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ABSTRACT ARTICLE HISTORY
Digitally mediated design mediums have revolutionized product Received 22 July 2025
design, but their cognitive impact during early concept design Accepted 9 January 2026
stages remains unclear. This study employs cognitive load theory KEYWORDS

(CLT) and constraint-driven cognition to examine how traditional Traditional medium; digitally
(TD) and digitally mediated (DM) mediums influence cognitive load, mediated medium; cognitive
problem-solving, and design outcomes. A quasi-experimental study load; concept design;
with 16 design students, divided into TD and DM groups, used two product design

distinct design tasks. Results revealed three key findings. First, the

DM medium imposed a significantly higher extraneous cognitive

load due to attentional fragmentation and interface management,

consuming working memory resources critical for creative synth-

esis. Second, a fundamental strategic divergence emerged: the TD

group engaged in problem-driven cognition through material con-

straints, yielding higher conceptual novelty (63% vs. 25%) and five

times more sustainability considerations. The DM group used solu-

tion-driven strategies, leading to more derived outcomes. Third, the

cognitive impact was task-dependent; digital tools reduced intrinsic

load for well-defined mechanical tasks but offered no advantage for

open-ended aesthetic tasks. This study suggests design mediums

function as active cognitive environments, not neutral tools.

A reevaluation of design education and practice is essential, pro-

moting digital metacognition, retaining tactile skills, and develop-

ing hybrid processes that leverage the distinct cognitive benefits of

each medium.

1. Introduction

The evolution of the design medium into a predominantly digital environment has
fundamentally transformed product design, offering powerful new tools for pro-
blem-solving, idea generation, and knowledge acquisition (Cross, 2021; Marion &
Fixson, 2021; Tatipala et al., 2021). This digital transition represents a fundamental
shift in the designer’s cognitive environment, providing both opportunities and new
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challenges. As design is fundamentally a cognitive process, the design medium
constitutes an integrated environment of tools and representations that actively
mediates design cognition (Cascini et al., 2022; Kim & Kim, 2015; Tufail et al,
2024). Based on previous studies (e.g., Bilda & Demirkan, 2003; Jukes et al., 2010),
a design medium that employs non-digital, tactile tools, such as pens, paper, and
physical models, and supports direct manipulation is referred to as a traditional
design medium (TD). Conversely, a medium that comprises software and hardware,
such as CAD, digital sketchpads, web browsers, and Al platforms, which require
interface mediation and provide access to extensive information networks, can be
described as a digitally mediated medium (DM). In this context, a TD medium can
be understood as a cognitive and practical environment that is disconnected from
the digital resource network. Digital environments, referred to as DM mediums,
provide unprecedented access to resources and transform traditional design prac-
tices (Bilda & Demirkan, 2003; Mortati et al., 2023). Therefore, they facilitate the
development of integrated environments that digitally mediate cognition (Cascini
et al., 2020, 2022).

Designers increasingly rely on digital tools to perform tasks and develop strategies
(Safin, 2016). These digital mediations offer significant learning opportunities through
simulations, crowdsourced information, and global trends (Broadbent et al., 2020;
Burdick & Willis, 2011; Costa et al., 2020; Cramp, 2015), improving access to learning
resources and promoting self-regulated learning (Cramp & Lamond, 2016). Although
DM mediums provide potentials for creativity, they can hinder cognition due to compet-
ing stimuli (Bennett et al,, 2008; Cezar & Magcada, 2023; Frederiksen et al., 2020).
Research indicates that TD mediums, such as sketching, are associated with improved
problem engagement and creative thinking (Bilda & Demirkan, 2003; Stones & Cassidy,
2007, 2010), constituting a vital aspect of the ‘designerly way of knowing’ (Cross, 2010).
On the other hand, digital tools can facilitate complexity and convergent problem-
solving (Tang et al.,, 2011; Feeman et al., 2018), although they may also result in
premature fixation and derived outcomes (Casais, 2020; Robertson & Radcliffe, 2009;
Stones & Cassidy, 2010). Context influences these outcomes, with research indicating
that digital tools improve form innovation in certain tasks (Barbieri & Muzzupappa,
2024). Digital sketching provides confidence but presents trade-offs between fidelity and
effort (Evans & Aldoy, 2016; Ranscombe & Zhang, 2021). While facilitating rapid
prototyping, digital tools may lead to split attention (Budinoff et al., 2024; Camba
et al., 2018; Richey et al., 2012), highlighting the need for strategic integration (Novica
et al., 2023).

Despite foundational protocol studies (e.g., Bilda & Demirkan, 2003; Stones &
Cassidy, 2007), significant gaps remain in understanding cognitive load within modern
DM environments. The design landscape has evolved with generative Al (Fang et al,,
2025), new interfaces (Pearson, 2020), and ‘data thickening’ (Mortati & Cautela, 2025).
A major problem is the insufficient use of digital tools in early conceptual phases, forcing
disjointed tool-switching that disrupts cognitive flow (Al-Rqaibat et al., 2025). Although
mixed-media are being examined (Shih et al., 2017), the cognitive costs of task asym-
metry in complex digital resources are inadequately studied. This shift requires a move
from earlier methods (Hanna & Barber, 2001; Lawson, 2005; Mitchell et al., 2003) to
investigating ‘digital design thinking’ with new metrics (Oxman, 2017). Furthermore,
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addressing innovation challenges requires digital empathy and organized processes to
foster collaboration in remote and Al-assisted settings, despite tool constraints on
creativity (Patricio et al., 2024).

Thus, the digital transformation has produced a novel cognitive environment for
designers. To systematically examine its specific cognitive demands and implications,
we utilize cognitive load theory (CLT) as our main theoretical basis throughout this
study.

1.1. Cognitive load theory in design

CLT provides the basis for understanding the cognitive demands within this new
cognitive environment. It explains the dynamics by suggesting that the abundance of
information often increases extraneous load while potentially reducing the germane load
essential for schema development (Sweller, 2011, 2022; Wickens & Carswell, 2021). The
DM medium offers extensive information libraries and advantages (Mortati et al., 2023),
but it also fosters dependency and presents cognitive challenges by increasing extraneous
load through split attention across interfaces and multitasking (Kirschner, 2002; Sweller
et al., 2019). This excess of stimuli can overwhelm working memory, diminish concen-
tration, and result in superficial decisions (Bennett et al., 2008; Li, 2017; Skulmowski &
Xu, 2022).

CLT provides a robust framework for understanding the cognitive demands of design,
explaining how working memory is overwhelmed by competing information (Sweller,
2022). CLT categorizes load into three types: intrinsic (inherent to the task’s complexity),
extraneous (imposed by unnecessary and distracting information), and germane (the
effort of constructing schemas) (Sweller, 2022). The time-constrained design process
relies on limited working memory (Wickens & Carswell, 2021), and overload can cause
fragmented decisions (Kirschner, 2002). This is critical, as an abundance of digital
information poses an overload risk, negatively affecting outcomes (Renjith, 2017).
Furthermore, limited working memory impacts creativity, where overload undermines
ideation (Bilda & Gero, 2007) and underload hinders performance (De Jong, 2010;
Krieglstein et al., 2022).

Early design phases significantly influence creativity (Sun & Yao, 2012), involving
motivation, cognition, and expertise (Chen et al., 2022). Digital tools may overload
working memory via multitasking and fragmentation (Frederiksen et al., 2020;
Kirschner, 2002), while traditional constraints might boost germane processing.
However, causal relationships between cognitive load, creativity, and outcomes show
contradictions. Some studies find reduced load aids divergent thinking (Hancock et al.,
2021; Redifer et al., 2019), while others show experts use higher load for better outcomes
(Sun et al., 2014) and higher creativity (Calpin & Menold, 2023), with one study finding
only a weak negative link to performance (Zimmerer & Matthiesen, 2021). Such evidence
suggests the application of CLT in design remains limited (Howard et al., 2008),
particularly concerning load dimensions in early concept design phases (Nelson &
Menold, 2020). DM mediums enhance flexibility but risk overload (Schmitt et al,,
2021). Skulmowski and Xu (2022) thus propose ‘cognitive load alignment’ to strategically
match tools to tasks, acknowledging extraneous load’s task-specificity. As design is
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a knowledge-dependent problem-solving activity (Wickens & Carswell, 2021), under-
standing the impact of cognitive load in DM mediums is critical.

Understanding cognitive load, however, constitutes only part of the whole situation.
The medium’s impact on cognitive load directly shapes the designer’s fundamental
strategies throughout the design process.

1.2. Design cognition and strategy

The iterative design process is a cognitive activity involving navigation of complex
knowledge resources (Da Silva et al., 2020; Muratovski, 2021). While designers histori-
cally relied on physical references and internal knowledge (De Rooijj et al., 2021; Kim &
Kim, 2015), effective use of digital resources now requires new skills and cognitive
frameworks for knowledge acquisition and problem definition (Hattie & Donoghue,
2016; O’Neil, 2014). Research identifies distinct cognitive strategies, such as Kruger
and Cross’s (2006) problem-driven and solution-driven, which yield different creative
outcomes. The strategies employed with digital tools significantly impact the design
process (Marion & Fixson, 2021), and constraint’s role in design reasoning continues
to be clarified (Ashrafganjouei & Gero, 2021). These strategic and cognitive shifts are
particularly critical in the concept design phase, where inspiration transforms into
innovation (Gongalves et al., 2014; Vinker et al., 2023).

This effect is critical during the concept design phase, where initial ideas are synthe-
sized into coherent solutions (Gongalves et al., 2014; Vinker et al., 2023). As the iterative
design process involves navigating complex knowledge resources (Da Silva et al., 2020;
Muratovski, 2021) and the strategies used impact outcomes (Marion & Fixson, 2021), the
immediate access offered by DM mediums can, paradoxically, hinder creative thinking,
potentially reducing novelty and constraining solutions (Budinoff et al., 2024; Casais,
2020).

DM mediums shape learning strategies, the cognitive, metacognitive, and motiva-
tional strategies that enhance knowledge acquisition (Boekaerts, 1997; Hattie &
Donoghue, 2016; O’Neil, 2014). This includes management strategies for accessing
digital resources (Dignath et al., 2008), which is crucial given designers’ dependence on
online repositories (Cross, 2021; Muratovski, 2021). Designers formulate such strategies
to locate and evaluate materials for defining complex problems, thereby informing their
overall design strategy (O’Neil, 2014). However, a lack of comparative studies on strategy
development within DM mediums creates uncertainty about adaptation to digital infor-
mation structures.

In the DM medium, the design activity is regarded as the fundamental cognitive
processes of problem framing, ideation, and synthesis to develop an innovative solution
through design strategies (Donoghue, Hattie & Donoghue, 2016; O’Neil, 2014).
Moreover, information management practice is considered a subset of design activity
related to sourcing, filtering, and organizing external information (e.g., online searches,
database navigation, and file management) through management strategies (Dignath
et al., 2008). This division facilitates an analysis of how the DM medium reallocates
cognitive effort from the former to the latter.

As design is inherently cognitive, the medium influences cognition. TD med-
iums aid tactile iteration and problem definition (Bilda & Demirkan, 2003; Da
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Silva et al., 2020; Stones & Cassidy, 2007), whereas engineering studies suggest
CAD tools can negatively impact creativity by promoting premature fixation
(Hanna & Barber, 2001; Lawson, 2005; Mitchell et al., 2003). This tension under-
scores the need to understand strategy development in modern design
environments.

The ultimate implications of these cognitive and strategic interactions are assessed by
their influence on constraint-driven innovation, indicating a specific empirical gap.

1.3. Constraint-driven innovation and research gap

This study is placed within the context of constraint-driven innovation. In concept
design, constraints such as novelty, feasibility, and sustainability are not simply limita-
tions but important drivers that shape the creative process (Wang et al., 2018).
Constraint-driven innovation suggests that by addressing these constraints, designers
can concentrate their cognitive efforts, narrow the solution space to feasible regions, and
promote novel outcomes (Fu et al., 2024). The design medium inherently influences this
interaction. TD mediums may enhance problem engagement and iteration (Bilda &
Demirkan, 2003; Stones & Cassidy, 2007), potentially boosting creative thinking and
deeper constraint negotiation. Conversely, digital tools, while enabling complexity, can
lead to premature design fixation and derived outcomes (Casais, 2020; Robertson &
Radcliffe, 2009; Stones & Cassidy, 2010). This highlights a critical tension: digital tools
enhance convergent problem-solving (Feeman et al., 2018; Ranscombe & Zhang, 2021),
yet they risk distancing the designer from the fundamental constraints that drive
innovation.

Current studies have addressed related issues by investigating the cognitive-
affective aspects of creativity, fixation mechanisms, and the influence of digital
tools. Sudha and Premkumar (2025) show that creativity is substantially influenced
by affective-conative resources, suggesting a digital interface can provoke frustration
that reduces these resources and increases cognitive load. This interaction aligns with
the fixation model of Nguyen and Zeng (2017), where fixation emerges from
a divergence between perceived and anticipated fitness, shaped by ‘affect’ and ‘per-
ceived workload.” Digital tools such as CAD can generate an ‘illusion of complete-
ness’ (Vasantha et al., 2014), increasing the cognitive load of change and causing
premature fixation, thereby limiting reinterpretation. The regulation of cognitive
load through tool design and training is also critical; Prabhu et al. (2023) demon-
strate that a modular educational strategy manages intrinsic and extraneous load to
enhance self-efficacy and schema construction more effectively than traditional
lectures.

While studies like Wang et al. (2023) map the landscape of digital prototyping
tools, and others like Kim and Maher (2023) highlight the potential of AI co-
creative platforms to enhance ideation novelty and diversity, they do not explicitly
measure the associated cognitive costs, strategic adaptations, or risks of new cog-
nitive dependencies. A close examination of these perspectives uncovers a specific
gap: the lack of a controlled, comparative study employing CLT to explicitly
examine the causal relationship from design medium (TD vs. DM) to cognitive
load, strategy adoption, and subsequently to constraint-driven design outputs.
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Previous research has not simultaneously and empirically investigated this inte-
grated process.

1.4. Study objectives and research questions

Given the apparent advantages of digital resources, concerns have emerged over
their potential to induce cognitive overload, possibly hindering creative cognition
(Bennett et al., 2008; Budinoff et al., 2024; Casais, 2020; Kirschner, 2002). However,
a thorough empirical analysis is needed to transcend this assumption. While
professional design practice often involves a seamless integration of TD and DM
mediums, a controlled, comparative examination is required to isolate their distinct
cognitive effects. This study systematically separates TD and DM as distinct cogni-
tive environments to establish a clear experimental comparison. Therefore, this
study combines CLT with design cognition through a conceptual framework and
posits that the design medium (TD vs. DM) influences a designer’s cognitive load
distribution, which in turn shapes the adoption of design strategies and ultimately
impacts design outcomes. This study is guided by the following research ques-
tions (RQs):

RQ1: How do TD and DM design mediums affect designers’ extraneous, intrinsic, and
germane cognitive load during the concept design process?

RQ2: What distinct problem-solving strategies develop among designers using TD versus
DM mediums?

RQ3: How do the constraints and benefits of each medium impact the novelty, feasibility,
and sustainability of design outcomes?

2. Materials and methods
2.1. Design participants

Sixteen master’s students in product design (aged 25-30, with 2-5 years of experience)
were recruited. The cohort consisted of 6 female and 10 male participants, evenly
distributed into a TD group (n = 8) and a DM group (n = 8). The TD group had expertise
in hand drawing and physical prototyping, while the DM group specialized in digital
tools like CAD and UI/UX software. Participants provided informed consent, were
assigned codes (TD1-TD8, DM1-DMS8), and the study was approved by the institutional
review board (IRB reference: HSEARS20221103005).

2.2. Conceptual framework and study design

This study is guided by a conceptual framework (see Figure 1) that integrates CLT with
design cognition, positing that design mediums serve as active cognitive environments
that manipulate cognitive load, subsequently influencing problem-solving strategies and
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Design Tasks Design Mediums
= Flower Lamp: Aesthetic = Traditional Medium
/ Open-ended Probes (TD)
= Gift Box: Mechanical / = Digital Mediated
structured Probes Medium (DM)
L S —
RQ1
Y
Cognitive
Contextual Factor Processes
Task nature: )" Extraneous load
= Aesthetic = Intrinsic load RQ3 l
= Mechanical = Germane load Design Outcomes
= Novelty
RQ2 -
| = Feasibility
Design Strategies = Sustainability

= Problem-driven
Constraint Negotiation

v

= Solution-driven
Cognition
Externalization

Figure 1. Conceptual framework with the research questions and cognitive load and design cognition
integration.

ultimately shaping design outcomes. A quasi-experimental, between-subjects protocol
study was conducted, comparing TD and DM mediums. The between-subjects design, in
which each participant engaged with only one medium, was selected to prevent learning
effects or strategy transfer that might arise if the same participants utilized both med-
iums, thereby confounding the measurement of each medium’s individual cognitive
impact.

To test the assumption that a medium’s cognitive influence is task-dependent, we
chose two different concept design tasks: an open-ended aesthetic task (flower lamp) and
a structured mechanical task (gift box).

2.2.1. Flower Lamp (aesthetic/open-ended) design task

This task probed a synthetic, ill-defined problem space. The organic form-finding was
intended to increase intrinsic and germane cognitive load for schema development while
reducing reliance on preexisting digital templates.

2.2.2. Gift box (mechanical/structured) design task

This task probed an analytical, well-defined problem space. It was designed to test if
digital resources reduce intrinsic load by providing predefined mechanisms and whether
this advantage is offset by an increase in extraneous load, as proposed by our conceptual
framework.
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Table 1. Design tasks and research purpose alignment.

Research

Research Purpose Question Data collection

Cognitive load (Extraneous, Intrinsic, RQ1 Self-reported cognitive load scale; Verbal protocols
Germane) indicating frustration/effort; Activity logs showing

multitasking (DM group)

Design strategy (Problem-driven and RQ2 Coded verbal protocols; Analysis of activity logs (search
solution-driven) queries vs. sketching time)

Design outcomes and constraint-driven RQ3 Analysis of final concepts and descriptions; Protocol analysis
innovation (Novelty, Feasibility, for constraint mentions; Frequency counts of features

Sustainability)

The two tasks were intentionally chosen to represent different perspectives on
a spectrum that includes ill-defined to well-defined problems. This was necessary to
move beyond a generic “TD vs. DM’ comparison and to empirically test the assumption,
fundamental to our framework, that a medium’s cognitive influence differs by task
characteristics. In other words, this enabled us to determine whether digital tools reduce
intrinsic load (task’s nature) for well-defined problems while leaving ill-defined problems
unaffected. The identical problem constraints (the blossoming of the flower lamp and the
automatic opening of the gift box) for both groups may suggest that the observed
differences stem from the influence of each medium on cognitive engagement.
Moreover, the tasks were explicitly designed to elicit phenomena relevant to our research
questions. Table 1 outlines this alignment, mapping each task characteristic to specific
questions and data collection methods.

2.3. Experiment setup and tools

The experiments were conducted in controlled design labs. The TD group was provided
exclusively with physical tools: guide notes, pencils, paper, erasers, and other necessary
implements. They were restricted from using any digital tools or internet access.

The DM group was provided with a comprehensive digital workspace to replicate
a modern design environment. This included the following components.

e Hardware: Laptops/PCs, tablets, and digital sketchpads (e.g., Wacom).

o Software: CAD (SolidWorks, Fusion 360), digital sketching (Adobe Illustrator,
Procreate), and access to generative Al platforms.

e Resources: Unrestricted internet access for inspiration, tutorials, image libraries,
and component databases.

The decision to provide high-fidelity tools like CAD during the early concept stage
models the resource-rich digital environments of modern practice, where a full suite of
tools is constantly available. This continuous access fundamentally alters the cognitive
environment; the ability to instantly verify a mechanism or search for inspiration
introduces cognitive loads and strategic temptations absent in traditional settings.
Consequently, this study investigates the cognitive effects of this prevalent digital reality,
rather than debating the appropriateness of specific tools. Tools for remote communica-
tion (e.g., Zoom, Teams) were excluded to maintain a focus on individual cognition.
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Traditional design medium Digitally mediated design medium

3d

A4 Paper A3 Paper

Sketch book Form board

Stationary tools: Pencils,
Markers, Geometry tools

Digital Sketch Pad

Figure 2. Experiment setups for TD and DM groups.

The decision to provide unrestricted internet access to the DM group, while
restricting it for the TD group, is fundamental to the study’s design. It implements
the fundamental difference we aim to assess: the cognitive and strategic implications
of being integrated within a vast, readily accessible digital information network rather
than relying on internal knowledge and physical manipulation. This setup allowed us
to isolate the phenomenon of digital resource dependence and its implications for
concept design.

The experimental setup is illustrated in Figure 2.

2.4. Design tasks and procedure

Participants underwent a 15-minute briefing followed by a 90-minute design phase. The
TD group used physical booklets and low-fidelity prototypes, while the DM group used
digital tools and web resources. All participants were instructed to think aloud during the
design process. Upon task completion, cognitive load was assessed via a self-reported
scale, and digital activity logs were captured for the DM group. Final design outputs were
collected from all participants.

The design tasks incorporated specific constraints to create a uniform, reproducible
foundation for both groups (Dorst, 2015). This ensured that any differences in cognitive
load, strategy, or outcome could be more accurately attributed to the design medium
itself, rather than to variable interpretations of an open-ended brief. The central focus is
therefore not on the constraints’ existence but on how the features of TD and DM
mediums influence a designer’s cognitive and strategic adaptation to them. Figure 3
illustrates design briefs.

2.5. Data collection

Data were collected across three streams aligned with the conceptual framework.
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Design brief: Flower lamp design concept

Design brief: Gift box design concept

Main task

You must design a lamp in the shape of a flower. The lamp must
be transformable; when tumed on, it will blossom like a flower.
The lamp must have moveable petals that can be unfolded in the
shape of a flower.

Design requirements:

Main task

You must design a gift box that opens by being lifted from the
sides. The design can be either simple or complex; just ensure
that it is visually appealing. The moment the recipient grabs the
box from the left and right sides, it automatically opens its upper
cover.

Design requirements:

* The lamp must resemble a flower. » It must be opened by lifting from the sides.

* The lamp must have at least four movable petals. « Ensure a unique and pleasant design.
« Ensure a unique and pleasant design. « Try as many designs; just keep track of the time.

Use any data source or digital assistance for the design
process (only for the DM group).

« Try as many designs; just keep track of the time. .
« Use any data source or digital assistance for the design
process (only for the DM group)

Sub tasks: (write down the following components of the design
process)

Sub tasks: (write down the following components of the design

process)
1. Main idea behind the proposed design 1. Main idea behind the proposed design
2. The design approaches at each stage 2. The design approaches at each stage

3. How did you handle issues that arose in the design process? 3. How did you handle issues that arose in the design process?

Figure 3. Design brief: flower lamp and gift box design concepts.

2.5.1. Design outcomes

The outcomes include sketches and concept descriptions from both groups. The TD
group’s submissions of sketchbooks containing handwritten notes and acquired the DM
group’s digital sketches and document files.

2.5.2. Process data
The data include video and audio recordings of think-aloud protocols of both groups, and
the DM’s group digital activity logs (timestamps, search queries, and tool usage).

2.5.3. Cognitive load measurement

Cognitive load was measured using a validated 9-item scale, adapted from Naismith et al.
(2015), Michalski et al. (2023), and Leppink et al. (2014). This scale consists of three sub-
scales, each containing three items, which measure intrinsic, extraneous, and germane
load. This scale is used as a standard self-report tool for assessing the individual
subjective experience associated with each load component (see Appendix B for cognitive
load scale). Participants rated each item using a 9-point scale (0 = not at all the case, 10 =
completely the case) to reflect on their retrospective perception.

2.6. Data analysis

A mixed-method analysis was conducted that included quantitative and qualitative data
analysis. This analytical approach was specifically formulated based on the pathways
defined in our conceptual framework, using quantitative methods to assess the cognitive
load assumptions (RQ1) and applying qualitative coding to map the emergent design
strategies (RQ2) and their subsequent outcomes (RQ3).
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Table 2. Thematic codes for qualitative analysis.

Category Code Definition
Inspiration Organic reference  Drawing inspiration from nature or physical objects
Digital sourcing Using online platforms for inspiration
Derived outcome A concept closely mirrored a commonly found online solution
Strategy Problem-driven Focusing on user needs and core problem constraints
Solution-driven Adding features based on available digital content
Iterative Evidence of repeated questioning and improvement
refinement
Cognition Material Considering physical properties and feasibility
engagement
Feasibility Proposing solutions without considering production
overlooked
Outcomes Novelty New forms or unique functional integrations, feasible and eco-friendly materials,
features Usefulness energy considerations

Sustainability

2.6.1. Quantitative analysis

A multi-variate analysis of variance (MANOVA) test was performed to compare cogni-
tive load dimensions (intrinsic, extraneous, germane) between the TD and DM groups,
with design medium (TD and DM) as the independent variable. Univariate tests along
with Tukey post hoc comparison tests were performed to assess the impact of each design
medium on the cognitive load dimensions of each group. All statistical tests were
performed using IBM SPSS Statistics 25 software.

2.6.2. Qualitative analysis

Verbal protocols were transcribed thoroughly and categorized into statements represent-
ing a single thought or action. Two researchers separately coded a 20% sample utilizing
NVivo and the codebook (see Table 2), obtaining an inter-coder reliability (Cohen’s
kappa) of 0.85. Discrepancies were resolved through discussions, subsequent to which
one researcher finalized the categorization. This structured process enabled consistent
identification of themes related to strategies and outcomes.

3. Results
3.1. Cognitive load differences across TD and DM mediums

Using the first pathway of our conceptual framework, we examined the different impacts
of design mediums on cognitive load dimensions. The framework predicted that DM
medium would increase extraneous load while exhibiting task-dependent effects on
intrinsic load. To address RQ1, we analyzed the cognitive load dimensions across the
two design mediums. The MANOVA test indicated a significant overall effect of the
design medium on cognitive load (Wilks’ A =0.866, F(3, 164) =8.436, p <.001).
Univariate analyses showed that this effect was attributed to significant increases in
extraneous cognitive load (F(1, 166) =23.732, p <.001) within the DM medium, with
mean scores significantly higher (M = 4.5, SD = 2.32) compared to the TD medium (M =
3.0, SD = 1.61). This pattern confirms that digital resources increased significant extra-
neous load through interface complexity and navigational demands. Neither intrinsic nor
germane load exhibited medium-related differences in the overall analysis, suggesting
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Figure 4. Cognitive load in the flower lamp concept design tasks.

a consistent perception of core content difficulty and knowledge integration across
different design mediums.

The analysis of individual design tasks revealed a more detailed insight. For the flower
lamp concept, the multivariate effect was significant (Wilks’ A = 0.881, F (3, 80) = 3.585,
p=0.017), primarily influenced by extraneous load (F(1, 82)=10.877, p=0.001). The
DM group had a significantly increased extraneous load (M = 4.67, SD = 2.63) compared
to the TD group (M = 3.10, SD = 1.62) (see Figure 4). This indicates that for open-ended,
aesthetic tasks, the DM medium’s primary cognitive impact is an increase in extraneous
load without alleviating the intrinsic challenge.

The gift box design task revealed a significant multivariate effect (Wilks” A =0.802,
F (3, 80) =6.597, p <0.001) with a twofold impact: the DM medium reduced intrinsic
load (F(1, 82) = 4.805, p = 0.031) while increasing extraneous load (F(1, 82) = 13.165, p <
0.001) (see Figure 5). This result indicates a cognitive trade-off specific to well-defined
mechanical tasks, where digital tools simplify the core geometric challenge (lower
intrinsic load) but impose new interface-related demands (higher extraneous load).

3.1.1. Extraneous load

The quantitative results showed that the DM medium consistently increased extraneous
load across all design tasks (overall: +50%, flower lamp: +51%, gift box: +51%). Largest
effect sizes observed: n°=0.125 (overall), > =0.117 (flower lamp). These results were
strongly supported by the qualitative outcomes; the DM group demonstrated tool-
dependent cognition: frequent platform switching (‘searched Pinterest, Google, Etsy’),
interface management burden (°. .. drawing on Wacom tablet is slow’), and information
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Figure 5. Cognitive load in the gift box concept design tasks.

fragmentation (‘combined 5 internet sources’). This indicates that digital tools introduce
a consistent transactional overhead that consumes working memory.

3.1.2. Intrinsic load

Digital tools reduced the intrinsic load for the gift box design (-29%) but not for the
flower lamp design. The TD medium maintained higher intrinsic demand across tasks. In
the gift box concept design (mechanically complex), digital tools simplified core chal-
lenges through instant access to mechanism templates (° ... found origami structures
online’) and simulation capabilities (“.. . tested box opening in CAD’). In the flower lamp
concept design (aesthetically complex), organic inspiration resisted digital simplification:
‘... Nature’s complexity can’t be Googled’ (TD4), and ° . .. Digital references made tulip
design more confusing’ (DM2). This supports the finding that digital tools reduce
intrinsic load only for tasks with definitive solution spaces, preexisting digital templates.

3.1.3. Germane load
The TD group consistently reported in a higher germane load (gift box: +23%, flower
lamp: +22%), though these differences were not statistically significant in the MANOVA

Table 3. Germane load dimensions in the traditional and digitally mediated design medium.

Germane load Dimension TD medium DM medium
Schema building TD8's iterative cake box refinement DM5's copied piano-key mechanism
Deep processing "What if?" explorations (TD4) “Searched and pasted” (DM3)

Knowledge integration Mechanical customization (TD5) Sensor add-ons without integration (DM4)
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test. However, qualitative analysis of the germane load dimensions indicated significant
differences in the allocation of cognitive resources for schema construction (see Table 3).

The TD medium enhances mental model representation through manual illustration
and physical prototyping, fostering embodied knowledge and deeper constraint engage-
ment. In contrast, DM medium showed significantly lower novel concept development
(—62%) and higher derived solutions (+73%), suggesting that while the effort devoted to
learning (germane load) may be similar, the quality and depth of the resulting cognitive
schemas differ significantly between mediums.

3.2. Emergent design strategies in TD and DM mediums

In accordance with the framework’s mediating pathway from cognitive load to design
strategy, the results identified distinct problem-solving strategies emerging from the
cognitive environments of each medium. To address RQ2, the design strategies were
analyzed that emerged in each medium. In flower lamp design, the TD group emphasized
physical mechanics: 71% employed user scenario simulation, and 57% integrated sustain-
ability (e.g., TD1’s solar-powered motors, TD3’s brightness-sensing petals). This reflects
a problem-driven strategy focused on core requirements. The DM group, however,
prioritized abstract sensory objectives (71%), with trend mining replacing core explora-
tion in 57% of protocols. Digital borrowing dominated as DM4 used Google for floral
shapes, DM5 added video displays, and DM7 implemented automation. This indicates
a solution-driven strategy introduced by digital inspiration rather than problem analysis.

For gift box design, the TD group leveraged constraint-based iteration: 79% featured
material-driven innovation (TD1’s multi-functional box), and 64% used scenario-based
validation (TD4’s theme-driven forms). Their strategy was defined by a deep engagement
with the problem’s physical and user constraints. The DM group relied on digital
scaffolding: DM3 admitted ‘search[ing] Google and copy[ing] answers’ and DM2 refined
search algorithms, demonstrating a strategy of externalizing the problem-solving
process.’

The strategies manifested in different approaches to ideation and problem refinement.
The TD group showed a focus on function first (like TD3’s solar sensor) inspired by real
examples (TD2’s Arco Castiglioni reference, TD5’s sunflower concept) and awareness of
production (TD3’s 3D-printing question, TD8’s cost assessment). The DM group aimed
for feature-first expansion (like DM1’s mood-changing lamp) using digital inspirations
(DMT’s Plants vs. Zombies, DM7’s Avatar) and prioritizing experiential curation (DM1’s
multisensory journey) but overlooked feasibility (DM7’s sci-fi petal dispersal, DM8’s ¢

Table 4. Critical observations in both groups design activities.

Observation Explanation

Digital DM group showed a 73% higher incidence of unverified solution adoption (e.g., “copy the answers”
dependency DM3) versus TD group’ hands-on experimentation.

Cognitive TD group adopted problem-solving (evidenced by mechanical descriptions), while DM group
strategy externalized cognition through tools (search engines, digital references).

Innovation Digital tools expanded solution possibilities but reduced novel recombination: only 25% of the
outcomes participants in the DM group demonstrated conceptual innovations versus 63% in the TD group.

Feature The TD group incorporated 5x more environmental considerations (e.g., solar power, material

integration choices) despite the DM group’s advanced technical capabilities.
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breathing effects’). These differences in the strategy formulation are summarized in
Table 4, which highlights the fundamental cognitive and behavioral divergence between
the TD and DM groups.

The digital activity logs of the selected participants in the DM group demonstrated
their design processes, searching strategies, and problem-solving activities; they are
presented in Supplementary Material A.

3.3. The influence of medium on design outcomes

The framework’s final pathway proposed that medium-induced cognitive and strategic
differences would result in measurable outcome differences, particularly through differ-
ent interactions with constraints. Regarding RQ3, the qualitative analysis revealed
a direct link between medium, strategy, and outcome. The TD group demonstrated
organic, constraint-driven innovation, emphasizing material feasibility, tactile interac-
tion, and sustainability through iterative hands-on refinement and prototyping.
Conversely, the DM group produced broader but more derived concepts, integrating
multisensory features and crowdsourcing but often overlooking core requirements like
manufacturability and sustainability. Their outcomes were characterized by feature-
complexity but lower conceptual novelty and feasibility.

This divergence is evident in the conceptual origin of their ideas. The TD group’s
flower lamp concepts were predominantly organic (87%) (13 out of 15 revenant proto-
cols) inspired by specific flora like sunflowers, tulips, and lotuses), with 63% emphasizing
environmental integration. TD3 integrated sunlight-responsive automation (* ... the
flower lamp can autonomously activate/deactivate using sunlight’), while TD4 demon-
strated solution-oriented pragmatism.

The DM group expanded conceptual boundaries digitally: DM1 and DMS5 pursued
cross-domain integration (e.g., breathing effects combined with music), DM2 referenced
pop culture (Avatar-inspired petal dispersal), and DM6 designed abstract sensory experi-
ences (e.g., unfolding in cold water) but this often resulted in concepts that were
technologically ambitious yet physically ungrounded. The flower lamp concept design
sketches by the TD and DM group are presented in Figure 6.

For gift box design, the TD group prioritized psychological surprise (TD1: “. .. simple
designs maximize surprise’), anthropomorphic interaction (TD2’s Pokémon-style touch-
activated box), and mechanical simplicity (TD3’s dowel-lock mechanism).

The DM group emphasized technological innovation: 64% incorporated multisensory
feedback, 29% embedded intelligence (e.g., emotion-sensing), and adaptive functionality
(DMT’s size-adjustable box). Participants sketches for the gift box concept design in the
TD and DM group are presented in Figure 7.

Overall, the conceptual framework describes specific cognitive mechanisms by which
design mediums influence design outcomes. The DM medium increases extraneous
cognitive load due to its complex interface and abundant information resources, leading
to solution-driven strategies that prefer external curation over deep problem engage-
ment. This strategic shift results in outcomes with higher feature complexity but lower
conceptual novelty and sustainability.

The framework demonstrates a task-dependent mediation: for mechanical tasks
with clearly defined solution spaces, digital resources can reduce intrinsic load,
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Figure 6. Representative sketches for flower lamp concept design (TD and DM).

potentially enhancing specific elements of the design process. However, in the
context of open-ended aesthetic tasks, this benefit disappears while the extraneous
load cost remains. The TD medium, with lower extraneous load and deeper
engagement with physical constraints, consistently promotes problem-driven stra-
tegies that result in more innovative, feasible, and sustainable outcomes across
task types. The framework reveals the differences across mediums and the funda-

mental cognitive and strategic mechanisms that lead to different creative pathways
(see Figure 8).
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Figure 7. Representative sketches for gift box concept design (TD and DM).

4. Discussion

Based on the conceptual framework, the results revealed multiple pathways from
the medium environment through cognitive processes to creative outcomes, with
the nature of the task serving as a key moderating factor. The study explored the
cognitive and strategic impacts of design mediums using CLT and constraint-
driven cognition. The results addressed the three research questions, indicating
that the design medium functions as an active participant rather than a neutral
medium, influencing cognition, strategy, and design outcomes.

4.1. Cognitive load dynamics in TD versus DM mediums

The results of RQ1 reveal the dynamics of cognitive load, demonstrating the observed
patterns and trade-offs among intrinsic, extraneous, and germane loads across the two
mediums and task types. The DM medium induces a significant extraneous cognitive
load, thereby supporting CLT within a modern design context (Kirschner, 2002; Sweller
et al., 2019). The DM group demonstrated a substantially higher extraneous cognitive
load compared to the TD group, with mean increases of +1.57 points for the flower lamp
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Figure 8. The cognitive-mediation framework with predicted pathways, influencing cognitive process
through design mediums.

concept and +1.42 points for the gift box concept. This finding aligns with Cezar and
Magada (2023), who found that excessive information and online stimuli increase
extraneous load and disorganize attention. This cognitive load can also be interpreted
in view of affective resources; as Sudha and Premkumar (2025) suggest, digital interfaces
may induce frustration that reduces the conative resources necessary for sustained
creative exploration. This increased cognitive load manifested through three primary
mechanisms: attentional fragmentation, indicated by frequent tool-switching in activity
logs (e.g., DM6’s 43 distinct search queries within 44 minutes), and interface manage-
ment issues, explicitly observed in verbal protocols (e.g., DM4’s remark, ... drawing on
a digital tablet is not useful for controlling lines’). Information overload, leading to a 73%
increase in unverified solution adoption relative to the TD group. These mechanisms
support Hawlitschek and Joeckel (2017), who found that extraneous load increases
distractions and non-essential processing. The resulting cognitive demands reduce the
limited working memory resources essential for creative synthesis, corroborating Stones
and Cassidy’s (2007) findings on how digital interfaces can hinder deep creative thinking
and are consistent with Shanmugasundaram and Tamilarasu’s (2023), who identified
challenges from attentional fragmentation. This situation illustrates the core challenge
for designers: the digital medium offers an exceptional repository of resources while
simultaneously imposing a continuous demand for cognitive management, whether the
tools are actively used or merely available as options.

However, the finding of a context-dependent intrinsic load is crucial. The decrease in
intrinsic load for the DM group in the structured gift box task (-29%) confirms Howard
et al. (2008) finding that digital tools can reduce geometric complexity. Nevertheless, this
advantage was task-specific and disappeared in the open-ended aesthetic task of design-
ing a flower lamp, a point captured by TD4’s statement that ’ ... nature’s complexity
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cannot be Googled.” This result challenges the presumption of universal digital effective-
ness and supports Chandrasekera et al. (2025) claim that Al-based tools must contex-
tualize innovations within human culture and history to foster true creativity.

This task-specific efficacy has been confirmed by other studies; for instance, Barbieri
and Muzzupappa (2024) found that generative design tools improved form invention,
while Kim and Maher (2023) indicated that AI offering conceptually similar inspirations
can enhance novelty. However, these advantages appear tied to structured tasks or
specific Al interactions, contrasting with the broad, less-structured digital environment
in our study, which resulted in a net increase in cognitive load. Finally, while germane
cognitive load (associated with learning) remained statistically significant across both
groups, qualitative protocol analysis revealed significant differences in its application.
The TD group employed iterative * ... What if?’ questioning to resolve constraints,
whereas the DM group engaged in fragmented feature collecting without functional
integration (e.g., DM8’s underdeveloped ‘breathing effect, scent, video’ concepts). The
observed cognitive load patterns support the framework’s first assumption regarding the
task-dependent nature of digital tools’ effectiveness. The finding that digital tools reduce
intrinsic load for mechanical tasks but not for aesthetic tasks highlights the inadequate
nature of standard guidelines for digital tool efficacy.

4.2. Emergent problem-solving strategies

The results for RQ2 indicate a fundamental strategic divergence influenced by the
medium, providing strong support for Bilda and Demirkan’s (2003) assertion that
traditional media facilitate problem-driven cognition. In the TD group, material-led
iteration was the most common method, with 79% using constraint-based physical
prototyping (for example, TD3’s elegant dowel locking mechanism). Through scenario-
based validation, 64% of participants demonstrated deep user empathy (e.g., TD5: © ...
consider users’ ... fundamental needs’) and incorporated sustainability considerations at
a rate five times greater than the DM group. The implementation of these problem-
driven strategies led to a significant increase in solution novelty, with 63% of TD
innovations being conceptual, compared to 25% in the DM group. Conversely, the DM
medium effectively externalized cognition, transforming the designer’s primary role from
problem-solver to solution-curator (Casais, 2020). This corresponds with Wang et al.
(2023), who found that designers increasingly use digital tools to communicate inter-
active and environmental qualities, indicating a broader industry shift toward solutions-
driven processes. The DM group’s strategy featured cross-domain integration, crowd-
sourced validation (71% engaged in trend mining, e.g., DM4 ° ... searching for gift box
design examples’), and technical expansion (14% of DM solutions addressed manufac-
turability, contrasting with the TD group’s constant emphasis on feasibility). This
strategic difference elucidates the innovation gap and corroborates Robertson and
Radcliffe’s (2009) concerns over premature fixation in digital processes.

Patricio et al. (2024) highlight the significance of managing this strategic shift,
suggesting that effective digital collaboration requires structured processes and ‘digital
empathy’ to bridge communication gaps and reduce the cognitive and strategic fragmen-
tation observed in our DM group. While digital tools facilitated the extension of
integrated features (e.g., DM5’s piano-key gift box), they also resulted in derivative
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outcomes, exemplified by DM6’s near-replication of an existing IKEA lamp. These
results corroborate Fleury et al. (2021) and Kosmadoudi et al. (2013), indicating that
simplified design environments enhance creative performance by reducing external
stimuli. The digital activity logs indicated that digital tools both enhance and fragment
cognition, corroborating Richey et al.’s (2012) theory that an abundance of resources can
inconsistently narrow solution spaces. This heterogeneity indicates that digital tools
require strategic curation, which design education currently lacks. As Gupta et al.
(2024) suggest regarding generative Al in instructional design, educators must develop
comprehensive strategies to encourage tool use without compromising creative
outcomes.

4.3. Impact on design outcomes and constraint negotiation

The main results for RQ3 provide strong evidence for a constraint-driven interpretation
of the observed outcomes. The TD group’s process demonstrated effective innovation
driven by constraints (Fu et al., 2024; Wang et al., 2018). Their deep engagement, iterative
questioning, and emphasis on feasibility show a cognitive cycle of identifying, negotiat-
ing, and addressing constraints (e.g., TD3’s dowel-lock mechanism and TD1’s solar-
power integration). This deep engagement with material and mechanical constraints
supports Bilda and Demirkan’s (2003) claim that traditional media helps define problems
and prevents the infinite increase of design convergence space (Fu et al., 2024). The result
was more innovative and production-aware outcomes, with the TD group achieving 63%
solution novelty compared to 25% in the DM group and integrating five times more
sustainability considerations, thereby preventing premature fixation (Robertson &
Radcliffe, 2009). This finding has direct implications for design education. Prabhu
et al. (2023) showed that a modular educational strategy effectively regulates cognitive
load to improve learning, indicating that similar structured approaches could be devel-
oped to help students manage the cognitive demands of digital tools while maintaining
the advantages of deep constraint engagement.

Conversely, the DM group’s increased extraneous load and solution-oriented
approach frequently resulted in the neglect of fundamental constraints. The availability
of unlimited digital information broadened the solution space; however, in the absence of
immediate physical and material constraints, it led to several misleading solutions (Fu
et al., 2024). Thus, the primary advantage of the DM medium, infinite information,
ironically resulted in more derived and less substantive outcomes due to a lack of deep
constraint engagement.

5. Conclusions

This study presents empirical evidence that design mediums serve as active cognitive
environments rather than neutral tools, significantly influencing designers’ cognitive
load, problem-solving strategies, and creative outcomes. An empirical investigation
guided by CLT and constraint-driven cognition reveals the following three main results:

First, the results demonstrate that the DM medium imposes a significant extraneous
cognitive load through attentional fragmentation, interface management, and informa-
tion overload, validating CLT in current design contexts. This load consumes working
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memory resources essential for creative synthesis, supporting previous concerns about
digital tools hindering deep creative thinking. However, this cognitive cost is balanced by
digital tools’ capacity to reduce intrinsic load for well-defined mechanical tasks, though
this advantage disappears for open-ended aesthetic tasks where ‘nature’s complexity
cannot be Googled.’

Second, the study reveals a fundamental strategic divergence: TD medium
fosters problem-driven cognition through material engagement and constraint
negotiation, while DM medium promotes solution-driven approaches that exter-
nalize cognition and risk premature fixation. This strategic difference accounts for
the significant outcome gap, as the TD medium produces substantially higher
conceptual novelty (63% compared to 25%) and five times more sustainability
considerations.

Finally, the results provide empirical evidence for constraint-driven innovation,
showing that traditional constraints focus creative efforts and limit infinite solution
spaces; however, an abundance of digital tools often leads to derived outcomes because
constraints are frequently overlooked.

5.1. Theoretical and practical implications

This study offers significant theoretical contributions. First, it empirically validates
cognitive load dynamics in design mediums, clarifying discrepancies in prior load-
creativity research (Calpin & Menold, 2023; Redifer et al., 2019) by demonstrating the
task-dependent effectiveness of tools. By defining ‘digital dependency’ via activity logs, it
provides evidence corroborating Marion and Fixson’s (2021) concerns about the decline
of deep problem exploration. The results indicate that digital mediation externalizes
cognition (Casais, 2020), reallocating mental effort from the problem space to the
solution space. Incorporating CLT expands insights from expertise-load research (Sun
et al., 2014) into medium comparisons, necessitating a reconsideration of digital tool
integration.

For design education, curricula must extend beyond technical training to teach
digital metacognition, such as using ‘search quotas’ to optimize cognitive
resources. Developing tactile skills through hand sketching and physical prototyp-
ing is essential to preserve constraint-driven innovation (Schembri et al., 2015),
countering traditional skill loss and complete digitalization (Aldoy & Evans,
2021). Assessment frameworks should incorporate load-aware cognitive efficiency
metrics alongside solution quality.

For practice, professionals should implement hybrid approaches: traditional ideation
for open-ended tasks and digital execution for mechanical tasks. To reduce the DM
medium’s high extraneous load, practices should restrict concurrent tools and use
sequential processes. Digital tools need integrated sustainability guidelines to address
identified deficiencies. Despite cognitive costs, digital tools should be strategically used
for their advantages in producing organized outcomes, enhancing clarity, accelerating
processes, facilitating modifications, and improving stakeholder communication (Ates &
Koéroglu, 2024).
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5.2. Limitations and future work

This study’s results should be considered within its limitations, which outline clear
directions for future research. First, the sample size of 16 participants, although
appropriate for an in-depth mixed-methods protocol study involving comprehensive
verbal analysis, limits the statistical power and generalizability of quantitative results,
such as the MANOVA results. The size of this sample exemplifies a common trade-
off in design cognition research, prioritizing depth of process data over scope.
Therefore, the current sample size is typical for foundational cognitive studies that
emphasize rich qualitative process data, and it was appropriate to uncover different
and consistent patterns in cognitive load and strategy across the two groups.
However, further study with larger samples will be needed to validate the effect
sizes of the changes in cognitive load. Secondly, the inclusion of student participants
presents a limitation, which implies that the cognitive strategies observed in their
design processes may differ from those of expert designers. However, master’s stu-
dents with 2-5years of experience represent emerging designers who are actively
developing their cognitive strategies with modern digital tools. Their processes are
thus important for understanding the formative influence of design mediums and for
guiding educational practice. Third, the strict separation of TD and DM mediums,
while methodologically necessary for isolating their specific cognitive effects, does not
reflect the cohesive nature of professional practice. This controlled separation was
crucial for establishing the baseline causal effects of each medium and thus providing
a clear foundation for future studies on hybrid workflows. The specific characteristics
of the two design tasks may not represent the full spectrum of design problems. The
selected tasks, while not detailed, effectively demonstrated the fundamental difference
between open-ended aesthetic and structured mechanical problems, enabling us to
highlight the critical role of task types as moderators, which is an important result of
this study. Future research should employ multimodal methods (EEG, eye-tracking)
for real-time cognitive measurement and explore these cognitive and strategic pat-
terns across a variety of tasks and domains. Building on this foundation, subsequent
studies can develop effective educational strategies and design processes that optimize
the cognitive benefits of both traditional and digital mediums.
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