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While digital fabrication technology—using computer-controlled machines to create physical

artifacts—has existed for over half a century in factories and machine shops, desktop-class tools

have made it accessible to new practitioners across diverse domains. Pioneering practitioners

in science, art, and engineering are developing experimental, domain-specific manufacturing

workflows that differ from conventional fabrication practice. However, today’s software tools

prioritize conventional workflows and delay the development of new ones. Despite the “digital”

in digital fabrication, experimental fabricators do not benefit from the affordances of writing code,

namely, the ability to reason about, experiment with, and reproduce the work of others.

In this dissertation, I argue for elevating the subordinate status of code in digital fabrication by

framing novel workflow development as full-fledged programming, not just as program execution.

In this physical-digital programming paradigm, the physical contingencies of machines and

materials are represented in a programming language, not left unwritten. To prototype physical-

digital reasoning, I invented a machine grammar that lets fabricators denote domain-specific rules

governing machine choice and usage. For visual reasoning, I developed a method for generating
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application-specific visualizations of a given machine toolpath. To encourage experimentation

and testing, I built a programming environment where fabricators develop entire manufacturing

workflows as computational notebook programs. Finally, to aid in the reproducibility of workflows-

as-programs, I added a library that lets fabricators interface with existing computer-aided design

and manufacturing software, denote manual steps via an augmented reality machine interface,

and write assertions in code for quality control.

Though physical-digital programming primarily aims to help a nascent base of experimental

fabricators, it also carries implications for what programming itself entails and for society’s

relationship with machines. By placing direct engagement of physical automation tasks in the

same medium as programmatic control, I take a first step beyond today’s dominant computational

paradigm, where data come from elsewhere, to a more sustainable computing future, where care

of machines, materials, and fabricators is integral to programming itself.
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For Bà Ngoa. i.

xvii



Chapter 1

Introduction

“By distancing thought, alienating it from its original habitat in sounded words, writing raises

consciousness. Alienation from a natural milieu can be good for us and indeed is in many ways

essential for fuller human life. To live and to understand fully, we need not only proximity but also

distance. This writing provides for, thereby accelerating the evolution of consciousness as nothing else

before it does.”

— Walter Ong, Writing Is a Technology that Restructures Thought [Ong92]

Watching carefully as an open-source machine for programmable motion slowly extrudes

thin traces of electrode, a materials scientist prototypes the design of a microscale 3D printable

battery. While conventionally produced, flat-electrode batteries trade off power and energy lifetime,

new volumetric battery architectures could overcome this fundamental limitation. However, the

performance of 3D printed batteries depends on tightly coupled materials and fabrication processes.

Along with theoretical knowledge, the materials scientist must experiment with multiple designs

and fabrication parameters before arriving at a feasible process.

Elsewhere, in a pottery studio, artists interactively 3D print a clay jar with audio data embedded

1
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as small “blips” on the surface. The clay printer steadily encodes the resulting “listening cup” to

serve as a memento of a conversation, song, or other snippet of sound. One of the artists, a lifelong

ceramicist attuned to the feel and behavior of clay, repeatedly adjusts the clay extrusion rate from

its auger, switches back to machine instructions stored in Excel spreadsheets to edit the machine’s

pause timing, and places her hand under overhangs that look like they might collapse.

Finally, researchers in a mechanical engineering laboratory write code to generate impact-

protection lattice designs for 3D printing. With so many potential designs, the researchers set

up a small factory of 3D printers to parallelize the printing process, complete with robotic arms

removing finished samples from printer beds. Yet, testing the dynamic impact resistances of the

lattice samples requires an expensive and time-consuming process. To overcome this constraint,

the researchers devise a novel process: test most of the lattices on cheaper static testing machines,

then infer dynamic responses of most designs using a machine learning model with many static

and few dynamic tests.

∗ ∗ ∗

In all three scenarios, practitioners from diverse disciplines and with diverse uses cases are

engaging in digital fabrication, i.e., using a computer to control a 3D printer, a computer numerical

control (CNC) mill, or pipetting machine
1

to create a physical artifact. Yet, how these practitioners

work bears little resemblance to conventional digital fabrication practices I describe below.

For the last half-century, digital fabrication has been hardly digital, with fabricators themselves

performing the automation that one would expect a computer to do. In part due to inaccessible

methods of controlling machines, CNC tools have been mostly limited to industrial contexts,

like factories and large-scale manufacturing sites. Here, fabricators interact with machines,

1
Lab automation machines would typically fall outside the scope of digital fabrication because they do not create

a new artifact, but I consider it within scope because they manipulate matter through programmed actions. Moreover,

the term “digital fabrication” itself is an umbrella term, which practitioners do not often use by default.
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typically lathes, mills, and, more recently, additive machines like 3D printers, through a fairly

rigid, unidirectional pipeline that echoes the batch programming paradigm of the 1950s in which

CNC was first developed.

• First, using computer-aided design (CAD) software, a fabricator develops a 3D representation

of the object they want to produce.

• Next, the fabricator plans the toolpaths, or motions of the machine’s tool to produce the

artifact, using computer-aided manufacturing (CAM) software.
2

• Finally, the user transfers output of CAM software, i.e., low-level machine instructions, also

called “codes,” to CNC control software.

In this canonical workflow [TSTOP21], each step of the process typically constitutes its own

discrete software application. Here, I define a workflow to be a series of steps in a fabrication

process leading to a manufactured object; these steps span both digital code and physical processes.

Since the 2010s, CNC capability has expanded beyond industrial and machine shop settings

into scientific laboratories, artist studios, academic makerspaces, and even home settings [BBPJ21].

Fueled by efforts such as the Maker Movement, Fab Academy, and academic interest, desktop-class

fabrication machines have become more available and accessible to potential fabricators from many

walks of life. In fact, Fab Academy founder Neil Gershenfeld likened this increased ubiquity of

fabrication machines—personal fabrication [Ger07]—to Mark Weiser’s vision of personal computing

via increasingly ubiquitous and personal computers [Wei99]. Though fabrication machines are

becoming more personal, the tools available to control them have not kept pace. They remain

rigid, focused on helping fabricators create faithful replications of 3D models, not on enabling the

full range of expressibility needed for innovative domain-specific use.

2
In the case of 3D printing, fabricators typically encounter CAM software in the form of slicers, which plan

the printer’s toolpath along horizontal slices of an object. However, there is nothing inherent about slice-based

approaches to 3D printing, and several projects from research and practice eschew conventional slicing techniques.
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How are the aforementioned scientists, artists, and engineers actually fabricating volumetric

battery electrodes, clay cups encoded with audio data, or robotically tested impact-protection

lattices? In each instance, the fabricator must forgo the predictability of the canonical CNC

workflow in favor of application-specific control and experimentation. Previously, fabricators

could imagine an idealized result and faithfully “compile”
3

the object to physical form down a

step-by-step pipeline.
4

Today’s fabricators, however, are materials-driven, at the mercy of the

physical response of machines and materials as they pioneer manufacturing processes that have

never before been implemented. In essence, what these fabricators are doing looks much less like

moving down a traditional factory assembly line and much more like concocting a strange brew of

programming, crafting, and experimenting.

This dissertation addresses the digital-physical divide that people who build novel workflows

must navigate.
5

The world around us continues to heavily favor either the physical or the digital,

the former through experience gained via crafts, machine shop practices, or machine maintenance

and the latter through writing code, optimizing and simulating geometries, and automating precise

machine tasks. However, experimental digital fabricators must reason about both code and physical

concerns as they iterate again and again to shape materials and designs that meet their vision

while adhering to material and machine constraints. How can we transcend this physical-digital

divide and instead build tools that are physical-digital, respecting contingencies and ways of

working learned from both physical realities and computational thinking?

3
Viewing fabrication as compilation is a relatively new lens, adopted implicitly [BM17] or coined explicitly

[Nan21], though some researchers claim that this lens can unintentionally exclude how fabricators write their own

software as part of a process [HBJP23]. Still, the latter paper does not define the meaning of “compilation” (e.g.,

preserving input language semantics versus a unidirectional compiler pipeline) in the first place.

4
Philosopher Gilbert Simondon attributes this matter-follows-form style of thinking to the “hylomorphic schema,”

which traces its roots to ancient Athens [BP24]. Anthropologist Tim Ingold contrasts hylomorphism with morphogen-
esis, where a preconceived idealized form is modified throughout a design process by material constraints that the

designer encounters [Ing13].

5
A similar concept of “bits and atoms” was coined by Gershenfeld [Ger07] and was adopted by Ishii in his concept

of tangible bits [IU97]. I contend that Ishii’s line of thought views atoms as programmable matter—something to take

form according to bits—ultimately privileging bits rather than granting equal footing to both.
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1.1 Novel Workflow Development in Digital Fabrication

Given these goals, I turn to an established tool, programming languages, which let people write

down exactly what they would like a computing machine
6

to do. When writing code, a programmer

represents their thought process in a standardized computer language that provides three crucial

affordances, among many others. First, programmers can read the code and reason about what

the computing machine will do. Second, programmers can run their code to test its performance,

making adjustments to the code as gleaned from testing. Third, code that is written down means

that others—even those who are not in the programmers’ immediate circle—can read, understand,

and replicate the performance of the computing machine for themselves.

Programmers rely heavily on these affordances to write code that powers the contemporary

world. Our very society hinges precisely on the act of writing code, and on writing itself: ex-

ternalizing, reflecting on, accumulating and sharing our thought processes as we collaborate

with the computing machine. I posit that we should extend this same written externalization of

human-machine collaboration to the broader space of fabrication machines.

Unfortunately, current programming languages do not offer the same resources to physical-

digital tasks that they offer to purely digital ones. There is no cohesive way to document, reason

about, test, and reproduce physical-digital workflows in the same way that digital-only program-

mers do. Fabricators must focus so intently on getting machines to run at all that they lose sight

of the overall process that programming makes explicit in code. They are forced into a paradigm of

digital fabrication as program execution, rather than one of fabrication as full-fledged programming.

For example, fabricators might string together many existing GUIs and scripts to generate

6
While we normally refer to computers simply as “computers,” the reality is that, in their contemporary form, they

are also machines. Anybody who writes programs in a programming language is necessarily encoding a series of

steps that a central processing unit (CPU) will perform. I refer to these devices as computing machines in this context

to emphasize that successful development of software is already predicated on a healthy human-machine relationship,

albeit without the physical challenges inherent to novel workflow development.
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low-level instructions, like G-code, for machine control. However, the inner workings of each

GUI and script are often opaque; fabricators are only tweaking parameters—fiddling with knobs—

of what others have built. Further, they must painstakingly pass changes through a series of

disparate applications by repeatedly exporting and importing data down an ad hoc pipeline.

Because experimental fabricators repeatedly experiment to understand machine behavior, they

must laboriously repeat this process upon every iteration.

And worse still, the discoveries and expertise that fabricators develop while iterating go mostly

unwritten. The crucial combinations of machine and material choices, the novel algorithmic

strategies, the “warning signs” and “green lights” that a fabricator learns through experimentation

are elided from the final workflow; these experimental results might be documented as a prose

“how-to” guide for juggling several software tools, if written at all. The steps an experimental

fabricator took to get a workflow to actually work cannot be shared with other fabricators, who are

now doomed to repeat much of the unnecessary trial and error themselves. As a result, fabricators

cannot build and accumulate knowledge as can digital-only programmers who read and write

language.

While not all expertise gathered while developing a novel workflow can be written down, much

of it can be if it is written in an appropriate (programming) language. Such a language should support

representing physical contingencies that constrain and guide the work of experimental fabricators.

These contingencies might include the choice of machine and material, the hardware settings

on a machine, the physical performance of a machine as measured by empirical tests, different

algorithms for generating geometries and toolpaths, the choice and condition of a machine’s tool

or end effector, ways of visualizing machine behavior, and so on. Though existing GUIs and scripts

might handle some of these contingencies on their own, they do not let a fabricator holistically lay

out all of their concerns in a single environment. In addition, when contingencies are implicit, it is

difficult for fabricators to deal with interactions between several of them.
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Through this lens, I argue in this dissertation that fabrication workflow development should

be framed as a programming task, not just as program execution. In her treatise on domain-

specific programming done by non-expert programmers
7
, Nardi argued that programming, as

opposed to purely graphical user interfaces, empowers domain-specific programmers to create

code formalisms that appropriately match visual aspects of their given problem [Nar93]. Nardi

pointed out that“the compactness of a textual language permits users to write complex formulas

in a very small space” [Nar93, p. 86], whereas flow-based programming tools suffer from visual

clutter as the complexity of the program grows. Further, as Chasins et al. write, “while both

GUIs and languages are often designed around making it easy for users to say common things, a

language empowers users to say uncommon things too” [CGS21].

Given the barriers, how can we aid practitioners in programming to address the myriad

uncommon physical challenges that arise in experimental digital fabrication? To do so, I propose

physical-digital programming, which I define to mean programming that includes real-world,

physical contingencies in source code. Using physical-digital programming, physical concerns

can be programmatically inspected, visualized, debugged, and/or verified. As much as possible,

programming languages, environments, and techniques should capture physical concerns in-code

without requiring separate documentation.

1.2 Weaving the Physical World into Language

Currently, considerable parts of workflow development are tacit,
8

either confined to personal

experience or specialized to one use case only. Unlike digital-only open-source software, ex-

7
Nardi uses the term end-user programming which maintains a distinction between end-users and programmers,

where the former is more interested in a specific application where programming could useful and the latter is

more interested in programming as a medium. I do not believe this distinction applies in the case of experimental

fabrication, where required areas expertise can vary between workflows, and will hence not use the term.

8
In the sense used by Michael Polanyi [Pol67].
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perimental fabrication lacks its own language; as a consequence, it is difficult for fabricators to

represent their workflows in a way that could be easily developed or understood by others. I argue

that programming languages in particular are uniquely suited as infrastructure for experimental

fabrication, more so than simply patching on additional functionality to conventional CAD and CAM

tools, building better GUIs, or writing more tutorials.

To understand the challenges of representing the physical, I turn to programming languages

research because it has spent years examining how programmers enact and reflect on compu-

tation through the medium of text. Prior research has studied how the design of programming

languages can shape the thinking of programmers when they use code that causes effects, i.e., does

things “outside the program.” Because they break referential transparency [Qui60, ASS02], effects

inherently threaten notions of abstraction and encapsulation in computer science as a means

of controlling the complexity of programs [Lam73]. Prior research has addressed this problem

through the design of languages themselves, most notably through functional programming

approaches, like modeling effects as monads [PJW93], language-level effect systems [Lei14], or

even coeffect systems [POM14].

However, in digital fabrication, programming languages literally effect change in the physical

world. There are currently few to no attempts—in programming languages themselves—to con-

ceptualize and handle the reality that executing experimental digital fabrication code will cause

change in the physical world. Existing CAM software typically provides non-extendable visualiza-

tions that represent parameters typed into fields, which suffices for conventional workflows but

provides little support for experimental ones. As experimental fabricators turn to code to handle

even less predictable processes, they will need better ways of reasoning about, visualizing, and

iterating on their workflows.

Along with work in programming languages, computer graphics and human-computer interac-

tion research has more recently investigated challenges in digital fabrication [BM17]. However,
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it has tended to approach fabrication workflows as geometry modeling and optimization prob-

lems; as such, it has paid less attention to physical contingencies and interoperation between

machines, materials, and code that fabricators encounter in their daily work. The majority of

work in computational fabrication research tends to end as soon as the bulk of the digital work

does, i.e., at the end of the CAD stage. Without reasoning about how fabricators make workflows

work practically—both in the common cases and in the atypical microfluidic, high-throughput,

and craft-based ones—computational techniques like simulation, optimization, and inverse design

conceptualize digital fabrication as an idealized pipeline only; this overlooks the central challenge

of fabrication: the invention of novel processes. As a result, it can be difficult for experimental

fabricators to adopt software tools built as part of research projects when researchers assume that

workflows are a fixed process; such tools typically do not provide “horizontal movement,” or the

freedom to mix and match software tools and representations, that is required for imagining and

building new workflows [LRR
+
23].

Overall, a physical-digital programming language must define this process orientation to

include machine and material considerations as well as manual manipulation. I posit three key

facets of programming languages that could make fabrication workflow development easier and

more expressive.

1. Reasoning. Having a shared vocabulary and shared ability to reason about approaches and

constraints for programming or for making, modifying, and maintaining a physical object.

Being able to share information about what will happen by executing code and/or running

a machine under a given set of conditions, many of them unseen.

2. Experimentation. Receiving quick feedback, either through trying out code (e.g., a mini-

mum working example, such as sharing a CodePen on Stack Overflow) or testing fabrication

jobs.
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3. Reproducibility. Running other people’s code or fabrication workflows and modifying it, as

needed. Building communities where people see what others are doing, share infrastructure,

and support one another.

While the bulk of this dissertation empirically addresses these three facets, in Chapter 7 I

discuss a fourth, quality control. Quality control refers to the ability to manage code quality

and readability via test suites and development tools; in the case of fabrication, quality control

concerns machine maintenance and adjustment to match requirements expressed in code, and

vice versa.

1.3 Thesis Statement and Approach

Bringing together the aforementioned discussion points, this dissertation investigates the following

statement.

Thesis: Physical-digital programming, which encapsulates physical contingen-

cies as programming language constructs, promotes reasoning, experimentation,

and reproducibility in digital fabrication workflow development.

To support this claim, I present four system prototypes that demonstrate the potential of

programming languages to aid with reasoning, experimentation, and reproducibility—even in

highly experimental physical-digital problems. I briefly describe each facet of fabricator-centered

programming languages in a subsection below, the system or systems built to address that facet,

and resulting evaluation that supports the thesis claim.

1.3.1 Reasoning

To begin, I consider both textual and visual reasoning which each offer different types of insight.
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Textual Reasoning

A fundamental requirement of programming is understanding what a piece of code means. “What

will happen when I run this code?” is a ubiquitous and recurring question a programmer must

ask themselves as they write code. While the syntax of a programming language dictates how

programs must be composed out of symbols, the semantics of a language governs what those

symbols actually “mean” or “do” when compiled or executed by an interpreter. Programmers must

develop an intuitive understanding of a language’s semantics to successfully apply it to a given

problem. Moreover, programmers often write programs for domains that are highly specific and

differ substantially from the basic functionality of a general-purpose programming language.

To provide the foundation for programming language semantics in digital fabrication, my

collaborators and I built Taxon: a domain-specific language (DSL) for formally representing

machine capabilities and high-level semantics of workflows (or steps a user would want to take

with the machine). Taxon features a way to author rules of thumb, which are heuristics for selecting

machines for a given task or using machines properly in a workflow, all drawing from a formal

representation of machines. We evaluated Taxon by writing demonstration programs of 5 existing

workflows in the literature.

Visual Reasoning

Still, 3D printers, CNC mills, and pipetting machines differ fundamentally from purely digital

applications because they deal with the physical world. While in most cases programmers can

assume that running a line of code will do the same thing regardless of platform, what will

happen on a machine can range from ho-hum to entirely non-deterministic. This is because

machines’ behavior differs based on a variety of factors, which range from manageable to entirely

unexpected, e.g., the choice of materials (including manufacturing defects, its exposure to moisture
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during storage, and so on), the condition of the machine (loose belts, non-level bed, worn cutting

tools, clogged nozzles), physical effects of tools (overheating, chatter), hardware configurations

(kinematics limits, positional offsets), and more.

With an approach like Taxon, which hinges on formalizing certain properties into a program-

ming language and solving logical satisfaction problems, we can cover only the “basics” and not the

“nitty-gritty” before our sets become intractably large. Instead, I shift this approach: we can help

fabricators build models of hidden semantics by visualizing machine behavior in the non-common

cases. For example, could we visualize where a 3D printer or CNC mill might produce unwanted

artifacts within its toolpath due to vibration? Could we visualize parts of a stock surface where a

laser cutter might generate too much heat due to detailing? Or, could we visualize how a viscous

fluid’s deposition might deviate from a designated trajectory?

To understand how to enable more experimental programming for fabrication, we turn to

exploratory data visualization, which focuses on making sense of data before formulating and

testing hypotheses [Tuk77]. To this end, we built a means of generating task-specific visualizations

of machine behavior using machine instruction interpreters with user-defined graphical semantics,

called Toolpath Stylesheets (TSS). TSS provide lightweight, flexible visualizations of multiple

facets of a machine’s behavior that capture a subset of hidden semantics between code and physical

output, thus affording fabricators suites of visual checks. An individual TSS takes as input the

instructions that constitute a toolpath, e.g., G-Code, along with material and machine parameters

and output a case-specific visualization for vibration artifacts, heat, or viscous fluid flow.

We evaluated this approach by creating several examples of TSS using two compilation

approaches: a one-to-one mapping of instructions to visual elements, and a method leveraging

insights from modern data visualization techniques—in particular, the grammar of graphics. In

addition, we created a proof-of-concept dashboard for visualizing toolpaths using multiple TSS,

interactively exploring subsets of the toolpath, and visualizing the effect of changing kinematic
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limits such as maximum acceleration and velocity around corners.

1.3.2 Experimentation

Beyond code-based reasoning and visualization, experimental fabricators require a programming

environment that enables quick iterations and exploratory deployments of code to the machine.

Traditional CAD and CAM tools necessitate stringing together discrete programs into ad hoc

pipelines. To change part of a workflow, a fabricator must make a change in one program—for

example, tweaking the geometry of a model in CAD—before manually exporting and importing files

down the informal chain of programs. These historical divisions between parts of a conventional

fabrication process, while useful in the mid-20th century, now constrain experimentation and

quick process testing [Pee16].

Following other examples of exploratory data tools, we first built Verso, a programming

environment where fabricators can express their workflow as a single program in a specialized

editor. The Verso editor provides within-code GUI widgets based on prior work in programming

environments [OMB
+
21] to initialize machines, preview toolpaths via TSS, and perform other

tasks amenable to graphical control.

To further extend this concept of workflow-as-program, we built Imprimer, a front-end library

for building experimental fabrication workflows as computational notebooks. Imprimer allows

an experimental fabricator to quickly write code to generate toolpaths, visualize toolpaths via

TSS, and deploy toolpaths directly from a single computational notebook. We evaluated Imprimer

by writing three example experimental workflows as notebooks: sketch-based milling, surface

milling by sampling mathematical functions of two variables, and a parametric shelf generator.

Further, we conducted a user study with six participants who had backgrounds in computational

notebooks and/or CNC milling.
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1.3.3 Reproducibility

How do experimental fabricators move from experimental code to a complete workflow that

can be shared with others? In comparison, open source software relies on sharing, using, and

building upon the code of others [Egh20]. It is only through being able to actually use other

programmers’ code that communities of practice can form around code in the first place. To

make experimental fabrication less of an ad hoc fix and more of an infrastructure for a growing

community of experimental fabricators across domains, workflows-as-programs must work for

fabricators other than the one who built the workflow in the first place.

Getting an experimental fabrication workflow to work at all is much harder than getting a

digital-only program to run, much less on somebody else’s computing environment and with the

machines and materials they have on hand. I defined three specific issues that make it exceptionally

challenging to reproduce another fabricator’s workflow—challenges that do not occur in sharing

open source digital-only software. First, most workflows beyond simple experiments rely heavily

on CAD and CAM applications to create and process 3D geometries and toolpaths that fabricators

associate with those geometries; it is infeasible to reimplement in a text-based programming

environment all the functionalities of a geometry kernel that are typical in CAD and CAM tools.

Second, working with machines extends beyond the mere digital; at a minimum, fabricators must

physically prepare, test, and operate the machine, e.g., CNC mill fabricators must frequently

position the workpiece to be milled in proper locations on the machine’s bed and localize the

machine’s digital state according to the physical setup. Finally, errors occur frequently in the

physical world that can be difficult to trace back to code; recovering from collapsed prints, overly

deep milling cuts, or improperly pipetted material can be a daunting task that involves reasoning

about both physical and digital state.

To enable reproducibility, we improved the Imprimer programming environment, yielding
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Reasoning (Textual) Reasoning (Visual) Experimentation Reproducibility

Taxon Toolpath Stylesheets Imprimer Tandem

Table 1.1: The Mapping between Facets of Physical-Digital Programming to Projects.

computational notebooks that could be more than experiments. Our result was Tandem, a library

and associated backend for reproducing workflows that may rely on conventional CAD/CAM as

well as manual interventions, the latter facilitated with a grammar for augmented-reality based

guidance and verification of physical state. Tandem also lets fabricators denote potential mis-

matches between the physical and the digital as explicit assertions in code. Using two-sided CNC

milling as an example, we demonstrate how to implement a complex workflow as a single program

that can be re-run by others while supporting quality control and improving reproducibility.

Though Tandem is still a proof of concept defined for a single experimental workflow, it

represents a first step in moving from open source software to open source fabrication.

1.4 Summary of Contributions andThesis Outline

This dissertation presents the four projects mentioned above—Taxon, Toolpath Stylesheets, Im-

primer, and Tandem (Table 1.1). Each project maps to one of the facets of fabricator-centered

programming—reasoning, experimentation, and reproducibility—as described in the chapters

detailed below.

• Chapter 2 reviews prior literature related to fabricator-centered programming languages. In
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particular, though many fields have addressed particular issues that arise during experimental

fabrication, I observe that almost no prior work has both: (1) cast both experimental

fabrication itself as a process to be iterated upon, and (2) explicitly represented and reasoned

about that process using programming tools beyond manual trial and error.

• Chapter 3 shows a proof-of-concept language and graphical environment I envisioned,

Taxon, for programming languages that represent physical-world constraints with machines

and workflows. Facet covered: reasoning (textual).

• Chapter 4 identifies how we implemented my notion of Toolpath Stylesheets, task-specific

visualizations of machine behavior compiled from machine instructions. It also discusses an

early implementation of an experimental programming environment for workflows, Verso,

that led to the design of Imprimer. Facets covered: reasoning (visual) and experimentation.

• Chapter 5, Imprimer, describes the first iteration of my concept of representing workflows

as computational notebook programs. Facet covered: experimentation.

• Chapter 6, Tandem, encapsulates my idea of moving from computational notebooks as

experiments to notebooks as reproducible processes that help fabricators share and re-

implement workflows across time and space. Facet covered: reproducibility.

• Chapter 7 moves from the foundation of workflow-as-program discussed heretofore towards

a future I envision of maintenance, repair, and deeper knowledge of manufactured and

manufacturing objects, as embodied in a debugging tool for physical understanding and

repair of experimental workflows, called Coxswain.

• Chapter 8 concludes the dissertation.
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1.4.1 Inclusion of Previously Published Work

This dissertation contains text from four papers that have been published at scholarly venues.

• Taxon: a Language for Formal Reasoning with Digital Fabrication Machines [TONLP21],

published at the ACM Symposium on User Interface and Software Technology (UIST) in

2021 and coauthored with Chandrakana Nandi, Khang Lee, and Nadya Peek.

• Improving Programming for Exploratory Digital Fabrication with Inline Machine Control and

Styled Toolpath Visualizations [TOJP22], published at the ACM Symposium on Computa-

tional Fabrication (SCF) in 2022 and coauthored with Eunice Jun and Nadya Peek.

• Imprimer: Computational Notebooks for CNC Milling [TOBP23], published at the ACM

Conference on Human Factors in Computing (CHI) in 2023 and coauthored with Gabrielle

Benabdallah and Nadya Peek.

• Tandem: Reproducible Digital Fabrication Workflows as Multimodal Programs [TORZP24],

published at the ACM Conference on Human Factors in Computing (CHI) in 2024 and

coauthored with Thrisha Ramesh, Octi Zhang, and Nadya Peek.

In each of these prior publications, I served as the first author and contributed the foundational

idea for the given paper, developed the majority of each system’s implementation, and wrote the

majority of each manuscript. As such, I use the contributions in each paper to argue my own

thesis statement, which I defined in Section 1.3. Nonetheless, the work described in each paper

is joint work between me and all coauthors; credit for all work detailed in the above papers is

shared with all coauthors.

As a general note on pronoun usage, I use the pronoun “I” to discuss my own arguments and

views in this chapter (Chapter 1), the discussion chapter (Chapter 7), and the concluding chapter
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(Chapter 8). In other chapters, I use the pronoun “we” to represent a statement from all coauthors

of the corresponding paper.

In terms of the textual content of this dissertation, Chapter 3 through Chapter 6 contains the

text of each paper as previously published modulo the following changes.

First, Chapter 4 has been heavily edited to account for post-publication improvements to

visualization techniques, namely, using data visualization techniques at all as opposed to only

compiler-based approaches. At the time of publication, the paper presented the experimental

programming interface along with an initial version of Toolpath Stylesheets that proposed a

one-to-one mapping between a machine instruction and a visual element. In this dissertation,

I instead present the initial compiler-based concept for visualization, an updated grammar of a

graphics-based approach using modern data visualization libraries, and an abridged description of

the experimental programming interface that leads into the description of Imprimer’s programmer

interface in Chapter 5. Thrisha Ramesh collaborated with me in implementing the grammar of

graphics-based approach for TSS, which is still under development at the time of writing.

Second, the introductions of all papers have been lightly edited to create both a cohesive flow

between chapters and a more direct mapping of contributions back to the thesis statement.

Finally, the majority of the Related Work sections of all papers have been consolidated into

Chapter 2.



Chapter 2

Background and Related Work

2.1 Applicability to Digital Fabrication Practices

This dissertation focuses on a type of digital fabrication practitioners that I have termed experi-

mental digital fabricators. However, many people use digital fabrication tools across many sites

of practice. In designing physical-digital programming, I mostly pay attention to experimental

fabricators, even though they currently constitute a minority of digital fabrication users.

To get a sense of the landscape of digital fabrication usage, I identify four clusters of fabrication

practice that I have formed by grouping fabricators’ sites of production, their priorities, and the

tools they use. I arrange these clusters of fabrication practice on a spectrum described in Table 2.1,

beginning with the cluster for which physical-digital programming is least applicable and ending

with the cluster for which it is most applicable.

Of course, not every fabricator falls neatly into one of these clusters, which are coarse-grain

rather than highly descriptive. Still, it is useful to at least conceptualize these clusters to get a

sense of different themes of practice. Moreover, it is useful to have some concept of “conventional

versus experimental” when trying to conceptualize various forms of digital fabrication practice.

19
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Conventional Fabrication Experimental Fabrication

Applicability of ΦDP Low High

Workflows Learning and practicing

established workflows well

Developing new workflows

Machines Factory-scale and desktop-class

machines

Desktop-class machines,

experimental and/or open-source

hardware

Design Spaces Known set of parameters,

practices, and instrumentation

Less constrained possibilities of

machine usage, unforeseen design

spaces

Communities of Practice Established, often represented by

labor unions

Dispersed across heterogeneous

applications, not tightly united

between domains

Manufacturing Constraints Well-defined and standardized Requirements only become

apparent with experimentation

and iteration

Communication Shared, often unspoken

understanding of specifications

across fabrication processes

No unifying language, piecemeal

use of GUIs and programming

languages

Scale Larger-scale manufacturing One or few copies of an artifact

Product An artifact manufactured to a

tolerance of a specification

A new process, alongside the

artifact it produces

Table 2.1: Coarse-Grain Spectrum of Digital Fabrication Practice. “Conventional fabrication”

refers to practices closer to professional CNC machining. “Experimental fabrication” refers to the

development of novel fabrication workflows for niche applications. Physical-digital programming

(ΦDP) is targeted towards practices that fall on the experimental end of the spectrum.
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2.1.1 Least Applicable: Occupational Machinists

CNC machinists are professionals who are typically trained in working with digital fabrication

tools as a trade. Their work involves fabricating machine parts or other artifacts, typically out

of metal, using CNC mills, lathes, and other machines. They follow established practices for

controlling levels of precision as required by clients, with the accompanying visual language of

engineering drawings. In contrast to experimental fabricators, occupational machinists follow a

narrow and set of fabrication practices that are well-documented and bounded.

Many of the challenges addressed by physical-digital computing do not apply to machine shop

practice. For example, an inevitable challenge of CNC milling is making sure a workpiece—the

stock material from which the mill will subtract excess—is localized to the physical machine.

For unconventional tasks, such as two-sided milling with a 3-axis mill, Tandem (Chapter 6)

helps fabricators match the location of the workpiece with uncertain machine dimensions using

constraints expressed in code. However, in machining practice, there is a more established way of

localizing a workpiece on the machine using datums measured with specified instruments.

Knowing how to localize is a skill passed down, is typically not explicit, and is only written in

handbooks or reference materials—if at all. In contrast, the goal of physical-digital programming

is to make such steps explicit in code for unconventional fabrication processes that do not have

an established way of doing things.

2.1.2 Maybe Applicable: Computer Science Researchers

Research on CNC machines has been a topic of research in mechanical engineering since the

widespread adoption of CNC tools. More recently, increased affordability of desktop-class machines

has brought access to digital fabrication tools outside of engineering shops and into labs and

educational environments. In particular, publications in computer science have increasingly been
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studying digital fabrication from a computational perspective.

Subdisciplines of computer science that have taken an interest in fabrication include: human-

computer interaction, computer graphics, programming languages, and robotics. The applications

of digital fabrication in these works are respectively myriad, focusing on topics such as: the

adoption of DIY 3D printed prosthetics [HHHM16], decomposition of complex 3D models into

millable components [MAYZ
+
20], simplification of CAD models that were inferred from mesh

representations of 3D models [NWA
+
20], and synthesis of robotic arms for specific tasks [HCA

+
18].

Later sections of this chapter review relevant research from each of these areas with respect to

the design of physical-digital computing.

Despite the diversity of perspectives, the vast majority of computational perspectives share

one commonality: they presume a fixed fabrication step that is separate from the computational or

algorithmic contribution. Put another way, with this assumption, the physical fabrication process

is not “in the loop.” In many cases, the authors may never actually fabricate any artifacts, opting

instead for simulations that more readily confirm the goals of their algorithmic contribution, rather

than dealing with the messiness of physical hardware. I would argue that the vast majority of

publications in computer science on the topic of digital fabrication implicitly adopt this digital-first,

physical-second viewpoint.

While there is nothing inherently wrong with keeping focus on algorithmic and computational

techniques, especially in computer science research venues, this approach can cause researchers to

focus too much on computational approaches that are purportedly related to fabrication, yet never

connect back to the tangible manufacturing of objects. In contrast, physical-digital computing

attempts to bridge this divide by representing physical concerns—that constrain and guide the

design of computational techniques—in code itself. I believe that physical-digital programming,

if adopted more widely by computer science researchers, could make it easier for research to

consider the fabrication constraints, material sensitivity, rather than adopting an idealized view of
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fabrication. This is one of my goals in proposing physical-digital computing: to convince more

computer scientists that physical contingencies are important and not to be brushed aside. Being

able to access such contingencies through code is a key part of getting this message across.

Finally, in contrast to the dominant viewpoint, a smaller share of research in computer science

actually does focus on the physical behavior of a machine first and foremost, working backwards

from empirical behavior to computational abstractions. Some examples are: developing grammars

of material deformations [TPBM21], using augmented reality and human input for material-aware

robotic plastering [MEJV
+
22] fabrication-in-the-loop reinforcement learning for viscous material

deposition [PFX
+
22], and composing unconventional 3D printing workflows with input from

interactive data sources [KZT
+
18]. The projects presented in this dissertation draw from these

existing computational techniques and present the ideas in a programming medium that can be

more easily reused by others.

2.1.3 More Applicable: Students in Academic Makerspaces

One of the fastest-growing sites of digital fabrication tool use are makerspaces. Makerspaces

are community-oriented workspaces with digital fabrication machines, manual tools, electronics

equipment and more. Makerspaces can be described with several classifiers, for example: hack-

erspaces, hobbyist makerspaces, bio-makerspaces, and academic makerspaces. For this cluster, I

focus specifically on those who are learning to use digital fabrication tools under the auspices of

an academic program.

A common theme that unites makerspaces is sharing of knowledge, either through peer

education, teaching workshops, formal classes, or other techniques. Academic research has studied

the transfer of knowledge in makerspaces, either through individual publications or through

entire academic conferences such as the International Symposium on Academic Makerspaces
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(ISAM). Programs such as Fab Academy, a 5-month course on digital fabrication skills taught in

makerspaces worldwide, bolster the notion of a single curriculum that teaches students a broad

range of hardware and software techniques. This contrasts with, for example, a CNC machinist’s

curriculum which is more specialized.

While physical-digital computing is not primarily designed for use in makerspaces, its adoption

could be impactful. Makerspaces prioritize knowledge-sharing alongside empowering students

to build projects that apply to their own tastes and use-cases. As a result, makerspace users

could benefit from software tools that make more of content they need to learn explicit in code,

rather than existing only “off the page.” With stronger programming foundations, students could

potentially have an easier time building fabrication workflows that deviate from what off-the-shelf

software tools do.

One critique of this argument is that not all students want to program, for example, makerspace

users who are primarily fine artists. My rebuttal to this is that students in makerspaces will already

need to program if they use digital fabrication machines at all. However, they accomplish the

act of “telling the machine what to do” by stringing together multiple GUI tools. This method

of programming often suffices to complete the assignment, but does not give artists and other

makerspace users vertical movement [LRR
+
23]: the ability to work at different levels of abstraction

while making art. In fact, I argue that the current ecosystem of software tools used in makerspaces

and taught in digital fabrication curricula enforce a normative ground [LRR
+
23] of what fabricators

can and cannot do. In contrast, physical-digital programming could broaden the space of what is

even considered a feasible project in a makerspace.
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2.1.4 Most Applicable: Experimental Fabricators

Revisiting experimental fabricators in science, art, and engineering whom I discussed in Chapter 1,

we can now get a better sense of why they differ from other clusters of practice. First, as opposed

to other types of practice, experimental fabricators work on nice, one-off problems that are

highly specific given application. This differs from professional machinists who benefit from

shared language and understanding around a conventional set of fabrication workflows. Even

academic researchers of fabrication and academic makerspace users typically approach problems

preconceived notion of a “right way” to do digital fabrication. In contrast, with experimental

fabrication, the demands of a particular application eclipse established practices.

Second, as mentioned earlier, an experimental fabricator’s product, more than any other

cluster of practice, as the novel fabrication process itself, rather than just the artifact. As the name

suggests, experimental fabrications rely on repeated experimentation to understand their problem

space and design requirements. They stand to benefit the most from physical-digital programming

languages that let them borrow from previous experimental workflows and share their own work.

Overall, understanding the conventional-experimental spectrum of fabrication practices helps

us bound the scope of physical-digital computing. While many fabricators would not benefit much

from the tools proposed in this dissertation, other, unlikely makers could.

Finally, I note that this spectrum is not necessarily correlated with expertise. Many academic

works on fabrication posit that computational tools are valuable because they lower the barrier

for those who are unfamiliar with digital fabrication, at least for predetermined tasks. However,

I am not designing for “just novices”—physical-digital programming might be useful for both

experts and notices. Further, the notion of experimental workflow development complicates the

dichotomy of novice and expert in the first place: somebody who is an expert at once process will

not necessarily be an expert at a completely novel workflow.
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2.2 Experimental Digital Fabrication

2.2.1 Applications in Art, Science, and Engineering

The ability to program machine movement to create forms that are too difficult to craft by hand has

become more accessible in recent years. As a longstanding patent on FDM 3D printing technology

expired in 2009 [Cru92], non-industrial-scale fabrication machines have become affordable and

feasible to use in a variety of settings. Maker communities, researchers, and companies have

developed machines [VTSTOP20, IPPA15], as well as an ecosystem of software tools.

Artists have used code to explore computationally driven forms in clay [MJS
+
20, Tih18, DT19,

Hus06], wood [Csu68, CPG
+
15, WVMR18], jewelry [TFRSB17, TLP16, JZ15], and bio-materials

[SBS
+
20]. In each of these cases, artists leverage unique properties of the material that are not

supported “out of the box” with conventional software. Instead, artists often navigated the tension

between physical and digital by “hacking” their process. For example, in the case of Coral Cup

[RLR18], the artists programmed a reaction-diffusion system to derive a coral pattern [KM10]

as well designed a mold-making pipeline to slip cast [MTP08] the final forms. The trend of

building one’s own tools follows with weaving and knitting machines, where several artists and

researchers have explored unconventional ways of “programming” textiles, such as through image

and crowdsourced data [AHYD20] or techniques derived from mathematics [HMH20, NAH
+
18].

In all of these cases, as artists generate new forms, they also generate new fabrication workflows

ad-hoc.

In materials science, the addition of programmable machine precision for depositing materials

has unlocked a vast design space of new material forms. For example, materials scientists have

exploited nano-, micro-, and meso-scale structures to generate metamaterials [IWKB17, IFW
+
16,

IKS
+
18, SBR

+
15], sensor materials [WGD

+
19], laser-driven nanoparticle printing [ULSF10], and
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soft robot actuators with auxetic materials [NN20, FTD
+
14, LMM

+
18]. Materials scientists have

also used additive manufacturing to work precisely with biological materials, such as spirulina

[FIM
+
21], bio-inks, [GBT19] shell chitin [MSDRO14, LWK

+
20], and living yeast as a catalyst

[JFP
+
20, SJS

+
18]. In all of these cases, materials scientists must engineer machines to perform

highly specific, high-precision tasks. In fact, most research papers report the scientific principles

for their manufacturing process, but the technical implementation and the means of exploration

are rarely included.

In contrast to creating a physical product, biologists have sought to automate parts of their

experiments through high-throughput experimentation techniques [IA08]. While most of this

automation technology has historically only been feasible for well-defined, large-scale tasks,

increasing accessibility of robotics and fabrication machines has made low-cost, DIY automation

possible [DSTM17, CGDE20]. Though several past works have contributed ways of standardizing

biology protocols in programming languages [AT10, Car20] as well as assemblages of hardware

and software for tasks like imaging [BSH
+
19, BAH

+
20, THL

+
18] and maintaining plant samples

[XNB
+
21], such solutions are typically one-off, and if a biologist needs to adjust functionality,

they must “hack” the existing implementations.

Summary. Practitioners in emerging domains seek fine-grain control and visibility of machines

through programming, but lack tools for these programming tools for workflows outside of common-

case tasks.

2.2.2 Programming Interfaces for Digital Fabrication

Widely used existing tools for digital fabrication include CAD software [Rob22], CAM software

like slicers for 3D printers [Ult21] or toolpathing software for CNC mills [Vec], and machine-

specific control suites [Gin22]. A large body of work in HCI has focused on the notion of personal
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fabrication [BM17] drawing from Weiser’s notion of personal computing [Wei99]. In this vision,

digital fabrication machines seamlessly For researchers, this means that building novel workflows

Besides contributing novel workflows themselves, research in HCI and graphics has proposed

new paradigms for making with digital fabrication tools [KZT
+
18, WXW

+
11, MLB12], while a

smaller subset of work has critically investigated challenges that arise during the process. For

example, Yildirim et al. interviewed professionals about their needs and challenges using these

tools, noting that “negotiation of [fabrication] trade-offs” was a crucial part of a maker’s skill set,

yet was not facilitated by most tools [YMZ20]. 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 workflow” [HAC16]. Torres et al. examined strategies

or rituals that makers adopted to account for the possibilities of failure with fabrication machines

[TSN
+
18]. Design researchers such as Andersen et al. [AWDM19], Albaugh et al. [AHYD20], and

Devendorf et al. [DDKMR16] have foregrounded the experience 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 al. [SNL
+
16] and Knibbe et al.

[KGF15] built prototypes of makerspace equipment augmented with sensors and projectors to

monitor equipment use and provide alerts and recommendations to the maker. 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 [HHHM18].

Despite these innovative framings and improvements, these prior works still tend to assume a

linear, one-directional workflow, rather than exploratory fabrication. Such exploration during

digital fabrication can foster important discoveries. By employing a bottom-up approach—where

makers first specify a single hair without a CAD model for their final outcome—makers using

Cilllia can create hair arrays on flat and curved surfaces [ODC
+
16]. Defextiles leverage under-
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extrusion of plastic filament (“defects”) on unmodified machines to create textile patterns useful

for rapidly prototyping fashion designs, for example [FDFI20]. To develop Cilllia, Defextiles, and

similar approaches, makers must explore the trade-offs between print speed and the extrusion

multiplier, which is similar to the materials scientist’s exploration of gel deposition. Verso aims to

help makers, including researchers and hobbyists alike, more easily assess machine capabilities

and materials and, ultimately, develop novel fabrication techniques and applications.

Exploration is also common among hobbyists, such as makers on Twitter’s #PlotterTwitter

community who experiment with plotting techniques and materials [TSTOP21]. Additionally, Li et

al. [LBM
+
20] find that artists using fabrication machines (1) write custom software to circumvent

forms of automation that does not let them intervene, (2) seek multiple levels of abstraction in

their software tools to have more fine-grained control over aesthetics, and (3) experience workflow

breakdowns when moving between multiple tools non-linearly. Based on these insights, Li et

al. advocate for software that facilitates “rapid digital-physical transitions.” Verso addresses this

need. It lets makers preview and manipulate aspects of a fabrication workflow in one unified

environment, write code at different levels of abstraction, and make non-linear revisions, and

iterate with minimal cost in time and materials.

In contrast to the aforementioned work—which does not support workflow-scale experimentation—

some researchers have proposed flow-based programming environments specialized digital fabri-

cation. Flow-based programming environments comprise nodes or modules which take input data

visualized as wires and output data which can be connected to subsequent nodes. For example,

Mods provides a web-based environment for generating toolpaths by chaining together routines

like thresholding and vectorizing an image [PG18]. Dynamic Toolchains [TSP24] extends this

concept with increased extensibility in the browser while Vespidae [FNH
+
23] provides similar

functionality within the Rhinoceros [Rob22] and Grasshopper [McN23] CAD and scripting envi-

ronment. However, this approach tends to focus on movement from the digital to the physical
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only; it is conceptually difficult to apply input from the physical world back into a flow-based

programming environment beyond the scale of an individual node. The visual-first environment

can become messy as workflows grow increasingly complex, and adding new functionality can

require writing an entirely new module. Finally, flow-based programs can be difficult for fabrica-

tors other than the author to reproduce because the programs do not make assumptions about

machine and material setups explicit.

Physical-digital computing attempts to solve some of these shortcomings by leveraging estab-

lished techniques from programming languages. Namely: movement from physical back to digital

is handled through programming language constructs, workflow steps are linearized and organized

in text rather than being dispersed in 2D visual space, and machine and material requirements are

explicitly represented.

Summary. Most prior research in software for digital fabrication optimizes a part of a presumed

workflow, or assumes a black box workflow. Visual tools for developing workflows suffer from

limitations clutter and implicit hardware requirements. Physical-digital computing enables whole-

workflow development that is relatively easier for others to reproduce.

2.2.3 Human-Robot Interaction

A major goal of physical-digital programming is to help fabricators adjust physical circumstances.

For example, a physical-digital program should help the fabricator adjust the physical setup on a

CNC milling machine or change the position of the machine’s tool, reflecting any changes made

in the physical world back in code. In the case where the fabricator needs to manually adjust

their machine or material, our system, Tandem, provides a grammar of AR-based interactions

that guides the fabricator to carry out these physical steps (see Section 6.3). This functionality

complements an existing body of work in fabrication and human-robot interaction (HRI) that
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leverages AR, for example: machine maintenance with AR [TSBS
+
23, FMS93], CNC milling with

a camera feed that supports direct manipulation [MBF
+
18], AR-supported collaborative making

with a robot arm [TP21], and projecting CNC machine parameters onto machine safety glass

[OGL08].

Outside of CNC milling, many HRI papers leverage AR to enhance interactions between

humans and robots; to organize AR-based HRI, Suzuki et al. created a taxonomy of several

design dimensions for this emerging space [SKX
+
22]. One focus area is helping people work

with understanding [KLP
+
20] and debugging [CPT

+
22] printed circuit boards by projecting data

from schematics onto the physical boards. Other works ([FCLI10, WHAG15]) use AR to prototype

interactions for returning physical 3D scan data back to a programming interface. Researchers

have further studied pain points that fabricators face when working with data from existing

physical constraints ([MJMA19]). AR methods have also been leveraged for mixed-reality 3D

modeling [LZB
+
17], 3D printing [PBW

+
18, YK16, EPF

+
17], carving [HT19a, HT19b, ZP13], laser

cutting [MLB12, RM18], building-scale construction [YIO
+
15], and for providing tutorials for

manual tools [SNL
+
16] fabrication machines [HQW

+
21, YCC

+
20, Rya22].

Summary. Prior work on human-machine AR prototypes fixed interactions between a machine

and an AR interface. In contrast, Tandem uses programmable AR interfaces within a coding en-

vironment that fabricators use to specify what other fabricators must do to accurately replicate a

workflow.



32 Chapter 2. Background and Related Work

2.3 Programming Languages and Environments

2.3.1 Exploratory Programming for Digital Data

To motivate the need for programming language innovations for digital fabrication, I draw inspi-

ration from a burgeoning body of work in data science and visualization which leverages novel

programming environments and language features. The very notion of using code to process,

explore, and act on data stems largely from Tukey’s notion of exploratory data analysis [Tuk77].

Tukey held that too much emphasis was placed on the dominant approach of hypothesis testing,

which he could called confirmatory data analysis. In contrast, the aim of exploratory data analysis

is to explore the data through both numerical and graphical means, which Tukey calls “detec-

tive” in character rather than the “judicial or quasi-judicial” aims or confirmatory data analysis.

Anscombe’s quartet [Ans73] (and later, the Datasaurus Dozen [MF17]) showed the importance of

visualizing data to develop understanding, rather than relying on numerical descriptions alone; the

same intuition motivates Toolpath Stylesheets (Chapter 4) for understanding machine behavior.

Over forty years later, languages [R P93, WW05, Had07, Kib22, PK20, JDR
+
19], environments

[KRKP
+
16, CH18, CVTH21], and tools [KHM17, SBP21, WFB

+
21, HHB

+
19] for exploratory data

analysis proliferate. To design Taxon, I adopted a strategy used by the Vega and Vega-Lite

grammars, where all information required to generate lower-level code for a visualization (in

D3.js) is represented declaratively in JSON format [SWH14, SMWH17, BOH11]. Formalizing

visualization properties in this way enables automated recommendation of visualization chart

types [WMA
+
16] and formalizing design best practices as constraints [MWN

+
19].

In addition, physical-digital programming tools like Tandem (Chapter 6) apply programming

language techniques common in data science tools to digital fabrication. Such techniques for

digital-only applications include: live programming, multimodal input, and frequent views of data.
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In particular, live programming envisions a programming environment that provides coders with

continuous feedback as they author a program [Tan90]. Programming environments that support

liveness (e.g. [SRHH16]) can tighten the feedback loop between code and its effects, enabling

faster iteration and debugging. Omar et al. introduced liveness in programs through user-defined

GUIs called livelits [OMB
+
21]. End-users invoke a livelit they previously defined by calling the

function in a program, which introduces a GUI in-line.

Moreover, program visualizations that describe a program’s state increase code understanding

and debugging [HSH18]. Prior work has investigated application debugging through targeted

inspection [BBKE13] and always-on visualizations [LBM14, KG17]; many of these contributions

influenced the design of state-of-the-art web developer tools. Physical-digital computing extends

such visualization and interactive debugging techniques to digital-physical workflows.

Summary. Innovations in programming languages and environments have facilitated exploration

and understanding of digital data, but do not yet extend to digital-physical workflows.

2.3.2 Computational Notebooks

I argue that one exploratory programming environment in particular provides a fruitful foun-

dation for physical-digital programming is computational notebooks. Compared to the myriad

of existing programming techniques for digital fabrication that we have reviewed above, why

might computational notebooks be uniquely suited for fabrication workflow development? My

key insight is that makers can best understand machine behavior by writing code, prose, and

visualizations in tandem.

Computational notebooks find their origins in literate programming gas proposed by Donald

Knuth [Knu92], which envisions source code that can be flexibly rearranged to complement

documentation in natural language, and, more recently, with graphics, visualizations, and other
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multimedia. We argue that computational notebooks offer a medium to quickly explore not only

datasets, but also physical machine behaviors and interaction techniques.

Currently, computational notebooks are popular tools for data science and machine learning;

they have not yet been widely explored for machine control tasks. Yet, even within these digital-

only contexts, computational notebooks are still evolving programming environments. Researchers

have discussed the limitations of computational notebooks by identifying nine pain points data

scientists face [CPH
+
20] when using popular computational notebooks like Jupyter Notebook

[KRKP
+
16]. Among these pain points is “Reproduce and Reuse,” where the authors discuss the

challenges data scientists run into when trying to reproduce or adapt existing notebooks. An

analysis of 1 million notebooks on Github and found that a quarter contained no explanation,

revealing a tension between exploration and explanation [RTH18]. In response to this Head

and colleagues proposed systems to organize existing notebooks into “cleaned up” slices of

analysis [HHB
+
19] or flexibly organized tutorials [HJS

+
20]. The Observable notebook in particular

addresses some of these problems by providing a live, topological runtime environment that

permits notebook cells to be arranged in any order [Obs23b]. We argue that these techniques for

organizing notebook code could also help makers experiment and iterate quickly on novel milling

workflows.

Other research on computational notebooks in HCI has examined more powerful interaction

techniques. For example, direct manipulation techniques [KRH
+
20, WHS20] generate code by

manipulating visualizations within the notebook, forking and backtracking let notebook users

explore alternative approaches [WDBD21], and programming-by-example techniques allow data

scientists to generate general code from example data wrangling tasks [DBG
+
20]. One domain-

specific language for data science workflow supports live programming with interactive results

[DeL21], and another featured within-code graphical components that can be transformed across

exploratory coding and presentation-focused dashboard interfaces [BCH
+
22].
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Summary. Prior research has explored and addressed issues with notebooks for data science and

machine learning. In contrast, physical-digital computing extends notebook programming to the

development of workflows for digital fabrication.

2.3.3 Recognizing and Navigating the Physical-Digital Divide

While computer systems that interface with the physical world date back to the development of

computers themselves, experimental programming of physical effects became more popular with

physical computing: the practice of using microcontrollers, sensors, and actuators to prototype

interactive systems that respond to physical input [OI04]. Facilitated by the development of the

microcontroller boards and their associated languages, physical computing retains a DIY ethos

also enjoyed by researchers [KP10]. As in other areas of embedded computing, these languages are

typically low-level assembly or C-like languages [Her03, ard05] which have enabled programmers

to handle sensor and actuator data across applications, but also introduce significant overhead

for the programmer [BEGK11, SG08]. However, MicroPython [Geo14] and CircuitPython [Cir24]

have reduced some of this overhead by bringing physical computing to Python’s ecosystem.

While physical computing provides a theoretical foundation for physical-digital computing,

the latter’s goal is different. Whereas physical computing lets programmers build interactions

that incorporate sensors and actuators, physical-digital programming is more specialized to

multi-stage workflows involving fabrication machines and materials. Physical computing is

broad in scope. For example, Arduino programs could interface with any device and allow the

programmer to first build simple logic like blinking an LED when an object is close to a distance

sensor/ More complicated interactions require the programmer to write correspondingly more

complex logic in code. In contrast, physical-digital programming features programming language

constructs that represent physical contingencies when working specifically with fabrication
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machines. For example, toolpath stylesheets (Chapter 4) quickly visualize changes from editing

code which generates toolpaths and physical-digital assertions (Section 6.4) declare prerequisites

for manufacturing steps of a workflow.

Within digital fabrication in HCI, researchers have explored techniques for bridging physical

concerns with code. Sensicut detects and alerts makers to material properties that impact laser

cutting and enables them to apply their knowledge of material cutting via a GUI [DACS
+
21]. As

an example of this seamless integration of software controls and physical feedback, Tian et al.

created a GUI to associate maker software interactions with a physical lathe; it provides controls

for specifying physical constraints and enables the looping of repetitive actions. In addition, haptic

feedback helps makers become aware of the machine’s state, also bridging the gulf of evaluation.

Gulay and Lucero [GL19] introduce “integrated workflows,” which are similar to Tian et al.’s vision

of “lucid” fabrication workflows that blend the digital and physical [TSK
+
19, TP21]. Fossdal et al.

extend CAD environments to encourage toolpath and material exploration [FHP21].

Again, the drawback of these systems is that they are one-off. It is difficult to apply these

techniques—especially AR systems—to new workflows without rebuilding from the ground up.

One solution to making these solutions more reproducible is to incorporate them into programming

languages that practitioners use. Willsey et al. contribute an example of this in the domain of digital

microfluidics by creating a full-stack domain-specific language (DSL) compled with microfluidics

and imaging software [WST
+
19]. Another exception is p5.fab by Subbaraman and Peek [SP22]

which incorporated low level machine instructions as Javascript library alongside a programming

environment that provided simple toolpath visualization. In a workshop with artists, this library

helped participants create a variety of novel forms that required exploration of parameters such

as extrusion rates, pausing, and velocities. This approach embodies the goals of Taxon and Verso,

which is to represent expressive control over machine behaviors in a programming language.

Verso seeks to build further on the imperative paradigm [Ion20] used by p5.fab by decoupling the
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flow of data from physical concerns via functional programming, as well as handle issues like

machine synchronization and toolpath visualizations concisely, without requiring large amounts

of boilerplate code.

Finally, on the more theoretical side, Petricek et al. propose coeffect systems which formalize

program semantics that depend on factors beyond a variable context; for example, specifying how

functions behave when a computing resource like a clock is or is not available [POM14]. Such a

framework could be useful for thinking about the design of physical-digital programming.

Summary. Prior work has sketched ways that programming tools can synchronize with empirical

physical data, but have not yet considered how such synchronization can be first-class programming

constructs.
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Chapter 3

Formal Reasoning about Digital

Fabrication Machines

While most industrial and academic work focuses on new possibilities 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 manufacturing task is often learned by trial

and error. Many novice and would-be users of digital fabrication tools encounter a considerable

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. Be-

yond increasing educational resources, we argue that digital fabrication needs a unifying formal

representation of what a machine is.

39
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Figure 3.1: Taxon Concept. The Taxon language can represent a breadth of digital fabrication

machines as programs that compile to abstracted machine simulations. Shown are Taxon im-

plementations 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.
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Figure 3.2: 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 characteristics, such as the volume that

its tool can access (work envelope) and material compatibility. Taxon Machine Plans can be used

in workflows 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 manufacturing 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.

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 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
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specifying a digital fabrication machine’s composition, characteristics, and simulated use cases

as programs. Taxon helps users to gather a large repository of machines 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 workflow 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 fabrication 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 digital fabrication machine plans

and workflows

• Auser 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
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Figure 3.3: Taxon User Interface. The interface runs in a browser-based environment and contains

the following parts: A) a database of machine plans, B) the selected machine plan containing

metrics and blocks, C) the scene rendered from the current plan, D) rules of thumb—each can be

double-clicked to show its implementation, E) a database of workflows, F) the current workflow

containing actions that operate on the scene, model and material, executed one line at a time via

G) the execution controls.

in Taxon

While material choices and digital models are important parts of workflows, in this paper

we focus primarily on representing machines and rules for their use, which in turn provides a

foundation for future extensions for materials and models.

3.1 System Architecture

The system we propose has the following design goals:
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• To represent a breadth of digital fabrication machines in one standardized format

• To formalize a machine’s high-level characteristics and trade-offs and when/when not to

use it

• To formalize how a machine moves, how it works with models and materials, and how to

incorporate this information into a desired workflow

To address these goals, we implement
1

the Taxon language to (1) represent high-level features,

constraints, and composition of machines, and (2) help users compare and simulate basic machine

tasks. Figure 3.6 shows the core components of Taxon’s grammar in Backus-Naur form — a Taxon

program consists of a machine-plan and a workflow:

• Machine Plan: describes the composition of the machine from a functional level and

contains two parts:

– Metrics: a collection of various high-level properties (metrics) about a machine, such

as which materials the machine can use and structural considerations of a machine for

fabricating certain types of models

– Blocks: a collection of abstracting bounding boxes for functional parts of a machine—

each known as a block—where each block represents volumetric and kinematic proper-

ties the given region of the machine

• Machine Workflow: composed of actions—statements that are executed by the Taxon

interpreter which is specialized [Fut83] for the current machine plan. Actions are valid

Javascript statements and are a strict subset of Javascript. Actions simulate various tasks

with part or all of the machine, with materials, and with uploaded 2D and 3D models to

1
Our source code is available online at https://github.com/machineagency/taxon.

https://github.com/machineagency/taxon
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both visualize the machine and to check for potential errors using codified rules of thumb.

Rules of thumb are user-selected static and run-time checks that filter machines (filtering

rules of thumb) and raise warnings for actions that are risky or incompatible with a given

machine (action rules of thumb).

Taxon also consists of a browser-based user interface that supports browsing and filtering

machine plans (Figure 3.3, left) and simulating and checking machine actions (Figure 3.2 and

Figure 3.3, right). To frame the design of Taxon, we envision and refer to two users throughout

the paper:

• The Programmer/Contributor: a machine manufacturer or community expert who writes

machine plan programs to describe real-world machines. We envision machine enthusiasts,

e.g., from online hobbyist communities, contributing (1) machine plans for machines on

which they have expertise, (2) Rules of Thumb that govern proper machine use as checked

by the Taxon interpreter, and (3) extensions to the Taxon language.

• The Maker: a fabricator with a rough idea of what they would like to manufacture. These

users have some background in digital fabrication but would like to explore a breadth of

machines and fabrication tasks beyond their current familiarity. They are not necessarily a

programmer and are not interested in modifying machine plans. They want to learn how

possible machines and workflows can fabricate their ideas, compare machines based on

metrics, and visualize machine performance and limitations.

These user types are not mutually exclusive; people who contribute to Taxon’s infrastructure

may also use it for their own manufacturing processes, and vice versa. Real-life makers exist on a

spectrum between these archetypes each with varying levels of expertise and domain knowledge.

We use rules of thumb avoid prescribing universal ways of using machines and also to give more
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flexibility to expert users. For now, we adopt the makers’ perspective as we step through the user

interface (shown in Figure 3.3) to explain how the each of the languages work to support this user.

To begin, makers browses a database containing a list of machine plans (Figure 3.3a). They

can filter the list of machines shown by querying the database using filtering rules of thumb

(Figure 3.3d). For example, they can check the “machine is an FDM 3d printer” rule of thumb to

view all FDM 3D printers (printers using plastic filament) or “machine is rigid enough for milling”

to show machines whose movements on the workplane are driven by mechanisms rigid enough

to withstand high-force applications (such as milling).

Once makers select a machine, the machine plan is loaded into the plan viewer Figure 3.3b.

The scene compiler then compiles and renders the plan into an interactive scene in 3D simulation

Figure 3.3c. The scene is implemented in Javascript so the plan compiler’s output is a Javascript

object containing a complete THREE.js scene and animation system [Cab14]. Makers can then

double-click machine blocks in text in the plan viewer to highlight the corresponding block in the

simulation, or double-click blocks in the simulation to jump to the definition in the plan viewer.

Given a selected machine plan and corresponding simulated scene, makers can now program

the machine using actions Figure 3.3f. Pre-made action workflows from a community database

are also provided Figure 3.3e. Actions animate individual blocks from the selected machine as

well as the entire selected machine. They then select action rules of thumb from the database

Figure 3.3d, where each rule enforces a constraint on actions in the workflow. For example, the

rule “material must match machine” requires that any material used in the program be contained

in the machine’s acceptableMaterials metric. Once the machine, model, material, and rules

of thumb are selected, the maker writes or modifies actions in the editor and steps through the

program using execution controls Figure 3.3g. If any actions violate rules of thumb, the action

pane explains the error and proposes alternative machine, model, or material choices.
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Figure 3.4: Principle of Actuation. In this example, a block (A, bottom) represents a linear actuator

(A, top) made up of a driving motor, a lead screw, and a translating stage. When the driving motor

steps, the lead screw turns, moving the stage along its actuation axis (B, top). When our block

abstraction is actuated, it does not itself move, rather it moves all of its descendants (B, bottom,

shown in orange) in the kinematic tree. Each block connection makes up an edge in the kinematic

tree. Details such as the step-displacement ratio of a block are listed in the attributes property.

3.2 Machine Plans: Blocks

The core of Taxon is its representation of machines as a group of bounding boxes called blocks.

(syntax shown in Figure 3.6). A block is an abstraction of subassemblies of physical machines. Each

block encodes information about the machine’s physical size, kinematics, and tool functionality.

The goal of the blocks part of a machine plan is to provide one standard representation for many

different types of digital fabrication machines; this allows us to access a diverse range of machines

in one programmatic representation.

Blocks are JSON objects that are rendered as block-shaped bounding boxes in the scene.

Conceptually, a block represents one functional moving unit of a machine. For example, the Prusa

i3 3D printer example shown in Figure 3.3 is divided into three blocks each representing one axis of

movement, and additional blocks for its build plate and extruder. The organization of a machine is

hierarchical in that blocks have connections to their children, and connections are one-directional
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{
"name": "prusa-i3-mk3",
"metrics": { ... },
"blocks:[ ... ]

}

{
"machineClass": "printer3d",
"workEnvelope": {

"shape": "box",
"dimensions" : {

"width": 130,
"height": 110,
"length": 130

},
"position": {

"x": 0,
"y": 102.6,
"z": 0

}
},
"manufacturingStrategies": [

"additive"
],
"materialCompatibility": {

"include": [
"plastic"

],
"exclude": [

"wood", "metal"
]

},
"resolution": 0.001,
"maxTravelSpeed": 200,
"metafeatures": {

"version": 2.0,
"vendorInfo": {

"priceUSD": 749,
"website": "www.prusa3d.com",
"numUsers" : 5000

}
}

}

{
"name": "verticalLeadScrewFrame",
"blockType": "redundantLinear",
"actuationAxes": [ "y" ],
"dimensions": {

"width": 20,
"height": 150,
"length": 170

},
"position": {

"x": 0,
"y": 87.5,
"z": 0

},
"attributes": {

"driveMechanism": "leadScrew"
},
"connections": [

{
"child": "crossbarAssembly",
"offset": {

"x": 16.25,
"y": 27.5,
"z": 0

}
}

]
}

{
"name": "extruder",
"blockType": "nonActuating",
"isTool": true,
"dimensions": {

"width": 25,
"height": 25,
"length": 25

},
"attributes": {

"toolType": "print3dFDM",
"nozzleCount": 1

}
}

Figure 3.5: (Top Left) Top level properties of a machine plan: name, metrics, and blocks. (Top

Right) Example of an actuating block. (Bottom Left) Example metric. (Bottom Right) Example of

a (non-actuating) tool block. Not all of this machine’s blocks are shown.



3.2. Machine Plans: Blocks 49

⟨name⟩ ::= string width ∈ R height ∈ R length ∈ R

⟨position⟩ ::= (R, R, R)

⟨dimensions⟩ ::= width height length

⟨connection⟩ ::= block offset offset ∈ (R,R,R)

⟨actuation-axis⟩ ::= X | Y | Z

⟨attribute⟩ ::= is-tool

| is-platform

| drive-type

| step-displacement-count | . . .

⟨block-type⟩ ::= non-actuating

| linear

| redundant-linear

| cross

| delta-bot

⟨block⟩ ::= name block-type dimensions [position] actuation-axis* attribute* connection*

⟨work-envelope⟩ ::= shape dimensions position

⟨metric-value⟩ ::= work-envelope | R | string | object | . . .

⟨metric⟩ ::= name metric-value

⟨shape⟩ ::= box | cylinder | rectangle | . . .

⟨machine-plan⟩ ::= name metric* block*

⟨method⟩ ::= MoveTo (machine-plan, position, R)

| Actuate (block, R) | . . .

⟨constructor⟩ ::= SelectBlock

| SelectMachine

| SelectTool

| SelectMaterial | . . .

⟨selector⟩ ::= constructor name

⟨action⟩ ::= selector method

⟨workflow⟩ ::= action*

⟨program⟩ ::= machine-plan workflow

Figure 3.6: Syntax of core components of the Taxon Language.
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and parent-child. For example, in many 3D printers, the filament extruder is attached to a timing

belt; in Taxon parlance, we say that the belt connects to the extruder, and the extruder is the belt’s

child.

3.2.1 Block Syntax

Figure 3.5 shows an example of using Taxon’s block feature to specify parts of a Prusa-i3 3D

printer [Pru12]. Blocks both present information (e.g. the volume of various parts of the machine)

and model how the machine moves in space. We define moving to mean that the position of a

block changes; we define actuating to mean that an actuating block does not move, but all of its

descendent blocks move on the actuating block’s actuatingAxes (see Figure 3.4). Note that the

y-axis is the “up” direction in our convention. All blocks contain a dimensions field denoting the

size of its bounding box, while a block’s position is coordinates of the box’s centroid. A block’s

position is defined explicitly through the position property or implicitly, where the block is a

child to another block and its position snaps to its parent.

Each block has a blockType depending on the type of actuation it supports and the number of

motors it contains. The bounding box of a block is assumed to contain the motors which e.g., step

(turn a fixed angular amount) to drive its actuation. For example, the most common type of block

is a linear block which is driven by one underlying stepper motor and has exactly one actuation

axis; a linear block provides one degree of freedom of movement. Examples of linear blocks

include each of the actuating blocks in the Prusa 3D printer machine plan. In contrast, a cross block

represents a more complex assembly with parallel kinematics, where multiple underlying motors

interdependently control multiple axes. Examples of cross blocks include the block representing

the XZ axes in the Jubilee machine plan, which are driven by CoreXY kinematics [VTSTOP20].

Redundant linear blocks are driven by more than one motor but move in a single degree of freedom;
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such blocks typically represent linear synchronous motion, for example, the two vertical lead

screws on the Prusa 3D printer. Not all blocks actuate. An example of such a non-actuating block

is the build plate of a 3D printer; while the build plate itself moves, it neither actuates nor provides

additional movement to any other blocks. Finally, a tool is a special class of block whose movement

can change the scene—for example, extruding 3D printer filament, carving material out of stock,

or picking and placing an object. A block is designated as a tool by setting ‘‘isTool’’: true.

Blocks may also have attributes, which contain block-specific information. Example at-

tributes include driveType, which specifies the physical mechanism used to provide motion,

e.g. rack and pinion or timing belt, stepDisplacementRatio, which states how much linear

displacement along the actuation axes results from one step (the minimum amount of rotation) of

the driving motor, and isPlatform, indicating that the block is a moving platform holds a model

or workpiece. This field is useful particularly for tools because they may have different properties

which may be difficult to generalize over all types of tools.

Declaring Motors Explicitly

In early iterations of Taxon, programmers also needed to manually declare motors and specify

how motors and blocks paired to provide motion. This let us reason about inverse kinematics,

that is, how motors would need to turn to implement given machine movements. Each block type

had an underlying kinematics equation that mapped a block’s actuation to one or more motors.

However, in formative studies, programmers reported that reasoning about motors was confusing

and distracted them from their overall goal of representing functional units of movement. As

a result, we removed the concept of motors as separate abstractions from the blocks part of a

machine plan. Thus, a block is understood to actuate on its actuation axes without the programmer

needing to programmatically declare any motors to drive the block’s actuation. In future work,

we anticipate introducing a lower level of abstraction, where programmers can specify in more
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Figure 3.7: Building a Kinematic Tree with Connections. This example uses two blocks, the

crossbar block (1, Left) and the lead screw frame block (1, Right) from the Prusa-i3 3D printer

example. 1) A connection involves a child (left) and parent block; 2) the child block is translated

such that its centroid is at the same point as the parent’s centroid; 3) a user-specified offset

translates the child relative to the parent’s centroid, resulting in the child’s final position. Any

descendants of the child block (gray) receive the same total translation. 4) shows the kinematic

tree for the entire 3D printer, with black arrows denoting connections.

detail how a given block actuates with respect to motors.

3.2.2 Connections

Once programmers have abstracted parts of the machine as blocks, they next define how blocks

actuate and move other blocks to move the tool in a controlled manner. They order blocks into a

kinematic tree, where blocks have parent-child connections that make the entire subtree of a

parent block move in space whenever the parent block actuates. Intuitively, a connection means

that the child block is “placed on” or “attached to” the parent, thus having its position defined in

relationship to the parent and moving when the parent actuates.

For example, in Figure 3.7, verticalLeadScrewFrame shows a connection with the cross-

barAssembly. In this case, the crossbar assembly is the child of the vertical lead screw frame,

which does two things. First, the position of the child block “snaps” to the position of the parent

block such that their centroids occupy the same point, plus the user-defined offset. In this

example, the crossbar assembly is positioned in the lower front of the vertical leadscrew frame.

Second, a connection produces a directed edge in the machine’s kinematic graph, with the parent

and child blocks as nodes. Actuating any node in a machine’s kinematic graph actuates its sub-tree
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along the same axes. For example, if the vertical lead screw frame were actuated, the crossbar

assembly and any of its own descendants would move up or down in the parent’s sole actuation

axis. A block may have more than one child.

3.3 Machine Plans: Metrics

In addition to containing a list of blocks, a machine plan includes metrics, i.e. high-level character-

istics about the machine such as which materials can a machine use and its resolution. In contrast

to blocks, which describe individual parts of the machine, metrics describe properties innate to

the machine as a whole. In the Taxon language, metrics are a JSON object where each property

is the name of a metric, and the corresponding value is the value of that metric, which can be

a string, number, boolean, array, or object. Metrics let users meaningfully compare machines

based on their high-level characteristics, for example, checking which machine out of several

options has the highest rigidity for effectively milling dense materials. They also provide a way

to search for machines based on their high-level characteristics using filtering rules of thumb.

For example, if users need to 3D print or mill a model with very fine vertical features, they can

search the machine database for all machines with movement resolution below a certain amount.

In addition to presenting high-level machine characteristics up front, metrics let programmers

specify constraints in action rules of thumb about advisable actions for a specific machine, given

its metrics. This lets programmers check whether a given machine can accommodate steps in a

manufacturing process as programmed in actions, and if not, find ways to fix them.

It is the programmers’ responsibility to list the metrics for a given machine. Generally, machine

manufacturers or hobbyist machine builders include information online about a machine’s work

envelope, resolution, and more specialized details. In this case, programmers need only copy this

information into the machine plan. In other cases, such as a list of materials compatible with a
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machine, programmers might need to gather more information from other users. A list of possible

metrics could be maintained and standardized by Taxon contributors, with new additions being

vetted and added. Metrics are included on a best-effort basis; not every metric must be defined for

every machine. If a rule of thumb needs to check a metric that is not listed, Taxon alerts users

that it cannot verify the given rule.

As an example, we describe the metrics for the Prusa 3D printer as shown in the bottom right

code listing of Figure 3.5.

• Machine Class: a broad designation of this machine’s class, e.g., 3D printer, laser cutter,

mill, etc.

• Work Envelope: the bounding box in which the tool can safely move. The size of the

machine’s work envelope limits the size of the models it can manufacture. Mobile machines

such as the Piccolo plotter [SRPX13] could be represented as having work envelopes with

infinite dimensions on certain axes.

• Manufacturing Strategies: can include additive, subtractive, drawing, pick and place, etc.

• Material Compatibility: a list of materials that the given machine is known to be able to

work with (e.g., plastic for the 3D printer) and a list of materials that the machine should

explicitly not work with (e.g., metal for any 3D printer). Materials not contained in these

lists have unknown compatibility with the current machine, and users must exercise caution

if using them.

• Resolution: the minimum movement in millimeters that the machine can support. Machines

with lower resolutions cannot support very fine features in models.

• Max Travel Speed: the maximum speed in millimeters per second that the machine’s tool

can move while not extruding or cutting material
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/* Actuate the crossbar block back
and forth on its axis. */

$b(’crossbarAssembly’).wiggle();
/* Actuate the lead screw frame 20mm

on its actuating axis. */
$b(’verticalLeadScrewFrame’)

.actuate(20)
/* Extrude 10mm of filament. */
$t(’extruder’).extrude(10)
/* Establish a coordinate system

with tool’s current location
as the origin. */

$machine().zero();
/* Move the tool to the given

coordinates. */
$machine().moveTo({x:50, y:50, z:50});

$machine().zero();
/* Place the the material that the

user has chosen from a fixed
list of options. */

$material().placeAt(10, 0, 30);
/* From the user’s uploaded model,

generate toolpaths for the
mill bit to follow. */

$model().placeAt(0, 0, 0);
$model().generateToolpath(options);
/* Activate the spindle to spin the

mill bit at 3000 RPM. */
$t(’spindle’).setSpeed(3000);
/* Move the spindle along the

toolpath to cut the material. */
$machine().runToolpath();

Figure 3.8: (Left) Workflow testing various movements on the Prusa 3D printer. (Right) Workflow

loading sheet material and a 3D model, creating a toolpath from the model, positioning the

material and model, and running the mill over the toolpath.

• Metafeatures: a collection of various features that do not affect the machine’s operation,

for example, its cost, website, and estimated size of its active user base.

3.4 Workflow and Actions

We already noted that a machine plan includes both functional blocks of a machine and the metrics

that describe the machine’s high-level characteristics. In addition to representing the machines,

Taxon helps users make the simulated machine do things by composing workflows. In digital

fabrication, a workflow consists of a series of steps that progress from models, materials, and

machine to finished product. In Taxon, these workflows are implemented programatically as

a sequence of statements called actions, which let users simulate motion in the scene and load

materials and digital models into the scene. Intuitively, an action is one “step” of the workflow,

which could include anything from testing small perturbations to identify how the machine moves
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to programming a broad-strokes plan of the entire physical workflow from raw material to finished

product. By expressing machine movements and model and material concerns in code, we expose

opportunities for users to learn and error-check in simulation before they work with dangerous

or expensive physical machines and materials.

Actions are a strict subset of Javascript, where programs are composed of multiple statements

(also called actions) that are separated by semicolons. The action interpreter executes one statement

at a time as programmers step through the workflow, and each action modifies the scene’s state,

which consists of the machine’s blocks, their current positions, models and toolpaths uploaded by

users, and any material extruded, placed, or cut. Each statement contains exactly one selector that

is followed by any number of methods. The selector evaluates to an object that then supports a

set of methods depending on the object’s type. Executing a method modifies the scene’s state, for

example, by turning motors and moving blocks around, by transforming the model’s geometry,

or by cutting or extruding material. For example, $machine() evaluates to a Machine object

that supports methods like .moveTo(coordinates, extrusion), which actuates all machines

blocks so the tool arrives at the desired (𝑥,𝑦, 𝑧) coordinate, possibly extruding material while

moving; $t(’penAssembly’) evaluates to a Tool object that supports methods like .raisePen()

and .lowerPen(). Before and during runtime, the machine action interpreter checks statements

against the rules of thumb and highlights any rule violations, for example, moving a block past an

acceptable value.

In addition to controlling the machine, actions let makers load materials and digital models

into the scene. Like blocks, materials are represented by a bounding box that is placed in the scene,

shown in Figure 3.8 (right). Each material must have a material class, which can be additive, i.e., it

is deposited in the scene by actions with additive machines, or subtractive, i.e., makers must place

the material first and then process it using tool actions. Materials also have names, e.g., “wood”

or “plastic,” which are typically listed in a machine’s materialCompatibility metric. This high-
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level description of materials suffices for high-level simulations. Actions also support uploading

digital files (e.g., STL files) and placing them in the scene. Taxon’s modular design affords easy

extensions to the language for slicing STL files into tool paths and processing geometry; we leave

these for future work.

3.4.1 Machine Action Language Example

To illustrate Taxon, we present the examples in Figure 3.8 where a novice user tests various actions

using the Prusa 3D printer featured in previous examples. The selector evaluates to an object of

type Block, Tool, Machine, Model or Material, where each type supports its own set of methods.

For example, the first two lines of Figure 3.8 select the blocks from the running 3D printer example

(type Block); then call .wiggle() on the crossbar assembly, causing it to actuate back and forth,

and actuate() on the vertical lead screw frame, causing it to actuate upwards. The next statement

selects the printer’s extruder (type Tool) and extrudes 10 millimeters of filament. The following

statement has $machine(), which selects the entire Machine object and calls .zero(), which

establishes a Cartesian coordinate system with the machine’s tool’s current position as the origin.

For any actions executing coordinate movement, a coordinate system must be instantiated first by

calling .zero(). Finally, given the coordinate system, .moveTo(coords) moves the machine’s

tool to the (𝑥,𝑦, 𝑧) coordinates specified in coords. If a bounds-checking rule of thumb is enabled,

the interpreter throws an error if the coordinates are outside the machine’s work envelope.

3.4.2 Checking Machine Actions with Rules of Thumb

The motivation behind simulating machine actions is twofold: first, we want users to be able to

visualize how a given machine works and to experiment with it, and second, we want users to be

able to formally state what they want to do with a given machine in order to enforce best practices.
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(action, store) => {
try {

if (action.constructor === ’$model’) {
let we = $metrics.workEnvelope;
let modelName = action.query;
let modelDims = modelName.dimensions;
if (we && modelDims.width > we.width

|| modelDims.height > we.height
|| modelDims.length > we.length) {
console.error(’The model is too large for this machine.’);
return false;

}
return true;

}
catch (e) {

console.error(’Could not verify "model fits in w.e."’);
return true;

}
});

(machine) => {
machine.blocks.forEach((block) => {

if (block.attributes.isPlatform) {
let pb = block.parentBlock;
if (pb.actuationAxes.includes(’x’)

|| pb.actuationAxes.includes(’z’)) {
return false;

}
}

});
return true;

});

Figure 3.9: Rules of Thumb (Action and Filtering) implemented in Javascript. The first fires when

an action attempts to load a digital model into the scene; if an error is thrown during checking, e.g.

if a metric is undefined, then the implementation reports that it could not complete its checking,

but returns true as a default. The second checks that a machine does not use a platform moving

in non-vertical directions; machines meeting this property are better suited to print tall features.
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In particular, the act of formally describing one’s steps and using error checking offers a useful

way to introduce machine knowledge to users. Rather than merely presenting the user with a list

of best practices, users can program various machine actions and learn about potential issues and

errors in the context of what they are trying to do.

Our solution to these goals are rules of thumb, which analyze machine plans and actions to

offer suggestions and enforce safe machine usage. Rules of thumb are modular and stored in a

community-contributed database; users can select which rules they want to enforce for a given

task. To enable these rules of thumb, the user selects which rules they wish to enforce in the

Action pane (Figure 3.3g). There are two types of rules of thumb:

• Filtering rules of thumb examine only the machine plan, filtering a list of feasible machines.

For example, users planning to use a 3D printer would likely want to require that any 3D

model they will print to fit within the printer’s work envelope. Or, someone who is 3D

printing a model with tall and skinny features would want to select a printer design that is

well equipped to print those features without excessive ringing or vibration.

• Action rules of thumb examine both the machine plan and actions in the workflow that

the interpreter executes. For example, milling machines should have their end mills intersect

with and carve away stock material only when the spindle is actively spinning the end mill;

otherwise, the end mill will break. One rule of thumb might be to check that whenever a

move command is executed with a milling machine, its spindle will be turned on if that

move would intersect with any stock material.

Figure 3.9 shows the implementations of two rules of thumb in Javascript, where programmers

can access the machine plan as Javascript objects with the same selector syntax used in action

programs. Because the machine plan is a JSON object, it can be parsed and traversed in Javascript

in the rule of thumb’s implementation. The first rule, “model must fit in envelope,” is an action
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rule of thumb that fires whenever the method Model.placeAt() is called; here, the rule checks

that the model placed in a scene can fit in the current machine’s work envelope. The second rule

of thumb, “machine handles tall features,” is a filtering rule which removes from the machine plan

list any machines unable to manufacture tall and skinny features due to their composition.

One limitation with rules of thumb is that best practices can generally be codified only partially,

and sometimes not at all. For example, users of 3D printer might want to print with ABS filament,

which requires the printer’s extruder to be set to a higher temperature. If there are no Taxon

actions that simulate printer temperatures, a rule author’s best bet is to detect the use of ABS

filament and issue a warning or a list of written recommendations. Rules of thumb can also

examine the bounding box or metadata of a digital model for filtering machines that can fabricate

models of the given size, as well as suggest machines based on the model’s file type—for example,

suggesting a laser cutting approach for thin STL files. Eventually, as programmers extend the

Taxon language by adding more metrics, blocks, and actions, increasing numbers of best practices

can be codified as rules of thumb.

3.5 Evaluation: Adding to the Language though Demonstra-

tion Programs

Programmers can most readily contribute to Taxon’s knowledge base by adding machine plans

and rules of thumb. However, they can also extend the language itself: defining new metrics, new

kinds of blocks, and new actions as new challenges arise.
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Taxon Program

Machine Plan Workflow Rules of Thumb Additions To Core
Language

Lines of Code

Three

Off-the-Shelf 3D

Printers

N/A “work envelope

larger than

”

dependent rules of

thumb

(132*, 0, 15)

Hot Wire Cutter cuting an

airfoil from

styrofoam

“material

intersects voids

only”

work envelope

orientation, collision

voids

(99, 19, 20)

Wasp Clay 3D

Printer [Was19]

basic clay print N/A delta bot block,

cylindrical work

envelope

(102, 16, 0)

Wang et al.

xPrint

[WYW
+
16]

controlled

deposition of

natto cell

culture

“dry liquid

before next

layer”

active tools (209, 13, 21)

Liteplacer Pick

and Place

Machine

[Juh21]

placing SMD

components in

footprints on a

PCB

“tool matches

region”

envelope regions, tool

changing

(259, 12, 24)

Table 3.1: Demonstration Machines and Workflows. Entries in the rightmost column denote

the lines of code in the machine plan, the workflow, and associated rules of thumb, respectively.

*Average lines of code per machine plan.
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3.5.1 Evaluation Method

The goal of our evaluation is to understand where Taxon can—and in some cases, cannot yet—

gracefully extend to different fabrication tasks. To evaluate Taxon’s expressivity, we investigate

six demonstration
2

machines that showcase ways of formalizing existing machines and workflows.

We use Taxon to represent the breadth of machine types and workflows used in both common

practice and digital fabrication research. Table 3.1 summarizes the different machines we use for

evaluation, which are also shown in Figure 3.1. Each demonstration is more than just a proof of

concept — for each machine and new workflow, we highlight challenges and discuss new rules

of thumb and new constructs in the action part of the language. We then implement these new

features and add them to Taxon’s core. For example, in implementing pick and place machines, we

designate parts of the work envelope as regions, namely, regions to store parts that the machine

will later place, and a region dedicated as a parking location for tool changes. Further, we add rules

of thumb based on the regions. For example, we add rules of thumb that enforce that the region

where parts are stored cannot overlap with the PCB material, and regions that hold very small

parts can be entered only when the appropriate tool for handling small SMD parts is currently in

use.

Note that this paper does not assess usability: it focuses instead on flexible infrastructure

and language expressivity that let users build new interactions on top of a formal foundation.

Furthermore, because the concept of establishing formal checks on fabrication tasks is relatively

novel, and therefore lacks precedent, it is premature to compare Taxon’s usability to a non-existent

baseline [GB08, Ols07]. Once the language has developed sufficient new settings, we can evaluate

its ease of use. In the meantime, our primary concern is evaluating the expressivity of the language.

2
We use Ledo et al.’s definition of a demonstration as an evaluation [LHV

+
18], which Zhang et al. exemplify in

evaluating their programming language for online community governance [ZHB20].
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3.5.2 Comparing Off-the-Shelf 3D Printers

As an initial task, we implemented the metrics and blocks for 3 different commercial 3D printers:

the Prusa i3-mk3—described in the prior sections—the Makerbot Method, and the Ultimaker S5.

In addition, we implemented the metrics only for 20 different 3D printers; all of these machine

plans can be found online in our repository. These printers vary significantly in price, material

compatibility, and construction, and comparing many printers can quickly become tedious. As

metrics for each printer, we added the machines’ work envelope dimensions, material compatibility,

resolution, and other features listed on the printer’s website. When implementing machine plans

for these printers, our choice of blocks varied based on each printer’s physical construction. For

example, the Prusa’s construction uses a build platform for the in-progress print that moves

side-to-side, whereas the Ultimaker’s platform only moves vertically. As a result, the in-progress

print for the Ultimaker never moves side-to-side since all such motion is accomplished by the

uppermost assembly which only moves the extruder head. This construction is useful when

printing tall and skinny features (Figure 3.9); however, the Prusa is cheaper, and, depending on

the user’s model, such construction might not be necessary. In addition, as attribute properties

for each actuated block, we identify its type of drive mechanism (e.g., lead screw, timing belt, or

a rack and pinion). This information could be used to implement rules of thumb that optimize

machine choices based on choice of drive train, e.g., filtering for machines with all lead screw

actuators due to their ability to handle high-force applications.

Makers use filtering rules of thumb to compare different machines. Again, the choice of rules

of thumb for filtering rather than built-in sorting features is because the requirements that makers

would want to filter around change based on the task as well as over time as machines change.

However, in this case, a rule of thumb may need additional information from users; for example,

users might not have a particular model in mind, yet they still want to see only 3D printers with
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work envelopes larger than a certain value. To support this, we implemented dependent rules of

thumb, which take into account a value from the user when filtering (see Figure 3.10). For example,

the dependent rule of thumb named ‘‘work envelope is larger than ’’ prompts the

user to enter a bounding box with a desired width, height, and length. The rule then filters for

machines that have a work envelope with a box shape whose dimensions equal or exceed the

values listed. The notion of dependent rules of thumb comes from the concept of dependent types

in programming languages, which are types (e.g. String or Array) that depend on a value—for

example, a type representing all arrays of length 3 [BD09]. In this light, this dependent rule of

thumb implicitly assigns a dependent type to all machines based on the dimension of their work

envelope and filters them accordingly.

3.5.3 Cutting a Styrofoam Airfoil with a Hot Wire Cutter

Hot wire cutters work by heating a suspended wire with an applied voltage and then moving the

wire through a work piece of styrofoam, which cuts the material by melting it. In this example

we model a typical CNC (Computer Numerical Controlled) hot wire cutter topology with two

degrees of freedom, namely, vertical and horizontal wire movement (see Figure 3.11). We observed

that both redundant linear blocks consume significant space for their bounding boxes that, in

reality, are empty space where the tool (the wire) and the workpiece would go. In the hot wire

cutter’s implementation, blocks in this machine readily intersect with one another. Assume we

want to create rules of thumb that distinguish between an intersection that is physically harmless

versus an intersection where machine parts are actually crashing into one another. A “harmless”

intersection in this case is how the foam work piece’s volume might intersect with the vertical

machine block’s empty space. An unacceptable intersection occurs when the work piece intersects

with the vertical block’s solid parts. To this end, we implemented the notion of a void, an optional
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(machine, depValue) => {
try {

/* Assume the dependent value
is a string in the form
"[width, height, length]" . */

let dimArray = JSON.parse(depValue);
/* Javascript destructures dimArray

into three variable assignments.
*/
let [minWidth, minHeight, minLength]

= dimArray;
let we = $metrics.workEnvelope;
return we.width >= minWidth

&& we.height >= minHeight
&& we.length >= minLength;

}
catch (e) {

return false;
}

};

Figure 3.10: Dependent Filtering Rule of Thumb for Comparing 3D Printers. (Left) Implementation

of the rule of thumb that takes an additional argument from the user interface, depValue,

representing the minimum allowable size of the machine’s work envelope. (Right, Top) The

three commercial 3D printers in our evaluation rendered in the scene which the work envelope

highlighted in blue. (Right, Bottom) The checked rules of thumb filter the machine plan list down

to only two satisfactory machines.
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property that can be added to a block’s attributes property. A void is a bounding box that fits

in the block’s bounding box that represents empty space within the block. As a result, we can

be confident that other blocks intersecting with a block in its void will not cause a collision. We

implemented a rule of thumb to check that a machine does not collide with itself, referencing

blocks and voids. Though this rule is not strictly necessary for the hot wire cutter, it would likely

be useful for more complex machines and workflows where collisions are more likely to happen.

3.5.4 Printing with Clay

We implemented a Delta Wasp 2040 Clay 3D printer and an example workflow for it that 3D prints

a vase out of clay [Was19]. This printer uses delta bot kinematics, which feature three levers

connected with revolute joints to a rigid body. The end of each lever that is not fixed to the rigid

body moves independently via a drive mechanism, and the position of the levers’ ends determines

the location of the rigid body. As a result, the rigid body has three Degrees of Freedom (DOF)

and depends on three or more motors to drive the levers, which exceeds the linear (1 DOF) and

cross (2 DOF) blocks that we have thus far implemented. Therefore, we implemented a 3DOF

DeltaBotBlock that encompasses the majority of the printer; in fact, the printer’s machine plan

has only three blocks: the delta bot block, the tool, and an immobile platform. One feature of

delta bot kinematics is a cylindrical work envelope as opposed to a box-shaped one, which we

implemented as well.

In addition to the delta bot block and the cylindrical work envelope, we could not feasibly

address other important features in the Wasp printer with the current level of abstraction in

Taxon. In formative interviews with makers, we learned that a key challenge in 3D printing with

clay comes from the material properties of clay itself. In all such 3D printers, the clay must be

packed into a container tube and forced evenly through the nozzle. The Wasp printer uses an



3.5. Evaluation: Adding to the Language though Demonstration Programs 67

Figure 3.11: Hot Wire Cutter Example. A) The hot wire cutter rendered in the scene, where the

red block is the tool (wire), the dashed line is the work envelope, and the goldenrod regions are

user-defined voids within the non-tool blocks (gray). B) A simple workflow consisting of placing

a block of foam material, zeroing the machine, and moving the wire to cut through the foam with

the cut plane illustrated in pink. C) If the material is placed in such a way where it intersects the

blocks outside the voids, i.e. overlapping with machine parts, it triggers an error from a rule of

thumb that requires that materials may only intersect blocks in their voids.

external compressed air source along with a rotating auger for this. Unlike the plug-and-play

nature of plastic 3D printer filament, here the maker must mix their own clay and find the right

consistency: too watery and the extruded material may collapse, or too thick and the clay will

extrude unevenly. One ceramicist noted that she knew from her own experience with clay what

an ideal consistency felt like, how to vary it based on the type of print she was attempting, and

when and when not to manually intervene during a print to reshape features by hand. To codify

this sort of tacit knowledge, Taxon would need to support materials with enough detail to do

basic physics simulation, and, even then, such rules of thumb based on the material properties of

clay would be “ballpark” estimates at best. We decided that this level of physics-based material

representation is beyond the current scope of Taxon but would be fruitful future work.

3.5.5 Bio-actuated Textiles

In this demonstration, we replicated a workflow that Wang et al. demonstrated with xPrint, a

machine with modular tooling for printing with liquid-based smart materials [WYW
+
16]. They
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Figure 3.12: Depositing Natto Cell Culture with xPrint. A) This xPrint configuration contains a

dispenser (red) and an inactive ventilator (dark gray). B) An action activates the ventilator (now

red), allowing the user to turn its fan on and off. C) Extruding a thin layer of culture with a

moveTo action. D) Calling fanOn dries the current layer, which triggers the relevant rule of thumb

“dry liquid before next layer” to update its state. E) Depositing the second layer. If the first layer

were not dried with the fan, the rule of thumb would have thrown an error.

created discrete components—such as a liquid dispenser, a mechanical stirrer, and a ventilator

unit—that can be manually attached and removed as necessary for the desired workflow. In

addition, they created a plug-in for the Grasshopper/Rhinoceros CAD program that lets makers

create custom tool paths for the machine. We focused on one workflow they presented: depositing

liquid natto cell culture onto textiles, which makes the textiles curl when exposed to moisture

(see Figure 3.12). Depending on the pattern of culture deposited, makers can control the direction

and degree of curl. In Wang et al.’s paper, this workflow involved attaching a solution container

equipped with a mechanical stirrer for keeping the natto cells suspended, a dispenser for dispensing

the culture, and a combined ventilation unit in addition to a heated bed to evaporate the current

layer of culture before the next layer is deposited.

Despite the complex nature of tooling in this workflow, we found that implementing the

machine plan and the workflow in Taxon was less challenging than expected. This is largely

because much of the complexity comes from the choice of tooling to install, rather than from the

process of choosing or controlling the machine. While multiple tool components can be attached

to the machine at any given time, once attached, no further automated tool changes are involved.
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In addition, the machine itself is a fairly straightforward 3-axis machine, which we implemented

using three linear blocks: one non-actuating block for the build plate, one non-actuating block for

the tool component substrate, and non-actuating tool blocks for the dispenser, solution container,

and ventilator. We implemented rules of thumb that govern which tools must be equipped to

work with a given material. In our case, if the xPrint machine were selected, and if natto cell

culture were used as a material, then the machine would need a dispenser, solution container,

stirrer, and ventilator. To implement the notion of “active,” we added a new property to a tool

block’s attributes property, called active, which can be true or false. If false, while the tool is

included in the machine’s plan, it is not rendered to the scene and cannot be accessed by the action

interpreter unless marked with the .activate method. We also implemented a rule of thumb

(shown in Figure 3.13) that requires the maker to dry the current layer with the fan before moving

on to the next layer.

3.5.6 Robotic Assembly of PCB Components

We implemented the Liteplacer pick and place machine, an open source, do-it-yourself machine

kit created by Juha Kuusama [Juh21]. This machine picks up SMD components for printed circuit

boards and places them precisely within the components’ respective footprints on the PCB board

itself. The machine receives as input locations of the footprints on the PCB and uses a camera-

based localization routine to zero itself and calculate trajectories for moving components from the

supply region to the footprints.

This is a relatively complex machine and workflow. For the machine plan, we implemented

the machine to use two linear blocks for both the lower assembly, which moves along the x axis,

and the crossbar assembly, which moves on the z axis. The tool assembly was more complicated

to model, consisting of a linear block that moves on the y axis, a rotary block that rotates any
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(action, store) => {
try {

/* If we are turning the fan on, then
we can assume that the most
recently deposited layer will have
dried. */

if (action.methodName === ’fanOn’) {
store[’highestLayerWet’] = false;

}
if (action.methodName === ’moveTo’

&& action.args[1] !== undefined) {
/* If we are depositing more culture

on top of a layer that has not
been dried, signal an error and
return failure. */

if (store[’highestLayerWet’]) {
console.error(’Must dry the previous layer first.’);
return false;

}
/* Otherwise, deposit the culture and mark the current layer

as wet. */
store[’highestLayerWet’] = true;

}
return true;

}
catch (e) {

console.log(’Cannot enforce "dry liquid before next layer."’);
return true;

}
}

Figure 3.13: Implementation of the “dry liquid before next layer” Rule of Thumb. This action

rule of thumb accesses the store argument which references a state that the program keeps

between different executions of the rule of thumb. This allows the implementation to keep state

for whether the most recent layer was dried by the fan or not.
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Figure 3.14: Verifying Correct Tool Configurations in the Pick and Place Machine. A) A bird’s-eye

view of the pick and place machine’s setup with three differently sized needles for picking up

SMD components of respective sizes (0402, 0603, and SOIC-8) and placing them on a PCB. At the

bottom are three regions for parking each needle and at the top are three regions where each

type of component is stored before being picked. B) The needle holder travels to the 0402 parking

region and parks the needle there. C) The needle holder travels to the 0603 parking region and

picks up that needle. D) The needle holder moves to the 0603 storage region successfully because

the 0603 needle is currently equipped. If the needle had moved there before swapping needles,

the “tool matches region” rule of thumb would have thrown an error because the needle would

be incorrectly sized for picking up 0603 components.
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(action, store) => {
/* Try/catch logic is omitted here. */
if (action.methodName === ’moveTo’) {

let moveArgs = action.args;
let movePt = moveArgs[0];
/* Translate the moveTo method’s

target coordinates into the world
position the tool would occupy
after the action executes. */

let toolPos = $kinematics
.coordsToWorldPosition(movePt);

let equippedTool = $machine
.getEquippedTool();

/* Iterate through all envelope
regions and check whether the
currently equipped tool matches
the region’s required tool. */

$metrics.envelopeRegions
.forEach((er) => {
if (er.containsPoint(toolPos)) {

if (equippedTool.attributes
.pcbSize !== er.name) {

console.error(‘The ${er.name} needle must be equipped to enter the region.‘);
return false;

}
}

});
}
return true;

};

Figure 3.15: Implementation of the “tool matches region” Rule of Thumb.
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PCBs that are currently picked up, and several suction-cup-tipped needles for actually picking

up the SMD components. We chose not to implement rotary blocks for now because rotational

motion complicates our model of machine motion; it would require us to solve general-case inverse

kinematics rather than the simpler cases with only linear motion. Instead, we focused on the

machine’s tool changing feature and on correct tool usage, as shown in Figure 3.14.

Given our definition of a tool block as the block that interfaces with material, we designated

only the needles as tools; this means that needle blocks are marked as ‘‘isTool’’: true and

support tool-based methods when selected in actions. There are several sizes of needle for picking

up different types of SMD components and we named each needle after the size of component it

can pick up, i.e., 0402, 0603, and SOIC-8. These needles are parked in a needle holder in the work

envelope, and the machine must perform a tool changing operation to attach the needle of the

correct size before picking up components of that size. Typically, programmers must manually

program these tool changing routines either in raw G-Code or in whatever convention the program

controlling the pick and place machine’s control board uses, which is prone to errors.

In this light, a goal of Taxon is to codify best practices—here, ensuring that the correct needle

is attached before attempting to pick up an SMD component. Enforcing this logic necessitated

the creation of a new feature, envelope regions, which lets the programmer designate and label

subspaces within the work envelope. Similar to a work envelope itself, an envelope region can be

specified as a box that checks for inclusion within the region based on x, y, and z coordinates or as

a rectangle that checks only two coordinates. We created a rectangle XZ region where each needle

is parked, a region in which to place stock SMD components corresponding to each size of needle,

and a region in which to place the PCB itself. An automated tool changing routine would involves

traveling to the region for parking the current tool, having the machine deposit the current tool,

traveling to the region to park the new tool, and then attaching it to the tool holding assembly.

We then implemented an action rule of thumb (shown in Figure 3.15) stating that before a tool
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can enter a region for stock SMD components, it must have the correctly sized needle currently

attached.

3.6 Limitations

While implementing the six demonstration programs for the evaluation, we encountered several

limitations. First, simulating a workflow often requires us to reason about how a material will

react when acted upon by the machine. For example, in the case of the hot wire cutter, having the

wire pass through a styrofoam workpiece put foam in the path of the wire. Or, for the clay 3D

printer, the consistency of the clay greatly affects its behavior when deposited by the extruder.

However, modeling the physical behavior of material—even in a greatly simplified setting—remains

challenging. Because material properties always affect the semantics of actions, they must be

implemented in the core Taxon language, as opposed to being added in a modular fashion using

rules of thumb. The need to incorporate more physics into Taxon than we initially anticipated

created a bottleneck that we must address before more workflows can be fully represented in code.

In addition, nontrivial geometry processing is not yet implemented in Taxon. For the evaluation,

we attempted to replicate the workflow proposed in a paper by Teibrich et al., which features a

machine that can patch existing 3D printed objects by removing material with a mill and then

reprinting new material with an 3D printer extruder [TMG
+
15]. These subroutines depend on

access to the 3D model, the tool path, and robust software for detecting collisions. While it is

possible to implement these subroutines as rules of thumb, such as “avoid collisions by milling

material that blocks access” and “rotate the build plate to minimize milled material”, we would need

to add substantial geometry processing to implement such collision detection and optimization

programatically. Currently in Taxon, we can reason only about collision with bounding boxes,

not with the precise geometry of the work piece. We defer such features to an extension in future
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work.

Finally, the codifiable space of possible concerns in digital fabrication is vast; Taxon can

address only a small subspace of these concerns in its current form. In this initial implementation,

we intended to codify concerns that would present the highest barrier to novices, namely, the

capabilities of each machine from a high level, a machine’s composition, and its basic action, e.g.,

“extrude” versus “cut.” Many lower level concerns, such as software-supported bed leveling or

smoother motor movement through microstepping, are difficult to represent. However, a key

benefit of designing a new programming language is that we can organize these concerns into

various levels of abstraction. For example, higher levels of abstraction could abstract away details

like extrusion rate, whereas lower level ones could let programmers add detailed information

about machine parts in the blocks. We envision creating this stack of abstractions to be a crucial

next step for expanding the language going forward.

3.7 Future Work: Affordances of Formal Representation

Although Taxon currently handles a limited space of concerns, it is a language that contributors can

extend both by authoring rules of thumb, machine plans, and workflows and also by implementing

features in the language itself. This is a massive step forward from not having expertise about

machines codified at all. A growing formal representation of digital fabrication machines will

enable an ecosystem of tools that can reason about what machines are, how they move, how they

interact with materials, and what is considered to be appropriate actions. We aim to add more

robust support for materials and digital models in future iterations. In addition, because Taxon

helps programmers reason about digital fabrication tool use in software, we envision several newly

possible lines of work.

• Structured Querying for Machines. Similar to how the Voyager tool enabled structured
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exploration of visualizations based on their grammars [WMA
+
16], we could allow for

structured exploration of machine options beyond filtering rules of thumb given a user-

specified workflow. Makers would then be able to explore trade-offs along speed, precision,

cost, and other factors that are influenced by machine choices for the workflow.

• Optimizing Instructions for Machine Kinematics. In many machines, dedicated control

software translates instructions, e.g., in G-Code, into motor pulses to optimize machine

movement based on its physical characteristics. Given a Taxon program that lets users infer

volumes, masses (in the future), and kinematics, it would be possible to optimize machine

instructions for any machine rather than hard-coding these optimizations for one machine.

One example optimization is input shaping, which involves generating signals that cancel

vibrations associated with moving machine parts and result in higher quality surface finish

[Rob02].

• Online Infrastructure for Sharing Machines and Workflows. Taxon makes possible a

rich online ecosystem of machine and workflow descriptions. Members of online communi-

ties could share their custom machine builds and small production tasks as Taxon programs.

Other members could run these custom setups in simulation and remix Taxon programs.

Taxon could serve as a quasi API for creating Instructables-like tutorials with interactive

previews built into each step. In addition, existing open-source specifications of machines

such as Cura’s 3D printer profiles [Ult21] could be ported to Taxon machine plans.

• Scheduling High-Throughput Production in Existing Maker Spaces. Maker space

managers could create a list of machine plans that represent the machines they have available

in their maker space. Given a large production task, such as producing personal protective

equipment requiring multiple machines, programmers could write tools that solve for the

optimal allocation of production tasks to machines in the maker space.
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• Program Synthesis for Fabrication. We can view a digital fabrication pipeline as a

compiler that compiles a digital model into a physical object. In computational fabrication,

inverse design problems solve for digital models given some physical constraints, e.g. the

design of nanophotonic devices given nanoscale fabrication limitations [PPSV17]. However,

inverse problems to solve for machines themselves have not been explored. By providing a

formal specification and programmatic description for machines, Taxon could let researchers

use program synthesis techniques [SLTB
+
06, VG19] to infer a machine specification that

best suits the fabrication of a digital model under physical constraints.

3.8 Conclusion

We contributed and described the design of Taxon, a grammar for formally specifying abstract

machine properties that enables description, comparison, and simulation of physical machines.

The promise of digital fabrication lies in how it might allow new practitioners to create objects

that uniquely suit their own contexts. The capabilities and limitations of machines will always be

important factors in both making and research on making, and they ought to be made explicit. We

aim for Taxon to become a useful standard in fabrication research and practice that lets researchers

integrate machine-level concerns into novel tools and provides makers with helpful infrastructure

to guide their manufacturing processes.
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Chapter 4

Visual Reasoning through Toolpath

Stylesheets

When building and iterating on workflows, fabricators must understand what the machine will do

when it executes a toolpath. Whereas software engineers can test their programs by repeatedly

running unit tests, digital fabrication programs are time-consuming and wasteful to execute

repeatedly. Instead, fabricators often rely on visualizations to identify potential issues, such as

whether the toolpath is placed in the wrong location, before executing the toolpath on the physical

machine. Further, visualizations are vital ways to understand how data and materials fit together

in a workflow.

Existing GUI tools typically include visualizations of digital model geometries modified for

the manufacturing technique, e.g., 3D printing or milling. However, visualizations provided by

state-of-the-art tools are typically not customizable and visualize only geometry, which obscures

potentially crucial low-level information available only at the instruction level.

As an example of when a custom visualization would be useful, consider the use case of a

laser cutter that is cutting fine-grain patterns generated by a fabricator’s script. In this case, an

79
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Figure 4.1: One-to-One Compiled TSS Highlighting Salient Details. Top left: the geometry of

a toolpath of two circles is shown on the left. The expected energy spent from laser cutting is

shown on the top right. This TSS highlights that the rightmost circle contains duplicate paths;

excess heat applied could ignite the material. Bottom left: sharp corners in a toolpath could pose

problems in gel extrusion. The TSS on the bottom right highlights any sharp corners below a

threshold angle set by the fabricator.
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inevitable concern with laser cutters is the heat the laser generates. If the laser cuts too much

in a small area in a short time, the material being cut will become scorched or even combust. A

fabricator must carefully adjust several parameters, including the size, position, and geometry of

that cut, as well as the laser’s power and speed.

Unfortunately, typical toolpath visualizations do not reveal any of this heat sensitivity informa-

tion. The only way to reason about scorching or possible combustion when running the job on the

machine is to run many cuts and repeatedly adjust parameters, even though running multiple cuts

could result in dangerous conditions. Though experimenting with test cuts is a useful technique, a

goal of physical-digital computing is to accumulate knowledge of physical behavior as gleaned by

experience for others to benefit so they can potentially avoid unsafe consequences.

In this case, how could we do better than guess-and-check understanding of nuanced, specific

machine-material interactions that play a major role in developing experimental workflows? Our

insight is to provide fabricators with multiple “views” of a given toolpath, where each view calls

visual attention to a specific aspect or concern that the fabricator might have about a toolpath,

e.g., the distribution of thermal energy with respect to time when laser cutting. While such niche

visualizations might be less necessary for more conventional laser cutting tasks, experimental

ones are riskier since a fabricator might not be sure that the cuts are even feasible.

In this sense, we draw an analogy between concern-specific visualizations and continuous

integration in digital-only software engineering practice. In the latter case, continuous integration

runs a programmer-defined test suite on potentially risky code before code deployment and

requires tests to pass. Similarly, concern-specific views would let a fabricator visually confirm that

nothing is “wrong”—like a strong chance of scorching the material in a particular area—before

deploying the toolpath physically to a machine. Note that visualization would be useful here as

opposed to pass-or-fail tests because there is often no clear boundary for when to reject a toolpath.

Moreover, just as a digital-only programmer would run many tests, a fabricator would have access
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to many views of a single toolpath to check for a broad range of concerns.

We then formalize this notion of a concern-specific view, which we call a toolpath stylesheet

(TSS). A TSS is a mapping from a toolpath, which we define to be an ordered collection of low-level

machine instructions like G-Code, to a collection of machine parameters, such as maximum tool

acceleration or laser power, and a visual output. That is, for toolpath 𝑇 , parameters 𝑃 , and visual

output 𝑉 , define a TSS to be

𝑇𝑆𝑆 : 𝑇 × 𝑃 → 𝑉 .

Different TSS map the same set of instructions and parameters to different visualizations that can

be visually dissimilar, the idea being that each TSS should expose different aspects of machine

behavior. For example, given two TSS—𝑇𝑆𝑆ℎ𝑒𝑎𝑡 , which produces the aforementioned heat map of

a laser cutter job and 𝑇𝑆𝑆𝑠ℎ𝑎𝑟𝑝, which highlights sharp angles in a cut—along with a fixed toolpath

𝑇𝑖 and parameter collection 𝑃 𝑗 , we can consider these TSS as mapping the toolpath and parameter

to visualizations conditioned to the combination of TSS, toolpath, and parameter collection, as

follows:

𝑇𝑆𝑆ℎ𝑒𝑎𝑡 (𝑇𝑖, 𝑃 𝑗 ) → 𝑉ℎ𝑒𝑎𝑡𝑖 𝑗

𝑇𝑆𝑆𝑠ℎ𝑎𝑟𝑝 (𝑇𝑖, 𝑃 𝑗 ) → 𝑉𝑠ℎ𝑎𝑟𝑝𝑖 𝑗 .

The visual output of both TSS is shown in Figure 4.1. Finally, note that the content of 𝑃 could

possibly depend on a TSS, e.g., a TSS that is not meant for a laser cutter would not require laser

power to be passed as a parameter in the collection.
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4.1 One-to-One Compilation

The first way we could conceptualize building a TSS is by mapping each machine instruction to a

distinct visual element. With this viewpoint, a TSS is a compiler that takes a line of code in an input

language—in our case, machine instructions like G-code—and outputs code as a graphical element

in a visualization as represented by code in a visualization language. In our implementation, we

used the Three.js library [Cab14] as a target language; Three.js generates meshes of geometric

primitives such as cylinders that can be composed into more complex 3D visualizations.

Given a one-to-one approach, we can think of a TSS-as-compiler as implementing an alternative

semantics for a given machine instruction. For example, a typical “semantics” of two tool movement

instructions (e.g., the G1 command in G-code) on a vinyl cutter with the cutting blade down is

to produce two cuts in the physical world. Under 𝑇𝑆𝑆𝑠ℎ𝑎𝑟𝑝 , which highlights sharp angles in a

toolpath, the compiler instead generates two corresponding visual elements to represent the tool

movements, checks if the lines form an angle below the minimum threshold in 𝑃 , and generates a

highlight if so.

One advantage of considering a TSS to be compilation is that we can think at the instruction-

level of machine behavior: from the bottom up rather than the typical top-down viewpoint. If

a fabricator wants to implement their own TSS, they need only think of how instructions (such

as movement commands or blade pickups and set-downs) map to discrete visual elements in an

output visualization.

However, this same one-to-one simplicity of the approach is also a major weakness: if a

fabricator needs to write a TSS where machine instructions do not map cleanly to visual output,

then designing the mapping from single instruction to visual elements becomes increasingly

complicated. At the very least, the fabricator would need to take multiple pre-processing passes

over the instructions before generating the visualization. For example, with the implementation
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Require: 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠
𝑝𝑜𝑖𝑛𝑡𝑠 ← [ ]
for 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 in 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠 do
𝑜𝑝𝑐𝑜𝑑𝑒 ← 𝑝𝑎𝑟𝑠𝑒𝑂𝑝𝑐𝑜𝑑𝑒 (𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛)
if 𝑜𝑝𝑐𝑜𝑑𝑒 = “G0” or 𝑜𝑝𝑐𝑜𝑑𝑒 = “G1” then
𝑋,𝑌, 𝑍, 𝐹, 𝐸 ← 𝑝𝑎𝑟𝑠𝑒𝐴𝑟𝑔𝑠 (𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛)
𝑝𝑢𝑠ℎ(𝑝𝑜𝑖𝑛𝑡𝑠,𝑉𝑒𝑐𝑡𝑜𝑟3(𝑋,𝑌, 𝑍 ))

end if
end for
𝑐𝑢𝑟𝑣𝑒 ← 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑒 (𝑝𝑜𝑖𝑛𝑡𝑠)

𝑐𝑜𝑙𝑜𝑟𝑠 ← [ ]
𝑓 ← ... {Choose a constant frequency for cycling colors.}
𝜙𝑟 , 𝜙𝑔, 𝜙𝑏 ← ... {Choose a constant phase offset per channel.}
for ( , 𝑖𝑛𝑑𝑒𝑥) in 𝑐𝑢𝑟𝑣𝑒 do
𝑟𝑒𝑑 ← 𝑠𝑖𝑛(𝑓 × 𝑖𝑛𝑑𝑒𝑥 + 𝜙𝑟 )
𝑔𝑟𝑒𝑒𝑛 ← 𝑠𝑖𝑛(𝑓 × 𝑖𝑛𝑑𝑒𝑥 + 𝜙𝑔)
𝑏𝑙𝑢𝑒 ← 𝑠𝑖𝑛(𝑓 × 𝑖𝑛𝑑𝑒𝑥 + 𝜙𝑏)
𝑝𝑢𝑠ℎ(𝑐𝑜𝑙𝑜𝑟𝑠,𝐶𝑜𝑙𝑜𝑟 (𝑟𝑒𝑑, 𝑏𝑙𝑢𝑒, 𝑔𝑟𝑒𝑒𝑛))

end for

𝑚𝑒𝑠ℎ𝑒𝑠 ← [ ]
for (𝑠𝑒𝑔𝑚𝑒𝑛𝑡, 𝑖𝑛𝑑𝑒𝑥) in 𝑐𝑢𝑟𝑣𝑒𝑠 do
𝑐𝑜𝑙𝑜𝑟 ← 𝑐𝑜𝑙𝑜𝑟𝑠 [𝑖𝑛𝑑𝑒𝑥]
𝑚𝑒𝑠ℎ ← 𝑀𝑒𝑠ℎ(𝑐𝑢𝑟𝑣𝑒, 𝑐𝑜𝑙𝑜𝑟 )
𝑝𝑢𝑠ℎ(𝑚𝑒𝑠ℎ𝑒𝑠,𝑚𝑒𝑠ℎ)

end for

return 𝑚𝑒𝑠ℎ𝑒𝑠

Figure 4.2: One-to-One Approach for a TSS that Maps a Instructions in a Toolpath to a Color

Spectrum. This implementation assumes a toolpath using G-code instructions.
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of 𝑇𝑆𝑆ℎ𝑒𝑎𝑡 described in Figure 4.3, there is no immediate correspondence between an instruction

and a shaded area on the heat map. A fabricator implementing this TSS must first bin write the

logic to sample the toolpath, bin the samples across subspaces of the work envelope, and color the

bins based on relative frequency of samples in each bin.

4.2 Grammar of Graphics-Based Compilation

To address the issues raised by one-to-one compilation, we naturally turn to techniques from

data visualization. In particular, we identify the grammar of graphics as the approach from which

we borrow [WW05]. The grammar of graphics is a theoretical framework for organizing visual

elements in a visualization where the elements are categorized and formalized in a grammar. A

visualization is decomposed into axes, marks, transforms, and more high-level concepts that are

specified declaratively.

To illustrate why this approach gives us more expressive power for building a TSS, consider

the plots shown in Figure 4.8. With a one-to-one mapping approach, we could straightforwardly

generate the line plot (top-left) by just placing a line on the graph for the line segment corre-

sponding to a move instruction. However, for the histogram (top-right) and density (bottom-left)

plots, we encounter the same problem we observed with 𝑇𝑆𝑆ℎ𝑒𝑎𝑡 , i.e., we must compute many

intermediate processing steps to generate different visual elements, even though the underlying

data is the same. In contrast, because the grammar of graphics is declarative, we need only add a

transform to concisely obtain a large visual change that provides a completely different view of

the same data. It is exactly this declarative, expressive language that lets a TSS quickly visually

ascertain highly distinct concerns given a fixed toolpath and parameter collection.
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Require: 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠
𝑐𝑢𝑟𝑣𝑒 ← ... {Build a curve as done in the previous TSS.}
𝑟𝑎𝑡𝑒 ← 100 {E.g., 100 to sample a point every 100ms.}
𝑝𝑜𝑖𝑛𝑡𝑠 ← 𝑠𝑎𝑚𝑝𝑙𝑒𝐶𝑢𝑟𝑣𝑒 (𝑐𝑢𝑟𝑣𝑒, 𝑟𝑎𝑡𝑒)

𝑏𝑖𝑛𝐻𝑒𝑖𝑔ℎ𝑡, 𝑏𝑖𝑛𝑊 𝑖𝑑𝑡ℎ ← ...{Choose bin sizes for the histogram.}
𝑔𝑟𝑖𝑑 ← [ ][ ]
𝑠𝑒𝑡𝑍𝑒𝑟𝑜𝐴𝑙𝑙 (𝑔𝑟𝑖𝑑)
for 𝑝𝑜𝑖𝑛𝑡 in 𝑝𝑜𝑖𝑛𝑡𝑠 do
𝑟𝑜𝑤 ← 𝑝𝑡 .𝑦

𝑏𝑖𝑛𝐻𝑒𝑖𝑔ℎ𝑡

𝑐𝑜𝑙 ← 𝑝𝑡 .𝑥

𝑏𝑖𝑛𝑊 𝑖𝑑𝑡ℎ

𝑔𝑟𝑖𝑑 [𝑟𝑜𝑤] [𝑐𝑜𝑙] ← 𝑔𝑟𝑖𝑑 [𝑟𝑜𝑤] [𝑐𝑜𝑙] + 1

end for

𝑚𝑎𝑥𝐶𝑜𝑢𝑛𝑡 ←𝑚𝑎𝑥 (𝑔𝑟𝑖𝑑)
𝑚𝑒𝑠ℎ𝑒𝑠 ← [ ]
for (𝑟𝑜𝑤, 𝑐𝑜𝑙) in 𝑔𝑟𝑖𝑑 do
𝑐𝑜𝑢𝑛𝑡 ← 𝑔𝑟𝑖𝑑 [𝑟𝑜𝑤] [𝑐𝑜𝑙]
𝑜𝑝𝑎𝑐𝑖𝑡𝑦 ← ( 𝑐𝑜𝑢𝑛𝑡

𝑚𝑎𝑥𝐶𝑜𝑢𝑛𝑡
)3 {Exponent darkens low counts.}

𝑏𝑜𝑥 ← 𝑏𝑜𝑥𝐴𝑡 (𝑟𝑜𝑤 × 𝑏𝑖𝑛𝐻𝑒𝑖𝑔ℎ𝑡, 𝑐𝑜𝑙 × 𝑏𝑖𝑛𝑊 𝑖𝑑𝑡ℎ)
𝑚𝑒𝑠ℎ ← 𝑀𝑒𝑠ℎ(𝑏𝑜𝑥, 𝑜𝑝𝑎𝑐𝑖𝑡𝑦)
𝑝𝑢𝑠ℎ(𝑚𝑒𝑠ℎ𝑒𝑠,𝑚𝑒𝑠ℎ)

end for

return 𝑚𝑒𝑠ℎ𝑒𝑠

Figure 4.3: Naı̈ve Heat Map TSS Using One-to-One Compilation. This approach makes it difficult

to reason about the temporal closeness of points, namely, that we should bin sampled points only

if they occur close to each other in time. Otherwise, laser passes over an area of space might get

binned even if they occur far apart in time and thus have little risk of causing a fire.
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4.2.1 Compilation Approach

To implement a TSS using a grammar of graphics approach, we take three passes over the data,

again beginning with initial machine instructions and ending with visual marks on plots.

1. Lower the machine instructions into a simulated machine trajectory. A trajectory comprises

a series of segments each with an initial and final velocity. These segments provide velocity,

acceleration, and time data for downstream visualization.

2. Transform the trajectory into one of several possible intermediate representations (IRs).

This is akin to parsing tokens into an abstract syntax tree in traditional compilation.

3. Visualize the intermediate representation by declaring marks in the visualization grammar.

A mark is a mapping from data—here the IR—into visual elements. This step is similar to

the code generation step of traditional compilation.

In our implementation, we use the Javascript-based Observable Plot grammar [Obs23a], which

is similar to the Vega-Lite grammar [SMWH17], itself an implementation of the grammar of

graphics with support for interactivity.

Using a declarative grammar-based approach rather than being forced to consider one-to-one

mappings of instructions to visual elements frees us from two crucial limitations. First, it lets us

more readily create visualizations where visual elements are not necessarily mapped to 3D space.

With a compiler-based approach, we would tend to map instructions to where things “happen” in

3D space. In contrast, with an expressive grammar, a TSS implementor has the opportunity to

explore diverse representations established in data visualization literature that do not map directly

to 3D, but that more effectively call attention to important aspects of a toolpath.

Second, we step away from the imperfect analogy of a machine instruction as an assembly

instruction for a CPU. While assembly code comprises primitives that must necessarily be sup-
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Figure 4.4: Toolpaths (Left) and Respective Trajectories (Right). In the first row, the trajectory for

the star toolpath shows the velocity (blue) dropping to a pre-defined junction velocity close to

zero as the tool turns the star’s corners. The second row shows the trajectory for a finishing pass

for milling a propeller, while the third shows just a subset of the same toolpath. All units are in

inches (position), in / s (velocity, blue) and in / s
2

(acceleration, red).
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ported by its CPU’s architecture, the same is not true for instructions for physical machines,

whose execution could have multiple possible outcomes in the physical world depending on the

machine’s kinematic limits (e.g., maximum acceleration and velocity ramping profile), among

other physical realities of a machine. By processing instructions into velocity and acceleration

data points, like machine controller firmware would, we unlock finer-grain visualization than

even many off-the-shelf toolpath visualizers provide, such as the one found in Autodesk Fusion

360 [Aut22].

4.2.2 Lower Instructions to a Trajectory

The first step in the process is to generate a trajectory that the machine’s tool will follow. The

trajectory implements the positional requirements specified in machine instructions, but also adds

velocity, acceleration, and time information that make the toolpath physically possible. These

additional physical parameters give us far more data to transform and visualize than machine

instructions alone.

Concretely, a trajectory is composed of segments, where each segment moves from a start

to an end in R3
, thus also representing motion along a unit vector 𝑢. Each segment has a profile

describing its kinematic information: its start and end velocity (𝑣0, 𝑣), its acceleration 𝑎, the time

𝑡 it takes to complete the segment, and the magnitude of movement 𝑚. The main idea behind

trajectory generation is set the velocities of the segments as high as possible while also respecting

the need to slow around corners, the kinematic limits of the machine, and the need to accelerate

before reaching a given velocity. Figure 4.4 displays examples of toolpaths and their respective

trajectories.

In the implementation described in Figure 4.5, we assume that all segments are lines with a

linear velocity profile; each segment can only accelerate a constant amount and can only move in
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Require: 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠, 𝑘𝑙 {𝑘𝑙 stands for “kinematic limits” provided by the fabricator.}
𝑧𝑒𝑟𝑜𝑃𝑎𝑠𝑠 ← 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠) {An array of line segments that comprise the trajectory.}

𝑓 𝑜𝑟𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠 ← [ ]
𝑣𝑠𝑡𝑎𝑟𝑡 ← 0

for 𝑙𝑠 in 𝑧𝑒𝑟𝑜𝑃𝑎𝑠𝑠 do
𝑣𝑠𝑐𝑎𝑙𝑒 ←𝑚𝑎𝑥𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑆𝑐𝑎𝑙𝑖𝑛𝑔(𝑙𝑠 .𝑢, 𝑘𝑙 . ®𝑣𝑚𝑎𝑥 ) {𝑙𝑠 .𝑢 is segment’s unit vector.}
𝑣 𝑗 ← 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑙𝑠, 𝑙𝑠 .𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠, 𝑘𝑙) {Slow down as needed for corners.}
𝑣𝑠𝑡𝑎𝑟𝑡 ←𝑚𝑖𝑛(𝑣𝑠𝑡𝑎𝑟𝑡 , 𝑣 𝑗 )
if (𝑙𝑠 .𝑣0 > 𝑣𝑠𝑐𝑎𝑙𝑒) ∨ (𝑙𝑠 .𝑣 > 𝑣𝑠𝑐𝑎𝑙𝑒) then
𝑙𝑠 ← 𝑐𝑙𝑖𝑝𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑖𝑒𝑠 (𝑙𝑠, 𝑣𝑠𝑐𝑎𝑙𝑒)

end if
if |𝑙𝑠 .𝑎 | > 𝑙𝑠 .𝑎𝑚𝑎𝑥 then
𝑙𝑠 ← 𝑐𝑙𝑖𝑝𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛( 𝑙𝑠 .𝑎𝑚𝑎𝑥×𝑙𝑠 .𝑎

|𝑙𝑠 .𝑎 | )
end if
(𝑙𝑠𝐴, 𝑙𝑠𝐵) ← 𝑝𝑙𝑎𝑛𝑆𝑒𝑔𝑚𝑒𝑛𝑡 (𝑙𝑠, 𝑣𝑠𝑡𝑎𝑟𝑡 ) {Two half-length segments that may change slope.}
𝑣𝑠𝑡𝑎𝑟𝑡 ← 𝑙𝑠𝐵.𝑣

𝑓 𝑜𝑟𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠.𝑝𝑢𝑠ℎ(𝑙𝑠, 𝑙𝑠𝐵)
end for

𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠 ← [ ]
𝑣𝑠𝑡𝑎𝑟𝑡 ← 𝑓 𝑜𝑟𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠 [𝑙𝑒𝑛𝑔𝑡ℎ(𝑓 𝑜𝑟𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠) − 1] .𝑣
for 𝑙𝑠 in 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 (𝑓 𝑜𝑟𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠) do
(𝑙𝑠𝐴, 𝑙𝑠𝐵) ← 𝑝𝑙𝑎𝑛𝑆𝑒𝑔𝑚𝑒𝑛𝑡 (𝑙𝑠, 𝑣𝑠𝑡𝑎𝑟𝑡 )
𝑣𝑠𝑡𝑎𝑟𝑡 ← 𝑙𝑠𝐴.𝑣0

𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠.𝑝𝑢𝑠ℎ(𝑙𝑠𝐴, 𝑙𝑠𝐵)
end for

return 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 (𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑𝑃𝑎𝑠𝑠)

Figure 4.5: Trajectory Generation. At a high level, the algorithm divides a toolpath into discrete

segments, takes a first pass over the segments’ profiles containing initial and final velocities

𝑣0 and 𝑣 , and takes a pass in the other direction to correct discontinuous velocities between

segments.
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Require: 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠, 𝑠𝑖𝑧𝑒𝑤

𝑐𝑜𝑠𝑡 ← 𝜆(𝑑,Δ𝑡) →𝑚𝑎𝑥 (0, ln𝑑−1

Δ𝑡 ) {Edge case: if 𝑑 = 0 ∨ Δ𝑡 = 0, return 0.}
𝑖𝑐𝑒𝑛𝑡𝑒𝑟 ← ⌊𝑤𝑠𝑖𝑧𝑒

2
⌋

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑𝑃𝑜𝑖𝑛𝑡𝑠 ← [ ]
for (𝑙𝑠, 𝑖) in 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 do
𝑤𝑖𝑛𝑑𝑜𝑤 ← 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 [𝑖 − 𝑖𝑐𝑒𝑛𝑡𝑒𝑟 : 𝑖 + 𝑖𝑐𝑒𝑛𝑡𝑒𝑟 ] {Skip the loop when 𝑖 is out of bounds.}
𝑐𝑒𝑛𝑡𝑒𝑟 ← 𝑤𝑖𝑛𝑑𝑜𝑤 [𝑖𝑐𝑒𝑛𝑡𝑒𝑟 ]
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 ← [ ]
for (𝑙𝑠, 𝑖) in 𝑤𝑖𝑛𝑑𝑜𝑤 do
𝑑 ← ∥𝑙𝑠 .𝑠𝑡𝑎𝑟𝑡, 𝑐𝑒𝑛𝑡𝑒𝑟 .𝑠𝑡𝑎𝑟𝑡 ∥

2

𝑠𝑢𝑏𝑤𝑖𝑛𝑑𝑜𝑤 ← [ ]
if 𝑖 < 𝑖𝑐𝑒𝑛𝑡𝑒𝑟 then
𝑠𝑢𝑏𝑤𝑖𝑛𝑑𝑜𝑤 ← 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 [𝑖 : 𝑖𝑐𝑒𝑛𝑡𝑒𝑟 ]

else
𝑠𝑢𝑏𝑤𝑖𝑛𝑑𝑜𝑤 ← 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 [𝑖𝑐𝑒𝑛𝑡𝑒𝑟 : 𝑖]

end if
Δ𝑡 ← 𝑟𝑒𝑑𝑢𝑐𝑒 (𝑠𝑢𝑏𝑤𝑖𝑛𝑑𝑜𝑤, 𝜆(𝑡, 𝑙𝑠) → 𝑡 + 𝑙𝑠 .𝑡)
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠.𝑝𝑢𝑠ℎ(𝑐𝑜𝑠𝑡 (𝑑,Δ𝑡))

end for
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑𝑃𝑜𝑖𝑛𝑡𝑠.𝑝𝑢𝑠ℎ({𝑥 : 𝑙𝑠 .𝑥, . . . ,𝑤𝑒𝑖𝑔ℎ𝑡 : 𝑟𝑒𝑑𝑢𝑐𝑒 (𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠, 𝑠𝑢𝑚)})

end for

return 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑𝑃𝑜𝑖𝑛𝑡𝑠

Figure 4.6: Parsing Line Segments to Time-Distance-Weighted Points. For a given segment, the

algorithm considers a window of points of nearby segments in the toolpath down-weighted by

distance and time away. Segments near many other points in time-distance window are weighted

highly, and vice versa for those far from others.
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Require: 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠, 𝜃𝑚𝑎𝑥 ,Δ𝑧𝑚𝑎𝑥

𝑠ℎ𝑎𝑟𝑝𝑃𝑎𝑖𝑟𝑠 ← [ ]
for (𝑙𝑠, 𝑖) in 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 do
𝑙𝑠𝑛𝑒𝑥𝑡 ← 𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠 [𝑖 + 1] {Skip the case where 𝑖 + 1 = 𝑙𝑒𝑛𝑔𝑡ℎ(𝑙𝑖𝑛𝑒𝑆𝑒𝑔𝑚𝑒𝑛𝑡𝑠)}
if 𝑙𝑠 .𝑠𝑡𝑎𝑟𝑡 .𝑧 < 0 ∧ 𝑙𝑠𝑛𝑒𝑥𝑡 .𝑠𝑡𝑎𝑟𝑡 .𝑧 < 0 then
if |𝑙𝑠 .𝑠𝑡𝑎𝑟𝑡 .𝑧 − 𝑙𝑠𝑛𝑒𝑥𝑡 .𝑠𝑡𝑎𝑟𝑡 .𝑧 ≤ Δ𝑧𝑚𝑎𝑥 | then
𝜃 ← arccos

(
− 𝑙𝑠
∥𝑙𝑠 ∥

2

· 𝑙𝑠𝑛𝑒𝑥𝑡
∥𝑙𝑠𝑛𝑒𝑥𝑡 ∥2

)
if 𝜃 < 𝜃𝑚𝑎𝑥 then
𝑠ℎ𝑎𝑟𝑝𝑃𝑎𝑖𝑟𝑠.𝑝𝑢𝑠ℎ((𝑙𝑠, 𝑙𝑠𝑛𝑒𝑥𝑡 ))

end if
end if

end if
end for

return 𝑠ℎ𝑎𝑟𝑝𝑃𝑎𝑖𝑟𝑠

Figure 4.7: Parsing Line Segments to Sharp Angle Pairs. The algorithm outputs an intermediate

representation which comprises pairs of line segments where the interior angle of the segments

is less than a fabricator-supplied 𝜃𝑚𝑎𝑥 . Segment pairs whose displacement on the z-axis is greater

than Δ𝑧𝑚𝑎𝑥 are not considered.

a straight line. Most desktop-class machine controllers discretize curved parts of a toolpath into

non-smooth line segments which are short enough as to not compromise precision in most cases.

However, more advanced controllers can also produce smooth curves at the hardware level. For

now, we sample instructions that specify curves into small line segments, though functionality for

curves and higher-order profiles could be added in the future.

4.2.3 Parse to Intermediate Representations using Transforms

After gaining kinematic data, we must transform the data to a representation better suited for

task-specific visualizations. Transforms are an established component of the grammar of graphics;

their role is to do the “heavy lifting” of getting the data into the right shape for a given visualization.

Similar to other grammar of graphics-based libraries, Observable Plot comes with several built-
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in transforms such as binning, filtering, and grouping. However, in the case of task-specific

visualizations for machine behavior, we will need to define our own transforms.

The result of the transforms are intermediate representations that are more amenable to

translating into visual elements. For example, in Figure 4.6, for any given line segment, we

consider a window of other line segments that are nearby in both space and time. The more

other segments are clustered around a given segment, the “hotter” the segment’s neighborhood

will be. To accurately model this heat, we need time data gained by trajectory generation. The

IR produced by this algorithm is a collection of points with additional weights calculated by

weighting neighboring segments in the window according to a predefined cost function. As

another example, Figure 4.7 outputs an IR of pairs of segments whose internal angle is less than a

fabricator-specified maximum angle.

What is the benefit of generating intermediate representations? First, it solves the problem

encountered with the one-to-one approach where we need to map low-level machine data to

aggregated visual elements. Transforming data into IRs lets us filter, combine, and group kinematic

data similar to pre-defined transforms. Second, IRs act as an interface between: the heavy

computation of trajectories and post-processing described so far, and the computationally lighter

front-end task of actually rendering the data using marks, as described below. These performance

considerations become more important as toolpaths become larger and faster interaction response

times are needed.

4.2.4 Generate Visual Marks

Now that we have intermediate representations that are well-suited to visualization, all we need

to do is pass the IRs to marks in a plot. A mark is a visual primitive that generates visual output

depending on the shape of the data passed to it. For example, Figure 4.8 show the same time-
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Figure 4.8: Heat Maps using Marks. Top-left) a roughing pass for a propeller with segments

rendered with the line mark. Top-right) the same toolpath with the time-distance-weighted

intermediate representation (IR) rendered using the rect mark. Bottom-left) the same IR rendered

using the density mark. Bottom-right) Slicing only the second milling pass of toolpath with

both line and density marks displayed. Units are inches.

Figure 4.9: Sharp Angle Visualization using Marks. Left) Using the sharp angle detection IR,

the plot marks all junctions in the IR with the dot mark. Right) the same visualization for the

propeller roughing pass. Units in inches.
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Plot.rect(IR.tdWeighted,
Plot.bin(

{ fill: ’proportion’ },
{

x: { value: ’x’,
interval: 0.1 },

y: { value: ’y’,
interval: 0.1 }

}
)

Plot.density(IR.tdWeighted, {
x: ’x’,
y: ’y’,
weight: (pt) => {

return pt.z <= 0
? pt.weight : 0;

},
bandwidth: 3,
fill: ’density’

})

Plot.dot(IR.sharpAnglePairs, {
r: 5,
opacity: 0.8,
strokWidth: 0,
fill: ’red’,
x: (pair)

=> pair[0].end.x,
y: (pair)

=> pair[0].end.y
})

Figure 4.10: Observable Plot Marks for the Heat Histogram, Heat Density, and Sharp Angle TSS.

All marks take as data an intermediate representation (here tdWeighted and sharpAnglePairs)

and specify only visual properties.

distance-weighted points being rendered with the rect mark (top-right) and with the density

mark (bottom-left). The top-left and bottom-right plots also contain line marks with line segments

passed in. Multiple marks can be included in a single plot.

As another example, Figure 4.9 displays the dot marks whose X and Y positions are the middle

points of pairs in the sharp angle IR. The complete specification of all these marks are written in

Figure 4.10.

The major advantage of marks is that, given appropriate IRs, fabricators can rapidly experiment

with new visual forms of data by switching out different marks while keeping the rest of the

parameters of the plot the same. However, Observable Plot, alongside other grammar of graphics

libraries, includes other parameters with which we have not yet experimented, for example:

faceting, scales, and fill and stroke channels. More exploration of these features is left as future

work.
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Figure 4.11: Dashboard for Interactively Exploring TSS. The fabricator chooses different toolpaths

(drop-down menu), kinematic limits (number fields), and TSS (checkboxes). The top shows the

z-position of the toolpath over time; fabricators can brush this profile to select only a subset of

the toolpath to visualize. The subset’s trajectory and XY plots are shown thereunder, and the

constituent machine instructions for the subset are displayed on the right.
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4.3 Dashboards and Interaction

So far, we have built a visual compiler pipeline using modern data visualization infrastructure.

While we have likened a TSS to compilation, there is one advantage distinct from traditional

compilation that the grammar of graphics-based approach provides: interaction. This is because,

for experimental fabrication, static visualizations are not enough. Fabricators need to: drill down

and explore fine-grain parts of a toolpath, zoom back out to ascertain high-level trends, and

experiment with different visualizations.

To this end, we prototyped a dashboard with various interactions as shown in Figure 4.11. In

this dashboard, a fabricator brushes the top plot, which displays the z-position of the tool (Y-axis)

with respect to the segment in the sequence (X-axis). Brushing selects a subset of this toolpath,

causing the trajectory plot and XY plot with TSS to re-compute and re-render to show data for

only the subset. The dashboard also displays the corresponding machine instructions for the

selection to the right, in case the fabricator needs to debug particular problematic instructions.

In addition, the fabricator can adjust the kinematic limits at the top of the dashboard; such

fiddling of parameters is a common task for fabricators who currently must do so with only

intuition as a guide. Changing kinematic limits also re-computes the trajectory and and re-renders

associated visualizations, showing often-significant differences as demonstrated in Figure 4.12.

While we were building the dashboard from custom code, the developers of Observable

Plot released Observable Framework [Obs24], which automatically generates dashboards from

source code. In particular, fabricators can implement the first two parts of the approach (trajectory

generation and IR generation) in any language while keeping the plotting functionality in Javascript

or Typescript. We aim to migrate to Observable Framework moving forward.
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Figure 4.12: Experimenting with Kinematic Limits. Top-left) linear and density-based heatmap

TSS for a CNC milling toolpath for multiple gears. The maximum XY velocities are set to 3.7 in / s

and maximum accelerations set 1.4 in / s. Top-right) the respective trajectory. Middle) the same

TSS of a slice of the toolpath. Bottom) the same with modified, anisotropic limits: a maximum X

velocity of 10 in / s, a maximum Y velocity of 6 in / s, and accelerations half thereof on respective

axes. The changed limits result in a lower milling time, a lower-frequency trajectory, and a slightly

different heat distribution.
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4.4 Verso: an Early Programming Environment for TSS

We wanted to place TSS in an interactive programming environment. Before we adapted compu-

tational notebooks as a foundation for this environment (described in Chapter 5 and Chapter 6),

we created our own prototypical environment called Verso. We describe Verso’s approach for

historical reasons and to motivate some of the later functionality that we further explored with

bona fide computational notebooks.

We implemented Verso as a prototype computational notebook environment using Typescript

and React.js, with a backend written using Node.js. The application consists primarily of an

in-browser editor that lets fabricators write workflow code in Javascript, a language accessible

to many fabricators. As the fabricator types, Verso assesses input events and continuously re-

evaluates the fabricator’s code. It provides a library of classes for representing common concepts

in digital fabrication, such as Machine and Geometry.

In addition to raw code, fabricators can use modules by writing a module function. A module

function is a function that begins with the $ symbol, such as $geometryGallery. As soon as the

fabricator types in a module function, Verso generates the module’s GUI immediately below the

program line containing that function. The fabricator can then use the module’s GUI to make

graphical changes, which can affect the return value of the module function. As described further

in Section 4.4.1, modules are I/O monads that handle any input-output in a separate evaluation

context from the main workflow program. As a result, modules can communicate with the backend

to perform tasks such as selecting a geometry file, sending data over a serial connection to a

machine, or guiding the user through calibrating a projection. Deleting the module function

causes the module’s associated GUI to disappear.

Using raw code and modules, the fabricator eventually generates machine instructions, the

low-level commands that control a machine. To develop an understanding of what the machine
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would do if it ran a set of instructions, including any potential issues that could occur, fabricators

use TSS to translate a set of instructions into a visualization. Each TSS is designed for a specific

fabrication scenario, and each provides a different “view” of a set of instructions. Fabricators use

the toolpathVisualizer module to select the desired TSS for the set of instructions currently

passed into the module function. Together, changes to the workflow code and to modules result

in near-immediate visual feedback via TSS.

For our current implementation, we chose to prototype Verso’s features as a standalone com-

putational notebook environment. This allowed us to more freely build and test ideas without

concern for how well they would integrate with an existing notebook system. In Chapter 5, we

will implement Verso’s features in popular computational notebook systems such as Observ-

able [Bos18].

4.4.1 Modules: Embedded GUIs that Encapsulate Physical Control

Though representing digital fabrication workflows as live programs offers advantages, it introduces

additional issues. First, many tasks in digital fabrication are graphical by nature. For example,

selecting and processing geometries, tuning machine parameters, and previewing toolpaths

require graphical interfaces for smooth experimentation. Second, fabricators must constantly

communicate with external digital and physical processes, e.g., writing instructions to the physical

machine over a serial connection.

In many programming languages, to perform tasks like I/O, programmers write impure func-

tions, which are functions that cause side effects. Such a side effect might include logging data to

the console, or, in Verso’s case, causing a machine to move. Verso’s live environment means that

functions might be called many times per second. In this case, impure functions would cause many

unnecessary and potentially unsafe side effects like repeated machine movements. Furthermore,
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as noted previously, our design aims to maintain a clean boundary between the flow of data in the

program and code dedicated to I/O.

To solve both issues, Verso instead represents an I/O step of the workflow as a pure function

that defers the effectful code, which may cause side effects separate from the main workflow’s

evaluation context. Module functions are pure functions that generate an associated GUI. While

module functions may be called repeatedly by the live editor, effectful code is called within the

module’s own evaluation context, which is separate from the main workflow.

Modules afford graphical control in a programmatic context while also providing a layer of

encapsulation around effectful code. Their functions optionally accept arguments and return

values. Each module’s associated GUI is rendered inline with code. When fabricators interact with

the module’s GUI (e.g., scrubbing a slider), the output of the module function’s output changes

accordingly. For example, the dispatcher module lets fabricators stage toolpaths to send to

the physical machine; these are only sent after the fabricator clicks the “dispatch” button in the

module’s GUI. To do this, the $dispatcher module function accepts an array of toolpaths and

returns an empty value. At the same time, each toolpath passed to the module function as an

argument appears in the module’s GUI. Once the fabricator clicks the “dispatch” button, only then

does effectful code execute, and it executes within the module’s evaluation context and not within

the live workflow program. Modules reflect monadic I/O patterns from functional programming

[PJJ98, Wad92] and build off of livelits by Omar et al [OMB
+
21].

4.4.2 Example Modules

Verso currently supports several modules that bridge code and the physical world. We briefly

elaborate on three modules for accomplishing tasks from the usage scenario’s plotter example.
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Figure 4.13: Plotting a Torus in Verso. When writing code in the editor, fabricators can add calls

to module functions that generate associated embedded GUIs.
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A module that calibrates a projected visualization for a machine’s physical space. A

Verso Tabletop object represents a virtual machine work space along with a homography that

maps the virtual space to its true physical location. To calculate the homography, fabricators must

map four virtual points to four physical points and then solve for a 3𝑥3 matrix representing the

transformation. To do this, tabletopCalibrator projects a box representing a 2D projection of

the machine’s work envelope, that is, the total space in which the machine’s tool can move. The

module then prompts fabricators to use a mouse to drag the box’s corners to match the physical

ground truth work envelope, e.g., the boundaries of the machine’s bed or a maximal box drawn by

machines without a bed. Once this routine is complete, the module calculates the homography.

The associated $tabletopCalibrator function in the workflow returns Tabletop objects with

this homography such that any toolpaths and visualizations generated using the Tabletop will

use correct physical coordinates.

A module that leverages existing machine toolpathing software. Verso can interface with

current software tools because modules provide a thin abstraction around external processes. For

example, the axidrawDriver module’s associated function takes as input a vector geometry and

outputs a toolpath of EBB commands that the Axidraw plotter understands. axidrawDriver

communicates with the open-source Axidraw driver [Win22] to compute the toolpath. Our current

implementation implements a backend function that forks a process that runs the Axidraw driver.

When running this process on the the backend server, the module submits an HTTP request

to pass the geometry data to the server, which in turn passes it to the process and returns the

resulting toolpath as an HTTP response. In this case, we reverse engineered a placeholder to

intercept instructions that the driver output. In general, the effort needed to implement a wrapper

module depends on the availability of APIs from existing software tools.
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A module that connects to and initializes a physical machine. Many machines require

initialization procedures before each use, including homing the machine’s axes to establish absolute

bounds and zeroing the machine by having the end-user fabricator set a physical point to represent

the origin. Verso’s machineInitializer module handles these tasks; it is parameterized over

the type of machine passed in as input to the $machineInitializer function. For example, for

the Jubilee CNC machine [VTSTOP20], the module exposes subroutines for connecting to the

machine over a serial port and sends G-Code to the machine to home its axes in the required

order. Fabricators execute these subroutines using graphical input and can debug and edit module

subroutines as needed. The $machineInitializer function returns a Machine object marked as

{initialized: true} if and only if the module has received input from the physical machine

that it was homed and zeroed correctly.

4.4.3 Implementing Custom Modules

Fabricators can add new modules or extend existing ones as additional applications arise. To create

a module, they must provide a new class that extends the Module superclass in Verso, maintains

its own state, and defines the following:

• expand(): a method that synthesizes the module function to be run in the workflow code.

For example, the expand method for tabletopCalibrator returns a string representation

of a function named $tabletopCalibrator that will be inserted into the workflow imme-

diately before runtime. The function takes a Tabletop object as a parameter and returns an

adjusted Tabletop object as a result of the manual calibration, as shown in Figure 4.14.

• render(): a method that returns HTML for the module’s GUI, including any text, buttons,

and visualizations shown in the GUI. This method shadows React.Component’s render

method and is called whenever the module’s state is updated.
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Figure 4.14: Calibrating Visualizations for a Physical Machine. 2D projections of a visualization

do not initially match the machine’s coordinate space. Using the TabletopCalibrator module

(not pictured), the plotter draws a ground truth bounding box (upper left). The fabricator uses the

mouse to interactively draw the projected bounding box to match the physical one (upper right).

Once the bounding boxes match (lower left), TabletopCalibrator computes a homography to

correctly map the projection to the machine coordinate space so visualizations precisely match

where the plotter moves (lower right).
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• handleInput() (multiple): methods that handle fabricator input (e.g., slider scrub, button

press). These methods can modify the module’s state, which causes the module to re-render.

They can also call action methods to perform I/O.

• action() (multiple): methods for performing I/O. For example, dispatcher accesses the

serial port associated with the machine and writes data over it. These methods can interface

with a server over HTTP, as well. They also perform any needed calculations, such as

computing the homography to localize visualizations to visual space.



Chapter 5

Experimental Workflows as

Computational Notebook Programs

“[The] learner always gets the experience of interactively controlling

the lower-level details, understanding them, developing trust in them,

before handing off that control to an abstraction and moving to a higher level of control.”

— Bret Victor, Learnable Programming [Vic12]

In the last few decades, digital fabrication tools that previously existed only in professional

machine shops have become increasingly available to a wider and more varied group of makers

[And14, Ger07]. As computer systems moved out of the work place to become increasingly preva-

lent in domestic, educational, ludic, and aesthetic contexts [Bø06], so did digital fabrication systems

reach new sites and groups, creating new priorities and challenges for digital fabrication research.

In particular, subtractive manufacturing machines such as CNC (computer numerically controlled)

mills—as opposed to additive manufacturing machines like 3D printers—present additional barriers

to makers without experience in traditional machine shops, such as safety and tool knowledge.

107
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Figure 5.1: Snippets from the D1: QuickDraw Notebook. Left: the notebook is divided up into

separate parts (top), for example, a step for calculating feed and speed values based on the user’s

tooling and material setup (bottom). Middle: the user can sketch a geometry freehand, by defining

control points, or by importing geometry (top) and then visualize the toolpath in-situ using the

AR overlay. Right: users can experiment with the cutting depth of the toolpath (top) and dispatch

the job to obtain a quickly milled prototype (bottom).
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Yet, the existence of digital fabrication systems outside of exclusively industrial contexts indicate

a new opportunity: to rethink digital fabrication systems in the light of new priorities, namely

expressivity and customization rather than replication and mass production. Artists, designers,

entrepreneurs, hobbyists, and other makers prioritize the exploration of new physical forms, the

development of original workflows, and the production of bespoke or customized artifacts, rather

than the high volume reproduction of a single geometry [JZ15, TSTOP21, Zor16].

We consider the example of a fictional user, Talia. Talia is an artist and product designer

who makes ceramic home decorations and objects: drinkware, candle holders, plant pots and

accessories. The designs are unique and rely on custom molds that Talia makes herself with a

CNC mill. She generates the mold designs in CAD software and then creates toolpaths using a

CAM tool, which she then sends to her studio CNC mill. She uses the milled positives to create

plaster molds which she uses to create the ceramic pieces.

While her small local business is thriving, Talia is often frustrated with the process of developing

new products and designs because of the labor- and resource-intensive nature of experimenting

with new designs. For example, one of her best-selling pieces is a mug with a gradient glaze and

pronounced ridges generated algorithmically. Talia has spent much time sketching and creating

other patterns in CAD and testing them on a mill, but every time she wants to adjust her toolpath

or tweak an aspect of the design, she either has to regenerate an entire G-code file in CAM or go

back to the model in CAD and go through the CAD-CAM-CNC pipeline again. It is also difficult

for Talia to document and share her process with other fabricators at her business because they

frequently invent new techniques or improvement to algorithms which require documentation to

be constantly rewritten.

In this example, we highlight that the software tools used for CNC milling are locked into

a rigid interaction paradigm that focuses on faithful replication, rather than exploration. Even

though CNC mills have now become accessible in non-professional spaces (such as fab labs,
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makerspaces, professional studios and homes), the software tools to control them are still built

after the model of this replication-based interaction.

We argue that conventional and hobbyist CAM software tends to discourage makers from

“straying from the path” or exploring new designs, as in Talia’s example, because they based in a

paradigm of fabrication as executing programs. In these tools, machining operations are packaged

into programs which are relatively easy for makers to execute, but sacrifice the low-level machine

control needed to pioneer novel techniques with machines and materials. Low-level machine

control allows makers to quickly dispatch commands to the machine, verify operations in real

time, and adjust their designs accordingly. As such, it supports improvisational and exploratory

fabrication processes. However, writing machine code for direct control of mills and lathes is

largely restricted to specific scenarios in professional machine shops [DKM
+
21, Smi07]. It is

difficult to abstract to more complex interactions; its low-level nature also obscures readability and

portability for those besides the author. Moreover, programs written in machine code (e.g., G-code)

afford very little documentation and explanation which becomes crucial for less experienced

makers.

5.1 Enabling Experimentation Beyond the Digital

Altogether, it is difficult to interact with CNC milling machines in an exploratory way. We define

exploratory fabrication as focusing on discovering new material behaviors and developing novel

workflows rather than the faithful translation of digital models. To achieve exploratory fabrication

with CNC mills, makers require control software that allows for low-level machine control that

can be quickly iterated on, is richly documented, preserves safety checks, and discourages risky

operations.

How can we better support exploratory fabrication with CNC milling machines? To
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address this question, we argue for a vision that treats fabrication as writing programs—not just

executing them. The knowledge required for writing programs for fabrication needs to be properly

scaffolded. To extend direct machine programming in a supported way, we turn towards literate

programming where programs are human-readable documents that interleave prose, graphics,

and source code [Knu92].

Computational notebooks, a common example of literate programming, aid with digital-only

programming problems in data science, machine learning, and related domains [KRKP
+
16, Per21].

We argue that a literate programming paradigm, if modified properly, could catalyze exploratory

fabrication for CNC milling by allowing makers to quickly send commands to the machine, adjust

and fine tune their design iteratively, and acquire the necessary programming and manufacturing

knowledge to develop their own workflows. Further, literate programming could democratize

exploratory fabrication by letting users replicate existing workflows simply by reading and

deploying code from a computational notebook.

To test this hypothesis, we present Imprimer, a machine infrastructure for structured, direct

control of a CNC mill from a computational notebook—in our case, the Shopbot CNC router [Sho22]

and the Observable computational notebook [Obs23b]. In Imprimer, makers can prototype new

fabrication workflows by writing and modifying code. Our library provides custom visualizations

both in the notebook and projected onto the machine in-situ. Makers document their making

process by interleaving text and visual documentation. Imprimer blends traditionally separate

parts of the fabrication process into a single, live environment where makers can make changes

to code, visualize the results, and deploy cutting jobs immediately to the machine. Makers can

also view or hide the underlying code for each cell; by hiding all code, makers use the notebook

as they would with any other graphical user interface or tutorial document.

We stress that Imprimer is the beginning of a new paradigm: sharing ideas about ways to

fabricate, not just running code to fabricate. Thus, it does not yet cover all the functionalities
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currently available in conventional CNC software tools. Rather, it is a step towards a different

interaction paradigm which lets makers discover machine behavior and possibilities gradually,

and over time implement their own functionalities by writing code.

To guide the development of this paradigm, we developed three demonstration notebooks

that represent exploratory workflows: D1: QuickDraw, AR-assisted sketch-based milling (Sec-

tion 5.4.1), D2: FunctionTile, surface milling by sampling mathematical functions of two variables

(Section 5.4.2), and D3: MiniShelf, parametric generation of bookshelves (Section 5.4.3), alongside

two tutorial notebooks that introduce Imprimer’s connection and material setup functionalities.

We conducted an in-shop user study with participants holding a range of backgrounds in CNC

milling and computational notebook programming (Section 5.5). From these demonstrations and

evaluations, we discuss the challenges, rewards, and future possibilities of literate programming

as an interaction model for CNC milling.

5.2 End-to-End Example

To provide a concrete example of using Imprimer, we consider an improvisational milling workflow

with Talia, who wants to explore different patterns for ceramic molds. She intends to mill shallow

surfaces with various patterns and cast these test pieces in plaster to assess which would work

best for cups. This process, which would traditionally take place over several CAD and CAM tools,

all happens within a single notebook, enabling rich exploration and quick iteration.

Step 1: Connection. To begin, Talia connects all the different parts of the system—the

Observable notebook, the augmented reality overlay and the ShopBot CNC milling machine—over

the provided WebSocket. She sends a test command to the ShopBot, “MX,5”, to make sure the

notebook effectively communicates with the milling machine. The ShopBot moves accordingly

and the connection is successful.
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Figure 5.2: Snippets from the D2: FunctionTile Notebook. Left: users choose a mathematical

function of two variables and use graphical elements to experiment with function parameters and

see the toolpath visualization update in real time. Middle: to ensure feasible milling, users define

variables to offset and clip the function within a desirable bounds as described in a hand-drawn

diagram. Right: users specify tooling parameters to calculate feeds and speeds (top) before

dispatching the job to the CNC mill (bottom).

Step 2: Material setup. Once Talia has established a connection, she goes through a series of

steps to prepare the machine and the material for milling: she measures her material (in this case,

insulating foam, a cheap and forgiving material for pattern exploration) and fixes it to the machine

bed using screws and clamps. Given the thickness of the piece of foam she uses (2 inches), she

chooses a long square 1/8th inch end mill and installs it. Finally, she zeroes her axes and moves

back to the Observable notebook to start designing her toolpaths.

Step 3: Overlay calibration. Next, using the AR overlay notebook (Section 5.4.1), she runs

through the overlay’s calibration procedure to match the projected toolpath to where the machine

will actually move. Her material already has some test cuts made in it, but using the AR overlay

she is able to position the toolpaths into the spaces on the stock with material remaining.

Steps 4 and 5: Designing toolpaths and milling. After this, Talia uses code from the D2:

FunctionTile notebook which lets her create 3D surface milling patterns using mathematical

functions of two variables. She decides to explore three in particular: sinc, sine/cosine, and the
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Goldstein-Price functions. With the notebook, she designs her patterns by designing her toolpaths

and iteratively explores the effect of various machining parameters on her design, such as the

maximum cutting depth, the stepover, the frequency of the patterns, the feeds and speeds, among

others. With each new swatch, she tweaks a few parameters by making simple edits to the code

in the respective cells that calculate these parameters. She documents each variation both in

prose and in a dictionary of parameter values in a notebook code cell. Within two hours, she has

created over 20 swatches with three different functions that she is ready to cast to create her test

pieces. Once she is done, she adds notes and comments in the notebook for future reference, and

to eventually share the notebook with her community.

5.2.1 Target Audience: Novices and Experts Alike

Generalizing from Talia’s case, Imprimer is a paradigm shift towards using code, visualization,

and documentation to pioneer and share knowledge about exploratory fabrication workflows.

Users of varying skills in both programming and in CNC milling can engage with Imprimer.

Because Observable notebooks can operate with the code completely hidden, those without

programming experience can still use the notebooks with full functionality apart from code-

level customization. In parallel, while there are increasingly sophisticated tools for learning

programming, there are relatively few innovations in digital fabrication education. Programmers

who lack CNC milling experience can follow Imprimer notebooks that explain the process where

documentation is interleaved with the controls; this contrasts with conventional CAD/CAM tools

where documentation is separate.

On the other hand, users who are experienced in both programming and CNC milling can

remix notebook code and develop entirely new functionality. Unlike conventional CAD/CAM

tools, the source code that drives an interaction can be readily tailored, from simple customization
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of toolpath algorithms, to custom forks of notebooks, to entirely new notebooks representing

new workflows [Mø95]. Imprimer’s library and direct machine communication helps experienced

developers focus on and test their high level goals. Finally, users of all backgrounds can benefit

from Imprimer’s free and open source nature, whereas common CAM software can cost up to

thousands of dollars per year.

5.3 Integrating Machines and Computational Notebooks

Figure 5.3: Milling Subsets of the Goldstein-Price Function in the D2: FunctionTile notebook. 1)

Top-down view of a surface rendering of nine subsets surrounding the global minimum of the

Goldstein-Price function. 2) An isomorphic view of the same rendering. 3) Toolpath rendering of

the single subset containing the global minimum (center of the nine), currently infeasible to mill

due to the toolpath lying almost entirely above the material. 4) After interactively processing the

toolpath by dividing the function output, adding a vertical offset, and clamping the function to a

desired bounds, the toolpath becomes feasible to mill into a mold.

To provide the foundation for Imprimer, we built a network infrastructure to afford direct

control of a CNC mill from a computational notebook environment. To support the creation of

workflows, we contribute a library of functions for a live computational notebook that facilitate:

connecting to and controlling the mill, navigating tooling options, visualizing geometries and

toolpaths, and more.
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5.3.1 Machine Network Infrastructure

To support this workflow, Imprimer comprises a web server that coordinates communication

between desktop application that relays information to a full size Shopbot PRSalpha with a 96x60”

cutting bed
1

and a projector-based augmented reality interface called the AR overlay. The Shopbot

accepts both its native SBP instruction set alongside the more commonplace G-code. Figure 5.4

illustrates the relationship between the user’s current notebook (“authoring notebook”), the server,

and a desktop computer that communicates over a wired connection to the Shopbot (“Shopbot

terminal”). As is done in our tutorial notebook on connecting to the machine, we can generate

Figure 5.4 representing the network architecture using the code that follows the figure.

dot‘digraph "networkGraph" {
server [color=${connectedNodes.server

? "black" : "gray"}, shape=box]
// More styling info omitted

"authoring notebook" -> server
server -> "overlay notebook"
"Shopbot terminal" -> server
// ...

}

Figure 5.4: Visualizing the status of the machine-notebook network. connectedNodes is a mutable

cell that is updated with packets from the server whenever a client connects or disconnects,

recoloring the diagram appropriately

1
The Shopbot’s default unit of length is inches rather than meters.
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To connect the notebooks, we implemented the network using a WebSocket interface building

on the code used by Li et al. [LJCH17], which is publicly available. In particular, we built the

Shopbot terminal and server to facilitate direct interaction between multiple notebooks and with

the machine. We installed the terminal on the computer connected to the Shopbot and deployed the

server code in the cloud. This direct notebook-to-machine job dispatch is not a typical functionality

for the Shopbot, which requires exporting and importing files, even though similar functionality

exists off-the-shelf for hobbyist 3D printers [Emi21].

5.3.2 Implementation in Observable Notebooks

To control Imprimer’s machine infrastructure, we implemented a library for Observable, a browser-

based computational notebook popular for data science applications. Observable runs a modified

version of Javascript, letting it interoperate with many existing technologies. The notebook differs

from other computational notebooks like Jupyter Notebook (Python) or RMarkdown (R) in that

code cells run in topological order, meaning that cells are automatically recomputed whenever any

cells they depend on (parent cells) are themselves recomputed. This produces a live programming

[Tan13] environment where changes in one cell propagate throughout the notebook; graphical

input, visualizations, and underlying data are always up-to-date, affording quick and interactive

iteration. This contrasts with other notebooks whose code is run in a linear order or must be

manually re-run; rather, live topological allows us to arrange code in the best order for fabrication

workflows and teaching—a key tenet of literate programming [Knu92].

Live Cells and Cell Names

All parts of an Observable notebook are contained in cells which written Markdown, HTML, or

Javascript. For example, we represent the following cell that computes a value and associates it
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stepdownPercent = 0.5

stepdownPercent = 0.5

Figure 5.5: Declaring a cell variable.

with the cell name stepdownPercent, representing the proportion of the end mill’s diameter that

the mill advances downward per cutting pass.

Whenever the the cell stepdownPercent is recomputed, for example, if the maker enters a

new percentage, the notebook recomputes following cell which calculates the number of cutting

passes required to cut through through the material.

numPasses = 6

numPasses = {

let stepdown = stepdownPercent * installedEndMill.diameter;

return Math.ceil(thickness / stepdown);

}

Figure 5.6: A child cell reactively computes results when a parent is recomputed. installedEnd-
Mill and thickness are themselves cell values defined elsewhere in the notebook.

Cells can also be Markdown or HTML, so notebooks contain diagrams, videos, and prose that

instruct the maker about various considerations while programming for CNC machines, as shown

in Figure 5.1, Figure 5.2, and Figure 5.9.

HTML Templating and Views

Cells can also return HTML that is generated by Javascript, affording custom visualizations called

views. A view has two parts: the view itself, which is typically an interactive DOM element; and

the value, which is any JavaScript value. For example, consider the following view.
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viewof thickness = Inputs.range([0.0625, 2], {

label: "Enter Material Thickness (in)",

step: 0.0001

})

Figure 5.7: A slider view for setting material thickness.

The result of the right-hand side of the cell evaluates to DOM element which is rendered above

the cell. But, by using the viewof keyword, the value of thickness is instead the current value

of the DOM element—the value currently selected in the slider: 0.731. Views can be arbitrarily

complex because their appearance and interactivity can be programmed in HTML and/or Javascript.

Imprimer builds extensively on this functionality to provide intuitive interfaces for different stages

of CNC control.

Bringing Machine State into the Notebooks

Imprimer’s library provides a streamlined interface to synchronize notebook state with physical

machine state. We configure the Shopbot terminal to periodically emit packets containing the

Shopbot’s current state to the authoring notebook through the server. For example, whenever the

end mill changes position, the Shopbot terminal detects this change and sends the new position

in a packet to the server. On the notebook end, we keep track of the machine state for library

functions to query.
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5.4 Demonstrations

To explore the versatility of Imprimer, we implemented three demonstration notebooks: sketch-

based milling with augmented reality (D1: QuickDraw), surface milling molds by sampling

functions of two variables (D2: FunctionTile), and a parametric shelf generator with associated

debugging tools (D3: MiniShelf).

5.4.1 QuickDraw: Sketch-Based Milling with Augmented Reality

Following the thread of work on direct drawing with CNC machines introduced by Li et al.

[LJCH17], we built QuickDraw, a notebook that lets users quickly sketch geometries to engrave or

cut through, visualize the resulting toolpaths in-situ on the physical material using an augmented

reality overlay, make adjustments, and directly mill the job from the notebook. The goal of

QuickDraw is for users to quickly prototype low-fidelity versions of more complicated form they

might want to test later, or test out the effects of different end mills on material finish. Assuming

the machine’s tooling and material are set up correctly, and that the AR overlay has been calibrated,

users can walk up to the notebook with no prior design file, sketch a quick concept as in Figure 5.1,

and mill it out completely in around ten minutes. Once satisfied, users can also import and process

existing 2D geometries, create 3D toolpaths while experimenting with scale and cutting depth,

and check the toolpaths using the AR overlay. They can then move into other notebooks to work

at a higher fidelity. We defer importing 3D geometries for future work.

Augmented Reality Previews

We sought to extend frequent visualization of data beyond the notebook environment into physical

space. To this end, we installed a projector above the bed of the Shopbot that projects toolpath

visualizations directly onto the machine’s bed. This provides an AR overlay which can project 2D
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views onto the material in-situ; users must flatten 3D views into 2D before rendering the with the

overlay by calculating a 2D projection or “slice” onto a desired cutting plane. The visualizations are

rendered by a separate notebook which is connected to the network and listens for updates from

the authoring notebook, for example, any changes in the toolpath’s instructions or in machine

parameters that affect the toolpath. We include a calibration routine that the maker performs

when setting up their stock material to ensure that the visualized path matches the end mill’s

physical location as proposed by Tran O’Leary et al. [TOJP22]. This routine involves the maker

dragging four projected points to match the ground truth corners of their stock material; the

notebook then computes a homography from the mapping of points and uses the homography to

transform all elements of the visualization to match the toolpath’s true physical location.

5.4.2 FunctionTile: Surface Milling Tile Molds by Sampling Functions of

Two Variables

One of Imprimer’s strengths is that notebook authors can combine in a single, documented

programming environment parts of a fabrication pipeline that would otherwise be split across

applications. In this demonstration, we created a means of surface milling molds for plaster tiles

based on forms derived from mathematical functions. D2: FunctionTile includes a visualization

for both the surface of a function of two variables alongside a derived toolpath that can be

dispatched to a CNC mill (Figure 5.2). For example, we implemented the two-variable unnormalized

sinc function

𝑧 =
sin(𝑓 ·

√︁
𝑥2 + 𝑦2)√︁

𝑥2 + 𝑦2

where 𝑓 is the frequency or “waviness” of the function, shown in the cells in Figure 5.8, which

results in the plot in Figure 5.2 and a slider which recomputes the plot in real time.
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sinc = ƒ(x, y)

function sinc(x, y) {
let r = Math.sqrt(x ** 2 + y ** 2);
let z = Math.sin(sincFreq * r) / r;
return THREE.Vector3(x, y, z);

}

viewof sincFreq = Inputs.range([0, 24])

Figure 5.8: Defining the sinc function with a slider for experimenting with frequency.

We provided three example functions of two variables: the sinc function, a sine/cosine function,

and the Goldstein-Price function [MS05]. Users can modify these functions or write their own

functions in code as needed.

We then sample points across the surface of the plot and connect them to generate a toolpath.

Several decisions greatly affect how this toolpath is generated, for example: whether the path

passes row-by-row or column-by-column (e.g. for anisotropic materials like wood with a grain),

the stepover which controls how much of the end mill’s diameter the mill will remove per pass,

and the z-offset at which the surface is milled relative to the top of the material. These toolpathing

decisions, alongside the mathematical parameters of the chosen function, are all interconnected

and affect the form and quality of the milled mold. For example, very thin parts of the surface

could break depending on the material, stepdown, and chosen feed and speed.

With conventional CAD and CAM, it is possible to create similar molds, but a user would

have to work across several programs, changing parameters in one program before exporting and

importing to another. Even programmatic tools such as Grasshopper plus RhinoCAM [Har22]

which support generating 2D surfaces still require back-and-forth between the Grasshopper

window (“programming side”), the Rhino interface (“CAM side”), and the RhinoCAM options

interface (“CAM side”) where the user has to know in advance how changing one parameter
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affects the design. In contrast, Imprimer lets the notebook author quickly visualize the effect of

each parameter change on the toolpath and document the flow of data. The notebook exposes both

input elements for experimentation and the underlying source code, making it easier for users to

follow along without invested expertise in experimental CAD/CAM or programming tools.

Translating Abstract Concepts into Millable Forms

Among the three example functions, the Goldstein-Price function proved especially challenging

to translate into something that could be physically milled. This is largely because the function

was designed to test optimization algorithms and has volatile behavior spanning several orders of

magnitude around its global minimum. We were particularly inspired to explore the function as a

creative inspiration when one participant in our user study (Section 5.5) wanted to have additional

views that showed how the function could be translated into a millable mold. If we naively map

part of the function to the space occupied by the tile mold, we risk “squashing” much of its the

sloping topology. To address this, as Figure 5.3 shows, we sampled several subsets of the function

around its global minimum. We then defined a graphical input so that a notebook user can pick

one subset at a time and experiment with a division term and vertical offset to fit just a subset into

a mold space while preserving as much detail as possible for the given subset. They then repeat

the process with other subsets to produce a set of tiles that together show the topology of the

function.

5.4.3 MiniShelf: a Parametric Shelf Generator with Associated Debug-

ging Tools

MiniShelf is a lightweight parametric toolpath generator for fabricating shelves that includes

tools for troubleshooting the fabrication process. MiniShelf accepts as parameters: the height,
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Figure 5.9: Snippets from the D3: MiniShelf notebook. Left: notebook users can experiment with

different shelf dimensions and see a 3D rendering of the assembled shelf update immediately.

Middle: when any shelf parameters are changed, the notebook generates new planar geometries

of the shelf parts as defined in notebook cells which users can edit if desired. Right: A generated

3D toolpath (top) which can then be dispatched to a CNC mill (middle); rabbet joint parameters

can be adjusted to achieve a tight fit (bottom).
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width, and depth of the unit, the number and spacing of shelf spans, and the thickness of the stock

material. For now, the selection of joints are fixed, though this could be easily extended in the

future; we use assembly-friendly rabbet and groove joints to respectively connect the sides of the

shelf case and to connect the shelf spans to the case. In the MiniShelf notebook, we implemented

from scratch each part of the fabrication process—from machine setup, to material selection, to

parameter selection, to toolpath generation, to visualization, to job dispatch.

Upon first implementing this workflow, fabricated shelves did not yet fit correctly, and we

relied heavily on Imprimer’s features to debug our own process. While multiple things can go

wrong while exploring a new fabrication workflow, by expressing the workflow in code using

Imprimer, we could debug our process by debugging code. As a result, we not only contributed a

parametric pipeline, but also an associated set of features that we used to debug the process which

we have incorporated into Imprimer’s library which we describe below.

Debugging Incorrect Logic in Toolpath Algorithms.

To create rabbets and grooves in the shelf pieces, and to cut out all the pieces to size, we wrote all the

necessary toolpath generation algorithms by hand. Writing bespoke toolpath algorithms allowed

us and future users of the notebook to readily generate just the right toolpaths for fabricating

the shelves, rather than having to adapt output from a conventional CAM interface. Naturally,

while writing the algorithms, we implemented buggy functionality, for example, generating the

rabbets in the wrong location. We were able to catch many of these issues using the top-down

view (Figure 5.9, right). Though, some issues could not reasonably be identified until runtime; for

example, by not “overshooting” the rabbet toolpath over the designated region, we were left with

artifacts where the mill could not reach (Figure 5.10, left). We could have addressed these issues

by implementing dog bone fillets [Nic17]; in our case, we chose to overshoot the rabbet toolpaths

by editing the algorithm and left a note about this design decision in an adjacent cell.
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Tolerancing with Joints

An inevitable issue with getting joints to fit together is fabricating both parts within an acceptable

tolerance. While conventional machining practice uses rigorous techniques like geometric di-

mensioning and tolerancing to systematically address these issues [Ame19], these techniques are

generally too heavyweight for most hobbyist applications. In our case, to debug issues of getting

joints to fit together, we wrote a function that takes in machine and maker-set parameters in the

notebook and generates small testing pieces (Figure 5.10, middle). Once we found the optimal

milling depth for the joints, we set it as a cell variable in the MiniShelf notebook.

5.5 User Study

To better understand how users conceptualize literate programming as a technique for CNC

milling, we conducted a user study with 6 participants with varying levels of experience in CNC

milling and in programming. We recruited participants from our professional connections as well

as from a makerspace email list. Participants’ CNC backgrounds ranged from no prior experience

to those experienced with advanced CAD, CAM, and manual woodworking practice. Similarly,

participants’ programming skills ranged from passing knowledge to high expertise in scientific

computing and computational notebooks.

Specifically, P1 is a researcher who studies computational notebooks, P2 is a materials scientist

who has used a Shopbot for a digital fabrication course, P3 is a professor with background in CAD

and computational notebooks, P4 is a user experience designer with background in CAD and CAM

for mechanical engineering, P5 is a teaching professor who uses computational notebooks for

teaching control theory, and P6 is a student who uses CAD and 3D printing to design custom camera

components. P3 and P5 also each have over five years of experience with manual woodworking.
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Rather than focus on pure usability, our goal for this user study was to better understand

how users experienced Imprimer as a novel paradigm. During a 2-hour in-shop session, we asked

each participant to walk through two tutorial notebooks to connect to the Shopbot and set up the

machine and the material. Next, participants used either the D1: QuickDraw (Section 5.4.1) or

D2: FunctionTile (Section 5.4.2) notebooks to mill a sketch or tile
2
. We paid particular attention

to moments of learning, pain points expressed, and code reading and tailoring. After completing

the study, we conducted brief semi-structured interview where we asked participants on their

experience using the notebooks, how they learned to use the system, and improvements they

would like to see implemented

5.5.1 Participants Brought Diverse Fabrication Goals to the Study

Participants came from varied backgrounds and brought their own desires for CNC milling to

the study. These included creating custom furniture from precisely specified 2D geometries,

rastering and engraving images, and teaching others. Because Imprimer is a prototype for a new

paradigm for controlling CNC mills, participants understood that it did not yet have the all of the

functionality of more established tools, but were willing to work with the limitations. For example,

one participant enjoyed using the FunctionTile notebook’s sliders to experiment with tile forms,

but wanted additional functionality beyond defining mathematical functions for modifying the

surface.

P6 I think for many applications, you wouldn’t want to use math at all; there are

only so many 2D functions that look interesting. I would imagine having [direct

manipulation] like with Rhino where the user could have control points and edit the

surface that way.

2
We did not ask any participants to use the MiniShelf notebook (Section 5.4.3) due to the relatively long milling

time required.
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We plan on adding control points to 3D surface views as future work. Another participant

wanted to be able to specify geometric dimensions in a programmatic way, which we had only

implemented as low level functionality and not yet as a full-fledged API in D1: QuickDraw.

Nonetheless, P3 praised the fact that notebooks could be extended later on and that functionality

could be imported or swapped out, remarking:

P3 Overall, besides [not having the API], the concept is neat and I see a lot of ap-

plications. It seems if you can swap out the toolpath generation part to match an

application—as long as you could write [code for] toolpath generation—then there’s a

lot of real world use. Using a notebook feels like a more natural way to interact with

a machine.

5.5.2 Code Became Crucial in Understanding Exploratory Milling Pro-

cesses

All participants, even with those with less experience programming, navigated code cells in the

notebooks, often exploring, reading, and experimenting with code from different parts of a given

notebook. In some instances, participants stated that they wanted to do things differently than we

had already written them in the notebook and proposed their changes by speaking about them in

terms of code.

For example, as a matter of preference, P2 wanted to cut a little deeper than the thickness of

the stock material into the machine bed to make sure that there were not any artifacts left over. To

do this, they created a new cell, epsilon = 0.01, to define an additional value to add to the last

cut-through pass. P2 then used calipers to visualize one hundredth of an inch physically and then

realized that it was too small to be perceptible practically speaking. They then manually edited

the epsilon cell to be one sixteenth of an inch, i.e., epsilon = 0.0625. When asked why they
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picked this value, P2 reported that they had regularly worked with such increments in the past.

Introducing code to CNC milling also prompted to participants to think about how they might

learn either basic CNC functionality through the notebooks, or how they might navigate more

experimental workflows. Some participants preferred writing code in a scaffolded manner to

understand what they were implementing.

P4 [For learning] if I started from scratch, I’d think about the different things I could

make, the different materials. I would have liked to have written the notebook I’m

using myself.

Other participants preferred reading code, particularly when exploring novel forms in the D2:

FunctionTile notebook.

P5 I like having text in front of me. I like to start with having many examples, I like

to remix what’s already there … Seeing what’s already written helps me understand

what’s possible at all, versus starting with a blank slate.

Figure 5.10: Moments from Developing MiniShelf. Left: a miscalculation in generating the rabbet

toolpath left artifacts in the corners. Middle: parametrically generated test pieces to check the

cut depth of the joints. Right: two shelves each fabricated with MiniShelf.
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5.5.3 Negotiating Learning and Making within Notebooks

We noticed that presenting a fabrication workflow in a computational notebook format often

uncovered two competing goals for new users: the need to understand how Imprimer and the

CNC machine itself work versus the need to actually dispatch jobs and try things out. P1 in

particular had a great deal of background in computational notebooks but less in CNC milling,

and commented about how CNC-specific practice would need to be introduced and discussed

before getting to the “making” parts of the notebook. For example, while physically installing an

end mill, P1 remarked:

P1 Are you recording what we’re doing now? Because that could be helpful for

somebody installing the end mill. … So much information like 80%, 20% of the shaft

in the collet—I’m not sure how bad it is if one thing is done wrong versus another.

We discussed with P1 this tension between walking through steps specific to CNC milling

versus, in their words, “just getting things done.” They suggested that we might structure a

series of notebooks in a tutorial-and-reference style akin to programming language tutorials. The

tutorial notebooks would then link to reference notebooks on topics for makers might who more

information—for example, an entire dedicated notebook to understanding what end mills are, how

to install them, and how to program in a notebook to account for their effects. To this end, we

extracted the “how to” parts from the D1: QuickDraw and D2: FunctionTile notebooks and

placed them in dedicated tutorial notebooks.

5.5.4 Utility of Custom Views versus Graphical Input Elements

In both the D1: QuickDraw and D2: FunctionTile notebooks, participants frequently used

visualizations to understand how their input would map to toolpaths. We found that, in general,
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participants preferred to debug their toolpaths by making small adjustments in parameters such

as stepover, tool choice, or their choice of sketch and subsequently inspecting the results in a

visualization. Some participants found that being able to bridge mathematical renderings with

CNC-specific toolpath visualizations in the same visual space unlocked new forms of interaction.

P3 This is like when I first got Mathematica, I wanted to see all sorts of things that it

would plot. I would just edit the code—is that something I can do here? Okay then! I

would divide the denominator with another factor of 𝑟 … Is that two times symbols

in Javascript? Also I might add a phase shift right in the sine function to get more

activity in the middle of the material.

Conversely, visual input elements often confused participants, who saw code-generated input

elements as conceptually separate from other code. This differs from other notebooks like Jupyter

Notebook which rarely feature code-defined input elements; in the context of CNC milling, such

elements could present more of a cognitive gap than they do with purely digital tasks. Instead,

while participants used output visual elements without question, they generally preferred to write

raw cell variable values that did not obscure underlying code with graphical controls.

P4 How do you even create visual elements, and how do they work? Sliders don’t

make sense to me. It’s difficult to understand the code that generates them. I would

want to key in important values.

P3 further remarked that anything that took their attention away from raw code, even though

the input elements were themselves defined in code, detracted from their experience of CNC

milling through programming.

P3 To me, input elements defeat the purpose of the notebook. I want to see the code,

and I want to edit things myself. When it comes to widgets, that’s something that



132 Chapter 5. Experimental Workflows as Computational Notebook Programs

you might want your boss to play around with, but the scientist needs to be working

with just the code.

5.5.5 Scaffolding and Sharing Experimental Milling with Others

However, in contrast to other participants, P5 saw great value in graphical input elements because

of their potential value for scaffolding and sharing knowledge about novel production processes

with others. P5 cited their background as an electrical engineer and engineering educator in how

they interacted with the Imprimer notebooks. In particular, they mentioned how computational

notebooks such as Jupyter Notebook and Google Colab helped their students collaborate around

projects in control theory, and how such code needed to be curated and documented.

P5 I really like that you can write code that creates buttons and sliders. This way you

could limit the notebook to specific functionalities, like you can adjust and play with

these numbers, but not these other ones that might be more dangerous to mill. Like

you’d say “I only want you to change this number from 1 to 10.” Like, well you could

[edit more] if you went into the code, but most students would stick to the controls

you give them.

P3 echoed the value of interleaved documentation, saying “I use Jupyter notebook to teach my

classes—having tons of lines of prose for just one line of code is very helpful.” In addition, P5 noticed

which code cells were and were not pinned open to always show their code implementations

rather than collapsing the code after editing. While we had originally considered pinning to be a

superfluous detail, P5 insisted that proper choice of what code to show and hide was crucial for

allowing others to experiment with notebooks without being misled.
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5.6 Discussion

Deep engagement with digital fabrication requires both programming and manufacturing knowl-

edge. Fabrication systems in HCI research tend to lower the threshold to fabrication by abstracting

away complexity. This approach invites more users in, which is extremely valuable to increase and

diversify participation and normalize fabrication practices. Yet, rather than asking how we can

facilitate the fabrication process, we were motivated to ask how we can support the acquisition of

programming and manufacturing knowledge necessary to transform makers from passive users

to active developers of workflows.

Because the computational notebook paradigm offers the ability to weave rich documentation

with machine code, it moves the programming practices of machine shops to a wider audience,

and with better readability and portability than raw G-code. Instead of espousing a vision of

fabrication as more streamlined, with the divide between bits and atoms rendered invisible by

“seamless couplings” [IU97], we suggests a different type of interaction with CNC machines rooted

in sustained engagement and an attitude of troubleshooting. We argue that a literate programming

environment such as computational notebooks best supports this approach, which exposes all the

“wiring” while offering scaffolding, support, and flexibility.

For example, P2 demonstrated that their fabrication process was a series negotiations between

physical contingencies, the notebook’s code, and its visual debugging tools. When they sought

to make a profile cut and discovered that this function was not supported in the notebook, they

went ahead and wrote their own code for a profile cut. They then adjusted the cut depth by first

checking in the notebook’s 3D view, then by measuring the stock with calipers. That P2 did so

indicated not only their understanding of machine behavior (the CNC machine cutting deeper

through the material with each pass, and the importance of defining each pass’s depth), but also

how their engagement was sustained by the back and forth between programming, digital, and
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physical verification. Rather than going through the process of “loading computer-aided design

(CAD) files into a fabricator” [KZT
+
18], P2 could directly sketch their design, generate toolpaths,

and make adjustments on the fly.

Another tension that arose during the user study was what to show in the notebook and the

order in which to show it. What we initially considered a logical sequence of steps and parameters

selection turned out to rely heavily on mental models built on prior fabrication experience. P1

commented several times on the difficulty to know how much precision was required as they

progressed through the notebook: “It’s difficult to know how exact I have to be when I measure

things, and to know what would go wrong if I didn’t measure something right.’’ As a result, P1 had

to trust the support and indications we provided. This revealed the importance of developing

the notebooks to support different levels of expertise: we authored separate notebooks for core

workflows versus supplementary skill-building. In parallel, P3 described his experience of using

Imprimer as sometimes “confusing” compared to digital-only computational notebooks in which

physical machine state is not a concern. In the case of Imprimer, “mixing state between the notebook

and the machine was hard.” As we work to empower makers to become developers of workflows,

these insights became important design considerations for the future development of Imprimer.

Regardless of user background, because they include source code, notebooks can be customized

to support various fabrication goals and expertise. We started this project wondering how to

write and format the notebooks so that they were legible and provided optimal machine control,

but this question became less important as more participants used them. Each user came with a

different background, programming sensibility and sense of possibilities of what they could make

with a CNC mill. The principles of universal design [FO10] paled when faced with the diversity

of fabrication experience and contexts, even with such a small sample. For instance, P3 and P4

both mentioned that the graphical elements of the notebooks did not add to the experience of

programming the ShopBot. P5, on the other hand, saw great pedagogical value in the ability to
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constrain the notebooks to specific functionalities and value ranges. While P2 enjoyed the ability

to sketch freehand geometry, P3 would have liked to connect the notebook to a drawing API for

cutting accurate shapes. The level and the locus of complexity varied for each user according to

their personal goals and concerns—for some it was at the design level, for others in the machining

aspects, for others in the particulars of programming. Complexity was not a fixed variable that

one system could address; it was a shifting tension that varied with each maker and with each

session.

The entangled challenges and benefits of representing aspects of the machining process through

literate programming raise the question of how to appropriately guide makers through a notebook.

In particular, we observed a tension between the goals of getting something done versus learning

how something works. Many existing systems will orient makers towards getting things done,

hiding complexity and making design decisions that ensure manufacturability and ease of use.

Others will offer many functionalities as well as in-app and external support to guide makers

through the many features. With Imprimer, we contemplate a third alternative: to show the code

underlying each functionality from the start so that makers can develop their own practice of

machine control.

5.7 Conclusion and Future Work

Ultimately, Imprimer is only the beginning of an emerging paradigm: digital fabrication as writing

literate programs. Leveraging its network of notebooks, a machine, and an augmented reality

overlay, we showed how to extend computational notebooks beyond their envisioned use in

data science into the physical world. Through demonstrations and a user study, we examined

the effectiveness of starting with low-level machine control and abstracting up to more human-

centered machine interactions. Future work will be needed to incorporate the vast breadth of
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existing CNC milling techniques into open source literate code while also adding entirely novel

ones. Nevertheless, it is precisely through programming that we aim to anchor further thought

and experimentation with CNC milling across physical and digital worlds.



Chapter 6

Making Workflows-as-Programs

Reproducible

Despite the rise of experimental digital fabrication in human-computer interaction (HCI) research

and beyond, we are missing a robust way to share working implementations of research with

others. In contrast, in fields like the basic sciences, reproducibility of past research is fundamental

[Per21, BR18, Nat19]. Researchers and practitioners should be able to reproduce, validate, and

build upon prior work. In the case of experimental fabrication, those who would benefit from

reproducibility are not only novices to digital fabrication, but also experts unfamiliar with a newly

invented fabrication workflow.

To illustrate this scenario, consider two personas separated by geographical distance: Florence,

a community wood shop manager who is experienced with CNC milling; and Siena, an HCI

researcher who is working on new interaction techniques for bringing craft-based techniques

to CNC mill control. Florence has developed a workflow for doing two-sided milling, where

a fabricator carefully mills on two opposite sides of a workpiece using a conventional 3-axis

mill. Siena is eager to learn two-sided milling not only to increase the types of objects she can

137
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Figure 6.1: Tandem System Architecture. (Left) the notebook interacts with Fusion 360 CAD and

CAM, with the AR Overlay, and with the CNC mill via HTTP requests. The notebook makes

these requests to a dedicated backend server that forwards the requests to the respective tool
application, e.g., an add-in we wrote for Fusion 360. The AR overlay (bottom right) prompts the

fabricator to make adjustments to the physical setup. (Right) Tandem’s API communicates over

HTTP with tool applications in the notebook. Top: sending a value calculated in the notebook to

be set as a user parameter in Fusion 360 CAD; Middle: automatically generating a toolpath in

Fusion 360 CAM to mill alignment holes; Bottom: rendering boxes on the mill’s bed at specified

positions using the AR overlay.
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Figure 6.2: Examples of Errors that Arise in Two-Sided Milling. (1) A milled alignment hole is

too narrow for the dowel to fit, requiring a second set of holes to be milled. (2) The CAD design

of a spoon features a handle that is too narrow and gets torn off by the mill. (3) Flipping the

workpiece over an axis that deviates too much from an assumed axis of rotation results in an

invalid post-milling geometry. (4) An error taken from an online forum [Ste19] where a fabricator

reported misaligned features while milling a guitar. Another forum user responded that the

reason was that the alignment holes were asymmetric across the axis of rotation assumed by the

original poster.

manufacture on her CNC mill, but also to apply techniques used in Florence’s workflow to her

own research.

However, there is currently no way for Florence to create reproducible versions of her novel

digital fabrication workflows beyond writing a tutorial—a helpful but incomplete representation.

When Siena follows text or video tutorials (e.g., [Mar16, Jer20, Vec21, LaC17, Bra23]), she must

manually re-implement every step of the workflow using her own software tools and machine

hardware. Imprecise re-implementation can result in errors that are time-consuming and difficult

to debug because Siena needs to reason about interdependent physical and digital states. Figure 6.2

shows example errors that arise in two-sided milling. In contrast, for her digital-only programming

projects, Siena can easily fork repositories, run the code to get an immediate result, read parts of

code in depth, and experiment with her own changes.

In particular, three challenges stand out for Siena in replicating Florence’s workflow.

1. Florence uses several disparate software tools interdependently, including conventional

CAD/CAM software. There is no single environment to present a linear sequence of steps
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Figure 6.3: Programming and Handing Off a Notebook. Left) Florence refines her two-sided

milling process on her own. She then implements the steps of her process in notebook cells by

writing source code with Tandem’s library calls. Right) Siena navigates to the notebook in the

browser, starts the Tandem backend on her laptop, and connects it to the projector and CNC mill.

She works through the notebook to replicate Florence’s workflow.

for Siena to execute in code.

2. Siena must adjust physical machine and material settings to match assumptions made in

digital code, or vice-versa; it is difficult for Siena to know when to manually intervene and

how to do so.

3. Each step of Florence’s workflow has implicit preconditions about what must be satisfied

before running the mill. It is difficult for Florence to explicitly formulate these “gotchas” so

that Siena does not repeat the same mistakes Florence encountered.

To provide an infrastructure for implementing reproducible versions of novel fabrication

workflows, we present Tandem, a library and backend that lets fabricators like Florence implement

their entire workflow as a computational notebook program (Figure 3.1). Florence uses Tandem’s

API to author her workflow as function calls to CAD and CAM software, to an augmented reality

(AR) overlay for manual interventions, and to the CNC mill itself (Figure 6.1). Tandem also lets
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Florence include assertions in her code that check preconditions that she provides before fabricators

like Siena execute error-prone milling steps. Fabricators like Siena then reproduce the workflow

simply by executing the code, following instructions that the notebook produces, and manually

intervening as directed by the AR overlay; Siena may also interact with the code itself if she

wishes to adjust parts of the workflow.

We evaluate the feasibility of Tandem by implementing an entire end-to-end two-sided milling

workflow as a computational notebook program and producing four artifacts as a result (Section 6.5).

We chose two-sided milling as an example novel fabrication process because it is more difficult

than many; it involves tool changes, synchronizing machine and material setups in physical and

digital states, measurement and manual inspection, and experimenting with milling feed and

speed. We elected to explore this single workflow in depth rather than explore multiple digital

fabrication workflows at a shallower level. While Tandem’s features are most clearly showcased in

two-sided milling, they can be applied to many other novel fabrication processes as well, including

3D printing, laser cutting, and laboratory automation (see Section 6.6.3).

The structure of the paper is as follows: after describing related work, we first walk through

how a fabricator who reproduces a workflow (Siena) uses a Tandem notebook; then, we walk

through how an authoring fabricator (Florence) implements the workflow’s CAD, CAM and

machine control functionality using Tandem’s API (Section 6.2). We then detail how Florence

programs physical steps using the AR overlay (Section 6.3), and how Florence guards against

a large class of easily preventable errors using assertions (Section 6.4). Finally, we describe

the demonstration artifacts fabricated with the notebook alongside artifact-specific assertions

(Section 6.5) before concluding with lines of future work that are now possible with a reproducible

fabrication workflow (Section 6.6).
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Figure 6.4: Schematic of Two-Sided Milling a Propeller in Tandem. The fabricator, Siena, mills

alignment holes in a sheet of wood and inserts two dowels to form the alignment jig 𝑆 𝑗𝑖𝑔 (white).

Moving to the main workpiece 𝑆𝑚𝑎𝑖𝑛 from which the propeller will be milled (yellow), she mills the

𝑆𝑚𝑎𝑖𝑛 down to exactly 𝑎𝑧 in height and mills two additional alignment holes. We denote the top

and bottom faces of 𝑆𝑚𝑎𝑖𝑛 as 𝐹𝐴 (red) and 𝐹𝐵 (blue), respectively. Next, she fixtures 𝑆𝑚𝑎𝑖𝑛 on top of

𝑆 𝑗𝑖𝑔 and mills 𝐹𝐴 in two passes: a roughing pass and a finishing pass (not shown). Finally, flipping

𝑆𝑚𝑎𝑖𝑛 over the predetermined axis of rotation ®𝑅, Siena mills all areas reachable from the bottom of

the propeller into 𝐹𝐵 , again in two passes.

6.1 Walkthrough: Replicating an Existing Workflow

We now provide a high-level walkthrough of how a fabricator like Siena would follow Florence’s

notebook to replicate Florence’s workflow; her goal is to CNC mill a spoon (Section 6.5). Section 6.2

provides a code-level explanation of how the workflow is implemented in part of the notebook.

To start the walkthrough, Siena would need to have installed Tandem’s backend on her

computer; then, she opens an Observable computational notebook [Obs23b] in her web browser;

the notebook contains all the source code, prose, and input elements that she uses to interact with

CAD/CAM tools and an AR overlay for interacting with the physical setup of materials on the

mill’s bed and with the mill itself. Note that our implementation provides a messaging service for

the backend to communicate with the Shopbot PRSAlpha Mill [Sho22] that we use; to use another

machine instead, the fabricator would need a service built for that machine or custom built if one

does not exist.

Once the notebook is open, Siena proceeds through the 6 notebook sections, which we represent

in respective subsections below. We present the high-level progression of these steps in Figure 6.4

and moments corresponding to each step in Figure 6.5.
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6.1.1 Prepare the CAD File

Siena opens the Fusion 360 CAD file of the spoon she wants to mill in Fusion 360. While there are

several approaches to two-sided milling, Tandem’s current approach uses two alignment dowels

that hold the main workpiece, i.e., the piece of material being milled into a spoon, in the same

place after Siena flips it over to mill the second side. This means that Siena must add an extra part

to her CAD file, which we call the outer. The outer, pictured in Figure 6.5 Part 1, contains two

precisely positioned holes for the alignment dowels and connects to the spoon itself using tabs.

Using the notebook, Siena enters the diameter of the dowels she obtained beforehand, and the

notebook automatically generates the outer in Fusion 360 CAD.

6.1.2 Mill the Alignment Jig

Next, Siena mills the alignment jig, which holds the main workpiece of the spoon in place while

it is being milled (Figure 6.5 Part 2). Using the AR overlay, the notebook guides Siena through

cutting down and positioning the jig workpiece from which she will mill the jig. The overlay

projects a rectangle onto the the CNC mill’s bed where the stock material goes. Once the physical

stock is synchronized with the projection, the notebook changes the overlay to a new projection

that shows Siena where she should drill screws to fixture the stock to the mill’s bed. Using the

dimensions gathered about the jig workpiece, the notebook then generates a toolpath in Fusion

360 CAM for the machine to mill the alignment holes in the jig workpiece. It then guides Siena

through manually setting the zero (the XYZ origin) on the CNC mill to match the zero assumed

by the toolpath in CAM. Finally, the notebook generates low level machine instructions for the

toolpath and lets Siena dispatch the instructions to the mill directly from the notebook. After the

holes have been milled in the jig workpiece, Siena presses the dowels into place to complete the

jig.
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Figure 6.5: Moments from Siena’s Steps in the Notebook. (1) Given the already modeled spoon,

Tandem generates the outer and tabs that surround the spoon. (2) A completed alignment jig. (3)

The main workpiece 𝑆𝑚𝑎𝑖𝑛 after being milled to the height of the spoon 𝑎𝑧 . (4) The top face 𝐹𝐴
of the main workpiece 𝑆𝑚𝑎𝑖𝑛 after milling the top-down cut. (5) The bottom face 𝐹𝐵 of the main

workpiece 𝑆𝑚𝑎𝑖𝑛 after milling the bottom-up cut.

6.1.3 Mill the Main Workpiece to the Correct Height

Next, Siena moves to the main workpiece and mills it down to the exact height of the spoon that

will be milled. She mostly repeats the same steps she took with milling the alignment jig except

for using the main workpiece. However, because the mill will remove all material above a certain

height, she must be careful to screw the main workpiece to the bed so that the screws lie below

the lowest cut that the mill will make. To do this, Tandem uses counterbores that position the top

of a screw lower than the top of the material that it is screwed into, as shown in Figure 6.5 Part

3 post-milling. The notebook calculates the depths and locations of the counterbores that Siena

needs to make and projects a visual guide using the AR overlay (Figure 6.11 Right).

6.1.4 Mill Alignment Holes in the Main Workpiece

Once the main workpiece is milled to the exact height of the spoon, Siena works through steps in

the notebook to mill alignment holes in the main workpiece. This is the same as milling holes in

the alignment jig, except applied to the main workpiece.
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6.1.5 Mill the Top-Down Cut (Face A)

After the four previous preparation steps, Siena is finally ready to mill the spoon itself. The

notebook guides Siena through otherwise error-prone steps. First, the the notebook generates

toolpaths in CAM that mill the main workpiece from the “top-down” before Siena flips the

workpiece on the alignment jig and mills “bottom-up” from the perspective of the workpiece.

Next, the notebook asks Siena to establish a designated axis of rotation ®𝑅 around which she will

flip the part. the notebook adjusts the origins in CAM to match this axis. Finally, the notebook

prompts the AR overlay to preview the cut before milling so that Siena can visually confirm that

the cut looks correct before dispatching it from the notebook; the workpiece then looks like that

shown in Figure 6.5 Part 4.

6.1.6 Mill the Bottom-Up Cut (Face B)

At this point, Siena has milled the spoon completely from the top downwards, but she must flip it

over to mill the parts that were unreachable with the workpiece’s first orientation. To this end,

the AR overlay prompts Siena to flip the workpiece in this direction according to ®𝑅, which was set

previously. Siena then mills the bottom-up cut (Figure 6.5 Part 5), removes the main workpiece

from the mill, and separates the spoon from the tabs, concluding the workflow.

6.2 Implementing a Workflow using Tandem

To better describe how Florence uses Tandem’s API to implement her workflow as a notebook for

Siena to use, we walk through the code for the first two sections of the notebook
1

: preparing the

CAD model and milling the alignment jig.

1
The source code for the entire notebook and the Tandem backend can be found at http://depts.washington.

edu/machines/projects/tandem/.

http://depts.washington.edu/machines/projects/tandem/
http://depts.washington.edu/machines/projects/tandem/
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viewof dowelDiam = coeffect_range([0.1, 2.0], {
label: "Dowel Diameter (in)",
step: 0.01

})

Figure 6.6: Prompting for User Input with a Coeffect Function. Some properties are omitted in

the listing for brevity.

6.2.1 Prepare the Model in CAD

In our implementation, the notebook communicates, for both CAD and CAM functionality, with

Autodesk Fusion 360. We assume that Siena has already modeled the object she wishes to fabricate

in Fusion 360. Then, she uses the notebook to talk directly to Fusion 360 and make necessary

adjustments for two-sided milling. For example, the notebook prompts her to measure the diameter

of two dowel to be used to hold the workpiece in place during milling. To do this, the notebooks

uses a coeffect function, which generates a user input element; when Siena types in the diameter

or adjusts the slider, that value is captured in the variable dowelDiam, as shown in the notebook

snippet in Figure 6.6. Since CAD and CAM state is stored in Fusion 360, Siena can still make

adjustments in Fusion 360 and re-run any necessary effect functions from the notebook.

For all notebook snippets, the notebook cell, which contains the source code, appears below

the result of evaluating the code. In this case, evaluating the coeffect range function generates

the slider element above and assigns the current value of the slider to dowelDiam.
2

Then, in Figure 6.7, Siena sends the diameter of the dowel to Fusion 360 to be set as a user

parameter, which is a value that Fusion 360 can reference to set the actual diameter of the hole

in CAD, mutating the model accordingly. To do this, she uses an effect function, i.e., a function

that generates a button that, when pressed, sends the value to Fusion 360. Effect functions send

2
For those familiar with Observable Notebook’s input functions, coeffect range is an alias for Inputs.range.
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cmdf360_setDowelDiam = ({
name: "Set Outer Dowel Diameter in Fusion 360",
createParam: [{

name: "dowelDiam",
value: dowelDiam,
unit: "in"

}]
})

effect_f360(cmdf360_setDowelDiam)

Figure 6.7: Mutating an External CAD Model with an Effect Function.

messages to Fusion 360 CAD and CAM, to the AR overlay, or to the CNC mill—we refer to these

recipients as tool applications. They take commands as arguments, which contain parameters that

dictate what the receiving tool application should do; for example, Figure 6.11 shows commands

for changing the AR overlay. We generate a button that must be pressed first, rather than

simply sending the value, because Observable Notebook is a live programming environment that

frequently re-evaluates cells when related cells change. Thus, eagerly sending the values would

result in extraneous messages being sent.

Once Siena presses the button, Tandem knows that the model in Fusion 360 has the correct

user parameter for the alignment holes. Afterwards, the notebook walks her through several

more steps, including: generating the outer, which bounds the artifact to be milled; generating the

alignment holes in the outer; and generating tabs that connect the outer to the artifact. At the end
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viewof jigWorkpieceDimensions = coeffect_form({
x: coeffect_range([0, envMaxXInches], { ... }),
y: coeffect_range([0, envMaxYInches], { ... }),
...

})

jigWorkpieceDimensions

Figure 6.8: Combining Multiple Coeffect Functions with coeffect form. The function evaluates

to an object containing the values set on the sliders as values representing the contingent position

and dimensions of a workpiece.
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of this notebook section, the CAD model is ready to be transformed through CAM into toolpaths

that dictate the mill’s motion.

6.2.2 Mill the Alignment Jig

The alignment jig consists of a flat sheet of wood (the jig workpiece 𝑆 𝑗𝑖𝑔) with two dowels that are

press-fit into respective alignment holes. To properly generate the toolpath for the alignment jig,

Siena must empirically gather data about the physical setup of the sheet material.

To align the physical dimensions and position of 𝑆 𝑗𝑖𝑔 with code in the notebook, Siena uses a

coeffect function (sliders) to generate a contingent list of dimensions and position on the mill bed

(Figure 6.8).

In Figure 6.9, she then uses the gathered data to construct a command for the AR overlay

(more information in Section 6.3). Next, she passes the command to an effect function to project a

rectangle of light corresponding to the contingent dimensions via the AR overlay, as shown in

Figure 6.11 Photo 1.

Siena iterates by changing the dimensions on the sliders and/or repositioning or cutting down

the jig workpiece. After this iterative process, the AR projection, representing the dimensions

sent from the notebook, matches the top of the physical jig workpiece. Siena then checks a box

generated by a coeffect function (Figure 6.10) so that the function now evaluates to true; this result

can subsequently be used in an assertion (see Section 6.4).

Once the dimensions and position in the notebook are matched with the physical setup, the rest

of the section generates a CAM setup with this information, helps Siena zero the tool according to

the CAM setup, fixtures 𝑆 𝑗𝑖𝑔, generates a toolpath from the setup, and dispatches the cutting job.



150 Chapter 6. Making Workflows-as-Programs Reproducible

cmdProjectJigWorkpiece = ({
marks: [{

type: "box",
location: {

x: jigWorkpieceDimensions.x,
y: jigWorkpieceDimensions.y

},
width: jigWorkpieceDimensions.width,
height: jigWorkpieceDimensions.height

}],
...

})

effect_sendToOverlay(cmdProjectJigWorkpiece)

Figure 6.9: Using Position and Dimensional Information to Generate a Command. When sent

to the AR overlay, the command generates a rectangular projection on the machine’s bed corre-

sponding to the values provided.

viewof jigWorkpieceCorrect = coeffect_toggle({
label: "The jig workpiece is aligned with the projection.",
invalidator: jigWorkpieceDimensions

})

Figure 6.10: Coeffect Function for Checking that the AR Overlay’s Workpiece Projection Aligns

with the Physical Workpiece.
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6.3 The AR Overlay

The preceding programming examples show how Florence programs the AR overlay to let Siena

“read from” and “write to” the state of the physical setup. Through a declarative syntax, Florence

writes code to help Siena position a workpiece, drill fixture screws at designated points, double-

check machine zeroes, and more. Specifically, the AR overlay is an interface projected from a

projector mounted above the CNC mill onto the mill’s bed. We implemented the AR overlay as

a standalone web page whose appearance changes based on overlay commands (see below) sent

from the notebook.

6.3.1 Overlay Grammar

Siena interacts with the AR overlay by sending commands in JSON syntax to Tandem’s backend.

A command consists of projected marks, which help her complete a step in the notebook. A mark

could be an outline of where she should place the stock, a crosshair indicating where the center, or

zero, is, or a more complex visualization, such as the toolpath of certain steps, like surfacing the

stock. For each step in the notebook, Siena can send a group of marks to the projector using the

“Send to Overlay” button, which appears after calling the respective effect function. The overlay

and notebook together provide visual and text directions on how to accurately complete each step

needed for the two-sided milling workflow.

The code snippets included in Figure 6.11 show the syntax fabricators use to create different

overlay commands to send to the projector. Florence specifies several properties in the command

for Siena, e.g., the type of mark, mark location, and arguments to pass to the overlay. For example,

for the screwDepth annotation, stock thickness and model height are both needed to calculate a

safe drilling depth.
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projectMainStock = ({
name: "Main Stock Bounds",
marks: [{

type: "box",
location: {

x: mainStock.x,
y: mainStock.y

},
width: mainStock.width,
height: mainStock.height

}]
})

projectMainZero = ({
name: "Preview XY Zero",
marks: [{

type: "crosshair",
location: mainZero

},
{

type: "box",
outline: true,
location { ... }

}]
})

projectMainScrewHoles = ({
name: "Main Screw Holes",
marks: [{

type: "sectionAnnotation",
annotation: "screwDepth",
location: { ... },
args: {

stockDepth: m.thickness,
modelDepth: modelHeight

}
}]

})

Figure 6.11: Example Overlay Commands on the Physical Setup (top) and the Command Syntax

(bottom). (1) Projecting a red rectangle with the same dimensions as the stock helps the user place

the stock correctly on the bed before milling. (2) Projecting a crosshair at the center (or zero) of

the stock helps the user zero the machine at the center of the stock, as assumed in a corresponding

CAM setup. (3) The screwDepth annotation generates lines that show the top/bottom surfaces of

the stock and drill bit as well as a label that indicates how deeply the user must drill the screws

when securing the stock to the bed before milling.
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Figure 6.12: Toolpath Visualizations for the Roughing (left) and Finishing (right) Milling Passes

for 𝐹𝐴 of the Propeller.

Figure 6.13: Preventing Leftover Stock while Milling the 𝑆𝑚𝑎𝑖𝑛 to the 𝑎𝑧 . (1) Slight deviations in

the physical position of 𝑆𝑚𝑎𝑖𝑛 , versus the ideal position, can cause leftover “slivers” of unmilled

stock. (2) A screenshot of the web interface for the AR overlay with a visualization of the toolpath

for cutting down to 𝑎𝑧 . The red boundary is the calculated boundary of 𝑆𝑚𝑎𝑖𝑛, and the green

lines represent the path of the end mill. The fabricator adjusts the “stock offset” option in CAM

to increase the bounds of the green lines beyond the red boundary. Too little offset results in

unmilled stock, while too much results in wasted time spent milling air. The entire rendering in

the web interface is warped using an empirically gathered perspective transform to account for

the positioning of the projector above the machine. (3) The overlay projected onto 𝑆𝑚𝑎𝑖𝑛 . (4) 𝑆𝑚𝑎𝑖𝑛

after being milled with the corrected toolpath.

6.3.2 Toolpath Visualizations

One important mark for overlay commands is toolpath, which projects a visualization of the

toolpath for a certain step in the milling workflow. For example, Figure 6.13 shows an overlay

for milling the main workpiece down to the correct height. We implemented the “toolpath”

mark by extending techniques proposed in previous work on AR toolpath visualization [TOJP22].

Figure 6.12 shows two overlays corresponding respectively to the roughing and finishing passes

for 𝐹𝐴 for the propeller.
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6.3.3 Calibrating the Overlay

To calibrate the overlay for her machine-projector setup, at the beginning of the notebook, Siena

projects a calibration rectangle onto the CNC mill’s bed. She sets the position and dimensions of

the rectangle to match a ground truth rectangle on the mill’s bed; the rectangle should encompass

the area in which she will place workpieces. Siena then drags the distorted projected rectangle’s

corners to match the ground truth rectangle on the bed. From these four point transforms, Tandem

computes a homography that ensures that marks appear at the correct 𝑥 and 𝑦 location on the

bed at depth 𝑧 = 0. For greater depths, i.e., marks projected on a workpiece, we downscale the

projection by a factor of 1− 𝜃
𝑑𝑙𝑒𝑛𝑠

where 𝜃 is the thickness of the workpiece and 𝑑𝑙𝑒𝑛𝑠 is the distance

from the projector’s lens to the machine bed. With this relatively simple calibration technique,

we found that test marks projected where precise within 3mm of the specified position. More

sophisticated techniques could reduce this margin of error.

6.4 Physical Digital Assertions

When implementing her workflow in Tandem, Florence wants to prevent future fabricators like

Siena from encountering the same errors she did. As with any novel fabrication workflow, errors

arise from many sources: digital logic, material behavior, artifact geometry (CAD), manufacturing

settings (CAM), and setups on the physical machine. Further, many errors arise from mismatched

assumptions between these disparate factors. For example, CAM software may assume a given

coordinate space origin (the zero), but the zero assumed by the fabricator in their physical setup is

different (see Figure 6.14). Errors with novel workflows can range from being time-consuming at

best to catastrophic at worst.

To solve this problem, Tandem lets workflow implementers like Florence write physical-
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Figure 6.14: Potential errors resulting from differing origins between a CAM setup and a physical

setup. (Left) A CAM setup 𝜎 ®𝑧
𝐴

where the origin (“zero”) is designated as the center of the stock on

the x and y axes (red), and a CAM setup 𝜎 ®𝑧
𝐵

where the origin is designated as a constant location

on the machine bed (blue). (Right) assuming 𝜎 ®𝑧
𝐴

, if the fabricator sets the physical zero ®𝑧1 at the

top left of the stock, the mill will cut through only half of the stock. Similarly, assuming 𝜎 ®𝑧
𝐴

, with

®𝑧2 as the physical zero, the mill will crash catastrophically into the stock and the bed. Assuming

𝜎 ®𝑧
𝐵
, if the fabricator zeros on the stock at ®𝑧3, then the mill will instead cut air far from the stock.

digital assertions in the workflow’s code. In digital-only programs, assertions check whether a

predicate evaluates to true, and, if not, typically halts program execution; for example the Python

statement assert material thickness > 0 will raise an exception at runtime if the variable

material thickness is less than zero. Assertions are available in most modern programming

languages, including some end user programming environments [BCP
+
03]. The goal of physical-

digital assertions is to extend the reach of assertions from digital-only code to now include

fabrication workflows.

6.4.1 Example Assertions

We briefly walk through examples of how Florence notices where she can write assertions and

how she does so in Tandem. As a simple example, Florence wants to let fabricators know to

install a quarter-inch flat end mill before milling the alignment jig. Intuitively, Florence wants to

make sure that Siena and any other fabricators using the notebook mill the alignment jig only if
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viewof mainEndMillInstalled = coeffect_toggle({
label: ’The 1/4" flat end mill is installed.’
invalidator: [

surfacingEndMillInstalled,
ballEndMillInstalled ]

})

Figure 6.15: A basic predicate that prompts the fabricator to manually check that a given end mill

is installed.

they have first installed the correct tool. Equivalently, we can say that the code that mills the jig

executes only when a prior tool installation assertion evaluates to true.

To implement the most basic form of tool change assertion, Florence writes her precondition

as a predicate in Javascript code as shown in Figure 6.15. As with other calls to coeffect toggle,

the notebook generates a checkbox with a label instructing Siena to check the box only if she has

manually changed the tool to the specified end mill. Because coeffect toggle evaluates to true

if the checkbox is checked and false otherwise, mainEndMillInstalled is a valid predicate. In

an adjacent notebook cell, Florence can also describe in prose why her precondition is necessary,

e.g., to prevent leftover material that can result from drilling the jig with a ball end mill.

Florence then passes mainEndMillInstalled as an argument alongside other predicates

to the requires function which evaluates to true if and only if all the predicates evaluate to

true. As shown in Figure 6.16, the result of requires, assigned to precondFinishing, is thus a

“checklist” of preconditions that must be fulfilled before Siena can a run the jig milling step on the

physical machine. She passes the result to the effect function which sends a job to the mill, ef-

fect sendToMill(jigInstructions, preCondFinishing); if precondFinishing evaluates

to false, then the button generated by effect sendToMill will be disabled to prevent error-prone
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viewof preJig = requires("Mill Alignment Jig", [
["The 1/4-inch flat end mill is installed", () => jigEndMillInstalled],
["Diameter entered into CAD", existsDowelDiam()],
["CAM setup generated", jigSetup],
["Alignment jig workpiece fixtured", jigWorkpieceFixtured],
["CAM zero matches physical zero", checkJigZeros()]

])

Figure 6.16: Preconditions for milling the alignment jig.

milling. Altogether, combination of requires and effect sendToMill comprises a physical-

digital assertion. Florence then repeats the process for each milling step in the notebook, first

writing predicates that are specific to each step, then combines them using requires whose

resulting value she passes to each milling effect function.

As a more complicated example, consider the final predicate in Figure 6.16, “CAM zero matches

physical zero,” which the checkJigZeros function implements as a predicate. This predicate

means that the origin used in the CAM setup—where the point (0, 0, 0) is assumed to be in relation

to the stock material—must match the true physical location at which the machine was zeroed (see

Figure 6.14). To zero the machine, Siena must first move the tool head to the desired location and

then run the zeroing command on the mill, which sets the location to (0, 0, 0). This establishes a

local coordinate system relative to the stock material, while the world coordinate system remains

relative to the unchanging machine bed.

To implement this predicate, Florence must check that the origin used in the CAM setup
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visually matches the zero set in hardware using the overlay and user confirmation. To do so, she

writes an effect function to safely move the mill’s tool to the zero currently in hardware. The

notebook then prompts fabricators like Siena to visually compare the current position of the tool

in hardware with the zero assumed in the CAM setup; Siena checks the predicate’s checkbox to

confirm a visual match.

6.4.2 Scope and Limitations of Assertions

The goal of assertions is to allow Florence to prevent a large set of predictable errors from

occurring when Siena uses the notebook by explicitly including checks and preconditions in the

notebook’s code. Just like in digital-only code, assertions cannot prevent all errors. In Tandem’s

case, assertions focus on errors that are easily preventable as long as Siena is made aware of

prerequisite steps such as mismatched CAM zeros, tool changes, and material positioning. While

these checks may be ”trivial” to those experienced with a given workflow, they are easily missed

as workflows grow more complex or deviate from techniques that Siena is used to.

Assertions can be more or less useful depending on their implementation in code. For example,

Florence could improve the simple checkbox that Siena checks to verify that the correct tool is

installed. Namely, she could implement a model that uses computer vision to classify the currently

installed tool
3
. In addition, rather than using a hard-coded end mill, Florence could query the

current CAM setup’s designated tool using a coeffect function. Currently, predicates primarily

rely on user verification such as checkboxes to “sense” physical state; this suffices for many types

of assertions we encountered. Still, in future work, we intend to leverage sensor data, such as

video feed, touch sensors, and audio data to automatically satisfy or invalidate assertions based

3
On CNC mills with automatic tool changers, Florence could design an assertion by querying the machine’s

hardware for the current tool. However, on more common mills without automatic tool changers, more work is

required on the notebook side.
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Figure 6.17: Minimum Thickness Assertion. From the notebook, an effect function enables Fusion

360 CAM’s section analysis tool and prompts the fabricator to inspect the minimum thicknesses

of the XZ cut planes. After inspecting this, the fabricator checks a checkbox in the notebook,

which returns true, fulfilling the assertion.

on empirical data (see Section 6.6.2).

Finally, assertions are not meant to be absolutely binding. Like any programmer, Siena can

check off, rewrite, or remove an assertion if she finds her own working style is at odds with an

assertion that Florence implemented. Even in this case, Florence’s assertion still serves as a “heads

up” and Siena can add the assertion back in later if needed. Also, we note that physical-digital

assertions are not the same as design rule checks that occur solely within CAD or CAM, e.g.,

checking for collisions while simulating a toolpath. Instead, these assertions concern potential

errors that cross between physical setup and CAD/CAM, such as synchronizing the zero in CAM

with the zero set on the machine.

6.5 Demonstrations

To demonstrate Tandem, we (the authors) used our two-sided milling program to mill four artifacts:

a propeller, a spoon, a bowl, and a printed circuit board (PCB). As we fabricated each artifact, we

documented the challenges we faced, e.g., the spoon snapping during a roughing operation. To
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prevent other fabricators from encountering these same errors, we formalized assertions for each

object or implemented additional notebook functionality to support future notebook users. Again,

in all cases, we assume that the fabricator has already designed an initial 3D model or PCB layout

of the artifact they wish to produce since Tandem focuses on post-modeling steps of the workflow.

6.5.1 Propeller

We first fabricated a drone propeller with extremely thin blades (Figure 6.18) that are difficult

to mill (4.7mm thick, 248mm total length). Because the propeller was relatively long and thin,

it was prone to heavy vibration during the bottom-up cuts. Further, we had to ensure that the

line through the alignment holes was completely parallel to the machine’s y axis to avoid moving

the alignment jig post-fabrication. In one instance, having both a misaligned alignment axis and

insufficient tabs tore through a blade (Figure 6.2, 3).

To minimize the chance of tear-out occurring while milling the thin blades, we established

two assertions: (1) there must be four tabs holding the propeller to the outer, two at the blade

tips and two at the center of the propeller, and (2) the alignment holes must be axis aligned. To

implement the first assertion, we simply ask in the notebook whether the fabricator has manually

created four tabs in CAD; to implement the second, we projected the location of the alignment

holes as calculated earlier in the notebook, alongside a line representing the axis of rotation ®𝑅.

Using a coeffect function, we manually checked whether the true alignment holes corresponded

with the projected locations; if excessive deviation is observed, we added code in the notebook

bridge to guide the user to re-mill the alignment holes. Finally, using the precondition function,

we required both checks before a fabricator could begin the top-down and bottom-up cuts.
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Figure 6.18: The Propeller Milled from Fir.

6.5.2 Spoon

Compared to the propeller, fabricating the spoon raised additional challenges due to its asym-

metrical form in the XZ plane; it has a low, shallow bowl with a long, thin handle that rises up

vertically (see Figure 6.19). Despite creative placement of tabs, we found that if any part of the

spoon’s handle was below a minimum thickness, the spoon bowl would tear out during milling.

To counteract this, we developed an assertion that enforces a minimum thickness requirement

along the longest axis of the spoon, in our case, the y axis. Formally, we express this assertion as

checking the intersection of the XZ cut plane with the spoon at all points on the y axis through

the body of the spoon:

∀𝑦𝐴𝑚𝑖𝑛
≤ 𝑦𝑖 ≤ 𝑦𝐴𝑚𝑎𝑥

: 𝑚𝑖𝑛𝜃 (𝐴 ∩ 𝑝𝑙𝑎𝑛𝑒 (𝑦𝑖)) ≥ 𝜃𝑚𝑖𝑛,

where 𝐴 is the body denoting the artifact, in this case the spoon, 𝑝𝑙𝑎𝑛𝑒 (𝑦𝑖) is the XZ cut plane

with its origin at (0, 𝑦𝑖, 0), 𝑚𝑖𝑛𝜃 is the minimum thickness (dimension in the z direction) of the

intersection of the cut plane and the artifact, and 𝜃𝑚𝑖𝑛 is a user-defined minimum thickness value.

To implement this assertion, we added code in the notebook bridge that analyzes the CAD

model in Fusion 360. For now, it opens the model in section analysis mode (Figure 6.17) and asks

the user to manually verify that the the minimum thickness is met. In the future, we aim to fully

automate this process in the tool application. We added this assertion before fabricators mill
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Figure 6.19: A Spoon Milled from Fir.

anything at all; if their model is too thin, the notebook will prompt them to edit it in CAD to

conform to a minimum thickness requirement.

6.5.3 Plywood Bowl

Next, we milled a bowl out of a glued stack of plywood. The bowl’s design features multiple layers

of laminated wood in its profile (Figure 6.20). We chose the bowl as a larger artifact to mill than

the previous two, too large, in fact, to mill on most conventional mills for metal. It measures

300mm wide, 250mm long and 38mm tall.

Accordingly, we faced challenges of scale and size. First, unlike one-sided milling, the maximum

thickness of any millable artifact is limited by the maximum length below the collet of the shortest

end mill. To prevent fabricators from realizing this too late during the milling process and then

needing to start over, we implemented additional checks in the form of a coeffect function that

asks for the maximum depth-below-holder values for all end mills to be used during the process.

The coeffect function then checks the height of the model and warns the user if the model is too

tall for the given end mills.

Second, the main workpiece must itself be fabricated in advance from pieces of plywood cut

from larger stock; we provided additional functionality for generating the CAD and CAM to mill
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Figure 6.20: A Bowl Milled from a Stack of Plywood. Because the bowl is ellipsoidal, it cannot be

turned on a lathe and must be milled.

stackable pieces to create the main stock. Namely, for a desired artifact thickness 𝜃𝑎 and plywood

thickness 𝜃𝑝 , we mill exactly 𝑛 pieces from the larger stock, where

𝑛 =

⌈
𝜃𝑎

𝜃𝑝

⌉
,

which results in the minimal necessary thickness of the workpiece that must be wasted by milling

down to artifact height 𝜃𝑎

𝜃𝑤𝑎𝑠𝑡𝑒𝑑 = 𝑛𝜃𝑝 − 𝜃𝑎 .

6.5.4 Printed Circuit Board

As a final example, we implemented two-sided milling of a different type of artifact: printed circuit

boards (PCBs). We implemented a separate notebook program that works with a PCB layout

in Fusion 360 standalone 3D models. Our notebook program takes a 3D model that Fusion 360

generates from the fabricator’s PCB layout (Figure 6.21) as input and generates the following CAM

operations to dispatch to the mill, in order: cutting traces on the top layer, drilling through-holes,

cutting traces on the bottom layer, and cutting out the outline of the entire board.
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Figure 6.21: A Simple Two-Sided Printed Circuit Board Milled with Tandem Using a Modified

Notebook.

For milling PCBs, we used the Clank open-source small-format mill [Rea23], which has a static

bed and space above the tool carriage where we mounted a mini laser projector. We controlled

the mill with a Duet2 control board [Dav23] connected directly to the fabricator’s computer over

a single-pair Ethernet connection. To communicate directly with the mill, we added additional

functionality to the Tandem backend to forward HTTP requests sent from the notebook directly

to the Duet2 control board.

6.6 Limitations and Future Work

6.6.1 Characterizing and Formalizing Material Behavior

Currently, Tandem uses standard techniques for accommodating material constraints. For example,

if a fabricator uses Tandem to generate a setup for milling a step, Tandem sets the feed and speed

values of the mill to an appropriate default for the given material, such as soft wood like fir, hard

wood, or plywood. Thus, some material-specific assertions are possible; for example, a notebook

could prompt the user to verify that they are milling wood and not foam for fine detailing work.

However, fabricators often need to experiment with settings like feed and speed depending on

the actual results that they obtain with their mill given a certain material. Tandem does not yet

support automatic adjustment of parameters based on the observed response of a workpiece being
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milled. To address this, in future work, we plan to include support for gathering empirical data

about material response. For example, for milling a propeller, Tandem could support a fabricator

like Florence in helping future fabricators like Siena select an appropriate feed rate for milling

the ends of the propeller blades, which are prone to excess vibration. In this case, Tandem would

generate several thin test cuts, each milled with a different feed rate. Tandem would prompt Siena

to select a rate that does not result in breakage yet is not excessively slow. Her selection would

then fulfill an assertion that Siena must select an appropriate feed rate for milling the propeller

blades.

6.6.2 Automatically Sensing Manual Interventions

The need for material characterization raises another opportunity for future research: integrating

sensing into Tandem programs. Currently, coeffect functions rely on manual verification that a

fabricator enters into the notebook by means of user interface elements. This approach offers

some benefits, including prompting fabricators to physically intervene and identify the state

of a physical setup at a tactile level. Further, in most cases, measuring electrical and thermal

properties of a material requires manual inspection with a multimeter or thermometer, respectively.

Yet, manual verification can be slow, cumbersome, and difficult to characterize features such as

electrical properties or heat.

An important future line of work, then, would be integrating automated sensing into Tandem

programs. One important sensor would be a camera; though we initially explored camera-

projector interactions for the AR overlay, we decided to focus solely on manual interventions

for the scope of this paper. In future work, we plan to leverage camera support to automate

some assertions, such as finding the position and geometry of a workpiece on the machine bed.

Other techniques like speckle sensing [DACS
+
21] or motor torque monitoring [LHR

+
21] could
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aid novices in setting reasonable initial feed and speed values like in the example above. Sensing

would also let fabricators program workflow-specific versions of runtime monitoring, e.g., pausing

a CNC mill if a workpiece deviates from its fixturing. We envision a larger body of work that

explores implementing closed-loop control for fabrication (e.g., as explored by Piovarči et al.

[PFX
+
22]) in Tandem.

6.6.3 Generalization to Non-Milling Fabrication Techniques

Though we designed and implemented Tandem as a platform for any experimental digital fabrica-

tion workflow, this paper focuses only on two-sided CNC milling, a subtractive manufacturing

workflow. The single-workflow focus let us describe Tandem’s functionality in all the complexity

that this single workflow entails. However, other experimental workflows navigate different

physical-digital mismatches than those faced here. Nonetheless, this limitation also highlights a

strength of Tandem: fabricators can program their own workflows and tests that are specific to

additive manufacturing and laser cutting.

As an example, we briefly discuss how Tandem could help a fabricator like Florence implement

an experimental 3D printing technique, Wireprint, as a notebook [MIG
+
14]. Wireprint is a

technique for 3D printing a wireframe of an object, rather than an entire solid body; the approach

is difficult to replicate and has not yet seen widespread adoption
4
. The approach involves several

steps: designing a geometry in CAD that is feasible with the approach, generating wireframe

triangles from the geometry, and adjusting the printer’s feed, extruder, and pause parameters.

Using Tandem, Florence could write effect functions that bring the CAD model into the

notebook as an STL before passing it into the toolpath generation algorithm. She would then write

code, possibly using graphical elements from coeffect functions, that help fabricators like Siena

4
While some forms of the Cura slicer have a wireframe option, the algorithm differs from that proposed by Mueller

et al. [MIG
+
14] and is difficult to tune within Cura alone.
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adjust feed, extrusion, and pauses at different points in the toolpath. Florence would design the

notebook to progressively print more complex parts of a wireframe, starting with a single triangle,

moving to a surface of triangle, and finally to concentric slices of the model. Florence would use

assertions to ensure that Siena debugs and fabricates simpler constructions before moving on

to more intractable ones. Florence could also use assertions to analyze the model’s feasibility

for the Wireprint approach; for example, an assertion could reject geometries with overhangs or

non-concentric parts and ask the fabricator to redesign those parts.

Finally, while AR functionality would likely not be useful for the Wireprint workflow, it could

be useful for novel 3D printing workflows that involve precisely printing on existing geometries

[KZT
+
18, CKM

+
16].

6.6.4 Notebooks versus External tools

The benefit of the notebook is that Florence can lay out her steps sequentially so that Siena

can follow along in one environment without the additional cognitive load of managing many

applications at once. Though the notebook uses Tandem’s API to read and write to Fusion 360,

the actual state of the CAD model and CAM setups still lies outside of the notebook. Siena is

free to make adjustments to CAD and CAM in Fusion 360 itself, independently of the notebook’s

instructions. Still, we could imagine a future where CAD and CAM functionality were part of the

notebook itself; for example, a fabricator could simply call a function to open a CAM environment

within the notebook. Some tools provide basic CAD functionality for web environments [Ons22]

and even for Jupyter [KRKP
+
16] computational notebooks [Sch23, Jup23]. Unfortunately, two-

sided milling called for more mature CAD and CAM functionality than these tools offer. Ideally,

future versions of Fusion 360 could support embedded CAD and CAM windows inside notebook

environments. Alongside Fusion 360, future fabricators could expand Tandem’s backend to
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interface with 3D printing-specific CAM, such as Cura, Formlabs PreForm, or Slic3r, all of which

have respective APIs [Ult21, For23, Ale23].

6.6.5 Encouraging Practice and Debugging Skills

The goal of Tandem is to perform all the major steps of a digital fabrication workflow from a single

program and check that prerequisites are satisfied during the workflow. It thus complements,

not replaces, the need for craft-specific knowledge and hands-on tool education. The notebook

scaffolds Siena’s understanding of why she must do something and how the workflow works and

how to avoid errors. Future iterations of fabrication-as-reproducible notebooks could include

extra steps for encouraging debugging [LTY
+
16] and practice [LJDM23].

6.7 Conclusion

Through sustained attention to an example experimental workflow—two-sided CNC milling—we

have shown why reproducing workflows is unexpectedly complicated yet crucial for research and

practice. Through Tandem, we addressed this issue by making sharing experimental workflows

more like sharing code. Tandem breaks the different parts that must occur into programmable

components: changes to the design of 3D models, changes to the movements of machines, control

of machines themselves, and the setup of the physical environment as necessitated by decisions in

software. Tandem programs explicitly include unspoken preconditions that allow future fabricators

to safely carry out and modify workflows, rather than leave this knowledge as informal lore passed

down only in machine shops and makerspaces.

Overall, Tandem challenges an unsustainable status quo of a workflow as an abstract concept

spread across multiple pieces of software and physical assumptions. Instead, we have provided

the first steps towards computational “glue” for concrete implementations of fabrication research.
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Through programming, Tandem unites disparate requirements for experimental fabrication in

HCI and encourages a holistic, reproducible notation of physical-digital labor.
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Chapter 7

Discussion

“The representation of the craftsman is drowned in concreteness, engaged in material manipulation

and sensible existence; it is dominated by its object; the representation of the engineer is one of

domination; it turns the object into a bundle of measured relations, a product, a set of characteristics.

… The prime condition for the incorporation of technical objects would thus be for man to be …

capable of approaching and getting to know them through entertaining a relation of equality with

them, that is, a reciprocity of exchanges; a social relation of sorts.”

— Gilbert Simondon, On the Mode of Existence of Technical Objects [Sim16, p. 105]

In the preceding quote, philosopher Gilbert Simondon discusses two different perspectives on

technical objects, defined here to be devices and systems that are designed and composed of several

parts. He sees the “representation of the craftsman” as a mastery someone develops from using a

technical object repeatedly, often beginning when young. This resembles what Michael Polanyi

calls tacit knowledge: knowledge that is systematic, embodied through practice and difficult to

articulate with words. In contrast, the “representation of the engineer” is far more familiar to

computer scientists; in this way of understanding, a person breaks a problem into parts that can

171
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be translated into formal notation, which can range from numbers to musical notes to circuit

diagrams to source code.

Simondon claims that relying too much on only one of these perspectives can cause us to

develop an unhealthy relationship with technology. We might see a technical object as something

“non-technical,” where someone has to “just get it” to understand how the object works. Or, we

might see a technical object as completely governed by preconceived equations and plans. In the

latter case, there can be little to no room for practical realities and complications that disagree

with elegant charts or diagrams, and less room for what Donald Schön calls reflection-in-action:

roughly, thinking on one’s feet and using one’s senses in the moment while problem-solving

[Sch83].

As I reflect on the research presented thus far, the reader might ask why this tension of

perspectives matters for physical-digital programming. In short, I would answer that physical-

digital programming is a concrete way to negotiate the representations of both the craftsperson and

the engineer as conceived by Simondon. In Chapter 1 and throughout this work, I discussed how

fabricators who develop novel fabrication workflows must work across physical contingencies and

the constraints of code simultaneously. Using Simondon’s perspective, experimental fabricators

must think like both craftspeople and engineers. They need to address the practicality of machines

and materials while also representing this knowledge through source code. Conversely, they also

need to rely on affordances unique to source code, such as precision, repetition, and testing, as

they negotiate changes to the physical artifact.

Physical-digital programming guides fabricators towards a technical mentality in workflow

development, or having “direct knowledge of a technical system” [BP24], which in our case is a

workflow, i.e., (1) a composition of interchangeable parts, (2) whose composition is shaped by

the feasibility of the entire workflow. Through reasoning, experimentation, and reproducibility

of interdependent physical and digital steps in source code, fabricators and eventually society
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at large will have a more direct, non-threatening understanding of novel fabrication workflows.

At one extreme, we live in a throwaway society, where technical objects are easier than ever to

purchase, use, and discard without knowledge of their inner workings. At the other, centralization

of technological power, particularly massive-scale, proprietary generative AI, is causing people to

default to the opposite extreme of anthropomorphizing and fearing complex technical objects.

This extreme, in the words of Simondon, “supposes that these objects are also robots and that they

represent a permanent danger of aggression and insurrection towards him … in the belief that

reduction to slavery
1

is a sure way to prevent any rebellion” [Sim16, p. 17].

7.1 Quality Control Can Foster Technical Mentality

I argue that the deeper understanding that physical-digital programming can help foster extends

beyond digital fabrication and comes at a crucial moment for society where, despite the odds, we

have a precious chance to rethink our means of production and our way of thinking about technical

objects as a whole. To better understand how we as a society might occupy a middle ground—

develop a technical mentality—I draw our attention to quality control. Quality control extends the

facets of physical-digital programming covered so far, namely, reasoning, experimentation, and

reproducibility. It forces us to see fabrication artifacts as neither throwaway, without material

quirks and completely characterized by equations, nor as having a “life of their own,” unable to be

reworked, rethought, and iterated upon.

Quality control is the way in which fabricators ensure that their workflow produces an artifact

that meets a fabricator-defined specification. Different fabricators will define varying specifications

1
As mentioned in Chapter 1, Simondon does not use slavery as a metaphor. He traces the origins of the hylomorphic

schema, i.e. thinking of a brick as mute matter placed in a mold, to ancient Athens’ reliance on a slave class to support

the polis. In this class structure, slaves who worked with the physical constraints of the clay were not allowed to

influence the manufacturing processes of bricks altogether [BP24].
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based on their own use cases. In conventional fabrication practices such as CNC machining with

metal, an established example of a specification is size tolerance. For example, a precision hole

drilled into a steel workpiece will have a radius that is within a given tolerance of a desired

value, say ±0.01
′′

versus ±0.001
′′
; these values indicate the maximum allowed deviation from a

nominal value. For most applications, a tolerance of ±0.01
′′

from a nominal radius would not pose

a problem, and manufacturing to such a tolerance is usually achievable with CNC milling alone.

However, other applications might require a tight fit between two parts, requiring a tolerance of

±0.001
′′

. In this case, the workflow to machine this part would involve more steps and specialized

equipment, increasing the overall cost of manufacturing [tar21].

In both conventional and experimental workflows, a fabricator must think critically about

their own requirements and design a quality control specification accordingly. With conventional

fabrication, quality control for dimensional precision is highly standardized and forms part of a

machinist’s training. Systems such as geometric dimensioning and tolerancing are codified in the

design of engineering drawings and specify how fabricators must measure parts post-fabrication

to ensure adherence to a specification [tar21, Ame19].

In contrast, experimental fabrication currently has no analogous method of quality control,

even though the consequences of fabricating outside a specification can be equally severe. For

example, for the case studies presented at the beginning of Chapter 1, the materials engineer

3D printing batteries may need to ensure a minimum volume for interlocking electrodes, the

ceramicist may need a constant flow of clay into the printer nozzle within an allowable tolerance,

and the lattice research team may need to establish consistency checks between different 3D

printed lattices for their experiments.

For quality control in both conventional and experimental fabrication, fabricators must:

1. Write down specifications in language, whether in prose, a graphical language for conven-



7.2. An Abstraction Stack for Experimental Fabrication 175

tional fabrication, or a programming language,

2. Adjust their workflow to possibly meet the specification, and

3. Measure the artifact post-fabrication to ensure that the artifact actually does meet the

specification.

Given this definition of quality control, what is its relationship with technical mentality?

When a fabricator approaches workflow development with quality control in mind, they are not

overly biased towards either the representation of the craftsman or the engineer. For those who

prefer to fabricate objects using only tacit knowledge and gut instinct, quality control forces them

to reflect on their process, isolate any steps that might violate a specification, and reformulate

the process accordingly. For those with an engineering mindset—especially computer scientists

who are researching digital fabrication—quality control forces them to dispense with idealistic,

preconceived notions of a workflow and instead grapple with the practicalities of machine and

material.

7.2 An Abstraction Stack for Experimental Fabrication

Given the conceptual importance of quality control, we can now synthesize the lessons learned

from the four projects presented in this dissertation from a new perspective. As discussed in

Chapter 2, much prior work has has adopted either a top-down, simulation-focused approach, or a

bottom-up lens of personal craft and expertise. In contrast, quality control challenges experimental

fabricators to discover constraints and requirements that arise at the high-level (e.g., artifact design

requirements), the low-level (e.g., optimizing tool trajectories), or anywhere in between. With

digital-only programming, programmers can formulate requirements that handle potentially

disparate concerns; for example, the cause of a non-updating user interface could range from



176 Chapter 7. Discussion

Figure 7.1: Physical-Digital Programming Provides a Ladder of Abstraction [Vic11] for Experimental

Physical Automation. The four projects (shown with black labels) organize formerly disparate

concerns, building from low-level machine control and material behavior, up to workflows-as-

programs with an API for communicating with existing software, and finally up to high-level,

user-defined static analyses and visualizations for highly specific automation tasks.
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buggy client-side code, a database issue, a problem with the network, or many other sources. At a

broad level, programmers manage the complexity of these issues using abstraction: organizing

concerns into discrete layers which have controlled interfaces between them.

Ultimately, the four projects comprising physical-digital programming thus far provide the

beginnings of an abstraction stack for experimental physical automation. Figure 7.1 demonstrates

such a ladder of abstraction [Vic11] which helps experimental fabricators methodically move

between layers of abstraction to address issues that arise during workflow development. At the

highest layers, Taxon provides static analyses (rules of thumb) that enforce fabricator-defined

checks. Similarly, Toolpath Stylesheets provide task-specific visualizations using fabricator-defined

transforms and visual renderings of a given toolpath. For a fabricator to actually create a novel

toolpath, they descend one abstraction layer and use Imprimer to compose a notebook program

that generates a toolpath. In the notebook, they use Tandem’s API to interface with existing

CAD and CAM software, directly control machines, and generate AR instructions for manual

interventions. Going even further, how would a fabricator ensure that their workflow-as-program

correctly produces the desired artifact? They would drop down one or more abstraction layers and

investigate machine instructions, tool trajectories, and material behavior. Using manual inspection

or data gathered from sensors, they propagate information back up the stack, for example, by

updating assertion predicates in Tandem, or by modifying a given TSS to more accurately visualize

material behavior.

Given the plethora of existing tools for digital fabrication both in conventional usage and

in computer science research, what value does a physical-digital abstraction stack provide?

Ultimately, physical-digital programming helps fabricators methodically expand the frontier of

possible workflows into novel applications spaces. Rather than simply add one-off fabrication

toolchains that contribute a single new workflow, physical-digital programming lets fabricators

leverage functionality built by others at all abstraction levels.
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Figure 7.2: Physical-Digital Programming versus One-Off End-to-End Systems. Vertices are steps

of a workflow and edges are interoperation between steps. Conventional fabrication tools provide

well-established functionality in a narrow application space. Novel end-to-end fabrication systems

typically add black box functionality in a single new application area. In contrast, physical-digital

programming modularizes both existing and novel functionalities which connect to each other

via programming language constructs.

Figure 7.2 illustrates this idea by representing the total space of experimental fabrication

as a conceptual graph. Vertices represent individual steps of a workflow and edges represent

interoperation between steps. The vertical and horizontal axes roughly map to the spectrum of

domains in which experimental fabricators innovate. In the case of conventional fabrication, the

frontier of possible workflows, marked by blue vertices, is well-established. At the same time,

the application space is narrow, and movements between steps typically require manual export

and import of data. In contrast, end-to-end digital fabrication tools—commonly presented as

contributions in human-computer interaction research (see Section 2.2)—let fabricators execute

workflows in new application spaces. However, such black box systems typically form their own

discrete vertices, disjoint from existing tools and difficult to modify.

To provide the best of both approaches, physical-digital programming instead modularizes

steps of a workflow as code, either by writing functionality from scratch or wrapping existing

functionality in an API as done in Tandem. Together, Imprimer and Tandem let fabricators build

workflows by constructing paths from high to low levels of abstraction. Such paths can visit

steps that are both conventional (blue) or experimental (gold), and Imprimer and Tandem provide
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automated interoperation between both kinds of steps. Finally, Taxon and Toolpath Stylesheets

help fabricators enforce quality control, that is, finding the best path for their use case, rather than

being constrained to a preexisting one.

Extending further from this concept, each facet of physical-digital programming provides

a structured way to build new abstractions over machine functionality. Programming, at its

core, involves creating abstractions over the hardware of a computing machine. While certain

abstractions over hardware, such as operating systems, provide foundational functionality, pro-

grammers will always need to create new abstractions as new challenges arise. Similarly, in digital

fabrication, experimental fabricators rely on conventional fabrication techniques, but must also

build new abstractions over fabrication machine hardware. Often, these abstractions encapsulate

functionality that is not at all supported with conventional fabrication software.

To this end, Figure 7.3 shows how each facet of physical-digital programming facilitates full-

fledged programming: the structured development and testing of case-specific abstractions over

machine hardware. Figure 7.3 illustrates how a given workflow maps to a given subset of the total

space of machine functionality, represented as a rectangle at the bottom. The space includes, as

subspaces, conventional (blue), novel (gold), invalid (red), and/or unexplored (white) functionalities.

Experimentation (Imprimer) empowers fabricators to build meaningful abstractions to achieve

novel machine functionality, while reproducibility lets fabricators incorporate functionality from

more stable conventional fabrication tools. An aim of reproducibility (Tandem) is to enable the

same machine functionality across varying software and hardware setups. To this end, Tandem

lets fabricators reproduce the same functionality by enforcing equivalence between workflows

with different graph topologies. Finally, formal reasoning helps fabricators avoid errors states,

which are represented as invalid subspaces of the total space, using both textual (Taxon) or visual

(Toolpath Stylesheets) analyses.
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Figure 7.3: Physical-Digital Programming Structures Composition of New Abstractions Over

Machine Functionality. Experimentation means that fabricators can adjust their workflow (gold)

by adjusting the path between possible steps; different paths map to different subspaces of the

total space of machine functionality (bottom). Reproducibility lets fabricators incorporate tools

from conventional fabrication (blue) as well as establish equivalent workflows if a given step is

unavailable (gray). Reasoning means that fabricators can check their workflow for potential error

states (red), defined as invalid machine functionality for a given specification.

7.3 Three Directions for Future Work

Given both the need for quality control and an abstraction stack that engenders it, I discuss three

avenues for future work: runtime monitoring and data collection; AI assistance for maintenance

and repair; and building open-source fabrication communities.

7.3.1 Runtime Monitoring and Data-Driven Debugging

One notable omission from the projects presented so far is runtime monitoring, making sure

certain conditions are satisfied when a digital fabrication machine is operating. Many off-the-shelf

software tools now offer rudimentary runtime monitoring functionalities, e.g., using a camera to

check for poor adhesion of the first layer of a 3D print to the 3D printer bed [Bam24]. However,

similar to how toolpath stylesheets allow task-specific visualizations beyond the common case, I

postulate language constructs for runtime monitoring as a core feature.

For example, a CNC milling fabricator could initialize a series of sensors, perhaps two cameras

with different angles of the work envelope, an accelerometer measuring vibrations of the tool,
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and a microphone recording data. This suite of sensors could be represented as streams in a

programming language, where each stream would have a dedicated API. A fabricator could define

anomalous conditions in language, for example, by writing code that processes a video feed from

a camera to detect a large deviation from an expected form as gauged by computer vision metrics.

In this case, a Tandem program could detect and pause the machine if part of the workpiece were

torn-out or if the workpiece slips out from its fixturing. For more robust detection, anomalies

could be described as a combination of thresholds over several sensor streams, e.g., a sudden noise

above 𝑛 decibels accompanied by deviations in the camera feed and accelerometer frequency

spectrum.

Determining what would be considered a deviation from typical behavior would require the

assembly of a dataset of “successful” machine operations over a variety of machines, materials,

and fabrication tasks. Building this dataset would need the cooperation from a community of

fabricators who could contribute data from running their own machines. Fabricators would also

need to label the data recorded from their sensor suites. Again, designing dedicated constructs in

a programming environment could encourage this sharing of data. For example, I could imagine

visualizing high-level runtime data from sensors in a Tandem notebook, labeling certain parts of

the runtime that were anomalous, and then submitting the data from the notebook to a collective

dataset so that other fabricators across the world could benefit.

Why go through the process of curating a dataset in the first place? Though I could extol the

value of bringing machine learning techniques to runtime monitoring, I instead shift the focus to

the description in language of proper machine behavior. Ultimately, I aim to enable fabricators to

describe specifications of proper machine runtime rather than merely tweak their workflow to get

it to work. An analog in digital-only programming would be how a programmer could not only

debug their program, but also add to their programs’ function types that describe the “shape” of

inputs and outputs. The benefit of this is that others can more easily understand and modularize a
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program, becoming better acquainted with system subassemblies, which empowers programmers

to modify and repair parts of a program.

7.3.2 Machine Maintenance and Repair

As we have seen, breakdowns in a fabrication workflow are a pervasive reality that we cannot

fully model beforehand. While a more descriptive programming language or type system, or

a prior dataset of machine runtime data, can help experimental fabricators recognize errors, it

takes additional work to help fabricators recover from them. Because digital fabrication involves

physical hardware, knowing the state or condition of the machine—whether it might have a loose

timing belt, old 3D printing filament, or a misaligned axis—is crucial to achieve quality artifacts.

This calls into question notions of care, maintenance, and repair, all concepts that prior

research in HCI and other fields has studied, but that software tools for digital fabrication have

scarcely addressed. Prior work has studied technology repair shops in the Global North and South,

observing that “values in repair (and indeed other HCI contexts) are better conceived as processes

rather than things: in effect, verbs rather than nouns [HJR
+
16].” I point out that lines of code in

Imprimer and Tandem are verbs; they ultimately control a machine to modify the physical world,

sense and interpret the current state of the world, or prompt a fabricator to inspect and intervene.

Beyond descriptive studies of repair sites, I draw inspiration for future work from prior litera-

ture that examines care, maintenance, and repair in the context of specific technical objects. Other

work has examined repair and maintenance in the context of FDM 3D printing, where researchers

documented repair practices of the online community r/FixMyPrint [SP23]; the researchers found

that fabricators formalized and developed discrete routines that localized and allowed repair for

certain error-prone machine states, e.g., tracing 3D print layer shifting back to loose timing belts

and under-extruded parts back to a clogged nozzle. As a more conceptual example, Lu and Lopes
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built a watch that relied on a healthy colony of slime mold (Physarum polycephalum) inside the

watch to function correctly [LL22]. If the watch user did not feed and water the slime mold

regularly, the watch would cease working. Participants in the study reported affective responses

to changes in the watch’s state: rather than view the device’s functionality as guaranteed, they

became connected to the contingent nature of the slime mold components. With both the online

3D printing community and the physarum watch, the fragility of a device’s subassemblies became

front and center.

Extending from the notion of repair as a verb, the next step in computational notebooks for

fabrication is developing more language constructs that facilitate calibration. Here, I draw from

the formalized maintenance routines described by Subbaraman and Peek [SP23]. For example, one

physical-digital assertion could require a CNC mill to cut some reference shape within a margin

of allowable error; a camera or other sensor would register the calibration cut and compare it

with a ground truth. If the calibration cut deviated too much from a reference, the notebook

would recommend and guide repair steps before trying the calibration cut again. By encoding

maintenance and repair steps in code, we place these values—and by extension, deeper care for

the workings of a machine—on equal footing with code that computes and creates.

As a proof-of-concept, Appendix A describes an AI-assisted prototype for debugging machine

breakdowns.

7.3.3 Open-Source Fabrication Communities

The last major limitation of the work discussed in this dissertation is the connection of physical-

digital programming tools to communities of experimental fabricators. As I claim in Chapter 1,

open-source software communities have grown over the last few decades from being specialized

venues to powering technology in all types of applications and in all corners of the earth. Through
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shared understanding of a programming language, contributors separated by great distances can

work together to build crucial infrastructure.

While physical-digital programming could remove barriers to collaboration on fabrication

workflow development through the same affordances that programming languages give to open-

source software contributors, programming languages are not the only ingredient for success

in open-source communities. Indeed, there is a surprising lack of research on what aspects of

programming languages help open-source communities thrive, e.g., how different programming

language designs facilitate (or hinder) collaboration in different communities. To enable a future

of open-source fabrication, more studies on how small groups of fabricators program and iterate

together will be necessary.

The bulk of research on open-source communities has been through an economic [Ben06]

or anthropological [Egh16, Egh20] lens, focusing on how people interact with one another. If

and when future researchers study emerging communities of open-source fabrication, I urge

them to analyze using a technical mentality: what machines, what material choices, and what

programming constructs make fabrication workflow development work at all? Understanding

how emerging communities of open-source fabrication encode fragile conditions production into

language is a first step towards a society that can more mindfully speak about machines as neither

throwaway nor threatening, but rather a crucial part of our humanity.



Chapter 8

Conclusion

“The most powerful cause of alienation in the contemporary world resides in this misunderstanding of

the machine, which is not an alienation caused by the machine, but by the non-knowledge of its

nature and its essence…”

— Gilbert Simondon, On the Mode of Existence of Technical Objects [Sim16, p. 16]

In this dissertation, I focused on practitioners who are developing experimental applications in

science, art, and engineering. Such experimental workflow development demands that fabricators

reason fluidly and simultaneously across physical and digital constraints. Unlike conventional

applications of digital fabrication technology, experimental fabricators must constantly test,

diagnose, and iterate upon their very own means of production. Finally, while experimental

fabricators may have common goals and approaches, such practitioners in disparate domains

nonetheless remain isolated and relatively ill-equipped to borrow, remix, and share workflows

from and with others. To this end, Chapter 1 explored how code, despite forming the core of

digital fabrication technology, currently lends scant expressive power to experimental workflow

development. Instead, fabrication software tools reinforce a batch programming paradigm from the

185
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middle of the 20
th

century and impose undue limits on creative exploration and problem-solving.

This thesis has turned this limitation on its head. I have argued that programming languages,

if they appropriately capture the physical-world constraints that guide workflow development,

could instead help experimental fabricators flourish and form stronger communities of practice

across domains. Chapter 2 discussed the people for whom physical-digital programming could

be most transformative, identified gaps in the literature that physical-digital programming could

address, and visited existing systems from which I drew inspiration.

The subsequent four chapters addressed three facets crucial to the design of physical-digital

computing: reasoning, experimentation, and reproducibility. For reasoning, Chapter 3 presented

Taxon, a system for formalizing in language unspoken rules of thumb that guide machine choice

and usage; Chapter 4 presented Toolpath Stylesheets, which let fabricators express highly specific

aspects of machine behavior as visualizations of a toolpath. For experimentation, Chapter 5

presented Imprimer, which extends computational notebook programming environments to

support the development of experimental workflows as single programs. For reproducibility,

Chapter 6 introduced Tandem, a library and accompanying backend that augments Imprimer

notebooks to make workflows more accessible to others; this involved integrating external CAD

and CAM tools, an augmented-reality guided interface for manual steps, and basic error-checking

into the notebook.

Though the development of physical-digital programming has thus far targeted experimental

fabricators only, its implications affect computer science as a discipline and, more generally,

society’s relationship to technology as a whole. Chapter 7 raised the notion of computational

quality control: ensuring that the state of physical machines, materials, and artifacts meets

expectations, and how intervene if not. Physical-digital programming forces fabricators and

digital-only programmers to reckon with the precarious nature of the physical world—itself the

foundation of all data. This approach to programming places questions of care, maintenance, and
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repair of physical-digital technologies front and center, rather than banishing them outside the

programming environment milieu.

Such centering of physical contingency provides a crucial foil to today’s state of computing,

which is increasingly dominated by massive-scale modeling that is most accessible to those with

power and that consumes data from “elsewhere” [SHRB20]. Borrowing from philosopher Gilbert

Simondon’s technical mentality, this undue fixation on massive-scale modeling exacerbates a

schism in society’s view of technical objects: they become either throwaway or anthropomorphized,

all-knowing entities.

The farthest-reaching goal of physical-digital computing is to dismantle this unsustainable

form of thinking and help experimental fabricators—and society at large—reestablish a healthier

relationship with technology through direct engagement with a machine’s inner and outer work-

ings. Physical-digital computing reveals the contingent nature of physical reality within digital

programming environments, encouraging us to not devolve the making of data or artifacts to

others, but rather to accept personal responsibility for the development of physical and digital

artifacts.

Ultimately, it is through language itself that we might transcend today’s dominant computa-

tional paradigm, where no thing is precious, to the computing of tomorrow, where all things are

precious.
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Appendix A

Work In Progress: AI Assistance for

Machine Repair

In addition to more straightforward calibration routines, I am eager to explore the potential of

AI-assisted tools for encouraging care, maintenance, and repair. I have thus far mentioned the use

of generative AI tools (particularly large language models (LLMs) that incorporate text, vision,

and video) as being associated with one end of Simondon’s extremes, that is, the propensity to

view technical objects as having a mind of their own, unable to be reworked and redesigned. This

is partly because many of these foundation models1
are closed-source, although researchers have

been investigating open-source models along with ways to run models locally [Lan24]. However,

though LLM’s subassemblies can often be difficult to work with, I believe an LLM-based tool

could nonetheless encourage people to think about the subassemblies of other systems, in our case,

digital fabrication machines and the code used to program them.

1
This term has been used to describe machine learning (ML) that are “general” and massive in scale, with the

effect that somebody who wants to use an ML model can fine-tune an existing foundation model, rather than create a

new model from scratch [BHA
+
22]. This paradigm shift carries both opportunities, namely, a much lower threshold

to creating working models for a given task, and risks, such as centralizing data and power over data into the hands

of a few.
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Conversation Input Coxswain Example Response

I am trying to mill the first

side of a two-sided milling

job of a spoon. However, it

appears that the milling

went deeper than expected.

What went wrong?

To provide an accurate diagnosis, I need to see the result of your

milling process. Please send me the photo of your workpiece after

milling so I can compare it with the expectation and help identify

the issue.

It appears you have sent the same image twice, showing your

expectation for the project. To accurately diagnose the problem, I’ll

need to see the result after milling. Could you please provide a

photo of the actual result of the milling process?

It appears that the issue with the milling might be due to tool slip.

The result shows that the cut is deeper than expected, particularly at

the circled area where it has gone completely through the stock,

which indicates that the tool may have slipped. This could have

caused the tool to cut deeper into the material than programmed.

Could you please check the torque on the tool’s collet and confirm if

the tool has slipped during the milling operation?

Based on the second image where the milling process missed part of

the stock, it looks like the issue may be related to incorrect work

coordinate system (WCS) setup or the toolpath boundary settings.

The surfacing operation should have covered the entire top surface,

but if the toolpath wasn’t set to include the edge or if the machine

was zeroed incorrectly, it could result in this type of incomplete

milling. Additionally, have you double-checked the zeroing of the

tool before starting the cut?

Table A.1: Example Conversation Responses. The fourth row shows Coxswain’s response to a

separate issue than that addressed in the first three rows.
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To envision AI for technical mentality—care, maintenance, and repair for fabrication workflows—

my collaborator, S
,
tefania Drugǎ, and I are building a prototype of a foundation model-based

debugging tool for machine breakdowns. This tool, called Coxswain, is a conversational assistant

that prompts a fabricator to describe the problem in the event of a breakdown; Coxswain then

suggests possible issues, calls repair processes for correcting the issues, and prompts the fabricator

to investigate further. To support this functionality, Coxswain takes as input data in several

modalities from the current state of a machine and its workpiece or material when the breakdown

occurs. These data modalities include: image data from one or more cameras, vibration and audio

data from accelerometers and microphones, and, most importantly, text input from the fabricator.

As an example, Table A.1 shows how a fabricator (i.e., Siena) interacts with Coxswain when,

halfway through milling part of a wooden spoon as described in Section 6.5.2, the CNC mill makes

a sudden noise, prompting the fabricator to immediately halt machine operation by pressing the

emergency stop button. As Siena inspects the workpiece, she notices a C-shaped gash in the spoon

around where the machine was milling tight curves in the toolpath. She loads Coxswain on her

computer along with her Tandem notebook and uploads an image of the gash to Coxswain with

a text description of what she was doing when the problem occurred (Figure A.1, right). It also

provides Siena with buttons; the third, when clicked, opens up Autodesk Fusion 360 and lets her

select the AAM toolpath from which the issue arose.

Coxswain analyzes the data that Siena provides, which includes both what she would like to

have happen and diagnostic data of what went wrong. It then provides several potential causes

for the issue, which in our case it identifies as tool slip. Coxswain then explains that tool slip

could result from one or more causes: under-tightening the end mill; a Z-axis origin that does

not match the physical workpiece, causing the mill to cut too deeply; and overly fast feed rate or

speed; a worn end mill; or other factors. Starting with the most likely cause, under-tightening

of the end mill, Coxswain calls an overlay function from Tandem’s API to highlight where on
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Figure A.1: Coxswain’s System Architecture, as a Work-In-Progress. On the left, Coxswain receives

text, image, and sensor data that document a breakdown from Siena, an example fabricator. The

signal-describer (not yet implemented) translates signal data into a JSON description with

salient features. The JSON, text, and image data are passed to the diagnoser, which outputs a

natural language explanation of the issue. The explanation is also passed to the function-call-
maker, which generates Tandem API calls that automate repair processes for Siena. On clicking

these repair options in the conversation window, Tandem executes the action in CAD/CAM, with

the AR overlay, or on the CNC mill.

the machine Siena needs to tighten the collet using a pair of wrenches. After making the change,

Siena runs her cutting job again; if the problem recurs, she tries other suggestions that Coxswain

provided. In future iterations of Coxswain, S
,
tefania and I plan to build functionality that would

let Coxswain use information from multiple failed attempts at repair, as well as data from others’

successful repair interventions, to help diagnose and fix the issue.

Beyond diagnosing and repairing errors in the workflow and physically on the machine,

Coxswain helps Siena gain greater insight into how breakdowns can culminate from multiple,

often obscure causes. Because the system is still an early prototype, I discuss below some salient

components and challenges that could evolve over time rather than present an exhaustive descrip-

tion of the system (Figure A.1).
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Conversational Interaction. Using a conversational model, fabricators like Siena would have

more flexibility to ask for more information, and Coxswain would be able to seek more information

or provide multiple approaches. Compared to a fixed set of rules for repair, a conversational style

can adapt more easily to unknown situations.

ChainingMultipleModels. For the current implementation, S
,
tefania and I composed Coxswain

from multiple GPT-4 [OAA
+
23] models that each implement specialized functionality. One major

constraint we face is that, at the time of writing, GPT-4 with Vision does not allow API users

to fine-tune using images. Thus, though we can fine-tune the diagnoser model with text-only

input-output pairs, we cannot show the diagnoser an image of a machine breakdown alongside

a ground-truth diagnosis of the problem. Briefly, comparative visual question-answering (VQA)

models such as LlaVa [LLWL23] that do allow fine-tuning with images unfortunately do not have

sufficiently high performance to provide sensible outputs on our few-shot dataset.

Fabrication-Specific Knowledge. Besides bona fide fine-tuning, at this early stage of prototyp-

ing, we provided Coxswain with a knowledge base of common CNC debugging techniques that

we wrote by hand. Specifically, for the diagnoser and function-caller models, we included

contextual information for diagnosing breakdowns and for mapping breakdowns to Tandem calls,

respectively. Table A.2 shows part of our small fabrication-specific knowledge base fed to GPT-4

as a system prompt.

Adapting Tandem’s API for Repair tasks. Using GPT-4’s function calling capability, the

function-caller translate certain queries into API calls. The Tandem API interacts with CAD/-

CAM, the overlay, and the machine directly, guiding Siena.

Once we further develop Coxswain, we intend to run a user study to explore whether and

how Coxswain could improve fabricators’ attention to repair and maintenance. For an example
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use case of 3D printing, we would run a between-subjects experiment where participants would

debug a buggy machine and associated 3D printing workflow. Participant groups would include a

control group (no assistance), a group using current methods (e.g., advice found online, such as

r/FixMyPrint), and the experimental group using Coxswain. The experiment would aim to identify

whether Coxswain improves repair success rates and whether fabricators who use it know more

about the machine. As a more difficult question to ascertain, we would also like information about

whether fabricators using Coxswain care more about their machine and workflow; this would

require some measure that corresponds to care as an experimental construct.

Beyond reducing the number of errors that occur when following a workflow—through

Coxswain or otherwise—bringing maintenance and repair to programming languages marks

the beginning of an ethical shift. This approach fundamentally changes the concept of program

execution, from “doing things” to instead “working with” the machines, material, and code that we

or others have maintained. Understanding this contingency, this hidden semantics of machines,

lets fabricator-programmers “support … the conditions of production and not just the realization

of computational designs” [BP24].
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CNC Milling Concept Context Prompt

Surfacing Surfacing is a toolpath operation where the end mill passes back and forth

completely over a surface. Stock material is removed to the depth of the end

mill wherever the end mill passes.

Tool Slip If the tool is not installed in the collet with enough torque, the tool can slip

mid cut. This looks like a resulting deep cut in part of the workpiece. It also

generates a lot of noise. Tool slip can also result in all cuts being too deep into

the workpiece, even though it looks correct otherwise.

Stuck Machine While the machine could get stuck, it is not likely this will happen without

the user noticing noise or visible signs of getting stuck.

Zeroing in the

Wrong Place

If a cut starts in an unexpected location, the location at which it was zeroed

physically might not match the CAM setup.

Table A.2: Sample from Coxswain’s Knowledge Base. We pass a plain text list of CNC milling

concepts to the diagnoser to form a rudimentary milling-specific knowledge base. Pairs of

milling concepts (left column) and elaborations (right) are passed as a message to the model, with

the message parameter role set to system in OpenAI’s chat completions API.
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Appendix B

Tandem Notebook Implementation

To give an example of a physical-digital program, I include a printout of the two-sided milling

notebook described in Chapter 6. The printout shows only the graphical elements that remain

after hiding all of the source code in the notebook cells. To view the live version of the notebook,

please visit Tandem’s project page at: http://depts.washington.edu/machines/projects/

tandem/. This page contains the most up-to-date links to the notebook and the Tandem backend

required to use it.
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Two-Sided Milling
Part 0: Setup
Follow the steps below to set up and test all the necessary connections in order to run
the notebook:

1. Open the Tandem GitHub Repository on another tab: https://github.com/
machineagency/tandem

2. Navigate to the README.md !le and follow the steps for installing the backend, AR
overlay, and notebook bridge

3. Connect to the physical CNC mill by following the setup instructions for "Physical
CNC mill"

4. Turn on the projector and set it up by following the setup instructions for "Projector
Setup"

5. Test that the servers are correctly working using the buttons below before
proceeding to initial preparations

Test the backend server

Test Backend Server

null

Test the overlay projection

cmdTestBox0 = Object {name: "Test Box", type: "step", marks: Array(1)}

Send a Test Box

Test the notebook bridge

cmdf360_testConnection = Object {name: "Test Notebook Bridge Connection", test_connection

Test Notebook Bridge Connection

Send to Fusion 360

If you see a message pop up in Fusion 360 as pictured below, then your notebook bridge is
running properly! If not, ensure that all steps for setting up the notebook bridge from the
README.md were completed.
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Only proceed to the remaining parts once you have completed the above steps, or else the
notebook will not work as intended.

Part 1: Initial Preparations
Manually Set the XY Zero to the Bed Origin Point

Find the crosshair marked on the bed in the lower le! corner. This should be the point
that the projector extends the furthest in the lower le! corner, near the absolute corner of
the bed.

Zero XY

Record and Keep Track of Zeros
type CoordinateSystem = 'bed' | 'jig' | 'mainWorkpiece'

currentCoordinateSystem = "mainWorkpiece"

Set the Away Position

Record the position where the gantry won't block the projector. Use the button pad, ask
user to move it away. Once it's away, query the server for the shopbot's position and
record it. Note that this poisition is in bed coordinates and needs to be transformed to a
local coordinate system.

Record Current Position as Away

null

Calibrate the Projector

Follow the steps below to calibrate the projector:

1. Ensure your projector is turned on and setup according to the instructions in Part 0
2. Make sure that your projection is bigger than the work area you want to mill on
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2. Make sure that your projection is bigger than the work area you want to mill on
3. Mark the corners of the projected area on your bed
4. Record the width, height, and x and y of the lower le! corner of the projected area

below using the sliders
5. Click the "Make Calibration Square Appear" box below
6. Move the corners with your mouse so that the corners of the box line up with the

corners of the projection
7. Test that your projection works by sending a test square and checking that the

dimensions match with the ones you set with a ruler

LL X

5

LL Y

5

Width

5

Height

5

cmdCalibrateOverlay = Object {name: "Calibrate Overlay", type: "calibration", marks

Make Calibration Square Appear

null

cmdTestBox = Object {name: "Test Box", type: "step", marks: Array(1)}

Send a Test Box

null

Set up the Model in F360

1. move the model such that it's entirety is above xy plane.
2. name main model body as artifact. This is the body will be milled

The main body is named 'artifact' in F360.

Record the Diameter of the Dowels

Using calipers, measure the diameter of your alignment dowels.

Dowel Diameter (in)
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0.35

cmdf360_setDowelDiam = Object {name: "Set Outer Dowel Diameter in Fusion 360", createParam

cmdf360_createOuter = Object {name: "Create Outer", create_outer: true}

Set Outer Dowel Diameter in Fusion 360

Send to Fusion 360

Create Outer

Send to Fusion 360

Manually Adjusting Tabs

At this step, tab supports are generated at a speci!c distance.Now we ask you to adjust the
tab to the speci!c length, location, so the tabs supports the model you are going to mill.
We provide you four default tabs, but feel free to add or remove tabs to suits your need. At
the end, please combine all the tabs into body called: "artifact". Be careful that when
creating sketch, create from a construction plane instead of from outer, this will make
sure that the tab successfully combines with the spoon
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A demonstration of a properly tabbed, and combined model

Part 2: Mill the Alignment Jig

230



Set the Dimensions for the Alignment Jig Workpiece

Adjust the sliders below based on the dimension of the Alignment Jig Workpiece

Workpiece X

5

Workpiece Y

5

Workpiece Width

5

Workpiece Height

5

W. Thickness

1

Coordinate System

bed
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Object {x: 5, y: 5, width: 5, height: 5, thickness: 1, coordinateSystem: "bed"}

Project the Jig Stock and Align Position of Stock with Overlay

cmdProjectJigWorkpiece = Object {name: "Project Jig Workpiece", type: "step", marks

Project Jig Workpiece

Send to Overlay

Ensure that the jig workpiece is aligned with the projected box, or adjust the x and y
coordinates of the workpiece as necessary.

The jig workpiece is aligned with the projection.

Fixture the Alignment Jig Stock to the Machine Bed with Screws at the
Projected Locations

cmdProjectJigScrewHoles = Object {name: "Project Jig Screw Holes", type: "step", 

Project Jig Screw Holes

Send to Overlay

You will need three Phillips head wood screws with a larger depth than that of the jig
stock as well as a drill with a standard Phillips head bit for securing the screws. The
!xturing process is as follows:

1. Using the Phillips bit, drill the three screws down into the jig stock where the marks
are projected in order to secure the jig stock to the bed. The screw head should be
"at with the ReduceThickness of the jig stock.

2. Apply downwards pressure while drilling with your other hand and body weight to
ensure that the jig stock is "at on the bed and not li#ing o$ in any areas while
screwing. Reference the picture below for how the jig stock should look if it is
properly secured to the bed.

Jig workpiece is safely fixtured with three screws.

Important: do not move the alignment jig a#er it's been synchronized with the
projection. This is because we'll use the position of the alignment jig to XY zero the mill
later on. If you must move the jig a#er milling, then repeat the projection synchronizing
step.

Tool Change: Install the the Non-Surfacing Bit232



Check the box below only if you have installed the correct end mill.

The 1/4" flat endmill is installed.

Automatically Set the XY Zero Based on the Projected Box

jigZero = Object {x: 7.5, y: 7.5}

cmdProjectJigZero = Object {name: "Preview Jig XY Zero", type: "step", marks: Array(2)

Preview Jig XY Zero

Send to Overlay

Move the bit to the crosshair and zero

Send to Mill

Zero the Z Axis

Send to Mill

tVec_BedToJig = ƒ(v)
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tVec_BedToJig = ƒ(v)

tVec_JigToBed = ƒ(v)

Generate the Bore Setup and Instructions in F360 using the recorded Jig
Stock Dimensions

cmdf360_setjigWorkpieceDimensions = Object {name: "Set Jig Stock Dimensions in F360"

Set Jig Stock Dimensions in F360

Send to Fusion 360

cmdf360_generateJigSetup = Object {name: "Make Alignment Jig Setup", setupCam: Array(1)

Make Alignment Jig Setup

Send to Fusion 360

The zero in CAM matches the physical zero.

Generate Machine Instructions and Dispatch them to the Mill

Maybe todo: generate a pro!le cut to cut out the entire jig if the user needs that.

cmdf360_instructionsJig = Object {name: "Generate Jig Machine Code", exportSbp: 

Generate Jig Machine Code

Send to Fusion 360

Wait 5 seconds a"er generating the code, then press the following button to refresh.

Refresh Jig Bore Machine Code

No code yet.

Preview the Jig Dowel Locations

cmdProjectJigBoreToolpath = Object {name: "Preview Jig Bore Locations", type: "step"

No Away Position

Preview Jig Bore Locations

Send to Overlay

Preconditions for "Mill Alignment
Jig"

The 1/4-inch #at end mill is installed
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The 1/4-inch !at end mill is installed
Diameter sent to Fusion 360
CAM setup generated
Alignment workpiece jig "xtured to the

bed
CAM zero matches physical zero

Send to Mill

Nothing sent to the mill yet.

Check the Fit of the Bores with the Dowels and Correct if Needed

1. Ensure that the dowels "t tightly into the holes and do not come out easily if pulled
by hand. You may need to use a mallet in order to get the dowels in securely.

2. If the holes are too small for the dowel, remeasure the diameter of the dowels and
follow the steps above to re-bore the holes to the correct size.

3. If the holes are too large for the dowel, zero the jig-y to be slightly lower or higher
than the previous holes. Then, remeasure the diameter of the dowels and follow the
steps above again in order to re-bore the holes to the correct size.

4. Once you are "nished with this step, the dowels should be tightly secured to the jig
stock

Part 3. Reduce the Thickness of the Main Workpiece
Align the Projection with the Main Workpiece
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Stock Box LL X

5

Stock Box LL Y

5

Stock Box Width

5

Stock Box Height

5

Stock Thickness

1

Coordinate System

bed

Object {x: 5, y: 5, width: 5, height: 5, thickness: 1, coordinateSystem: "bed"}

cmdProjectmainWorkpiece = Object {name: "Project Main Stock", type: "step", marks

Project Main Stock

Send to Overlay

Ensure that the main workpiece is aligned with the projected box, or adjust the x and y
coordinates of the workpiece as necessary.

The main workpiece is aligned with the projection.

Send Main Stock Info to Fusion 360

cmdf360_setmainWorkpieceDimensions = Object {name: "Set Main Stock Dimensions in F360"

Set Main Stock Dimensions in F360

Send to Fusion 360

Fixture the Main Workpiece with Screws at a Safe Depth
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cmdProjectMainScrewHoles = Object {name: "Project Main Screw Holes", type: "step"

Project Main Screw Holes

Send to Overlay

modelHeight = 0.5

You will need a drill with three bits: a standard Phillips head bit for securing the screw, a
countersink bit that matches the screw, and a boring bit that is at least as wide as the
thickest part of the countersink bit. The !xturing process is as follows:

1. Using the boring bit, drill a hole that is at least 0.5 in inches deep. This is calculated
as follows: stock thickness (1 in) minus model height (0.5 in).

2. Manually check all bore depths with the depth probe of a pair of calipers. Ensure
the number reads 0.5 in or greater.

3. Change to the countersink bit and countersink all the bores.
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4. Change to the Phillips bit and screw in all the screws.
5. Check again with the calipers that the depth reading of all bores reads 0.5 in or

greater.

safeFixtureDepth = 0.5

Main workpiece is safely fixtured with screws at 0.5 or more.

Tool Change: Install the Surfacing Bit

The surfacing bit is now installed.

XY Zero the Mill on the Main Workpiece

mainWorkpieceZero = Object {x: 7.5, y: 7.5, coordinateSystem: "bed"}
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cmdProjectmainWorkpieceZero = Object {name: "Preview Main Zero", type: "step", marks

Preview Main Zero

Send to Overlay

Move to Main Stock Center and Set XY Zero

Send to Mill

Object {x: 0, y: 0, coordinateSystem: "mainWorkpiece"}

tVec_BedTomainWorkpiece = ƒ(v)

tVec_mainWorkpieceToBed = ƒ(v)

Z Zero the Mill

Zero the Z-Axis with the Z-Plate

Send to Mill

Generate the Surfacing Setup in F360

cmdf360_generateSurfacingSetup = Object {name: "Make Surfacing Setup", setupCam: 

Make Surfacing Setup

Send to Fusion 360

Generate the Surfacing Toolpath in F360

cmdf360_instructionsReduceThickness = Object {name: "Generate Surfacing Machine Code"

Generate Surfacing Machine Code

Send to Fusion 360

Fetch instructions for reduceThickness

No code yet.

Project the Surfacing Toolpath with Respect to the Main Stock
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cmdProjectSurfacingToolpath = Object {name: "Preview Surfacing Toolpath", type: 

Preview Surfacing Toolpath

Send to Overlay

Check that the surfacing fully covers the workpiece. If not you might end up with the
result in the image below which is a result of the surfacing toolpath being zeroed at the
wrong place, or of the stock setup being wrong in F360. If you change the latter, you need
to repeat the main stock localization step.

Dispatch the Surfacing Cut

Preconditions for "Surface Main
Workpiece"
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Main workpiece exists and has non-
zero dimensions

Main stock dimensions sent to Fusion
360

Z axis zeroed with z plate
Main stock xy zero set on mill
Main stock safely !xtured to bed with

appropriate screw depth
CAM setup generated

Dispatch Surfacing Cut

Send to Mill

Part 4. Mill Alignment Holes in the Main Workpiece
Tool Change: Install the Main Bit

Z Zero the Mill

Note: do not XY-zero again, unless something was wrong with the last XY zero for
surfacing.

Zero the Z-Axis with the Z-Plate

Send to Mill

Generate the Bore Setup and Instructions in F360

cmdf360_mainHoles = Object {name: "Generate Main Holes Setup", setupCam: Array(1)

Generate Main Holes Setup

Send to Fusion 360

cmdf360_instructionsMainBore = Object {name: "Generate Main Bore Machine Code", 

Generate Main Bore Machine Code

Send to Fusion 360
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Fetch instructions for mainHoles

No code yet.

Preview the Bore Locations

cmdProjectMainBoreToolpath = Object {name: "Preview Main Bore Locations", type: 

No Away Position

Preview Main Bore Locations

Send to Overlay

Dispatch the Bore Cut

Preconditions for "Bore Main
Workpiece"

Z axis zeroed with z plate
CAM setup generated

Dispatch Main Bore Cut

Send to Mill

Check the Depth and Fit of the Bores

cmdProjectBoreDepth = Object {name: "Project Bore Depth", type: "step", marks: Array(1)

Project Bore Depth

Send to Overlay

1. Ensure that the depth of the bores is equal to the depth of the stock before removing
and unscrewing the stock from the bed. This means that the bore should have
drilled holes all the way through the stock. You can measure both the depth of the
holes and the depth of the stock with calipers in order to ensure this.

2. If the holes are not deep enough, adjust the depth of the stock and redo the steps
above to re-bore the holes.

Part 5. Mill the Top-Down Cut
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Fixture the Main Stock to the Jig with Screws at the Projected Locations

cmdProjectTopCutScrewHoles = Object {name: "Project Top Cut Screw Holes", type: 

Project Top Cut Screw Holes

Send to Overlay

1. Align the stock holes with the dowels and secure so that the stock is !at against the
top of the jig

2. Using a drill bit with a standard Phillips head and 3 wood screws that are longer
than the depth of the stock, secure the stock to the jig at the projected locations

Main workpiece is safely fixtured with screws

Generate the TopCut Setup and Instructions in F360

cmdf360_topDown = Object {name: "Generate Top Cut Setup ", setupCam: Array(1)}

Generate Top Cut Setup

Send to Fusion 360

cmdf360_exportTopCutsbp = Object {name: "Generate Top Cut Machine Code", exportSbp

Generate Top Cut Machine Code

Send to Fusion 360

Fetch instructions for topDown

No code yet.

cmdProjectTopCutToolpath = Object {name: "Preview Top Cut Toolpath", type: "step"
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Preview Top Cut Toolpath

Send to Overlay

Preconditions for "Mill Top-Down
Cut"

Main workpiece safely !xtured to jig
CAM setup generated

Part 6. Mill the Bottom-Up Cut

Flip the Main Stock Over the X-Axis To Prepare for the Bottom-Up Cut

cmdProjectFlipStock = Object {name: "Project Flip Stock", type: "step", marks: Array(1)

Project Flip Stock

Send to Overlay

Instructions for "ipping the stock....

cmdProjectBottomCutScrewHoles = Object {name: "Project Bottom Cut Screw Holes", 

Project Bottom Cut Screw Holes

Send to Overlay

cmdf360_bottomDown = Object {name: "Generate Bottom Cut Setup", setupCam: Array(1)
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Generate Bottom Cut Setup

Send to Fusion 360

cmdf360_exportBottomCutsbp = Object {name: "Generate Bottom Cut Machine Code", exportSbp

Generate Bottom Cut Machine Code

Send to Fusion 360

Utility Functions
envMaxXInches = 50

envMaxYInches = 24

maxThickness = 3

zSafeHeight = 2

eagerSendToOverlay = ƒ(command)

effect_sendToOverlay = ƒ(command)

effect_sendToF360 = ƒ(command)

effect_sendToMill = ƒ(command)

moveAway = ƒ()

tVec_current = ƒ(coords)

fetchInstructions = ƒ(setupName)

__sendInstructionsToMill = ƒ(instructions)

highlightPrecondition = ƒ(pc)

highlightPostcondition = ƒ(pc)

highlightPictureNeeded = ƒ(pc)

fetchSvg = async ƒ()
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requires = ƒ(commandName, textPreconditionPairs)
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