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Abstract
In our current crisis‐prone society, the competency to adapt to novel conditions is challenged
increasingly. Additionally, due to increased costs and declined availability of materials and energy,
architectural education requires a closer relationship to materialization and fabrication. However,
due to the multiple lockdowns over the course of the COVID‐19 health crisis, the student design
process is strongly dematerialized, and their problem‐solving competency is increasingly simplified.
Therefore, to secure skills in materialization and fabrication in architectural programmes and
concurrently emphasize creative and complex problem solving, in this study, an integrated learning
environment called the Fabrication Studio is designed. Next, this learning environment design,
where a design studio is paired with a course in Design Research and Critical Thinking, is tested with
architectural students. Conclusions based on the results are made and finally, thoughts on future
research are introduced.

Introduction
In our current crisis‐prone society, (design) education and professional practice are continuously
questioned (Mitroff & Alpaslan, 2014). As a result of the current COVID‐19 pandemic, for example,
education has been challenged to adapt and decentralized borderless education is explored (Di Gesú
& González, 2020). Additionally, the increased cost and declined availability of materials and energy
have hit the foundation of architecture directly, which perhaps requires an altered attitude to the
materialization and fabrication of architecture and to global supply chains in the broadest sense
(Sakthivel et al., 2021).
Based on these two developments we believe that two major competencies in design education
need to be reconsidered. Firstly, in our current environment where future practice cannot be
predicted, an active learning attitude and complex problem‐solving techniques both emphasizing
fluidity and change (Dagar & Yadav, 2016) need to be learned. Secondly, with disrupted materials
and energy supply chains, there is a necessity to secure skills in materialization and construction in
the architectural design curriculum. When we consider materialization and construction in
architecture as intrinsic to one another where knowledge of one informs the other (Stonorov, 2018),
students need to understand the whole design and construction process to be able to navigate
through current challenges effectively. However, due to the ongoing digitalization and the recent
phenomenon of online education in particular, the opposite often occurs in our classes and the
students' respective design processes have dematerialized even more. This has been exacerbated by
the restricted access to materials and model workshops and their perceived limitations on space and
resources in their own living environment. Additionally, due to individualized learning in the
controlled environment of digital design and visualization software, simple problem‐solving
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techniques are being emphasized and knowledge is generally expressed as linear and deterministic.
Based on these observations, for effective post‐COVID education we believe our current design
education programmes need to be reassessed regarding the following aspects:




Creative Problem Solving
Novice vs. Expert design knowledge
Materials and full‐scale fabrication

Creative Problem Solving
In problem processes, generally, a distinction is made between problems that consist of simple
stimuli (i.e. simple problems) and problems that consist of complex or multifaceted stimuli (i.e.
complex problems) (Corneille & Judd, 1999; van Merriënboer et al., 2002).
Simple problems (e.g. well‐defined problems, tame problems, benign problems) are definable and
generally have one solution. As a result, simple problems are generally solved by non‐thinking
routines and repetitive procedures (Garelick, 2013). In this context, a routine is understood as an
operation that affords limited opportunity for decision‐making in the problem‐solving process
(Plants et al., 1980).
Complex problems (e.g. wicked problems, most design problems, ill‐defined problems, open‐ended
problems, or incomplete problems) are ill‐structured. Because of their interaction with subjects that
are extensive or diffuse, these problems generally require multiple steps and strategies to be
addressed. In architecture, frequently concepts or narratives are defined to frame complex
problems, and explain choices amongst effective routines to provide a so‐called, satisficing (a
portmanteau of satisfy and suffice) approach (Simon, 1956; Wankat & Oreovicz, 2015).
Historically, in education programmes at technical universities and universities of applied sciences,
problem‐solving through routine‐design strategies is emphasized. Originating from the education at
École des Travaux Publics and its successor École Polytechnique in the late 17th century, learning
centered on skills and training (van Zeijl, 1989). Also in more recent studies, Akin (2001) observes a
strong tendency of engineers towards the use of routine‐design strategies, even when problems call
for novel approaches. In educational programmes originating from École des Beaux‐Arts in the early
18th century, problems are solved by implicitly developed strategies, situated in a real‐world context
(e.g. design project, design studio) (Salama, 2008). In opposite to the routine‐centered engineering
approach, Akin (2001) still observed architects and spatial designers generating novel solutions
during problem‐solving activities, even when an effective one was already available. To support
creative problem solving effectively, in the Fabrication Studio, design research and critical thinking
are used to aid students in their ability in problem finding, shaping, and solving first, to support the
development of effective spatial prototypes and designs.

Creative Problem Solving
The multiple lockdowns over the course of the COVID‐19 health crisis impacted various aspects of
learning in general like motivation, effectiveness, and satisfaction strongly (Amro, 2022). In
architectural education in specific, physical design aspects like form studies, material sample
libraries and prototyping were swiftly replaced by digital counterparts, leaving a possibly long‐lasting
imprint on the student’s architectural design process.
To secure materialization and construction skills in post‐COVID architecture and design programmes,
in this study a design studio learning situation design is introduced and tested. This learning situation
centers on complex problems and aims to create expert design knowledge formation through the
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process of materialization and construction, facilitated by a course in design research and critical
thinking. This year's theme of the Fabrication Studio is innovative and traditional masonry
structures. For the final presentation, the students have built an art pavilion mock‐up, designed for a
specific public artwork in Tilburg, The Netherlands. By using their own kitchens as a laboratory,
students were challenged to design and make their own bricks and mortar.
METHOD
Considering the dynamics of our crisis‐prone society, making a research design for contemporary
education generally poses multiple difficulties and challenges. To allow for change, the research
approach as used in this study is the product of an emergent process, rather than a fixed setup
initiated from the start. Furthermore, due to multiple interactions, different research techniques
were used, inspired by multiple fields, and drawn from various research paradigms. Consequently,
by using both tools of qualitative and quantitative origins, the research design resulted in a mixed
methods approach (Cohen et al., 2011:21–26).

Figure 1. Ceramic form studies of masonry bonds, texture, and formwork

Context and participants
This study was completed over two terms of 8 weeks at the Master of Architecture, Fontys
University of Applied Sciences Tilburg during the Fabrication Studio of 2021‐2022. The Fabrication
Studio is part of a 4‐year master’s programme in which students combine a job in an architecture or
engineering office with part‐time education. As the name suggests, the Fabrication Studio
emphasizes the material and construction aspects of the architectural design process. Each year,
during this studio, a different material or technique is introduced, each time involving a wide array
of partners, experts, and collaborations. The studio is scheduled for one afternoon a week, and is
combined with a course on design research and critical thinking in the morning (3+2 ECTS).
During the first term of the studio, students worked on an individual design exercise highlighting
form study and product development of different brick prototypes, based on circular building
principles using local (waste) materials and recyclability in mind. During the second term, emerging
developments and findings were further explored in groups. In this year’s Fabrication Studio an
international group of 5 second‐year and 8 third‐year master’s students participated. The group of
students consisted of 4 female students and 9 male students. Each student has finished a bachelor’s
or master’s study at one or more international universities (i.e. the Netherlands, Iran, Great Britain,
Syria, Italy, Romania, and Turkey).

The Fabrication Studio 21‐22
The Fabrication Studio of 21‐22 is led by three tutors. All tutors teach in the Netherlands area and
have a theoretical and practical background in craft, spatial design, and architectural construction.
Over the course of the studio, various grades and levels of COVID‐19 lockdowns were introduced
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and lifted. As a result, the aims of the workshop started with public seating for social gatherings, and
shifted to a mock‐up for an art pavilion. The Fabrication Studio consists of mainly four stages (i.e.
individual studio design, design research, group studio design, and critical reflection) (Figure 1). Each
stage of the studio leads to a specific kind of knowledge property.

Figure 2. The four stages of the fabrication studio, related to the knowledge as formed

During the individual workshop design, students work on form studies and mock‐ups centered on
specific techniques. Starting with a workshop activity aims to appeal to the novice’s trial‐and‐error
approach of problem‐solving. During the Fabrication Studio of 2021‐2022, ceramic exercises
regarding masonry bonds, texture, and formwork were introduced (Figure 2). Through these
activities, novice designers start working on design problems even if the problem situation and the
learning goals are not clear or understood entirely. Through learning by doing, knowledge is
constructed during the problem‐solving process.
Because novice designers often focus on what they make, rather than how they produce it, the
procedure often remains latent. In this context, latent knowledge is a type of knowledge that is
often hidden or unconscious as the result of the absence of an effective vocabulary, medium or
language to capture it (Wijnhoven, 2008). Accordingly, in comparison to explicit knowledge, which
can be verbalized, latent knowledge is quiet, hidden, unappreciated, and not yet explained (Dienes &
Perner, 1999).
When designers analyze and structure their problem‐solving or design approach, often a strategy
appears that can be verbalized (Cross, 2011:3–28). To support this process, in parallel to the studio,
the design research course is scheduled. During this course, the outcome of the workshop activity is
presented and analyzed. By structuring and verbalizing novel insights, latent knowledge is made
explicit, to inform following workshop studies, and novices are supported to learn through trial‐and‐
error more effectively.
In the second phase, based on the explicit knowledge formed during the workshop activities, novel
insights and emerging themes are further explored in a group studio design. During this stage, the
following three themes emerged. For each theme, an expert or specialist is contacted and
introduced.




Robotic masonry
Ceramic Printing
Brick formwork

In the group studio design, the students adapt their previous workshop findings to fit to the theme
provided by the tutors. To support this process, in parallel to the studio, the critical thinking course is
scheduled. During this process, the student’s cognitive schema is challenged, and fundamental
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knowledge aspects are formed. By recognizing relevant information to solve the challenges ahead
and identifying parts, steps and patterns in the process, aspects of expert knowledge are formed.

Testing Expert Design Knowledge
For the experiment validity of this study, internal validity is. With a group of 13 students, external
validity is considered poor, which limits direct translation and reuse prioritized (Sani & Todman,
2006:19–37). For internal validity, triangulation through the following modes of measurement is
used.
1. Mind mapping
2. Success reflection
3. Critical reflection
During mind mapping, the learner is requested to state and decompose their current subject of
interest and identify key types of knowledge. Then the types are related in a manner that they
represent the content of the study effectively. By using these steps, the learners create a
representation of their own cognitive schema. Additionally, through this mapping process, the
learner interacts with types, while maintaining the concept as formed (Ellis et al., 2010).
The success reflection is a tool that allows for group discussion, centered on group interest and
success (Benammar et al., 2014:109–115). In this session, groups of two participants are requested
to discuss and note down successes they experienced during the workshop in keywords on green
notes (Figure 3) and aspects to improve on orange notes (Figure 4). Next, the notes of keywords are
grouped into themes and the themes are named based on their content. Finally, one or multiple
themes of interest are chosen for a more in‐depth discussion.

Figure 3. A selection of successes from the success reflection results (L), A selection of aspects to improve from the success
reflection results (R)

Through a critical reflection, the students are requested to write a text discussing their position on
design research in relation to architectural design. In this exercise, the students introduce various
literature and arguments to support their position.

RESULTS
During the exhibition of the studio, multiple series of prototypes (Figure 1), and three pavilion
designs were presented. For each pavilion design a part was developed into a full‐scale mock‐up
(Figures 7 and 8). The designs were made in three groups of 4‐5 persons. For the sake of the eCAADe
conference, the two designs involving digital fabrication are the focal point of this study. Therefore,
the mock‐up made through Robotic Brickwork (Figure 8) and Ceramic Printing (Figure 7) are
highlighted.
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Figure 4. The count of the number of items per map level

Mind Maps
The mind maps are made on three occasions during the studio (the start, presentation term 1,
presentation term 2). At each moment the student was requested to make a mind map based on the
current understanding of their interest in bricks and mortar. On each mind map the number of
aspects per level is counted. For example, the map as illustrated in Figure 5 is constructed into four
levels. Here, level 1 is the subject (i.e. super‐type) and consists of one aspect (i.e. brick) and level 2 is
the first division (i.e. type) and consists of five aspects (i.e. thermal, form, experimental, modular,
materiality). Next, with each division (i.e. sub‐types), a level is added, and the aspects are counted.
In map 1, a maximum of four levels are counted. All maps count a single level 1. On average level 2
counts 4.69 aspects, level 3 10.85 aspects, and level 4 1.31 aspects. The subjects discussed are
bricks, future of bricks, masonry and bricks and mortar.
The second mapping activity is scheduled during the first term presentation. In map 2 the number of
aspects in levels 2‐4 increased. Here, on average, level 2 counts 6.09 aspects, level 3 14.55 aspects,
and level 4 3.27 aspects. The subjects discussed are brick, bricks and mortar and adobe brick.
The third mapping activity is scheduled during the second term presentation. In map 3 the number
of aspects in level 1 increased, and level 2‐4 decreased. Here, on average, level 1 counts 1.33
aspects, level 2 5.00 aspects, level 3 7.22 aspects, and level 4 1.78 aspects. The subjects discussed
are bricks, 3D ceramic materialization, brick formwork, clay printing, ceramic printing, architecture
and bricks, masonry patterns.
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Figure 5. Example of mind map and level structure

Success Reflection
In the success reflection, 28 success aspects are introduced and 15 aspects to improve. In both the
success aspects and the aspects to improve the same four themes were made (i.e. concept of design
studio, innovation, learning by doing, and work process). In the theme called ‘Concept of Design
Studio’, the openness and freedom of the studio is a recurring subject and are mentioned in both
the success aspects, as well as the aspects to improve. In the theme called ‘Innovation’, the
introduction of digital design and fabrication are introduced as a success. Additionally, the
collaboration with experts in a multi‐disciplinary approach is addressed. As a remark, the
development of an introduction to the digital techniques is requested. In the theme called ‘Learning
by Doing’ the physical and hands‐on approach is valued. Learning through experiment and testing is
introduced as an important addition to desk‐centered design. As a suggestion, further development
of the knowledge and insight gained is addressed.

Figure 6. Fabrication prototypes

Finally, in the theme called ‘Work Process’, group work, project management, and decision making
are introduced were introduced as a success. Suggestions centered around reconsidering the
amount of team exercises.

Critical Reflections
During the critical reflections, aspects regarding the [1] design process, [2] material feedback, and [3]
product prototyping are introduced. Firstly, during the design process students recognize
stubbornness and linearity in their problem‐solving behavior. Frequently, a design process is
described in which the student starts a form study, recognizes a problem to solve, solves it, and
brings it to a design. During this process, critical reflection on decisions made during the process
were indicated as hindering their process. Over the time of the studio students actively aimed to
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adjust this behavior. By embracing the freedom to explore various design alternatives, a pleasure in
form study and prototyping was expressed. Secondly, the various properties of prototypes and
models were recognized. Being used to make models and maquettes for design presentation, during
this studio, the quality of intermediate models is discovered. Apart from material studies, models for
balance, stability, and geometry studies were introduced. Thirdly, the opportunity to extend
architectural design into product design is discussed. Instead of the designer as a product end‐user,
the ability to design and fabricate products independent from the regular material supply is
recognized as an inspiring addition to the design process.

DISCUSSION
Mind mapping is introduced during the start, middle, and end stages of the fabrication design studio.
By introducing maps at each of these stages, and comparing them regarding the number of items
and levels, a representation of the cognitive schema can be observed. By comparing the first and
second map, the number of aspects for each higher level increased. In the comparison of the second
to the third map, the number of aspects decreased, and the specialization in the subjects discussed
increased. This effect indicates the formation of expert design knowledge. The shift in concept
definition illustrates the introduction of fundamental categories.

Figure 7. Ceramic print mock‐ups

During the success reflection, the students valued the explorative and hands‐on character of the
design process used in the Fabrication Studio. Through novel and innovative digital fabrication
technology, their design process is enriched, and with the introduction of hands‐on material
reflection, a valuable addition to digital design is introduced.
Regarding the problem definition as used, by the end of the studio, most of the students valued the
freedom of expression that allowed them to explore various alternatives to develop and compare.
As suggestions, additional support in digital tools and technologies is suggested. The introduction of
a creative non‐linear problem‐solving process and material reflection is further elaborated in the
critical reflections. Here, an explorative design research attitude was valued, centered on material
reflection and product development.
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Figure 8. Robotic brickwork mock‐ups

CONCLUSIONS AND FUTURE RESEARCH
In this study, an active learning‐situation design is introduced and tested during the Fabrication
Studio at Fontys, University of Applied Sciences, Master of Architecture. The studio centers on
complex problem‐solving and aims at expert design knowledge formation through the process of
materialization and fabrication.
Based on the results from mind mapping, success reflection, and critical reflection, preliminary
findings suggest that the learning situation design was effective in the formation of expert
knowledge that allows the student to solve complex problems, through material experimentation
and prototype fabrication. Firstly, mind map analysis suggests an improvement of the student’s
cognitive schema regarding size and structure. Secondly, the results of the success reflection and
critical reflection show the introduction of complex problem‐solving strategies and prototyping
qualities.
For future research, a learning situation design for complex problem‐solving aiming at students with
a polytechnical education background (e.g. technical university, university of applied sciences) is
considered. In this study, mainly two extremes were observed. [1] Students mainly explored one
design direction. [2] Students explored a large variety of directions with limited competency in
decision making. Here, decisions were made implicitly, forced by time or other external factors. As a
result, there is a need to address these approaches in architecture education and provide specific
training to improve awareness of design methods used, and alternatives to improve them.
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