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Figure 1: Taxon Concept. The Taxon language can represent a breadth of digital fabrication machines as programs that compile
to abstracted machine simulations. Shown are Taxon implementations of A. Prusa i3-mk3, B. Ultimaker S5, C. Makerbot
Method, D. Delta WASP 2040 Clay printer, E. hot wire cutter, F. xPrint modular liquid printer, and G. LitePlacer pick and place

machine.

ABSTRACT

Digital fabrication machines for makers have expanded access to
manufacturing processes such as 3D printing, laser cutting, and
milling. While digital models encode the data necessary for a ma-
chine to manufacture an object, understanding the trade-offs and
limitations of the machines themselves is crucial for successful
production. Yet, this knowledge is not codified and must be gained
through experience, which limits both adoption of and creative
exploration with digital fabrication tools. To formally represent
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machines, we present Taxon, a language that encodes a machine’s
high-level characteristics, physical composition, and performable
actions. With this programmatic foundation, makers can develop
rules of thumb that filter for appropriate machines for a given job
and verify that actions are feasible and safe. We integrate the lan-
guage with a browser-based system for simulating and experiment-
ing with machine workflows. The system lets makers engage with
rules of thumb and enrich their understanding of machines. We
evaluate Taxon by representing several machines from both com-
mon practice and digital fabrication research. We find that while
Taxon does not exhaustively describe all machines, it provides a
starting point for makers and HCI researchers to develop tools for
reasoning about and making decisions with machines.
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+ Human-centered computing ¥ Interactive systems and
tools; « Applied computing ¥ Computer-aided manufactur-
ing; - Software and its engineering ¥ Domain specific lan-
guages.
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1 INTRODUCTION

Digital fabrication machines, like 3D printers, laser cutters, CNC
mills, drawing machines, and laboratory pipetting machines allow
a broadening base of users to program machines to create and
modify physical objects. An extensive infrastructure of software and
machine tools along with increasing research in human-computer
interaction have unlocked more possibilities for making. Research
in digital fabrication has contributed novel machines (e.g., [21, 41,
58]) and computational pipelines for creating objects with machines
(e.g., [10, 27-29, 59]). Practitioners have also expanded the use of
precision machines to new applications, such as ceramics [13, 46,
48], engineering education [4, 15, 39], and even fabricating personal
protective equipment for hospitals in a crisis [32]. In all of these
contexts, understanding how a machine works, the high-level pros
and cons of a machine, and how to integrate the machine with
digital and physical materials are crucial for selecting and using a
machine safely and appropriately.

While most industrial and academic work focuses on new pos-
sibilities for making through digital fabrication, we still lack of
common infrastructure for formally representing a machine and
its capabilities. Knowing which machine is best-suited to a manu-
facturing task is often learned by trial and error. Many novice and
would-be users of digital fabrication tools encounter a consider-
able learning curve when faced with fundamental questions that
many expert users take for granted, namely: How does the machine
work? Which machine is right for the job? How do we integrate
a machine into a manufacturing process with digital and physical
materials? The open challenge is how to empower a diverse set
of fabrication machine users to achieve their manufacturing goals
amidst a piecemeal ecosystem of fabrication software, hardware,
and domain expertise.

In recent years, desktop-class digital fabrication machines are
gaining in popularity, with feature-heavy variants and sophisticated
manufacturing workflows frequently introduced. Beyond increas-
ing educational resources, we argue that digital fabrication needs a
unifying formal representation of what a machine is.

We argue that a programming language for machines would
most effectively help makers adapt to an increasingly complex
space of manufacturing workflows. Compared to one-off software
tools, programming languages lend themselves to being extended
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as programmers develop libraries and share repositories of code. A
common syntax and semantics let makers more readily understand
features and trade-offs between different machines, as well as use
program analysis techniques to enforce best practices. While it
might seem tempting to create a simple how-to guide to selecting
and using machines, one can never fully anticipate how a maker
might want to chose machines based on their own. Instead, we aim
to let makers author their own rules of thumb for selection and
usage that can selectively be applied to machines-as-programs.

As a first step towards a common enabling infrastructure, we
present Taxon, a language for specifying a digital fabrication ma-
chine’s composition, characteristics, and simulated use cases as
programs. Taxon helps users to gather a large repository of ma-
chines in a common format, query and compare different machines,
and script simulated interactions with machines, digital models,
and physical materials. Taxon programs contain three parts: blocks
and metrics, which together form the machine plan, and the work-
flow composed of a sequence of actions. Blocks are abstracted black
boxes of machine parts that provide enough information to reason
about the machine’s kinematic and mechanical properties without
being prohibitively low-level or verbose. Metrics describe innate
characteristics of a machine that determine when it should and
should not be used. Workflows comprise actions that simulate a
machine’s movements and interactions with material. Makers can
also author and enforce rules of thumb, which are user-defined
checks that Taxon enforces about machine selection and use.

We integrate the Taxon language into a web-based user interface
that lets users search for machines based on their needs, learn the
machine’s composition and kinematics, and experiment with using
the machine in simulation before moving on to using a physical
machine. Overall, Taxon is descriptive, i.e., characterizing existing
machines and workflows, rather than prescriptive of a single fabri-
cation pipeline. Through the language and web interface, we allow
development of an interactive and extensible taxonomy of digital
fabrication machines along with a foundation upon which future
applications can reason precisely about a machine.

This paper’s contributions include:

A domain-specific language for formally representing dig-
ital fabrication machine plans and workflows

A user interface that lets users contribute to and browse a
machine database and experiment with workflows

Several examples of novel fabrication workflows from
research and practice expressed in Taxon

While material choices and digital models are important parts
of workflows, in this paper we focus primarily on representing ma-
chines and rules for their use, which in turn provides a foundation
for future extensions for materials and models.

2 RELATED WORK

Unlike most prior work, which seeks to explain and solve specific
parts of the digital fabrication pipeline, Taxon aims to formalize pro-
grammatically: machine characteristics and architecture (as metrics
and blocks), manufacturing steps (as actions), and best practices
(as rules of thumb). It offers a structured way to represent previ-
ously explored interactions between machine plans, actions, digital
models, and materials.
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Figure 2: System Architecture. Makers represent a physical machine as a Taxon Machine Plan program. The program contains:
blocks, which provide an abstracted composition of the machine; and metrics, which describe high-level machine character-
istics, such as the volume that its tool can access (work envelope) and material compatibility. Taxon Machine Plans can be

used in work ows containing

actions, which simulate motion and fabrication.

Rules of thumb are a database of community-

contributed rules that can be used when analyzing machine plans and actions for appropriate machine choice for a manufac-
turing task or safety of actions. Executing an action updates the machine in the simulation, here, actuating the blocks such

that the print head (in red) moves to the directed position.

2.1 Understanding and Building for Challenges
in Fabrication

Prior research in HCI and graphics has proposed new paradigms
for making with digital fabrication tools 24, 36 68, while a smaller
subset of work has critically investigated challenges that arise dur-
ing the process. For example, Yildirim et al. interviewed profes-
sionals about their needs and challenges using these tools, noting
that negotiation of [fabrication] trade-o s was a crucial part of a
maker's skill set, yet was not facilitated by most toolg]). Hudson

et al. studied challenges to 3D printing for newcomers, noting that
one way to reduce barriers would be to “weave in' expert tips,
advice, and explanations throughout the printing work ow ZQ.
Torres et al. examined strategies or rituals that makers adopted to
account for the possibilities of failure with fabrication machines
[60. Some design researchers, such as Andersen eBlalA[baugh

et al. [2], and Devendorf et al.J4 have foregrounded the experi-
ence of blending human craft with machine precision, along with
developing mindsets that account for tensions between the two.
From a high level, these studies highlight that the capabilities and
limitations of a given machine must be accounted for at all parts
of the making process. Schoop et &3 and Knibbe et al. 25
built prototypes of makerspace equipment augmented with sen-
sors and projectors to monitor equipment use and provide alerts
and recommendations to the maker. In the same vein, rather than
relying solely on a maker's expertise at choosing and building ap-
plications with machines, Taxon formalizes these trade-o s and

characteristics explicitly as programs, thus enforcing machine con-
straints throughout the process. Another example is Hofmann et
al's PARTS plug-in for the Fusion 360 CAD program, which lets
designers of 3D models embed additional information on design
intent in the 3D model L9. We build on this concept of encoding
intent and constraints, but apply it to machines and their associated
work ows rather than to digital models.

Currently, most checks about what is safe to do with a machine
are implemented using computer-aided manufacturing (CAM) soft-
ware. For example, a slicer is a common CAM software package
that converts a digital 3D model into a tool path for a 3D printer to
follow to print the modeled object, a process is called slicing. During
slicing, the software can enforce conditions like ensuring the tool
path ts within the printer's work envelope, or the printer does not
print over thin air without having support material laid down rst.
However, these checks are baked into CAM software and are not
portable to other contexts; in this case, they are accessible only to
the maker during slicing, not before or after. We note that the popu-
lar open source slicer Cura has detailed internal representations of
machine con gurations p2, and the open source machine motion
control rmware Marlin permits some recon guration of speci ¢
machine parametersdd. Again, these representations are accessi-
ble only to each respective software tool and within its respective
part of the fabrication pipeline. We argue that logic around what is
safe to do with a given machine and task should not be sequestered
to CAM software or machine controllers, but rather it should be
available to makers at all steps of the manufacturing process.
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