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Understanding and effectively using visual representations is important to learning science, technology, engineering, and mathematics (STEM). Various techniques to visualize information, such as two- and three-dimensional graphs, diagrams, and models, not only expand our capacity to work with different types of information but also actively recruit our visual–spatial thinking. Data physicalization is emerging as a beginner-friendly approach to construct information visualization. Mapping intangible data onto tangible artifacts that possess visual, spatial, and physical properties demands an interplay of spatial thinking and hands-on manipulation. Much existing literature has explored using formatted infographics to aid learning and spatial thinking development. However, there is limited insight into how children may leverage their spatial thinking to create information visualizations, particularly tangible ones. This case study documented the data physicalization activities organized in two design classrooms of an international school in Netherlands, with 37 children aged 11–12. Seven themes relevant to spatial thinking were identified from multimodal evidence gathered from the data physicalization artifacts, classroom videos and recordings of children’s making process, and semi-structured interviews with children. Our findings suggested that these children generated various ideas to create visual–spatial forms for data with the materials at hand, such as mapping quantities to tangible materials of different sizes, using spatial ordinal arrangement, and unitizing materials to set visual parameters. Meanwhile, they evaluated and adjusted the visual–spatial properties of these materials according to the numerical data they had, crafting feasibility, and others’ spatial perspectives. What was particularly interesting in our findings was children’s iteration on their visual–spatial understandings of the intangible numerical values and the tangible materials throughout the embodied making processes. Overall, this study illustrated the different types of spatial thinking children applied to create their data physicalizations and offered insights into how embodied experiences accompanying the open-ended visualization challenge allowed children to explore and construct spatial understandings.
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1 Introduction

Growing up in a world where information is ubiquitous, children navigate through diverse visual representations of data in their daily encounters, whether it is checking nutrition labels on cereal boxes, deciphering scavenger hunt maps, or managing inventories in video games. The need to comprehend and effectively communicate information, such as data, is not only relevant but also important to children’s educational and social development (Ben-Zvi and Garfield, 2004; Dasgupta and Hill, 2017). A common resort is to use visual or tangible representations, which allow us to externalize products of thinking, aid our understanding of knowledge (Tversky, 2001; Ainsworth, 2006), and pave the way for subsequent inspection and manipulation (Fish and Scrivener, 1990; Kirsh, 2009).

Graphs, diagrams, and models are some of the common means of visualization that permeate STEM disciplines. Importantly, the learning of these visualization techniques often requires spatial thinking (Tversky, 2001; Kim and Maher, 2008; Hegarty, 2010; Höffler, 2010; Newcombe, 2010, 2017; Stieff et al., 2010; Frick and Newcombe, 2015; Baykal et al., 2018). Spatial thinking can be defined as “the mental process of representing, analyzing, and drawing inferences from spatial relations between objects or within objects” (Uttal et al., 2013a, p. 367) and is widely considered important to the learning of science, technology, engineering, arts, and mathematics (Sorby, 2009; Wai et al., 2009; Uttal et al., 2013b; Buckley et al., 2018; Zhu et al., 2023). Childhood and early adolescence mark an important period of rapid spatial ability development (Thurstone, 1955; Newcombe and Frick, 2010; Maresch and Sorby, 2021). Several studies have explored children’s understanding and uses of visual–spatial representations in relation to their spatial skills (Szechter and Liben, 2004; Hannafin et al., 2008; Frick and Newcombe, 2015). Only a select few studies shed light on how children’s creation of visualizations reflected their spatial thinking (Diezmann and Watters, 2000; Van Meter et al., 2006; Tytler and Prain, 2010), with children in grades one through six, approximately aged 6 to 12. Despite these studies, there remains a need for more research to understand how school-aged children learn, interact, and construct visual–spatial representations, as well as the potential roles spatial thinking plays in these types of learning (Ramadas, 2009; Bergey et al., 2015).

Following the call to make information visualization accessible to novices (Huron et al., 2014a), one type of information visualization technique is gaining increasing attention from researchers, data artists, and educators because of its value in education (Vande Moere and Patel, 2010) and public communication (Taylor et al., 2015). Data physicalization is defined as “a physical artifact whose geometry or material properties encode data” (Jansen et al., 2015, p. 3228). Unlike paper-based or screen-based visual representations, data physicalization leverages physicality and represents abstract information in data variables through properties of tangible objects, such as their forms, dimensions, and positions (Zhao and Vande Moere, 2008). Data physicalization activities are generally engaging and stimulate creativity, and have the potential to promote understanding of data even among novices like children (Bhargava and D'Ignazio, 2017; Kanis, 2019; Bae et al., 2022). Crafting or engaging with data physicalizations taps into our visualization and perceptual exploration competencies (Baker et al., 2009; Huron et al., 2014a,b; Jansen et al., 2015; Jansen and Hornbæk, 2015; Wun et al., 2016; Hull and Willett, 2017). In addition to providing visual cues, data physicalization affords tangible interactions that leverage our active perception skills (Jansen et al., 2015). For example, we can move our bodies to inspect physicalizations from different angles and distances. By organizing visual and tangible cues in a spatial manner, data physicalization creators make use of the spatial relations between data variables (Kirsh, 2009; Hull and Willett, 2017) to highlight meaningful associations (Lin, 1999). On the other hand, viewers apply their spatial perception skills to decipher details from visual and tangible indicators such as shape, volume, and spatial position (Jansen et al., 2015).

This case study aimed to understand how children aged 11–12 make sense of data through their spatial thinking and delved into the diverse ways children utilize spatial thinking during their data physicalization construction (see Figure 1 for an example). Specifically, given that the use of tangible materials distinguishes data physicalization from many conventional paper-based or screen-based visualizations, we also investigated how embodied interactions with tangible materials of visual–spatial properties could engage and support children’s spatial thinking.

[image: Figure 1]

FIGURE 1
 An illustration of children’s construction of data physicalization.




2 Literature review


2.1 Visual–spatial representations permeating STEM disciplines

Visualizations such as cladograms in biology, ball-and-stick models in chemistry, and pulley diagrams in physics are essential tools for grasping abstract STEM concepts. Drawing on Mayer’s (2005) cognitive theory of multimedia learning, processing visualizations employs a range of our cognitive functions, such as visual perception and the visuospatial sketchpad, to select, organize, and integrate verbal or textual information into visual representations in mind, and to establish the referential mapping between them. Spatial thinking appears to be an important factor in ensuring that students effectively utilize these visualization tools to traverse different disciplines (National Research Council, 2006).

The abilities to recognize, comprehend, and make use of the information denoted by visualizations develop from a young age (Frick and Newcombe, 2015). Existing literature has mainly explored the relationship between K-12 students’ use of formatted, two-dimensional screen-based or paper-based infographics and their spatial thinking (e.g., Hannafin et al., 2008; Cromley et al., 2013; Frick and Newcombe, 2015; Kragten et al., 2015). Several studies have indicated that secondary school students’ (7th to 12th grades) self-generated visual–spatial representations are helpful tools to facilitate their science learning (e.g., Stieff, 2011; Leopold and Leutner, 2012; Cooper et al., 2017; Tytler et al., 2020). Concurrently, a selection of studies has also shed light on how self-generated visual–spatial representations recruited primary school students’ spatial thinking and helped them make sense of abstract concepts. For instance, when sixth-grade students were challenged (with support) to develop visual representations based on verbal descriptions of a bird’s wing feather placement, they utilized the spatial information provided and spatially located layers of feathers on different wing sections, consequently showing increased knowledge about the structure and mechanics of wings (Van Meter et al., 2006). A longitudinal study by Tytler and Prain (2010) reported that students progressively iterated on their spatial representations of water evaporation from grade one to six, as their understanding of this phenomenon deepened. Moreover, through a series of lessons emphasizing the use of representations, fifth and sixth graders leveraged different modes of visual–spatial representations, such as sketches, graphs, animations, and 3D models, to document their understanding of the dynamic process of water evaporation at the molecular level, demonstrating enriched science reasoning and active use of spatial reasoning (Tytler et al., 2013a).

Recently, a meta-analysis conducted by Hawes et al. (2022) examined the impact of spatial interventions, discovering that spatial training incorporating hands-on manipulatives was more effective in enhancing math performance compared to training delivered in digital or paper-pencil formats without the use of concrete materials. This finding is especially intriguing, considering a primary objective of spatial training is to enhance performance in STEM fields (Newcombe, 2010; Uttal et al., 2013b; Buckley et al., 2018; Zhu et al., 2023). It raises questions about the role of hands-on materials in fostering spatial thinking development, especially among young students. In the following section, we will review how hands-on experiences support spatial thinking and explore the prospect of understanding primary school students’ spatial thinking through data physicalization—a visualization technique that draws heavily from hands-on and embodied manipulations.



2.2 Spatial understandings through embodied cognition

A primary means by which children make sense of and learn about their environment is by interacting with physical objects (Piaget, 1952; Inhelder and Piaget, 1964). The embodied cognition perspective, suggesting that our cognitive activities are anchored by our sensorimotor interactions with the surroundings (Wilson, 2002; Noë, 2004; Barsalou, 2008), has gained attention in various disciplines. Friedrich (1782–1852) was one of the first to take the initiative of integrating hands-on materials into the classroom to encourage self-directed playful learning among young children (Liebschner, 2006). What was later known as Fröbel’s gifts consisted of materials such as wooden spheres, cubes, planks, and prisms of different sizes and quantities. These materials allow for various possible ways of manipulation and spark children’s exploration of the properties of different shapes, dimensions, and balance. More recently, research has explored how hands-on, bodily experiences facilitate the learning and externalization of abstract knowledge (O'Malley and Fraser, 2004; Marshall, 2007; Shaer and Hornecker, 2010), such as in physics (Kontra et al., 2015), mathematics (Tsang et al., 2015), and chemistry (Stull et al., 2018). In the field of design and making, particularly, the hand plays a critical role as it “grasps the physicality and materiality of thought” (Pallasmaa, 2017, p. 104). Constructing and interacting with three-dimensional prototypes allow designers—from children to adults—to gain spatial insights and iterate on design concepts and forms (Groth and Mäkelä, 2016).

Spatial thinking, which involves many highly abstract processes that occur in the mind’s eye, also relies on spatial motor movements as one of its basic practices (Maresch and Sorby, 2021). These movements often represent an extension of the visual–spatial perception and cognitive reasoning happening in the mind. Before children develop the capacity to form abstract, verbal representations, their internal representations in the early years, as Kosslyn (1978) theorized, predominantly consist of information represented through actions and mental imagery. Hands-on manipulations, for example, can elicit motor and visual feedback on our mental imagery, enabling us to assess and modify our perceptual and spatial understanding of objects or situations (Frick et al., 2009). Through a series of experiments using the task of visualizing the water levels in tilted glasses, Frick et al. (2009) found that manually tilting the glass, as opposed to imagining the tilting in mind, supported the mental imagery of physical relations and the mental transformation of water levels among children as young as 5 years old. Link et al. (2013) discovered that having first-graders walk along a physical number line and estimate the spatial position of numbers enhanced their numerical competencies. A number of other spatial interventions have leveraged tangible resources such as paper-folding, block-building, and educational robotics to foster children’s development of spatial thinking (Casey et al., 2008; Burte et al., 2017; Julià and Antolì, 2018). For example, Burte et al. (2017) developed a series of paper engineering activities that engaged third-to-sixth-grade children in folding and cutting papers to create three-dimensional pop-ups. These embodied activities led to enhancements in children’s spatial and math task performance, especially for those in higher grades. There are many explanations for why embodied elements can support spatial thinking. For instance, hands-on manipulation can aid problem-solving when mental manipulation imposes too much cognitive load (Wilson, 2002; Shaer and Hornecker, 2010; Stull et al., 2018). Besides, tangible materials can cue mental images that enrich and refine the scope of problem exploration and solution searches (Stigler, 1984; Chao et al., 2000). There remain concerns that hands-on experiences might result in learning outcomes that are primarily due to the scaffolding provided by the manipulatives (Newcombe, 2017). Nevertheless, as the above-mentioned studies show, embodiment appears to play a meaningful role in the spatial development of children in different grades.

To date, the benefits and challenges of using visual displays, such as two- and three-dimensional graphs, diagrams, and models, to facilitate students’ subject learning and spatial skills development have been explored widely (e.g., Wu and Shah, 2004; Stieff et al., 2005). However, the understanding of children’s interaction with tangible visualization—which incorporates both visual and hands-on, embodied element—is still limited and warrants further investigation.



2.3 Data physicalization and constructionism

Many existing spatial interventions give children tasks that are analytical in nature, with close-ended, pre-determined answers. Yet from the constructionism viewpoint, children spontaneously develop knowledge and comprehension by engaging with and creating things from their physical and social surroundings (Papert, 1991, 1994), a process that is typically embodied and hands-on. Open-ended activities such as data physicalization therefore provide a window into how children construct their understanding of data by creatively using materials that have diverse visual–spatial properties and can be arranged to represent various spatial relations.

Data physicalization is essentially a process of constructing understandings of intangible data through tangible materials. It is inherently an embodied process, echoing what Wilson (2002) termed as off-loading mental activities onto the materials and the surrounding space. Unlike iconic visual–spatial displays, such as a map, where things being represented already have visible spatial properties, data physicalization often requires the maker to encode numerical information that is not inherently spatial in visual–spatial ways, and requires the viewers to decode the non-spatial information from a spatial representation of number magnitude. Drawing from the information visualization process model (Card and Mackinlay, 1997; Jansen and Dragicevic, 2013), transforming abstract data into visual or tangible representations requires visual mapping. This means assigning visual properties—which can embody spatial or graphical properties (Card and Mackinlay, 1997)—to data variables. Then, the maker carries out presentation mapping to refine the data display, such as tinkering with the way of presentation to facilitate viewers’ perception and understanding (Jansen and Dragicevic, 2013). Although this model does not depict all cognitive processes involved in constructing data physicalization, it shows that mapping intangible information and relations onto visual–spatial forms inherently requires spatial thinking, which, as discussed earlier, involves understanding, representing, and making meanings out of the spatial relations between and within objects.

Several studies have explored how visual–spatial thinking is used when constructing or interacting with data physicalization. For instance, variances in numerical data can be mapped to physical qualities such as sizes (e.g., a line of a certain length, or a 3D shape of a certain volume) (Vande Moere and Patel, 2010; Jansen and Hornbæk, 2015). Makers of data physicalization may determine the layout of the physicalization by allocating unit values to specific dimensions (e.g., lengths) or quantities of tangible objects. These visual parameters can aid in both their processing and depiction of spatial relations among data variables (Huron et al., 2014a,b). In addition, spatial arrangement and ordering can highlight hierarchical or ordinal relationships in data variables (Vande Moere and Patel, 2010; Huron et al., 2014b), reflect an efficient spatial layout (Perin, 2021), or assist viewers in comprehending and organizing information (Wun et al., 2016). Interestingly, Huron et al. (2014b) suggested that arranging tangible materials might impact people’s internal spatial organization, namely their mental representation of the spatial relationship between data points and physical objects. Overall, compared to paper-based or screen-based information visualizations, data physicalization offers tangible and embodied interactions that enrich perceptual insights (Zhao and Vande Moere, 2008; Jansen et al., 2013, 2015; Search, 2015) and prompts an inspection into the spatial organization of visual and tangible elements (Wun et al., 2016). The resulting physicalization artifacts in turn embody such spatial understandings. Notably, the low-tech, tangible resources employed in data physicalization are especially suitable for empowering young novices like children to experiment with diverse concepts and make modifications handily (Huron et al., 2014b; Bhargava and D'Ignazio, 2017; Bae et al., 2022).

Numerous data physicalization workshops have been designed for students in higher education (Vande Moere and Patel, 2010; Huron et al., 2016; Willett and Huron, 2016; Hurtienne and Reinhardt, 2017; Perin, 2021). Yet only a limited number of studies (e.g., Bhargava and D'Ignazio, 2017; Kanis, 2019; Bae et al., 2022) have delved into how younger children craft data physicalizations. These studies have primarily focused on children’s creativity, engagement, and understanding of data during the physicalization process, rather than examining children’s spatial thinking. Through this case study, we aimed to contribute to the ongoing discussion by leveraging the embodied learning experiences in data physicalization to engage children in spatial thinking.

The research questions to be addressed through our qualitative examination are:

1. How does the process of children mapping numerical data onto tangible materials reflect their spatial thinking?

2. How does the embodied process of making data physicalization stimulate children’s spatial thinking?




3 Methods


3.1 Participants

This study involved 37 children (18 girls, 19 boys), aged 11 to 12, from the final year of primary school at an international school in Netherlands. We selected these children because their Design and Technology teacher collaborated with the researchers to integrate data physicalization activities into the classroom. All participants provided informed consent to be part of this study. By this grade, children have knowledge of multi-digit numbers, multi-step addition and subtraction, multiplication and division, fractions and percentages, characteristics of 2D and 3D shapes, units of measurement and simple unit conversion, collecting, displaying, and interpreting data in data tables, line graphs, bar graphs, and pie charts (International Baccalaureate, 2009), which may be relevant to data physicalization construction. This study targeted students at the primary school level for several reasons. Firstly, it is important for younger students to begin developing visual literacy (Prain and Waldrip, 2010; Tytler et al., 2013b) as well as statistical and data literacy (Ben-Zvi and Garfield, 2004; Mickelson and Heaton, 2004). There remains a need to better understand how primary school students fabricate visual and tangible representations from data. Moreover, primary education places a strong emphasis on hands-on learning. Studies have shown that children from third to sixth grades all benefited from an embodied spatial training, with those at the upper primary level exhibiting more improvements in their math performance than younger children (Burte et al., 2017). Lastly, the primary curriculum is more flexible than secondary education, making it an ideal platform for integrating data physicalization activities into the classroom.



3.2 Materials

In the data physicalization activity, children used two primary categories of materials for construction: data tables and crafting materials. The data tables, curated to align with the design theme, Designing for Circular Economy, contained only the necessary information to highlight the goal of the task (Waldschütz and Hornecker, 2020). Data values, presented in non-ordered form with units of measurement suitable for this age group such as kilograms and percentages, can be seen in the supplementary materials (Supplementary Figures S1–S5). The children had the option to select from data tables detailing:

1. The percentages (by weight) of five different waste categories produced at their school in 2020;

2. The percentages (by weight) of five different waste categories generated in their native countries, sourced from the World Bank database (2018);

3. The amount (by weight) of solid waste produced per capita in 23 different countries, also sourced from the World Bank database (2018); choose five countries to represent.

A variety of crafting materials, including playdough, elastic bands, straws, pipe cleaners, paper cups and plates, yarn, beads, and balloons, were provided to enable a range of possible operations (Huron et al., 2017), such as molding, bending, tying, and stacking. These materials were familiar to the children, which should help lower the barrier to starting the activity (Bhargava and D'Ignazio, 2017).



3.3 Procedure

The data physicalization activity was integrated into the Designing for Circular Economy curriculum unit, a ten-session design project1 originally created by World’s Largest Lesson in partnership with UNICEF and made use of the Your Turn to Make Your Mark in Design approach developed at TU Delft. In this design project, children explore and analyze the problem of waste, and develop design ideas by reusing, repairing, or repurposing an object for users with different needs in their family, school, or community. They then make, test, and present their designed prototypes. Collaborating with the Design and Technology teacher, the research team integrated the data physicalization activity into the first two sessions of the design project, aiming to have children explore waste-related data and gain a deeper understanding of the importance of designing through reusing and repurposing wastes.

The activities were organized in two classes: the first class of 18 children in the morning and the second class of 19 children in the afternoon, both led by the same Design and Technology teacher. The children were instructed to make creative and easy-to-understand data physicalizations based on their selected data tables. Children were free to choose to work in pairs or individually as they usually do in their design units. On average, children from both classes had 15 min to read data tables, develop initial ideas, and select crafting materials. They then dedicated around 40 min to making the tangible, visual representations of data. The activity concluded with a 15-min session where children presented their data physicalization artifacts to the class. Due to time constraints in the school schedule, only children in the afternoon class had time for in-class presentation. During the class, the researchers occasionally asked open-ended questions to children for clarification on their ideas or their making process.



3.4 Data collection and analysis

A total of 23 data physicalization artifacts were created by children: 14 were made in pairs and 9 were made individually. Upon finishing their data physicalizations, children filled out a five-question self-report survey (Supplementary Figure S6) to reflect on their experience in the data physicalization activity. They gave Likert-scale ratings to five statements regarding the process of their data physicalization construction and their understanding of data. The statements were as follows: “Before making, I thought about how the visualization would look”; “During making, I checked to see if the visualization represents the data well”; “I can explain the meaning of the data to others using the visualization”; “I can understand the data better now”; “I have more ideas for what I want to design for the design challenge.” 22 self-report survey were collected. Of all the children, 22 who consented to interviews participated in brief semi-structured interviews. They were asked open-ended questions about how they developed ideas and visualized their physicalizations in mind, how they made key decisions about and changes to their physicalizations, how they thought their physicalizations could help others understand the data, and any challenges they faced.

A total of 6 h and 18 min of video/audio recordings were collected from the classroom and the semi-structured interviews. Transcriptions of classroom and interview recordings were divided into segments, with each segment capturing children’s discussion on a specific topic before transitioning to the next. These conversation segments were analyzed jointly with children’s data physicalization artifacts, constituting episodes of data.

Four researchers contributed to the iterative process of qualitative coding. The initial round of data-driven thematic analysis was carried out on MAXQDA by the principal researcher, rendering a preliminary list of themes. In the second round of coding, three other researchers were invited to independently evaluate the congruence of the themes with randomly selected episodes of data. This included a researcher in design education who is involved in the study, a researcher in mathematics education with less involvement, and another researcher in spatial language from a different institution with no involvement in the study. The four researchers discussed any disagreements regarding themes and coding interpretations. Using the iterated themes, the four researchers carried out the third round of coding, where each of them independently coded seven randomly selected data episodes. Fleiss kappa, which measures the proportion of observed agreement over and above agreement expected by chance (Fleiss and Cohen, 1973), was calculated to determine the inter-rater reliability between the four coders. The kappa value was 0.728 (95% CI, 0.613 to 0.842) with a significance level of p < 0.001, indicating a substantial level of agreement (Landis and Koch, 1977). Any remaining differences in coding were then discussed among researchers, culminating in agreement on the final list of themes as well as interpretations of the randomly selected episodes. Through the data-driven coding process, seven themes were identified to depict the different types of spatial thinking reflected in children’s data physicalization artifacts—Spatial Ways of Representation, and through their making processes—Constructing Spatial Understanding through Embodied Making.




4 Results

All children were able to create data physicalizations either in pairs or individually. All but two of the data physicalization artefacts explicitly demonstrated topological relations among the data variables and could align with one or more of the spatial thinking themes we identified, either in their ways of representation, their making process, or both. The episodes presented in Table 1 and in subsequent paragraphs came from both in-class observations and semi-structured interviews with children. Note that all children’s names mentioned in these episodes have been pseudonymised. While each episode may align with more than one theme, it is listed under the theme that it reflects most prominently.



TABLE 1 Children’s demonstration of spatial thinking in their physicalization artifacts and during their making processes.
[image: Table1]


4.1 Spatial ways of representation


4.1.1 Quantities-to-sizes mapping

Here is an example of children representing value differences in the numerical data they selected by varying the sizes (e.g., length, width, height, volume) of tangible materials either through measuring or estimation (See Figure 2).

[image: Figure 2]

FIGURE 2
 Pom poms of varying sizes—Beau’s team.




Beau: So, I made with my partner, like, this design to show how much waste our school produces and which type, so it’s the bigger they are, the more trash. So like, this is really small, the 10% of the trash is of glass. 14% of the paper, cardboard slash paper. Plastic is also 14%. Compostable waste is a whole 43%. And I guess Compostable Waste was made out of quite a lot of things. Also the pom poms sizes were not enough, so we decided to put multiple pom poms in the balloon to represent the compostable. So, you have to read to get the exact percentage, but you know which type of trash is more than this type of trash if you just look.



(After-class interview)

 

Beau and his teammate decided to use spherical pom poms of varied sizes to represent the differences in the weight (in percentages) of six types of waste produced at their school. By comparing the magnitude of numbers in percentages, they selected pom pom sizes that roughly matched the numerical values through visual estimation. It can be speculated that they either gauged the differences in these spheres’ volumes or used the diameters of the spheres as indicators of size. Beau’s explanation revealed that he was constantly relating the materials with the numerical values, displaying a clear intention to map quantities of waste to the sizes of pom poms. Interestingly, when they realized that they did not have a pom pom big enough to represent 43%—more than double the amount of represented by other pom poms—they decided to combine multiple pom poms not only to represent a much bigger amount but also to convey the idea that the compostable waste category consisted of a mix of wastes. In addition, Beau noted that their physicalization made it easy for viewers to understand the data, allowing them to directly perceive which type of waste was produced in larger or smaller quantities.



4.1.2 Spatial ordinal arrangement

Here are two examples of children highlighting ordinal relationships in the numerical data they selected by ordering and positioning materials spatially (e.g., from smallest to biggest, from highest to lowest) (See Figure 3).

[image: Figure 3]

FIGURE 3
 Ordered hot air balloons—Pim.




Pim: Um, so I’m making a bunch of hot air balloons, and since it shows in kg, the lower the air balloon is, the more kg they carry. Each air balloon is a country. So for the lightest we have, uh, Vietnam up here, which is with 110 kilograms, the lightest of our five balloons. Then comes India with 140 kilograms, also really light, slightly heavier though. And then, we are going down a big drop, Austria has 588 kilograms. So, pretty heavy down here. Then we have Germany and USA.



Researcher: Did you put stuff in the air balloon that made them heavy?



Pim: Um, no. So it’s not actually heavier, it’s just gonna be placed lower.



Researcher: Why did you make it this way?



Pim: We made it this way because, um, it was really easy to show the way, like, how the weight was, like, weighing them down. Like a hot air balloon, like, it was being weighed down by its weight. (After-class interview).

 

While the numerical values in the data tables were not ordered, Pim spatially and ordinally arranged the five “hot air balloons” to represent the waste produced per capita in five different countries of his choice. Viewing from left to right, the spatial positions of the balloons indicated that they were ranked from lightest to heaviest. Pim clarified that he conveyed the idea of weight not by making the balloons heavy, but by varying the lengths of the yarn attached to the balloons, thus achieving different positions of the balloons. He assigned visual and spatial properties to the numerical data and re-ordered the data to highlight the ordinal relationship. This was based on the spatial proximity and distance between the balloons, with the lower-positioned balloons metaphorically representing heavier weights and the higher-positioned ones representing lighter weights, allowing viewers to understand the spatial relations intuitively. This physicalization exemplified an effective use of three-dimensional space to facilitate viewers’ understanding of the data (See Figure 4).

[image: Figure 4]

FIGURE 4
 Ordered clay and sticks—Teo.




Teo: So I made this scale, which is representing the five biggest, uh, kilogram countries. USA is the biggest one with 812, Germany, 809 kilograms, and so on down. Um, and each stick, the USA stick is a whole stick, and with each country, which is less kg, it gets smaller each time, as you can see.



Researcher: If you could do it differently, would you change anything?



Teo: Maybe from smallest to biggest, instead of biggest to smallest.



Researcher: Why?



Teo: Because maybe some people see it differently, that it’s more important to produce more or less.



(After-class interview)

 

This is another example of a spatial representation of number magnitude. Teo also chose to represent the non-ordered data on the weight of waste per capita in five different countries of his choice. He decided that a whole wooden stick represented the biggest number, and the sticks became shorter as the quantities decreased. Teo’s reasoning about number magnitude was aligned with his perception of the sticks’ lengths. Interestingly, when asked about alternative approaches, Teo suggested that changing the ordinal arrangement (in descending or ascending order) could highlight different messages. This illustrated his awareness of conveying messages from data to viewers by emphasizing ordinal relationships and manipulating the different possible spatial arrangements of the materials.



4.1.3 Proportional unitizing

Here are two examples of children formulating rules for allocating units of measurement to specific quantities of materials to set visual parameters (See Figure 5).

[image: Figure 5]

FIGURE 5
 Unitized beads—Kane’s team.




Kane: So, each bead means a different amount of trash that is, that Uraguay has produced. Blue, usually would be 100. So 300. Greens are tens. So they produce three hundred and sixty. Yellows are fives. So, three hundred and sixty-five. And reds are ones. So, it’s three hundred and sixty-seven.



(In-class observation)

 

Here, Kane was gesturing to explain his team’s decision to use beads of different colors to represent different quantities and assign unit values to colored beads. From his explanation, it became clear that they established meaningful mappings between numerical values in the data and the physical quantities and properties of the beads. To effectively represent large three-digit numbers in 3D with simple and limited materials, Kane and his teammate developed the rule where each blue bead represented 100 kg, each green bead represented 10 kg, each yellow bead represented 5 kg, and each red bead represented 1 kg. This approach demonstrated their proportional reasoning—an important cognitive strategy often used in mathematics and requires spatial reasoning. They then applied this numerical-spatial mapping rule to make stringed beads representing all five countries of their choice (See Figure 6).

[image: Figure 6]

FIGURE 6
 Unitized pipe cleaners around a cube—Mya & Ari.




Ari: Yeah, I think this can be one hundred, this much, this much is one hundred, the way I folded it, and then another one hundred, and then that’s the ten. Okay? Good? And then just fold it.



Mya: Oh yeah, and then you can stick it. Now we need to use.



Researcher: Are you measuring it? How are you coming up with that length?



Mya: Um, we just made a certain, uh, amount for like one hundred, a certain amount for ten, for one, and a certain amount for five.



Ari: So maybe like one hundred could be this much. That’s smart is it? So, how many centimeters?



Mya: It is… 9 cm. One hundred is 9 cm. Ten could be maybe one.



Ari: Okay, yeah, one centimeter because this is exactly, ten is one centimeter.



(In-class observation)

 

Similarly, Ari and Mya discussed how they could represent the large numbers of waste using pipe cleaners. Having pipe cleaners at hand, they decided to measure a certain length to represent a 100 kg, which turned out to be 9 cm. They quickly deduced that if a 100 kg is represented by 9 cm, 10 kg could be represented by 1 cm. In the figure shown in the middle of the panel, Ari and Mya wrote down the rules that 9 centimeters represented 100 kg, 1 cm represented 10 kg, 0.5 cm represented 5 kg, and 0.1 cm represented 1 kg. It appeared that they were reasoning somewhat proportionally about numerical values from data and the lengths of pipe cleaners. However, they did not realize that, by proportion, 100 kg should correspond to 10 cm instead of 9. Thus, while it was intriguing to see how these children devised rules of unitizing that corresponded intangible numerical values with visual–spatial properties, it was also evident that their proportional reasoning was imprecise.




4.2 Constructing spatial understanding through embodied making

We now proceed to discuss the four themes that place a stronger emphasis on children’s making process. As the children interacted with materials and their surroundings, they developed new understandings of the visual–spatial properties of the materials at hand. They considered the spatial relations between these materials that could depict relations among data variables and also came up with alternative methods to construct their physicalizations.


4.2.1 Generating ideas and concepts to give visual–spatial forms to data

First, we present an example of children developing preliminary ideas and concepts about the forms or methods they can follow to physicalize data visually and spatially at the onset of interaction with the materials (See Figure 7).

[image: Figure 7]

FIGURE 7
 Movable pie chart—Shay & Otto.




Shay: Look what I made. You pull it. (showing the movable plates) So we could like, um, make a pie chart. We can put the information right here.



Otto: Um, how will we fit five countries on that? I’m confused, um, which paper is which. I do not even know which plate is which anymore.



Shay: Look, so it’s going to be like this, one whole pie, okay? Pie chart. And then this is how much… I’m going to have this representing, for example, just give me a pencil, please. Like, this is how much waste India has, okay? If I wanted to know how much India uses, I could measure how, like, how much uses. I could just, like, into a fraction.



Otto: A fraction, yeah, yeah, that would work.



Shay: Yeah. Then we can color it in how much which country to have what.



(In-class observation)

 

In this team, Shay came up with the idea to make movable plates upon seeing the available materials. He joined two plates at the center with a bendable pin and made cuts on both plates, allowing them to spin. With the plates in hand, he thought of converting the data into a pie chart. According to his idea, rotating the plates would reveal the data on waste per capita in different countries sequentially. Although Otto took some time to grasp his teammate’s idea, they eventually agreed on converting the data in kilograms to a presentation format suitable for a round plate. They did this by calculating the fractions of waste per capita in each country out of the total from the five countries combined, with help from their teacher in calculating these fractions and converting them to percentages.

They then went through the process of visualizing and estimating. For example, to represent that the waste per capita in the United States takes up 25% of the total from the five countries combined, they actively visualized what one fourth of the plate’s area would look like. This process of estimating the area likely involved multiple spatial thinking steps, such as visualizing and comparing areas, and considering the relationship between a portion of the chart and the whole. It is also possible that they considered where the radius of the circle would emerge, visualizing drawing the radius from a certain angle to yield a certain segment of area on the pie chart.



4.2.2 Evaluating and adjusting the methods and materials used to physicalize data

Here are two examples where children evaluated and adjusted aspects such as size differences, unit values, spatial ordering, and ways of arrangement while interacting with the materials. Each example showcases different and meaningful approaches to adjusting the materials (See Figure 8).

[image: Figure 8]

FIGURE 8
 Embodied making and experiment with cups—Lia & Ada.




Lia: I have an idea, so for compost and food we can fill it up until halfway or something (putting the pom poms in the cup to explain the idea) say this is the recycling thing. And fill it up that much. Like, really little, for 5 %. Then, say, for this one (compost), we fill it almost halfway.



Ada: So then, um, how much we fill the plastic?



Lia: We have to fill exactly the same as the paper.



Ada: What if, to make, say, the plastic higher, we can put this on top here, and then we put the lid… And then we can fill that. It’s full of plastic. So wait, but is this 14% about?



Lia: This one has to be filled slightly more…and the plastic it has to be filled exactly the same.



Ada: That looks kind of the same.



Lia: Yeah, that’s fine, that’s fine. Although, this has to be more than this… The tin is 5%…



Ada: So, this is 10% compared to 5%. That’s about half.



Lia: Yeah, I think. Look, I had this fun experiment. Let us dump them all into one and see if that makes exactly a full cup. A full hundred percent. I do not think it will because I think it’s a bit too much. That makes about a full 100%.



Ada: It’s a bit over, right?



Lia: Okay, I’m taking out one of each just to make it slightly smaller.



(In-class observation)

 

As Lia and Ada interacted with the materials, they were actively constructing spatial understandings of the numbers in the data and the data physicalization task itself. Projecting their understandings of the numbers onto the materials, they visually compared and evaluated whether their spatial-numerical mappings were reasonable and whether the spatial representations of number magnitude were accurate. They used the visual feedback from their embodied interactions with the materials to modify the physicalization, likely gaining new insights into how numerical values can correspond to certain heights and volumes.

There are many spatial moments in the episode shown above, such as gauging the space needed to represent 5% and visualizing how much materials they should fill the cup with. They used phrases such as “a bit over” and “slightly smaller” to indicate the process of comparing number magnitudes. Descriptions like “we fill it almost halfway” and “this is 10% compared to 5%. That’s about half” showcased their proportional reasoning of ratios. Overall, it appeared that as they visualized and estimated the sizes of materials they used, they were actively relating number magnitude with their spatial representations—heights and volumes.

Interestingly, Lia came up with an experiment to test the accuracy of their estimations. The idea of checking whether all the materials would add up to 100 percent showed that they were testing their understanding of percentages with real materials. It appeared that the embodied interactions with the materials sparked the idea of experimenting with cups. Precisely because of the use of tangible materials, these children could receive direct visual feedback on whether the cup would be full or overfull when they combined everything into one cup. It should be noted that Lia and Ada were focused more on the height of the filled materials rather than the volumes (as the cup they used had a larger surface area on the top than at the bottom). This is expected as they had not yet learned about calculating the volumes of cylindrical shapes like cups (See Figure 9).

[image: Figure 9]

FIGURE 9
 Modifying the balloon stand—Pim.




Pim: And after when I was done with all the balloons, I just thought to myself. Oh, well, I guess I could also make like a stand that’s like standing upwards on the table. And then I noticed that it would not just fit all of them and it would not be high enough. So I noticed I could just flip my stand over and it would fit perfectly on the wall.



(After-class interview)

 

Pim’s response revealed that embodied interactions with the materials inspired him to consider an alternative approach for presenting his physicalization. Originally, Pim thought of attaching balloons to a stand on the table, as shown on the top left of the panel. However, he noticed that there was not enough height between the table and the floor. This meant that balloons with longer yarn would simply lie on the floor, failing to convey the differences in their spatial positions. As a solution, Pim decided to flip the stand and affix it high up on the classroom wall, effectively using the classroom space to illustrate the large weight differences in waste per capita among countries. Unlike the previous example, where the adjustment was made on the visual mapping process from data to tangible materials, this modification pertained to presentation mapping (Jansen and Dragicevic, 2013) to facilitate viewers’ perception of the physicalized data.



4.2.3 Identifying a (mis) match between ideas and crafting skills

The making of data physicalization artifacts required children to not only give numbers visual–spatial forms but also to use crafting skills to bring their ideas in mind to life. Occasionally, children realized that they needed to modify or give up on some ideas due to their limited crafting skills (See Figure 10).

[image: Figure 10]

FIGURE 10
 From 3D pyramid to 2D collage—Ravi.




Researcher: What was the biggest challenge for you?



Ravi: Um, so I first thought to make a pyramid, a diorama thing. Something like a, like a 3D thing, yeah. But then I thought that, like, it would take a lot of time, and I’m really not that good at making crafts. And I would love to get all the supplies and I really do not know how to do it. And after that, representing. Put them in a, uh, pyramid, it’s like, tough. And then I think of like a simple way, like other than the pyramid, I thought of a simpler, like, a figure. So I just thought to make a chart out of like, I cut it out some papers and then I stick them on the white piece of paper and I wrote the country’s name, which is easy to understand for people and this would take a bit less time. So for an example, I think, uh, Netherlands were the biggest. So like I cut out a big chunk of paper for Netherlands and a small chunk for India because the number was smaller, was like a hundred something.



(After-class interview)

 

Due to a lack of certain crafting skills, Ravi gave up on the idea of making a 3D pyramid shape physicalization and opted for a simple 2D collage representation. In his current physicalization, Ravi varied the side lengths of different strips in the collage, showing that Ravi was giving numerical values visual–spatial forms and exploring the different properties of two- and three-dimensional space in his mind. Had he pursued the pyramid idea, it would have demanded more spatial thinking. For instance, he would need to decide which of the many side lengths to vary, which taps into his knowledge of this 3D geometric shape. Moreover, making a pyramid from scratch would be challenging, as he might need to sketch a net plan for the pyramid on paper and then assemble it in 3D. While these were merely our conjectures, it is reasonable to hypothesize that crafting a 3D pyramid would have been more spatially challenging for him had he possessed the crafting skills and sufficient time.

Some of these children were able to craft spatially complex representations. For example, Mya and Ari (Figure 6) built a cube from a net plan and managed to secure the pipe cleaners of varying lengths onto each face of the cube. This process demanded spatial visualization, mental rotation, and possibly prior knowledge about crafting a paper cube from scratch and making knots on papers. For another example, Shay (Figure 7) used simple materials to create a movable design that allowed for spatial transformation. Nevertheless, data physicalization tasks can still be challenging for some children given the limited crafting skills, tight class schedule, and restrictions in available materials.



4.2.4 Considering viewers’ spatial perspective

Here is an example of children envisioning what their physicalizations would look like when viewed by others from different angles or perspective. This conversation is part of an earlier discussion between Lia and Ada (Figure 11).

[image: Figure 11]

FIGURE 11
 Cups from different perspectives—Lia & Ada.




Lia: Say we do not have enough of glass. We can stuff some paper underneath and then put this on top to make it looks like more full. Because in a box you can only see what’s on top.



Ada: Oh and we can put a mark on the front to say how much of it is inside, but you could also look inside to see like how full it is.



(In-class observation)

 

Lia and Ada had a limited number of plastic lids available, which were insufficient to represent the quantity of plastic waste. Interestingly, Lia suggested placing other materials underneath and simply covering the top with the two plastic lids they had. She reasoned that viewers could only see what was on the surface when looking from the top. Ada quickly built on this idea, suggesting that they could label the percentages on the cup’s outer wall to facilitate viewers’ understanding from the side. Their discussion revealed that they were envisioning viewers actively perceiving their physicalization from different angles. They developed this solution not just to tackle the problem of limited materials but also to ensure that viewers receive accurate data information, whether viewing from above or from the side.




4.3 Self-report from children

22 of the 37 children completed the self-report survey individually. The remaining children did not complete the survey, possibly because they missed the instruction, had not finished their artifacts, or misunderstood the instruction so that only one child from a team filled out the survey. Children gave Likert-scale ratings from 1 to 5—1 indicating “I’m not doing it yet/Does not sound like me yet”, 3 indicating “I did it sometimes/Sounds somewhat like me”, and 5 indicating “I did it often/Sounds very much like me.” Among the respondents, 95.5% of the children gave a rating of 3 or above for the statement “Before making, I thought about how the visualization would look”; 81% of the children gave a rating of 3 or above for the statement “During making, I checked to see if the visualization represents the data well”; 95.5% of the children gave a rating of 3 or above for the statement “I can explain the meaning of the data to others using the visualization”; 100% of the children gave a rating of 3 or above for the statement “I can understand the data better now”; and 72.7% of the children gave a rating of 3 or above for the statement “I have more ideas for what I want to design for the design challenge.”

In summary, all children who filled out the survey reported an enhanced understanding of the data about waste. A majority were capable of visualizing what their representation would look like before making and articulating the meaning of their data through their data physicalizations. A number of children reported that they occasionally or frequently checked to see if the representation matched the data well during the making process. Additionally, some of these children reported that the data physicalization activity inspired their design ideas for the Circular Economy design theme.




5 Discussion and conclusion

In this study, children utilized their spatial thinking alongside their numerical and crafting skills to devise a variety of methods for mapping numbers to visual–spatial forms. Specifically, they made creative and effective use of two- and three-dimensionality, resulting in data physicalization artifacts that incorporated a range of materials, sizes, and configurations, depicted ordinal or proportional relationships, and engaged viewers to perceive these artifacts from different angles. At its core, children’s construction of data physicalizations revealed insights into their process of encoding different dimensions of information from the data and transforming non-spatial data into tangible objects with visual–spatial properties and relations.


5.1 Using visual and spatial properties to encode data—spatial ways of representation

To address the first research question, our analysis of children’s data physicalization artifacts, conversation, and making processes triangulated evidence that the children used spatial thinking as they mapped numerical data onto tangible materials. Among the different approaches to physicalization, we identified three ways of visual mapping that potentially recruited spatial thinking and were repeatedly observed among the children in our study.

Quantities-to-size mapping, the technique of representing value differences in numerical data by varying the sizes of tangible materials, is commonly seen in data physicalizations made by adults (e.g., Vande Moere and Patel, 2010; Jansen and Hornbæk, 2015; Hurtienne and Reinhardt, 2017; Perin, 2021). This technique was also reflected in all children’s artifacts mentioned above (Figures 2–11). The cognitive strategy of mapping intangible numbers to tangible entities is important in mathematics and requires children’s understanding of quantities and proportional reasoning (Lamon, 1996). This practice recruits spatial thinking, evident in our results where children corresponded numerical values with indicators of size, such as a certain length, width, area, or volume of tangible materials, either through visual estimation or precise measurement. Moreover, to illustrate a comparison of number magnitude in data, children leveraged their knowledge of ratios and proportions, for instance, by spatially scaling the material’s size to represent data values that doubled or tripled (Figures 2, 8).

Proportional unitizing is a reasoning strategy critical to math learning and frequently employed in data visualization and physicalization by novices and experts to map numerical data to visual elements (Huron et al., 2014a). In a study by Huron et al. (2014b), adult participants with little experience in information visualization were given unit tokens to conveniently construct their physical visualizations. From our results, we noticed that children spontaneously thought of using unit rates (Figures 5, 6). Multiple teams developed and adhered to proportional unitizing rules, demonstrating thoughtful consideration of the materials’ visual–spatial properties and adeptness at representing large three-digit numbers with materials of limited sizes and shapes. For other children, this process may have been intuitive rather than rule-based, indicating an implicit understanding of proportional unitizing.

An additional way of representation that required spatial thinking and was evident in children’s artifacts was using spatial ordinal arrangement to highlight meaningful ordinal relationships within the data. This technique is frequently seen in data visualization and physicalization practices of adults (e.g., Ware, 2004; Vande Moere and Patel, 2010). Similarly, in our results, several teams or individual children ranked the materials they used to represent data values in either ascending or descending order (Figures 3, 4). These arrangements are meaningful to the discussion of spatial thinking because the data tables they received were not sorted in specific orders. As children positioned materials in a certain order in the 3D space, they were likely contemplating the relationships between data variables and reasoning how these relationships could be conveyed through spatial proximity and distance.



5.2 The interplay between spatial thinking and embodied making

Our second research question was: How does the embodied process of making data physicalization stimulate children’s spatial thinking? We observed that thinking along and interacting with tangible materials meaningfully stimulated children’s spatial thinking and offered them opportunities to transform numbers into tangible representations with visual–spatial properties.

The theme, generating ideas and concepts to give visual–spatial forms to data, illustrates how children developed ideas for diverse ways of physicalization through interacting with the materials (e.g., Figures 3, 6–9). For example, manipulating pipe cleaners prompted children to correspond certain lengths with certain weights (Figure 6). Similarly, having movable plates at hand gave children the idea of converting data in kilograms into percentages and mapping them onto respective areas on a pie chart-like plate (Figure 7). Our observations revealed that all teams or individual working children were able to give visual–spatial forms to data either in 2D or 3D through active interactions with the materials. This resonates with prior studies suggesting that creating visual–spatial representations facilitates problem exploration as well as perception organization (Tytler et al., 2013a). It may also be explained by earlier findings which indicated that tangible materials and manipulatives function as a “mental tool view” (Chao et al., 2000) and that interactions with physical materials elicit mental imageries that can “guide and constrain their thinking for problem solving” (p. 285).

The theme, evaluating and adjusting the methods and materials used to physicalize data, is exemplified by children experimenting with both visual mapping and presentation mapping. Children’s frequent hand movements around the materials helped them test the accuracy of their spatial understanding of number magnitude (Figure 8) and uncover the optimal spatial layout of their physicalization (Figure 9). It appeared that making tangible representations of data allowed them to visually compare and evaluate the appropriateness of their representations, and any adjustments made may have updated their mental representations (Huron et al., 2014b). These complex embodied thinking processes echo Schön’s (1983) notions of “knowing in action” and “reflecting in action.” They also align with Kelly et al.’s (1987) depiction of the ongoing interaction between mind and action in the design processes of 15-year-olds, where “making activities interact with cognitive activities as the manifestations of our ideas allow us to think more deeply about their implications” (p. 13). In addition, our results under this theme appear to be in line with the findings that spatial motor movements serve as a manifestation of the underlying spatial perception and cognitive reasoning (Maresch and Sorby, 2021) and elicit visual feedback to support mental simulation (Frick et al., 2009).

The theme, considering viewers’ spatial perspectives, aligns with the suggestion that designers need to envision viewers taking an active rather than passive stance when interacting with physicalized data (Jansen et al., 2015). As depicted in Figure 11, children were contemplating how their physicalization could convey a coherent message about quantity to viewers from either a top or side view. This reasoning process is somewhat analogous to solving spatial visualization problems, where students are often tasked to imagine how a set of blocks looks when viewed from the top or the side, or determine which blocks will be visible or hidden (e.g., the Middle Grades Mathematics Project Spatial Visualization Test by Ben-Chaim et al., 1988). However, unlike solving a paper-pencil task on visualizing the different view plans of blocks, the children in our study were using their spatial visualization skills to solve an authentic problem that arose from the many possible arrangements of tangible materials. It allowed for (1) open-ended ways to formulate solutions, and (2) hands-on experimentation with direct visual feedback from the materials. For example, they could check to see if placing plastic lids above other materials would give the visual effect of a fuller cup.

To summarize the themes discussed above, the converging evidence from children’s data physicalization artifacts, conversation, and making processes indicated that children were constructing spatial understandings through the embodied making process of data physicalization, and that their spatial thinking was grounded in their embodied interactions with the materials and the classroom space. Spatial thinking skills are predominantly trained with the goal of having students perform manipulations of mental imagery in mind. However, our findings, consistent with prior research (e.g., Casey et al., 2008; Frick et al., 2009; Link et al., 2013; Burte et al., 2017; Maresch and Sorby, 2021), highlight the important role of embodied experiences in spatial thinking. Our society tends to categorize human activities strictly into physical or intellectual work (Pallasmaa, 2017). Yet we should not always view bodily motions and cognitive capacities as entirely separate agencies. Many examples from our results indicated that had these children been limited to creating infographics in their minds or on paper, they might not have actively envisioned numbers with visual–spatial properties.

Despite the observed benefits of embodied making experiences on children’s construction of data physicalization and their use of spatial thinking throughout the activities, we are mindful of the ongoing debate regarding the role of embodied experience in supporting children’s spatial thinking development. On one hand, there is the perspective that bodily experiences and mental activities complement each other (Wilson, 2002; Pallasmaa, 2017) and that embodied experiences are crucial for spatial thinking development (Frick et al., 2009; Link et al., 2013). On the other hand, there is concern that the use of hands-on manipulatives may diffuse the emphasis on honing children’s abilities to visualize, plan, and solve problems in their minds without external aids (Newcombe, 2017). More research is needed to fully understand how embodiment influences children’s spatial thinking and to determine under which conditions it nurtures or impedes the development of certain spatial skills.

Lastly, we observed a display of spatial creativity, defined as “the ability to create new and rich 2D and 3D ideas for volumetric forms that consist of spatial configuration, organization, and the spatial relationships of the components” (Suh and Cho, 2020, p. 3). For example, the children in Figure 6 attached traced shapes of countries to the faces of a cube, in addition to presenting unitized data information on waste per capita in these countries. In Figure 7, the children created movable plates that allow spatial transformation and interaction with viewers. Unlike visualizing data in a 2D or virtual 3D environment, a physical environment promotes tactile exploration and interactions, allowing the maker to embed the meaning of data in creative ways and the audience to experience data in unexpected ways (Vande Moere and Patel, 2010). We should note that not all of the representations were novel forms, as some resembled conventional bar or line graphs (e.g., Figure 4). Nevertheless, the diversity of artifacts produced by these children still indicated their application of everyday creativity to develop what seemed original and valuable to them (Craft, 2001; Cremin et al., 2018).

Overall, children of this age seem to be able to meaningfully engage in data physicalization activities. Children exercised their spatial and numerical understandings during this brief, versatile classroom activity, which has the potential to be implemented in design and technology education, inquiry-based learning, as well as STEM education. Based on these findings, we will move forward to discuss the practical implications of this study for educators and researchers.




6 Implications and future research

The data physicalization activity discussed in this case study was integrated into a design module and took place in a formal learning environment. This activity effectively directed children towards thinking about waste-related issues, devising methods to communicate data information to others, and subsequently generating ideas on designing through reusing and repurposing waste. Our approach highlights the potential of using data physicalization as a problem-exploration or story-telling tool in design education.

In line with previous findings that data physicalization can be a valuable tool for learning in the classroom (Willett and Huron, 2016), our findings have broad implications for STEM education. Firstly, this qualitative examination paves the way for the development of embodied, educational interventions targeting children’s spatial-numerical understandings. Secondly, given the low-tech and versatile nature of data physicalization activities, coupled with the importance of data literacy across disciplines, there is potential to weave data physicalization activities into STEM, arts, or social science classrooms to facilitate subject knowledge comprehension and enrich the learning experiences with embodied elements. Furthermore, resonating with observations from Bae et al. (2022), we noticed that data physicalization provided children with ample opportunities for hands-on experimentations, such as seeing the change in height and volume as they fill in materials and conveniently remove materials to achieve the desired quantity (Figure 8). Hence, data physicalization may be a promising tool for inquiry-based learning in STEM.

There is room for improvement regarding how the data physicalization activity was organized. Firstly, additional scaffolding is needed to help children better understand data and the physicalization task. Generating visual–spatial representations based on verbal information requires thoughtful selection and integration of information (Van Meter et al., 2006). The use of tangible materials poses further challenges to children’s ability to integrate information, taking into account the visual, spatial, and physical properties of the materials used. Therefore, it could be beneficial to guide children in identifying key data information and exploring the properties of materials, as well as prompting them to think about effective ways of representation. Secondly, due to scheduling challenges, only children in the afternoon class had the opportunity to present their physicalizations to the class. Through practice, we noticed the importance of presenting and receiving feedback, as these enabled children not only to create but also to critically evaluate their own work and that of their peers. For example, feedback nudged children to think about how comprehensible their physicalization is to others. By doing so, educators can better tailor these activities to nurture children’s data literacy, visual literacy, and representational competency. Therefore, in future data physicalization practices, it would be beneficial to provide opportunities for self- and group-reflection, as well as peer feedback. Finally, the children involved in our study come from middle to upper socioeconomic backgrounds, with some having parents in STEM professions. This background might have given them greater exposure to STEM-related knowledge and skills, potentially aiding their data physicalization construction. Future research should consider organizing data physicalization activities with children from varied backgrounds and different levels of data and visual literacy.

It is important to note that children’s ability to create elaborate and spatially complex physicalization artifacts is constrained by their crafting skills. This limitation is exemplified in the theme, identifying a (mis)match between ideas and crafting skills. Oftentimes, the three-dimensional, spatial ideas that were vivid in their minds were compromised due to insufficient crafting skills. Future research is needed to investigate if training in crafting and making skills can benefit children’s spatial making processes.

Lastly, future research should investigate how children with varying spatial ability levels may benefit differently from data physicalization activities. In the current study, our analysis did not explore the dynamics between children working in pairs. Yet, it is conceivable that a child with higher spatial ability might adopt more spatial methods for data physicalization or be more adept at visually estimating, measuring, or crafting. Prior research indicated that external representation and physical manipulation often reduce the cognitive load required for mental computations (Kirsh, 2009). However, some suggested that specific external representations (e.g., on-screen 3D models) may only benefit students with higher spatial abilities while inducing more cognitive load on students with lower spatial abilities (Huk, 2006). Future studies should explore how the use and fabrication of tangible visualizations may influence children with varying spatial ability levels in distinct ways. While our study provided qualitative insights into how tangible visualization activities engage spatial thinking, it is necessary for future quantitative or mixed-methods studies to investigate how these activities can be structured to enhance children’s spatial ability.
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they selected by varying the sizes (e.g. length, width, height,
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Constructing spatial understanding through embodied mal
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