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Fig. 1. Products made with workflows that included digital fabrication steps. We examined products made
with different materials including wood, concrete, glass, fabric, plastic, and porcelain. A: Robotically milled
wooden vase by ODK Design, B: 3D printed pendant lamp by CW&T, C: 3D printed concrete table by
Fritsch+Durisotti, D: slip cast porcelain cup with plaster mold by Nervous System, E: Jacquard woven textiles
by WOVNS F: craft beer glasses by Path Design, and G: 3D printed clay cup by Slip Rabbit.

Understanding how professionals use digital fabrication in production workflows is critical for future research
in digital fabrication technologies. We interviewed thirteen professionals who use digital fabrication for the
low-volume manufacturing of commercial products. From these interviews, we describe the workflows used
for nine products created with a variety of materials and manufacturing methods. We show how digital
fabrication professionals use software development to support physical production, how they rely on multiple
partial representations in development, how they develop manufacturing processes, and how machine control
is its own design space. We build from these findings to argue that future digital fabrication systems should
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support the exploration of material and machine behavior alongside geometry, that simulation is insufficient
for understanding the design space, and that material constraints and resource management are meaningful
design dimensions to support. By observing how professionals learn, we suggest ways digital fabrication
systems can scaffold the mastery of new fabrication techniques.
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1 INTRODUCTION

In 2005, the Swedish collective Front Design exhibited an interactive experience at Design Miami.
The artists used a motion-capture system to track and record three-dimensional sketches of chairs,
tables, and lamps they drew in mid-air [18]. The accompanying video showed the all-woman
collective sketching furniture shapes in space, with extruded lines following their pen strokes
superimposed as augmented reality [19]. The resulting gestures were recorded and 3D printed as
life-sized functional furniture using a 3D printer normally used for racing car parts [72, p. 770-771].
Front Design’s Sketch Chairs are notable because they present a vision for the future where digital
fabrication transforms the design and production of physical products—a vision that persists to this
day [27]. The Sketch Chair workflow exemplifies many of the opportunities the human-computer
interaction (HCI) research community now considers core to digital fabrication, including mass
customization [75], precise and efficient robotic manufacturing [70], the reduced time between
design and production [77], new computer-aided design interactions [99], and new aesthetic and
functional possibilities for consumer products [66]. Front Design’s performance also showed how
digital fabrication might alter the status quo of who participates in design and manufacturing. By
presenting a furniture design workflow centered on drawing, they suggested that anyone who
could sketch could also design and manufacture a piece of furniture.

The Front Design exhibition occurred at a time when digital fabrication was gaining increased
attention as a potential consumer technology. The same year marked the start of the RepRap
project—an open-source initiative to create a low-cost, widely available 3D printer [44], the launch
of Make [101]—a magazine aimed at do-it-yourself (DIY) enthusiasts, and Gershenfeld publishing
FAB—a vision of widespread digital fabrication revolution that equated digital fabrication design
tools and machines with personal computing [33]. Digital fabrication has continued to grow in
access and application in the decades since. Digital fabrication machines such as 3D printers have
decreased in cost, making it feasible for a broader group of practitioners to access them [28, 34]. This
increased access and potential for broader engagement have fueled a rise in community makerspaces
[11, 61], the development of consumer and hobbyist-oriented digital fabrication equipment [62, 89],
and the creation of application-specific [85] and entry-level design software [83]. The overarching
goal of democratizing design and production is embodied by the Maker Movement: a collection
of social and commercial efforts that have grown alongside the proliferation of digital fabrication
technologies.

The growth in digital fabrication access has significantly shaped HCI research. Motivated by
the ethos of the Maker Movement and the opportunities of widespread and diverse fabrication
technologies, HCI researchers have focused on developing easy-to-use digital fabrication design
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tools and fabrication techniques by simplifying digital design processes [39, 52], enabling cre-
ators to reuse and remix existing 3D models [75, 86, 96], creating bridges between digital and
physical representations [7, 57, 84], and automating the fabrication of complex assemblies such as
mechanisms and joints [53, 56]. Yet, despite the proliferation of digital fabrication equipment and
extensive systems research aimed at novice-oriented digital fabrication tools, the actual impact of
digital fabrication on design and production is unclear. Proponents of the Maker Movement have
argued that increased access to digital technologies could fundamentally transform and revolution-
ize manufacturing practices [4, 33] and blur the boundaries between professional manufacturers
and hobbyists. Despite the growth in access, however, the degree to which digital fabrication
tools actually empower new creators remains an unresolved question [1, 60, 69, 100]. It is also
unclear how the characterizations of “makers” in HCI digital fabrication systems research align
with the actual practices of people who are engaging in independent or decentralized forms of
production. Critics of “making” have pointed out how promotional aspects of the Maker Movement
frequently reinforce existing power dynamics and demographics in engineering while ignoring
the technological contributions of communities who have historically been disenfranchised or
unrecognized as technological innovators [2, 15]. There is also evidence that digital fabrication
has been adopted by people who do not identify as “makers” per se, but as professional artists,
industrial designers, or traditional manufacturers [16, 59]. These practitioners can arrive at digital
fabrication with extensive existing expertise in making physical objects, yet be hampered by the
assumptions that are built into tools and systems [17, 64]. Furthermore, HCI systems research
frequently aims to support “novice” makers and categorizes making expertise along the axis of
computational proficiency [8]. This framing ignores other forms of expertise that contribute to
innovative or robust outcomes in digital fabrication [22].

We are enthusiastic about the potential of new digital fabrication tools and techniques to broaden
engagement in making and see opportunities to better understand the relationship between the
visions that motivate the design of novel digital fabrication technologies and contemporary digital
fabrication practitioners. In particular, we see opportunities to productively inform the design of
future digital fabrication systems by examining the practices of individuals who are currently using
digital fabrication to design and manufacture commercial products. Our guiding research questions
are:

(1) What are the workflows of people who use digital fabrication to manufacture products in
low volume? How do they leverage expertise and approach learning new skills in their
development and production cycles?

(2) How do existing digital fabrication technologies and their associated software support the
design, manufacture, and sale of customized products?

To explore these questions, we examined digital fabrication product workflows by conducting
interviews with 13 professional designers, manufacturers, and craftspeople. We limited our inquiry
to people who used digital fabrication to create products intended for sale in production runs of fewer
than 10,000 items. We focus on low-volume production because it requires creators to negotiate tasks
unique to digital fabrication, including designing custom items, regularly (re)programming robots
and machines, and providing interfaces for consumer-customized design. These tasks exemplify the
perceived opportunities of digital fabrication promoted by HCI researchers and Maker movement
advocates alike. We explicitly do not focus on people who are using digital fabrication predominately
for recreational or educational goals or people involved in only one step of a production cycle such
as contract manufacturers [40, 103]. This is because, in preliminary observations, we noted that
practitioners producing in low-volume were developing their own tools and techniques to address
barriers, unlike practitioners who instead shaped their business around a set of tools or existing
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workflows (e.g., a water jet cutting job shop). We also excluded manufacturers who use digital
fabrication for high-volume production, e.g., Apple CNC milling phone enclosures or Adidas 3D
printing shoes because high-volume producers can invest up-front capital in workflow development
that is more in line with traditional manufacturing. We primarily selected interview participants
who sold their products because we observed that goods intended for sale were more consistently
subject to high demands on quality and consistency, as well as subject to common constraints of
timelines and costs.

Through interviews with people producing in low volume using digital fabrication, we sought to
capture a detailed description of the workflows participants used for their products and services
research, development, design, manufacturing, distribution, and marketing. By focusing on the
practices of skilled designers and manufacturers who make products in low volume, we aimed
to reveal the ways in which current digital fabrication systems and tools constrain design and
manufacturing processes. Doing so enabled us to observe when and where creative decisions
are made in these processes, what limitations professionals encounter, and what strategies they
develop and sometimes share to consistently achieve high-quality products. Our focus on low-
volume production differs from prior studies of real-world digital fabrication use. Previous studies of
professional fabrication workflows largely focus on a single firm [16], individual community [25], or
practices with a specific machine [5]. In contrast, we compare the workflows of products created with
different materials (textiles, glass, metal, wood, concrete, porcelain, and plastic), machines (robot
arms, 3D printers, CNC milling machines, Jacquard looms), and fabrication methods (extrusion-
based additive fabrication, molding and casting, subtractive fabrication, and end-user customization).
As a result, our research reveals shared practices and barriers across different forms of digital
fabrication production. These insights suggest opportunities to develop new digital fabrication
tools that will generalize for different manufacturers and products in practice. Other researchers
have previously explored different digital fabrication environments [6] and the attitudes of digital
fabrication professionals [103]. Our work is distinct in our focus on product development. Our
participants’ livelihoods depend, in part, on selling products, as opposed to maintaining operating
machines, conducting research, or serving as an educator. As a result, we provide concrete examples
of how digital fabrication has been used for manufacturing commercially viable products as opposed
to prototypes or personal projects.

Our contributions are as follows: (1) We describe the workflows of nine products made us-
ing digital fabrication in detail, highlighting four categories as a starting point for comparison:
extrusion-based digital fabrication, molding and casting, subtractive fabrication, and end-user
product customization. The products span materials including wood, glass, textile, porcelain, and
concrete. (2) Drawing from these workflow descriptions, we conceptualize four cross-cutting themes:
how software development supports physical production; how digital fabrication professionals
rely on multiple, partial, and ambiguous representations; how people develop robust product-
specific manufacturing workflows; and how machine toolpaths form their own design space. (3)
Through a discussion of the products and cross-cutting themes, we surface recommendations and
opportunities for HCI digital fabrication research to address challenges in low-volume manufac-
turing. Specifically, we argue that parametric design technologies should support the exploration
of machine settings and material behavior in addition to exploring variations in geometry; that
computational simulation is not sufficient for envisioning the product design space; that digital
fabrication professionals need to constantly learn as workflows rely on multiple types of expertise;
and that material constraints and resource management are design dimensions to support, not
realities to flatten or optimize. Our recommendations provide insight for future systems research
to support professional digital fabrication practice. Furthermore, our findings suggest pathways for
supporting new entrants to low-volume product design and manufacturing by demonstrating the
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ways professionals develop expertise through fabrication practice which, in turn, informs product
design. By observing how professionals develop expertise, we suggest ways digital fabrication
systems can scaffold the mastery of new fabrication techniques.

2 RELATED WORK

HCI and computer-supported cooperative work (CSCW) research has a rich history of studying
collaborative work across levels of expertise. For example, Gantt and Nardi [32] studied how people
with varying backgrounds used, customized, and extended Computer-Aided Design (CAD) software
to design physical products. In studying the practices of professionals, they found that people who
extended CAD tools were mainly domain experts in design and manufacturing, rather than expert
software developers. That way, the teams avoided “the need to expend great effort translating
[fabrication] domain knowledge to computer experts” We build upon these prior insights that
expertise is not a single dimension that ranges from novice to expert but is made up of many types
of expertise.

Specifically, using digital fabrication in low-volume production partially relies on computational
expertise, but also relies on traditional manufacturing skills and techniques. Therefore, we draw
from prior work that examines the relationships between computation and craft: both how digital
design and fabrication influence craft and design practice, and how digital design and digital
fabrication technologies are shaped by the people using them. In this section, we provide an
overview of related work and what we believe our research contributes to these areas.

2.1 Current Computational Fabrication Practices

Tools and materials are key to craft practice. Prior HCI research has shown that the material
expertise of craftspeople such as textile artists or woodworkers informs their explorations of new
technology and motivates them to modify and extend tools to suit their practice. Cheatle and
Jackson [16] provide a rich account of how high-end furniture makers develop new forms of craft,
care, and creativity when adopting robotic fabrication processes. Other studies on craftspeople
and computer control corroborate these findings and situate making practices beyond humans
in a larger ecology of living materials [25, 43, 74]. Devendorf et al. [22] give suggestions for how
HCl/engineering can engage with people with craft expertise, recounting that after their productive
weaving residency they “came to see that our assumptions about what counted as "technical” were
more narrow than they ought to have been.” Like this prior work, we argue that these accounts of
current practices of domain experts have design implications for future digital fabrication systems.

HCI researchers themselves have also directly engaged in making practices [35, 38, 78, 107]. For
example, by producing digitally designed ceramic artifacts, Wakkary et al. [98] and Rosner et al. [82]
show how nontrivial design challenges emerge when moving from software to physical materials,
and how material expertise can inform decisions in CAD. By engaging in making practices directly,
HCI researchers can explore nuanced details and gain deep insights into the process. However, the
products we study here include large-format and costly items made in low-volume. These would be
non-trivial to develop in academic research labs. Therefore, studying these products gives insight
into challenges that persist across a range of scales, materials, and machines.

We also draw from prior research into digital design and fabrication processes. Other research
has focused on sites of practice. In particular, makerspaces are now widely-available sites provid-
ing access to digital fabrication technologies. By studying makerspaces and maker culture, HCI
researchers have investigated who is using makerspaces [21, 55, 65, 69], how they are making
[26, 81], what tools they might want in makerspaces of the future [6, 103], and whether these spaces
are fulfilling the Maker Movement vision [1, 60]. Rather than center on makerspaces, we focus
on specific products intended for sale and the workflows people developed to realize them. The
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products we study relied on a combination of in-house facilities and conventional manufacturing
sites. Our work is also distinguished from prior research focusing on product creation by creators
who use a single digital fabrication technology to manufacture products [5]. Instead, we present a
comparison and categorization of creators working across a wide range of different digital fabrica-
tion machines, materials, and design methods. As a result, our findings highlight how pursuing
different opportunities in digital fabrication impact the kinds of labor practitioners undertake,
while also revealing shared practices and barriers.

We believe that how craftspeople are currently approaching digital fabrication should inform
future tools. Through our research, we provide further insight into current digital fabrication
practice and discuss how this could inform future systems research.

2.2 Workflows and the Legacy of CAD/CAM/CNC

Digital design is a prerequisite for digital fabrication. However, digital design also can create
unproductive boundaries in the design workflow. Prior work has shown how designers can use
CAD to retain power over other stakeholders in a project [80]. The introduction of Computer-
Numerical Control (CNC) and Computer-Aided Manufacturing (CAM) as a way to automate
industrial manufacturing equipment was fraught with power negotiations between labor and
management: there was a stark contrast between managerial beliefs that CNC machines could
be “run by monkeys” [73, p. 270] and the actual machinist skill required for programming and
operating CNC mills [73, ch. 11]. Artifacts of these historical boundaries persist to this day and
manifest in software.

Recent research has shown how adhering to rigid steps delineating design and fabrication
and increasing automation hinders people from developing novel workflows. For example, Li
et al. [59] show how digital artists benefit from being able to move between digital and physical
manifestations of a design but encounter barriers when working across black-boxed software
representations or high-level automated design functionality. Gulay and Lucero [36] review the
divide between digital and physical design in professional architecture settings and argue for
the development of “fluid-feedback based” workflows that prioritize materialization and physical
input. In particular, prior research has shown that friction arises between CAD and CAM steps in
digital fabrication. For instance, designers are hindered by boundary representations in CAD when
designing for volumetric fabrication processes like 3D printing [64]. Studying the practice of a
plotter art community, Twigg-Smith et al. [97] explicitly argue that in digital fabrication workflows,
“opportunities for creative exploration are more important than seamless control.” Friction in digital
fabrication workflow exploration is an active site of inquiry [31, 94, 105]. The people we studied
in this paper further highlight how the combination of digital design and digital fabrication is far
from seamless. By comparing and contrasting their workflows, which span different materials and
scales, we provide insight into common issues and problem-solving strategies. This allows us to
conceptualize workflows beyond a simple CAD/CAM/CNC model and better articulate the needs
of groups engaging with digital fabrication through novel workflows.

2.3 Fabrication Systems Research in HCI

HCI researchers have developed systems aimed at reducing the challenges of digital fabrication
through automatically generated parameter spaces for fabricating specific artifacts or mechanisms.
For example, Yao et al. [102] created a technique to automatically produce furniture joinery, Lau
et al. [54] developed a technique to subdivide existing furniture models into “fabricatable” pieces,
and Leen et al. [58] built a tool for automatically generating joints for laser cutting. Researchers
have also developed design tools that constrain modeling operations to ensure users design artifacts
that can be fabricated. Baudisch et al. [9] created a system that restricts people to designing volumes
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made of laser-cut boxes, Shugrina et al. [91] automatically converts existing geometry to parametric
models and Schulz et al. [88] automate alignment and placement of geometry that designers select
from a database of existing parts.

While varying in application domain, these examples share the motivation of supporting “novice”,
“casual”, and “non-expert” designers by removing the “tedious” or “challenging” task of ensuring
fabrication validity. This motivation is summarized in [8]’s survey of personal fabrication systems
wherein they argue for developing hardware and software that embodies fabrication expertise and
enables consumers to circumvent professional product designers and manufacturers.

Supporting non-experts through automated parameters and constraints presents a tradeoff:
as the degree of design automation increases, so does the level of abstraction. A high level of
abstraction can reduce initial difficulties, but it also eliminates the design opportunities that come
from direct experimentation with materials and fabrication processes. Varying hardware and
machine settings can result in new design spaces and fabrication techniques. HCI researchers have
directly demonstrated the design opportunities of modifying digital fabrication machine behavior
by developing new form-factors and material properties through experimentation with machine
settings for existing digital fabrication technologies [3, 30, 63, 95]. It is also possible to design
digital fabrication systems that are oriented towards fabrication exploration, by exposing machine
behavior parameters to the designer [23, 24, 31, 94].

Our work contributes to future fabrication systems research by highlighting the role of parameter
exploration in developing innovative digitally fabricated products. Our participants developed their
workflows through the exploration of low-level fabrication parameters across digital design and
machine control. This practice enabled them to develop expertise and conceive of novel design
spaces. By detailing the specific workflows across different fabrication machines, materials, and
products, our research suggests there are limitations when developing hardware and software that
embodies fabrication expertise. Moreover, our work challenges the vision of personal fabrication
as a method to enable immediate physical output based on complete digital representations [8].
We show how engaging in the digital fabrication process is critical to determining the fabrication
output.

3 METHODS

Our research objective is to better understand the practices of designers and manufacturers who
use digital fabrication for low-volume production. To do so, we conducted a qualitative analysis of
the workflows surrounding nine different artifacts. We compared and contrasted artifacts according
to their material and manufacturing processes. This comparative approach enabled us to surface
common tensions and trade-offs across all nine workflows despite the variety of other factors that
shaped them.

3.1 Research Team

The research team is comprised of professors and graduate students at public universities who col-
laborate in research on digital fabrication. In addition to studying the practice of digital fabrication,
the research team also engages in practice-oriented digital fabrication research. As a result, the
authors had direct experience with many of the software technologies and CNC machines that
were used by the participants. Our use of these technologies in the context of academic research
is different from their application in product design and manufacture; however, our practical
experience directly informed our interview methodology and workflow analysis.
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Fig. 2. An overview of the nine products we considered. For each product, we show a variety of digital models,

toolpath simulations, intermediate objects such as molds, end-user customization interfaces, and the final
products.
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3.2 Products and participants selection
We selected artifacts according to the following criteria:

(1) Tools: The products were made with digital fabrication tools.
(2) Scope: Products were manufactured at a low-volume production scale.
(3) Design Quality: Products showed evidence of commercial or critical success.

We started with a preliminary selection of artifacts that fit those criteria. We then narrowed
down the selection by choosing pairs of products that either used a similar manufacturing process
but had different form factors or were made out of the same material but not with the same tools.
We selected each product based on the documentation available on the participants’ websites, media
coverage about the products, and, in four cases, the authors’ first-hand knowledge of production
from site visits. We conducted these visits as a part of our broader digital fabrication research
agenda. They provided a means for the research team to develop a relationship with participants
and have physical experience with their products and working environments.

Our selection focused on products rather than organizations or individuals; this decision is
reflected in our findings, where the emphasis is placed on descriptions and analysis of production
workflows rather than individuals’ experiences. These pairings highlight the fact that products that
look similar can exist on different design and manufacturing axes, such as material and fabrication
techniques. Given the wide range of factors that shape digital fabrication workflows, such as design
intent, commercial objectives, skill, scale, aesthetic motivations, and access to resources; pairing
artifacts according to manufacturing techniques and material similarities enabled us to better
understand how these other factors shaped the workflows. We show each of the nine products we
selected, namely Dropped Pendant Light, ListeningCups, CORAIL Table, Coral Cup, Other Vessels,
AESTUS, AtFAB, WOVNS, and Weft, alongside images of different stages of their workflows in
Figure 2. These nine artifacts are grouped into four fabrication methods: additive manufacturing,
subtractive manufacturing, molding and casting, and end-user customization, and seven materials:
plastic, porcelain, concrete, metal, glass, wood, and textiles. In Figure 4 we highlight the materials
and fabrication processes for each product.

Throughout this paper, we refer to our participants and their companies by their real names.
We received explicit permission in our interview consent process to do so, as well as permission
to include images of the interviewee’s processes and products. Our approach acknowledges prior
advocacy in HCI to attribute creative accomplishments to their creators [14, 16, 97].

3.3 Interviews

The names and companies of the thirteen people we interviewed are listed in Figure 3. Our
interviews reflect the collaborative nature of digital fabrication-enabled design and manufacturing.
Several participants are members of the same company and worked together to develop a product.
This was the case for Jessica and Jesse from Nervous System and Che-Wei and Taylor from CW&T.
In other cases, we interviewed participants at separate companies who collaborated on the same
product. For example, XtreeE and Fritsch+Durisotti worked together to develop the CORAIL dining
table. Interviewing people who collaborate in teams across different domains of expertise and with
different tools was conducive to our research aims, as it made explicit the development of processes
that were legible across team members with varying types of expertise. In Appendix Table 1 and 2
we provide additional information for each participant, including the participants’ background,
education, available resources, collaborators, and the software, materials, and equipment used to
produce each product.

We conducted eleven semi-structured remote interviews with our participants over the course
of four months. For four products, our interviews were informed by prior visits to the participants’
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Che-Wei Wang, Taylor Levy Matt Hutchinson
(“» CWA&T (Dropped Pendant Lamp) m Path Design (Other Vessels)
home fabrication shop 3rd party robotic fabrication facility, glass blower

Oliver David Krieg
ODK Design (AESTUS)

3rd party robotic carpentry

— Timea Tihanyi
Slip Rabbit (Listening Cups)

technoceramics research studio

Anne Filson
Filson and Rohrbacher (AtFAB)
design studio, 3rd party CNC fabrication

Audrey Desjardins
Studio Tilt (Listening Cups)
technoceramics research studio

fabrication shop and design studio 3rd party fabrication facility

Victor De Bono
XTree (CORAIL Table)
industrial concrete 3D printing facility

Brooks Hagan
Weft (On-demand textiles)
3rd party fabrication facility

Antoine Fritsch & Dena Molnar
Fritsch + Durisotti (CORAIL Table) ﬁk WOVNS (On-demand textiles)

~- Jessica Rosenkrantz, Jesse Louis-Rosenberg
?d Nervous System (Coral Cup)
fabrication shop and design studio

Fig. 3. The participants we interviewed along with their products and facilities. The colors for each product
background correspond to the materials plastic, porcelain, concrete, glass, wood, and textile, and are labeled
in Figure 4. These icons are used as visual references to the products in this paper.

workspaces and studios. We visited the personal studios of CW&T, Nervous System, and WOVNS,
which are co-located with their residences. We also visited and worked in the industrial fabrication
workshop used by Path Design. These site visits familiarized us with the range of fabrication
technologies used in the production of many of the artifacts from our study. Furthermore, for all
of the artifacts except for Other Vessels and AESTUS, at least one author physically handled the
artifacts.

Interviews lasted approximately one and a half hours. Participants spoke about their professional
backgrounds and the genesis of their company or studio and proceeded to describe their workflow
according to five main categories: prototyping and design; software development (if applicable);
production (if applicable); distribution, marketing, and pricing; and documentation. We developed a
tailored interview framework for each product that reflected these categories with product-specific
questions. We integrated our prior research of each product and our practical experience with the
software and machines used in each product’s creation to target questions about the technical
decisions made at each step of the design process. For example, we sought to gain details on
the specific settings and modes used in a slicing software tool, the nozzle diameter for a clay 3D
printer, or the particular endmills used to achieve a specific milling effect. We refined our interview
framework after each interview. Participants often shared their screens during the interviews to
make visible aspects of their workflows such as their in-house software or documentation. In some
cases, the participants gave virtual tours of their studios or workshops.

All interviews were audio recorded and transcribed. After each interview, we discussed initial
observations and impressions. This process allowed us to fine-tune our questions and start forming
a broader understanding of the challenges and trade-offs our participants encountered.
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3.4 Data Analysis

We used two strategies in our data analysis: reflexive thematic analysis and workflow descriptions.
Once all the interviews were completed, each author individually open-coded a set of two or three
interviews. We then met to discuss the initial round of coding. Two main types of codes emerged
through this process: descriptive and interpretive. Descriptive codes referred directly to steps in the
workflows. These codes led to the emergence of nine workflow categories, which we describe in
detail below. Interpretive codes (for instance: collaboration with engineering experts; labor reuse; or
tacit representation) surfaced approaches, strategies, tensions, and attitudes towards the workflow
itself. The interviews were cross-coded and through several rounds of discussions, we calibrated
our codes. These discussions also revealed early patterns and key points which we conceptualized
into four main themes, described in Section 5 of this paper.

After completing thematic analysis, we wrote a description for each artifact’s workflow. The
workflow descriptions provide concise and high-level summaries of each interview. As such,
they offer rich vignettes of digital fabrication workflows and help to understand the diversity
of approaches, challenges, and contexts of our participants. From the workflow descriptions, we
outline key steps of the fabrication processes. Despite the differences in each workflow, we sought
to identify categories of workflow steps that were common across the nine products so that we
could more constructively compare and contrast across workflows. The nine digital fabrication
workflow categories we developed from our descriptive analysis are:

(1) Concept development: Activities that lead to the concept.

(2) Software development: Designing and engineering a novel software tool.

(3) CAD work: Modeling geometry in commercially-available software.

(4) CAM work: Specifying CNC machine and robot behavior.

(5) Physical prototyping: Creating physical representations that inform product design.

(6) Process prototyping: Testing one or more fabrication steps to ensure production viability.
(7) Production: Any step required to manufacture a finished product.
(8) Marketing: Communicating company brand or product value to customers.
(9) Distribution: Selling and delivering physical goods to customers.

These categories are not used in the workflow descriptions. Rather, we used these categories as
a way to create common ground across the nine products we studied, which helped with surfacing
the cross-cutting themes we describe in Section 5.

3.5 Limitations

Due to the COVID-19 pandemic, we relied mainly on video conference interviews. Verbal descrip-
tions of the workflows were supplemented with screen-sharing and collection of supplementary
data from the participants when available, which mitigated our lack of access to fabrication spaces
and manufacturing facilities during the interviews themselves.

Previous relationships between some participants (Nervous System, CW&T, and WOVNS) and
the authors lead to increased knowledge of these products and of their related fabrication workflow.
We acknowledge the possibility of social desirability bias, yet found that the personal connections
with the participants made them comfortable and contributed to detailed responses.

We selected products that were manufactured in low volume using digital fabrication tools and
that were either commercialized or intended for sale. While the ListeningCups were not sold, we
included them in our selection because Timea develops 3D-printed ceramics with a high level of
finish and functionality that show evidence of commercial or critical success. She is represented
by Linda Hodges Gallery and sells Slip Rabbit pieces through her own website. In the case of the
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ListeningCups, the success was critical, as indicated by its inclusion in the proceedings of the ACM
conference on Designing Interactive Systems in 2019 [20].

We focused on participants’ qualitative descriptions of software development, parametric rep-
resentation, and machine settings. We did not directly review software source code, parametric
models, or toolpath files. In many cases, this information was proprietary, and review of such data
was not permitted by our IRB. Future research examining more granular software engineering
decisions through code review or direct observation of software engineering would likely yield
additional insights into software development for digital fabrication practitioners, however prior
research in other domains of software development with this degree of granularity often relies on
administering controlled software tasks [13, 50]. This form of data collection was beyond the scope
of our breadth-oriented study of entire product workflows.

Finally, our participants were all highly educated and affiliated with well-resourced institutions.
We engaged with this specific set of practitioners because their backgrounds and their professional
experience enabled them to develop workflows that demonstrate a high level of design skill, manu-
facturing knowledge, efficiency, and inventiveness. The products they developed, consequently,
derive from a different manufacturing model and ethos than that of mass manufacturing, which
rationalizes design and production processes to lower cost and increase volume. In the process,
the costs of production are often offset by the environment and labor force [92]. The participants’
emphasis on distinctive aesthetic exploration and the original process development that comes
with it is reflected in the cost of the items—as well as their need to make a living.

Our participants’ access to materials, facilities, and digital fabrication equipment reflect the
professional labor they engaged in to secure the means to produce their products. We recognize
that our participants rely on equipment and materials that are not widely available in the broader
maker community. The question of access in digital fabrication practices is an important one, and
it is beyond the scope of this paper. We believe the lessons of these cutting-edge and necessarily
well-resourced fabrication processes yield insights for future digital fabrication systems that can
support a more broad and diverse population in gaining similar expertise and fluency in design
and manufacturing.

4 DIGITAL FABRICATION WORKFLOWS

This section describes workflows for each of the nine products we studied, Dropped Pendant
Lamp, ListeningCups, CORAIL Table, Coral Cup, Other Vessels, AESTUS, AtFAB, WOVNS, and Weft.
Photographs of the products and their processes are shown in Figure 2. These product workflows
vary in the materials, machines, and fabrication processes used, and some workflows combine
multiple materials, machines, and processes. In Figure 4, we categorize the materials and fabrication
methods used in each of the products and highlight products that belong to multiple categories.
The following workflow descriptions are presented according to the primary fabrication process
used in each: Extrusion-based Additive Fabrication, Molding and Casting, Subtractive Fabrication
Workflows, and End-User Customization of Products. Due to the high number of product workflows
presented in this section, we provide background details on each product in tandem with the
workflow descriptions to help familiarize the reader with the nine products.

4.1 Extrusion-based Additive Fabrication

Extrusion-based additive fabrication is the targeted deposition and fusing of material, usually layer
upon layer [51]. CAD models are used with CAM software to create toolpaths, i.e., instruction codes
for CNC machines such as 3D printers. When using additive fabrication processes, makers must
account for material aspects such as thermal properties and curing times, as well as machine aspects
such as nozzle diameter or feed and speed rates. Furthermore, makers must make model-appropriate
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Product
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Pendant Cups Table Cup Vessels Create
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Fig. 4. The products we studied and the primary processes used in each: Extrusion-based Additive Fabrication,
Molding and Casting, Subtractive Fabrication Workflows, and End-User Customization of Products. Coral Cup
and Other Vessels used distinct processes for tooling and their final products, namely 3D printing of plastic
tooling to produce molds for porcelain casting and CNC milling aluminum molds for glass blow-molding. We
will use product icons and color codes for each material (left) in this section.

choices for printing such as print density and support structures. These choices are interdependent
in how they impact the final product. For example, higher infill leads to stronger objects at the
expense of print duration and material use. Support structures can reduce runtime failures but at
the expense of surface artifacts where support is removed from the model.

We studied three products in which extrusion-based additive fabrication featured prominently.
All three workflows for these products used specific approaches for generating toolpaths in support
of specific production goals. In particular, all three products required continuous material deposition
throughout the toolpath. For these products, uninterrupted material flow provided more desirable
surface texture and faster fabrication times. This meant that any machine jogging, i.e., any motion
of the machine without extrusion, needed to be minimized or fully eliminated. To achieve this,
our participants created custom software for generating their toolpaths. They declined to use
off-the-shelf software, as novice-oriented 3D printing slicing software automates many aspects of
CAM and toolpathing, constraining their options for customization and parameterization [9, 90].
Rather than a straightforward translation of geometry, our participants described complex and
iterative CAM work as a large part of their workflow development efforts—during which they
furthermore relied on prior knowledge of materials, machines, and software customization.
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Wei Wang and Taylor Levy. They design and manufacture goods such as pens, containers,

and lamps, which they market and distribute through the crowdfunding site Kickstarter.
Their idea for the Dropped Pendant Light stemmed from a Kickstarter initiative focusing on runs of
100 products [48]. CW&T sought to make 100 unique lamps using 3D printing and parametric design.
In their workflow, CW&T iterated through stages of design, process prototyping, and production.
They designed parametric models for lamp geometry in Fusion 360 and Rhino/Grasshopper, using
modeling operations such as fluting, scalloping, twisting, and lofting to create variations. They
pivoted between Fusion 360 and Rhino to “unblock” themselves from the affordances that each
CAD environment contained. Due to their goal of producing 100 unique lamps in-house, one of the
primary challenges CW&T faced was developing a fast 3D printing process. To address this, they
developed custom slicing parameters for each new lamp characterized by continuous extrusion.
This custom workflow allowed them to cut fabrication time by 50% over slicer defaults, allowing
them to hit their timeline and furthermore have better print success rates. They manufactured each
lamp on their in-house 3D printers—Figure 5B shows a partially printed lampshade fabricated on
an Ultimaker 2 using their uninterrupted extrusion process. They later added additional printers to
ramp up production, resulting in an average production rate of one lamp per day. They repeated
their design—production cycle for each new lamp until the production of all 100 lamps was complete.

. 4.1.1 Dropped Pendant Light. CW&T is a design studio based in Brooklyn, NY run by Che-

4.1.2  ListeningCups. Slip Rabbit is a “technoceramics” research studio led by ceramicist
Timea Tihanyi in Seattle, WA where visiting researchers collaborate on projects involving
ceramics, data, and digital fabrication. The idea for ListeningCups came from discussions
between Timea and interaction designer Audrey Desjardins on ways of creating ceramic housewares
representing datasets of everyday ambient sounds. These discussions led to a week-long residency in
which they designed and manufactured a series of 3D printed porcelain cups shown in Figure 1G [20].
Prior to the residency, Timea noted the way interruptions in the 3D printer’s continuously extruding
toolpath lead to accumulations of clay in a fixed location. They leveraged this behavior as a means
of producing the surface texture features of the cup that communicate audio data. Figure 10A
shows an in-progress 3D print in which pauses of the 3D printer’s toolpath result in bump features.
These features could not be represented in CAD, resulting in a design process that occurred
exclusively at the level of toolpathing. The initial cylindrical geometry for the ListeningCups was
exported from a CAD model and converted to 3D printer instructions using slicing software. To
incorporate the audio data, Audrey captured decibel levels in different locations. Audrey and Timea
imported the data into Microsoft Excel, then used the decibel level to code pause durations in the
3D printer’s toolpath. Figure 9C shows an example Excel document with pause durations integrated
into machine commands. These pauses were inserted into the printer instructions where they
would produce bump textures as the printer continued to extrude without moving in XY. They
further developed the design of the surface texture by experimenting with the 3D printer extrusion
nozzle and evaluating the resulting 3D printed texture. During the residency they printed, fired,
and glazed approximately 20 cups.

4.1.3 CORAIL Table. CORAIL is a collaboration between the high-end furniture company
Roche Bobois, the design studio Fritsch+Durisotti, and XtreeE, a company specializing
in large-scale 3D printing technologies for materials including concrete, clay, and plaster.
All three companies are based in France. The table has a textured 3D-printed concrete base and
a glass tabletop, as seen in Figure 1C. The concept arose from Fritsch+Durisotti ’s interest in
developing a table that customers could customize the form and texture of. The on-demand process
was enabled by XtreeE’s extensive process prototyping, where they developed a custom printable
concrete that relies on a time-sensitive curing process that takes place during extrusion. XtreeE
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furthermore prototyped custom continuous-extrusion toolpaths that created the intricate layered
texture used in the table. To print large-scale objects, XtreeE used industrial robot arms in their own
factory. Figure 5C shows the configuration of a robot arm and partially printed table during the
concrete 3D printing process. After discussing possibilities with XtreeE, Fritsch+Durisotti produced
an initial series of parametric CAD models of table designs in Rhino/Grasshopper. XtreeE used
Fritsch+Durisotti’s CAD models with their custom CAM software to create robot instructions, both
for the robot’s proprietary controllers and their own custom mixing and extruding heads. Roche
Bobois, the distributor of CORAIL, approved moving forward with Fritsch+Durisotti ’s designs as a
Roche Bobois product. XtreeE 3D printed five prototypes to validate the process. For the customer
experience, Roche Bobois outsourced the development of a web customization app that visualizes
each table and provides pricing. Customers who wished to customize their table can use the web
application, producing a design specification in a custom data structure that XtreeE can directly
use for toolpathing and printing. For CORAIL’s release, Roche Bobois had XtreeE fabricate 100
identical tables to display in their stores. XtreeE stated that since the table’s release, customers
have only modified the reference design for a quarter of all sold tables.

Fig. 5. Shell structures made from continuous extrusion were used at different scales by three of the products
we studied. A: ListeningCups in porcelain, B: Dropped Pendant Light in PLA, and C: CORAIL Dining Table in
concrete by Slip Rabbit, CW&T, and Fritsch+Durisotti/XtreeE respectively.

4.14 Contrasting Extrusion-Based Additive Workflows. While these extrusion-
(‘» based additive fabrication workflows shared a common fabrication process,

the differences between them, in particular in scale, material, and machine
programming, demonstrate how material attributes and machine behaviors play a critical role in
realizing specific design and production goals for high-quality custom products. The products were
fabricated at distinctly different scales, demanding different machines, expertise, and timelines. The
Dropped Pendant Lamps and ListeningCups were fabricated in build volumes of less than a cubic
foot, which made fabrication of these products feasible on tabletop 3D printers. In contrast, the
scale of the CORAIL table required industrial-scale equipment and with it warehouse-scale facilities
and trained robot operators. Each product furthermore was made with different materials—plastic,
porcelain, and concrete. Each material has its own requirements for preparation, fabrication speed,
and post-processing. For example, different ceramic compositions require custom 3D printing
settings and a concrete mixture’s cure time places strict constraints on fabrication times. Finally,
each extrusion process demanded its own machine control programming. Working with low-level
toolpath instructions featured prominently in each of the products in this section, but the reasons
and approaches varied. For the Dropped Pendant Lamps, a substantial amount of time was spent
tailoring the 3D printer’s toolpath to ensure a continuous extrusion of plastic; CW&T eliminated
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any non-extrusion travel of the printhead. This both sped up the overall print process such that they
could print 100 lamps for their deadline and removed any extrusion stop/start artifacts that would
have detracted from the lamps’ aesthetic qualities. For ListeningCups, the defining feature of surface
bumps was created by editing the machine instructions directly; there was no other way for Timea
and Audrey to create this feature. For CORAIL, the defining surface texture of undulating lines was
also created with a custom machine control process. The CORAIL web app enabled customers to
visualize the final design, but this visualization was not part of Fritsch+Durisotti and XtreeE’s initial
design process. Developing each of these workflows relied on high levels of expertise in machines,
materials, and CAM. Even if the workflows used off-the-shelf and hobbyist-grade machines, they
went far beyond default slicer settings and novice-oriented systems to retain a high level of control
over the final products.

4.2 Molding and Casting

Cast objects are made by pouring material into a mold, then curing and de-molding the object.
Two of the products we studied used molds as part of their workflow. Rather than using digital
fabrication to produce the final pieces, these workflows used digital fabrication—both additive
and subtractive manufacturing—to create the molds. Molds can be repeatedly used to produce
many instances of an object. While direct digital fabrication enables low-cost iteration of geometry,
molds can enable faster production times per object as well as use materials not well-suited for
digital fabrication such as glass. For the products we studied, the molds were used for porcelain
slip casting and glass blow molding, both well-established methods for producing intricate and
delicate objects quickly.

Good mold design was key to the successful outcomes of each product. The participants needed
a deep understanding of the casting process to create appropriate molds, including designing
mold features such as keys, parting lines, airflow channels, hinges, selecting appropriate mold
materials, and ensuring the molds could withstand the temperatures and forces of the casting
process. Furthermore, they needed to understand how the surface finish of the mold would impact
the surface finish of their final objects, taking into account other processes they would include
such as annealing, firing, and glazing. For these products, participants needed both molding and
casting expertise and digital fabrication expertise. Both participants consulted mold experts on the
materials they wished to work with to develop their workflows.

4.2.1 Coral Cup. Nervous System is a computational design studio founded in 2007 by

Jessica Rosenkrantz and Jesse Louis-Rosenberg. They use generative design and digital

fabrication to create art, jewelry, and housewares. Coral Cup is a slip-cast porcelain cup
with undulating surface ridges inspired by natural forms such as coral—the mold components and
resulting slip-cast cup are shown in Figure 1D. Nervous System had previously outsourced the
production of a prior version of the cup, but they were dissatisfied with the outcomes and wanted
a higher level of control in the manufacturing process. They decided to manufacture a new version
entirely in-house. Nervous System developed their own computational design software to create the
cup’s characteristic patterns. Figure 10D shows the textured pattern on ceramic fragments created
during testing and process development. Their software allowed them to create reaction-diffusion
patterns starting from a range of tunable parameters, which were tested for production by 3D
printing small swatches of the diffusion pattern, as seen in Figure 9B. To evaluate which pattern
to use, they printed the patterns out on paper and visually inspected them. Figure 9A shows a
printout with an array of reaction-diffusion patterns. After selecting a pattern, Nervous System
modeled the pattern as ridges on their cup design and 3D printed one full-scale 3D prototype. The
purpose of the 3D printed prototype was to validate aspects of the design, such as scale and surface
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texture, before committing to the time- and material-consuming process of creating molds for the
ceramics workflow. Nervous System worked with a ceramics expert to help develop and conduct
the porcelain casting and glazing. The workflow consisted of three stages of molding and casting.
First, they 3D printed primary molds to cast silicone molds, as seen in Figure 6C. Then, they cast
four-part plaster molds in the silicone molds, shown in Figure 6D. The plaster molds were then used
to slip-cast the porcelain cups. After de-molding and cleaning, the porcelain cups were bisque-fired
and glazed in a kiln acquired for this workflow. Nervous System produced approximately 1000 cups
which they sold through their online store, both through pre-orders and after production.

4.2.2  Other Vessels. Path Design is a design studio based in San Francisco. Matt Hutchinson,

the founder of Path Design, combines manual craft and digital fabrication to create lamps,

furniture, and other design products. Other Vessels are a series of five beer glasses created
by blow molding glass into CNC-milled aluminum molds. One of the aluminum molds is shown in
Figure 6B. Matt created each vessel geometry to correspond to a particular variety of beer. Matt
developed software tools both for parametrically exploring design elements and keeping track
of functional properties such as the volume of beer the glasses would hold. He used 3D printed
prototypes in opaque plastic to validate the scale and form of the glasses. Simultaneously, he took
glassblowing classes to learn about the possibilities of the material, experimenting with blowing
glass into test molds he CNC milled. Matt extensively iterated in CAM, exploring the way different
machine parameters for surface finish impacted the resulting glass. Through this process iteration,
he developed methods to create Other Vessels” distinctive and aesthetically appealing surface details
such as ridges. Figure 6A shows an array of surface details on finished Other Vessels pieces. Matt
designed CNC milling toolpaths where he used tool stepover and path direction intentionally as
a way to create texture. Figure 11B shows the fluted surface texture produced by the aluminum
mold in 11C. Matt made five hinged molds for Other Vessels using CNC mills at the Autodesk Pier 9
facility and collaborated with local glass blowers to produce the vessels.

Fig. 6. CNC-milled and 3D printed molds for blowing glass (Path Design) and casting porcelain (Nervous
System). A: Other Vessels glassware for craft beer. B: Hinged aluminum blow mold. C: 3D printed mold
for casting silicone mold. D: Resulting plaster mold for slip casting (foreground), cast from silicone mold
(background). Cast porcelain Coral Cup shown in Figure 1D.

- 4.2.3 Contrasting Molding and Casting Workflows. Porcelain and glass demand com-
W pletely different manufacturing processes, even if the design of molds for each material
bears conceptual similarities. Even though both products needed to include mold

attributes such as keys and parting lines, the heat, moisture, and forces required meant that the
material of the molds themselves needed to differ—plaster versus metal. These material differ-
ences led to the selection of different processes—additive versus subtractive fabrication. This
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demonstrates that even conceptually similar processes vary widely depending on materials. Fur-
thermore, both molding workflows relied on materials experts—a ceramist and a glassblowing
studio respectively—underlining that beyond digital fabrication expertise, manufacturing also relies
deeply on well-established craft knowledge.

CoralCup and Other Vessels shared a common need for high standards of quality, precision, and
reliability from the molds they produced. For both products, production was halted after an initial
run due to a need to address workflow limitations. For Nervous System, this involved moving
mold parting lines to facilitate de-molding and cleaning without warping the cups. Path Design
similarly needed to adjust their mold parting lines and furthermore needed to accommodate high
temperatures, resulting in more complex molds created on a CNC mill with more degrees of freedom.
Achieving these high standards required intense periods of process development for both, but the
nature of that development varied heavily depending on design and material considerations. These
product workflows demonstrate the large time, financial, and educational investments required to
produce molds that support multiple production runs of commercially viable outcomes.

_ Both ListeningCups and Coral Cup are vessels with textured surfaces made of

glazed porcelain. Yet the workflows that led to either product are markedly different—

direct additive fabrication versus creating a mold for slip casting. Molds can enable

higher production runs by embedding much of the process complexity in the mold, rather than

in the resultant object. Indeed, more Coral Cups were made than ListeningCups. However, each

ListeningCup is unique and represents a specific fragment of data. These are examples of tradeoffs
between direct printing versus casting.

Path Design’s CAM work of tweaking and tuning the toolpaths to create surface texture is
conceptually similar to the CAM work in the additive fabrication workflows. In all of these products,
crucial details of the final model—ranging from surface finish to the form—were never represented
in a CAD model. Rather, they came from the purposeful selection of manufacturing parameters
such as tool stepover, extrusion parameters, and tool speeds, and were invisible until the products
were fabricated. This is an example of how machine expertise informed the product’s design. For
any of the products we examined, the tradeoffs and design decisions that are made are not always
apparent from the final product. We believe these products reflect the broad expertise that was
harnessed to make them.

4.3 Subtractive Fabrication Workflows

Subtractive fabrication selectively removes stock material to create an object, for example through
milling or cutting. Subtractive fabrication supports a diverse set of materials including wood, metal,
plastic, foam, and stone. Machines for subtractive fabrication range from 3-axis CNC gantries to
7DOF robot arms supporting end-effectors for processes ranging from milling to water jet cutting.
Material- and machine-dependent aspects of fabrication such as feed rates, spindle speeds, power
settings, tool selection, and toolpath geometry are critical for subtractive fabrication outcomes.
Path Design used subtractive fabrication to produce the molds we describe in Section 4.2. In this
section, we describe two products that use subtractive fabrication directly for making their products,
Filson & Rohrbacher’s AtFAB and ODK Design’s AESTUS. Both products use CNC milling of wood
and explored the aesthetic qualities of milling details. To do so, they leveraged their expertise in
machines, wood, and the requirements and possibilities of creating toolpaths for end mills.

4.3.1 AESTUS. ODK Design is a design company founded by Oliver David Krieg that
creates luxury wooden home furnishings through robotic CNC milling. AESTUS is a series
of wooden vases. Each vase consists of hundreds of layers of stacked wood segments
which are milled by an industrial robot arm. Two finished vases with AESTUS’ characteristic milled
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textures are shown in Figure 7B. Oliver engaged in extensive software development to create custom
simulation and CAM tools for robotic milling. An image of the robot-milling simulation environment
is shown in Figure 7A. Oliver produced the vases’ primary design feature—non-uniform milled
surface grooves—almost entirely through designing toolpaths in his custom software. During the
majority of the AESTUS design process, Oliver did not have access to a robot arm to test his designs.
He spent hundreds of hours developing software to create parametric vase models based on robot
arm milling toolpaths. Oliver rendered the resulting structures in V-Ray to simulate what the
physical vases would look like. Once satisfied, Oliver contracted a professional carpentry company
to mill the vases from glued layers of laser-cut beech plywood stacked on a steel core. Oliver did
extensive software development to create the robot toolpath instructions directly from his software
tools, which the carpentry company used to fabricate the vases. Figure 1A shows the robot milling
process during production.

4.3.2 AtFAB. Filson & Rohrbacher is a design and architecture studio co-founded by Anne

Filson and Gary Rohrbacher. They created AtFAB, a product that focuses on distributed

manufacturing and open-source design. AtFAB is a furniture line made of CNC-milled inter-
locking plywood parts. An example piece of AtFAB furniture is shown in Figure 7D. AtFAB furniture
is available from OpenDesk—a platform that hosts furniture designs and connects customers with
fabricators [10]. To ensure viable fabrication, Filson & Rohrbacher created custom software to
develop design parameters that would produce reliable joinery in CNC-milled plywood. Figure 7C
shows an exploded view of an AtFAB table assembly. AtFAB used a simple notch joinery detail
as a key element of the design—an example of this joinery is shown in Figure 7E. This notch
had dogbones, a characteristic CNC milling feature that accommodates sharp corners despite the
material being cut with round end mills. Filson & Rohrbacher developed a Processing application
that enabled people to customize their furniture within the limits of their design and production
process. The application constrains the customer to a predefined range of options for product
dimensions, material thickness, and joinery style. Customers can save their customized designs
to make on their own CNC mill or select from several pre-designed AtFAB furniture models that
can be ordered directly without customization through Opendesk. Filson & Rohrbacher receives
royalties for each piece ordered through OpenDesk. Filson & Rohrbacher also produced custom
AtFAB furniture for clients such as Makerbot Industries.
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Fig. 7. Both the AESTUS vases and AtFAB furniture used CNC milled wood. AESTUS vases are milled from
laser-cut blanks using 5-axis toolpath planning of a donut-shaped end mill on a robotic arm and with a
turntable, then sanded and varnished by hand. AtFAB furniture is milled out of plywood sheetgoods on
a 3-axis CNC router and sanded and assembled by hand. A: Robot and turntable toolpath planning. B:
AESTUS vases. C: AtFAB assembly. D: AtFAB table. E: Detail of the AtFAB joint with the dogbone cutouts
that compensate for inner corner radii.
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4.3.3 Contrasting Subtractive Fabrication Workflows. For both AtFAB and AES-

% %ﬂ W TUS, CNC miilling wood was the main method. Despite this similarity, the

machinery, software, fabrication costs, and timescales differed greatly. The

workflow for creating Other Vessel’s metal molds had more in common with AESTUS than AtFAB’s
did. This demonstrates that similar materials don’t necessarily result in similar workflows.

As their material, AtFAB furniture used a variety of plywood in standard sheet stock sizes
supported by OpenDesk (the company that Filson & Rohrbacher relied on for much of the production
and distribution of AtFAB furniture). 2.5D milling of sheet stock is a common and straightforward
technique, supported by many fabrication facilities including makerspaces [68]. AESTUS also started
from plywood, specifically a custom high-end lamination of thin beech sheets. But to minimize
machining time, Oliver created custom milling blanks using laser-cut pieces stacked and laminated
such that only finish-milling toolpaths were needed. Therefore, AtFAB furniture can be made at
many different sites, while AESTUS relies on a difficult-to-reproduce setup. This further highlights
how similar materials can nonetheless result in very different workflows—ranging from what
equipment was used to how that equipment was programmed and who programmed it.

AESTUS furthermore relied on full 7-axis CNC milling, necessitating access to large-scale indus-
trial robot arms with turntable workpiece holding. Programming 7-axis toolpaths is significantly
more complex than 3-axis, and Oliver’s design specifically relied on the ability to write toolpaths
directly, using an uncommon donut-shaped end mill that would produce the distinct surface texture
of the vases. Therefore, he needed to work with a fabrication facility that not only had industrial
robot arms but furthermore would allow him to run toolpaths he wrote rather than toolpaths the
carpentry generated from a 3D model. Oliver was able to find a manufacturer willing to experiment
with him, but their high hourly cost translated to the high prices of the AESTUS vases. Other
Vessels similarly relied on high-end CNC milling equipment and incorporated milling toolpaths as
a prominent design feature. To create the metal molds, Matt relied on his unconstrained access to
expensive equipment through a specialized residency program and spent a significant amount of his
time developing toolpaths. Key features of both products relied on iterating on the manufacturing
process—something that could not be done without access to equipment.

Beyond physical differences, all products also featured custom software, but the role and com-
plexity of the software differed dramatically. Filson & Rohrbacher developed a simple customization
tool that supported parameterized adjustments such as the furniture dimensions. In contrast, ODK
Design invested hundreds of hours of complex software development in order to generate custom
robot toolpaths that would create the form of the vases. The different approaches resulted in very
different costs and timescales. AtFAB could be produced quickly and inexpensively with little
oversight from Filson & Rohrbacher by using common materials and machines and partnering
with an established fabrication service. Despite their difference in terms of complexity, all products
highlight the important role that CAM and toolpathing play in developing a final product, and
how control over the CAM process often also implies more control over the production process,
necessitating close relationships with manufacturers or even in-house production.

4.4 End-User Customization of Products

Mass-customization has been a widely heralded opportunity for digital fabrication, as start-up costs
are lower for unique objects made with digital fabrication. AtFAB and CORAIL both offer end-user
customization of products, in particular adjusting both the size and aesthetic details of the furniture.
We included two more companies providing end-user customization in our sample, WOVNS and
Weft. Both produce on-demand Jacquard-woven textiles. Industrial Jacquard looms are large and
expensive pieces of equipment; commercial textile mills invest large amounts in their acquisition
and maintenance. These facilities rely on large-scale production to offset start-up and maintenance
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costs, often enforcing a large minimum yardage for production runs and preferring to work with
trusted customers who understand the nuances of designing for the looms. Therefore, custom
Jacquard woven textile is often infeasible for individuals looking to produce in low-volume. WOVNS
and Weft address this limitation through software platforms that provide end-user customization
of Jacquard woven fabrics which can be produced in batched runs of many low-volume orders.
Each offers an array of parameters for the customer to explore. These parameters constrain options
to make the low-volume production feasible, e.g., through constraining yarn color palettes and
weave types. Selecting appropriate constraints is key to making the on-demand services of WOVNS
and Weft viable.

_'k Molnar that sells on-demand Jacquard woven textiles. WOVNS’s customers include students,
artists, designers, and people who manufacture their own textile products for sale. WOVNS
provides an online software platform where customers can upload a bitmap image to specify textile
colors and patterning, and then order fabric at $45 to $48 a yard. WOVNS’s customization platform
software is developed in-house. WOVNS partners with a textile mill that handles weaving and
distribution. Dena designed the WOVNS software drawing from her extensive experience as a
professional textile designer. She created a digital palette where hex codes correspond to thread
color and weave patterning, samples of which are shown in Figure 8C-D. Dena developed a web
application that enabled customers to upload design files, select a palette, and place orders for
yardage. The mill weaves the orders, performs quality control, and ships orders to customers.

. 4.4.1 WOVNS. WOVNS is an Oakland-based company founded in 2011 by Dena and Chelsea

Marschner in 2016. It was awarded an NSF SBIR grant in 2018. Weft sells custom woven

textiles at any volume greater than 3yds. Weft Create is Weft’s online software platform that
enables customers to interactively customize and simulate woven textiles and then order fabric.
Figure 8A-B show the user interface and customization options supported by Weft Create. The
textile simulation in Weft Create is the result of extensive in-house software development derived
from academic research published 2008-2012 [45, 46, 104, 106]. Weft fabrics are produced at textile
mills that specializes in multi-volume production. Weft limits designs to high-usage materials to
make production feasible. Brooks’s experience in textile design and academia informed the concept
and user experience for Weft’s software. He co-founded Weft with computer graphics specialists to
develop Weft’s textile simulations. Customers upload a bitmap image to Weft Create, then select fiber
content, yarn colors, and weave structure for different regions. Customers are shown a simulation
of their resulting fabric which draws from a database of 3D fabric samples. The simulation can be
viewed and interactively altered on 3D volumetric models. The designs are manually reviewed by
Weft staff, then submitted to the mills. The mills handles weaving, post-processing, quality control,

and distribution.
% Weft’s and WOVNS’ customization platforms, AtFAB furniture and
XtreeE’s CORAIL table also feature direct, customer-facing software that
supports product customization. For each of these end-user customizable products, the designers
did not specify a single product, but a design space within which a customer can customize a
product. This meant that each company offering end-user customizable products needed to not only
develop their products’ design spaces but also to develop customers’ customization experiences.
We noted a range of approaches in developing customization experiences. Both Weft and WOVNS
relied on in-house software developers to create the customization software and user interface.
Filson & Rohrbacher initially developed their customization software on their own but later relied

. 4.4.2  Weft. Weft is a company based in Providence, RI, founded by Brooks Hagan and Steve
13

4.4.3 Contrasting End-User Customization of Products. In addition to
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Fig. 8. Both Weft and WOVNS provide user interfaces for customers to order Jacquard woven textiles
quantities starting at one yard. A: The Weft Create interface for uploading artwork and selecting color and
weave structure. B: Zooming in on the textile shows a simulation of the resulting weave. C: WOVNS’s Talma
swatch blanket demonstrating weaves and colors. D: This WOVNS textile shows how the weave structure
impacts the resulting appearance.

on interns to further develop and refine the interface. For the CORAIL table, the development
of the customization experience was fully outsourced to a firm specialized in interactive web
experiences. Each of these approaches relied on software development that interfaced with, but
was still separate from the software that ran any digital fabrication equipment, highlighting the
different roles software development takes on in these workflows.

End-user customization impacts distribution models as well as product selection, as each unique
product needs to be produced, packed, and shipped to an individual customer. Weft and WOVNS
handle sales in-house, similar to their approach to software development, but can rely on their
textile mill partners to ship individual orders to customers. The challenges of customization were
also felt at the level of product selection. During the interview, Dena from WOVNS commented on
how customization and its associated design constraints tend to guide customers toward certain
types of products: “Many people just want to upload artwork and don’t want to play [with the
design software]. They just want it to be cool and woven. The Divan quality [has a fixed number
of pattern repeats] and that additional constraint ... turns people off" For AtFAB, sales are mostly
handled through their partners at OpenDesk, a firm specializing in custom-made plywood furniture,
which in turn coordinates production and distribution through their network of fabrication facilities.
For the CORALIL table, sales and distribution are fully handled by the furniture company Roche
Bobois, a high-end firm for whom custom orders are the norm. We observed that the possibilities of
mass customization through digital fabrication were being leveraged by the groups we studied, but
that these possibilities came together with different and complex needs for sales and distribution.

4.5 Collaboration in Production Workflows

In the nine product workflows we studied, collaboration occurred in different forms and to different
degrees. Producing the Dropped Pendant Lamps involved no external collaboration—all aspects
of the workflow, from design to fabrication, occurred in-house. In contrast, ListeningCups were
produced as a direct result of collaboration. Timea and Audrey’ stated goal was to create a residency
through which the two could collaborate on a new project. The production of the CORAIL Table
was also highly collaborative. Fritsch+Durisotti and XtreeE worked closely to develop technology,
methods, and prototypes that were viable for commercial distribution via Roche Bobois. For the
remaining six products, collaboration occurred when the production workflow required additional
skills or access to equipment and facilities. Jessica and Jesse hired a ceramicist to help develop
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and troubleshoot the Coral Cup production workflow. Oliver and Matt partnered with 3rd party
production facilities to gain access to tools and equipment in the production of AESTUS and Other
Vessels, respectively. Both participants remained actively involved throughout the partnership;
Oliver operated the robot arm that carved AESTUS and Matt took glass-blowing classes to better
facilitate a partnership with the glass studio. For AtFAB, WOVNS, and Weft, the product is the design
or the service. As such, the forms of collaboration within these workflows resemble a traditional
outsourcing relationship in which fabrication of the final artifact occurs through industry partners
such as online fabrication platforms and textile mills.

5 CROSSCUTTING THEMES ACROSS DIGITAL FABRICATION WORKFLOWS

Building on our analysis of the digital fabrication workflows of each product, as well as our
comparison of workflows with similar primary forms of digital fabrication, we surfaced themes
that were shared across companies and manufacturing methods. In this section we describe 1)
the role of software development in digital fabrication workflows, 2) how representations used
in the workflows only partially described final products, 3) how process prototyping was used
to determine viable production strategies, and 4) how designing toolpaths allowed for deeper
exploration of material results.

5.1 How Software Development Supports Physical Production: From Scripting to
Software as a Product

All of the workflows in our dataset involved some form of software development, which manifested
in different forms depending on the company’s business model and product. Software development
was a critical part of shaping all elements of production, including design activities, the development
of fabrication workflows, and the nature of the products themselves. All of the companies we spoke
with used computer programming to modify or extend the functionality of existing CAD or
CAM tools or automate elements of their design process. We found that many participants used
Rhino3D/Grasshopper to develop software for internal use. Rhino3D and Grasshopper conform to
the structure of many other CAD tools in that they are designed for extension and feature-integrated
programming environments for creating user plugins and libraries, e.g., [39, 56, 67]. As a result,
like generic programming environments and languages, practitioners with sufficient programming
expertise can extend CAD tools to build a wide range of different applications.! In this section,
we consider all forms of software development including programming in CAD environments.
For example, Audrey and Timea wrote a script to convert their audio data into G-code for clay
extrusion and Matt created a Grasshopper definition to ensure Other Vessels’ geometry conformed
to standard beer glass volumes. These approaches facilitated elements of design and production in
important ways which we describe in this section.

Over half of the companies we surveyed developed standalone software tools as a primary
enabling component of their business model or product.

Nervous System created the Coral Cup reaction-diffusion surface pattern using a suite of simula-
tion tools they previously developed. Their concept development and process prototyping were
determined by Nervous System’s ability to extend their reaction-diffusion software to produce
generative designs compatible with a four-part mold with minimally visible mold seams. Notably,
they relied on their experience with slip casting to select create final designs, rather than creating
absolute constraints in their software.

The frequent use of Rhino3D/Grasshopper in digital fabrication is somewhat analogous to the widespread adoption of
Javascript and HTML in web development. Both platforms offer relatively performant development contexts, extensive 3rd
party libraries, and high versatility. Given the generic applications of Rhino3D/Grasshopper it is difficult to draw specific
insights for systems researchers just from this point alone.
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ODK Design’s concept and production workflow for the AESTUS vases emerged through his
development of software for milling with robotic arms in Grasshopper. Oliver’s software enabled
him to experiment with the effects different toolpaths and end mills had on the vase geometry. Like
Nervous System, Oliver built on existing software he had developed through his extensive prior
work in robotic timber milling when creating AESTUS.

XtreeE developed a software tool for real-time monitoring of the concrete mixing and extruding
head they designed. Their software enabled them to follow manufacturing parameters like extrusion
pressure in real-time as the robotic arm traced the CORAIL table’s contours.

These examples demonstrate how Nervous System, ODK Design, and XtreeE could not rely on
existing commercial software tools to create their products. Furthermore, in the case of Nervous
System and ODK Design, the practitioners’ experience and awareness of their software development
capabilities directly informed their product concept.

For products with end-user customization, software development was a primary enabling compo-
nent. WOVNS, Weft, Filson & Rohrbacher, and XtreeE developed and implemented customer-facing
software that included 1) parametric constraints that applied to a specific product or manufacturing
process and 2) a user interface suitable for people without prior digital fabrication or manufacturing
experience. In these cases, companies relied on their prior experience with digital fabrication to
inform the constraints and interfaces of their customer-facing software tools.

AtFAB’s user-facing parametric software emerged from their process of developing internal
tools for parametric manipulation of their own digitally-fabricated furniture designs, along with
expectations around materials and users. They describe: “We definitely were deliberate [with our
app choices]. There were [parameter] sliders, but we knew that you didn’t need a 10-foot table. So
the slider stopped. [...] Actually, it stopped at the length of plywood pieces, eight feet, I think. So it
was constrained by the material. [...] the table height, that definitely got a button because literally
there’s standing height and sitting seating height. You don’t really need that much more than
that” This shows how they shaped the user-accessible design space by codifying their fabrication
expertise in software constraints.

For the CORALIL table, a separate software company developed a browser-based interface for
customizing tables. Each table’s custom properties were described through a custom data structure
that cataloged curves and textures, and parametric constraints prevented customers from designing
an unprintable table. For Roche Bobois, having a user-customizable experience created desirable
modern and luxurious made-to-measure connotations.

Weft and WOVNS relied exclusively on outsourced fabrication for their business model, therefore
both companies invested significant time and effort to develop software features that would
appropriately limit customer designs to the constraints of a manufacturing and distribution process
that they had limited control over. For example, Dena describes how WOVNS relies on constrained
color palettes: “Woven textile production is very different from print in a number of ways. In
woven textile production, the colors have to be constrained because the number of different colored
threads is constrained. So someone can’t just upload a file with hot pink neon, green, blue, black
purple, dusty, pink, rose, and yellow and have it turn out the way that they expected. It’s going
to be constrained by the colors in the construction. So that’s [why] the need for the palettes. The
palettes are basically pre-constrained for the user—we’re not allowing the maker to make all of
those decisions. In order to make WOVNS possible, it’s auto constrained [...] in order to aggregate.”
They also developed mechanisms to inform customers about key aspects of the textile weaving
process, either through tutorials in the case of WOVNS or in-software simulation in the case of
Weft.

These user-customized product examples demonstrate how, like other forms of end-user software
developers, digital fabrication practitioners invest significant time and effort in refining software
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for broader use [49]. However, in addition to engaging in debugging, testing, verification, and
documentation to ensure general usability, practitioners with customized products faced the added
requirement of conveying manufacturing and material limitations and affordances through the
software user experience. Their ability to communicate the design space of a product to a non-expert
customer base directly determined the degree to which they could deliver refined and distinctive
products.

Both examples—internal and customer-facing—show how software development played a central
role in the design and manufacture of products in low-volume, and how all practitioners went
significantly beyond existing features in commercial CAD and CAM tools. This indicates that
beyond expertise in design and fabrication, the participants also needed some amount of software
development expertise. Their software was often conceptually similar but practically very distinct,
e.g., converting data to niche file formats that were appropriate for specific pieces of digital
fabrication equipment. Beyond software developed for design and manufacturing, these cases
also demonstrate how business models that center on product customization additionally require
different forms of software development labor to create customer-facing experiences. This is in
contrast to software development for internal design and production workflows, or as Nervous
System put it, “whenever we make anything for ourselves, we make it the laziest possible way and
it’s much harder to use”

5.2 How Designers Rely on Multiple, Partial, and Ambiguous Representations

LA
P

Fig. 9. Participants used highly abstracted design representations. A: Nervous System selected their coral
patterns just from 2D images. B: To test the Coral Cup’s ridge heights, they 3D printed small swatches. C: the
ListeningCups’ bumps were only captured in G-Code that Slip Rabbit edited in Excel. D: Audrey and Timea
3D printed their G-Code directly to evaluate its properties. In an early test, they noticed that their approach
introduced an unwanted seam. To correct this, they re-sliced and then reintroduced the bumps.

As the Nervous System quote above suggests, participants often relied on partial design rep-
resentations when making their products. Some of the manufacturers we interviewed relied on
abstracted design representations, such as machine toolpaths and 2D images. For example, Nervous
System reported using 2D black and white images of reaction-diffusion patterns as part of their
pattern selection process. They describe: “We do a lot of just printer prototyping, printing [...]
with a black and white laser printer. I print up tons of sheets of paper with views of things from
different angles at scale and look at them—that’s quick and easy and cheap.” Timea and Audrey
manually edited G-Code to create the cups’ texture without knowing exactly how their changes
would affect outcomes. Audrey explained that “in the beginning, it was kind of just a shot in the
dark based on Timea ’s experience. And then after maybe the second day or the third day, we could
make decisions based on what we had just printed” Similarly, Matt could not rely on digital models
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to characterize and design the surface textures of Other Vessels, which were a product of specific
milling parameters. In fabricating each glass, the texture patterns were not fully understood in
advance, resulting in aspects of the design that were more emergent than prescribed.

For some participants, physical representation was an important aspect of the workflow, even if
physical prototypes were not high-fidelity or the final forms. For example, Path Design’s glasses
were initially 3D printed with black opaque plastic. These prototypes shared none of the material
qualities of the final glasses which, for Matt, was “absolutely fine. It’s about the surprise when
it first comes out of the mill, which is like nothing you might expect” For CW&T, prototypes
were created in the flow of design and production, as a way to validate both design and extrusion
settings.

In all of the above cases, production began without a complete simulation of the end result. Instead,
the aesthetics and functional aspects of the product were worked out in the manufacturing process.
What enabled participants to move confidently into production with only partial representations
of their products was often prior knowledge of materials, machines, and fabrication processes. This
manufacturing expertise allowed them to envision the outcome of their workflow without fully
simulating it computationally.

5.3 How People Develop Robust Product-Specific Manufacturing Workflows

Fig. 10. Manufacturing process development such as selecting end mills, nozzle sizes, and firing temperatures
factored heavily into the product outcomes. A: Pause timing and nozzle size created the unique surface
texture of ListeningCups. B: Determining the milling speeds for the specialty end mill in beech plywood
enabled ODK Design to create crisp and smooth textures that did not need additional sanding. C: CW&T
developed a combined slicing profile for their lamps that optimized for high speed and low internal artifacts.
D: Coral Cup’s ceramic production relied on tuning glaze recipes and firing schedules.

We found that beyond objects such as code or physical prototypes, practitioners relied heavily on
prototyping fabrication processes to create viable production workflows. This form of prototyping
activity, categorized as process prototyping in our analysis of workflow steps, included experimenta-
tion with materials, machine behavior, and the integration of digital fabrication techniques with
manual forms of making. In process prototyping, practitioners revised production steps and designs
in response to experience gained when working with materials and fabrication equipment. The
production processes the participants arrived at shaped the aesthetic and functional features of the
products as much as decisions made in software. In each of the examples below, defining features
of the product—surface texture, manufacturing rate— came from production processes customized
to materials and equipment. These material qualities were not present in software representations
prior to production and, in some cases, required the practitioners to learn new ways of working
with software, equipment, and materials.
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For example, process prototyping for Audrey and Timea resulted in key design features that
weren’t present in the CAD model or G-Code of ListeningCups. After creating the G-Code files for
the ceramic 3D printer, they experimented with machine-specific choices such as the extruder’s
nozzle size. Timea described how these choices played a crucial role in determining design features
such as “how big the bumps [were]” and “how thick the wall [would] be.” The same G-Code file
could produce many different iterations due to machine settings and material choices.

Oliver from ODK Design tested various end-mill shapes and milling speeds on small wooden
tiles to ensure crisp lines and minimize post-processing. The tiles also served as pattern samples
and helped Oliver get a sense of the different aesthetic effects the milling paths could produce.
Similar to Slip Rabbit, he iterated with his machine tooling choices to explore different aesthetic
outcomes.

Process prototyping also played a critical role in determining the rate and cost of production. For
example, to reduce the milling time by professional woodworkers using an expensive industrial
robot arm, ODK Design started from laser-cut plywood shapes stacked around a steel core. This, in
combination with his custom robot toolpath planning software, reduced the amount of material
the robot arm removed to just a few millimeters of undesirable burnt edges (Figure 1A) while still
achieving a crisp continuous final line (Figure 10B). This limited the number of expensive milling
hours needed for each vase.

Production time was also critical for the Dropped Pendant Light. Early in their workflow, CW&T
determined print settings that optimized the speed and success of printing by relying on continuous
extrusion. “All the final lamps are a single path [...] so the extruder never stops extruding. The first
few ones that we designed that wasn’t a constraint, so the extruder would stop extruding and have
to travel and then start again. And so you would get some weird artifacts on the side, like the little
loops where it stops extruding and starts extruding. And it wasn’t very efficient and sometimes
the prints would fail. There were all kinds of issues. [...] Pretty early on, maybe like after the fifth
or sixth design or print, we were like, ah, that’s no good. We have to make it so that it’s a single
extrusion all the way.” This subsequently influenced their design decisions: “[Prints] would fail for
various reasons, like under extrusion or coming off of the plate or sometimes our overhangs are
too big, stuff like that. So that’s the kind of learning that would happen. And they would become
constraints on the model. Not any kind of numerical constraints, but just a feel for like, oh, we
shouldn’t be overhanging as much. Or, and then also in terms of print settings being like, if we are
[overhanging] this much, we really got to slow down the print so that it cools off by the next time
it comes around. Stuff like that”

Nervous System hired a formally trained ceramicist to help develop and prototype the ceramics
manufacturing processes for Coral Cup. They repeatedly revised manufacturing methods through-
out their production workflow to address the realities of working in porcelain. Jessica described how
issues included “bubbles in the slip...contamination in the slip...warping in the cups once they’re
de-molded” and “issues with the glaze” These production details could not have been accounted
for in software representations of the design. The level of control Nervous System gained through
process prototyping was a determining factor for creating a high-quality product. This control was
only feasible because they had direct access to and control over their means of production.

Process prototyping with digital fabrication tools required repeated iterations jumping from
software definitions to physical features and back. Here the participants were identifying feedback
loops between digital decisions and real-world outcomes, leveraging expertise from both domains.
The resulting products are beautiful and durable in ways that would be difficult to achieve when
sending design files out to manufacturing services without the chance to fine-tune. Even the
low-cost hobbyist equipment some of our participants worked with did not detract from their final
products due to their intensive process development.
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5.4 How Machine Toolpaths Are Design Choices

Although creating digital models of products in CAD software was a feature in all of the workflows
we studied, we found that participants also developed critical features by designing and optimizing
toolpaths. We found evidence of direct toolpath design in a range of fabrication methods, from
specifying slicer settings in off-the-shelf software to hundreds of hours spent on software develop-
ment for creating custom toolpaths. Participants featured toolpath control in marketing material
for their products—emphasizing how digital fabrication machines are part of the product’s story.
Making design choices through the control of toolpaths resulted in design outcomes that could not
be planned, controlled, or even represented in CAD.
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Fig. 11. Toolpaths were used by multiple participants as distinct design elements of their work. A: The
geometry of AESTUS vases came entirely from the toolpaths and tool orientation. The vase emerged from
the cutting lines, one of which is shown in red. B: One of the Other Vessels glasses relied on widely spaced
toolpaths to create a fluted texture. C: The blow mold used for creating the Other Vessel in B.

To create the primary design feature of the ListeningCups, Audrey and Timea generated G-Code
with slicing software and manipulated the resulting extrusion toolpaths by directly editing toolpath
pauses into the G-Code in Microsoft Excel. Extrusion continued during these pauses, resulting in
“bumps” that functioned as a data visualization of previously recorded sounds. The resulting surface
textures from the inserted toolpath pauses were only represented in G-Code and printer behavior.
To refine their approach to G-Code editing Audrey and Timea created test prints to explore the way
different pause durations and sequencing of toolpaths with and without pauses produced different
design qualities.

Path Design used commercial 5-axis CAM software for the design of Other Vessels. While pro-
totyping the glassblowing process, Matt observed how ridges and lines from the milled surface
of the molds transferred to the surface texture of the glass. Rather than minimizing this effect, he
programmed widely spaced toolpaths to create a fluted texture that would transfer to the glass
while minimizing parting lines. This texture is not captured in the CAD model but came from Matt
designing in CAM. He describes: “The [surface fluting on the snifter glass] is a single pass going a
negative increment into the finished surface. That one was just probably my favorite glass because
it was something that wasn’t even visualized in the software at all. [...] The texture that comes out
of that is something you don’t see it until the glass is done”

Milling toolpaths were a design inspiration for AESTUS. The possibilities of this process were in
fact specifically what he sought to explore: “The main motivation was exploring the milling paths
on wood material and especially parametric parts [...] I found that there was an aesthetic language
that hadn’t really been explored so far, particularly because it’s not something you actually 3D
model. It’s something that you designed by designing the milling paths themselves and see what
the result looks like. And so I found that very intriguing” To explore this design space, Oliver
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developed his own software to create custom 7-axis robotic toolpaths. The industrial woodworking
company he partnered with normally generates toolpaths for their clients, but in this case, made
an exception to run his robot instructions.

Here practitioners relied on directly manipulating toolpaths to create important design features of
their products or even define the product geometry in its entirety. Rendering tools were unavailable
or gave low-fidelity approximations of the results. Our participants’ access to and familiarity with
digital fabrication equipment made it possible for them to anticipate outcomes despite the lack of
simulation of results, but ultimately they relied on process prototyping to make informed design
decisions.

6 DISCUSSION

In our first research question, we sought to explore the real-world workflows of people who use
digital fabrication to manufacture products. We found that software development featured strongly
and that intermediate design representations gave only partial shape to final outcomes. We also
observed that process prototyping was necessary for successful manufacturing and that machine
toolpaths themselves were not just compiled but actively authored. In our discussion, we address
our second research question: How do existing digital design and fabrication technologies enable
or limit the design, manufacture, and sale of customized products?

6.1 Parametric Design Should Support Exploration of Geometry, Machine Settings,
Material Behavior, and the Interdependence Between the Three

Parametric CAD models provide an opportunity to explore design variations in ways that avoid
destructive editing while preserving design intent. Designing with parametric models is most
commonly used to constrain geometry in the domain of digital fabrication. HCI researchers have
developed tools that allow users to manipulate parameters of algorithmic processes in order to
generate geometric features. Recently, these researchers have oriented parametric design tools
around producing geometries that support specific forms of viable fabrication outcomes. In [29],
parametric tools constrain the endless possibilities of virtual geometries to be compatible with
physical materials and craft making. Mueller et al. [71] demonstrates parametric tools that alter
geometry in order to increase the speed of rapid prototyping. Parametric machine learning tools
have also been developed to generate geometries for domain-specific fabrication tasks, such as
custom electronic components [79]. While these examples ensure that geometries are viable for
specific digital fabrication contexts, the parametric aspects of the design tools do not directly control
parameters of fabrication machines and processes.

Our analysis of professional digital fabrication workflows showed that parametric CAD is an
important design tool; however, professionals apply parametric design in ways that go beyond vary-
ing geometry. We found that professionals just as often wrote code and software that parameterized
the behavior of CNC machines. Parameterizing CNC machine behavior allowed our participants to
explore the way variations in toolpath settings, material deposition rates, and geometric slicing
impact the product’s design. Changing machine settings for digital fabrication machines is currently
tedious and typically requires the use of machine-specific interfaces that are not directly integrated
into the software our participants used to explore geometric parameterization. Despite the extra
effort required, exposing and parameterizing machine settings allowed our participants to explore
new fabrication processes (ListeningCups’s pauses in deposition), develop original aesthetics (sur-
face textures for AESTUS, Other Vessels, and Coral Cup), and optimize production for efficiency
(custom geometry slicing to decrease print times for Dropped Pendant Lamp).

Furthermore, when creating parametric CAD models, professionals developed the most effective
parametric representations after they had direct experience exploring settings for machines and
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materials. For example, after initial printing, CW&T constrained their designs to maximize speed
and quality. Nervous System optimized their reaction-diffusion patterns for the constraints of
slip-casting molds. Weft and WOVNS constrained their color palette and weave structure options
based on their experience with industrial Jacquard looms. The constraints in the CORAIL table web
customization application were the result of XtreeE’s prototyping and manufacturing validation
process.

Our research shows that professional designers develop parametric relationships in software
that allow them to explore different machining methods for materials used in their production
workflows. These findings are aligned with recent digital fabrication systems research aimed
at providing parametric control over machine behavior within the same software interface that
supports geometric parameterization [31, 94]. These systems enable incremental exploration of
machine behavior to inform decisions made during the design process—as opposed to systems
that support designing arbitrary geometries followed by tools that generate machine toolpaths for
fabrication.

Our research suggests opportunities for continued work in this space. Further integrating CAD
and CAM could enable parametric control of material properties, e.g., varying extrusion rates to
vary rigidity in 3D printed parts, varying toolpath acceleration to vary milled surface textures, and
selectively applying glaze based on surface measurements. These forms of material parametric
control, utilized in tandem with geometric and machine parametric control, were used in the
workflows developed by our participants. Future systems that embrace the strategic exposure and
control of machine settings could support less experienced makers by facilitating the exploration
of the interdependent relationship between geometry, materials, and machines, which is crucial for
successful outcomes in digital fabrication.

The role of machine and material behaviors in parametric design also has implications for de-
veloping customizable products. The end-user customization component of products such as the
Dropped Pendant lamp and AtFAB’s furniture was underutilized or unsuccessful, in part, because
customers lacked the required experience or knowledge of material and machine behaviors. For
instance, the STL files of the Dropped Pendant Lamp, made available to customers wishing to print
their own, do not communicate the custom slicing settings and continuous extrusion modality
developed during CW&T’s production workflow. Customers are not expected to have an under-
standing of the manufacturing process, yet this process determines high-quality product outcomes
as much as the geometry does. This tension suggests that, for customers, customizable parametric
products that only incorporate constraints or guidance on geometry without factoring in material
or machine constraints might result in a wide variety of outcome qualities. Depending on the
complexity of the fabrication method, customers would need to develop their own knowledge and
command of material and machine behaviors in order to ensure outcomes on par with those of
professionals. CW&T saw little evidence of people printing their own lamps despite the STLs being
freely available. This is in line with the work of Oehlberg et al. [75], who found extremely limited
use of parametric geometric models in the Thingiverse online maker community. Similarly, Filson
& Rohrbacher discussed how few, if any, AtFAB customers utilized their customization app—opting
instead to order their standard furniture designs through Opendesk. WOVNS and Weft achieved
more success in creating customizable products, in part by exposing aspects of their manufacturing
process. Their approach sought to inform customers and provide low-level control over aspects of
material behavior and the relationship between weave structure and visual and tactile qualities in
the textile fabrication process. Moreover, most of WOVNS and Weft customers were designers or
students in design. They were therefore knowledgeable users who could receive the information
presented on the companies’ platforms and use it to make informed design decisions about their
customized orders.
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For products that feature end-user customization, we argue that future digital fabrication systems
research needs to expose and provide control over the interdependent relationships between
geometry, materials, and machines in digital fabrication in order to support high-quality outcomes.
Supporting explorations of these interdependent relationships would provide a way for new entrants
to learn digital fabrication in a more holistic way that reflects the realities of designing products
for fabrication via CNC machines. This is especially true for customizable products given the
information loss that often occurs when complicated production processes are abstracted and only
geometric parameterization is available.

6.2 Process Prototyping is Critical, Simulation is Not

Personal fabrication is a vision of digital fabrication wherein people with little to no prior digital fab-
rication expertise design and produce physical objects in their own homes [33]. Personal fabrication
has been adopted as a primary motivation for much of HCI digital fabrication research, where the
objective of digital fabrication technologies is characterized as the ability to “create objects instantly”
in a manner comparable to the generation of digital objects in fields like augmented and virtual
reality [27]. Framing future of the digital fabrication through the metaphor of digital rendering is
at odds with the reality of digital fabrication practice because it obscures the interdependence of
process and design intent.

Our research shows how digital fabrication product manufacturing and product conception are
inseparable; the success of the products in our dataset did not hinge on isolated critical competencies
that aligned with discrete steps in production. Rather, participants conceived of their products largely
as workflows. They demonstrated an understanding of how individual steps were interdependent,
they anticipated challenges as they envisioned product form and function, and they strategically
invested time working out critical elements of the full workflow. For the CORAIL table, this meant
Fritsch+Durisotti and XtreeE communicated early on about the design affordances of XtreeE
’s concrete 3D printing. With an in-depth understanding of this novel manufacturing process,
Fritsch+Durisotti were able to constrain their designs to ones that XtreeE could manufacture.
Furthermore, they incorporated new process-specific opportunities into their designs, such as
introducing texture with wavy toolpaths. These constraints were codified in a custom data structure
describing each unique table. This close collaboration between the designer and fabricator was
necessary to arrive at the table’s design.

To give another example, CW&T only designed and printed a few lamps before launching their
Kickstarter campaign and committing to fulfillment. Despite being experienced with 3D printing,
they anticipated the printing process to be a potential hurdle for the lights, which is why they fully
tested their 3D printing process before launch. They were confident that if their computer-controlled
manufacturing processes worked, they could handle the design and distribution elements of their
workflow, even if that meant that design work would be happening simultaneously with production.
CW&T and XtreeE were not alone in their ability to envision workflows that spanned design and
manufacturing. All participants conceived of manufacturing methods that would support specific
product features early in their design process. This is in contrast with traditional manufacturing,
where R&D and manufacturing are distinct, and also in contrast with visions of personal fabrication
in which end users fabricate customized products by specifying high-level design intent with no
knowledge of fabrication processes.

Furthermore, participants did not separate design and production steps but rather explored the
interdependencies of the two. Critically, that meant understanding how choices made in software
influenced particular physical features. To better explore specific manufacturing elements, they
developed software. To better understand software constraints, they conducted manufacturing tests.
It is worth noting that iterative processes are by no means unique to digital fabrication workflows.
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In entirely digital domains, such as software development, creators frequently employ iterative
development and testing strategies [59]. We argue that process prototyping in digital fabrication is
different from digital-only workflows because it incorporates iteration across physical processes
that are only partially represented in software, or in some cases not represented at all—as we
saw with Oliver using a rough simulation of his vases that only partially reflected the fabricated
outcome and Timea and Audrey only representing their cups in code prior to printing.

Rather than digital-only workflows, we argue that process prototyping in digital fabrication
is more closely aligned with iterative methods from craft and design. In theorizing workflows,
Ingold and Schon have respectively described how design ideation is directly shaped by material
engagement [41] and iterative design processes [87]. Ingold specifically argues against a paradigm
where making involves imposing form on the material world (hylomorphic model) and instead
suggests that form emerges from engagement with materials (morphogenetic model). Our findings
reinforce Ingold and Schoén’s theories by demonstrating how the products we studied are developed
by people who understand the constraints and affordances of fabrication methods, materials, and
processes. In the case of our participants, their ability to envision software, machine, and material
interdependencies created key opportunities for making unique and valuable products: the new
forms of vases and cups, custom and customizable lamps, tables, and textiles. Our participants were
able to conceive of products that initially might have been considered impossible to manufacture
and to manufacture things that were difficult to represent as CAD models.

In section 6.1, we described the importance of integrating machine and material exploration in
parametric CAD. Digital simulation theoretically offers the possibility to engage in such exploration
without the perceived challenges of working with real materials and machines. Simulation played
a role in some aspects of participants’ workflows and represents a meaningful aspect of digital
fabrication as a whole. Yet simulation alone cannot act as a substitute for process prototyping.
Simulation reflects established models of fabrication processes. Our participants developed novel
fabrication processes and therefore could not rely on existing simulation tools. Creating robust
simulations of novel processes would present a non-trivial engineering effort without clear benefits
for our participants. It was more efficient for them to invest their time in process development
because it simultaneously enhanced their design knowledge and produced physical outcomes.

Moreover, the design knowledge that emerged from process prototyping served as a competitive
asset for our participants because it allowed them to conceptualize feasible and novel future
products. Because participants had the capacity to understand interdependencies of digital and
physical design, they were able to predict aspects of cost, labor, material usage, and key product
features prior to developing and executing the entire product workflow. This capacity is a critical
advantage in low-volume production scenarios where margins are narrow, quality expectations are
high, and creators often have a limited startup budget. The utility of digital simulation is limited
by comparison because it fails to represent a wide array of design spaces and variations in the
manufacturing approach. While it is theoretically possible to simulate multiple dimensions of a
process including manufacturing outcomes, cost, and labor, it is difficult to envision a practical
system that could adequately represent the design knowledge of the individuals within our study.
If we are to support more creators with low-volume production, we must accept the limitations of
simulation to represent novel product manufacturing processes and consider alternative strategies.

6.3 We should develop tools that support users’ continuous need to learn new tools and
techniques

Our study highlights how interdisciplinary learning played a prominent role in enabling digital
fabrication professionals to design and produce custom products. While the participants in our
study demonstrated expertise in some aspects of design and fabrication, they were also initially
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inexperienced in other aspects of the workflows they developed. For our participants, learning how
to extend their expertise to new materials and fabrication processes was a crucial aspect of their
production process.

For example, Matt from Path Design was new to working with glass and took glassblowing
classes to inform his design and production workflow. Similarly, Nervous System hired a ceramics
expert to advise them in developing slip-casting workflows that could support the intricate design
of their cup. Several participants, including Filson & Rohrbacher, Audrey and Timea, and WOVNS,
learned software development skills to support the forms of customization that were crucial to their
products. Participants also learned new skills when developing new, product-specific workflows.
This often occurred at the intersection of CAD and CAM, where integrated knowledge of specific
materials and machine behavior was crucial for producing complex, custom, and idiosyncratic
products. For example, CW&T learned new modeling methods and additive toolpathing approaches
as a direct consequence of the requirement that they rapidly produce 100 unique and robust
3D printed lights. The prevalence of learning activities in our participant’s product workflows
reinforces how learning is a continuous facet of low-volume digital fabrication production and is
not limited to inexperienced practitioners of digital fabrication.

Understanding how digital fabrication professionals learn new skills is useful for research
that supports experts. However, we argue these findings are also applicable when researchers
are interested in supporting new entrants in digital fabrication. Prior research into supporting
learning in digital fabrication has often been aimed at inexperienced practitioners. These individuals,
characterized as novices, amateurs, or first-time users, were found to have difficulty producing
models viable for fabrication, especially if any forms of customization were introduced. In response,
HCI systems researchers have developed design systems and software tools that simplify and
automate aspects of digital fabrication. Prior work in this space has included automating the
generation of fabrication files from 3D models [9, 90], constraining design spaces to components
that are viable for fabrication [91, 102], and scaffolding the design process with examples from
experts [54, 88]. Often, these systems and tools intervene at the interface of CAD and CAM,
alleviating the need for individuals to have in-depth knowledge of materials and machine behavior
to fabricate their designs. Similarly, they aim to reduce the exploration that occurs in the physical
realm by constraining the design space in software to ensure successful fabrication outcomes.

Our study shows that experienced digital fabrication practitioners faced difficulties that in many
ways align with the challenges that motivate the design of tools for “novices.” Professional fabricators
dealt with machine and manufacturing errors, repeated iterations at the physical production stage,
and grappled with adapting digital designs to material constraints. This finding challenges the
validity of drawing stark boundaries between the needs of novices and the needs of experts in
digital fabrication systems research.

Our participants overcame these difficulties by gaining greater knowledge of complex digital
fabrication tasks, as opposed to automating and simplifying complex tasks. Working with tools
that automate and simplify digital fabrication might have reduced the need to learn new skills but
at a cost. Because such tools constrain the design space, they prevent more customized product
outcomes. Moreover, by emphasizing models that fit a clear set of fabrication constraints, these
approaches limit the degree to which creators can discover and understand design opportunities
that emerge from the combination of specific materials and approaches to machining. Many key
features of our participant’s products were a result of understanding and exploring complex aspects
of machine and material behavior during fabrication, rather than in software alone.

The high degrees of learning demonstrated by our participants suggest an opportunity for
systems researchers to expand prior novice-oriented digital fabrication tools by supporting learning
outcomes at all levels of expertise. New systems could go beyond automation and simplification by
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scaffolding learning of both introductory and complex aspects of digital fabrication workflows—
such as programming machine behaviors, prototyping fabrication processes, and error detection. A
systems research approach that scaffolds learning in digital fabrication could mirror approaches in
domains of HCI that identify and address challenges faced by end-user programming, such as tools
that scaffold program understanding [12, 76]. As opposed to tools that use automation to limit the
need to program [37, 42, 47], tools that support learning complex tasks, such as debugging, enable
users to develop new skills and create idiosyncratic rather than pre-defined outcomes. A similar
approach in digital fabrication systems research could support the types of learning demonstrated by
our participants. Our study shows that, like inexperienced individuals, experienced practitioners of
digital fabrication seek out learning opportunities to develop new and complex skills. By developing
these new skills, our participants were able to develop custom workflows that were essential to
creating their products. It’s possible that these approaches may not be of interest nor suitable for
individuals pursuing hobbyist forms of digital fabrication, nor would they necessarily increase
the overall “ease of use” of digital fabrication technologies. Instead, such approaches could aid in
helping new practitioners develop both skills and creative insights necessary for the design and
manufacture of novel and high-quality digitally fabricated goods.

6.4 Material constraints and resource management are design dimensions to support,
not realities to flatten or optimize

A particular vision of digital fabrication within HCI emphasizes the immediacy and labor-saving
opportunities that computation enables for fabrication. However, our analysis made clear that
regardless of promises of increased precision and automation, digital fabrication processes remain
resource- and labor-intensive. The allocation of these resources, including time, money, materials,
and cognitive/physical labor is, therefore, an important factor to take into account when designing
systems for digital fabrication. We found these dimensions were not extraneous to the fabrication
processes but constitutive of them, and determined the aesthetic, functional, and commercial
qualities of the final products we studied in important ways. The professional designers and
manufacturers we interviewed showed that their technical and material skills enable them to
competently allocate these resources in a way that was sustainable for their aesthetic and commercial
goals.

The way in which digital fabrication is different from traditional craft is not because digital
fabrication processes are always more streamlined or more precise than craft, but rather that
designers are now also working with code—information made visible. Specifically, digital fabrication
involves what Shoshana Zuboff called “informating” in the late 1980s: the process by which
information technology translates objects, activities, and events into information [108]. Digital
fabrication systems turn design and the technical gesture into information. This information can be
shared, extended, or modified, but it is also incomplete. Our data shows that despite the increased
visibility and “prehensility” of design information in digital fabrication, as well as the increased
precision afforded by digital machines, digital fabrication workflows remain subject to very material
and situated constraints.

The fabrication processes developed by the participants were not shaped by design intent and
access to machines only but by factors seemingly external to the workflows themselves: time frames,
commercial infrastructures, access to tools and knowledgeable colleagues, and opportunities to
address gaps within existing manufacturing services.

These extrinsic factors influenced internal workflow considerations such as choice of tools and
materials, fabrication technique, as well as design decisions. For example, the glasses of Other
Vessels were shaped partially in response to what Matt was learning about glass blowing and the
possibilities of CNC milling. The final form of the molds made by Nervous System was shaped by
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the need to find a more efficient and reliable demolding process that could meet the demands of an
intensive commercial production phase.

Moreover, the workflows described in this research are resource intensive in part because they
are unique, leveraging design and manufacturing expertise to create objects with distinct aesthetic
and functional features. Contract manufacturers using digital fabrication tools might not need
to develop unique processes to manufacture distinct objects, relying instead on tried-and-tested
workflows. Nervous System initially tried to outsource their manufacturing process for the Coral
Cup but they were unsatisfied with the results. To have more control over the design and fabrication
process, and to create cups that met their aesthetic standards, they developed their own process and
created a unique product. The future of distributed manufacturing depends on the consideration that
digital fabrication workflows are often developed in response to very specific sets of motivations,
design goals, technical constraints, and commercial or material opportunities, among others. The
interdisciplinarity and variety of digital fabrication endeavors mean that there is no one-size-fits-all
approach when it comes to workflows. Instead of flattening workflows into a set of predetermined
steps, researchers would gain from developing systems that can support the unique combination of
specific techniques, tools, and skills present in each digital fabrication project.

Many of the promises of digital fabrication, e.g., increased precision, rapid prototyping, stream-
lined workflows, and automation, evoke a future for small-scale manufacturing where resource
management is optimized and labor minimized. Instead, the participants we interviewed talked
about making decisions that balanced not just the considerations of manufacturing skills and design
knowledge but also the demands of technique acquisition, tool access, time allocation, and financial
resources. These decisions were not compartmentalized but instead understood together as part
of the same chain of operations. The efficiency and viability of these workflows were achieved
through an understanding of how these factors worked together (and when they did not).

Even with increased precision and automation, fabrication processes remain cost and labor-
intensive. Moreover, fabrication workflows are rarely —if ever— shaped by intrinsic motivations
alone (design intent) but constantly adapting to external factors such as the availability of tools and
materials, encounters with mentors, course offerings, learning of new fabrication techniques, and
commercial infrastructures and opportunities, among others. The management and allocation of
these material, commercial, social, and technical resources are not things to abstract from fabrication
systems or to optimize for; they are design dimensions that need to be accounted for in systems
research.

7 CONCLUSION

Front’s 2005 performance of sketched chairs highlighted many promises of digital fabrication. It
also exemplified the idea of digital fabrication as compilation: draw or think up almost anything
and the machine will make it—much like the “matter compilers” described in science fiction [93].
The Swedish studio’s performance furthermore echoes a focus on digital fabrication research in
HCI, which seeks to bring more expressiveness to digital fabrication systems. This expressiveness
is often emphasized without considering how things get made.

Our research shows that how things get made is not simply realizing a digital design and that
creative decisions do not get made in CAD alone. Rather, our survey of nine digital fabrication
workflows demonstrates that low-level machine behaviors and material properties are the cruces
of expressiveness for products made or customized with digital design and digital fabrication.

We inquired about the design and manufacturing of nine products, and we saw that designers
conceived their products at the same time as they did their workflows. The result and the process
were entangled throughout the workflow steps. Our participants were creative and expressive not
only with the geometry of their products but also with their materials, the machine processes
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that made the products, and the combination of these three elements in a workflow. For digital
fabrication systems to support the making of expressive and viable products, we need to expose the
parameters where critical design choices get made—not only geometry but also low-level machine
controls and material behavior.

Access and education also play a role in the workflows we observed. Prior to conceiving and
developing these products, our participants had amassed hundreds of hours of exposure to digital
fabrication tools and spaces, often by virtue of professional training or higher education. This
exposure was an essential factor in their ability to develop viable workflows. The role of technology
access and experience demonstrates a fundamental limit in systems design for digital fabrication:
while we can strive to expose machines and material parameters in systems and increase their level
of control, there remains a question of how to provide broader access to infrastructures and tools
that shape the landscape of participation in digital fabrication. It is safe to assume that the way
Front’s sketched chairs were made—like the products we surveyed—was nothing like compilation.
Instead, how they were made had likely everything to do with access to tools, machine constraints,
material properties, and process development—because these considerations also constitute the
design space, not just CAD. Who gets to design and make depends on how we can integrate the
full design space in future systems for digital fabrication.
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A PARTICIPANT BIOGRAPHIES
A.1 Che-Wei Wang - Dropped Pendant Light

Che-Wei Wang is an artist, designer & architect with expertise in computational and generative
design, fabrication technologies, electronics, CNC machining, and metal manufacturing. The results
range from architecture and sculpture to interactive installations & mobile apps. He is the winner of
the 2003 SOM fellowship and the Young Alumni Achievement Award from Pratt Institute. Che-Wei
has taught courses on design, time, creative computing, and inflatables, at various institutions. He
is an alumnus of MIT Media Lab, ITP at NYU, and Pratt Institute.

A.2 Taylor Levy - Dropped Pendant Light

Taylor Levy is an artist & designer with a penchant for taking things apart, understanding how
they work, and then putting them back together in a way that exposes their inner workings. The
results take on a variety of forms from low-tech electronic sculpture to high-tech software and
other executions. She has work on view at The Leonardo Museum of Science and Technology and
was a resident at Fabrica Interactive in Treviso, Italy. She is an alumna of MIT Media Lab, ITP
at NYU, and Vassar College. Both Taylor and Che-Wei are recipients of the 2022 Cooper Hewitt
National Design Award for Product Design.

A.3 Timea Tihanyi - Listening Cups

Timea Tihanyi is a Hungarian-born interdisciplinary visual artist and ceramicist living and working
in Seattle, Washington. Tihanyi holds a Doctor of Medicine degree from Semmelweis University,
Budapest, Hungary; a BFA in Ceramics from the Massachusetts College of Art in Boston; and an
MFA in ceramics from the University of Washington.

Tihanyi’s work has been exhibited in the United States, Brazil, Australia, Denmark, Spain and
the Netherlands, including Shepparton Art Museum, Henry Art Gallery, Bellevue Art Museum,
Mint Museum of Art and Design, Society for Contemporary Craft in Pittsburg, Clay Center for the
Arts and Sciences, Foundry Art Center, International Museum of Surgical Science, SculptureSpace
NYC and the Museum of Glass, Tacoma. She has received many recognitions, including the 2018
Neddy Award in Open Media, a 2018-19 Bergstrom Award, and a New Foundation travel grant.
In Seattle, her work has been part of numerous solo and group exhibitions at Gallery 4Culture,
CoCA, Consolidated works, Seattle Art Museum (SAM) Gallery, Davidson Contemporary, and SOIL
Gallery. Her 3D printed sculptural ceramic work was represented by Linda Hodges Gallery at the
time of the interview, while she also sells Slip Rabbit pieces through various other venues.

Tihanyi is a Teaching Professor in the Interdisciplinary Visual Arts program at the University of
Washington. She is the founder and director of Slip Rabbit, a unique mentoring space for experi-
mentation and learning at the intersections of art, design, architecture, science and engineering.
Slip Rabbit is the first technoceramics studio in the Pacific Northwest.

A.4 Audrey Desjardins - Listening Cups

Audrey Desjardins is an associate professor in interaction design at University of Washington, in
the School of Art + Art History + Design, and adjunct associate professor in Human Centered
Design and Engineering and in Digital Arts and Experimental Media . She holds a PhD and Master
of Arts from the School of Interactive Arts + Technology at Simon Fraser University. Prior to that,
she studied industrial design at Université de Montreal.

Using a critical lens, her research investigates experiences of living with technology in the home.
She use methods like research-through-design, autobiographical design, and participatory design
as approaches to critique and reimagine current visions of Internet of Things technologies.
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She is the director of Studio Tilt, a design research studio that questions and considers familiar
encounters between humans and things.

A.5 Antoine Fritsch - CORAIL Table

Trained as a designer, with a strong technological background, Antoine Fritsch has been leading
the Fritsch-Durisotti Agency since he co-founded it in 1993. He ensures the direction of design
and particularly oversees the balance of an activity shared between complex industrial creation
projects and “Free Expression” projects that have been punctuating the path of the agency from its
beginnings.

A.6 Victor De Bono - CORAIL Table

De Bono is an engineer—architect graduated from the Institut National des Sciences Appliquées
(INSA) of Lyon and the Ecole Nationale Supérieure d’Architecture (ENSA) of Lyon, Victor develops
urban, landscape and maritime projects, as well as new certified constructive systems integrating
3D printing.

A.7 Jessica Rosenkrantz - Coral Cup

Jessica Rosenkrantz is an artist, designer, and programmer. She graduated from MIT with degrees
in biology and architecture in 2005. And studied architecture at the Harvard Graduate School of
Design from 2005 to 2008 before leaving to found Nervous System. She was a Lecturer at MIT from
2016 to 2019 teaching design.

A.8 Jesse Louis-Rosenberg - Coral Cup

Jesse Louis-Rosenberg is an artist, computer programmer, and maker. Jesse is interested in how
simulation techniques can be used in the design and in the creation of new kinds of fabrication
machines. He studied math at MIT and previously worked at Gehry Technologies in building
modeling and design automation. With Jessica, Jesse is the co-founder of Nervous System. The
work of Nervous System has been published in the journal Science, acquired by the Museum of
Modern Art, and featured in major press venues including the New York Times.

A.9 Matt Hutchinson - Other Vessels

Matt Hutchinson is an architect, educator, and experienced fabricator interested in exploring the
potential convergence of traditional and digital fabrication processes within architecture. He draws
from a diverse range of professional experiences to inform the multi-disciplinary and collaborative
approach for his own design practice, PATH. Matt earned his Bachelor of Architecture at Kent State
University and his Master of Architecture at Yale University, where he received the Eero Saarinen
scholarship and was twice a finalist for the H. I. Feldman design prize, the school’s highest design
honor. He recently taught a series of advanced architecture studios and material and fabrication
seminars at the California College of the Arts and has been a fellow at Autodesk’s Pier 9 Residency.

A.10 Oliver David Krieg - AESTUS

Oliver David Krieg is an expert in computational design and digital fabrication in architecture.
As Chief Technology Officer (CTO) at Intelligent City in Vancouver, Canada, he is leading the
technology development for computational design and digital manufacturing processes for a pro-
prietary high-rise mass timber construction system. This is part of the company’s effort to provide
transformative solutions for platform-based, sustainable and affordable urban housing. His work
is characterized by an integrative approach towards engineering, material science, sustainability,
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and manufacturing. He received his PhD from the Institute for Computational Design and Con-
struction at the University of Stuttgart, Germany. His work aims to enable reciprocities between
design, technology and materiality in order to re-conceptualize how architecture can be designed,
fabricated, and constructed.

A.11 Anne Filson - AtFAB

Anne Filson is an architect and the Sue Fan Gooding and Lyde Gooding Endowed Professor at the
University of Kentucky. She teaches the Commonwealth Studio and Research Seminar, as well as
courses on entrepreneurship and new models of architectural practice. She is a co-founder of the
architecture, design, and research firm Filson and Rohrbacher.

A co-author of Make: Design for CNC, Filson writes and speaks internationally on design, maker
culture, entrepreneurship, and the social and economic potentials of networked, local manufacturing.
Filson is a co-PI of the Atomic Cities Research Group, which to date has received over $1M in
funding from the US Department of Energy.

Filson worked as a Project Architect for Rem Koolhaas’ Office for Metropolitan Architecture
and as a Design Strategist for IDEO’s Smart Space practice. She’s a LEED Accredited Professional
and NCARB Certified, Registered Architect. She earned her Master of Architecture from Columbia
University, and Bachelors of Arts in Art History from Smith College.

A.12 Dena Molnar - WOVNS

Dena Molnar is the Vice President of Design at Luna Textiles. She has a background in design
and fabrication of textiles for interiors. Prior to completing an MDes in technology at the Harvard
graduate school of design, she earned a BFA in textiles from Rhode Island School of Design, and
went on to design for leading manufacturers and suppliers of textiles to commercial architects and
designers in New York City. She has over 13 years of industry experience, including time spent
as a textile technology consultant to Google, a consultant for MIT, a senior designer at Maharam
textiles, and cofounder of WOVNS.

A.13 Brooks Hagan - Weft Create

Brooks Hagan is a textile designer, artist and researcher. He designs for various textile companies
and consults with industry partners such as Apple, Inc. and Under Armour. A recent project with
computer scientists at Cornell and Stanford Universities investigates advanced visualization for the
design of constructed textiles and is funded by a $1.2M grant from the National Science Foundation
(NSF). In 2015 Hagan cofounded the textile technology company Computational Textiles Inc, which
was awarded NSF SBIR support to catalyze private sector commercialization of the most promising
technological innovations. Computational Textiles launched its first software platform, Weft, in
2017. Hagan’s research with the Virtual Textile Research Group investigates historical industrial
textile processes, advanced manufacturing processes, volumetric weaving for rapid prototyping
and new computational tools for textile design. Hagan collaborates with many fine artists and
works with the Dieu Donne Papermill in New York to explore paper materials and textiles. He is
interim dean and professor at Rhode Island School of Design (RISD) and has previously served as
graduate program director and head of RISD’s textile department.
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Product Participants Affiliations Education Resources
Dropped Pendant Light Che-Wei Wang, Taylor CW&T architecture, computer home fabrication shop
Levy science, film
Listening Cups Timea Tihanyi, Audrey Slip Rabbit ceramics, visual arts, techno-ceramics research
Desjardins digital craft, industrial studio
design, interaction design
CORAIL Table Antoine Fritsch, Victor De Fritsch + Durisotti, XTree industrial design, design and prototyping
Bono architecture, materials studio, proprietary 3D
science, robotics printing and robot arm
Coral Cup Jessica Rosenkrantz, Jesse ~ Nervous System architecture, biology, fabrication shop and
Louis-Rosenberg computer science, math design studio
Other Vessels Matt Hutchinson Path Design architecture, traditional personal studio with
fabrication small tools, access to
industrial CNC equipment
through affiliation with
Autodesk, partnership
with glassblowing facility
AESTUS David Krieg ODK Design architecture, collaboration with 3rd
computational design, party robotic fabrication
digital fabrication facility
AtFAB Anne Filson Filson and Rohrbacher architecture design affiliation with 3rd party
fabrication facility
WOVNS Dena Molnar WOVNS textile design, weaving affiliation with industrial
textile mill with
experience in on-demand
services
Weft Create Brooks Hagan Weft industrial textile affiliation with industrial
production, product textile mill
design, marketing
Table 1. Overview of participants’ background, affiliations, and available resources.
Product Software Materials Equipment
Dropped Pendant Light Fusion 360, Rhino + Grasshopper PLA, LED bulb and socket consumer-grade FDM 3D printer

Listening Cups Rhino, Microsoft Excel, Decibel X ceramics porcelain 3D printer, ceramic kiln

CORAIL Table Rhino + Grasshopper, Fusion 360, concrete, glass, and steel proprietary 3D printing head (developed
custom software by the company), robotic arm
Coral Cup custom design software, Rhino, porcelain, glaze, plaster, silicone SLA 3D printer, ceramic kiln, vibrating
Processing, Blender, Adobe Photoshop rubber, SLA 3D printer resin table
Other Vessels Rhino + Grasshopper, Fusion 360 glass, aluminum, PLA CNC mill, 3D printer, glassblowing
equipment
AESTUS Grasshopper, custom CNC software beech plywood, steel, felt industrial robot with mounted carving
tool
AtFAB Processing, Fusion 360, Form-Z, plywood CNC mill
SketchUp
WOVNS custom software textiles industrial textile mill
Weft Create custom software textiles industrial textile mill

Table 2. Overview of tools and materials used in each production workflow.
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