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Fi g. 1:  D at a i s  Y o ur s. ( a)  T h e a s s e m bl e d t o ol kit  wit h t h e p h y si c ali z ati o n b ar c h art p a n el c urr e ntl y i n u s e a n d a s m art p h o n e di s pl a yi n g t h e
r e n d er e d vi s u ali z ati o n.  T h e t o ol kit s u p p ort s i nt er c h a n g e a bl e c h art p a n el s (i. e., li n e, pi e) t h at ar e n ot i n u s e. ( b)  P h y si c al c o m p o n e nt s
t h at  m a k e u p t h e c h art p a n el s a n d e a c h c h art’ s c orr e s p o n di n g p a p er t e m pl at e.  P a p er t e m pl at e s f or t h e li n e a n d b ar c h art s c o n si st of
t e ar- off r e ct a n gl e s. ( c)  P h y si c al c o m p o n e nt s t h at  m a k e u p t h e s u p p ort str u ct ur e of t h e t o ol kit.

A b str a ct — F o st eri n g d at a vi s u ali z ati o n lit er a c y ( D V L) a s p art of c hil d h o o d e d u c ati o n c o ul d l e a d t o a  m or e d at a lit er at e s o ci et y.  H o w e v er,
m o st  w or k i n  D V L f or c hil dr e n r eli e s o n a  m or e f or m al e d u c ati o n al c o nt e xt (i. e., a t e a c h er-l e d a p pr o a c h) t h at li mit s c hil dr e n’ s e n g a g e m e nt
wit h d at a t o cl a s sr o o m- b a s e d e n vir o n m e nt s a n d, c o n s e q u e ntl y, c hil dr e n’ s a bilit y t o a s k q u e sti o n s a b o ut a n d e x pl or e d at a o n t o pi c s t h e y
fi n d p er s o n all y  m e a ni n gf ul.  W e e x pl or e h o w a c uri o sit y- dri v e n, c hil d-l e d a p pr o a c h c a n pr o vi d e  m or e a g e n c y t o c hil dr e n  w h e n t h e y ar e
a ut h ori n g d at a vi s u ali z ati o n s.  T hi s p a p er e x pl or e s h o w i nf or m al l e ar ni n g  wit h cr afti n g p h y si c ali z ati o n s t hr o u g h pl a y a n d c uri o sit y  m a y
f o st er i n cr e a s e d lit er a c y a n d e n g a g e m e nt  wit h d at a.  E m pl o yi n g a c o n str u cti o ni st a p pr o a c h,  w e d e si g n e d a d o-it- y o ur s elf t o ol kit  m a d e
o ut of e v er y d a y  m at eri al s ( e. g., p a p er, c ar d b o ar d,  mirr or s) t h at e n a bl e s c hil dr e n t o cr e at e, c u st o mi z e, a n d p er s o n ali z e t hr e e diff er e nt
i nt er a cti v e vi s u ali z ati o n s ( b ar, li n e, pi e).  W e u s e d t h e t o ol kit a s a d e si g n pr o b e i n a s eri e s of i n- p er s o n  w or k s h o p s  wit h 5 c hil dr e n ( 6 t o
1 1- y e ar- ol d s) a n d i nt er vi e w s  wit h 5 e d u c at or s.  O ur o b s er v ati o n s r e v e al t h at t h e t o ol kit h el p e d c hil dr e n cr e ati v el y e n g a g e a n d i nt er a ct
wit h vi s u ali z ati o n s.  C hil dr e n  wit h pri or k n o wl e d g e of d at a vi s u ali z ati o n r e p ort e d t h e t o ol kit s er vi n g a s  m or e of a n a ut h ori n g t o ol t h at
t h e y e n vi si o n u si n g i n t h eir d ail y li v e s,  w hil e c hil dr e n  wit h littl e t o n o e x p eri e n c e f o u n d t h e t o ol kit a s a n e n g a gi n g i ntr o d u cti o n t o d at a
vi s u ali z ati o n.  O ur st u d y d e m o n str at e s t h e p ot e nti al of u si n g t h e c o n str u cti o ni st a p pr o a c h t o c ulti v at e c hil dr e n’ s  D V L t hr o u g h c uri o sit y
a n d pl a y.

I n d e x  T er m s— D at a vi s u ali z ati o n lit er a c y, c hil dr e n, c o n str u cti o ni s m, i nf or m al l e ar ni n g

1 I N T R O D U C TI O N

Vi s u ali z ati o ns s er v e a criti c al r ol e i n p u bli c dis c o urs e [ 1 6, 4 3], i nf or m a-
ti o n diss e mi n ati o n [ 2 2, 4 0, 7 7], ci vi c e n g a g e m e nt [ 1, 8], a n d d e cisi o n
m a ki n g [ 4 4, 5 2].  T h e  C O VI D- 1 9 p a n d e mi c h as e m p h asi z e d t h e i m p or-
t a n c e of d at a vis u ali z ati o n lit er a c y ( D V L) —t h e a bilit y t o c o nstr u cti v el y
r e as o n  wit h d at a — as e x p erts a n d n e ws o utl ets fr e q u e ntl y us e vis u-
ali z ati o ns t o i n cr e as e p u bli c a w ar e n ess, c o m m u ni c at e p u bli c h e alt h
d e cisi o n- m a ki n g, a n d dri v e a cti o n  wit hi n diff er e nt c o m m u niti es [ 6 6].
T h e pr olif er ati o n of vis u ali z ati o ns fr o m t h e p a n d e mi c h as hi g hli g ht e d
h o w t h e g e n er al p u bli c’s li mit e d  D V L i n t a n d e m  wit h p o or vis u ali z ati o n
d esi g n ( e. g.  misl e a di n g vis u ali z ati o ns [ 2 1, 6 9]) is c a usi n g a r a pi d s pr e a d
of b ot h a c c ur at e a n d i n a c c ur at e i nf or m ati o n [ 2 0, 4 6].

We i n v esti g at e h o w p h ysi c all y cr afti n g vis u ali z ati o ns (i. e.,  m a ki n g
a n d ass e m bli n g  wit h cr aft  m at eri als) t hr o u g h pl a y a n d c uri osit y  m a y

• S. S a n dr a  B a e,  Ris hi  Va n u k ur u,  R u h a n Y a n g,  Pet er  G y or y,  R a n Z h o u, a n d
Ell e n Yi- L u e n  D o ar e  wit h  C U  B o ul d er.  E- m ail: { s u b a 2 5 7 4,
ri v a 3 4 3 6,r u y a 6 4 0 8, p e g y 8 8 5 9, r az h 6 7 9 1, yi d o 3 2 0 1 } @ c ol or a d o. e d u.

•  D a ni ell e  Al b ers Sz a fir is  wit h  U N C- C h a p el  Hill.  E- m ail:
d a ni ell e.sz a fir @ cs. u n c. e d u.

s er v e t o  m a k e vis u ali z ati o n  m or e c o mf ort a bl e a n d f a mili ar t o y o u n g
c hil dr e n.  D es pit e si g ni fi c a nt att e nti o n t o st atisti c al lit er a c y a n d, i n-
cr e asi n gl y, g e n er al d at a lit er a c y i n el e m e nt ar y c urri c ul a [ 4 8],  w e still
h a v e li mit e d k n o wl e d g e of h o w t o b est f ost er  D V L at e arl y a g es.  M ost
w or k i n  D V L f or c hil dr e n r eli es o n a  m or e c o nstr ai n e d, f or m al e d u-
c ati o n al c o nt e xt (i. e., a t e a c h er-l e d a p pr o a c h). I n a d diti o n,  w e l a c k
f or m ali z e d  m et h o ds (i. e., vis u ali z ati o n lit er a c y t ests f or c hil dr e n) t o
e v al u at e t h e ef fi c a c y of t h es e a p pr o a c h es.  Br o a dl y c o nstr ai ni n g  D V L
e d u c ati o n t o f or m al e n vir o n m e nts, c hil dr e n ar e r estri ct e d i n  w h er e t h e y
l e ar n a n d t h e d at as ets t h e y  w or k  wit h ( e. g., pr e d e fi n e d d at as ets t h at
c hil dr e n  m a y n ot g e n er all y b e i nt er est e d i n).  E d u c ati o n al r es e ar c h hi g h-
li g hts t h at all o wi n g c hil dr e n t o  m a k e artif a cts dri v e n b y pl a y a n d t h eir
o w n c uri osit y ( k n o w n as a c o nstr u cti o nist a p pr o a c h ) s er v es as a  m or e
a p pr o a c h a bl e e ntr y p oi nt f or c hil dr e n t o b ett er gr as p c o m pl e x t o pi cs
( e. g.,  m at h e m ati cs [ 6 3, 6 4, 7 1], arti fi ci al i nt elli g e n c e [ 4 1], s ci e n c e [ 7 4],
a n d pr o gr a m mi n g [ 2]).  M a n y as p e cts of  D V L d e v el o p o v er pr ol o n g e d
st u d y a n d e x p eri e n c es, s u c h as t h e a bilit y t o criti c all y r e as o n  wit h a n d
d esi g n vis u ali z ati o ns.  T o gr o u n d f ut ur e p e d a g o gi c al d e v el o p m e nts, o ur
w or k e x pl or es t h e c o nstr u cti o nist a p pr o a c h t o pr o vi d e pr eli mi n ar y st e ps
t o w ar ds f a mili ari zi n g c hil dr e n  wit h vis u ali z ati o n.

We i n v esti g at e D at a is Y o urs as a d esi g n pr o b e t o e x pl or e h o w
c hil dr e n c a n a c c u m ul at e pl a yf ul l e ar ni n g e x p eri e n c es a n d p ers o n ali z e
vis u ali z ati o ns  m a d e fr o m e v er y d a y  m at eri als ( e. g., p a p er, c ar d b o ar d,
mirr ors) ( Fi g. 1). D at a is Y o urs as a t o ol kit st e ms fr o m t h e c o nstr u cti o n-
ist [ 5 6] a n d e m b o di e d c o g niti o n t h e ori es [ 4, 7 5] a n d l ets c hil dr e n l e a d

A ut h ori z e d li c e n s e d u s e li mit e d t o: U ni v er sit y of N ort h C ar oli n a at C h a p el Hill. D o w nl o a d e d o n A u g u st 2 2, 2 0 2 3 at 1 4: 4 1: 0 3 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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Fig. 2: (a) Diagram of inner workings of Data is Yours. (b) Fiducial
markers (FM) behind chart panels face the phone’s rear-facing camera.
Detected FM (outlined in pink) require a high-contrast background. FM
are detected based on their (c) orientation and (d) position.

and interpret existing visualizations. However, toolkits to help children
author visualizations driven by their interests are limited and sparse
(Sect. 2.1). We take inspiration from both education and visualization to
create a toolkit using everyday objects (e.g., cardboard, paper, mirrors)
and paper templates to empower children to create, customize, and
personalize their own visualizations. Grounded by constructionist and
embodied cognition theories, we use Data is Yours to explore how to
leverage child-driven activities to author interactive visualizations and
expand DVL learning to informal learning spaces. Our approach offers
a new perspective on how to best cultivate children’s DVL through
creativity and play.

3 FORMATIVE STUDY

We developed an initial prototype and used it to conduct a formative
study with children and educators. The prototype was designed to reach
a broad audience using prevalent technology (e.g., smartphones). The
objectives of the formative study were to (1) understand the methods
and challenges associated with teaching data visualizations in elemen-
tary school and (2) collect feedback on the prototype to inform the
development of a design probe for an exploratory study.

3.1 Formative prototype
Inspired by the various tangible interactions printed fiducial markers
enable [49, 76], our preliminary prototype explored these markers as
control points for children to map, read, and update paper-based visu-
alizations [5]. Each fiducial marker provides information based on its
identity, position, and orientation (Fig. 2). Our initial setup included a
single USB camera mounted above the paper graph. The camera was
connected to a laptop which presented the digital visualizations.

However, to enable participation from a broader set of backgrounds,
we designed a new prototype that used a smartphone. The smartphone
acted both as a camera to track changes in markers as well as an interac-
tive screen to show a digital representation of the physical visualization.
Relative to personal computers, smartphones are considered to be more
widely accessible hardware—in 2019, 95% of U.S children had internet
access at home, but 6% (primarily low-income minorities) accessed
the internet only via smartphones [25]. The prototype consisted of five
vertical sliders that were mapped to five bars of a bar chart (Fig. 3a).
Fiducial markers were placed behind each slider, and the smartphone
was mounted at an angle that can view the fiducial markers via two
mirrors enclosed in the cardboard casing (Fig. 2a). To further enhance
authoring capabilities, we introduced paper templates that children
could draw or write custom chart titles and labels. The templates would
first be scanned by the phone camera and then applied to the digital
chart (Fig. 3b).

3.2 Method
After designing a phone-based prototype, we conducted a formative
study with children and educators, which was approved by CU Boulder
IRB. All study materials are available in the supplemental materials1.

Children. We interviewed two children (ages 10 & 11; 1 female, 1
male). We first conducted a pre-interview using images of visualizations
from popular media to determine their familiarity with visualizations

1https://osf.io/7u93z/

a b

Fig. 3: (a) Formative prototype. (b) A child from formative study is moving
cardboard sliders to author a bar chart. His paper template consists
a mix of words and icons and is reflected on the smartphone display
(indicated by dotted outlines). See Sect. 4.2.2 for more details.

and asked how the children currently create visualizations. We then
used a think-aloud protocol asking participants to work through two
activities for approximately 30 minutes. For each activity, we asked
what data observations children noticed from the charts they created.
In the end, we conducted a semi-structured interview to understand the
children’s experience in creating their own visualizations and learn how
the prototype could be improved. We took notes and captured images
and video recordings for analysis.

The first activity taught the children how to use the prototype. Chil-
dren first sorted different cards with fruit images. Then the children
entered the number of each fruit type to create a bar chart using the
prototype’s sliders. In the second activity, children generated their own
data from a game. Children were given toy disks to slide toward a target
(see Fig. 6b). The closer the disk was to the center, the more points
children were rewarded. The game was played under five different
conditions. Four of the conditions were predefined by the research
team (left hand, right hand, closed eyes, five steps back), and one was
child-defined (i.e., the child created their own game condition). Chil-
dren created a bar chart of the points they scored per condition using
the prototype and the paper templates.

Educators. To complement our formative study with the children,
we interviewed 5 educators (3 female, 2 male) who work in a variety of
settings: educational research organizations, formal classrooms, after-
school programs, and online teaching. The objectives with the educators
were to understand current practices, the challenges they faced when
teaching data visualization, and how the prototype might help address
those challenges. We conducted a semi-structured interview and an
artifact walk-through where we shared the same prototype the children
used and demonstrated the two aforementioned activities. We took
notes and captured images and video recordings for analysis.

3.3 Key Findings and Design Implications
We identified three themes from the formative study: a need for ap-
proachability, engagement, and scaffolding and embodied learning.

Approachability. Prior studies and our conversations with educators
note that children even of the same general age range are likely to
have a variety of experiences with data, drawn from both their personal
experiences and educational backgrounds. This variety means that there
is no standard method to teach children about data visualization [48].

Though it is difficult to determine how to make visualization ap-
proachable for all children, we noted the promise of everyday materials.
Educators commented that because the prototype was made from mate-
rials that children are familiar with (e.g., paper), it can readily foster
experimentation (i.e., if a child tried something and did not like the
results or made a mistake, they could simply start over). We observed
this during the study where children freely engaged with the prototype
without fear of breaking something.

Engagement. Educators and children alike expressed a need to
center the child’s learning around their interests. This is particularly
pertinent as young children have short attention spans, yet for them to
learn, they need to be driven by frequent, long-term engagement. Edu-
cators address this challenge by empowering students with autonomy
and increasing their sense of ownership (e.g., letting children choose
their own project topics). We saw this reflected in the formative investi-
gation where both children found the first activity with the predefined

the learning/creation process. By crafting and playing with physical ma-
terials, children can give physical form to data. These physical actions
can enable children to consciously reason about a visualization’s visual
encoding (e.g., colors and marks) freely and without the constraint of
finding a “right” answer to any guiding task.

The toolkit’s workflow is illustrated in Fig. 6: children assemble the
kit, collect data, create a paper template, and then construct a chart panel
to represent their data. Though past methods for fostering children’s
DVL show promise [3, 7, 17], these tools typically rely on exclusively
digital solutions. Digital tools may come off as “black boxes” to young
children and limit their embodied experiences with visualizations [60].
In contrast, physical representations enable children to engage in em-
bodied learning and can serve as a more approachable introduction to
visualization. Thus, we focus on enabling children to craft physicaliza-
tions, where the act of making scaffolds their understanding of different
visualization components. Our approach maintains the benefits of past
digital approaches by using computer vision to dynamically render,
update, and save digital versions of the physical charts.

Using Data is Yours, our objectives are to investigate (1) how chil-
dren might respond to physical crafting experiences in the context of
working with visualizations and (2) how to expand DVL learning to
informal learning spaces (i.e., learning that takes place outside of a
structured classroom [54]). The toolkit is a product of a three-phase
design process. We first conducted a formative evaluation using a pre-
liminary prototype with educators and children to better understand
current teaching practices. We then refined the prototype based on
observations and feedback. Lastly, to investigate our two objectives, we
deployed the toolkit in a series of in-person workshops with children
(n= 5; aged 6–11) and conducted interviews with educators (n= 5).

Our observations reveal that the toolkit helped children creatively
engage and interact with visualizations. Children with prior knowledge
of data visualization reported our toolkit serving as an authoring tool
that they envision using in their daily lives, while children with little
to no experience found the toolkit as an engaging introduction to data
visualization. Educators spoke of the benefits of Data is Yours, empha-
sizing how it can be easily integrated into existing activities and spaces
(e.g., museums, classrooms, homes). From these insights, we provide a
future vision outlining how to expand the ways children can creatively
engage with the data and visualizations found in their everyday lives.

2 BACKGROUND AND RELATED WORK

Our work draws on practices both in education and in visualization.
We explore prior approaches and investigate the potential of using
constructionist practices to cultivate children’s DVL.

2.1 Tools to Improve Children’s Data Visualization Literacy
Focusing on core DVL components [10, 13, 15, 47], prior tools for chil-
dren’s DVL help children improve their abilities to interpret and extract
information from visually represented data. These tools primarily differ
based on their types of activities (i.e., guided vs. child-driven) and
intended context (i.e., formal vs. informal instruction).

The majority of existing DVL tools are actively guided by an edu-
cator and used within a formal learning context (i.e., classrooms). For
example, C’est La Vis [3] teaches young children about pictographs
and bar charts through concreteness fading—a pedagogical method
where new concepts are first presented with concrete examples before
progressively abstracting them—via animations. Similarly, Construct-
A-Vis [7] helps children create free-form visualizations within a class-
room setting. Both tools consider how teachers can configure datasets
and visual encodings for children to work with. While this approach
enables teachers to provide guidance and feedback, it largely limits chil-
dren’s engagement with data. Visualizations and data exist in various
contexts beyond the classroom (e.g., news, games, books, infomercials,
and advertisements). Yet this approach constrains children with which
datasets they work with and where they learn.

Other approaches are child-driven and used within informal contexts
(i.e., learning that takes place outside of a structured classroom [54]).
Gamification approaches, such as Huynh et al.’s role-playing game [38]

and Diagram Safari [26], foster curiosity and experimentation by allow-
ing children to learn through experiential play [53]. While both games
let children pace themselves, they are limited to predefined datasets. In
contrast, Scratch Community Blocks [17] and data sculptures [6] help
children work with datasets that the children think are important. This
educational approach stems from the constructionist theory, which ad-
vocates for student-centered learning by having children build artifacts
that are personally relevant and meaningful [56] (see Sect. 2.2).

Like data sculpture [6] and Scratch Community Blocks [17], we
follow the constructionist approach. However, we investigate this ap-
proach from a do-it-yourself (DIY) perspective, drawing on constructive
visualizations [35]. Manually constructing visualizations has helped
adults explore [35,37], learn [58,70], reflect [29,68], and play [32] with
data. Children may similarly benefit from this approach. By construct-
ing an artifact, children have an “object-to-think-with” to externalize
their mental model, observe when their designs succeed and fail, and
discuss their insights with others [55]. Research also shows that while
modern technology provides rich functionalities, it may come off as
“black boxes” to young children as its inner mechanisms are often hid-
den and thus poorly understood [60]. To circumvent this challenge, like
data sculpture [6], we rely on low-cost physical materials that children
can manipulate to create interactive physicalizations and learn from
their embodied experiences.

Working with physical materials leverages the embodied cognition
theory, which states that motor action and cognition are highly interre-
lated, and hence, mutually dependent upon each other [4,75]. However,
working with physical materials can be challenging and tedious when
needing to update datasets and perform other data interactions (e.g.,
filter, select, encode). As a result, physicalizations traditionally limit
children to represent mainly static datasets [65,72]. Our approach over-
comes this limitation and differs from data sculptures in that we still
leverage computational capabilities where children can dynamically
render, update, and save their visualizations (see Sect. 4.2).

2.2 Using Toolkits to Construct Visualizations
Papert postulated that making and designing are critical to learning:
they position the learner as an active agent in the creation process, rather
than as a passive recipient of materials designed for the learner [56].
D’Ignazio & Bhargava [18, 19] recognized the benefits of the construc-
tionist model when teaching visualizations to novices. They focused
on hands-on learning with creative activities (e.g., analyzing music
lyrics) to introduce new data concepts. However, their work explicitly
targets adults. Research with children requires a different set of con-
siderations [23, 59], making D’Ignazio & Bhargava’s activities difficult
to apply to children. Alternative considerations are needed to create
meaningful artifacts for children’s diverse interests and experiences.

Toolkits can help achieve the twin goals of meeting children’s id-
iosyncratic needs and constructing visualizations in a creative, playful
manner. Learning technologies illustrate that creativity support toolkits
can support a wide range of explorations powered by children’s inter-
ests [61]. The success of these toolkits is driven by design principles,
such as being approachable and supporting exploration, where chil-
dren can construct diverse artifacts even with low-cost, easily available
materials (e.g., Cricket [60], Makey Makey [67]). Visualization also
highlights the benefits of toolkits, such as the InfoVis Toolkit [24],
prefuse [30], and D3 [9]. They can simplify creating complex visualiza-
tions using methods that facilitate critical thinking and ownership [51].
Creative use of visual toolkits, such as danceON [57], shows how cre-
ative activities can engage novices (e.g., young women of color) in
technical computational and data concepts while still providing per-
sonal and culturally relevant learning experiences. Data is Yours has
similar objectives. We explore how to best support children to play-
fully and creatively construct visualizations while broadening their
engagement with data through physical construction.

We investigate the potential of physically constructing visualiza-
tions for DVL as it can help children become more comfortable and
familiar with visualizations. By learning from embodied experiences
(see Sect. 2.1), children may understand the different components of a
variety of visualizations. In turn, this approach may help children read
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Fig. 2: (a) Diagram of inner workings of Data is Yours. (b) Fiducial
markers (FM) behind chart panels face the phone’s rear-facing camera.
Detected FM (outlined in pink) require a high-contrast background. FM
are detected based on their (c) orientation and (d) position.

and interpret existing visualizations. However, toolkits to help children
author visualizations driven by their interests are limited and sparse
(Sect. 2.1). We take inspiration from both education and visualization to
create a toolkit using everyday objects (e.g., cardboard, paper, mirrors)
and paper templates to empower children to create, customize, and
personalize their own visualizations. Grounded by constructionist and
embodied cognition theories, we use Data is Yours to explore how to
leverage child-driven activities to author interactive visualizations and
expand DVL learning to informal learning spaces. Our approach offers
a new perspective on how to best cultivate children’s DVL through
creativity and play.

3 FORMATIVE STUDY

We developed an initial prototype and used it to conduct a formative
study with children and educators. The prototype was designed to reach
a broad audience using prevalent technology (e.g., smartphones). The
objectives of the formative study were to (1) understand the methods
and challenges associated with teaching data visualizations in elemen-
tary school and (2) collect feedback on the prototype to inform the
development of a design probe for an exploratory study.

3.1 Formative prototype
Inspired by the various tangible interactions printed fiducial markers
enable [49, 76], our preliminary prototype explored these markers as
control points for children to map, read, and update paper-based visu-
alizations [5]. Each fiducial marker provides information based on its
identity, position, and orientation (Fig. 2). Our initial setup included a
single USB camera mounted above the paper graph. The camera was
connected to a laptop which presented the digital visualizations.

However, to enable participation from a broader set of backgrounds,
we designed a new prototype that used a smartphone. The smartphone
acted both as a camera to track changes in markers as well as an interac-
tive screen to show a digital representation of the physical visualization.
Relative to personal computers, smartphones are considered to be more
widely accessible hardware—in 2019, 95% of U.S children had internet
access at home, but 6% (primarily low-income minorities) accessed
the internet only via smartphones [25]. The prototype consisted of five
vertical sliders that were mapped to five bars of a bar chart (Fig. 3a).
Fiducial markers were placed behind each slider, and the smartphone
was mounted at an angle that can view the fiducial markers via two
mirrors enclosed in the cardboard casing (Fig. 2a). To further enhance
authoring capabilities, we introduced paper templates that children
could draw or write custom chart titles and labels. The templates would
first be scanned by the phone camera and then applied to the digital
chart (Fig. 3b).

3.2 Method
After designing a phone-based prototype, we conducted a formative
study with children and educators, which was approved by CU Boulder
IRB. All study materials are available in the supplemental materials1.

Children. We interviewed two children (ages 10 & 11; 1 female, 1
male). We first conducted a pre-interview using images of visualizations
from popular media to determine their familiarity with visualizations

1https://osf.io/7u93z/

a b

Fig. 3: (a) Formative prototype. (b) A child from formative study is moving
cardboard sliders to author a bar chart. His paper template consists
a mix of words and icons and is reflected on the smartphone display
(indicated by dotted outlines). See Sect. 4.2.2 for more details.

and asked how the children currently create visualizations. We then
used a think-aloud protocol asking participants to work through two
activities for approximately 30 minutes. For each activity, we asked
what data observations children noticed from the charts they created.
In the end, we conducted a semi-structured interview to understand the
children’s experience in creating their own visualizations and learn how
the prototype could be improved. We took notes and captured images
and video recordings for analysis.

The first activity taught the children how to use the prototype. Chil-
dren first sorted different cards with fruit images. Then the children
entered the number of each fruit type to create a bar chart using the
prototype’s sliders. In the second activity, children generated their own
data from a game. Children were given toy disks to slide toward a target
(see Fig. 6b). The closer the disk was to the center, the more points
children were rewarded. The game was played under five different
conditions. Four of the conditions were predefined by the research
team (left hand, right hand, closed eyes, five steps back), and one was
child-defined (i.e., the child created their own game condition). Chil-
dren created a bar chart of the points they scored per condition using
the prototype and the paper templates.

Educators. To complement our formative study with the children,
we interviewed 5 educators (3 female, 2 male) who work in a variety of
settings: educational research organizations, formal classrooms, after-
school programs, and online teaching. The objectives with the educators
were to understand current practices, the challenges they faced when
teaching data visualization, and how the prototype might help address
those challenges. We conducted a semi-structured interview and an
artifact walk-through where we shared the same prototype the children
used and demonstrated the two aforementioned activities. We took
notes and captured images and video recordings for analysis.

3.3 Key Findings and Design Implications
We identified three themes from the formative study: a need for ap-
proachability, engagement, and scaffolding and embodied learning.

Approachability. Prior studies and our conversations with educators
note that children even of the same general age range are likely to
have a variety of experiences with data, drawn from both their personal
experiences and educational backgrounds. This variety means that there
is no standard method to teach children about data visualization [48].

Though it is difficult to determine how to make visualization ap-
proachable for all children, we noted the promise of everyday materials.
Educators commented that because the prototype was made from mate-
rials that children are familiar with (e.g., paper), it can readily foster
experimentation (i.e., if a child tried something and did not like the
results or made a mistake, they could simply start over). We observed
this during the study where children freely engaged with the prototype
without fear of breaking something.

Engagement. Educators and children alike expressed a need to
center the child’s learning around their interests. This is particularly
pertinent as young children have short attention spans, yet for them to
learn, they need to be driven by frequent, long-term engagement. Edu-
cators address this challenge by empowering students with autonomy
and increasing their sense of ownership (e.g., letting children choose
their own project topics). We saw this reflected in the formative investi-
gation where both children found the first activity with the predefined

the learning/creation process. By crafting and playing with physical ma-
terials, children can give physical form to data. These physical actions
can enable children to consciously reason about a visualization’s visual
encoding (e.g., colors and marks) freely and without the constraint of
finding a “right” answer to any guiding task.

The toolkit’s workflow is illustrated in Fig. 6: children assemble the
kit, collect data, create a paper template, and then construct a chart panel
to represent their data. Though past methods for fostering children’s
DVL show promise [3, 7, 17], these tools typically rely on exclusively
digital solutions. Digital tools may come off as “black boxes” to young
children and limit their embodied experiences with visualizations [60].
In contrast, physical representations enable children to engage in em-
bodied learning and can serve as a more approachable introduction to
visualization. Thus, we focus on enabling children to craft physicaliza-
tions, where the act of making scaffolds their understanding of different
visualization components. Our approach maintains the benefits of past
digital approaches by using computer vision to dynamically render,
update, and save digital versions of the physical charts.

Using Data is Yours, our objectives are to investigate (1) how chil-
dren might respond to physical crafting experiences in the context of
working with visualizations and (2) how to expand DVL learning to
informal learning spaces (i.e., learning that takes place outside of a
structured classroom [54]). The toolkit is a product of a three-phase
design process. We first conducted a formative evaluation using a pre-
liminary prototype with educators and children to better understand
current teaching practices. We then refined the prototype based on
observations and feedback. Lastly, to investigate our two objectives, we
deployed the toolkit in a series of in-person workshops with children
(n= 5; aged 6–11) and conducted interviews with educators (n= 5).

Our observations reveal that the toolkit helped children creatively
engage and interact with visualizations. Children with prior knowledge
of data visualization reported our toolkit serving as an authoring tool
that they envision using in their daily lives, while children with little
to no experience found the toolkit as an engaging introduction to data
visualization. Educators spoke of the benefits of Data is Yours, empha-
sizing how it can be easily integrated into existing activities and spaces
(e.g., museums, classrooms, homes). From these insights, we provide a
future vision outlining how to expand the ways children can creatively
engage with the data and visualizations found in their everyday lives.

2 BACKGROUND AND RELATED WORK

Our work draws on practices both in education and in visualization.
We explore prior approaches and investigate the potential of using
constructionist practices to cultivate children’s DVL.

2.1 Tools to Improve Children’s Data Visualization Literacy
Focusing on core DVL components [10, 13, 15, 47], prior tools for chil-
dren’s DVL help children improve their abilities to interpret and extract
information from visually represented data. These tools primarily differ
based on their types of activities (i.e., guided vs. child-driven) and
intended context (i.e., formal vs. informal instruction).

The majority of existing DVL tools are actively guided by an edu-
cator and used within a formal learning context (i.e., classrooms). For
example, C’est La Vis [3] teaches young children about pictographs
and bar charts through concreteness fading—a pedagogical method
where new concepts are first presented with concrete examples before
progressively abstracting them—via animations. Similarly, Construct-
A-Vis [7] helps children create free-form visualizations within a class-
room setting. Both tools consider how teachers can configure datasets
and visual encodings for children to work with. While this approach
enables teachers to provide guidance and feedback, it largely limits chil-
dren’s engagement with data. Visualizations and data exist in various
contexts beyond the classroom (e.g., news, games, books, infomercials,
and advertisements). Yet this approach constrains children with which
datasets they work with and where they learn.

Other approaches are child-driven and used within informal contexts
(i.e., learning that takes place outside of a structured classroom [54]).
Gamification approaches, such as Huynh et al.’s role-playing game [38]

and Diagram Safari [26], foster curiosity and experimentation by allow-
ing children to learn through experiential play [53]. While both games
let children pace themselves, they are limited to predefined datasets. In
contrast, Scratch Community Blocks [17] and data sculptures [6] help
children work with datasets that the children think are important. This
educational approach stems from the constructionist theory, which ad-
vocates for student-centered learning by having children build artifacts
that are personally relevant and meaningful [56] (see Sect. 2.2).

Like data sculpture [6] and Scratch Community Blocks [17], we
follow the constructionist approach. However, we investigate this ap-
proach from a do-it-yourself (DIY) perspective, drawing on constructive
visualizations [35]. Manually constructing visualizations has helped
adults explore [35,37], learn [58,70], reflect [29,68], and play [32] with
data. Children may similarly benefit from this approach. By construct-
ing an artifact, children have an “object-to-think-with” to externalize
their mental model, observe when their designs succeed and fail, and
discuss their insights with others [55]. Research also shows that while
modern technology provides rich functionalities, it may come off as
“black boxes” to young children as its inner mechanisms are often hid-
den and thus poorly understood [60]. To circumvent this challenge, like
data sculpture [6], we rely on low-cost physical materials that children
can manipulate to create interactive physicalizations and learn from
their embodied experiences.

Working with physical materials leverages the embodied cognition
theory, which states that motor action and cognition are highly interre-
lated, and hence, mutually dependent upon each other [4,75]. However,
working with physical materials can be challenging and tedious when
needing to update datasets and perform other data interactions (e.g.,
filter, select, encode). As a result, physicalizations traditionally limit
children to represent mainly static datasets [65,72]. Our approach over-
comes this limitation and differs from data sculptures in that we still
leverage computational capabilities where children can dynamically
render, update, and save their visualizations (see Sect. 4.2).

2.2 Using Toolkits to Construct Visualizations
Papert postulated that making and designing are critical to learning:
they position the learner as an active agent in the creation process, rather
than as a passive recipient of materials designed for the learner [56].
D’Ignazio & Bhargava [18, 19] recognized the benefits of the construc-
tionist model when teaching visualizations to novices. They focused
on hands-on learning with creative activities (e.g., analyzing music
lyrics) to introduce new data concepts. However, their work explicitly
targets adults. Research with children requires a different set of con-
siderations [23, 59], making D’Ignazio & Bhargava’s activities difficult
to apply to children. Alternative considerations are needed to create
meaningful artifacts for children’s diverse interests and experiences.

Toolkits can help achieve the twin goals of meeting children’s id-
iosyncratic needs and constructing visualizations in a creative, playful
manner. Learning technologies illustrate that creativity support toolkits
can support a wide range of explorations powered by children’s inter-
ests [61]. The success of these toolkits is driven by design principles,
such as being approachable and supporting exploration, where chil-
dren can construct diverse artifacts even with low-cost, easily available
materials (e.g., Cricket [60], Makey Makey [67]). Visualization also
highlights the benefits of toolkits, such as the InfoVis Toolkit [24],
prefuse [30], and D3 [9]. They can simplify creating complex visualiza-
tions using methods that facilitate critical thinking and ownership [51].
Creative use of visual toolkits, such as danceON [57], shows how cre-
ative activities can engage novices (e.g., young women of color) in
technical computational and data concepts while still providing per-
sonal and culturally relevant learning experiences. Data is Yours has
similar objectives. We explore how to best support children to play-
fully and creatively construct visualizations while broadening their
engagement with data through physical construction.

We investigate the potential of physically constructing visualiza-
tions for DVL as it can help children become more comfortable and
familiar with visualizations. By learning from embodied experiences
(see Sect. 2.1), children may understand the different components of a
variety of visualizations. In turn, this approach may help children read
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Fig. 4: (a) Frontside of each chart panel (bar, line, pie). Blank paper
templates layered on top. (b) Backside of each chart panel, illustrating
where fiducial markers are placed when facing the camera (Fig. 2).

are made from regular printing paper (G2), and children can be readily
provided with multiple copies of the same paper templates to foster
experimentation (G1). The paper templates’ design subtly scaffolds
children about visualization design by having them fill in the slots for
different chart components (e.g., titles, axes labels, y-axis scale). The
blank templates also enable children to creatively customize the charts
(e.g., by drawing, writing) (G4).

The paper template design for the bar chart and line chart is the
same. It consists of a title block, five x-axis label blocks, and tear-off
rectangles. The left-most rectangle folds back so children can label
the y-axis scale. The tear-off rectangles are to encourage children to
think about the data they are representing (G5). Before creating the
physicalization and rendering the visualization, children must decide
how many rectangles to tear off depending on the number of their data
points. Children can tear off up to four rectangles, and those that are
not torn will cover the sliders of the respective chart panel. The low
cost of paper allows children to experiment and try again if they make
the mistake of ripping off too many rectangles (G1).

The paper template for the pie chart similarly includes a title block
but features a color legend and a cut-out circle. The color legend helps
children consider what the different colors represent within the pie
chart. Children can also take notes on their pie chart in the white space
of the template. For unused colors, we provided white stickers for
children to cover the corresponding legend blocks.

4.1.3 Box

The main support structure of the toolkit is a folded cardboard box
(Fig. 1c). Four other cardboard components are required to create
the final structure. These five components can be quickly assembled
and disassembled by simply inserting and unfastening tabs without
needing glue or other adhesive materials. The box was designed so
that the assembly does not require fine motor skills, making it more
generally approachable and appropriate for children (G3). In addition,
the cardboard material allows children to decorate the box, promoting
creative expression while providing a sense of ownership (G4).

Inside the assembled box, children place two mirrors to capture the
fiducial markers with the phone camera (Fig. 2a). Afterward, children
insert an acrylic plate from either side of the box. The acrylic panel acts
as a support for the interchangeable chart panels. Then the chart panels
and paper templates are directly placed on top of the acrylic plate.

4.2 Digital Components

Data is Yours supports a web app where children can dynamically
render, update, and save their visualizations. The app consists of three
user flows (Fig. 5) that children enter after constructing the toolkit and
creating their physicalizations. The first flow teaches children how to
interact with the chart panels to author a visualization, the second flow
enables children to scan and save their own chart, and the third flow
allows children to revisit previously saved charts. All three flows start
via their respective buttons on the home screen.

a b
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Fig. 5: Screenshots of web app. (a) Home page (b) Bar chart tutorial in
Flow 1 (c) Menu in Flow 2 (d) Scanning instructions for paper templates
(e) Example of a scanned template (f) Saved visualizations in Flow 3.

4.2.1 Flow 1: Interacting with the Chart Panels.

Flow 1 provides a tutorial of the system’s digital functions and repre-
sents the first experience children have when connecting the physical-
ization to the digital visualization. After constructing and placing the
physical chart panel on top of the acrylic panel, children can explore the
basic features of their respective digital charts. Children can move the
physical components and see how the digital representations change as
a result. They can also change the color of the digital chart by tapping
on the visualization components, such as an individual bar, to match
the chosen colors represented in the physical panel.

Children can also “pause” the chart in its current position and lift the
phone to share their rendered visualizations. The pause functionality
prevents the digital chart values from incorrectly changing as the phone
camera’s field of view is moved around. Given Flow 1’s purpose as a
tutorial, the data types and scales in Flow 1 are the same as those in the
formative study: visualizing different types and quantities of fruit with
a predefined dataset.

4.2.2 Flow 2: Authoring Visualizations

Once children have created the physical panels, collected relevant data
of their choice, and prepared the corresponding paper templates, they
can enter Flow 2 to author interactive visualizations. Flow 2 requires
two steps: scanning and authoring.

Scanning and defining the chart. Children are guided on how to
scan their paper template through a series of GIFs and instructional
text displayed on the screen. To scan their paper templates, children
remove the physical panel and place the paper template face-down
on the acrylic panel. The app displays a “Scan” button to initiate the
process. Once the scanning is complete (i.e., taking a picture), children
are instructed to flip the paper template upright, reposition the physical
panel, and place the template on top of the chart panel to complete the
physical chart. For only the line and bar chart, children are prompted to
enter information corresponding to the x- and y-axes of the charts, such
as the number of data points and the maximum value of their collected
dataset.

Authoring and interacting with the chart. To author visualizations,
children follow the same general process as Flow 1. The predefined
dataset is replaced with information from the paper template that the
children scanned into the chart. Information from the templates, such
as the hand-written chart title and x-axis labels, are displayed at the
corresponding locations on the screen by taking cropped images. The
scale of the y-axis is calculated based on the input from the previous
step. Children can then move the physical sliders to represent the data
values they have collected. This information is translated onto the
digital visualization. In addition to the “Pause” button, Flow 2 also

fruit dataset as “cheesy” and one they would not be interested in do-
ing again. Educators also suggested letting children construct parts of
the prototype themselves to increase their investment in the learning
activities. From these comments, the final design probe expanded chil-
dren’s ability to author their own visualizations in two ways. First, we
designed the toolkit such that children can freely author visualizations
using data of their choice [31]. Second, we designed the probe for easy
assembly and provided more options to personalize each chart (e.g.,
choosing colors and the number of data points) to increase their sense
of ownership in the activities.

Scaffolding & Embodied Learning. Educators highlighted how
students struggle when initially designing visualizations (e.g., deter-
mining what information should go on which axis, setting up appropri-
ate scales), remembering visualizations components (e.g., titles, axes
labels), and interpreting visual representations (e.g., reading values
between y-axis tick marks). These remarks generally aligned with our
observations that children recognized common visualizations (bar, line,
pie) but sometimes struggled to articulate what they were conveying.
Educators also noted that though the prototype’s input method of con-
necting physical movements to abstract changes in the bar’s height
supports embodied learning (see Sect. 2.1), more explicit associations
between the physical form and visualization would be useful.

Based on these comments, we designed the probe to tightly inte-
grate contextual scaffolding into the physical artifact. We changed
the design from a pre-assembled tangible interface to a DIY toolkit
where children would physically construct the box and charts to create
physicalizations. The chart panels and paper templates of the design
probe were designed to be a complete visual representation on their
own by containing all necessary information (e.g., visual encoding,
title, axes) while still corresponding to the digital representation of the
visualization. Scaffolding is built into the design of the physical charts
that children would reflect on while constructing (e.g., choosing the
number of sliders as a proxy for defining the number of data points;
Sect. 4.1).

3.4 Design Goals
We derived three core principles from our formative investigation and
prior literature: the design probe should (1) be approachable to children;
(2) provide children an engaging experience when authoring visualiza-
tions and (3) support scaffolding and embodied learning. We further
divide these principles into six design goals to understand the usability,
inclusiveness, and widespread applicability of the design probe in our
exploratory study.

Approachability
G1. Foster experimentation: Use low-cost materials to encourage

children to experiment and iterate on designs without having to
worry about losing or damaging materials.

G2. Replicable: Create a design with materials that can be replicated
at home or informal learning spaces (e.g., after-school programs,
libraries) to expand data engagement.

Engagement
G3. Ease of use: Create a low barrier of entry for children to build the

toolkit and explore a wide range of datasets.
G4. Support creative expression: Enable children to create their own

designs when authoring visualizations.

Scaffolding & Embodied Learning
G5. Craft visualizations: Provide a contextualized, embodied experi-

ence to help children understand different visualization compo-
nents.

G6. Physical interactions: Focus on making kit mechanisms trans-
parent, connect physical manipulations to data operations, and
help children understand why different features are necessary.

4 DESIGN PROBE: CONSTRUCTING VISUALIZATIONS WITH
EVERYDAY MATERIALS

To address these goals, we created Data is Yours: a design probe to
study how constructionist practices can engage children to create vi-

sualizations in a playful, creative manner. It is a toolkit made out of
everyday materials (e.g., paper, cardboard) and uses fiducial markers
to help children author visualizations. Fig. 6 illustrates the workflow
of using the toolkit. After constructing the kit (G6), children mount
a smartphone on top of the box and place a chart panel with a pa-
per template onto the acrylic surface. Then children manipulate the
physicalization to reflect their collected data and are able to see a corre-
sponding visualization on the smartphone display. The toolkit is open
source2 to enable children, parents, and educators to adopt and fabricate
the toolkit on their own (G2).

4.1 Physical Components
The physical components of the toolkit include interchangeable chart
panels, paper templates, and a cardboard-based box. These components
are made from readily accessible materials that can be easily replicated
(G2, G3). Children first decide the number of data points required,
assemble the chart panel, and then create a paper template to label the
chart. The combination of the chart panel and the paper template results
in a complete physicalization (Fig. 4).

4.1.1 Chart Panels
The design probe supports three chart types (bar, line, pie) (Fig. 4) (G5).
These charts were chosen based on their common use in media and
our insights from the formative study. Each chart panel consists of a
cardboard base, paper, and 3D printed sliders. To support scaffolding
and embodied learning, children use these physical pieces to assemble
a visualization. Children can draw connections of the existing idioms
behind common visualizations through their physical interactions as
opposed to being presented with a predefined chart. Note that though
Fig. 4 shows five data points for each chart, charts can be customized
so that children can remove and add data points accordingly. A paper-
based alternative to the 3D printed components is provided in our
Instructable documentation.

Bar chart. The bar chart panel uses two cardboard panels, which
are held together by 3D printed snap presses. Strips of colored paper
are inserted between the cardboard and the handle base, acting as the
physical “bars” of the bar chart. To support creative expression and
help children think about visual attributes, children can choose different
color strips of paper while authoring a bar chart (G4). For example,
children can reason about visual semantics when five bars each have
a unique color as opposed to the same color. Fiducial markers are
attached to the back of the 3D printed snaps to track the height of the
bars while children are physically manipulating them.

Line chart. The line chart panel uses the same cardboard body and
3D printed handles as the bar chart panel. This approach allows children
to think about the relationship between a bar and line chart (i.e., how a
bar chart can be transformed into a line chart with a temporal emphasis)
through hands-on assembly (G5). Instead of wide paper strips, the line
chart uses narrow paper strips that are placed between the cardboard
and the 3D handle. These paper strips have pre-punched folding lines
that shrink and stretch as the 3D handles move either closer or further
away from each other. The paper strips are intentionally designed to
help children observe and experiment with the strips as they move the
3D printed handles (G1).

Pie chart. The pie chart panel requires a cardboard base and a
transparent plastic sheet. Children assemble the “slices” of a pie chart
using cardstock circles. Each cardstock circle corresponds to a section
of the pie chart and has a unique fiducial marker at the back. These
cardstock circles are spirally inserted into the slit of the transparent
plastic sheet and pinned by a 3D printed clip. Children can then rotate
and manipulate the pie chart around the 3D printed clip. Children can
choose pie sections of any color and arrange them in order of their
preference.

4.1.2 Paper Templates
Each chart panel requires a paper template, which is a layer of paper
that covers the top of the chart panel (Fig. 4a). The paper templates

2https://www.instructables.com/Data-Is-Yours-Toolkit-Assembly-
Instructions/
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Fig. 4: (a) Frontside of each chart panel (bar, line, pie). Blank paper
templates layered on top. (b) Backside of each chart panel, illustrating
where fiducial markers are placed when facing the camera (Fig. 2).

are made from regular printing paper (G2), and children can be readily
provided with multiple copies of the same paper templates to foster
experimentation (G1). The paper templates’ design subtly scaffolds
children about visualization design by having them fill in the slots for
different chart components (e.g., titles, axes labels, y-axis scale). The
blank templates also enable children to creatively customize the charts
(e.g., by drawing, writing) (G4).

The paper template design for the bar chart and line chart is the
same. It consists of a title block, five x-axis label blocks, and tear-off
rectangles. The left-most rectangle folds back so children can label
the y-axis scale. The tear-off rectangles are to encourage children to
think about the data they are representing (G5). Before creating the
physicalization and rendering the visualization, children must decide
how many rectangles to tear off depending on the number of their data
points. Children can tear off up to four rectangles, and those that are
not torn will cover the sliders of the respective chart panel. The low
cost of paper allows children to experiment and try again if they make
the mistake of ripping off too many rectangles (G1).

The paper template for the pie chart similarly includes a title block
but features a color legend and a cut-out circle. The color legend helps
children consider what the different colors represent within the pie
chart. Children can also take notes on their pie chart in the white space
of the template. For unused colors, we provided white stickers for
children to cover the corresponding legend blocks.

4.1.3 Box

The main support structure of the toolkit is a folded cardboard box
(Fig. 1c). Four other cardboard components are required to create
the final structure. These five components can be quickly assembled
and disassembled by simply inserting and unfastening tabs without
needing glue or other adhesive materials. The box was designed so
that the assembly does not require fine motor skills, making it more
generally approachable and appropriate for children (G3). In addition,
the cardboard material allows children to decorate the box, promoting
creative expression while providing a sense of ownership (G4).

Inside the assembled box, children place two mirrors to capture the
fiducial markers with the phone camera (Fig. 2a). Afterward, children
insert an acrylic plate from either side of the box. The acrylic panel acts
as a support for the interchangeable chart panels. Then the chart panels
and paper templates are directly placed on top of the acrylic plate.

4.2 Digital Components

Data is Yours supports a web app where children can dynamically
render, update, and save their visualizations. The app consists of three
user flows (Fig. 5) that children enter after constructing the toolkit and
creating their physicalizations. The first flow teaches children how to
interact with the chart panels to author a visualization, the second flow
enables children to scan and save their own chart, and the third flow
allows children to revisit previously saved charts. All three flows start
via their respective buttons on the home screen.

a b

c d

e f

Fig. 5: Screenshots of web app. (a) Home page (b) Bar chart tutorial in
Flow 1 (c) Menu in Flow 2 (d) Scanning instructions for paper templates
(e) Example of a scanned template (f) Saved visualizations in Flow 3.

4.2.1 Flow 1: Interacting with the Chart Panels.

Flow 1 provides a tutorial of the system’s digital functions and repre-
sents the first experience children have when connecting the physical-
ization to the digital visualization. After constructing and placing the
physical chart panel on top of the acrylic panel, children can explore the
basic features of their respective digital charts. Children can move the
physical components and see how the digital representations change as
a result. They can also change the color of the digital chart by tapping
on the visualization components, such as an individual bar, to match
the chosen colors represented in the physical panel.

Children can also “pause” the chart in its current position and lift the
phone to share their rendered visualizations. The pause functionality
prevents the digital chart values from incorrectly changing as the phone
camera’s field of view is moved around. Given Flow 1’s purpose as a
tutorial, the data types and scales in Flow 1 are the same as those in the
formative study: visualizing different types and quantities of fruit with
a predefined dataset.

4.2.2 Flow 2: Authoring Visualizations

Once children have created the physical panels, collected relevant data
of their choice, and prepared the corresponding paper templates, they
can enter Flow 2 to author interactive visualizations. Flow 2 requires
two steps: scanning and authoring.

Scanning and defining the chart. Children are guided on how to
scan their paper template through a series of GIFs and instructional
text displayed on the screen. To scan their paper templates, children
remove the physical panel and place the paper template face-down
on the acrylic panel. The app displays a “Scan” button to initiate the
process. Once the scanning is complete (i.e., taking a picture), children
are instructed to flip the paper template upright, reposition the physical
panel, and place the template on top of the chart panel to complete the
physical chart. For only the line and bar chart, children are prompted to
enter information corresponding to the x- and y-axes of the charts, such
as the number of data points and the maximum value of their collected
dataset.

Authoring and interacting with the chart. To author visualizations,
children follow the same general process as Flow 1. The predefined
dataset is replaced with information from the paper template that the
children scanned into the chart. Information from the templates, such
as the hand-written chart title and x-axis labels, are displayed at the
corresponding locations on the screen by taking cropped images. The
scale of the y-axis is calculated based on the input from the previous
step. Children can then move the physical sliders to represent the data
values they have collected. This information is translated onto the
digital visualization. In addition to the “Pause” button, Flow 2 also

fruit dataset as “cheesy” and one they would not be interested in do-
ing again. Educators also suggested letting children construct parts of
the prototype themselves to increase their investment in the learning
activities. From these comments, the final design probe expanded chil-
dren’s ability to author their own visualizations in two ways. First, we
designed the toolkit such that children can freely author visualizations
using data of their choice [31]. Second, we designed the probe for easy
assembly and provided more options to personalize each chart (e.g.,
choosing colors and the number of data points) to increase their sense
of ownership in the activities.

Scaffolding & Embodied Learning. Educators highlighted how
students struggle when initially designing visualizations (e.g., deter-
mining what information should go on which axis, setting up appropri-
ate scales), remembering visualizations components (e.g., titles, axes
labels), and interpreting visual representations (e.g., reading values
between y-axis tick marks). These remarks generally aligned with our
observations that children recognized common visualizations (bar, line,
pie) but sometimes struggled to articulate what they were conveying.
Educators also noted that though the prototype’s input method of con-
necting physical movements to abstract changes in the bar’s height
supports embodied learning (see Sect. 2.1), more explicit associations
between the physical form and visualization would be useful.

Based on these comments, we designed the probe to tightly inte-
grate contextual scaffolding into the physical artifact. We changed
the design from a pre-assembled tangible interface to a DIY toolkit
where children would physically construct the box and charts to create
physicalizations. The chart panels and paper templates of the design
probe were designed to be a complete visual representation on their
own by containing all necessary information (e.g., visual encoding,
title, axes) while still corresponding to the digital representation of the
visualization. Scaffolding is built into the design of the physical charts
that children would reflect on while constructing (e.g., choosing the
number of sliders as a proxy for defining the number of data points;
Sect. 4.1).

3.4 Design Goals
We derived three core principles from our formative investigation and
prior literature: the design probe should (1) be approachable to children;
(2) provide children an engaging experience when authoring visualiza-
tions and (3) support scaffolding and embodied learning. We further
divide these principles into six design goals to understand the usability,
inclusiveness, and widespread applicability of the design probe in our
exploratory study.

Approachability
G1. Foster experimentation: Use low-cost materials to encourage

children to experiment and iterate on designs without having to
worry about losing or damaging materials.

G2. Replicable: Create a design with materials that can be replicated
at home or informal learning spaces (e.g., after-school programs,
libraries) to expand data engagement.

Engagement
G3. Ease of use: Create a low barrier of entry for children to build the

toolkit and explore a wide range of datasets.
G4. Support creative expression: Enable children to create their own

designs when authoring visualizations.

Scaffolding & Embodied Learning
G5. Craft visualizations: Provide a contextualized, embodied experi-

ence to help children understand different visualization compo-
nents.

G6. Physical interactions: Focus on making kit mechanisms trans-
parent, connect physical manipulations to data operations, and
help children understand why different features are necessary.

4 DESIGN PROBE: CONSTRUCTING VISUALIZATIONS WITH
EVERYDAY MATERIALS

To address these goals, we created Data is Yours: a design probe to
study how constructionist practices can engage children to create vi-

sualizations in a playful, creative manner. It is a toolkit made out of
everyday materials (e.g., paper, cardboard) and uses fiducial markers
to help children author visualizations. Fig. 6 illustrates the workflow
of using the toolkit. After constructing the kit (G6), children mount
a smartphone on top of the box and place a chart panel with a pa-
per template onto the acrylic surface. Then children manipulate the
physicalization to reflect their collected data and are able to see a corre-
sponding visualization on the smartphone display. The toolkit is open
source2 to enable children, parents, and educators to adopt and fabricate
the toolkit on their own (G2).

4.1 Physical Components
The physical components of the toolkit include interchangeable chart
panels, paper templates, and a cardboard-based box. These components
are made from readily accessible materials that can be easily replicated
(G2, G3). Children first decide the number of data points required,
assemble the chart panel, and then create a paper template to label the
chart. The combination of the chart panel and the paper template results
in a complete physicalization (Fig. 4).

4.1.1 Chart Panels
The design probe supports three chart types (bar, line, pie) (Fig. 4) (G5).
These charts were chosen based on their common use in media and
our insights from the formative study. Each chart panel consists of a
cardboard base, paper, and 3D printed sliders. To support scaffolding
and embodied learning, children use these physical pieces to assemble
a visualization. Children can draw connections of the existing idioms
behind common visualizations through their physical interactions as
opposed to being presented with a predefined chart. Note that though
Fig. 4 shows five data points for each chart, charts can be customized
so that children can remove and add data points accordingly. A paper-
based alternative to the 3D printed components is provided in our
Instructable documentation.

Bar chart. The bar chart panel uses two cardboard panels, which
are held together by 3D printed snap presses. Strips of colored paper
are inserted between the cardboard and the handle base, acting as the
physical “bars” of the bar chart. To support creative expression and
help children think about visual attributes, children can choose different
color strips of paper while authoring a bar chart (G4). For example,
children can reason about visual semantics when five bars each have
a unique color as opposed to the same color. Fiducial markers are
attached to the back of the 3D printed snaps to track the height of the
bars while children are physically manipulating them.

Line chart. The line chart panel uses the same cardboard body and
3D printed handles as the bar chart panel. This approach allows children
to think about the relationship between a bar and line chart (i.e., how a
bar chart can be transformed into a line chart with a temporal emphasis)
through hands-on assembly (G5). Instead of wide paper strips, the line
chart uses narrow paper strips that are placed between the cardboard
and the 3D handle. These paper strips have pre-punched folding lines
that shrink and stretch as the 3D handles move either closer or further
away from each other. The paper strips are intentionally designed to
help children observe and experiment with the strips as they move the
3D printed handles (G1).

Pie chart. The pie chart panel requires a cardboard base and a
transparent plastic sheet. Children assemble the “slices” of a pie chart
using cardstock circles. Each cardstock circle corresponds to a section
of the pie chart and has a unique fiducial marker at the back. These
cardstock circles are spirally inserted into the slit of the transparent
plastic sheet and pinned by a 3D printed clip. Children can then rotate
and manipulate the pie chart around the 3D printed clip. Children can
choose pie sections of any color and arrange them in order of their
preference.

4.1.2 Paper Templates
Each chart panel requires a paper template, which is a layer of paper
that covers the top of the chart panel (Fig. 4a). The paper templates

2https://www.instructables.com/Data-Is-Yours-Toolkit-Assembly-
Instructions/
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Fig. 6: Workflow for children in the formative and exploratory study. (a) Construct a kit (b) Collect data by playing the game of disk darts (c) Author a
paper template (d) Scan the paper template (d) Manipulate the physicalization chart panel (bar, line, pie) to match collected data.

partook in a concurrent think-aloud protocol where they were encour-
aged to build and interact with the toolkit in an open-ended session for
approximately 20 minutes. Educators then engaged in a semi-structured
interview where they answered additional survey questions about their
impressions, ideas, and concerns about the toolkit. Educators were
audio-recorded and photographed working with our toolkit.

6 RESULTS

We qualitatively analyzed materials (i.e., notes, images, videos) from
our exploratory study. We conducted a content analysis on these mate-
rials using the design goals that emerged from the formative study as a
priori categories [73]. Two researchers performed this categorization
independently, after which a final set of observations corresponding to
each design goal was agreed upon (Sect. 3.4). Findings were extracted
from these grouped observations. For the interviews with the educators,
we summarized their impressions, feedback, and concerns also through
the lens of our design goals and research objectives.

6.1 Workshops with Children
Children provided positive impressions of the workshop and enjoyed
engaging with Data is Yours, despite having greatly varying baseline
knowledge of data visualizations (as assessed by the ice-breaker discus-
sions). In the beginning, the younger children (P1-P4) were not able to
assign names to the visualizations, explaining they did not frequently
interact with or create visualizations. Yet, they found the workshop
particularly fun, with P4 expressing, “I really loved it!” P3 strongly
expressed wanting a version of the toolkit that would work with his
iPad, so that he could use it anytime without relying on his parents’
smartphones. In contrast, P5, the oldest child of the two workshops,
was able to identify, interpret, and explain the function of all charts and
found the workshop with the toolkit interesting, but only a “little fun.”

6.1.1 Approachability
G1: Foster Experimentation. Initially, P1-P4 were hesitant to perform
certain physical operations, such as folding the flaps of the cardboard
base, and even caused minor tears in the cardboard. We then explained
to the children that these issues are normal and were, in fact, the
reason why we used cardboard and everyday materials: mistakes were
a welcome part of the process. After our explanation, P1-P4 began
to more confidently interact with the cardboard base and intentionally
experiment with different assembly configurations of the components,
such as having the phone camera cutout be on the right instead of the
left (Fig. 7a). Similarly, with the paper templates, three of the four
younger children (P1, P2, P4) initially ripped the template in half when
trying to remove the tear-off rectangles. After providing more copies of
the template, they were able to successfully author a template. These
examples speak to the children’s willingness to try again despite the
challenges they faced and to experiment with the toolkit in unexpected
ways to learn more about the content and function it provided.

G2: Replicable. P1-P4 mentioned they envisioned themselves
attempting to recreate the toolkit at home with support from their
family. Though children were given pre-packaged kits to construct their
own toolkit during the workshop, they provided suggestions on how to
further improve the replicability of Data is Yours. P2 and P3 suggested
that the overall toolkit should be bigger so it can support larger screen
interfaces like a tablet. P3’s motivation for this request stemmed from
wanting increased agency by using a device he had access to at home.

P5, in contrast, felt more comfortable with the idea of constructing a
toolkit by herself and specifically envisioned how the toolkit could be
used by children of her age at her school’s library. She explained how
the school librarian would often make children do activities related to
data visualization (e.g., create a pie chart to track genres of books read),
and that the toolkit might make for an interesting way to author multiple
charts related to that information. Data is Yours’s design showcases the
breadth of how different children envision the toolkit being reused in
different contexts.

6.1.2 Engagement
G3: Ease of Use. In both workshops, we provided verbal instructions
on how to construct the box and also demonstrated relevant actions
in real-time. The components of the toolkit were designed so that it
would be easy for children to assemble the box by themselves. This
was true for P5, but the younger participants all required more time
and some hands-on assistance to complete the process. The younger
children found it difficult to securely insert some cardboard flaps into
the pre-cut slots especially when the pieces were not already connected.
They also needed instructions while arranging fiducial markers on the
back of the panels in the right order. P5 took 15 minutes to complete
the box assembly, while P1-P4 needed around 35 minutes.

Despite this variance, Data is Yours successfully enabled all children
to transform their data into digital charts. All participants were able
to successfully create visualizations even from the workshop’s first
activity: translate sorted stacks of fruit images into a digital bar chart
using the toolkit slider. The interface also encouraged the participants
to construct the kit by themselves and promoted collaboration. In the
group workshop, despite no instructions to work together, P1-P3 started
to naturally collaborate to help each other create and provide comments
on each other’s bar chart (Fig. 7b).

G4: Support creative expression. After constructing the toolkit,
children personalized their box using a range of craft materials in-
cluding sketch pens, colored paper, and stickers. Children particularly
enjoyed this step, spending significant time (20 minutes on average)
deciding which materials to use and how to design their box. The
younger children began by writing their names on the box, adding
stickers, coloring the sides, and drawing faces on the box to personify
it. P5, who had the greatest familiarity with visualizations, focused
on many functional additions, such as textual instructions for where
to place the mobile phone, a handle to carry the box made using pipe
cleaners that were inserted into the flutes of the cardboard, and two
small knobs to keep the paper template in place (Fig. 7d).

Children’s creative expression was not limited to solely the box but
also included the paper templates and paper strips for the bar charts.
With the paper templates, children came up with a range of titles for
their visualizations, such as “Frisbee,” “Throw-it Game,” “[P3’s] Game,”
and “Targeting.” Children also exhibited creative variations in how they
labeled their x-axes: three children expressed the x-axis labels with
full words (Fig. 7c), one used a combination of letters and numbers,
and one drew icons. With the paper strips, children used three types of
color schemes: all of the same colors (P3–to use their favorite color),
all different colors (P1, P2, P5–to make use of all available options), or
two alternating colors (P4–to imitate the facilitator’s toolkit). Even the
simple decisions of choosing paper strips, deciding titles, and naming
x-axis labels highlight how children were excited to showcase their
creative expressions.

Table 1: Summary of participants’ backgrounds in the exploratory study.

Participant Role Age / Occupation

P1 Child 6 years old
P2 Child 6 years old
P3 Child 7 years old
P4 Child 8 years old
P5 Child 11 years old
E1 Educator After-school program
E2 Educator After-school program
E3 Educator After-school program
E4 Educator Educational Researcher
E5 Educator Elementary School Librarian

allows children to save a chart. Clicking the “Save” button results in a
small visual indicator that the chart in its current state has been saved.

4.2.3 Flow 3: Revisiting Saved Charts
Once children have saved their charts, they can view them within the
web app by selecting the “Saved Charts” button from the home screen.
They can browse through a list of chart images in order of the day and
time at which they were saved. These images are non-interactive and
meant to serve as “snapshots” of data collected in time.

4.3 System Architecture & Implementation
Once the toolkit is fully constructed, we have two mirrors inside which
direct the phone’s rear-facing camera at the chart panels (Fig. 2a). This
configuration enables a web-based application to detect the markers on
the interface and render the charts. This approach allows us to make
a variety of interfaces that function with just paper. The front-end is
implemented with a combination of HTML5, CSS, JavaScript, and a
Javascript port [39] of the ArUco Computer Vision Marker library [27,
62]. The library offers up to 1000 unique markers for tracking a variety
of values (e.g., position, rotation).

5 EXPLORATORY STUDY

To investigate how constructionist practices can foster children’s com-
fort and familiarity with data visualization, we conducted an exploratory
study using the design probe in a series of workshops with children
(Sect. 5.1) and interviews with educators (Sect. 5.2). Workshops can
elicit rich qualitative insights for early stages of applied visualiza-
tion research [42]. Using guidelines by Kerzner et al. [42], Huron et
al. [34, 36], and Terre des hommes [50], we designed our workshop
around the constraints of working with children in a limited timeframe
while still evaluating the research objectives of the toolkit. Note: the
workshop is a means of investigating the constructionist approach where
we primarily collected qualitative data rather than quantitatively testing
children’s learning outcomes. Current DVL tests are meant for adults
and their efficacy for children has not been fully researched3.

All activities with the children and educators were approved by
the CU Boulder IRB. Study materials are available in supplemental
materials. A comprehensive overview of the participants can be found
in Table 1.

5.1 Workshops with Children
Participants. We conducted two two-hour workshops with children
(n= 5) between 6–11 years old to understand how the constructionist
approach may differently impact different age groups. This age range
aligns with the development stage where children are able to formulate
representational thought through symbolic thinking (i.e., words and
pictures) [28]. The first workshop was a group workshop at an after-
school program with four children (2 male, 2 female; aged 6–8 years
old), and the second workshop involved one child (1 female; aged 11
years) at a public museum. We recruited the participants by sharing
virtual flyers and emails about the workshop at informal learning spaces

3Existing standardized tools [10, 13, 47] target adults. E.g., two components
of VLAT focus on determining range and extremum for various visualizations.
Such concepts are generally not taught till children are older (11–14 y/o).

(e.g., public museums, local makerspaces, and after-school program
venues).

Procedure. The workshop was divided into four stages, where the
first stage consisted of icebreaker activities, the second and third stages
focused on constructing and using the toolkit, and the last stage was
for concluding and reflection. Fig. 6 illustrates the general workflow of
the workshop. Before engaging in the activities, the research team first
provided an overview of the workshop to the parents and guardians of
the children, gained consent from parents, and collected assent from the
children. We took photographs and collected video-audio recordings as
the children were constructing and interacting with the toolkit.

Stage 1. Introduction and Icebreaker Activities. The workshop
facilitators introduced themselves to the children. Children were asked
about their perception of data and visualization in general. Afterward,
they were shown a series of common visualizations (bar, line, pie)
and asked if they recognized the charts. Then children engaged in an
open-ended discussion about what they noticed in each of the images
to gauge their familiarity with these visualizations more concretely.

Stage 2. Toolkit Construction. In the second stage, children were
introduced to Data is Yours. Workshop facilitators first provided a
finished toolkit for children to play with and encouraged children to
inspect the sliders and mirrors. Children were instructed on how to use
the Data is Yours by moving the sliders. At this time, children played
with the toolkit using the predefined fruit dataset used in the formative
study, observing changes displayed on the smartphone. Afterward,
children moved on to building their own Data is Yours. Each child
was given a cardboard fold-out template and a packet containing the
various components required for assembly. Facilitators guided the
children through the construction process by demonstrating the physical
operations required for assembly. After constructing the kit, children
were provided craft materials (e.g., pens, pipe cleaners, stickers) to
decorate the outer body of the toolkit.

Stage 3. Using the Toolkit. In the third stage, children used their
toolkit to author visualizations. Working under the constraints of a
guided and timed workshop, children were asked to generate and collect
data using the same game from the formative study for three rounds
(c.f., Sect. 3.2). In Round 1, children played the game under five
different conditions to author a bar chart. Two of the conditions were
predefined by the research team (throwing disks using the left hand
and right hand) and the remaining three conditions were defined by the
children. In Round 2, from the five conditions, children were asked to
repeat one game condition of their choice four more times. This activity
was intended to help children generate data to create a line chart. In
Round 3, children calculated the total score for all five conditions and
visualized each condition’s contribution (i.e., proportion) to the total
score for the pie chart. After finishing the game of disk darts, children
were shown how to use the paper templates to translate their collected
data into chart axes and other chart elements (e.g., title, legend). They
then scanned the templates and authored the different visualizations
(i.e., bar, line, pie) using the toolkit. Afterward, children analyzed the
resulting graphs and compared their results to others.

Stage 4. Conclusion and Reflection. In the fourth stage, we quickly
recapped the activities the children engaged with. Children were asked
semi-structured questions to gain their overall impression of the toolkit
and data visualization in general.

5.2 One-on-One Interview with Educators

Participants. We recruited five educators (3 female, 2 male) from a
local school district and via our network of education researchers. All
educators had experience with teaching visualization to young children
in the context of either mathematics or science curricula. Our aim with
the educators was to gain feedback on how Data is Yours might be
integrated into informal learning spaces. Following the guidelines by
Kerzner et al. [42], we recruited educators with diverse experiences.

Procedure. Each participant provided a verbal introduction of their
background at the start of the interview. The facilitators then performed
a demo of the toolkit, illustrating how to build the toolkit and showcas-
ing the different features (e.g., scanning with paper templates, switching
panels to create different visualizations). After the demo, educators
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Fig. 6: Workflow for children in the formative and exploratory study. (a) Construct a kit (b) Collect data by playing the game of disk darts (c) Author a
paper template (d) Scan the paper template (d) Manipulate the physicalization chart panel (bar, line, pie) to match collected data.

partook in a concurrent think-aloud protocol where they were encour-
aged to build and interact with the toolkit in an open-ended session for
approximately 20 minutes. Educators then engaged in a semi-structured
interview where they answered additional survey questions about their
impressions, ideas, and concerns about the toolkit. Educators were
audio-recorded and photographed working with our toolkit.

6 RESULTS

We qualitatively analyzed materials (i.e., notes, images, videos) from
our exploratory study. We conducted a content analysis on these mate-
rials using the design goals that emerged from the formative study as a
priori categories [73]. Two researchers performed this categorization
independently, after which a final set of observations corresponding to
each design goal was agreed upon (Sect. 3.4). Findings were extracted
from these grouped observations. For the interviews with the educators,
we summarized their impressions, feedback, and concerns also through
the lens of our design goals and research objectives.

6.1 Workshops with Children
Children provided positive impressions of the workshop and enjoyed
engaging with Data is Yours, despite having greatly varying baseline
knowledge of data visualizations (as assessed by the ice-breaker discus-
sions). In the beginning, the younger children (P1-P4) were not able to
assign names to the visualizations, explaining they did not frequently
interact with or create visualizations. Yet, they found the workshop
particularly fun, with P4 expressing, “I really loved it!” P3 strongly
expressed wanting a version of the toolkit that would work with his
iPad, so that he could use it anytime without relying on his parents’
smartphones. In contrast, P5, the oldest child of the two workshops,
was able to identify, interpret, and explain the function of all charts and
found the workshop with the toolkit interesting, but only a “little fun.”

6.1.1 Approachability
G1: Foster Experimentation. Initially, P1-P4 were hesitant to perform
certain physical operations, such as folding the flaps of the cardboard
base, and even caused minor tears in the cardboard. We then explained
to the children that these issues are normal and were, in fact, the
reason why we used cardboard and everyday materials: mistakes were
a welcome part of the process. After our explanation, P1-P4 began
to more confidently interact with the cardboard base and intentionally
experiment with different assembly configurations of the components,
such as having the phone camera cutout be on the right instead of the
left (Fig. 7a). Similarly, with the paper templates, three of the four
younger children (P1, P2, P4) initially ripped the template in half when
trying to remove the tear-off rectangles. After providing more copies of
the template, they were able to successfully author a template. These
examples speak to the children’s willingness to try again despite the
challenges they faced and to experiment with the toolkit in unexpected
ways to learn more about the content and function it provided.

G2: Replicable. P1-P4 mentioned they envisioned themselves
attempting to recreate the toolkit at home with support from their
family. Though children were given pre-packaged kits to construct their
own toolkit during the workshop, they provided suggestions on how to
further improve the replicability of Data is Yours. P2 and P3 suggested
that the overall toolkit should be bigger so it can support larger screen
interfaces like a tablet. P3’s motivation for this request stemmed from
wanting increased agency by using a device he had access to at home.

P5, in contrast, felt more comfortable with the idea of constructing a
toolkit by herself and specifically envisioned how the toolkit could be
used by children of her age at her school’s library. She explained how
the school librarian would often make children do activities related to
data visualization (e.g., create a pie chart to track genres of books read),
and that the toolkit might make for an interesting way to author multiple
charts related to that information. Data is Yours’s design showcases the
breadth of how different children envision the toolkit being reused in
different contexts.

6.1.2 Engagement
G3: Ease of Use. In both workshops, we provided verbal instructions
on how to construct the box and also demonstrated relevant actions
in real-time. The components of the toolkit were designed so that it
would be easy for children to assemble the box by themselves. This
was true for P5, but the younger participants all required more time
and some hands-on assistance to complete the process. The younger
children found it difficult to securely insert some cardboard flaps into
the pre-cut slots especially when the pieces were not already connected.
They also needed instructions while arranging fiducial markers on the
back of the panels in the right order. P5 took 15 minutes to complete
the box assembly, while P1-P4 needed around 35 minutes.

Despite this variance, Data is Yours successfully enabled all children
to transform their data into digital charts. All participants were able
to successfully create visualizations even from the workshop’s first
activity: translate sorted stacks of fruit images into a digital bar chart
using the toolkit slider. The interface also encouraged the participants
to construct the kit by themselves and promoted collaboration. In the
group workshop, despite no instructions to work together, P1-P3 started
to naturally collaborate to help each other create and provide comments
on each other’s bar chart (Fig. 7b).

G4: Support creative expression. After constructing the toolkit,
children personalized their box using a range of craft materials in-
cluding sketch pens, colored paper, and stickers. Children particularly
enjoyed this step, spending significant time (20 minutes on average)
deciding which materials to use and how to design their box. The
younger children began by writing their names on the box, adding
stickers, coloring the sides, and drawing faces on the box to personify
it. P5, who had the greatest familiarity with visualizations, focused
on many functional additions, such as textual instructions for where
to place the mobile phone, a handle to carry the box made using pipe
cleaners that were inserted into the flutes of the cardboard, and two
small knobs to keep the paper template in place (Fig. 7d).

Children’s creative expression was not limited to solely the box but
also included the paper templates and paper strips for the bar charts.
With the paper templates, children came up with a range of titles for
their visualizations, such as “Frisbee,” “Throw-it Game,” “[P3’s] Game,”
and “Targeting.” Children also exhibited creative variations in how they
labeled their x-axes: three children expressed the x-axis labels with
full words (Fig. 7c), one used a combination of letters and numbers,
and one drew icons. With the paper strips, children used three types of
color schemes: all of the same colors (P3–to use their favorite color),
all different colors (P1, P2, P5–to make use of all available options), or
two alternating colors (P4–to imitate the facilitator’s toolkit). Even the
simple decisions of choosing paper strips, deciding titles, and naming
x-axis labels highlight how children were excited to showcase their
creative expressions.

Table 1: Summary of participants’ backgrounds in the exploratory study.

Participant Role Age / Occupation

P1 Child 6 years old
P2 Child 6 years old
P3 Child 7 years old
P4 Child 8 years old
P5 Child 11 years old
E1 Educator After-school program
E2 Educator After-school program
E3 Educator After-school program
E4 Educator Educational Researcher
E5 Educator Elementary School Librarian

allows children to save a chart. Clicking the “Save” button results in a
small visual indicator that the chart in its current state has been saved.

4.2.3 Flow 3: Revisiting Saved Charts
Once children have saved their charts, they can view them within the
web app by selecting the “Saved Charts” button from the home screen.
They can browse through a list of chart images in order of the day and
time at which they were saved. These images are non-interactive and
meant to serve as “snapshots” of data collected in time.

4.3 System Architecture & Implementation
Once the toolkit is fully constructed, we have two mirrors inside which
direct the phone’s rear-facing camera at the chart panels (Fig. 2a). This
configuration enables a web-based application to detect the markers on
the interface and render the charts. This approach allows us to make
a variety of interfaces that function with just paper. The front-end is
implemented with a combination of HTML5, CSS, JavaScript, and a
Javascript port [39] of the ArUco Computer Vision Marker library [27,
62]. The library offers up to 1000 unique markers for tracking a variety
of values (e.g., position, rotation).

5 EXPLORATORY STUDY

To investigate how constructionist practices can foster children’s com-
fort and familiarity with data visualization, we conducted an exploratory
study using the design probe in a series of workshops with children
(Sect. 5.1) and interviews with educators (Sect. 5.2). Workshops can
elicit rich qualitative insights for early stages of applied visualiza-
tion research [42]. Using guidelines by Kerzner et al. [42], Huron et
al. [34, 36], and Terre des hommes [50], we designed our workshop
around the constraints of working with children in a limited timeframe
while still evaluating the research objectives of the toolkit. Note: the
workshop is a means of investigating the constructionist approach where
we primarily collected qualitative data rather than quantitatively testing
children’s learning outcomes. Current DVL tests are meant for adults
and their efficacy for children has not been fully researched3.

All activities with the children and educators were approved by
the CU Boulder IRB. Study materials are available in supplemental
materials. A comprehensive overview of the participants can be found
in Table 1.

5.1 Workshops with Children
Participants. We conducted two two-hour workshops with children
(n= 5) between 6–11 years old to understand how the constructionist
approach may differently impact different age groups. This age range
aligns with the development stage where children are able to formulate
representational thought through symbolic thinking (i.e., words and
pictures) [28]. The first workshop was a group workshop at an after-
school program with four children (2 male, 2 female; aged 6–8 years
old), and the second workshop involved one child (1 female; aged 11
years) at a public museum. We recruited the participants by sharing
virtual flyers and emails about the workshop at informal learning spaces

3Existing standardized tools [10, 13, 47] target adults. E.g., two components
of VLAT focus on determining range and extremum for various visualizations.
Such concepts are generally not taught till children are older (11–14 y/o).

(e.g., public museums, local makerspaces, and after-school program
venues).

Procedure. The workshop was divided into four stages, where the
first stage consisted of icebreaker activities, the second and third stages
focused on constructing and using the toolkit, and the last stage was
for concluding and reflection. Fig. 6 illustrates the general workflow of
the workshop. Before engaging in the activities, the research team first
provided an overview of the workshop to the parents and guardians of
the children, gained consent from parents, and collected assent from the
children. We took photographs and collected video-audio recordings as
the children were constructing and interacting with the toolkit.

Stage 1. Introduction and Icebreaker Activities. The workshop
facilitators introduced themselves to the children. Children were asked
about their perception of data and visualization in general. Afterward,
they were shown a series of common visualizations (bar, line, pie)
and asked if they recognized the charts. Then children engaged in an
open-ended discussion about what they noticed in each of the images
to gauge their familiarity with these visualizations more concretely.

Stage 2. Toolkit Construction. In the second stage, children were
introduced to Data is Yours. Workshop facilitators first provided a
finished toolkit for children to play with and encouraged children to
inspect the sliders and mirrors. Children were instructed on how to use
the Data is Yours by moving the sliders. At this time, children played
with the toolkit using the predefined fruit dataset used in the formative
study, observing changes displayed on the smartphone. Afterward,
children moved on to building their own Data is Yours. Each child
was given a cardboard fold-out template and a packet containing the
various components required for assembly. Facilitators guided the
children through the construction process by demonstrating the physical
operations required for assembly. After constructing the kit, children
were provided craft materials (e.g., pens, pipe cleaners, stickers) to
decorate the outer body of the toolkit.

Stage 3. Using the Toolkit. In the third stage, children used their
toolkit to author visualizations. Working under the constraints of a
guided and timed workshop, children were asked to generate and collect
data using the same game from the formative study for three rounds
(c.f., Sect. 3.2). In Round 1, children played the game under five
different conditions to author a bar chart. Two of the conditions were
predefined by the research team (throwing disks using the left hand
and right hand) and the remaining three conditions were defined by the
children. In Round 2, from the five conditions, children were asked to
repeat one game condition of their choice four more times. This activity
was intended to help children generate data to create a line chart. In
Round 3, children calculated the total score for all five conditions and
visualized each condition’s contribution (i.e., proportion) to the total
score for the pie chart. After finishing the game of disk darts, children
were shown how to use the paper templates to translate their collected
data into chart axes and other chart elements (e.g., title, legend). They
then scanned the templates and authored the different visualizations
(i.e., bar, line, pie) using the toolkit. Afterward, children analyzed the
resulting graphs and compared their results to others.

Stage 4. Conclusion and Reflection. In the fourth stage, we quickly
recapped the activities the children engaged with. Children were asked
semi-structured questions to gain their overall impression of the toolkit
and data visualization in general.

5.2 One-on-One Interview with Educators

Participants. We recruited five educators (3 female, 2 male) from a
local school district and via our network of education researchers. All
educators had experience with teaching visualization to young children
in the context of either mathematics or science curricula. Our aim with
the educators was to gain feedback on how Data is Yours might be
integrated into informal learning spaces. Following the guidelines by
Kerzner et al. [42], we recruited educators with diverse experiences.

Procedure. Each participant provided a verbal introduction of their
background at the start of the interview. The facilitators then performed
a demo of the toolkit, illustrating how to build the toolkit and showcas-
ing the different features (e.g., scanning with paper templates, switching
panels to create different visualizations). After the demo, educators
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Fig. 8: Sketches of incorporating Data is Yours into various scenarios to expand ways children engage with data.

herself using in her daily life. Although she had used spreadsheet pro-
grams like Google Sheets to visualize her reading habits as pie charts,
she described the limitations of the “black box” nature of purely digital
tools: “[With Google sheets] you just type in a bunch of numbers and
[the visualization] appears, but with Data is Yours I can actually create
charts with my friends and talk about it.” P5 also spoke positively of
how she could use Data is Yours and the paper templates to author
charts using any dataset (e.g., exercise time, how long she spends cod-
ing). P5’s statements support the idea that the physical and interactive
nature of the Data is Yours results in a more engaging and empowering
process compared to exclusively digital visualization software.

7.2 Limitations & Future Work

Our exploratory study does not aim to provide any direct pedagogi-
cal evidence of our approach improving children’s DVL. Rather the
qualitative observations we collected provide preliminary evidence that
the children enjoyed interacting with data physically, can familiarize
themselves with foundational concepts of visualization (e.g., reason
about visual semantics, incorporate chart elements, set up appropriate
scales) through curiosity and play, and were empowered to creatively
engage with data. We currently lack more formal assessment methods
that are appropriate for children, such as revised visualization literacy
assessment tests, that would allow for a more formal DVL measure-
ment.

Though Data is Yours is designed to help children author visualiza-
tions using data of their choice, the tool’s expressiveness was not fully
explored within the constraints of a two-hour workshop. For example,
the importance of working with personally meaningful datasets varied
based on age. P1-P4 did not mind interacting with the predefined fruit
datasets. P5 expressed a similar sentiment as the two formative children,
who were similarly aged, indicating that the fruit datasets felt childish
and the self-generated game datasets were more enjoyable.

Additionally, a majority of the time in the workshop was dedicated to
assembling Data is Yours. While further observations of how children
engaged with their visualizations would have provided more in-depth
insights, we found that assembling Data is Yours helped children ac-
cumulate playful learning experiences that sparked an interest in and
new comfort with visualization. Extensive DVL encompasses complex
knowledge and reasoning processes that go beyond the two-hour ac-
tivities described here. Thus, further studies will be required to see
how children will use Data is Yours to author data visualizations in an
unconstrained and longitudinal setting.

Assessing children’s DVL frequently focuses on reading, creating,
and interpreting visualizations (Sect. 2.1). However, DVL also encom-
passes critical engagement with visualizations, such as understanding
when charts are misleading [14,45]. Our toolkit currently requires fa-
cilitator feedback to let children know about misleading aspects of their
visualizations. While we did not observe such errors, they are possible
given the open-ended authoring functionality (e.g., using misleading
axis values). To develop critical design literacy, future solutions could
incorporate visual linting and similar verification strategies [33].

7.3 A Research Agenda for Children’s DVL

With any learning technology for children, research stresses the impor-
tance of three principles: “low floor” (how easy is the technology for

children to learn and use?); “high ceiling” (does the technology advance
children in making more complex projects?); and “wide walls” (how
inclusive is the technology in supporting all children’s interests?) [61].
Our observations from the workshops indicate that Data is Yours suc-
cessfully accomplished a low floor. Young, inexperienced children
were able to craft and interpret basic visualizations using the system.
But our approach requires more consideration as to how to create a
high ceiling. E3 and E5 expressed concerns about the toolkit’s current
dependency on a smartphone. However, as children become older (e.g.,
teenagers), we anticipate they will not need the scaffolding from the
physical panels to learn and interact with visualizations. Rather, re-
search shows various ways to interact with data that are particularly
suited for mobile devices [11, 12]. E3’s and E5’s comments indicate
that future iterations of the toolkit could benefit from further considera-
tions on how to better leverage state-of-the-art visualization techniques
to engage older children.

Expanding Data is Yours to additional contexts would also increase
the variety and complexity of charts children can create. Children and
educators suggested several ways the toolkit can support wide walls,
including integrating the toolkit into activities that children naturally
enjoy (Fig. 8). For instance, children can have a more sustained engage-
ment with data at home by working with their family to recreate visu-
alizations from news media or progressively tracking changes around
them over time (e.g., tracking children’s height). These activities, in
turn, can seamlessly introduce children to different types of data (e.g.,
qualitative, geographic, categorical, temporal). Data is Yours can also
be incorporated into group activities that already take place in informal
learning spaces (e.g., science museums). The constructionist approach
shows how produced artifacts can be “shown, discussed, probed, and
admired” [55], serving as a locus for collaborative discussions. These
actions align with our observations from the group workshop where
children collaborated with each other and provided feedback on their
peers’ visualizations without being prompted to. We believe expanding
Data is Yours into daily contexts and collaborative settings can help
children be more critical of the data found around them.

8 CONCLUSION

We explored how a constructionist approach can foster children’s data
visualization literacy (DVL) using Data is Yours. Our observations
from a series of workshops with children (n= 5; 6–11 years old) and
interviews with educators (n = 5) reveal that physical crafting with
visualizations benefits children in different ways depending on their
past experiences with data. This exploratory study confirms the need to
further investigate how to expand the ways children can interact with
data and visualizations. We reflect on findings and current research
gaps to identify new challenges in children’s DVL research. We hope
that our approach can inspire new ways for children to creatively and
playfully interact with the visualizations and data that are woven into
the fabrics of everyday life.
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Fig. 7: (a) P3 assembling the cardboard base (b) P1–P3 collaborating
(c) P1 interacting with her authored bar chart (d) P5’s decorated toolkit.

6.1.3 Scaffolding & Embodied Learning

G5: Craft visualizations. Although children faced some issues during
the construction process, most children were able to create, analyze
and draw meaning from their visualizations. Across both workshops,
children spent about 30 minutes building and interacting with the chart
panels. Towards the end of the workshop, P2 and P5 inferred from their
charts that their performance with one hand was better than the other
due to better control of their dominant hand. P5 noticed a slight upward
trend in her line chart as she performed better over time as she played
the game. She elaborated that the resemblance of the physical line
chart to its digital form drew her attention to the line’s shape. Similarly,
P1-P4 were also able to draw parallels between the physical bar chart
and the digital representation. While playing with the bar chart control
panels (moving sliders up and down), they noted how the height of the
paper strips proportionally matched the heights of the digital bars. The
ability to physically craft the visualization and the manner in which
the digital representation mirrored the movement of the 3D printed
sliders helped reinforce the various visualization components that they
interacted with.

G6: Physical Interactions. After interacting with the facilitators’
toolkit, children immediately raised questions about and tried to explain
the box’s mechanism. P3 hypothesized the mirrors were necessary for
the camera to see fiducial markers “...to provide some kind of coding
that’s connect[ing] the markers and phone.” P3 continued to question
the toolkit’s mechanism, asking “So basically you build the data [visu-
alization] with [the toolkit], and then you print [the visualization] out?”
This curiosity and fascination motivated the younger children to take
the lead in the learning and creation process. For example, P1-P4 ex-
pressed great excitement in building their own Data is Yours and chose
to construct the toolkit before playing the game of disk darts (Fig. 6b)
when offered a choice. Though the construction process took longer for
the younger children, they were engaged throughout the entire process.
They continuously questioned how certain components and features
were related to data visualizations. For example, P4 asked, “Why are
there these slots when we aren’t using them?” when he noticed the two
slots at the base of the box that were meant to let in light to the bottom
mirror. Similarly, P2 questioned why there were multiple colors for the
paper strips and why it mattered for visualization.

While the toolkit fostered their curiosity, children also noted im-
provements in the toolkit’s construction process. P5 wished that the
toolkit box would be more stable while she was decorating her box. Ad-
ditionally, while constructing visualizations, she noticed that the sliders
did not smoothly move for all panels (bar, line, pie). Consequently, for
the bar and line charts, she spent approximately three minutes rapidly
moving the sliders up and down the channels in an attempt to manually
smooth the cardboard structure. P1-P4 faced a bottleneck during the
panel assembly process when they tried to affix the two parts of the
sliders to the chart panel. The grooves within some of the sliders were
worn down after a few cycles of opening and closing, and the younger
children requested assistance during this step.

6.2 Interview with Educators
Educators were overall appreciative of Data is Yours. E1, E2, and E5
specifically appreciated the DIY aspect of the toolkit. E1’s and E2’s
after-school programs emphasize making and physical activities, and
they noted the toolkit was a clever solution to introduce children to data
visualizations in line with those pedagogical goals. All three educators
also felt that the ability to personalize both the overall appearance
of the box and the charts can help children better identify with the
activities and take more ownership of the results. As a researcher for
early childhood education, E4 emphasized the importance of physical
manipulation for young children’s education, pointing out that even
adults use physical operations to help them think more clearly (e.g.,
using their hands to count). Based on these comments, E4 noted Data
is Yours could help students have another mental metaphor to work
with when reasoning about abstract concepts in data.

However, both E3 and E5 commented on the toolkit’s limitations
concerning the mobile phone. While E5 commented that the toolkit is
a powerful introduction for younger children (i.e., 6-8 years old), “the
[current] toolkit is going to [reach] a ceiling where [children] have
already reached to highest capability they can go [with the phone].”
Similarly, E3 questioned the choice of a mobile phone. She felt smart-
phones provide a useful introduction to the common visualizations but
will be quickly limited in their ability to create complex charts later
on. She suggested a similar toolkit scheme could incorporate a tablet
or laptop in the future. We assume that these concerns arise from the
perceived limitation of the compact physical form in addition to the
mobile phone’s capability relative to laptops when visualizing data.
Both educators found it difficult to imagine how the toolkit can incor-
porate more than five data points in its current form while retaining
sufficiently large marks for children to work with.

For future work, E3–E5 stressed how Data is Yours could be inte-
grated into existing curriculum (e.g., connecting with schools or after-
school programs). They commented the strength of Data is Yours stems
from how easily it can be integrated into existing activities. E1 and
E4 suggested integrating Data is Yours into informal learning spaces
that are likely to already have their own instructional content relating
to visualizations (e.g., science museums). E1 explained that in her past
experience as a middle school teacher, she frequently asked her students
to record their daily homework progress using stickers in a notebook,
similar to the process of creating and saving charts in Flow 3. E1 also
expressed the challenges she experienced when students misunderstood
or were unwilling to create visualizations for their science lab reports.
She stated a toolkit like Data is Yours might have helped her students
with those two activities more easily, while also resulting in engaging,
informative visualizations throughout the school year.

7 DISCUSSION

We used Data is Yours as a design probe to understand two core re-
search questions: (1) how might children respond to physical crafting
experiences in the context of working with visualizations and (2) how
can we expand DVL learning to informal learning spaces? We found
that Data is Yours helped younger children learn more about visualiza-
tion components, while older children who were more familiar with
data visualizations found Data is Yours to be more of an engaging
authoring tool (Sect. 7.1). Educators immediately saw the benefits of
our approach and how it could be expanded and integrated with other
activities in informal learning spaces (Sect. 7.3).

7.1 Data is Yours

Integrating physical crafting into a visualization authoring context was
useful for children but that utility differed based on the children’s age
and prior knowledge of data visualization.

Older children, who are likely to be more familiar with visualiza-
tions, viewed the toolkit primarily as a platform for creating their own
visualizations with more agency. At the end of the workshop, P5, the
oldest child, clearly stated she did not learn anything new about data vi-
sualization from the workshop. However, she noted how Data is Yours
was a more engaging method of authoring charts that she could see
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Fig. 8: Sketches of incorporating Data is Yours into various scenarios to expand ways children engage with data.

herself using in her daily life. Although she had used spreadsheet pro-
grams like Google Sheets to visualize her reading habits as pie charts,
she described the limitations of the “black box” nature of purely digital
tools: “[With Google sheets] you just type in a bunch of numbers and
[the visualization] appears, but with Data is Yours I can actually create
charts with my friends and talk about it.” P5 also spoke positively of
how she could use Data is Yours and the paper templates to author
charts using any dataset (e.g., exercise time, how long she spends cod-
ing). P5’s statements support the idea that the physical and interactive
nature of the Data is Yours results in a more engaging and empowering
process compared to exclusively digital visualization software.

7.2 Limitations & Future Work

Our exploratory study does not aim to provide any direct pedagogi-
cal evidence of our approach improving children’s DVL. Rather the
qualitative observations we collected provide preliminary evidence that
the children enjoyed interacting with data physically, can familiarize
themselves with foundational concepts of visualization (e.g., reason
about visual semantics, incorporate chart elements, set up appropriate
scales) through curiosity and play, and were empowered to creatively
engage with data. We currently lack more formal assessment methods
that are appropriate for children, such as revised visualization literacy
assessment tests, that would allow for a more formal DVL measure-
ment.

Though Data is Yours is designed to help children author visualiza-
tions using data of their choice, the tool’s expressiveness was not fully
explored within the constraints of a two-hour workshop. For example,
the importance of working with personally meaningful datasets varied
based on age. P1-P4 did not mind interacting with the predefined fruit
datasets. P5 expressed a similar sentiment as the two formative children,
who were similarly aged, indicating that the fruit datasets felt childish
and the self-generated game datasets were more enjoyable.

Additionally, a majority of the time in the workshop was dedicated to
assembling Data is Yours. While further observations of how children
engaged with their visualizations would have provided more in-depth
insights, we found that assembling Data is Yours helped children ac-
cumulate playful learning experiences that sparked an interest in and
new comfort with visualization. Extensive DVL encompasses complex
knowledge and reasoning processes that go beyond the two-hour ac-
tivities described here. Thus, further studies will be required to see
how children will use Data is Yours to author data visualizations in an
unconstrained and longitudinal setting.

Assessing children’s DVL frequently focuses on reading, creating,
and interpreting visualizations (Sect. 2.1). However, DVL also encom-
passes critical engagement with visualizations, such as understanding
when charts are misleading [14,45]. Our toolkit currently requires fa-
cilitator feedback to let children know about misleading aspects of their
visualizations. While we did not observe such errors, they are possible
given the open-ended authoring functionality (e.g., using misleading
axis values). To develop critical design literacy, future solutions could
incorporate visual linting and similar verification strategies [33].

7.3 A Research Agenda for Children’s DVL

With any learning technology for children, research stresses the impor-
tance of three principles: “low floor” (how easy is the technology for

children to learn and use?); “high ceiling” (does the technology advance
children in making more complex projects?); and “wide walls” (how
inclusive is the technology in supporting all children’s interests?) [61].
Our observations from the workshops indicate that Data is Yours suc-
cessfully accomplished a low floor. Young, inexperienced children
were able to craft and interpret basic visualizations using the system.
But our approach requires more consideration as to how to create a
high ceiling. E3 and E5 expressed concerns about the toolkit’s current
dependency on a smartphone. However, as children become older (e.g.,
teenagers), we anticipate they will not need the scaffolding from the
physical panels to learn and interact with visualizations. Rather, re-
search shows various ways to interact with data that are particularly
suited for mobile devices [11, 12]. E3’s and E5’s comments indicate
that future iterations of the toolkit could benefit from further considera-
tions on how to better leverage state-of-the-art visualization techniques
to engage older children.

Expanding Data is Yours to additional contexts would also increase
the variety and complexity of charts children can create. Children and
educators suggested several ways the toolkit can support wide walls,
including integrating the toolkit into activities that children naturally
enjoy (Fig. 8). For instance, children can have a more sustained engage-
ment with data at home by working with their family to recreate visu-
alizations from news media or progressively tracking changes around
them over time (e.g., tracking children’s height). These activities, in
turn, can seamlessly introduce children to different types of data (e.g.,
qualitative, geographic, categorical, temporal). Data is Yours can also
be incorporated into group activities that already take place in informal
learning spaces (e.g., science museums). The constructionist approach
shows how produced artifacts can be “shown, discussed, probed, and
admired” [55], serving as a locus for collaborative discussions. These
actions align with our observations from the group workshop where
children collaborated with each other and provided feedback on their
peers’ visualizations without being prompted to. We believe expanding
Data is Yours into daily contexts and collaborative settings can help
children be more critical of the data found around them.

8 CONCLUSION

We explored how a constructionist approach can foster children’s data
visualization literacy (DVL) using Data is Yours. Our observations
from a series of workshops with children (n= 5; 6–11 years old) and
interviews with educators (n = 5) reveal that physical crafting with
visualizations benefits children in different ways depending on their
past experiences with data. This exploratory study confirms the need to
further investigate how to expand the ways children can interact with
data and visualizations. We reflect on findings and current research
gaps to identify new challenges in children’s DVL research. We hope
that our approach can inspire new ways for children to creatively and
playfully interact with the visualizations and data that are woven into
the fabrics of everyday life.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Shaz Zamore for their assistance on
the project. This material is based upon work supported by the National
Science Foundation under Grant No. IIS-2040489, IIS-2046725, &
STEM+C 1933915.

aa b

c d

Fig. 7: (a) P3 assembling the cardboard base (b) P1–P3 collaborating
(c) P1 interacting with her authored bar chart (d) P5’s decorated toolkit.

6.1.3 Scaffolding & Embodied Learning

G5: Craft visualizations. Although children faced some issues during
the construction process, most children were able to create, analyze
and draw meaning from their visualizations. Across both workshops,
children spent about 30 minutes building and interacting with the chart
panels. Towards the end of the workshop, P2 and P5 inferred from their
charts that their performance with one hand was better than the other
due to better control of their dominant hand. P5 noticed a slight upward
trend in her line chart as she performed better over time as she played
the game. She elaborated that the resemblance of the physical line
chart to its digital form drew her attention to the line’s shape. Similarly,
P1-P4 were also able to draw parallels between the physical bar chart
and the digital representation. While playing with the bar chart control
panels (moving sliders up and down), they noted how the height of the
paper strips proportionally matched the heights of the digital bars. The
ability to physically craft the visualization and the manner in which
the digital representation mirrored the movement of the 3D printed
sliders helped reinforce the various visualization components that they
interacted with.

G6: Physical Interactions. After interacting with the facilitators’
toolkit, children immediately raised questions about and tried to explain
the box’s mechanism. P3 hypothesized the mirrors were necessary for
the camera to see fiducial markers “...to provide some kind of coding
that’s connect[ing] the markers and phone.” P3 continued to question
the toolkit’s mechanism, asking “So basically you build the data [visu-
alization] with [the toolkit], and then you print [the visualization] out?”
This curiosity and fascination motivated the younger children to take
the lead in the learning and creation process. For example, P1-P4 ex-
pressed great excitement in building their own Data is Yours and chose
to construct the toolkit before playing the game of disk darts (Fig. 6b)
when offered a choice. Though the construction process took longer for
the younger children, they were engaged throughout the entire process.
They continuously questioned how certain components and features
were related to data visualizations. For example, P4 asked, “Why are
there these slots when we aren’t using them?” when he noticed the two
slots at the base of the box that were meant to let in light to the bottom
mirror. Similarly, P2 questioned why there were multiple colors for the
paper strips and why it mattered for visualization.

While the toolkit fostered their curiosity, children also noted im-
provements in the toolkit’s construction process. P5 wished that the
toolkit box would be more stable while she was decorating her box. Ad-
ditionally, while constructing visualizations, she noticed that the sliders
did not smoothly move for all panels (bar, line, pie). Consequently, for
the bar and line charts, she spent approximately three minutes rapidly
moving the sliders up and down the channels in an attempt to manually
smooth the cardboard structure. P1-P4 faced a bottleneck during the
panel assembly process when they tried to affix the two parts of the
sliders to the chart panel. The grooves within some of the sliders were
worn down after a few cycles of opening and closing, and the younger
children requested assistance during this step.

6.2 Interview with Educators
Educators were overall appreciative of Data is Yours. E1, E2, and E5
specifically appreciated the DIY aspect of the toolkit. E1’s and E2’s
after-school programs emphasize making and physical activities, and
they noted the toolkit was a clever solution to introduce children to data
visualizations in line with those pedagogical goals. All three educators
also felt that the ability to personalize both the overall appearance
of the box and the charts can help children better identify with the
activities and take more ownership of the results. As a researcher for
early childhood education, E4 emphasized the importance of physical
manipulation for young children’s education, pointing out that even
adults use physical operations to help them think more clearly (e.g.,
using their hands to count). Based on these comments, E4 noted Data
is Yours could help students have another mental metaphor to work
with when reasoning about abstract concepts in data.

However, both E3 and E5 commented on the toolkit’s limitations
concerning the mobile phone. While E5 commented that the toolkit is
a powerful introduction for younger children (i.e., 6-8 years old), “the
[current] toolkit is going to [reach] a ceiling where [children] have
already reached to highest capability they can go [with the phone].”
Similarly, E3 questioned the choice of a mobile phone. She felt smart-
phones provide a useful introduction to the common visualizations but
will be quickly limited in their ability to create complex charts later
on. She suggested a similar toolkit scheme could incorporate a tablet
or laptop in the future. We assume that these concerns arise from the
perceived limitation of the compact physical form in addition to the
mobile phone’s capability relative to laptops when visualizing data.
Both educators found it difficult to imagine how the toolkit can incor-
porate more than five data points in its current form while retaining
sufficiently large marks for children to work with.

For future work, E3–E5 stressed how Data is Yours could be inte-
grated into existing curriculum (e.g., connecting with schools or after-
school programs). They commented the strength of Data is Yours stems
from how easily it can be integrated into existing activities. E1 and
E4 suggested integrating Data is Yours into informal learning spaces
that are likely to already have their own instructional content relating
to visualizations (e.g., science museums). E1 explained that in her past
experience as a middle school teacher, she frequently asked her students
to record their daily homework progress using stickers in a notebook,
similar to the process of creating and saving charts in Flow 3. E1 also
expressed the challenges she experienced when students misunderstood
or were unwilling to create visualizations for their science lab reports.
She stated a toolkit like Data is Yours might have helped her students
with those two activities more easily, while also resulting in engaging,
informative visualizations throughout the school year.

7 DISCUSSION

We used Data is Yours as a design probe to understand two core re-
search questions: (1) how might children respond to physical crafting
experiences in the context of working with visualizations and (2) how
can we expand DVL learning to informal learning spaces? We found
that Data is Yours helped younger children learn more about visualiza-
tion components, while older children who were more familiar with
data visualizations found Data is Yours to be more of an engaging
authoring tool (Sect. 7.1). Educators immediately saw the benefits of
our approach and how it could be expanded and integrated with other
activities in informal learning spaces (Sect. 7.3).

7.1 Data is Yours

Integrating physical crafting into a visualization authoring context was
useful for children but that utility differed based on the children’s age
and prior knowledge of data visualization.

Older children, who are likely to be more familiar with visualiza-
tions, viewed the toolkit primarily as a platform for creating their own
visualizations with more agency. At the end of the workshop, P5, the
oldest child, clearly stated she did not learn anything new about data vi-
sualization from the workshop. However, she noted how Data is Yours
was a more engaging method of authoring charts that she could see
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