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Abstract 
The review considers the role of making in the context of digital fabrication tools. Digital fabrication is 
having significant impacts on design and is challenging traditional production paradigms. The study 
reviews literature on making to conceptualise the activity of design-in-making, where making becomes 
an integral part of the design process. The paper analyses an improvisational model of design to suggest 
practical ways to achieve improvisational making when using digital fabrication, with the goal of 
achieving creative design.  
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1. Introduction 
“A new digital revolution is coming, this time in fabrication.” Gershenfeld (2007)  
In the decade since Gershenfeld declared a digital revolution, the growth of new digital fabrication tools 
(e.g. 3D printing, CNC milling, laser cutting and robotics) has changed the way in which products are 
designed and manufactured. Historically, design and making have been considered as two discrete and 
linear stages in the design process, however, the advent of digital fabrication is radically challenging 
this dominant paradigm. The renewed interest in making among designers and users is also noted in the 
growing popularity of personal fabrication technologies, which can be found in emerging informal 
design environments such as fab labs or make spaces (Ratto and Ree, 2012).  
The relationship between creativity and technology has been widely discussed, yet it remains unclear 
how the use of digital tools is influencing creative design. On one hand, digital tools may enable designs 
that were not previously possible, therefore expanding creativity (Ford and Despeisse, 2016). On the 
other hand, digital tools may restrict design (Philpott, 2012; Heidegger, 1977), encourage the production 
of replicas (El-Zanfaly, 2015) and reduce the potential for improvisation (Pinochet, 2016; Willis, 2011). 
The following paper argues that by integrating the stages of design and making, creative results might 
be achieved through the use of digital fabrication tools.  
In this review, a history of design and making are considered in order to reveal new possibilities for the 
design process in the context of digital fabrication. In particular, the review considers how engagement 
with making might offer potential for creativity when using digital fabrication tools.  
The paper is structured as follows. First, a comparison of morphogenic and hylomorphic models of 
design. Second, a discussion of creativity and digital fabrication. Third, an exploration of improvisation, 
uncertainty and emergence in relation to creativity and digital fabrication. Next, a consideration of new 
roles for the designer including the designer-maker and designer-tool-maker. Finally, the paper analyses 
an improvisational model for creative design, drawing practical suggestions for the use of digital 



fabrication. The paper concludes the implications of the findings for design research, providing 
proposed areas of research for further study.  

2. Design and making: a morphogenic approach 
 
The separation of design and making that is typical of the modern design process, is grounded in the 
hylomorphic model that emerged from the philosophy of Aristotle. In this tradition, matter is regarded 
as a passive body onto which action is imposed. Specifically, there is a clear definition of the antecedent 
design phase which is finished prior to the subsequent making phase.  
“Of comings into being and movements, one part is called understanding and the other producing - 
what proceeds from the starting point and form is understanding, what proceeds from the final stage of 
understanding is producing.” (Aristotle, 1971:1032b14-17)  
This theoretical perspective has underpinned the separation between mental cognition and physical 
production. In contrast, salient criticisms of the hylomorphic model have emerged from Simondon 
(1964), Deleuze and Guattari (1980) and more recently, Ingold (2013). Ingold reflects on the history of 
architecture to consider the evolution of the design process, with respects to design and making. He 
notes the influence of Renaissance architect, Leon Battista Alberti, who clearly makes the distinction 
between mental planning and physical construction in his work De Re Aedificatoria. Similarly, Le 
Corbusier (1947) echoes this view of design as an a priori activity, in which drawings and models are 
used to complete the design before the construction process.  
“Man walks in a straight line because he has a goal and knows where he is going; he has made up his 
mind to reach some particular place and he goes straight to it”. (Le Corbusier, 1947: 11).  
This separation of design and production has since become the de-facto way in which we describe and 
characterise design. Indeed, the Oxford English Dictionary definition of design is: "A plan or scheme 
conceived in the mind and intended for subsequent execution" or as a verb "To make drawings for the 
construction or creation of (something, as a building, object, garment, etc.) according to certain 
aesthetic criteria; (b) to make plans for the production of (a device, product, etc.) according to structural 
or functional criteria (sometimes without the implication of aesthetic requirements); (c) (in extended 
use) to conceive, devise, plan (something immaterial, as a scheme, system, programme, etc.)." (OED, 
2017) 
However, Ingold (2013) argues that this was not always the case. In the medieval times, the use of 
drawings was primarily descriptive as oppose to prescriptive. Referencing Hugh of St Victor (1961), 
Ingold points towards the conception of medieval masonry as an iterative and evolving design process.   
“Great medieval buildings were not assembled like puzzles from pre-cut pieces, nor were they finished 
when the last piece was slotted into place. A better analogy…might be the patchwork quilt.”  (Ingold 
2013: 54).  
Simply put by Dewey: “Plans grew as buildings grew” (Dewey, 1934: 59). Rather, the current model 
of design as a planned and a priori activity can be viewed as a result of the paradigm shift during the 
Renaissance period, that was furthered by the growth of mass production during the Industrial 
Revolution. The demand for high volume, standardised products necessitated a highly controlled 
manufacturing process, and therefore, required detailed designs to be planned in advance.  The 
separation of design and making was further compounded by the growth of an academic engineering 
education during 20th Century that focused on new “scientific methods” (Stolterman, 1994). These 
pedagogies considered design from a theoretical perspective, and undermined the value of hands-on 
experience.  
However, with the rise of the so called Third Industrial Revolution (Rifkin, 2011), the growth of digital 
fabrication tools is challenging perspectives that separate the stages of design and making. Notably 
digital fabrication facilitates alternatives approaches to mass production, namely mass customisation 
and the personal manufacturing of one offs (Mellis, 2015). Consequently, the traditional hylomorphic 
model that underlies mass production, is no longer paramount. Instead of relying on a highly controlled 
manufacturing process, design can leverage the potential for spontaneity in making, where variability is 
considered to be an advantage.  



Building on this context, Ingold advocates a morphogenic approach that positions materials and people 
in the context of a situated environment. Adopting the framework of this morphogenic model, it can be 
viewed that making is an irreducible element in the design process and that design can in fact occur in-
vivo during making. This is consistent with Schon’s theory of reflection-in-action that depicts the 
designer in a reflective conversation “among the maker, the material, the tools and the object in-the-
making” (Schon, 1992).  
Likewise, Archer (1991) argues that expression through construction is fundamental to design 
reasoning. This dialogue between design and making can be found in the work of Antoni Gaudi, who 
relied heavily on prototyping and used hanging chains to define catenary curves. By inverting these 
curves, Gaudi was able to define exact angles and dimensions for La Segrada Familia (Burry, 2005). 
Taken together, these perspectives provide evidence that opportunities for design exist in the process of 
making. Expanding on this idea, the phenomena can be conceptualised as design-in-making.  

3. Digital fabrication and creativity  
Historically, it has been suggested that digital tools impose high levels of control, whereas non-digital 
tools facilitate exploratory design and allow for elements of surprise. Heidegger (1982) highlights the 
inherently limiting capacity of technology. He describes how: 
 “The typewriter tears writing from the essential realm of the hand…Mechanical writing deprives the 
hand of its rank in the realm of the written word and degrades the word to a means of 
communication…The typewriter makes everyone look the same.” (Heidegger, 1982: 80-81).  
Similarly, David Pye (1968), although to a somewhat lesser extent, confirms this view, identifying the 
trade-off between quality and creativity as a result of technology:  
“Typewriting represents an intermediate form of workmanship, that of limited risk. You can spike the 
page innumerable ways, but the N’s will never look like U’s, and however ugly the typing, it will almost 
necessarily be legible.” (Pye, 1968: 21).  
In contrast, Pye presents handwriting with the pen as an example of the ‘workmanship of risk’, and 
modern printing as an example of the ‘workmanship of certainty’. It would be incorrect, however, to 
use Pye’s analogy to classify digital tools as the ‘workmanship of certainty’ or non-digital tools as the 
‘workmanship of risk’. Just as Pye admits the demarcation between hand work and machine work is 
meaningless — can writing with a pen truly be hand work? — a superficial demarcation between digital 
and non-digital tools with respects to uncertainty is incorrect. Notably, McCullogh (1998) observes the 
relationship between digital work and craft practice, identifying analogous processes in traditional and 
digital practice. On these grounds, it is possible that digital tools might be used in an exploratory and 
improvisational way.   
These views are in contrast to traditional design paradigms which conceive that technology is a means 
to implement control, quality and precision in the design process. The Design Methods Movement in 
the 1960s, highly influenced by developments in operational research, artificial intelligence and 
computer technology, aimed to create a scientific method of design by reducing the process into its 
constituent parts and replacing repetitive work with technology (Celani, 2012; Langrish, 2016). This 
movement influenced the predominant views of the design process as a means of devising courses of 
action to change situations (Simon, 2008). 
Against the view that design is highly planned and purposeful, new applications of digital fabrication 
challenge the theoretical model of control. Oxman (2006) points out the growth of non-deterministic 
design processes, which can be observed in the practice of designers who use generative and parameter-
based design. This is consistent with findings in Kolarevic (2003) who notes the discovery of emerging 
forms in parametric design, and in Carpo (2013) who places emphasis on digital ‘form finding’ as 
oppose to prescriptive design solutions. Indeed, it is found that design does not develop along a single 
pre-determined trajectory, progressing inexorably from idea to manufacture, but must respond to 
situated factors, resulting in a range of possible ideas (Holzer, 2008; Harrison et al., 2015). Sass and 
Oxman (2006) observe that that generative design and rapid prototyping can be integrated into one 
process. 
Similarly, the trend towards to non-deterministic, emergent design processes is noted in the research of 
new production processes. At ETH Zurich, Döerfler et. al (2014) showcase a large-scale additive 



manufacturing technique, using small scale robotics to remotely project loam blocks. Rather than 
building a replication of a pre-determined design, design parameters are set and sensors monitor the 
structure during construction, providing feedback to the robots, such that its settings can be adjusted. In 
many ways, this construction approach is reminiscent of Ingold’s (2013) conception of Medieval 
masonry, which was discussed earlier. Consequently, there is precedent for the ways in which design 
might exploit the speed and power of digital technologies to revive the benefits of a pre-industrial era. 
Emergent designs, which were previously developed through iterative methods of trial and error, might 
now be manufactured in a way that is both efficient and achieves robust and optimised design. 
Furthering a critical analysis of traditional design paradigms, Preston (2013) reviews the work of 
Aristotle, Marx and Dipert to elucidate the ‘centralised control’ model which dominates material culture. 
The ‘centralised control’ model assumes that:  
 

1. a mental design phase occurs prior to construction; 
2. mental design is formed by an individual; 
3. the design is fully prescriptive; 
4. the construction phase is the unintelligent execution of the design. 

Preston posits that this model inherently encourages replication as opposed to the generation of novel 
ideas. Furthermore, she argues that planning theories of action are deeply flawed, in so far as they 
neglect the improvisatory and distributed nature of creativity, which is collaborative and spans both 
mental and physical activity. Notably, Suchman’s (2006) definition of situated actions reframes actions 
as flexible and contextual, limiting the value of pre-planned actions. Significantly, these positions both 
challenge the view that associates digital fabrication with control and planning, and also introduces new 
ways of thinking about making as a process where uncertainty is crucial. 

4. Improvisation, spontaneity and emergence 
The concept of improvisation is widely discussed with respects to emergence in literature. Several 
definitions of emergence exist in the fields of computation, thermodynamics and function (Cariani, 
1992; Jankovic, 2012; Chen and Crilly, 2016). Emergence can be described in the context of the design 
process: “emergence is the process of making features explicit that were previously only implicit” (Gero, 
1999). Gero proposes that emergence can operate in an additive or substitutive sense, expanding the 
design space or replacing areas of the original design space, in the search for new design schemas. 
Ultimately, this search for new schemas facilitates the development of creative design. In later work 
which explores the relationship between emergence and creativity, it is proposed that novelty is an 
indicator of emergence, in the sense that novelty expands design possibilities, generating results that 
could not have been predicted (Saunders and Gero, 2001). The explication of the relationship between 
emergence and novelty is consistent with the pragmatist theories of George Mead: 
“The present in which the emergent appears accepts that which is novel as an essential part of the 
universe, and from that stand point rewrites its past. The emergent then ceases to be an emergent and 
follows from the past which replaces the former past.” (Mead, 1932: 11).  
Mead emphasises contingency, proposing that emergence can only be understood after its occurrence. 
In the same way, Mead argues that even the scientist, who is perceived to work in a deterministic 
manner, looks forward to an emerging interpretation and retrospectively interprets the data. This 
description of emergence is consistent with the concept of the ‘creative leap’ which is noted by Dorst 
(2001) in an examination of creativity, otherwise referred to as abductive reasoning.  
Accordingly, emergence can be viewed as a dynamic, improvisational, contingent and situated process. 
Returning to Mead’s exposition of emergence, it can be understood that the physical experience is 
fundamental.  In a description of a young boy exploring the world, Mead posits that the child understands 
his own being through the physical experience of his environment acting upon him.  
“His surroundings stretch away on all sides… Meantime the pressure of his body and the grasping of 
his hands have to localise things from an inside attitude and he finally reaches himself as a thing through 
the action of other things upon him.” (Mead, 1932: 122)   



Consequently, agency is asserted to non-human actors, in so far as the environment is responsive and 
shapes an understanding of the world. Further expanding upon the concept, Newton’s laws of motion 
(that each action has an equal and opposite action) are considered, to elucidate the symbiotic relationship 
between the subject and object. This is consistent with the work of Latour (1987) and Law (1991) with 
regards to Actor Network Theory, which posits that all actors in a system have agency. It follows that, 
any system of multiple actors must be dynamic. Mead draws inspiration from the biological world, 
where this is especially evident, arguing that all systems are dynamic and that new states are therefore 
constantly emerging. In this account, action is identified as a fundamental part of understanding, where 
cognition is no longer a purely mental activity, but is also localised in physical activity. Similarly, 
Dewey (1934) makes clear that without physical embodiment, an experience is incomplete, concluding 
that perception must involve all the senses and emotions. Taken together these perspectives underscore 
the role of the physical in the emergence of design, therefore revealing the importance of making in the 
design process. 
The account of emergence challenges the reductionist epistemic of design that advocates the designer 
as the central planner. In particular, the self-organising, bottom-up nature of emergence, is identified in 
a number of studies (Van Alstyne and Logan, 2007; Sato and Matsuoka, 2009; Jakovic, 2012). Whereas 
in a traditional top-down approach, the designer starts with a desired outcome and derives an optimum 
solution in a reductionist manner, a bottom-up approach is iterative and self-organising, as it adapts to 
a changing design environment rather than focusing on a single overarching intention. Experimental 
findings from Knight and Stiny (2001) and Cannaerts (2009) conclude that digital and computational 
design can generate emergent results. Consequently, the designer is not a controller, but an influencer 
of the design process.  
So then, the following question evolves: how can designers recognise viable opportunities and 
practically use (or influence) emergence in the design process? Schon (1983) notes the significance of 
the ‘surprise' in creative design. Marenko (2015) introduces the concept of the ‘glitch’ as a method for 
expanding design potential, where the accident or error is reframed as a productive opportunity. In this 
sense, ambiguity is viewed as the corollary of improvisation and emergence (Knight and Stiny, 2001). 
It is also suggested that a new method of ‘digital craft’ may supersede traditional design methods, which 
poses a challenge for designers. How might designers adapt their skills to explore ambiguity in the 
design process? Research has shown that tolerance to ambiguity is related to creativity, and that some 
personality traits may be better suited to managing ambiguity (Tegano, 1990). In fact, failure — and 
tolerance to failure — may also be an important component in creativity (Vossoughi et al., 2013). 
Moreover, Dewey (1934) identifies that making use of emergence requires experience, providing the 
analogy of a volcanic eruption which results for a long period of compression:  
“Spontaneity is the result of long periods of activity, or else it is so empty as to not be an act of 
expression”. (Dewey, 1934: 72)  
Consequently, it can be concluded that while an emergent method is not planned, it requires the active 
engagement and intentionality of the reflective designer, who is continually interacting with the design, 
the environment, the object. Clearly, active engagement with design and making provides a basis for 
exploring an emergent process, and resultantly is a driver for creativity in design. 

5. The designer-maker 
As the boundaries between design and making become more blurred, there is a need to consider the 
emergence of informal design environments, where designer-maker identities overlap. In particular, the 
increased availability of personal fabrication tools has generated a new cultural phenomenon - the Maker 
Movement. The Maker Movement is premised on the concept of a community of makers, who create 
physical and digital artefacts for their own use (Papavlasopoulous et al., 2016; Chu et al., 2017; 
Christensen and Iversen, 2017). Originally, Makers occupied fabrication spaces, such as fab labs or 
make spaces, however an increasing interest in Maker culture has resulted in the expansion of design 
spaces to a range of contexts, such as schools, museums and universities (Christensen and Iversen, 
2017). This dualist role of designer-maker reflects the shift in design process, where making is no longer 
a reducible component of design, to be performed once the design is fully resolved.  



5.1. Tool making 
Another phenomenon associated with the growth of digital fabrication tools is the emerging proposition 
of the designer as a tool-maker. In this case, designers are no longer simply users of manufacturing tools 
but they are actively involved in adjusting fabrication tools or developing their own fabrication tools. In 
ceramic design, there are a number of designers, including Jonathan Keep, Oliver Van Herpt and Claire 
Wernier, who have created their own 3D printing tools to print clay. In product design, designers such 
as Joris Laarman and Dirk Vander Kooj have created their own free-form additive manufacturing tools. 
Drummond Masterton, a conceptual product designer reflects on how understanding the fabrication 
tools he uses is an integral part of his work:  
“testing numerous machine settings, adjusting large segments of machine code and changing or making 
tools for the machine to use” (Bunnell, 2004).  
The concept of the role of ‘designer as a tool builder’ is identified by Aish (2003), and Oxman (2006) 
concludes that there is a new role for the designer as a “toolmaker of customised design media”. It 
follows that making does not just refer to production of artefacts but it some cases, involves the 
production of new tools. 

6. An emergent design process using digital fabrication  
Earlier the following question was identified: how can designers recognise viable opportunities and 
practically use (or influence) emergence in the design process? In order to explore this question, 
Preston’s (2013) alternative proposition to the ‘centralised control’ model is considered. Preston 
introduces the improvisational agent as the designer(s) that coordinate their work by using alternative 
resources to plans. Focusing on descriptive (rather than prescriptive) strategies, such as habits and 
practices, there is an emphasis on non-explicit patterns of activity for governing the design process. 
Specifically, three main strategies are identified, which Preston proposes can be used by solitary or 
collaborative agents:  
 

1. appropriate and extend; 
2. proliferate and select; and,  
3. turn-taking. 

Each of these strategies will be examined in turn, in an attempt to understand how the various approaches 
might facilitate improvisational, emergent practice in a design process, when using digital fabrication. 
Finally, it is considered that in some cases the digital fabrication tool itself naturally creates variability. 
Preston’s model is therefore expanded to include a fourth strategy in response to this: 

 
4. exploiting spontaneity 

6.1. Appropriate and extend 
Preston gives the example of how Nathan Sheppard, who upon being stuck writing lyrics for ‘Lying in 
Grass’, was provided with the first two lines of the song by his co-performer Will Greene. This provided 
him with a starting point and he went on to immediately complete the song lyrics. In other words, the 
strategy identifies how the improvisational agent can build upon the inspirations of pre-existing 
structures to appropriate or extend ideas - developing an idea further but also making revisions to the 
pre-existing structure through new interpretations and revisions. In the case of digital fabrication, 
designers might be provided with a partially created model or inspirations for designing a solution — a 
partial ready-made.  
Blikstein (2013) describes how providing semi-structured instructions can assist students, however 
warns that examples should avoid being too prescriptive or trivial. In the design exercise, Blikstein 
describes the ‘Keychain Syndrome’ where students become fixated on a particular type of solution rather 
than exploring the full design space. He notes that they prefer to make simple, ‘highly finished’ results, 
as oppose to exploring non-trivial solutions. This study is consistent with extensive research on design 
fixation, which warns against the use of physical examples early in the design process, as they can 
constrain solutions (Toh, 2014; Vidal et al., 2004). Taken together, this argument leads to the hypothesis 



that that the provision of a partial ready-made solution can support improvisation in the design process. 
However, further investigation is needed to understand how to facilitate appropriation without initiating 
fixation. 

6.2. Proliferate and select 
The second strategy composes of two key activities, proliferate and select. Proliferate refers to, in 
Preston’s words, the action of “trying out several ways of proceeding before settling on one”. It is noted 
that the process of generating options can be time consuming and require a significant amount of effort. 
However, in some cases the use of proliferation can be implemented to significantly ease the process, 
by creating a bank of self-made, partial ready-mades, from which to later draw inspiration from. In the 
case of digital fabrication, the use of a design repository such as Thingyverse or GrabCAD might provide 
opportunities for designers to seek inspiration from. 
Preston also suggests that introducing means of distraction into the environment may encourage 
increased likelihood of unintentional productions. Such unintentional productions she argues, serve as 
means to inspire creativity.  
“They also sometimes use other items of material culture and/or aspects of the social environment as 
distraction devices, so that the doodling not only lacks a guiding intention, but also is not even the focus 
of conscious intention.” (Preston, 2013) 
It is possible that new, dynamic design environments, such as maker spaces, might provide opportunities 
for such creative ‘unintentional productions’. Furthermore, the notion of unfaithful copying is 
introduced, whereby the designer begins by imitating another product and deviates from the original 
design, as a result of their own limitations or sensibility. In this way, unfaithful copying can result in the 
creation of something altogether new as opposed to appropriated. El-Zanafaly (2016) defines the model 
‘Imitation, Iteration and Improvisation’ to encourage students to engage with making using digital 
fabrication. In this process, the use of copying existing designs is presented as a valuable way of 
learning, allowing for analysis and interaction. In the iteration stage, the students are encouraged to 
modify a particular feature, for example the material or geometry. Finally, in improvisation, students 
are encouraged to create their own concepts. The model provides a good foundation, but offers a fairly 
constrained approach for imitation – students only copy one precedent – and provides limited guidance 
with respects to exactly how to iterate and to improvise. The model also relies heavily on the creative 
input of the students, and so, further work is needed to introduce more guidance and modes of 
inspiration, in order to support the creative process. 
Taken together, these analyses suggest that firstly, the accessibility of self-made partial ready-mades 
might encourage inspiration; secondly, external inspirations (or distractions) might encourage 
improvisation; thirdly, that imitation might result in the creation of the new, not simply appropriated. 

6.3. Turn-taking 
Preston’s third strategy for improvisation is turn-taking. Drawing upon references from baseball teams, 
jazz groups and Conversational Analysis, the nature of collaborative activity is highlighted as a key 
inspiration for improvisation. It is noted that high levels of organisation are achieved through the local 
organisation of agents, who behave according to local, normative practices. In a review of making, 
Resnick and Rosenbauum (2013) advise that that the maker needs to engage with people not just 
materials. Further reinforcing this position, Petrich et al. (2013) argue that solidarity (sharing tools, 
strategies and contributing to each other’s work) is an important aspect of making. Youmans and 
Ohlsson (2005) argue that groups are better able to identify complex problems than individuals if group 
communication is good. This approach provides the basis for exploring new design approaches with 
respects to digital fabrication. Sharing design input or structured collaboration on designs in digital 
maker spaces might facilitate the emergence of creative design. 

 

6.4. Exploiting spontaneity 



Exploiting spontaneity is proposed as an additional strategy to complement Preston’s model. Earlier the 
idea that digital fabrication is introducing new possibilities for creative design was discussed. Of note, 
the concept of the ‘glitch’ is reframed as a productive opportunity (Marenko, 2015). In the case of 
parametric design, the designer relinquishes the traditional control of the manufacturing process. Instead 
of starting with a pre-determined idea of the final design, the designer sets some parameters and the 
process of making allows for unforeseen designs to unfold. In addition to this method of exploiting 
spontaneity, other interfaces for interactive and spontaneous fabrication may also be possible. Notably, 
Willis et al. (2011) explore a method for direct interactive fabrication, presenting three prototype devices 
which use real-time inputs to directly affect fabricated outcomes: using inputs from a microphone to 
control wire bending to design jewellery; using potentiometers to sense the cutting path of a hot wire 
cutter; and, converting physical inputs into digital CAD representations. Similarly, Pinochet (2016) 
argues that by using interactive design and intelligent fabrication machines, it is possible to reconcile 
design and making through technology, and to reduce the creative gap. Consequently, these perspectives 
provide a basis for understanding different ways of exploiting spontaneity when using digital 
fabrication. Importantly, they signal a shift in thinking, away from the ‘centralised control’ model 
towards a model of design-in-making, where the production process itself demands improvisation.  

7. Discussion 
The main focus of this review has been to understand how making has changed as a result of the 
application of new digital fabrication tools. The paper started by exploring critical perspectives of the 
traditional hylomorphic model, drawing contrasting views to show that design and making are 
inextricably related. This perspective was conceptualised to identify the approach of design-in-making. 
Notably, this review undermines the ‘centralised control’ model of design, advocating a participatory 
and self-organising approach to the design process. This point of view is consistent with the emerging 
role of the designer-maker, which has been enabled by the advent of digital fabrication tools and 
development of new digital fabrication spaces. 
Fab labs or make spaces are among some of the potential environments where designer-makers can 
explore new design-in-making approaches. There is a need to map out these informal environments and 
to understand the extent to which these environments foster an improvisational design process and the 
ways in which this improvisational approach is having an impact on the design of artefacts. Specifically, 
further research is needed to understand how these informal environments for design and making might 
support more creative and effective design compared with the traditional design studio. 
The review then proceeded to explore the relationship between digital fabrication and creativity. 
Expanding upon the concept of improvisation, uncertainty and emergence, the question of how digital 
fabrication might be connected to improvisational making was identified as relevant to the development 
of creative design. Finally, three improvisation strategies were considered with respects to digital 
fabrication and Preston’s (2013) model was expanded upon to include exploiting spontaneity which 
considers how the production process itself creates opportunities for improvisation. The findings 
reported lead to the following hypotheses:  
 

1. the use of a partial ready-made will support creativity when using digital fabrication tools; 
2. imitation of existing products will support creativity when using digital fabrication tools; 
3. collaborative making will support creativity when using digital fabrication tools; and, 
4. the use of more interactive digital fabrication processes will facilitate creative outputs. 

Some suggestions have been made for how each of these approaches might practically be used: 
leveraging collaborative design, designing using digital design repositories (such as Thingverse of 
GrabCAD); or using partially started solutions (referencing examples or features from alternative 
designs). However, further research is needed to explore these approaches in more detail. In particular, 
consideration needs to be given to potential creative conflicts that might result from adopting such 
approach. For example, studies relating to design fixation, offer alternative views on the role of ready-
mades and should be investigated in relation to the suggested approaches.  



8. Conclusion  
The current paper has shown how the rise of digital fabrication has created a shift in thinking about 
design. An examination of the relationship between design and making over history has situated 
perspectives on how these two stages of the design process might be integrated. It can be understood 
that the separation of design and making has in many ways been related to technological progress since 
the Renaissance and Industrial Revolution. Of note, this review, contradicts the view that technology 
must impose high levels of control. In particular, the review identifies that digital fabrication offers 
alternatives to mass production, and resultantly provides a basis for exploring new ways of 
improvisational and creative engagement. Not only can the designer adopt strategies for improvisation 
when using digital fabrication tools, but the digital fabrication tools themselves can impose 
improvisational results. The paper has identified four improvisational strategies which support creativity 
when using digital fabrication. As a next step, there is a need to define methods for adopting these 
approaches as part of the design process. Such research would have significant implications for the field 
of creative design, as well as design education.  
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	A REVIEW OF MAKING IN THE CONTEXT OF DIGITAL FABRICATION TOOLS
	L. Corsini and J. Moultrie
	Abstract
	The review considers the role of making in the context of digital fabrication tools. Digital fabrication is
	having significant impacts on design and is challenging traditional production paradigms. The study
	reviews literature on making to conceptualise the activity of design-in-making, where making becomes
	an integral part of the design process. The paper analyses an improvisational model of design to suggest
	practical ways to achieve improvisational making when using digital fabrication, with the goal of
	achieving creative design. 
	Keywords: digital design, digital manufacturing, design creativity, design process, design theory
	1. Introduction
	“A new digital revolution is coming, this time in fabrication.” Gershenfeld (2007) 
	In the decade since Gershenfeld declared a digital revolution, the growth of new digital fabrication tools (e.g. 3D printing, CNC milling, laser cutting and robotics) has changed the way in which products are designed and manufactured. Historically, design and making have been considered as two discrete and linear stages in the design process, however, the advent of digital fabrication is radically challenging this dominant paradigm. The renewed interest in making among designers and users is also noted in the growing popularity of personal fabrication technologies, which can be found in emerging informal design environments such as fab labs or make spaces (Ratto and Ree, 2012). 
	The relationship between creativity and technology has been widely discussed, yet it remains unclear how the use of digital tools is influencing creative design. On one hand, digital tools may enable designs that were not previously possible, therefore expanding creativity (Ford and Despeisse, 2016). On the other hand, digital tools may restrict design (Philpott, 2012; Heidegger, 1977), encourage the production of replicas (El-Zanfaly, 2015) and reduce the potential for improvisation (Pinochet, 2016; Willis, 2011). The following paper argues that by integrating the stages of design and making, creative results might be achieved through the use of digital fabrication tools. 
	In this review, a history of design and making are considered in order to reveal new possibilities for the design process in the context of digital fabrication. In particular, the review considers how engagement with making might offer potential for creativity when using digital fabrication tools. 
	The paper is structured as follows. First, a comparison of morphogenic and hylomorphic models of design. Second, a discussion of creativity and digital fabrication. Third, an exploration of improvisation, uncertainty and emergence in relation to creativity and digital fabrication. Next, a consideration of new roles for the designer including the designer-maker and designer-tool-maker. Finally, the paper analyses an improvisational model for creative design, drawing practical suggestions for the use of digital fabrication. The paper concludes the implications of the findings for design research, providing proposed areas of research for further study. 
	2. Design and making: a morphogenic approach
	The separation of design and making that is typical of the modern design process, is grounded in the hylomorphic model that emerged from the philosophy of Aristotle. In this tradition, matter is regarded as a passive body onto which action is imposed. Specifically, there is a clear definition of the antecedent design phase which is finished prior to the subsequent making phase. 
	“Of comings into being and movements, one part is called understanding and the other producing - what proceeds from the starting point and form is understanding, what proceeds from the final stage of understanding is producing.” (Aristotle, 1971:1032b14-17) 
	This theoretical perspective has underpinned the separation between mental cognition and physical production. In contrast, salient criticisms of the hylomorphic model have emerged from Simondon (1964), Deleuze and Guattari (1980) and more recently, Ingold (2013). Ingold reflects on the history of architecture to consider the evolution of the design process, with respects to design and making. He notes the influence of Renaissance architect, Leon Battista Alberti, who clearly makes the distinction between mental planning and physical construction in his work De Re Aedificatoria. Similarly, Le Corbusier (1947) echoes this view of design as an a priori activity, in which drawings and models are used to complete the design before the construction process. 
	“Man walks in a straight line because he has a goal and knows where he is going; he has made up his mind to reach some particular place and he goes straight to it”. (Le Corbusier, 1947: 11). 
	This separation of design and production has since become the de-facto way in which we describe and characterise design. Indeed, the Oxford English Dictionary definition of design is: "A plan or scheme conceived in the mind and intended for subsequent execution" or as a verb "To make drawings for the construction or creation of (something, as a building, object, garment, etc.) according to certain aesthetic criteria; (b) to make plans for the production of (a device, product, etc.) according to structural or functional criteria (sometimes without the implication of aesthetic requirements); (c) (in extended use) to conceive, devise, plan (something immaterial, as a scheme, system, programme, etc.)." (OED, 2017)
	However, Ingold (2013) argues that this was not always the case. In the medieval times, the use of drawings was primarily descriptive as oppose to prescriptive. Referencing Hugh of St Victor (1961), Ingold points towards the conception of medieval masonry as an iterative and evolving design process.  
	“Great medieval buildings were not assembled like puzzles from pre-cut pieces, nor were they finished when the last piece was slotted into place. A better analogy…might be the patchwork quilt.”  (Ingold 2013: 54). 
	Simply put by Dewey: “Plans grew as buildings grew” (Dewey, 1934: 59). Rather, the current model of design as a planned and a priori activity can be viewed as a result of the paradigm shift during the Renaissance period, that was furthered by the growth of mass production during the Industrial Revolution. The demand for high volume, standardised products necessitated a highly controlled manufacturing process, and therefore, required detailed designs to be planned in advance.  The separation of design and making was further compounded by the growth of an academic engineering education during 20th Century that focused on new “scientific methods” (Stolterman, 1994). These pedagogies considered design from a theoretical perspective, and undermined the value of hands-on experience. 
	However, with the rise of the so called Third Industrial Revolution (Rifkin, 2011), the growth of digital fabrication tools is challenging perspectives that separate the stages of design and making. Notably digital fabrication facilitates alternatives approaches to mass production, namely mass customisation and the personal manufacturing of one offs (Mellis, 2015). Consequently, the traditional hylomorphic model that underlies mass production, is no longer paramount. Instead of relying on a highly controlled manufacturing process, design can leverage the potential for spontaneity in making, where variability is considered to be an advantage. 
	Building on this context, Ingold advocates a morphogenic approach that positions materials and people in the context of a situated environment. Adopting the framework of this morphogenic model, it can be viewed that making is an irreducible element in the design process and that design can in fact occur in-vivo during making. This is consistent with Schon’s theory of reflection-in-action that depicts the designer in a reflective conversation “among the maker, the material, the tools and the object in-the-making” (Schon, 1992). 
	Likewise, Archer (1991) argues that expression through construction is fundamental to design reasoning. This dialogue between design and making can be found in the work of Antoni Gaudi, who relied heavily on prototyping and used hanging chains to define catenary curves. By inverting these curves, Gaudi was able to define exact angles and dimensions for La Segrada Familia (Burry, 2005). Taken together, these perspectives provide evidence that opportunities for design exist in the process of making. Expanding on this idea, the phenomena can be conceptualised as design-in-making. 
	3. Digital fabrication and creativity 
	Historically, it has been suggested that digital tools impose high levels of control, whereas non-digital tools facilitate exploratory design and allow for elements of surprise. Heidegger (1982) highlights the inherently limiting capacity of technology. He describes how:
	 “The typewriter tears writing from the essential realm of the hand…Mechanical writing deprives the hand of its rank in the realm of the written word and degrades the word to a means of communication…The typewriter makes everyone look the same.” (Heidegger, 1982: 80-81). 
	Similarly, David Pye (1968), although to a somewhat lesser extent, confirms this view, identifying the trade-off between quality and creativity as a result of technology: 
	“Typewriting represents an intermediate form of workmanship, that of limited risk. You can spike the page innumerable ways, but the N’s will never look like U’s, and however ugly the typing, it will almost necessarily be legible.” (Pye, 1968: 21). 
	In contrast, Pye presents handwriting with the pen as an example of the ‘workmanship of risk’, and modern printing as an example of the ‘workmanship of certainty’. It would be incorrect, however, to use Pye’s analogy to classify digital tools as the ‘workmanship of certainty’ or non-digital tools as the ‘workmanship of risk’. Just as Pye admits the demarcation between hand work and machine work is meaningless — can writing with a pen truly be hand work? — a superficial demarcation between digital and non-digital tools with respects to uncertainty is incorrect. Notably, McCullogh (1998) observes the relationship between digital work and craft practice, identifying analogous processes in traditional and digital practice. On these grounds, it is possible that digital tools might be used in an exploratory and improvisational way.  
	These views are in contrast to traditional design paradigms which conceive that technology is a means to implement control, quality and precision in the design process. The Design Methods Movement in the 1960s, highly influenced by developments in operational research, artificial intelligence and computer technology, aimed to create a scientific method of design by reducing the process into its constituent parts and replacing repetitive work with technology (Celani, 2012; Langrish, 2016). This movement influenced the predominant views of the design process as a means of devising courses of action to change situations (Simon, 2008).
	Against the view that design is highly planned and purposeful, new applications of digital fabrication challenge the theoretical model of control. Oxman (2006) points out the growth of non-deterministic design processes, which can be observed in the practice of designers who use generative and parameter-based design. This is consistent with findings in Kolarevic (2003) who notes the discovery of emerging forms in parametric design, and in Carpo (2013) who places emphasis on digital ‘form finding’ as oppose to prescriptive design solutions. Indeed, it is found that design does not develop along a single pre-determined trajectory, progressing inexorably from idea to manufacture, but must respond to situated factors, resulting in a range of possible ideas (Holzer, 2008; Harrison et al., 2015). Sass and Oxman (2006) observe that that generative design and rapid prototyping can be integrated into one process.
	Similarly, the trend towards to non-deterministic, emergent design processes is noted in the research of new production processes. At ETH Zurich, Döerfler et. al (2014) showcase a large-scale additive manufacturing technique, using small scale robotics to remotely project loam blocks. Rather than building a replication of a pre-determined design, design parameters are set and sensors monitor the structure during construction, providing feedback to the robots, such that its settings can be adjusted. In many ways, this construction approach is reminiscent of Ingold’s (2013) conception of Medieval masonry, which was discussed earlier. Consequently, there is precedent for the ways in which design might exploit the speed and power of digital technologies to revive the benefits of a pre-industrial era. Emergent designs, which were previously developed through iterative methods of trial and error, might now be manufactured in a way that is both efficient and achieves robust and optimised design.
	Furthering a critical analysis of traditional design paradigms, Preston (2013) reviews the work of Aristotle, Marx and Dipert to elucidate the ‘centralised control’ model which dominates material culture. The ‘centralised control’ model assumes that: 
	1. a mental design phase occurs prior to construction;
	2. mental design is formed by an individual;
	3. the design is fully prescriptive;
	4. the construction phase is the unintelligent execution of the design.
	Preston posits that this model inherently encourages replication as opposed to the generation of novel ideas. Furthermore, she argues that planning theories of action are deeply flawed, in so far as they neglect the improvisatory and distributed nature of creativity, which is collaborative and spans both mental and physical activity. Notably, Suchman’s (2006) definition of situated actions reframes actions as flexible and contextual, limiting the value of pre-planned actions. Significantly, these positions both challenge the view that associates digital fabrication with control and planning, and also introduces new ways of thinking about making as a process where uncertainty is crucial.
	4. Improvisation, spontaneity and emergence
	The concept of improvisation is widely discussed with respects to emergence in literature. Several definitions of emergence exist in the fields of computation, thermodynamics and function (Cariani, 1992; Jankovic, 2012; Chen and Crilly, 2016). Emergence can be described in the context of the design process: “emergence is the process of making features explicit that were previously only implicit” (Gero, 1999). Gero proposes that emergence can operate in an additive or substitutive sense, expanding the design space or replacing areas of the original design space, in the search for new design schemas. Ultimately, this search for new schemas facilitates the development of creative design. In later work which explores the relationship between emergence and creativity, it is proposed that novelty is an indicator of emergence, in the sense that novelty expands design possibilities, generating results that could not have been predicted (Saunders and Gero, 2001). The explication of the relationship between emergence and novelty is consistent with the pragmatist theories of George Mead:
	“The present in which the emergent appears accepts that which is novel as an essential part of the universe, and from that stand point rewrites its past. The emergent then ceases to be an emergent and follows from the past which replaces the former past.” (Mead, 1932: 11). 
	Mead emphasises contingency, proposing that emergence can only be understood after its occurrence. In the same way, Mead argues that even the scientist, who is perceived to work in a deterministic manner, looks forward to an emerging interpretation and retrospectively interprets the data. This description of emergence is consistent with the concept of the ‘creative leap’ which is noted by Dorst (2001) in an examination of creativity, otherwise referred to as abductive reasoning. 
	Accordingly, emergence can be viewed as a dynamic, improvisational, contingent and situated process. Returning to Mead’s exposition of emergence, it can be understood that the physical experience is fundamental.  In a description of a young boy exploring the world, Mead posits that the child understands his own being through the physical experience of his environment acting upon him. 
	“His surroundings stretch away on all sides… Meantime the pressure of his body and the grasping of his hands have to localise things from an inside attitude and he finally reaches himself as a thing through the action of other things upon him.” (Mead, 1932: 122)  
	Consequently, agency is asserted to non-human actors, in so far as the environment is responsive and shapes an understanding of the world. Further expanding upon the concept, Newton’s laws of motion (that each action has an equal and opposite action) are considered, to elucidate the symbiotic relationship between the subject and object. This is consistent with the work of Latour (1987) and Law (1991) with regards to Actor Network Theory, which posits that all actors in a system have agency. It follows that, any system of multiple actors must be dynamic. Mead draws inspiration from the biological world, where this is especially evident, arguing that all systems are dynamic and that new states are therefore constantly emerging. In this account, action is identified as a fundamental part of understanding, where cognition is no longer a purely mental activity, but is also localised in physical activity. Similarly, Dewey (1934) makes clear that without physical embodiment, an experience is incomplete, concluding that perception must involve all the senses and emotions. Taken together these perspectives underscore the role of the physical in the emergence of design, therefore revealing the importance of making in the design process.
	The account of emergence challenges the reductionist epistemic of design that advocates the designer as the central planner. In particular, the self-organising, bottom-up nature of emergence, is identified in a number of studies (Van Alstyne and Logan, 2007; Sato and Matsuoka, 2009; Jakovic, 2012). Whereas in a traditional top-down approach, the designer starts with a desired outcome and derives an optimum solution in a reductionist manner, a bottom-up approach is iterative and self-organising, as it adapts to a changing design environment rather than focusing on a single overarching intention. Experimental findings from Knight and Stiny (2001) and Cannaerts (2009) conclude that digital and computational design can generate emergent results. Consequently, the designer is not a controller, but an influencer of the design process. 
	So then, the following question evolves: how can designers recognise viable opportunities and practically use (or influence) emergence in the design process? Schon (1983) notes the significance of the ‘surprise' in creative design. Marenko (2015) introduces the concept of the ‘glitch’ as a method for expanding design potential, where the accident or error is reframed as a productive opportunity. In this sense, ambiguity is viewed as the corollary of improvisation and emergence (Knight and Stiny, 2001). It is also suggested that a new method of ‘digital craft’ may supersede traditional design methods, which poses a challenge for designers. How might designers adapt their skills to explore ambiguity in the design process? Research has shown that tolerance to ambiguity is related to creativity, and that some personality traits may be better suited to managing ambiguity (Tegano, 1990). In fact, failure — and tolerance to failure — may also be an important component in creativity (Vossoughi et al., 2013). Moreover, Dewey (1934) identifies that making use of emergence requires experience, providing the analogy of a volcanic eruption which results for a long period of compression: 
	“Spontaneity is the result of long periods of activity, or else it is so empty as to not be an act of expression”. (Dewey, 1934: 72) 
	Consequently, it can be concluded that while an emergent method is not planned, it requires the active engagement and intentionality of the reflective designer, who is continually interacting with the design, the environment, the object. Clearly, active engagement with design and making provides a basis for exploring an emergent process, and resultantly is a driver for creativity in design.
	5. The designer-maker
	As the boundaries between design and making become more blurred, there is a need to consider the emergence of informal design environments, where designer-maker identities overlap. In particular, the increased availability of personal fabrication tools has generated a new cultural phenomenon - the Maker Movement. The Maker Movement is premised on the concept of a community of makers, who create physical and digital artefacts for their own use (Papavlasopoulous et al., 2016; Chu et al., 2017; Christensen and Iversen, 2017). Originally, Makers occupied fabrication spaces, such as fab labs or make spaces, however an increasing interest in Maker culture has resulted in the expansion of design spaces to a range of contexts, such as schools, museums and universities (Christensen and Iversen, 2017). This dualist role of designer-maker reflects the shift in design process, where making is no longer a reducible component of design, to be performed once the design is fully resolved. 
	Another phenomenon associated with the growth of digital fabrication tools is the emerging proposition of the designer as a tool-maker. In this case, designers are no longer simply users of manufacturing tools but they are actively involved in adjusting fabrication tools or developing their own fabrication tools. In ceramic design, there are a number of designers, including Jonathan Keep, Oliver Van Herpt and Claire Wernier, who have created their own 3D printing tools to print clay. In product design, designers such as Joris Laarman and Dirk Vander Kooj have created their own free-form additive manufacturing tools. Drummond Masterton, a conceptual product designer reflects on how understanding the fabrication tools he uses is an integral part of his work: 
	“testing numerous machine settings, adjusting large segments of machine code and changing or making tools for the machine to use” (Bunnell, 2004). 
	The concept of the role of ‘designer as a tool builder’ is identified by Aish (2003), and Oxman (2006) concludes that there is a new role for the designer as a “toolmaker of customised design media”. It follows that making does not just refer to production of artefacts but it some cases, involves the production of new tools.
	6. An emergent design process using digital fabrication 
	Earlier the following question was identified: how can designers recognise viable opportunities and practically use (or influence) emergence in the design process? In order to explore this question, Preston’s (2013) alternative proposition to the ‘centralised control’ model is considered. Preston introduces the improvisational agent as the designer(s) that coordinate their work by using alternative resources to plans. Focusing on descriptive (rather than prescriptive) strategies, such as habits and practices, there is an emphasis on non-explicit patterns of activity for governing the design process. Specifically, three main strategies are identified, which Preston proposes can be used by solitary or collaborative agents: 
	1. appropriate and extend;
	2. proliferate and select; and, 
	3. turn-taking.
	Each of these strategies will be examined in turn, in an attempt to understand how the various approaches might facilitate improvisational, emergent practice in a design process, when using digital fabrication. Finally, it is considered that in some cases the digital fabrication tool itself naturally creates variability. Preston’s model is therefore expanded to include a fourth strategy in response to this:
	4. exploiting spontaneity
	Preston gives the example of how Nathan Sheppard, who upon being stuck writing lyrics for ‘Lying in Grass’, was provided with the first two lines of the song by his co-performer Will Greene. This provided him with a starting point and he went on to immediately complete the song lyrics. In other words, the strategy identifies how the improvisational agent can build upon the inspirations of pre-existing structures to appropriate or extend ideas - developing an idea further but also making revisions to the pre-existing structure through new interpretations and revisions. In the case of digital fabrication, designers might be provided with a partially created model or inspirations for designing a solution — a partial ready-made. 
	Blikstein (2013) describes how providing semi-structured instructions can assist students, however warns that examples should avoid being too prescriptive or trivial. In the design exercise, Blikstein describes the ‘Keychain Syndrome’ where students become fixated on a particular type of solution rather than exploring the full design space. He notes that they prefer to make simple, ‘highly finished’ results, as oppose to exploring non-trivial solutions. This study is consistent with extensive research on design fixation, which warns against the use of physical examples early in the design process, as they can constrain solutions (Toh, 2014; Vidal et al., 2004). Taken together, this argument leads to the hypothesis that that the provision of a partial ready-made solution can support improvisation in the design process. However, further investigation is needed to understand how to facilitate appropriation without initiating fixation.
	The second strategy composes of two key activities, proliferate and select. Proliferate refers to, in Preston’s words, the action of “trying out several ways of proceeding before settling on one”. It is noted that the process of generating options can be time consuming and require a significant amount of effort. However, in some cases the use of proliferation can be implemented to significantly ease the process, by creating a bank of self-made, partial ready-mades, from which to later draw inspiration from. In the case of digital fabrication, the use of a design repository such as Thingyverse or GrabCAD might provide opportunities for designers to seek inspiration from.
	Preston also suggests that introducing means of distraction into the environment may encourage increased likelihood of unintentional productions. Such unintentional productions she argues, serve as means to inspire creativity. 
	“They also sometimes use other items of material culture and/or aspects of the social environment as distraction devices, so that the doodling not only lacks a guiding intention, but also is not even the focus of conscious intention.” (Preston, 2013)
	It is possible that new, dynamic design environments, such as maker spaces, might provide opportunities for such creative ‘unintentional productions’. Furthermore, the notion of unfaithful copying is introduced, whereby the designer begins by imitating another product and deviates from the original design, as a result of their own limitations or sensibility. In this way, unfaithful copying can result in the creation of something altogether new as opposed to appropriated. El-Zanafaly (2016) defines the model ‘Imitation, Iteration and Improvisation’ to encourage students to engage with making using digital fabrication. In this process, the use of copying existing designs is presented as a valuable way of learning, allowing for analysis and interaction. In the iteration stage, the students are encouraged to modify a particular feature, for example the material or geometry. Finally, in improvisation, students are encouraged to create their own concepts. The model provides a good foundation, but offers a fairly constrained approach for imitation – students only copy one precedent – and provides limited guidance with respects to exactly how to iterate and to improvise. The model also relies heavily on the creative input of the students, and so, further work is needed to introduce more guidance and modes of inspiration, in order to support the creative process.
	Taken together, these analyses suggest that firstly, the accessibility of self-made partial ready-mades might encourage inspiration; secondly, external inspirations (or distractions) might encourage improvisation; thirdly, that imitation might result in the creation of the new, not simply appropriated.
	Preston’s third strategy for improvisation is turn-taking. Drawing upon references from baseball teams, jazz groups and Conversational Analysis, the nature of collaborative activity is highlighted as a key inspiration for improvisation. It is noted that high levels of organisation are achieved through the local organisation of agents, who behave according to local, normative practices. In a review of making, Resnick and Rosenbauum (2013) advise that that the maker needs to engage with people not just materials. Further reinforcing this position, Petrich et al. (2013) argue that solidarity (sharing tools, strategies and contributing to each other’s work) is an important aspect of making. Youmans and Ohlsson (2005) argue that groups are better able to identify complex problems than individuals if group communication is good. This approach provides the basis for exploring new design approaches with respects to digital fabrication. Sharing design input or structured collaboration on designs in digital maker spaces might facilitate the emergence of creative design.
	Exploiting spontaneity is proposed as an additional strategy to complement Preston’s model. Earlier the idea that digital fabrication is introducing new possibilities for creative design was discussed. Of note, the concept of the ‘glitch’ is reframed as a productive opportunity (Marenko, 2015). In the case of parametric design, the designer relinquishes the traditional control of the manufacturing process. Instead of starting with a pre-determined idea of the final design, the designer sets some parameters and the process of making allows for unforeseen designs to unfold. In addition to this method of exploiting spontaneity, other interfaces for interactive and spontaneous fabrication may also be possible. Notably, Willis et al. (2011) explore a method for direct interactive fabrication, presenting three prototype devices which use real-time inputs to directly affect fabricated outcomes: using inputs from a microphone to control wire bending to design jewellery; using potentiometers to sense the cutting path of a hot wire cutter; and, converting physical inputs into digital CAD representations. Similarly, Pinochet (2016) argues that by using interactive design and intelligent fabrication machines, it is possible to reconcile design and making through technology, and to reduce the creative gap. Consequently, these perspectives provide a basis for understanding different ways of exploiting spontaneity when using digital fabrication. Importantly, they signal a shift in thinking, away from the ‘centralised control’ model towards a model of design-in-making, where the production process itself demands improvisation. 
	7. Discussion
	The main focus of this review has been to understand how making has changed as a result of the application of new digital fabrication tools. The paper started by exploring critical perspectives of the traditional hylomorphic model, drawing contrasting views to show that design and making are inextricably related. This perspective was conceptualised to identify the approach of design-in-making. Notably, this review undermines the ‘centralised control’ model of design, advocating a participatory and self-organising approach to the design process. This point of view is consistent with the emerging role of the designer-maker, which has been enabled by the advent of digital fabrication tools and development of new digital fabrication spaces.
	Fab labs or make spaces are among some of the potential environments where designer-makers can explore new design-in-making approaches. There is a need to map out these informal environments and to understand the extent to which these environments foster an improvisational design process and the ways in which this improvisational approach is having an impact on the design of artefacts. Specifically, further research is needed to understand how these informal environments for design and making might support more creative and effective design compared with the traditional design studio.
	The review then proceeded to explore the relationship between digital fabrication and creativity. Expanding upon the concept of improvisation, uncertainty and emergence, the question of how digital fabrication might be connected to improvisational making was identified as relevant to the development of creative design. Finally, three improvisation strategies were considered with respects to digital fabrication and Preston’s (2013) model was expanded upon to include exploiting spontaneity which considers how the production process itself creates opportunities for improvisation. The findings reported lead to the following hypotheses: 
	1. the use of a partial ready-made will support creativity when using digital fabrication tools;
	2. imitation of existing products will support creativity when using digital fabrication tools;
	3. collaborative making will support creativity when using digital fabrication tools; and,
	4. the use of more interactive digital fabrication processes will facilitate creative outputs.
	Some suggestions have been made for how each of these approaches might practically be used: leveraging collaborative design, designing using digital design repositories (such as Thingverse of GrabCAD); or using partially started solutions (referencing examples or features from alternative designs). However, further research is needed to explore these approaches in more detail. In particular, consideration needs to be given to potential creative conflicts that might result from adopting such approach. For example, studies relating to design fixation, offer alternative views on the role of ready-mades and should be investigated in relation to the suggested approaches. 
	8. Conclusion 
	The current paper has shown how the rise of digital fabrication has created a shift in thinking about design. An examination of the relationship between design and making over history has situated perspectives on how these two stages of the design process might be integrated. It can be understood that the separation of design and making has in many ways been related to technological progress since the Renaissance and Industrial Revolution. Of note, this review, contradicts the view that technology must impose high levels of control. In particular, the review identifies that digital fabrication offers alternatives to mass production, and resultantly provides a basis for exploring new ways of improvisational and creative engagement. Not only can the designer adopt strategies for improvisation when using digital fabrication tools, but the digital fabrication tools themselves can impose improvisational results. The paper has identified four improvisational strategies which support creativity when using digital fabrication. As a next step, there is a need to define methods for adopting these approaches as part of the design process. Such research would have significant implications for the field of creative design, as well as design education. 
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