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Abstract
Spatial thinking is ubiquitous in design. Design education across all age groups encom-
passes a range of spatially challenging activities, such as forming and modifying mental 
representations of ideas, and visualizing the scenarios of design prototypes being used. 
While extensive research has examined the cognitive processes of spatial thinking and their 
relationships to science, technology, engineering, and mathematics learning, there remains 
a knowledge gap regarding the specific spatial thinking processes needed for open-ended 
problems, which may differ from those assessed in close-ended, analytical spatial tasks. To 
address this gap, we used educational design-based research to develop a nature-inspired, 
design-by-analogy project and investigate the spatial thinking processes of young, nov-
ice designers. 16 children from an international school in the Netherlands participated in 
this five-week design project. Multimodal evidence from classroom recordings and chil-
dren’s design works were triangulated to offer insight into the key spatial thinking pro-
cesses involved in their creation of nature-inspired, analogy-based design prototypes. Our 
results revealed spatial thinking processes that might not align with those assessed in con-
ventional spatial tests and may be unique to design or open-ended problem-solving. These 
processes include abstracting spatial features to infer form-function relationships, retriev-
ing a range of relevant visual information from memory, developing multiple possible ana-
logical matches based on spatial features and relationships, elaborating and iterating on the 
design concepts and representations to make creative and suitable solutions for the design 
challenge, as well as visualizing design prototypes in practical usage scenarios. By high-
lighting the nuanced differences between spatial thinking in open-ended, divergent think-
ing tasks and conventional spatial tasks that demand single correct solutions, our research 
contributes to a deeper understanding of how children utilize spatial thinking in design and 
open-ended problem-solving contexts. Furthermore, this case study offers practical impli-
cations for scaffolding children’s analogical reasoning and nurturing their spatial thinking 
in design education.

Keywords Spatial thinking · Design education · Biomimicry · Analogical reasoning · 
Divergent thinking
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Introduction

The ability to think spatially and deal with spatial information requires “searching the vis-
ual field, apprehending the forms, shapes, and positions of objects as visually perceived, 
forming mental representations of those forms, shapes, and positions, and manipulating 
such representations” in one’s mind (Carroll, 1993, p. 304). These cognitive processes 
are often externalized through spatial representations like diagrams, sketches, and models 
(Gagnier et al., 2017; Novick et al., 1999; Stieff et al., 2005) as well as depictive or dynamic 
hand motions (Clement, 2008; Ehrlich & Levine, 2006; Pallasmaa, 2017). Together, these 
cognitive processes play an important role in the learning and practicing of science, tech-
nology, engineering, arts, and mathematics (STEAM) disciplines, including design (e.g. 
Buckley et al., 2018, 2022; Hegarty, 2014; Kell et al., 2013; Lin, 2016; Wai et al., 2009).

Over the past decades, a number of studies have confirmed that spatial thinking abili-
ties can be trained and improved (e.g. Cheng & Mix, 2014; Hawes et  al., 2017; Lowrie 
et al., 2017; Sorby, 2009; Uttal et al., 2013). Since spatial thinking is not used in a vacuum 
but often along with content knowledge (Atit et al., 2020; Hegarty et al., 2007; Ormand 
et al., 2014), it has been proposed that psychological and educational interventions should 
be designed to enhance not only individuals’ spatial abilities but also their problem-solving 
performance in real-world learning tasks (e.g. Atit et al., 2020; National Research Coun-
cil, 2006; Newcombe, 2017; Uttal & Cohen, 2012; Uttal et  al., 2013; Zhu et  al., 2023). 
To understand and support students’ use of spatial thinking in authentic learning contexts, 
research has been dedicated to integrating spatial practices in day-to-day classrooms, such 
as in mathematics (Hawes et al., 2017), chemistry (Stieff et al., 2012), geology (Ormand 
et al., 2017) and engineering (Julià & Antolì, 2018; Sorby & Baartmans, 2000). However, 
there has been relatively limited exploration of developing spatial thinking through Design 
and Technology (D&T) education.

Engineers, scientists, and designers regularly engage in design practices that involve 
integrating interdisciplinary knowledge and skills to devise purposeful solutions to authen-
tic problems (Klapwijk & Stables, 2023). Spatial thinking and the use of spatial represen-
tations are prevalent in design practices, especially when the designed products and pro-
cesses have a material nature. As characterized by Schon and Wiggins (1992), “A designer 
sees, moves and sees again” (p. 135). Designers’ exploration of the design problem space 
and solution space is visualized through their minds’ eyes and often externalized through 
multimodal representations,  including verbal elaborations, sketches, gestures, and the 
making of tangible or virtual prototypes (Kavakli & Gero, 2001, 2002; Schon & Wiggins, 
1992). Attending to the visuo-spatial features in their design artifacts, such as the shapes, 
sizes, spatial relations, or spatial arrangements, may in turn lead to ‘unexpected discover-
ies’ about the design problems and possible creative solutions (Suwa et al., 2000). Unlike 
tasks commonly studied by cognitive scientists, design problems do not have a single cor-
rect answer (Cross, 1982) and the process of developing design solutions has, in essence, 
a divergent nature (Guilford, 1967). Moreover, designers often need to envision and create 
things that do not yet exist by visualizing the new products both in their minds and through 
materials. As a result, it is reasonable to speculate that the cognitive spatial processes used 
in design ideation may differ, to some extent, from those employed and assessed in widely-
used spatial tasks with predetermined answers (e.g. Guay, 1977; Shepard & Metzler, 1971; 
Vandenberg & Kuse, 1978).

To generate creative solutions to open-ended design problems, designers employ 
various techniques to stimulate divergent thinking, such as re-representing or reframing 
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problems (Zahner et al., 2010), examining pictorial examples (Purcell & Gero, 1996), and 
using design-by-analogy (Fu et  al., 2015; Hey et  al., 2008; Linsey et  al., 2012; Qian & 
Gero, 1996). In the current study, we aim to understand how children utilize spatial think-
ing in an open-ended, design problem-solving situation that requires divergent thinking and 
analogical thinking. To investigate this, we developed a biomimicry design project, where 
children draw inspiration from various forms in nature, map form-function relationships 
observed in nature onto their own designs, and create spatially complex design-by-anal-
ogy prototypes. We expect that gaining insights into children’s spatial thinking in this par-
ticular context will help identify spatial thinking processes that are unique to open-ended 
problem-solving.

Literature review

Developing spatial thinking in authentic learning contexts

Spatial ability has been a subject of extensive research in cognitive science, developmental 
psychology, and educational science (e.g. Gilligan et al., 2020; Hawes et al., 2017; Low-
rie et  al., 2019; Mix et  al., 2021; Newcombe, 2017; Uttal et  al., 2013). The association 
between individuals’ spatial abilities and their academic performance has been investigated 
in disciplines such as science (Stieff et al., 2012), technology (Buckley et al., 2022), engi-
neering (Hsi et  al., 1997; Sorby, 2009), and mathematics (Hawes et  al., 2015). There is 
a general consensus that higher spatial abilities are linked to better performance in these 
subjects as well as an increased likelihood of pursuing careers in these domains (Shea 
et al., 2001; Wai et al., 2009). Since spatial thinking skills develop from a young age and 
throughout childhood (e.g. Newcombe & Huttenlocher, 2000), providing children with 
opportunities to engage in spatial activities within formal, informal, and non-formal learn-
ing environments has the potential to enhance their spatial abilities (Newcombe & Frick, 
2010; Newcombe & Stieff, 2012).

Despite the considerable amount of lab-based research conducted to develop K-12 stu-
dents’ spatial thinking skills (e.g. Cheng & Mix, 2014; Gilligan et al., 2019; Xu & LeFevre, 
2016), increasing effort has been made to situate spatial training in authentic learning con-
texts (e.g. Akayuure et al., 2016; Hawes et al., 2015, 2017; Lowrie et al., 2019; Taylor & 
Hutton, 2013; Zhu et al., 2023), which means situating learning in meaningful real-world 
situations (Herrington et al., 2014). By integrating spatial training or spatial activities into 
authentic learning contexts, findings from cognitive science research can be translated 
into educational practices. For example, Lowrie and colleagues (2019) developed a spatial 
thinking program for upper primary school children, where teachers provided instruction 
aimed at supporting children’s spatial understanding of geometry knowledge. Following 
the three-week program, children showed improvements in spatial visualization, spatial 
orientation, and mathematics performance.

Most existing school-based spatial interventions, however, have primarily focused on 
mathematics education, which emphasizes using analytical thinking and convergent think-
ing to arrive at a single correct solution to a problem. In contrast, less attention has been 
given to design education, which places a strong emphasis on divergent thinking. The 
potential of engaging children in spatial thinking through design education warrants in-
depth investigation. Yet before spatializing design education, it is essential to understand 
how children use spatial thinking when generating and implementing their design ideas, as 
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the cognitive processes involved may differ from those used in solving math problems with 
predetermined solutions.

Spatial thinking in open‑ended problem solving—with a focus on design

Our ability to bring our imaginings to life is a capacity that has shaped the world for centu-
ries (Klapwijk & Stables, 2023). Since the eighties, the teaching of Design and Technology 
practices in primary and secondary education has gained popularity in countries such as 
the United Kingdom (Kimbell et al., 1996), the Netherlands (Raat & de Vries, 1986), and 
more recently under the term integrated STEAM or maker education in the United States, 
China, Singapore, and Australia (Blikstein, 2018; Cook & Bush, 2018; Zhan et al., 2022). 
Design problem-solving encompasses various processes such as problem identification 
and framing, user research, context mapping, identifying constraints and wishes, generat-
ing prototypes that represent design ideas in any medium (Houde & Hill, 1997), and test-
ing and iterating on prototypes. Through iterative design processes, both professionals and 
novices can generate innovative and socially relevant solutions. For instance, professionals 
designed approaches to harvest solar energy that were inspired by leaves in nature (Benyus, 
1997), while primary school children were able to design creative and functional ways to 
represent time without directly displaying it (Klapwijk & Stables, 2023).

While forming a mental representation of a tangible object in our daily life may sound 
simple, it demands various spatial thinking processes (Lane & Sorby, 2022), such as vis-
ualizing and memorizing the details. The development and realization of a design idea 
involve even more complex spatial thinking processes (Finke et al., 1992; Kavakli & Gero, 
2001, 2002; Kosslyn, 1980; Purcell & Gero, 1998; Schon & Wiggins, 1992; Suwa & Tver-
sky, 1997; Suwa et al., 1998; Williams et al., 2010), such as employing mental imagery and 
making use of spatial relations. A common creative thinking process consists of retriev-
ing visual patterns from memories, mentally re-arranging, reassembling, synthesizing, 
and transforming what was known into something new, functional, and meaningful (Finke 
et  al., 1992, p. 20–21), and visualizing the scenario when one explores the functions of 
the new design (p. 25). Furthermore, sketching and constructing three-dimensional pro-
totypes allow designers to share their ‘perception of the space’ with users (Allen, 2010). 
It is important to note that not only trained designers but also lower secondary school stu-
dents have demonstrated the use of spatial thinking when tackling open-ended engineering 
design tasks (Ramey & Uttal, 2017), including discussing spatial information, gesturing to 
represent static or dynamic spatial arrangements, and using analogical thinking to make 
sense of spatial properties and relations.

Research in design education, cognitive psychology, and neuroscience has endorsed the 
important role of spatial thinking in creative problem-solving (Aziz-Zadeh et  al., 2013; 
Benedek et  al., 2014; Chang, 2014; Finke et  al., 1992; Kell et  al., 2013; Muller, 1989; 
Suh & Cho, 2020). Conversely, a lack of necessary spatial skills may hinder the creation, 
comprehension, and manipulation of spatially complex designs (Sorby, 2009; Suh & Cho, 
2020). Given its interdisciplinary and embodied nature, design as a learning process aligns 
well with the need to cultivate spatial thinking skills necessary for real-world problems. 
However, there has been a limited connection between cognitive research on spatial think-
ing and learning activities in engineering education (Ramey & Uttal, 2017) or in Design & 
Technology classrooms. As a result, design educators may lack the empirical understand-
ing to identify and support spatial practices within design classrooms.
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When faced with well-defined problems that have only one correct solution, such as 
determining the melting point of ice or selecting the rotated version of an image from mul-
tiple choices, one typically relies on convergent thinking. Design problems, however, are 
ill-defined, meaning that they are open-ended and can have many possible and innovative 
solutions (Cropley, 2006; Cross, 1982; Finke et al., 1992; Guilford, 1968; Purcell & Gero, 
1996). While both divergent and convergent thinking are essential for developing novel 
and valid ideas (Cropley, 2006; Goldschmidt, 2016; Schut et al., 2020; Zhu et al., 2019), 
designers use divergent thinking extensively to explore many possible directions before 
ultimately converging on and evaluating one or several desired solutions (Finke et  al., 
1992; Goldschmidt, 2016; Guilford, 1968).

Research in neuroscience and cognitive psychology has also highlighted considerable 
differences between divergent and convergent thinking modes (Gabora, 2010). Divergent 
thinking requires a broad exploration space to generate a wide range of possible associa-
tions, while convergent thinking focuses on identifying and analyzing the cause-and-effect 
within a certain exploration space (Gabora, 2010). In mathematics education, which has 
traditionally emphasized using analytical thinking to derive the correct answer, some 
researchers have argued for the importance of cultivating creative and divergent mathemat-
ical thinking through open-ended problems (Becker & Shimada, 1997; Kwon et al., 2006). 
For instance, Kwon and colleagues (2006) conducted twenty learning sessions featuring 
open-ended mathematics problems with first-year middle school students. They found 
that traditional convergent mathematics problems offered students limited opportunities to 
explore and express different possible solutions. In contrast, open-ended problems allowed 
students to “try and find their own answers to the problems within their own scope and 
range of abilities” (p. 57), not only assessing their subject knowledge but also fostering 
their creativity and divergent thinking.

Existing research on spatial ability has predominantly focused on assessing or improv-
ing students’ abilities to solve convergent, analytical spatial tasks, resulting in a gap in 
understanding how spatial thinking is utilized in open-ended tasks, which rely heavily on 
divergent thinking. Prior research suggests that designers may employ problem-solving 
approaches distinct from those in other disciplines, such as science (Cross, 1982). Law-
son (1979) observed differing approaches between architectural design students and sci-
ence students when facing a spatial problem. When tasked with devising an optimal spatial 
arrangement using three-dimensional blocks, science students often began by examining 
the rules underlying the problem to establish criteria for possible solutions. In contrast, 
architectural design students experimented with various solutions to identify the best fit 
and, in doing so, gained an understanding of the underlying rules. Given these findings, 
it is plausible that the spatial thinking processes involved in design may differ from those 
observed in other disciplines (e.g. science and mathematics) or those assessed in widely-
used spatial tests, such as the mental rotation test (Vandenberg & Kuse, 1978) and the men-
tal paper folding test (Shepard & Feng, 1972).

Potential relationships between spatial thinking and divergent thinking may be inferred 
from prior investigations into the relationship between fluid intelligence and divergent 
thinking by Nusbaum and Silvia (2011) and Beaty et  al. (2014). Both studies included 
paper-folding tasks—which require participants to use spatial thinking to mentally visual-
ize paper being transformed and altered—as one of the three measurements of fluid intel-
ligence. Moreover, Nusbaum and Silvia’s (2011) study incorporated a cube comparison 
task, where participants needed to use spatial visualization and spatial orientation to make 
decisions based on patterns shown on different cube faces. Results from both studies indi-
cated that higher levels of fluid intelligence were associated with higher-quality divergent 



 C. Zhu et al.

1 3

thinking responses. This correlation is particularly intriguing given that spatial ability was 
used as one of the proxies in assessing fluid intelligence. The link between spatial thinking 
and divergent thinking certainly merits further investigation.

To offer a fresh perspective beyond existing quantitative examinations, our case study 
seeks to understand the role of spatial thinking in design ideation—an open-ended prob-
lem-solving process that demands divergent thinking. Considering that numerous prior 
studies were conducted in lab-based or test-based settings, and that authentic problems 
appear to be better indicators of real-world creativity than standard divergent thinking 
measures that lack real-world relevance (Okuda et al, 1991), our investigation is situated in 
an authentic design learning context.

Thinking and designing with visual analogies

Designers make use of a variety of brainstorming techniques and reasoning tools, including 
analogy (Fu et al., 2015; Goel, 1997; Hey et al., 2008; Linsey et al., 2012; Moreno et al., 
2015; Qian & Gero, 1996). Thinking analogically means using knowledge about one situa-
tion to inform a novel situation (Gick & Holyoak, 1983; Gentner, 1987; Sternberg, 1977)—
in essence, transferring insights from the source to the target. This form of reasoning is 
central to the cognitive processes behind creative innovations (Chrysikou, 2014; Green 
et al., 2012) and is frequently employed by designers as a problem-solving and innovation 
strategy (Ball & Christensen, 2019; Beveridge & Parkins, 1987; Boden, 2001; Casakin & 
Goldschmidt, 1999; Daugherty & Mentzer, 2008; Gero, 1996; Goel, 1997; Goldschmidt, 
1994, 1995). A classic example of design-by-analogy can be seen when engineers in Japan 
drew inspiration from the beak of the kingfisher bird to redesign the front of a bullet train, 
thereby enhancing its speed, reducing noise, and improving energy efficiency. Through 
analogical thinking, designers can transfer information from one domain to another to crea-
tively explore solutions to open-ended problems (Finke et al., 1992). Visual analogies, in 
particular, have been found to stimulate the generation of novel solutions to design prob-
lems (Goldschmidt, 2001; Wilson et  al., 2010) and are especially beneficial for novice 
designers (Casakin, 2004; Casakin & Goldschmidt, 1999).

A number of studies have revealed the important role spatial thinking plays in com-
prehending and working with visual analogies. “Higher-order visual-spatial thinking is 
inherently analogic,” as Mathewson (1999) stated, and is “based on comparisons of mental 
representations” (p. 38). While some analogies can be reasoned through verbal representa-
tions, others rely heavily on comparing and making sense of visual mental representations 
(Beveridge & Parkins, 1987), which means mentally recreating the forms of actual objects 
or events, any spatial relations pertaining to them, and any dynamic processes happening to 
or in them (Clement, 2008; Finke, 1989; Kosslyn, 1980). These representations allow one 
to reason about spatial relations (Beveridge & Parkins, 1987; Huttenlocher, 1968), visu-
alize problem context (Suwa et  al., 2000), and generate hypotheses about extreme cases 
(Clement, 2008).

Through think-aloud interviews, Clement (1981, 1986, 1988, 2009) discovered that 
when participants generated analogies to solve technical problems, much of their think-
ing appeared to be spatial, such as visualizing how springs were stretched based on dia-
grams of coiling springs. For instance, one participant spontaneously came up with the 
analogy that “a spring is nothing but a rod wound up” and analyzed in his mind how rods 
might stretch similarly to springs under force (Clement, 1981, p. 3). During these thought 
processes, Clement (1988, 2008) observed that the participant mentally visualized the 
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problem, compared mental models of a stretching spring to other objects that shared simi-
lar key features, imagined possible physical transformations, and determined whether the 
inferences drawn from one situation can be validly applied to another. Clement further 
noted that using analogies in problem-solving often entails the spatial reasoning process of 
“mentally performing imaginative spatial transformations such as deforming, cutting, and 
reassembling objects in novel ways” (2008, p. 1).

Recent research has shed light on how analogy can serve as a tool for supporting spa-
tial understanding and thinking. Gentner and colleagues (2016) conducted a study at the 
Chicago Children’s Museum with a group of 6-to-8-year-old children. They found that a 
brief training focusing on analogical spatial structures enabled the children to learn about 
an important spatial concept that diagonal structures provide stability. In another study, 
Yuan and colleagues (2017) examined the spatial reasoning and analogical reasoning per-
formance of 3-year-olds. The children were tasked with finding hidden items in 3D rooms 
based on 2D maps. Through four experiments, the researchers found that children showed 
a better understanding of the maps and performed more successful spatial searches when 
there were consistent relational alignments between the source situation and the target 
situation.

The studies discussed above demonstrated how spatial thinking is utilized to mentally 
represent, compare, analyze, and draw inferences from analogical examples. However, it is 
worth noting that most of the tasks used in these studies are primarily analytical and have 
predetermined solutions. As a result, there is a need for additional research to understand 
how individuals spontaneously generate or identify connections through analogies in open-
ended tasks (Weinberger et al., 2016) and how this process taps into their spatial thinking.

Design ideation through and with analogy

Generating novel design ideas through analogical thinking has nuanced differences from 
how analogies are used in common problem-solving (Qian & Gero, 1996). In cognitive sci-
ence and psychology, analogical thinking is often assessed by selecting the correct answer 
from a range of given solutions (e.g. Simms & Richland, 2019; Yuan et al., 2017) and is, in 
a way, close-ended. Designers, on the other hand, appear to go through some distinct cog-
nitive processes when using analogies for design ideation.

In authentic problem-solving contexts, designers typically do not identify or choose 
from ready-made analogies as would be seen in controlled experiments (Goldschmidt, 
2001). Instead, designers usually need to first imagine various possible configurations of 
the target design before proceeding with mapping between the source and target. The anal-
ogy becomes clear in hindsight once a design-by-analogy product is created. However, dur-
ing the design ideation process, or whenever one is searching for a problem solution men-
tally, the source and target may not be immediately obvious. Goldschmidt (2001) theorized 
that the mapping between source and target in design is bidirectional and dynamic, and the 
details in such structural mapping continue to iterate until finalization (Fig. 1). Generally, it 
seems that designers have ample space to explore mapping possibilities before arriving at 
one solution, such as identifying transferable and designable elements of the source, estab-
lishing various levels of mappings, and experimenting with different degrees of adaptation 
and transformation.

According to Qian and Gero’s (1996) model of analogical problem solving and explor-
ing processes in design, designers encode and retrieve functions and features of existing 
designs as retrieval cues for potential analogical mapping and carryover. Designers then 
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make necessary adaptations or transformations to develop new designs based on the source 
design. Since design-by-analogy transfers only a certain number of features from the 
source to the target, designers need careful abstraction (Gentner & Medina, 1998; Qian & 
Gero, 1996) to determine which features to be transformed into the new design, disregard-
ing features irrelevant to the analogy. Overall, the exploration of potential analogical map-
pings and the steps taken to narrow down the final design choice reflects how designers 
utilize a combination of divergent and convergent thinking processes to draw inferences 
and transfer insights between domains.

In summary, we have reviewed how spatial thinking plays a role in design ideation as 
well as in thinking with visual analogies. However, existing research primarily focuses on 
developing individuals’ spatial abilities through convergent, analytical tasks. This leaves 
a gap in understanding how spatial thinking is used in open-ended problems that require 
divergent thinking and originate from authentic learning experiences. Furthermore, it 
appears that the use of analogy, both as a spatial reasoning tool and a design ideation tool, 
would benefit from further investigation into its usage in authentic and open-ended design 
problems. To address these gaps, this case study aims to unpack spatial thinking’s role in 
the design ideation process. Specifically, we seek to understand (1) the spatial thinking pro-
cesses involved in a design-by-analogy ideation process and, (2) more broadly, how spatial 
thinking used in open-ended design tasks differs from that used in tasks with predeter-
mined solutions.

Current study

Biomimicry as a type of design by analogy

Biomimicry, a form of design-by-analogy, draws inspiration from nature’s strategies to 
devise artificial creations and solutions. It is increasingly recognized as a valuable STEM 
topic for primary and secondary classrooms (Gencer et  al., 2020; NGSS Lead States, 
2013). Similar to other analogy-based design processes, biomimicry often begins by exam-
ining intricate patterns or structures in organisms in nature. By relating these observed 
forms to their potential functions, one can then map inferences from nature’s form-function 

Fig. 1  Diagram of dynamic 
imagistic/analogical search 
processes in creative problem 
solving (Goldschmidt, 2001, p. 
208)
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relationships onto human designs, resulting in biomimicry designs. This mapping pro-
cess requires a far transfer of knowledge between nature’s strategies and possible human 
designs, two markedly distinct contexts (Kolodner et  al., 2003). To understand the spa-
tial features of organisms in nature, such as their shapes and sizes (Rustaman & Rahmat, 
2017), or the three-dimensional structures and processes in biology (Milner-Bolotin & 
Nashon, 2012), one needs spatial thinking. Engaging students in exploring nature’s features 
for inspiration not only brings their attention to specific features of organisms that they 
might have overlooked before but also challenges their abilities to draw inferences from 
and make creative use of nature’s form-function relationships.

The design project

We developed this design project following most of the biomimicry design processes listed 
in the Biomimicry DesignLens, a design guide made by Biomimicry 3.8 (2015). The first 
and third authors tailored the design project to be suitable for this age group and class 
structure, resulting in eight 45-min sessions. The design challenge involved asking chil-
dren to create wind- or water-resistant biomimicry designs for camping. Given that the 
wind or water resistance functions are often performed by perceptible external features of 
organisms, we anticipate that children would use spatial thinking to observe, visualize, and 
abstract useful inferences from the visual-spatial forms seen in nature. Subsequently, they 
would apply these inferences to develop designs that incorporate salient visual-spatial fea-
tures inspired by nature.

To support children’s understanding of the complex concept of biomimicry and stimu-
late analogical, divergent, and spatial thinking related to the design challenge, we incorpo-
rated a series of scaffolds. Gick and Holyoak (1980) highlighted the importance of explic-
itly instructing students to reason analogically, as they might not automatically recognize 
how relevant information can serve as analogous solutions to problems. Other research also 
endorsed the educational strategy of providing students with ample opportunities to think 
relationally and visualize analogies across different domains (Stevens et  al., 2021, 2022; 
Vendetti et al., 2015). Therefore, we developed six activities to scaffold children’s analogi-
cal thinking and ideation. Each activity explicitly requires children to think analogically 
(Table  1). We expect that these activities will help children articulate their intermediate 
thoughts, gain a better understanding of the core elements of biomimicry designs, establish 
connections between organisms in nature and the human applications inspired by them, as 
well as successfully draw inspiration from nature for their own designs.

Methods

Design‑based research

We adopted the design-based research approach to translate knowledge from research into 
educational applications. Design-based research systematically and iteratively tests inno-
vative learning designs, draws from multiple evidence sources in educational contexts to 
present a holistic view of how learning occurs, and aims to develop actionable and gener-
alizable knowledge regarding educational practices (Bakker, 2018; Design-Based Research 
Collective, 2003). To ensure the effectiveness and relevance of our design project, we 
collaborated closely with a Design & Technology teacher to co-create learning materi-
als used in the project and integrate the project into one module within the International 
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Baccalaureate (IB) design course. The learning objectives in this biomimicry design pro-
ject aligned with IB learning goals, such as learning about forms and functions. Through-
out the project, we continuously refined the activity structures based on feedback from the 
class and the teacher, with the goal of determining how best to support children’s design 
processes.

Participants

Sixteen children aged 11 to 12 (10 boys, 6 girls) from the first year of secondary school at 
an international school in the Netherlands consented to participate in this design project. 
They were joined by their Design & Technology teacher who delivered all the design ses-
sions. All participants gave researchers permission to use classroom recordings and design 
works as research data. Most of these children had one year of experience in design from 
their previous school year, which means they were familiar with the design process and 
certain design techniques, such as sketching and providing design feedback for peers. Chil-
dren worked in duos for this design project, as is typical in design activities. In addition, 
since many of these children had prior exposure to TinkerCAD—a computer-aided design 
platform where children can combine, resize, and rotate 3D shapes to digitally represent 
their designs—they were encouraged to build their design prototypes on TinkerCAD.

Data collection and analysis

Data were collected from eight design sessions by the principal researcher and two other 
researchers. A total of 6 hours and 51 minutes of video and audio data were recorded, with 
a focus on design activities related to ideation. Classroom notes were taken during the ses-
sions to provide additional context to the recorded data. Children’s design worksheets, 2D 
and 3D design artifacts, and self-reflection forms were photographed.

Our analysis centered on children’s spatial thinking processes in design, specifically on 
idea generation, elaboration, and development. We conducted an exploratory, data-driven 
thematic analysis (Boyatzis, 1998), using the qualitative analysis software MAXQDA 
to analyze classroom videos, audio, notes, children’s design worksheets, and their 2D & 
3D design artifacts. After transcribing the video and audio data, the principal researcher 
divided the transcriptions into segments. Each segment focused on children’s discussion on 
a specific topic before transitioning to the next. Data from other modalities were incorpo-
rated into the segments to complement children’s verbal communications, including chil-
dren’s design worksheets with written explanations and sketches, their 2D & 3D design 
artifacts, and any gestures observed in videos. This multimodal approach aimed to pro-
vide a holistic representation of the design processes and children’s design choices (Van 
Mechelen, 2016). It is noteworthy that while children’s spatial thinking can be externally 
represented through sketches, gestures, or verbal and written communications, a large por-
tion of spatial thinking occurs internally within children’s minds. Therefore, our analysis 
addressed data at both semantic (explicit) and latent (interpretative) levels (Boyatzis, 1998; 
Braun & Clarke, 2006).

The analysis process involved three iterative rounds of coding and discussion between 
four researchers. The principal researcher identified a range of initial codes related to the 
design processes as well as to spatial, analogical, and divergent thinking processes. These 
initial codes were then discussed with three other researchers to identify codes and seg-
ments relevant to the research questions. In the second round of coding, the principal 
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researcher reviewed all data segments to refine the code definitions and reduce overlap 
between codes, resulting in a set of intermediate codes. All four researchers used these 
intermediate codes to independently code and interpret randomly selected data segments. 
By comparing the coding results and interpretations, the principal researcher shortlisted 
five themes that underpinned children’s spatial thinking during the design-by-analogy idea-
tion process and further refined the definition of these themes.

Results

All pairs of children created design prototypes that demonstrated a proper understanding 
of designing through biomimicry. That is, instead of merely replicating forms from nature, 
all children created prototypes based on the form-function relationships observed in nature. 
In their self-reflections, a majority of the children perceived their achievements in several 
areas as medium to high. These included closely observing the characteristics of organisms 
in nature to uncover new knowledge, applying what they learned from the biological strat-
egies in their designs, generating multiple different design ideas using inspirations from 
nature, and gaining a fresh perspective on design and technology after exploring biomim-
icry design examples.

Through the data-driven thematic analysis of children’s design artifacts and their verbal 
and written communications, we identified five main themes that capture the meaningful 
spatial thinking processes underlying the generation and development of their ideas. Two 
of these themes describe spatial thinking processes specific to analogy-based idea genera-
tion, while the remaining three themes describe spatial thinking processes relevant to gen-
eral design ideation processes. All children’s names to be mentioned below are fictitious 
(Table 2).

Spatial thinking processes pertaining to design‑by‑analogy

Abstracting spatial features observed in the source to infer form‑function relationships

Throughout this design project, children actively observed various forms in nature and 
abstracted the spatial form-function relationships from these sources of inspiration. After 
returning from their outdoor exploration in the second session, all the children sketched 
and annotated the inspirations they gathered from nature. Below is an example of a child’s 
observation and reasoning of ivy leaves and long grasses (Fig. 2).

Out of the many characteristics of these plants, such as color and texture, Iris identified 
the spatial features that ivies grew “in layers,” and the dense hedge of grasses was “long 
enough to catch wind.” Based on these observations, she reasoned that these features might 
serve functions related to wind and water resistance. The descriptions of layers of growth 
and the wind-catching feature further suggest that she may have observed or visualized in 
her mind how wind dynamically interacts with these plant hedges. These keen observa-
tions paved the way for further exploration of how forms observed in nature can potentially 
serve wind- or water-resistant functions. In this particular example, Iris theorized that the 
long grass hedge could function as a protective barrier for a campsite. Although she may 
not have fully grasped the exact mechanisms behind the wind and water resistance of these 
plants, her sketches and descriptions revealed how she was thinking spatially about the 
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shapes and structures in nature, as well as using these abstracted form-function relation-
ships from nature in potential design applications.

Jean and Beth directed their attention to the shape of roots. They recognized how 
the shape of roots helps stabilize plants in the ground against wind and reasoned that it 
serves the function of “keeping trees and plants still in the ground” (Fig.  3). Guided by 
the prompts in the worksheet, they associated the form-function relationship of tree roots 
with that of a hook, which is commonly used for stabilization, such as in tents. Interest-
ingly, their sketch of the designed tent hook resembled the form of plant roots. They used 
sketches and annotations to visually elaborate on how the design would be used, detailing 
the steps of the hook being inserted into the ground to keep the tent stable, as well as the 
hook’s ability to contract for space efficiency when not in use. These children’s analogi-
cal exploration of forms and functions and their abstraction of form-function relationships 

Fig. 2  Iris’ observation of ivy leaves and long grasses

Fig. 3  Jean and Beth’s observation and idea inspired by roots



Investigating the role of spatial thinking in children’s design…

1 3

indicated that they thought spatially about the form, position, and usage of the source (tree 
roots) and the target (tent hooks).

It is noteworthy that all children in the design project sketched or described new insights 
they learned about the features of organisms in nature. These examples highlight that 
developing design-by-analogy ideas typically requires understanding the visual-spatial fea-
tures of the source, which, in this case, are organisms in nature. Close observations of the 
forms of these sources of inspiration and meaningful abstractions of spatial form-function 
relationships laid the groundwork for exploring potential analogical mappings and design 
ideas.

Developing various possible analogical matches by spatial features and relationships

After familiarizing themselves with the design problem and seeking inspiration from 
nature, the children embarked on a search for potential design solutions by exploring vari-
ous possible analogical matches based on spatial features and relations. As an example, a 
duo of children generated four different design ideas inspired by the spiral-grained trunk of 
the Whitebark Pine (Fig. 4).

It is important to note that, while Jo and Sanne’s inspiration stemmed from the spiral-
grained tree trunk, their design ideas did not solely replicate its rigid shape. Having learned 
that the spiral form on the tree trunk allows for more bending and better distribution of 
pressure when faced with strong wind, they explored various ways to embody similar form-
function relationships in their designs. They envisioned non-rigid spatial transformations 
of the spiral pattern and applied them to diverse contexts, such as the surface of a pyramid-
shaped tent, part of a camping bag, and the soles of shoes. By adapting these biological 
strategies into design strategies, they reasoned that a tent with an uneven, spiral-grained 
surface might enhance wind resistance, and a chair with spiral-grained legs could offer 
more stability in camping scenarios.

Fig. 4  Four different design ideas inspired by the spiral-grained trunk of Whitebark pine by Jo and Sanne
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Interestingly, ideas 2 and 4 (see Fig. 4) were derived from two additional form-function 
relationships they identified. Jo and Sanne learned that the spiral-grained tree trunk facili-
tates the distribution of water across the trunk and its branches. Drawing on this obser-
vation, they developed idea 2, which incorporated a spiral-grained water-collecting and 
filtering device into a camping bag design. As for idea 4, these children speculated that 
the spiral pattern may enhance traction, even though the information about spiral-grained 
pine trees did not explicitly mention grip. Based on this hypothesis, they developed idea 4, 
where the spiral pattern was utilized to improve the shoe’s grip.

This example highlights these children’s ability to make use of more than one type of 
form-function relationship, exploring diverse ways to integrate spatial features into their 
own designs. By engaging in an open-ended search for various solutions, these children 
were able to visualize numerous spatial transformations in their minds.

General spatial thinking processes

The two themes discussed above reflect spatial thinking related to the design-by-analogy 
process. We will proceed to discuss three themes that were important to this specific design 
challenge but also appear to be applicable to many other design ideation processes.

Retrieving relevant visual information from memory

After being introduced to the design challenge, the children retrieved relevant information 
from their memory that was visually related to the desired form or matched the description 
of relevant functions. The example below shows a pair of children contemplating design 
ideas inspired by the pine cone, which has scales that open in dry weather and close in wet 
weather.

Hugh: look it cannot be an umbrella, because when it’s cold and wet it’s gonna close
Ellen: a house, okay never mind, oh a car, like a folding car, it opens when it’s warm 

and closes when it’s cold and rainy… like a convertible car…
From their conversation, we can infer that these children had a basic mental representa-

tion of pine cone’s biological strategies in their minds. They retrieved various visual infor-
mation from their memory, such as umbrellas, houses, and cars, to see if the design strate-
gies of these items aligned with pine cone’s biological strategies. During their discussion, 
Hugh quickly noticed that umbrellas open and close in a way opposite to the scales of pine 
cones. While the idea of a house seemed feasible, Ellen appeared to be more enthusiastic 
about the idea of a car. He reiterated the mechanism of how the car would open and close, 
possibly to confirm the compatibility of the two mechanisms.

Through this process of considering how the pine cone’s biological strategies could 
be applied to their designs, Hugh and Ellen compared their mental representations of 
the form-function relationships observed in the source (pine cone) with potential targets 
(umbrella, house, car). They engaged in mental imagery to explore possible design ideas, 
likely visualizing the opening and closing mechanisms, imagining possible motions, and 
envisioning scenarios where these spatial changes would occur. Based on this comparison 
and reasoning, they quickly concluded that the umbrella was not a suitable fit. Given the 
open-ended nature of this design prompt, they further explored the house and the car ideas, 
as both offered potential for valid analogical mappings.

By tapping into their stored visual knowledge, these children drew from existing pat-
terns and forms to inspire their design solutions. While close-ended spatial tests may also 
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require retrieving relevant visual information from memory, the process of thinking diver-
gently about many possible solutions encouraged the children to conduct a broader search 
in their memory for relevant visual information.

Elaborating and iterating on design concepts and representations

As the children explored different design options and ultimately decided to further develop 
one idea, they adapted inferences drawn from the form-function relationships observed in 
nature to their designs and engaged in a deeper level of reasoning within their design-by-
analogy process. Below is a design plan worksheet from a duo of children who designed a 
foldable solar panel inspired by hornbeam leaves (Fig. 5).

Sean and Andi demonstrated a clear understanding of the form-function relationships in 
their source of inspiration. They recognized that the foldings on hornbeam leaves provide 
flexibility in wind and rigidity during photosynthesis. This understanding encompassed the 
spatial features of the source, the function denoted by the folding structure, and a basic 
mental representation of wind dynamically interacting with the leaves. As these children 
elaborated on the biological strategies and design strategies, they explicitly mentioned that 
just as the foldings on hornbeam leaves make the leaves flexible in winds and rigid dur-
ing photosynthesis, their solar panel design, which serves a similar function to leaves in 
collecting light energy, can also benefit from having foldings on its surface. They further 
reasoned that these foldings offered additional benefits to the solar panel, allowing for a 
foldable and compact design that is easily portable for camping. Their elaboration on the 
design plan indicates that Sean and Andi were not only thinking spatially about the form of 
their design but also tailoring their design concept to the context of this design challenge.

Another example of elaboration and development of the design concept can be seen in 
the progression in sketching (Fig. 6). Jo and Sanne’s sketches evolved from an initial con-
cept to a more detailed visual representation. They not only added three-dimensionality to 
their sketch but also incorporated additional features to the tent, such as a clear entrance, 
attached strings, and buckets for water collection. Their understanding of the spiral patterns 
on the tree trunk, which aid in water and nutrient distribution, influenced the development 
of their design idea. Both Figs. 5 and 6 highlight how these children not only externalized 

Fig. 5  Design plan for the foldable solar panel inspired by hornbeam leaves, created by Sean and Andi
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the mental representations via sketches but further expanded on their design ideas with 
increasingly detailed visualizations. 

Visualizing the functionality of design prototypes in practical usage scenarios

According to Finke et al. (1992), the creative thinking process includes envisioning sce-
narios in which the functionalities of a new design are explored. In our data, we also 
observed children visualizing their design prototypes in use, evaluating functionality, con-
sidering the user’s perspective, and thinking of possible improvements. Below, we present 
a sketch, a TinkerCAD model (Fig. 7), and a conversation segment from a duo of children 
who designed a camping tarp inspired by the spiral-grained trunk of Whitebark pine. They 
based their design on the observations that the spiral-grained tree trunk offers wind resist-
ance and facilitates water distribution.

On TinkerCAD, Ivy was resizing the pyramid-shaped top so it became larger and its 
four angles reached the four corners of the box

Fig. 6  Development of ideas seen from Jo and Sanne’s  design sketches

Fig. 7  Sketch and TinkerCAD artifacts from Beth and Ivy, showcasing their camping tarp design inspired 
by the spiral-grained trunk of Whitebark pine
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Beth: does it make sense?… No you know what it doesn’t work? because all the water 
will go over there, over there, and over there, and over there, and not to the corners

As they spoke, Beth pointed at the screen to gesture how the falling rainwater would go 
to the four sides of the pyramid, horizontally rotating the shape on the top

Beth: now it’s perfect you see (dragging the design to check from the side and the top) so 
the water always goes into that direction, that direction, that direction and that direction…

From their conversation, it is clear that as Beth and Ivy progressed from the sketch on 
the left to the TinkerCAD design on the right (Fig. 7), they modified the camping tarp’s 
top design into an elevated pyramid shape. These verbal, virtual, and bodily representa-
tions show that Beth was actively visualizing the scenario where the design would be used. 
She visualized how rainfall would interact with the top of the tarp, as well as the trajec-
tory of water flow, concluding that an elevated pyramid-shaped top would address the issue 
of water overflow. This practice of validation through visualization not only engaged chil-
dren’s spatial thinking but also helped them identify potential areas of improvement in their 
sketch and TinkerCAD model. Subsequently, it prompted them to iterate on the form of 
their design to ensure its functionality and cater to users’ needs.

Discussion and conclusion

This case study aims to bring together knowledge from the field of spatial ability research, 
creative cognition, and analogical reasoning. Through a triangulation of evidence from our 
data, we observed that design education offers unique and largely untapped opportunities 
to foster spatial thinking development even from an early age, given the social-material 
nature of design. Children’s development of ideas through design-by-analogy demonstrated 
their frequent use of spatial thinking. They closely examined the spatial features of organ-
isms in nature, abstracted the implications of these spatial forms for specific functions, and 
visualized—both in their mind and through sketches or modeling—how these form-func-
tion relationships could be transformed and applied to a variety of design ideas. Further-
more, the detailed visualizations of ideas created by these children (Figs. 2, 3, 4, 5, 6 and 
7) resonate with Clement’s (2008, 2009) proposition that imagistic mental simulations and 
imagistic spatial transformation are crucial for generating analogies to solve problems crea-
tively. Meanwhile, we also noticed that the types, processes, and goals of spatial thinking 
seen in open-ended design ideation have nuanced differences from those in close-ended 
spatial tasks.

The first theme, abstracting spatial features observed in the source to infer form-
function relationships, lays the foundation for analogical mappings. A close examina-
tion and abstraction of the key visual-spatial features or processes from biological exam-
ples is essential for understanding biological strategies and adapting them into design 
strategies (Stevens et al., 2021, 2022). Meanwhile, this theme also aligns with previous 
findings suggesting that design-by-analogy transfers only a certain number of features 
from the source to the target, requiring careful abstraction from designers (Gentner & 
Medina, 1998; Qian & Gero, 1996). To solve spatial tasks, observing and abstracting 
visual-spatial features is important, as one may derive the correct answer to a spatial 
problem by visualizing the transformation of a key feature (Barratt, 1953). However, in 
design-by-analogy, children observe and abstract spatial features with the unique goal 
of discerning their functional roles in nature, and subsequently transforming such form-
function relationships into meaningful new designs. This is akin to what Finke et  al. 
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(1992) described as mentally re-arranging and transforming what was known into some-
thing new. Hence, it appears that the objective of observations and abstractions in solv-
ing open-ended design tasks is distinct from that in conventional, close-ended spatial 
tasks.

In contrast to the use of spatial thinking in close-ended spatial tests, the themes, retriev-
ing relevant visual information from memory and developing various possible analogical 
matches by spatial features and relationships, suggest that the search for possible solu-
tions in open-ended tasks likely requires children to recall and browse through a wide array 
of relevant visual information. During this process, children might need to form, retain, 
and manipulate multiple mental representations—which act as ‘temporary spatial displays’ 
(Kosslyn et  al., 1979)—before deciding on and finalizing the desired idea. By contrast, 
conventional spatial tasks typically present a selection of given choices. As Maresch (2014) 
reviewed and summarized, individuals can employ various strategies to tackle a spatial 
task, including using a falsifying strategy to rule out impossible answers or prioritizing the 
verification process once a potentially correct answer is identified, thereby dedicating less 
attention to other options. While these strategies may be effective for multiple-choice ques-
tions, they might not be applicable to open-ended prompts. Therefore, we argue that exist-
ing spatial training and tasks might not sufficiently prepare children for the visually and 
spatially demanding processes in design ideation. Such ideation often necessitates a broad 
exploration of visuals in different directions (Gabora, 2010) and is essential for creativity 
and innovation.

To share products of creative visualization with others, designers need to “mentally 
create, manipulate and communicate solutions effectively” (Isham, 1997, p. 2). Similarly, 
as these children developed their ideas, they continued to enrich the elaborations of their 
selected ideas by refining details, evaluating suitability, and brainstorming possibilities for 
improvements and iterations. The themes, elaborating and iterating on the design con-
cept and representations and visualizing the functionality of design prototypes in practi-
cal usage scenarios, engage both divergent and convergent thinking. Prior research (Cro-
pley, 2006; Goldschmidt, 2016; Schut et al., 2020;  et al., 2019) indicated that convergent 
thinking plays an important role in the design process for generating viable ideas. Yet, 
we observed an interesting distinction between the convergent thinking applied in design 
ideation and that in conventional spatial tasks. In spatial tasks, convergent thinking is fre-
quently used to determine a single correct answer, typically without the need to refine or 
improve on the answer. In design, children converge on their design concepts and visualize 
the functionality with the goal of identifying areas of improvement. This often leads to 
thinking spatially about possible improvements in their designs’ forms (e.g. Figures 6 and 
7). Once again, existing spatial training and tests may not adequately reflect how children 
employ spatial thinking to assess their design ideas or how they actively consider potential 
improvements to the visual-spatial features of their ideation products.

While spatial thinking is often trained with the goal of enabling participants to perform 
all transformations mentally, we must not overlook the important role embodied experi-
ences play in spatial thinking (Frick et  al., 2009; Link et  al., 2013). In this design pro-
ject, some design ideas stemmed from children’s embodied interactions with organisms in 
nature. This leads us to wonder how these embodied interactions might have supported 
children’s spatial thinking, as well as their analogical and divergent thinking. As Pallas-
maa (2017) described, “In the arduous processes of designing, the hand often takes the 
lead in probing for a vision, or a vague inkling, which it eventually turns into a sketch, 
materializing thus the idea” (p. 104). Therefore, instead of treating bodily motions and 
cognitive capacities as distinct agencies, further investigation is needed, perhaps through 
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a multimodal approach, to understand how embodied experiences in design may support 
children’s spatial thinking processes.

In summary, this case study delved into the spatial thinking processes involved in a 
design-by-analogy ideation process and identified differences between spatial thinking 
observed in open-ended design ideation and that typically assessed or trained in existing 
spatial ability research. The potential differences discussed above warrant attention from 
future researchers especially when assessing spatial ability or developing spatial training, 
given that many real-life problems are open-ended, requiring a combination of divergent 
and convergent thinking. Presently, our understanding of spatial thinking largely derives 
from psychometric test results. By depicting these themes of spatial thinking observed in 
design ideation—themes not previously discussed in traditional spatial ability research—
we suggest the potential need for a more comprehensive definition of spatial thinking. This 
might be especially relevant for the field of design or other fields that rely heavily on diver-
gent thinking. Admittedly, our proposed themes might not be exhaustive, as our investiga-
tion focused primarily on design ideation. Future research is needed to uncover other spa-
tial thinking processes seen in design iteration or design feedback phases.

Lastly, although the concept of biomimicry design was new to the children who partici-
pated in this design project, our case study suggests that children of this age can develop 
biomimicry designs when appropriate scaffolding is provided throughout the project. One 
type of scaffold came from the materials developed for this project. For instance, the work-
sheets we designed emphasized the form-function relationship and the analogical mapping 
between biological strategies and design strategies (e.g. Figures  3 and 5). Another type 
of scaffolding involved utilizing teacher’s support to enhance children’s learning through-
out the design process. In this specific design challenge, the teacher’s language and ques-
tions directed children’s focus on the visual-spatial forms, such as spirals, folds, and layers 
of scales, and how these forms imply water- or wind-resistant functions. Such guidance 
ensured that the children focused on the key form-function relationships without being dis-
tracted by other characteristics of the organisms that were less pertinent to the design chal-
lenge. The teacher’s support also stimulated valuable realizations and conversations among 
the children. For instance, to help a pair of children understand that biomimicry does not 
mean directly using organisms in nature (e.g. using pine cones as weather-tellers) but rather 
applying what can be learned from pine cone scales’ weather-responsive mechanism to cre-
ate a new design, the teacher reminded them of a prior design-by-analogy example they 
had learned about, in which the human femur bone and the Eiffel Tower may share a simi-
lar efficient structure but are made of distinct materials in different sizes. Subsequent dis-
cussions between these children reflected a clearer understanding of biomimicry. Practices 
like these align with the recommended strategies to support analogical learning (Vendetti 
et al., 2015). It is necessary to note that our analysis focused on the progress and artifacts 
produced by pairs of children rather than individual efforts. Thus, future research is needed 
to investigate how to scaffold individual child’s spatial thinking, divergent thinking, and 
analogical thinking within a design project.
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