Digital augmentation is also useful when it is difficult
or not desirable to fully replace existing exhibits, so it is often brought into his-
tory or archaeology museums [14} [15] 16 I7]. Roberts et al. [I5] investigated how
digital augmentation using interactive displays help visitors appreciate existing
authentic objects in a history museum. They compared three different strategies
and showed that digital augmentation significantly changed visitor experiences
of the same exhibit.

Likewise, because most science museums are adopting object-based learning,
which encourages interaction with the physical object, as a core pedagogical ap-
proach [18], digital technologies were often used to augment the physical object

instead of being used alone as a virtual exhibit [9]. In particular, digital augmen-



tation is widely applied in the in-use stage of exhibits in the form of information
superposition to reflect use contexts [9]. Overlay of the virtual contents onto
the original exhibit can provide the guidelines for the exhibits [19, 20, 21] and
visualize the invisible, such as physical force [22], electricity [23], and body or-
gans [24, 25]. Inserting virtual information in the pre-use stage of exhibits has
only been attempted using mobile devices to encourage and guide the learning
activity. Connaghan et al. [26] used a virtual character called Dr. Ray, which
introduced the story and encouraged a user to start an AR activity that dis-
played a skeleton on the user’s body and a toy. This study demonstrated that
the virtual character could contribute to making the activity child-friendly and
enhancing the educational value of the activity. However, they applied digital
augmentation onto a personal toy, not to existing exhibits. In addition, the use
of mobile media in science museums is still cautious, as it can distract visitor-
exhibit interactions [27), 19] and decrease social interactions [28], [19].

To upcycle unpopular physical exhibits, we apply digital augmentation to
both the pre-use and in-use stages of the physical exhibit using a large display.
In our design, the virtual companion first provides engaging and motivating ex-
periences in the pre-use stage. Then, the original physical exhibit offers improved
experiences in the in-use stage, including tangible interaction enabled by an ex-

ternal camera recognizing the user’s touch on the exhibit.

2.2 Embodied Learning in Informal Settings

Audiovisual digital simulations are good to show unobservable processes and
provide appropriate feedback to users. However, in an effort to make simulations
accurate and consistent with concepts in science, visual representations of learning
contents tend to be highly abstracted [29]. Also, verbal feedback protocols that

are reminiscent of formal instructions may be detrimental to learner agency [30].

-6 —



Embodied interaction can complement audiovisual simulations by adding a new
modality for feedback that directly connects to the actions and perceptions of
the learner. Moreover, embodied interaction is well suited to informal learning
settings such as science museums where children can physically interact with
exhibits.

Embodied cognition theories emphasize that cognitive processes occur in
the interaction between one’s body and its physical environment [e.g. 3], [32].
Learning methods designed based on embodied cognition are called embodied
learning. Its main design rationale is to have learners act out and physicalize the
systems, processes, or relationships that they are trying to understand [30]. This
activity can create conceptual anchors from which new knowledge can be built.

Many embodied learning studies have been designed for full-body interac-
tion [e.g. 33, B0]. Full-body interaction has the highest level of an embodiment
with rich locomotion [34], which can lead the user to be highly engaged and mo-
tivated [30, [35]. For instance, in Lindgren et al. [30], participants learned about
gravity and planetary motion with a whole-body interactive simulation, which
led to a learning gain with high levels of engagement and motivation.

The other large part of the embodied learning literature is concerned with
tangible interaction [e.g. [34] [36]. Tangible interaction is a sensing-based inter-
action modality that enables interaction with a physical object augmented with
digital information [37]. One important benefit of tangible interaction is that it
can utilize both digital and physical information [37]. For example, Skulmowski
et al. [38 augmented a physical heart model with virtual labels showing the
names of its parts. They showed that the tangible interface could improve learn-
ing outcomes in terms of retention, cognitive load, and motivation than the mouse
interface.

We employed full-body interaction in designing the virtual companion to af-



ford visitors high motivation and learning benefits. We also endowed the original
exhibit with an additional modality of tangible interaction to enhance the visitor

experiences by using both digital and physical information.

2.3 Design and Evaluation of Museum Exhibits

User-centered design (UCD) is an iterative design process that involves users
throughout the process [39]. UCD can create highly usable and user-friendly
products by repeating user evaluations and design improvements. For this reason,
UCD is a well-suited design method for products that need to support intended
users’ existing beliefs, attitudes, and behaviors rather than requiring users to
learn and use the system. Exhibits in science museums are one good example.

In science museums, visitors only interact with the exhibits they want. They
do not stay with unappealing exhibits for whatever reasons [2]. Exhibit design
through UCD allows such undesirable aspects in the design to be removed or
replaced in the early stage so that users can easily understand and use them [2].
A case study that applied UCD to designing a virtual reality exhibit showed
that the UCD is efficient in developing an exhibit that provides satisfying user
experiences [40]. We adopted this design method for the upcycling process.

When evaluating exhibits, researchers should consider that visitors’ aware-
ness of being observed can modify some aspects of their behaviors [41]. This
phenomenon is well known as the Hawthorn effects. To avoid it, objective ob-
servations of visitors’ behaviors, such as the number of visitors who stop at the
exhibit, holding time, their engagement level, and conversations, are widely used.
These measures also provide good insights into how an exhibit encourages inter-
action and learning [42]. We designed and improved artifacts for digital augmen-
tation based on the experts’ and users’ opinions and the results of questionnaires,

interviews, and visitor observations.



III. Formative Study

3.1 Exhibit Selection

Among the many physical exhibits in the local science museum in the au-
thors’ city, we selected the exhibit called “Blood Flow” (Fig. for three reasons.
First, it covers the human circulatory system, a general education topic in schools
and other science museums. Second, most visitors ignored the exhibit, although
it was located at the entrance of the exhibition hall. Third, the exhibit appeared
to have three characteristics of unpopular exhibits revealed by Boisvert and Slez
[6]: complex information presented, abstract presentation, and low interaction.

The Blood Flow was basically a pictograph on the wall. It consisted of a
physical model of the human circulatory system and the text explaining it. The
human model had the actual size of humans and displayed the heart, arteries,
veins, and capillaries. Many LEDs attached along the blood vessels simulated
the blood flow with yellow lights. The text located next to the model explained
the directions of blood flow and the roles of the artery and vein in the systematic

circulation of human bodies.

3.2 Background Interview

Before starting the design process, we analyzed the problematic factors that
lowered the popularity and capture rate of the Blood Flow exhibit from the
users’ perspective. Interviewees were randomly recruited among the visitors at
the exhibition hall entrance. Once the visitors agreed for interview, they were
asked to use the exhibit freely and answer open questions about their experiences

and opinions. Twenty children (4-11 y/o; M=6.70; 10 females) and their families
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Blood flow
through LEDs

Figure 3.1: The exhibit named “Blood Flow” we chose for the upcycling. The hu-
man model on the right shows the circulatory system with blood flowing through
LEDs. The text beside it delivers the following learning contents. (1) Blood in
red blood vessels flows away from the heart, carrying and distributing the nutri-
ents. (2) Blood in blue blood vessels flows to the heart, carrying and collecting

the waste. This exhibit was designed and installed at least 12 years ago.

joined the interview. The interview responses were analyzed through an affinity

diagram, and the results are as follows.

o (Difficulty of learning content) Two groups said the learning content was

too hard for their children.

e (Unsuitable learning medium) Children in two groups did not know how to
read or did not like to read, and one group wanted to listen to the text

through audio.

~10 -



e (No interactivity) Two groups complained about the lack of interactive

elements.
e (Low enjoyment) Three groups wanted the exhibit to be more enjoyable.

e (Not interesting) Eight groups said the exhibit did not have interesting

content to attract visitors.

Based on these results, we made the following observations. First, most
children visitors of the museum could not easily understand the learning content
of the Blood Flow exhibit. The learning content of the exhibit belongs to the
national curriculum of 12-year-old students in the authors’ country. However,
the child visitors were about seven years old on average. Second, the exhibit
did not support suitable learning media. Although the exhibit showed the blood
flow through the LEDs, the detailed items for learning were in the text form
beside the exhibit. Roughly half of the children visitors may not be able to read
or understand the text; children start reading and decoding simple texts when
they are 6-7 years old [43]. Even if they can read, exhibits with overwhelming
texts are not appealing to visitors [I5]. Third, the exhibit did not have interactive
components, which degraded the enjoyment of using it. These three observations,
consistent with the three characteristics of the unpopular exhibit [6], would have

caused the exhibit’s low popularity.

3.3 Brainstorming with Experts

Based on the above mentioned problems, we conducted a brainstorming ses-
sion to set design directions and find other things to consider for upcycling. This
stage involved the director and three researchers working at the science museum.
The researchers, including one expert in biology, had in-depth knowledge of the

museum and were responsible for inventing new exhibits. The experts were in-
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formed of the concept and examples of digital augmentation, and brainstorming

was conducted for ideas of how to solve each problem through digital augmenta-

tion. The ideas were filtered through strengths, weaknesses, opportunities, and

threats (SWOT) analysis and the outcomes (B1-B4) were summarized as follows:

B1.

B2.

B3.

B4.

(Provide prior knowledge-based scaffolding) Educational scaffolding meth-
ods, i.e., assistive steps that support the students’ learning [44], will help
children visitors learn the difficult content in the exhibit. For example, pro-
viding or activating prior knowledge in advance can facilitate the children’s

learning process during the exhibit.

(Support diverse learning media) Adding an auditory medium to the ex-
hibit will let users see the circulatory system model while listening to the
learning content. Supplementing visual media, such as virtual models and

animations, can provide an intuitive understanding of the concept.

(Start with motivating contents) The primary goal of exhibits is to arouse
interest and curiosity, which in turn motivates visitors to seek the advanced
content. Starting with easy and fun content will provide a stepping stone

for using the original exhibit.

(Introduce interactivity) Introducing interactive elements that can be con-
trolled by the user’s movement or touch will make the exhibit more enjoy-

able and increase the learner agency.

The above outcomes were set as our design direction and basis when we

made design choices during the iterative design process.

3.4 Design Goals

Here we present four high-level design goals, the first representing the pur-

pose of upcycling and the other three goals informed by the formative study. We
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aimed to design an upcycled exhibit to

G1. Utilize the original exhibit wisely.

G2. Attract visitors and encourage the use of the exhibit.

G3. Deliver the original learning content effectively.

G4. Provide enjoyable and engaging user experiences.

G5. Be affordable at a low cost.

~ 13 -



IV. Iterative Design Process

In this section, we present the design process for exhibit upcycling of the
Blood Flow, which was iterated mainly three times over six months with a total
of 149 children of the mean age of 6.99 years. The procedure and results of each
iteration are described in the following structure. First, we specify the goals
based on the results from the formative study or previous iteration. Second, we
describe the design rationale that served as the background of our design choices.
Third, we illustrate the detailed design and implementation methods of the design
alternatives. Fourth, we present the methods and results of a user evaluation.
Finally, we discuss the lessons learned through the iteration. The design outputs
of the three iterations are summarized in Fig. and respectively.

Common methods used in the visitor evaluations were as follows. The user
evaluation procedure started with randomly recruiting participants visiting the
science museum. The children who agreed to participate were asked to solve
a pre-quiz about the target learning concepts of the design. Then, they freely
interacted with the exhibit, and it was recorded by a video camera. After using
the exhibit, they solved a post-quiz with the same questions as the pre-quiz
and answered a short survey evaluating motivation and enjoyment. Finally, we
interviewed the children and their families to obtain feedback on the exhibit’s
activity. The participants received science museum souvenirs that cost about

USD 2.
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4.1 First Design: Virtual Companion

Following the expert’s advice to start with motivating content (B3) and pro-
vide prior knowledge-based scaffolding (B1), we set the goal of our first iteration
as attracting visitors and providing fun and motivating virtual content in the pre-
use stage of the original exhibit. For that, we designed a virtual companion that
convey prior knowledge about the circulatory system based on full-body interac-
tions. This decision was made while also considering that a digital companion
that can be used independently is preferred when physical exhibits get broken
or out of order in science museums (personal communication with a staff in a

science museum).

4.1.1 Design Rationale

Drawing the visitors’ attention The original exhibit could not capture vis-
itors’ attention alone. Displaying an avatar that imitates the movements of
passers-by is widely used to capture their attention and initiate interaction [45].
We chose to display the movements of visitors passing by as avatars to trigger
their curiosity and induce them to interact spontaneously with the exhibit. It

also corresponds to our design direction to introduce interactivity (B4).

Scaffolding through prior knowledge The difficult learning content of ex-
isting exhibits lowers the motivation of users to interact with the exhibits. Scaf-
folding refers to a method that offers a particular kind of support for students to
learn new concepts or develop new skills. As experts suggested (B1), the scaffold-
ing activating the prior knowledge in education is known to play an important
role in motivating the students [46, 47] and enhancing the learning effects [48] [49].
Thus, we decided to provide prior knowledge about the human circulatory sys-

tem through fun and engaging activities before children start using the original

—15 —



1st Design: Virtual Companion
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Figure 4.1: The first design output of the iterative design process. The grey
arrows represent the scenario of the virtual companion. The scenes with blue or
green borders indicate that the scenes contain components related to the design
rationale. The arrows connected to them show a brief outcome of the design
choices. Scenes with red borders represent the scenes needing improvements, and
the arrows connected to them describe the scenes’ problems. A video that shows

the full interaction scenario is available in the supplemental materials.
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exhibit.

Motivating and fun learning activity To deliver prior knowledge through
enjoyable activities (B3), we adopted two methods: full-body interaction and
animation. Full-body embodied interaction has been shown to positively affect
the learning experience, such as motivation, enjoyment, and learning gain [e.g.
35, [30]. We decided to overlay the circulatory system structure on the users’
avatars to enable learning with their own bodies. Animations explaining scientific
concepts can also facilitate an intuitive understanding of the concepts [50} [51].
We used animations to convey prior knowledge by visually depicting concepts
that are hard to see, such as the role of the heart. Such full-body interaction and

audiovisual animations support diverse learning media (B2).

4.1.2 Detailed Designs and Implementation

We implemented the virtual companion using the Unity game engine. It was
displayed on a 75-inch TV installed near the original exhibit. We used Microsoft
Kinect to track the users’ motions in front of the TV. We deliberately chose these
commercial devices that are easy to obtain and of low cost.

The scenario and its detailed designs are as follows. First, the initial scene
of the virtual companion shows avatars that mirrored the movements of passers-
by within 3 m of the display (the initial scene in Fig. . It is to draw their
attention so that they would begin an interaction with the exhibit. The avatar’s
size is rescaled to be proportional to the user’s actual height to help users quickly
recognize their own avatars. In the next scene, a cute virtual character, which
looks similar to a blood drop, briefly explains how to use the Ul for interaction
(the UI exzplanation scene in Fig. [1.1)). The user can select a navigation button
by reaching out to one of the bubble-shaped buttons around the user’s avatar.

From the next scenes, we designed an enjoyable activity to learn the original

17 -



exhibit’s prior knowledge. We chose four easy concepts about the circulatory
system: the structure of the circulatory system, the roles and locations of the
blood vessels, the location of the heart, and the function of the heart. In the
circulatory system scene, users can see the heart and blood vessels superimposed
on their avatar to learn the structure of the circulatory system. Then, the user
is asked to select a preferred learning theme for the next activity (the theme
selection scene in Fig. . Three buttons labeled ‘Heart,” ‘Vessel,” and ‘More,’
respectively, are available for selection. Choosing the ‘Heart’ button moves the
user to the scenes teaching the location and role of the heart (the heart location &
role scene in Fig. , the ‘Vessel’ button to the scene about the role and location
of the vessel (the vessel scene in Fig. . In the heart location scene, users are
instructed to put their hands on their left chest. By following the instruction,
the user can feel and see the location of the heart superimposed on their avatar.
The scenes teaching the role of the heart and vessels require explanations about
what is happening inside the circulatory system. Hence, we used animations
appearing in a new window to enlarge the details and visualize the concepts.
Users can return to the selection scene after finishing each content.

Lastly, when users choose the ‘More’ button in the theme selection scene,
they can move to the transition scene in Fig. The transition scene shows
the original exhibit in the virtual world that mirrors the physical one. Users
were asked to move toward the original physical exhibit through voice and text

instructions with an arrow.

4.1.3 Evaluation

A total of 19 children (4-10 y/o; M=7.00; 12 females) participated in the
evaluation of the exhibit. The children solved a quiz about the circulatory system

consisting of the following four True/False (T/F) questions:
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Q1. The circulatory system is composed of the heart, blood, and blood vessels.

(T)
Q2. Blood vessels are spread only on the legs. (F)
Q3. The heart is located in the right chest. (F)
Q4. The heart pumps the blood throughout the whole body. (T)

The score of each question was one if answered correctly. The participants also
answered a short survey about motivation and enjoyment on a 5-point Likert

scale. The two survey questions adapted from Lindgren et al. [30] were as follows:
o [ wanted to know more about the circulatory system after using the exhibit.
e I enjoyed using the exhibit.

The result of a one-way repeated-measures ANOVA on the scores of prior
knowledge was significantly higher (F(1,18) = 8.56, p = 0.0090) in the post quiz
score (M = 3.42, SD = 0.88) than the prior quiz score (M = 2.68, SD = 0.98).
The correct answer rate was over 75% for every post-quiz question. In the survey,
the average score of motivation was 4.37 (SD = 0.74), and that of enjoyment was
4.58 (SD = 0.82). However, we observed that only 8 out of 19 children completed
the virtual interaction scenario, and none of the participants moved to the original

exhibit. It was out of our initial expectations.

4.1.4 Lessons Learned

First, the avatars mirroring the passers-by’s movement could attract visitors
effectively. The mirroring effect could be easily observed in the comments col-
lected in the interviews, such as “I saw myself on TV, I wanted to keep doing it.”,
“The avatar that imitated my body was interesting.”, and “Interactivity with body

looked appealing.” Second, learning with embodied interaction and animation
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could deliver all learning concepts for the prior knowledge to the user effectively,
as demonstrated by the participants’ quiz scores. Third, the embodied interac-
tion and animations could encourage the use of the exhibit and elicit enjoyable
visitor experiences. The interview comments of “It was a fun activity. I wanted
to learn more about it.” and “It was fun to see the veins, the heart, and myself
appear on display.”, and the high motivation and enjoyment scores describe the
activities’ positive effects. Fourth, multiple identical buttons and instructions
delivered only through voice and text seem to lead to a low completion rate.
From the recorded videos, we observed that ten children were confused with the
multiple similar-looking buttons. Another four could not follow interaction in-
structions in heart location scene. These led to stopping the use of the exhibit.
Lastly, we showed the original exhibit in a virtual world with verbal and textual
instruction for the transition in the transition scene. However, no one could move
and start interacting with the original exhibit. Voice and text instructions with

simple visual cues seem insufficient for complex instructions.

4.2 Second Design: Improving User Interface and Guid-

ance

From the first design, we observed multiple buttons confuse children, and
instructions through only voice and text are ineffective in guiding them.

Therefore, in this second design, we aim to improve Uls and guidance to
increase the completion rate of the virtual interaction scenario and transition

rate to the original exhibit.

4.2.1 Design Rationale

Intuitive User Interface for Affordance Excessive buttons can confuse the

user [52], and the multiple buttons in the theme selection scene of the first de-
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sign probably harmed the user experience. We decided to reduce the number of
buttons by streamlining the scene structure and removing the selection function.
Additionally, we controlled the colors and sizes of buttons depending on their im-
portance; an appropriate emphasis on Ul can make users quickly aware of what

they should do [53].

Guidance by a Virtual Character From the first design, we found that
voice and text are not enough to guide children for our purpose. While looking
for a more powerful guidance method, we observed that some children expressed
intimacy with the virtual character in their interviews. They said the following:
“It was nice to study with the virtual character.” and “The virtual character
taught me the knowledge.”

Thus, we decided to make the virtual character demonstrate how to do target
actions first and encourage children to imitate and learn the actions. We expected
this strategy would be viable from the general fact that children are good at

imitating others’ behaviors and learn quickly by it [54].

4.2.2 Detailed Designs and Implementation

We displayed three buttons for branching to multiple learning themes in the
first design. In the second design, we did not need them as we simplified and
serialized the scene structure (the prior knowledge scenes in Fig. . Instead of
choosing the next theme to learn, users could choose between staying on the scene
and moving to the next scene so that they could still participate, depending on
their interest (the UI ezplanation scene in Fig. . Additionally, we emphasized
the button to move to the next scene to encourage completion. In the first design,
there was no emphasis on the important buttons.

To guide the user, we used the animations of a virtual character. In the heart

location scene, we observed some participants could not follow the interaction in-
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structions. Thus, we made the virtual character put its hand on its left chest to
prompt users to do the same action with their body to teach the location of the
heart (the heart location scene in Fig. . We also used the virtual character in
the transition scene to guide the user to move on and interact with the original
exhibit. The virtual character showed a motion pointing to the original exhibit
in the virtual world. We expected the users to follow the virtual character spon-
taneously and move toward the original exhibit in the real world (the movement
scene in Fig. . Similarly, in the following scene, the virtual character showed
an animation of itself viewing and touching the exhibit, encouraging the user to

do the same with the original exhibit (the touch scene in Fig. 4.2)).

4.2.3 Design Rationale

4.2.4 FEvaluation

The second design’s evaluation focused on analyzing the users’ progress with
the exhibit. Sixteen children (4-11 y/o; M=6.81; 8 females) participated in the
evaluation. In the results, all 16 participants completed the virtual interaction
scenario. The Chi-squared test showed that the completion rate significantly
increased (x2(1) = 13.51, p = 0.0002) compared to the first design in which only
8 out of the 19 participants could finish. Moreover, 15 of the 16 participants
successfully moved to the original physical exhibit and continued the interaction

activity.
4.2.5 Lessons Learned

First, using simple Uls and emphasizing important buttons can allow chil-
dren to understand how to interact with the virtual companion. No participants
expressed difficulties using the Uls from the recorded videos. It enabled the high
completion rate of the virtual interaction scenario (100%).

Second, animations of the virtual character can guide children to interact
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with the original exhibit effectively. The high conversion ratio of the users to
the original exhibit (93.8%) indicates that the participants could easily follow
the character’s guidance. The participants’ interviews also supported it, , e.g. “I

liked imitating the character’s movement.”

4.3 Third Design: Augmenting the Original Exhibit

In the last two designs, we aimed to design the virtual companion and connect
them to the original exhibit. Now, we move our focus to renovating the original
exhibit for its own learning experiences. From the brainstorming session in the
formative study, the experts mentioned the need for adding interactive elements
to the original exhibit (B4). Therefore, in this final design, we aim to add a new

learning modality to the original exhibit for engaging interactions.

4.3.1 Design Rationale

Augmentation through gamified tangible interactions One of the good
attributes of physical exhibits is that visitors can freely touch them. We chose
tangible interaction as a new learning modality to benefit from both physical
exhibits and digital augmentation. Tangible interaction is known to positively
affect learning experiences [e.g. B3, 56]. Moreover, gamified tangible interac-
tion with learning content has demonstrated its effectiveness on engagement and

learning [57), 58].

4.3.2 Detailed Designs and Implementation

We augmented the original exhibit to support tangible interaction using the
Microsoft Kinect. The system can recognize if users touch on the human model
and the direction of the touch motion by capturing the user’s motion. This
method was simpler and less expensive than alternatives, such as installing a

thin, transparent, film-like pressure sensory array all over the human model.
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We gamified the learning content of the original exhibit, the roles and direc-
tions of the arteries and veins, as follows. First, the virtual character explained
the purpose of the game and demonstrated how to play the game through ani-
mation (the game instruction scene in Fig. . In the artery scenes, the virtual
character asks the users to help to distribute nutrients throughout the body by
touching the human model in the direction away from the heart. Similarly, in the
vein scenes, the virtual character asks the users to help collect waste by touching
the human model toward the heart.

The game starts when the user follows the instructed movement. Whenever
they succeeded in the game task, game effects were given by animation and sound
to encourage the user to proceed further (the tangible game scene in Fig. [4.3)).
The game ended after the user made tangible interactions three times with the
exhibit. Then, the information about the flow directions and roles of blood for
each type of blood vessel is delivered with an animation on the human model of
the virtual companion along with voice and text (the concepts explanation scene
in Fig. 4.3). Finally, after completing both the artery and vein game scenes,

further exploration of the original exhibit was encouraged in the ending scene

(the ending scene in Fig. [£.3).
4.3.3 Evaluation

Twenty children (5-10 y/o; M=8.00; 9 females) participated in this evalua-
tion. Because the third design focused on learning the contents of the original
exhibit, the quiz questions were related to learning concepts presented in the

original exhibit. The quiz had the following four T/F questions:
Q1. In red blood vessels, blood flows away from the heart. (T)

Q2. Blood in the red blood vessels has many nutrients to distribute to the whole

body. (T)
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Q3. In blue blood vessels, blood flows away from the heart. (F)

Q4. Blood in the blue blood vessels has lots of waste collected from the body.

(T)

The score of each question was one if responded correctly. The participants
answered a short survey about motivation and enjoyment (the same one used to
evaluate the first design).

As a result, the quiz score was significantly higher (F(1,19) = 17.08, p =
0.0006) in the post-quiz (M = 2.60, SD = 0.92) than in the pre-quiz (M = 1.25,
SD = 0.89). The score of every question increased in the post-quiz. In particular,
the differences were significant in Q2 and Q4 (x?(1) = 6.46, p = 0.0110 and
x2(1) = 20.42, p < 0.0001). In the survey, the average score of motivation was

3.70 (SD = 1.27), and that of enjoyment was 4.65 (SD = 0.96).

4.3.4 Lessons Learned

First, the gamified tangible interaction seems to be an effective approach for
delivering the learning content to the users. It is based on the numerical results of
the quiz and the participants’ responses, such as “I learned by touching it.” and
“I could learn by touching and watching animation.” In particular, the learning
effect improved significantly in the questions about the role of blood in arteries
and veins. It seems that the users well accepted the tangible interaction of touch-
ing each blood vessel and the responses emphasizing the roles of blood in arteries
and veins. Second, the game with tangible interaction appears to contribute to
improving the original physical exhibit to afford enjoyable and engaging user ex-
periences. Participants’ positive responses were observed in both motivation and
enjoyment scores. Some comments from the interviews were also relevant; e.g.,
“It was nice to touch the blood vessels, it was fun,” “I felt better when I touched

it,” “I liked to touch it along with it, and I was curious about the inside of the
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body.”

4.4 Design Outputs: Upcycled Exhibit

Finally, we present the upcycled exhibit, composed of three main parts, as
refined and completed by three iterations of design, user evaluation, and im-
provement. As shown in Fig. the virtual companion attracts passers-by and
motivates them to continue using the exhibit. Full-body interaction attracts the
visitors to start using the exhibit, and enjoyable learning activities using em-
bodied learning and animation encourage them to move forward. Second, the
friendly virtual character guides the users’ attention to the original exhibit. The
virtual character encourages them to start interacting with the original exhibit
by demonstrating its movement toward and touching the original exhibit in the
virtual world. Third, the original physical exhibit, renovated with new external
interaction components of tangible interaction and gaming, offers interactive and
engaging experiences of learning. Lastly, in the whole process, the virtual char-
acter delivers the learning contents and exhibit use guidance through the voice
and text on the display.

The design process of upcycling costed a total of $12,000, including for pay-
ments for developers and researchers ($9,000), equipment ($2,500), and user stud-
ies ($500). It is cost-effective because the cost corresponds to only about 16%
of the average development price of $75,000 per physical exhibit. Moreover, fu-
ture designers could be able to shorten the upcycling design process substantially
based on our trial-and-error process and design guidelines presented in Section [VI]
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V. Final Evaluation

We conducted two field studies in the science museum: (1) an experimental
study to investigate the learning experiences of the upcycled exhibit and (2) an
observational study to explore the practical effectiveness without intervention
from the researchers. A total 152 children with the mean age of 7.26 participated

in these final evaluations.

5.1 Experimental Study

In this study, we compared the motivation for learning and the learning effect
between the upcycled exhibit condition (UPCYCLED) and the original exhibit

condition (ORIGINAL).

5.1.1 Procedure

We randomly recruited visitors to the science museum to participate in this
experiment. We first informed visitors of the purpose and procedure of the ex-
periment. Visitors who agreed to participate signed the consent form. They were
invited to use either the upcycled or original exhibit. After they finished experi-
encing the upcycled or original exhibit, children were asked to complete a survey
and take a test about the knowledge they learned respectively from the upcy-
cled exhibit and the original exhibit. Finally, we conducted a semi-structured
interview with both children and parents. We asked them what elements of the
exhibits were interesting, motivating, and helpful for learning. A video camera
recorded the actions and conversations of the participants and their interviews.
As a token of appreciation, the participants received science museum souvenirs

(worth approximately USD 2).
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5.1.2 Participants

Twenty-five children participated in ORIGINAL (4-11 y/o; M=6.92; 12 fe-
males) and twenty-four participated in UPCYCLED (4-11 y/o; M=6.71; 9 females)
in a between-subjects design. The maximum age of the participants was limited
to 11 years because students in the authors’ country learn the original exhibit’s
content at the age of 12, according to the official curriculum from the Ministry
of Education. There were no significant differences in age (F(1,47) = 0.16,

p = 0.6889) and gender (y%(1) = 0.55, p = 0.4578) between the two groups.

5.1.3 Data Analysis

To measure the motivation for learning, we adapted the questionnaire from
the Modified Attitudes towards Science Inventory (mATSI) [59], as follows. Chil-

dren answered these questions on the child-friendly 5-Likert scale [60].

Learning about blood flow is something that I enjoy very much.

e | have a real desire to learn about blood flow.

Blood flow is one of my favorite science concepts.

I would like to read something on blood flow that has not been assigned to

me.

The knowledge test contained eight T /F questions that were similar to those
used in the design process. The first four questions (Q1-Q4) were about the
circulatory system, vessel, heart location, and heart role, respectively, and related
to the prior knowledge provided by the virtual companion of the upcycled exhibit.
The latter four (Q5-Q8) were about the blood flow direction in the artery, the
role of blood in the artery, the blood flow direction in the vein, and the role of

blood in the vein, respectively, and related to the contents of the original exhibit.
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Table 5.1: Comparison of the learning effects between the original and upcycled

exhibits in the experimental study.

Prior Knowledge ‘ Original Learning Contents
1 Q2 Q3 4 Overall ‘ Q5 Q6 Q7 Q8 Overall
ORIGINAL 48% 64% 52% 60% 56% 40% 80% 36% 12% 42%
UPCYCLED 71% 79% 83% 67% 75% 58% 83% 75% 38% 64%
paity) 2.64 1.38 5.47 0.23 6.99 1.65 0.09 7.53 4.31 8.27

p-value 0.104 0.2401 0.0194" 0.6284 0.0050"* | 0.1994 0.7632 0.0061°" 0.0380" 0.0024"

The participants could learn the original educational content in both conditions,

but only the upcycled exhibit provided the prior knowledge.

5.1.4 Results

Motivation for Learning A one-way between-subject ANOVA was performed
on the average scores of the four motivation questions. The result showed that
the motivation in UPCYCLED (M = 3.95, SD = 0.80) was significantly higher

than in ORIGINAL (M = 3.37, SD = 0.91; F(1,47) = 5.51, p = 0.0232).

Learning Effect We performed a Chi-squared test on the correct rates of each
T/F question. The results are summarized in Table[5.1] For all the four questions
(Q1-Q4) related to prior knowledge, UPCYCLED had higher correct rates than
ORIGINAL, but it was significant only for the question regarding the heart location
(ngg(l) = 5.47, pgz = 0.0194). The overall correct rate of the four questions was
significantly higher in UPCYCLED than in ORIGINAL (x?(1) = 6.99, p = 0.0050).

Similarly, UPCYCLED had higher correct rates for all the four questions (Q5-
Q8) about the educational contents of the original exhibit than ORIGINAL, but it
was statistically significant only for the two questions (Q7 and Q8) regarding the
vein (xg;(1) = 7.53, por = 0.0061; x§s(1) = 4.31, pgs = 0.0380). The overall
correct rate for the four questions was also significantly higher in UPCYCLED
than in ORIGINAL (x2(1) = 8.27, p = 0.0024).

Additionally, we analyzed the correlation between the correct rates and the
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participants’ age. There was no clear correlation between the age and the scores
of the two learning contents (prior knowledge: (23) = 0.19, p = 0.3475, original
learning contents: r(23) = 0.05, p = 0.8304) in ORIGINAL. However, in the case of
UPCYCLED, there were positive moderate correlations with both contents (prior
knowledge: r(22) = 0.55, p = 0.0045, original learning contents: r(22) = 0.48,p =

0.01650).

5.2 Observational Study

A science museum is an informal learning space without any restrictions.
The upcycled exhibit must be effective by itself without any intervention from
the researchers. Thus, we unobtrusively investigated the practical effectiveness
of the upcycled exhibit (UPCYCLED) in terms of attraction, engagement, and

enjoyment in comparison to the original exhibit (ORIGINAL).

5.2.1 Procedure

We installed cameras and voice recorders around the tested exhibits with a
“recording” sign. Then, we recorded the visitors’ behaviors and conversations
around the exhibits. ORIGINAL was recorded for 12 days including 3 holidays,

and UPCYCLED for 3 days including 1 holiday.

5.2.2 Participants

From each video, we counted the number of visitors entering the exhibition
room and the number of exhibit users. As the two exhibits had different char-
acteristics, we considered a child who stopped and saw or touched the original
exhibit for more than 1 s as a user for ORIGINAL. We regarded a child who
directly interacted with the upcycled exhibit as a user for UPCYCLED. In UPCY-
CLED, 233 children entered the room, and 84 (estimated age: M=7.48, SD=2.42;

38 females) used the upcycled exhibit. In ORIGINAL, 515 children entered the
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Table 5.2: Children’s behaviors of engagement and enjoyment in the experimental

and the observational study. [Italic texts indicate behaviors that are unique to

one exhibit.

Upcycled Exhibit Original Exhibit
Level 1. Look at the physical body model Look at the physical body model
Passive Listen to explanations from family or friends Listen to explanations from family or friends
conlact Watch or listen to the virtual contents
Touch the physical body model Touch the physical body model
Level 2. Answer questions from family or friends Answer questions from family or friends
Active Express positive emotions Express positive emotions
Ene: manipulation  Move their body while looking at their avatar on the sereen  Look at the text description
ngagement ) N
Manipulate Uls or perform tasks
Touch their own hearls or vessels voluntarily Touch their own hearls or vessels voluntarily
. Touch the physical body model voluntarily Touch the physical body model voluntarily
Level 3. . . . ’ . . . i
in the direction of blood flow in the direction of blood flow
Exploratory . . . -
. Ask or explain the learning conlents Ask or explain the learning contents
behavior
Read the text description
Smiling, laughing audibly, dancing, j ing,
Enjoyment THINE, JaUBTing audibly, dancing. Jumping Smiling, laughing audibly

clapping, over-acting, running in place

room, and 19 (estimated age: M=7.47, SD=3.02; 11 females) used the original
exhibit. We attempted to gather as many users in ORIGINAL as in UPCYCLED,
but doing so was very difficult for ORIGINAL; a simple estimate is that it would
have required approximately 40 more days of data collection, as an average of 1.6

visitors used the original exhibit per day.

5.2.3 Data Analysis

To measure how each exhibit attracts visitors effectively, we calculated a
capture rate, which is the number of exhibit users divided by the number of
visitors who entered the exhibition hall.

We classified children’s behaviors into three levels of engagement. We adapted
the coding schemes used in Van Schijndel et al. [61] and Rennie and Howitt [62]
to our exhibits, as shown in Table Engagement level 1, called passive con-
tact, refers to a starting point in learning, which is not yet specific or dynamic
behavior. Engagement level 2, called active manipulation, refers to specific ac-
tivities that are determined based on actions and the outcomes of those actions.
Children in level 2 are becoming more committed to the learning experience.

Engagement level 3, called exploratory behavior, indicates specific and proactive
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behaviors that take advantage of learning opportunities and are more committed
to meaningful learning.

Two researchers in our team classified the users’ behaviors as observed in
the videos, counted the number of children, and measured the duration of each
behavior, as in [42], 61, [62]. They used videos from the experimental study to
make an initial coding rule and then adjusted the details to arrive at the final
coding rule. Their final video coding results for the observation study were highly
consistent with a high intraclass correlation coefficient (ICC) [63] of 0.97.

Similarly, we adapted the method used in Bai et al. [64] to measure how
much the children enjoyed the exhibits. This method recorded the type and
duration of expressive behaviors for positive emotions, such as smiling, cheering,
and clapping. The two evaluators also classified the participants’ behaviors of
positive emotions, counted the number of participants who showed each behavior
and measured the duration of the behavior. The two evaluators practiced using
the videos from the experimental study and then achieved a high ICC of 0.97 for
the videos of the observational study. The final coding rules for engagement and

enjoyment are described in Table

5.2.4 Results

Attraction Data about the attraction of ORIGINAL and UPCYCLED are sum-
marized in Table The capture rate of ORIGINAL was 3.69%, computed from
the 19 children who used the original exhibit out of 515 children who entered the
exhibition room. UPCYCLED showed a 9.54 times higher capture rate of 36.05%.
Out of the 233 children who entered the exhibition room, 84 were captured by the
virtual companion of the upcycled exhibit. Among the 84 children, 38 (45.24%)
interacted with the augmented original exhibit. In addition, none of the passers-

by observed the users using the original exhibit, whereas 29 passers-by observed
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Table 5.3: Numbers of visitors interacting with the original and upcycled exhibits

in the observational study.

ORIGINAL | Enter Using Original Exhibit
(12 days) | 515 19 (3.69%)
UPCYCLED | Enter | Captured by Virtual Companion | Using Original Exhibit
(3 days) 233 84 (36.05%) 38 (16.31%)
Engagement
Original — Original
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Figure 5.1: Comparison of engagement between the original and upcycled exhibits
in the observational study; (left) percentage of users who showed behaviors of each

engagement level; (right) mean behavior duration at each engagement level.

the users using the upcycled exhibit.

Engagement We compared the engagements of visitors between UPCYCLED
and ORIGINAL in Fig. At all engagement levels, the durations in UPCYCLED
were significantly higher than in ORIGINAL according to Welch’s t-test (pjeper1 =
0.0000, prever2 = 0.0000, prevers = 0.0105). The percentage of visitors at every
engagement level in UPCYCLED was higher than in ORIGINAL, in particular,
with a significant increase at level 3 (x2(1) = 4.90, p = 0.0269).

We also measured the children’s engagement in the virtual companion in

UPCYCLED. The times spent at every engagement level were low in the Vessel
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Figure 5.2: Engagement and participation in the virtual companion of the upcy-
cled exhibit in the observational study; (top) percentage of users who participated

in each scene; (bottom) engagement of users in each scene.

and Heart Role scenes (Fig. (bottom)). A similar tendency was observed with
the percentage of users who participated in each scene of the virtual companion
(Fig. (top)). Unlike the other two scenes, the participation rate decreased by
13.43% in the vessel role scene and decreased again by 22.41% in the heart role

scene.

Enjoyment We compared the participants’ enjoyment between UPCYCLED
and ORIGINAL (Fig. [5.3). In ORIGINAL, only 1 of the 19 children (5.26%) ex-
pressed positive emotions only for 1 s. In UPCYCLED, 47 of the 84 children
(55.95%) expressed positive emotions when interacting with the upcycled exhibit
for an average of 15.5 s. All these children danced or smiled while watching their
avatars for an average of 15.2 s in the virtual companion. Four of them (8.51%)

danced or smiled while using the augmented original exhibit for an average of 3 s.
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Figure 5.3: Comparison of enjoyment between the original and upcycled exhibits
in the observational study; (left) percentage of users who expressed behaviors of

positive emotions; (right) mean behavior duration of positive emotions.

Finally, the evaluation results can be summarized as follows. In the ex-
perimental study, the motivation for learning in UPCYCLED was significantly
higher than in ORIGINAL. UPCYCLED also had higher correct rates for all eight
questions than ORIGINAL. Overall, the average correct rate for prior knowledge
significantly improved from 56% to 75%, and that for the original learning con-
tents improved significantly from 42% to 64%. The learning effect of UPCYCLED
was moderately correlated with the participants’ age, which appears to result
from children’s intelligence development with age [65].

In the observational study, UPCYCLED attracted passers-by more effectively
than ORIGINAL. That is, UPCYCLED showed a capture rate of 36.05% , which is
9.54 times higher than 3.69% of ORIGINAL. For engagement, children in UPCY-
CLED showed significantly longer engaging behaviors at every engagement level.
In particular, at level 3, the percentage of users who showed engaging behaviors
was also significantly higher than in ORIGINAL. Lastly, children in UPCYCLED
expressed various positive emotions, such as dancing, jumping, and over-acting,

more frequently for a longer time than in ORIGINAL.
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V1. Discussion

The primary goal of this study was to upcycle an unpopular exhibit to ren-
ovate it into a more useful one. In this section, we discuss the final evaluation
results and analyze the effects of our design choices. Then, we provide design

recommendations for exhibit upcycling by digital augmentation.

6.1 Trade-off between Scaffolding and Holding Power

in the Virtual Companion

The virtual companion played an educational role by providing or activating
prior knowledge about the human circulatory system. By doing so, we assumed
that children would be motivated to learn the advanced learning contents of the
original exhibit. In our first design, children who interacted with the virtual
companion showed high motivation scores for learning more about the circula-
tory system. The experimental study of the final evaluation also showed that the
upcycled exhibit significantly increased the motivation level of children. Some
participants said, “I didn’t know much (about the circulatory system) at first,
but now I want to know more about the circulatory system.” Such prior knowl-
edge motivated children and led to a learning scaffold. Some participants who
completed the virtual interaction scenario said the following while interacting
with the augmented original exhibit: “There is a heart over there. What flows
out of the heart and what flows in?” and “The blood goes back to the heart!”
These instances imply that the prior knowledge about the heart’s location led to
a concrete understanding of the blood flow.

However, some users stopped at informative scenes, especially at the Vessel
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and Heart role scenes (Fig. . Because these scenes focused on explaining
prior knowledge via educational animations, children were observed to be less
interactive. It is well known that low interactivity decreases the attracting and
holding power of exhibits [66, [6]. This implies a trade-off between holding power

and educational value in our virtual companion.

6.2 Educational Efficacy of Embodied and Tangible

Interaction

The virtual companion increased the correct answer rates of all four ques-
tions about prior knowledge, but the increase was significant only for one question
regarding the location of the heart. In the Heart Location scene, the user should
perform a specific embodied task in which the user touches their left chest, un-
like in other scenes where the virtual companion explains the contents through
animation. The result is acceptable in that embodied learning is effective under
a condition in which movements map onto particular concepts to learn [67, [33].

We also found that children learned the original educational contents better
when they used the physical body model as a tangible interface rather than as the
original visual display. However, the correct answer rates significantly increased
for only two questions regarding the veins for the augmented physical exhibit in
the final evaluation. There seemed to be an order effect because the artery scenes
always preceded the vein scenes. In the experimental study, the average time
spent at engagement level 1 was higher in the artery scenes, and that of level 2 was
higher in the vein scenes. It is possible that users became accustomed to using
the tangible interface through the artery scenes, and consequently, they could
grasp the learning content more effectively in the vein scenes. Therefore, when
introducing a tangible interface, we can consider placing easy learning content in

front to minimize the degradation of learning experiences.
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6.3 Multi-User Support for UI Controls

In science museums, children often explore exhibits in groups, for example
if they are there on a school trip, with siblings, or simply because they make
instant contact with other children at the museum. We observed that, when two
or more visitors used the upcycled exhibit simultaneously, the main user who had
the right to control the Ul used the exhibit actively, while the other users tended
to be relatively passively and watch the main user. Considering the nature of
science museums where there are many multi-users and the benefits of collabora-
tive learning, the virtual companion should be improved to embrace multi-users.
In previous research, Kang et al. [68] presented a whole-body interaction system
enabling embodied interaction and collaborative learning to teach the human cir-
culatory and respiratory systems. They designed collaborative activities in which
multi-players should move their positions to achieve a common goal. The virtual
companion can take collaborative characteristics to control the Uls with multiple

users.

6.4 Design Recommendations for Exhibit Upcycling
Using Digital Augmentation

We finally address how interaction designers can apply our exhibit upcycling
experiences to other unpopular exhibits. The following design recommendations
can be regarded as specialized ones to exhibit upcycling compared to the many
similar recommendations for the digital augmentation of exhibits in general [e.g.

9, 69 [16].
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6.4.1 Customize the Interaction Steps of an Upcycled Exhibit to
the Problems of an Original Exhibit

Our upcycled exhibit has three steps of interaction: ‘Introduction by the
virtual companion,” ‘Transition to the original exhibit,” and ‘Tangible interaction
with the original exhibit.” Each step deals with some of the three problems of the
unpopular original exhibit. For example, an avatar mirroring a user’s movement
resolves the problem of low interactivity; providing prior knowledge alleviates the
problem of complex learning concepts; and modality augmentation by tangible
interaction with the original exhibit improves the problem of abstract information
presentation.

Other unpopular physical exhibits may have all the three problems or some
of them, and interaction steps with virtual companions should be designed ac-
cordingly. All three interaction steps may have to be pursued similarly, or only
some of them can be sufficient. We still recommend that the designers include
at least the first two steps, which can be crucial to attract visitors and direct
their attention to the original exhibits empowered by rapidly evolving interactive

technologies.

6.4.2 Design and Implement an Attractive Virtual Companion

In our case study, we demonstrated the effectiveness of showing or mirroring
the appearances and movements of users in attracting passers-by. This luring
step should be tailored to the characteristics of the original exhibit for upcycling.
According to Boisvert and Slez [6], concrete exhibits that can be experienced
through seeing, hearing, or touching are highly attractive, and such high interac-
tivity is a key for holding the visitors. For instance, for an exhibit demonstrat-
ing the principle of electromagnetic field, visualizing the invisible field within or

around the coil using AR has a good chance to attract users. If the real-time
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changes of the magnetic field is also visualized when the user relocates the coil,

it can improve the visitor-holding power.

6.4.3 Provide Prior Knowledge or Examples for Scaffolding

Our virtual companion first presents prior knowledge concepts to users to
deliver the difficult concepts in the human circulatory system explained in the
original exhibit more easily and also motivate the users to explore the learning
topic. If an original exhibit for upcycling contains complex concepts, examples
in our daily life or analogies can be an alternative of the prior knowledge. For
example, for an exhibit explaining the principle of a lever, the virtual companion
can remind the users of the experience of a seesaw or show it as virtual content

to increase the interest and understanding of children.

6.4.4 Provide Affordance for Transition

According to our experiences in this case study, a transition from the virtual
companion to the original exhibit can be done by making children imitate some-
one familiar to them. Another option for inducing the transition is to rely on
affordance. The type of affordance depends on the content of the virtual compan-
ion. If a virtual companion has a specific sound source that provides dominant
experiences, a rhythmical change or sound source relocation can be effective in

inducing the attention transition [70].

6.4.5 Augment Embodied Interaction to an Original Exhibit

The last third step is to augment the original exhibit by adding new inter-
action modalities, preferably using simple and inexpensive means. For example,
we can easily upgrade physical objects to tangible interfaces using a camera as
an external sensor, as showcased in this paper. If the physical exhibit should

not be touched, superimposing additional content on the exhibit and enabling
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interaction with that augmented information can be a good alternative. Schmidt
et al. [T1] projected explanations and a 3-dimensional model of a dinosaur on its
physical skeleton exhibit using AR glasses. In this case, we can design embodied
and tangible interactions by showing a description for the corresponding body

part of the dinosaur when the user touches his or her own body.
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VII. Conclusion

In this case study, we have presented a concept of exhibit upcycling that
reuses an unpopular physical exhibit to create an attractive and useful exhibit
by extending the original exhibit with a digital companion. To develop effec-
tive upcycling strategies, we selected an existing exhibit, Blood Flow, in a local
science museum, identified problems with users, set design directions and goals
with experts, and iteratively designed upcycled exhibits. We added embodied
interaction elements based on motion mirroring to resolve the low interactivity
problem and provided prior knowledge and tangible interaction in the original
exhibit to solve the problems of a complex concept and abstract presentation.

The design output consists of three steps of interaction: interaction with the
virtual companion, transition, and interaction with the original exhibit (possibly
in a new learning modality). In the final field evaluation, we demonstrated that
our approach and designs could effectively attract visitors and enhance their
learning experiences, including engagement and positive emotions. Through this
case study, we shared design strategies found to be effective in solving certain
problematic factors of unpopular exhibits and our hands-on experiences.

We can easily find unpopular exhibits that no longer attract visitors’ atten-
tion in science museums. It can be due to some inherent problems of the exhibits
or the ever-rising expectations of children over time. Replacing them with brand-
new exhibits is a straightforward solution, but not every museum can afford it.
Exhibit upcycling using digital augmentation can be a good alternative, as it is
cost-effective and resource-preserving. If well-designed, upcycled exhibits can be
as effective as new ones in attracting visitors and enhancing their experiences, as

demonstrated in this case study. We expect our approach to be easily applied
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to other unpopular physical exhibits and enrich public learning opportunities for

children.
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