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Figure 1: Vespidae is a programming framework to support the development of custom tool paths and visualizations for digital 
fabrication. Software modules provide the computational functions necessary to generate toolpaths (red), and transform these 
into executable machine code. This enables higher levels of control over toolpathing operations while still harnessing the 
benefts of abstraction; shown here is an undulating toolpath used to texture a piece of wood using a CNC milling machine. 

ABSTRACT 
Digital fabrication machines are controlled through code. Software 
that generates this code, such as slicers, often rely on abstractions 
that restrict practitioners from exploring the full design space. We 
contribute Vespidae, a programming framework for developing cus-
tom toolpaths and visualizations. Vespidae module types include 
Toolpaths, Actions, Solvers, and Export. These generate geometry, 
specify machine tasks, sort and visualize action sequences, and 
generate and stream machine code. We show example workfows 
that demonstrate Vespidae’s strengths in supporting iteration and 
unconventional practice. These include non-planar 3D printing, 
varying a print’s tactile qualities with under-extrusion, and ex-
ploring the design space of milling marks. Furthermore, we used 
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Vespidae over the course of six months to explore multi-material 3D 
printing for energy storage devices on a custom machine. Finally, 
we discuss how Vespidae contributes to a movement in HCI arguing 
for human-machine collaboration. 
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1 INTRODUCTION 
A laser cutter has X, Y, and Z axes—the height of the head can be 
raised or lowered to accommodate diferent stock materials and 
the XY can cut out any 2D shape. There is no mechanical reason 
that a laser cutter could not vary its Z-height while cutting in XY. 
Yet laser cutter software is not designed to accommodate this type 
of toolpath. Other digital fabrication toolpath generation software 
similarly uses a 2D+1D approach. 3D printing slicers default to 
planar layer-by-layer printing. Computer-controlled milling cuts 
one ‘pass-depth’ at a time. These types of abstractions—abstractions 
that are built into toolpath generation software—make assumptions 
about how we engage with material, machine, and process. These 
abstractions can reduce risk—machine crashes, material failures— 
but they also restrict us from exploring the possibilities at the 
intersection of material and machine. 

Andersen et al. [3] push against machines as rote executors of 
automation: “A new machine is full of open questions, if we approach 
it well. With no rigid social hierarchy and norms already set around 
a new technology, we are able to push against its constraints.” To 
collaborate with machines, they argue for fuidity with their control: 
“digital crafts-machine-ship is about encoding the rules of making, not 
to preserve them but so that they may be more easily modifed and 
changed.” Inspired by this and rich prior work in HCI [12, 23, 37, 65], 
we seek to support further exploration of the digital crafts-machine-
ship design space. 

Pushing against the constraints of fabrication machines and 
systems, HCI researchers have developed many novel digital fab-
rication processes, for example, for fabricating microstructure 
[18, 38, 47], electronic devices [34], biodegradable electronic de-
vices [58, 68], textile devices [1, 27, 49], and shape-shifting devices 
[71, 73]. Many of these novel workfows rely on modifying a key 
step in the fabrication process, specifcally by authoring custom 
machine instructions. In established fabrication processes, these ma-
chine instructions are typically generated in CAM (computer-aided 
manufacturing), software that encapsulates the domain expertise 
and best practices of a fabrication process into a more user-friendly 
and understandable interface. For example, FDM (fused deposition 
modeling) 3D printing CAM software takes a 3D model (often in .stl 
format) and a set of user parameters (e.g., support settings, quality) 
to produce a sequence of toolpaths (often as a .gcode fle). This soft-
ware is also called a ‘slicer’, emphasizing the planar toolpaths they 
typically generate. The slicer abstracts away the complex geometri-
cal computation it conducts to generate machine instructions, and 
provides simple visualizations of the resulting toolpaths. However, 
it does not support the unconventional toolpath authoring needed 
for many of the processes above, nor does it support simulating or 
visualizing physical outcomes of unusual toolpaths. Practitioners 
who wish to explore this need to develop custom workarounds. 
We refer to these kinds of workfows as unconventional digital 
fabrication. 

For example, for ListeningCups, Desjardins and Tihanyi [10] de-
veloped a simple workfow to embed audio data into G-code by 
manually inserting lines of code that paused the printer. In these 
pauses, the porcelain continued oozing out of the nozzle, generat-
ing characteristic bumps on the cup surface. To get their preferred 

texture, they “played” with the machine, exploring how simple mod-
ifcations led to diferent material outcomes. They describe needing 
to rely on “anticipated tactility”, noting, “This close relationship with 
the machine was possible because Tihanyi already had an excellent 
understanding and anticipation of what the printer could do, including 
the innovative use of the dwell command for the production of texture.” 
We ask how this type of exploration can be better supported for 
more machines, materials, and processes, allowing us to venture 
towards less-simple instructions or less-familiar human-machine 
relationships. 

Towards this goal, we identify a bottleneck at creating and visu-
alizing machine instructions that are unconventional. Therefore, 
our aim is to support the creation of novel machine instruction 
authoring and visualization tools. This way, practitioners in digital 
fabrication who wish to explore the boundaries of their machines 
and materials can easily iterate and experiment with instructions. 
We present Vespidae, a programming framework for digital fab-
rication toolpaths. Here we consider a programming framework 
tool that provides ready-made components that can be customized, 
including libraries, APIs, and compilers. We designed Vespidae 
to expose key computational steps of going from geometric pa-
rameters to machine code in individual modules. Specifcally, we 
contribute software modules for creating, manipulating, and visual-
izing toolpaths; software modules for machine-specifc translation 
(e.g., G-code favours); and software modules for uploading pro-
grams and communicating with machine controllers. Vespidae is 
named after the insect family that contains eusocial wasps, which 
are highly cooperative creatures. Vespidae is implemented as an 
open-source plugin for Rhino/Grasshopper, and its insect-related 
naming is part of an informal convention. 

2 RELATED WORK 
In this section, we describe related research eforts and what distin-
guishes our approach. 

HCI researchers have developed numerous fabrication methods 
that rely on custom digital fabrication machine instructions. For 
example, DefeXtiles uses periodic under-extrusion in 3D printing 
to create fexible devices using a rigid material [18]. Others use 
bridging [62, 63], springs [25], and foam-inspired structure [67] 
to introduce fexibility in rigid devices. Novel shape-shifting and 
morphing structures can also be created by controlling 3D printing 
parameters [70, 71]. Researchers have tuned material properties 
by printing patterned microstructure to introduce metamaterial 
behavior [31] and have also modifed machine instructions as a 
carrier for other forms of data, such as audio [10] and information 
about the objects themselves [13]. Developing these fabrication 
methods requires low-level control and iteration [65]. We seek to 
support this type of inquiry by assisting practitioners in authoring 
unconventional machine instructions. 

In addition to unconventional fabrication methods, HCI re-
searchers are also exploring unconventional materials. Sustain-
ability is a priority in HCI, and has led to the development of 
biodegradable materials for use in digital fabrication [39, 58, 68]. 
HCI researchers have also developed other novel materials, for 
example with shape-changing or sensing properties [51]. Digital 
fabrication methods need to be tuned and optimized for each of 
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Figure 2: Arne’s Vespidae program. A: At a high level, Arne’s program represents a traditional slicer. However, each module 
exposes parameters that invite modifcation and change. Changes are immediately visualized. B: These visualizations allow 
Arne to quickly understand how his design (below) may translate when sliced (above). C: Vespidae enables the creation of 
custom 3D geometry, such as printing on top of existing objects/geometry. 

these novel materials. Vespidae supports these eforts by enabling 
rapid iteration to efciently optimize manufacturing parameters. 

Finally, HCI researchers often build custom digital fabrica-
tion machines that contribute novel functionality and interaction 
paradigms. These new machines frequently add novel end-efectors 
to existing machines, examples of which include end-efectors that 
print with woolen yarn [27], gooey soybeans [72], and human-safe 
hydrogels [54]. However, even simple machine modifcations with 
novel end-efectors require custom machine control code. This is 
achieved by repurposing existing infrastructure, which often in-
volves hacking slicers meant for of-the-shelf 3D printers. However, 
this approach can be both limiting and challenging. In describing 
“the pliable machine”, Landwehr Sydow et al. [37] emphasize the 
need for an “accessible” machine which is open to modifcation and 
change. Lowering the barrier to making open and customizable 
machines represents another approach [20, 48, 69], but this line of 
inquiry focuses mainly on hardware and less on the software for 
design and control. We seek to support people who are building 
new hardware, whether through hacking or from scratch, by pro-
viding a framework for developing control software. In the spirit of 
pliable machines, which concerns hardware, software, and social 
context, “where makers are constantly re-confguring the machine in 
terms of its boundaries and limitations” [37], we seek to support a 
practice that Somanath et al. [57] describe where “tools and creative 
practices can be reconfgured in ways to explore the full range of ways 
these technologies afect the creative process.” 

These novel and exploratory fabrication methods, experimental 
materials, and custom (pliable) machines demonstrate a clear need 
for tools that support authoring machine instructions. Researchers 
have highlighted the expertise that comes from understanding the 
interplay between machine and instruction [3, 36, 74], however, 
systems research exploring this has been limited. P5.fab is a system 
that lets users program 3D printers directly using creative coding 

language p5.js [60]. However, p5.fab provides limited scafolding for 
the machine programming. In contrast, Vespidae provides modules 
that support toolpath design directly. FullControl GCode Designer 
lets users specify toolpaths directly for additive manufacturing [21], 
but they use the program Excel as their front end, which does not 
support complex geometry or geometric operations. Most similar 
to Vespidae, Fossdal et al. [19] contribute software for interfacing 
with digital fabrication machines directly from a CAD environment. 
However, they demonstrate 2D toolpaths. Here, we showcase fully 
3D toolpath control for multi-material printing. 

Fabrication research in HCI has contributed many systems that 
lower the barrier to entry [46]. Many of these systems support 
novices taking on fabrication tasks [2, 26]. Using Vespidae relies 
on expertise in digital design, and is not targeted specifcally at a 
fabrication novice. Rather, Vespidae is for users who are limited by 
currently available tools and the inability to easily author machine 
instructions for them. We argue that developing fabrication systems 
for domain experts also leads to insights that can be used when 
developing systems for other groups of users, including novices. 
We draw from prior HCI research in toolkits and creativity support 
tools to guide us in our system implementation and evaluation 
[40, 52], and describe implications for design of future systems in 
Section 7. 

3 WALK THROUGH: USING VESPIDAE TO 
CREATE A SLICER 

In this section, we describe how Vespidae can be used to create 
a custom slicing program for a FDM 3D printer. This is a simple 
example of how someone might use Vespidae modules. 

To begin our walkthrough, Arne is a designer developing a prod-
uct that will be 3D printed. He wants to explore trade-ofs between 
possible input geometries and specifc print outcomes. Using an 
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Figure 3: An overview of all the Vespidae modules and the datafow between them. Toolpathing programs are made by combining 
modules together in graphs. Users are free to mix and match modules from the diferent categories as long as they adhere to 
the correct input and output data format, e.g., curves, Actions, G-code. 

of-the-shelf slicer doesn’t let him control the grain of the print 
in the ways he wants to. Therefore, he decides to create his own 
Vespidae program to explore the design space. 

First, he downloads and imports the Vespidae library into the 
CAD software Rhino/Grasshopper. He creates a program by drag-
ging modules (also known in Grasshopper as ‘components’) onto 
his Grasshopper canvas and connecting them. He also designs an 
initial soap bar 3D geometry in Rhino. He uses the Vespidae Slice-
module to create 2D slices, or polygons, from its 3D geometry. He 
then uses the Vespidae Infll-module to generate a fll pattern in-
side each of the sliced polygons. Together, this geometry creates 
his initial toolpath. He then takes the data and processes it, tag-
ging specifc geometries with Actions that describe the fabrication 
process. This allows him to describe process-specifc parameters 
like extrusion rate, temperature, and speed. He then groups the 
actions using a Vespidae Solve-module. Vespidae Solvers convert 
sequences of Actions into complete programs by sorting the execu-
tion order of toolpaths and generating travel moves between them. 
Arne is particularly excited about the possibilities here, as he knows 
that minimizing travel moves and sorting into as-continuous-as-
possible toolpaths will lead to better fnish on his fnal print. Finally, 
he uses a Vespidae Export-module to generate G-code specifc to 
his machine. Arne’s program is shown in Figure 2. 

Although from a high-level this workfow seems like a traditional 
slicer, it difers in that its entire computational stack is exposed and 
editable. This means that Arne is free to tweak and customize each 
step. For example, if he wanted to replace the infll with a manually 
drawn pattern, he can easily do so with the Vespidae Infll-module. 
Alternatively, if Arne wanted to have the machine frst print a 
manually drawn toolpath, he could assign this to an Action that is 
placed frst by the Solver. In this workfow, the execution order of 
Actions can easily be reorganized, and custom Actions can easily 
be defned. 

Because the Vespidae program runs in his 3D modelling program, 
Arne can easily visualize many of the fabrication steps and design 
them with more complex geometric input. For example, he can 

quickly get a sense of how the scale of his soap bar compares to 
the flament thickness in the print. He can also see how diferent 
geometries may translate when sliced (see Figure 2B). Instead of 
using the Vespidae Slicer module, he can also use his input geome-
try to create non-planar toolpaths, enabling him to fne-tune his 
outcomes (see the red non-planar toolpaths in Figure 2C). 

At last, Arne saves his Vespidae program as a .gh Grasshopper 
fle. He loads G-code he generated with his program onto a memory 
card and brings it to his ofce to print. Arne also has the fexibility 
of uploading the code to his printer directly over USB. In this way, 
he could have iterated not just with visualizations, but also with tan-
gible printer outcomes. We describe the Vespidae Toolpath, Action, 
Solver, and Export modules in more detail in the next section. 

4 VESPIDAE SYSTEM OVERVIEW 
The core philosophy for Vespidae is to enable a more playful way 
of both interacting with and extending the functionality of digital 
fabrication machines. The implementation of Vespidae is the result 
of the authors practicing digital fabrication themselves, both as 
design practitioners using the machines to make objects and as 
machine designers establishing new fabrication tools and processes. 
We have the following design goals: 

• Design freedom. We want to support developing tool-
pathing programs for both established and novel fabrication 
processes. We want to be able to draw any toolpath and turn 
it into a executable machine action for a specifc machine. 
Therefore, we need to support many inputs (e.g., geometry) 
and exports (e.g., G-code favors). 

• Shared and reusable resources We want to support ease 
of implementation and code reuse. Therefore, we need to 
expose the computational functions that normally are hidden 
in CAM tools and expose them as reusable blocks that can be 
adapted, combined, and reused. These modules must support 
being combined and mixed together. 

2037



Vespidae: A Programming Framework for Developing Digital Fabrication Workflows DIS ’23, July 10–14, 2023, Pitsburgh, PA, USA 

Figure 4: An in-depth look at generating a 3D printing toolpath with a Vespidae program. (A) Vespidae Toolpath: The inputted 
polygons are separated into two input groups that are used for the boolean operation. The Boolean module performs a clipping 
operation where B is clipped away from A. The resulting polygon is then ofset twice using the Ofset module. Infll is generated 
from the inner of the ofset curves using the Infll module. Finally, the ofset curves and infll curves are separated into two 
diferent data pipelines. (B) The polygons are tagged with meta-data by Action modules. In this particular case, the two data 
pipelines are tagged with Extrude Actions with their own distinct meta-data to distinguish infll parameters from perimeter 
parameters. (C) The lists of Actions are sorted in the Solver, which also generates moves between actions. (D) Finally, the sorted 
Actions are converted to G-code and streamed to the machine. 

• Fast iteration cycle. The traditional CAD-to-CAM-to-
machine workfow requires users to traverse several difer-
ent software and data formats, which lengthens the iteration 
cycle and can be cumbersome. Therefore, we choose to imple-
ment our program within a CAD environment, eliminating 
the need to switch software and streamlining the workfow. 
Furthermore, to shorten the path of exporting and upload-
ing generated machine code, we choose to support direct 
communication with a machine controller from our program. 

These design goals informed our implementation of the Vespi-
dae framework. Specifcally, Vespidae provides individual modules 
that can be mixed together to form the data pipeline required to 
transform drawn geometry to machine control. By combining these 
modules, we can form the full stack necessary to go from drawn 
shapes to machine code and tailor toolpathing programs for a broad 
palette of diferent fabrication processes. 

Vespidae is implemented as an open-source library in Grasshop-
per, which is a graphical programming language built into the 
popular CAD tool Rhino3D. Grasshopper comes with a built-in 
suite of tools for processing geometry data in Rhino. These tools 
are organized into diferent categories, which are called ‘shelves’ in 
Grasshopper. Vespidae is implented as its own shelf that users can 

import into Grasshopper. Each Vespidae-module is written in C# 
using the McNeels Template Tool for Visual Studio [45]. We chose 
Rhino and Grasshopper due to its rich API library of geometry func-
tions and popularity. Figure 3 shows an overview of all the current 
modules of Vespidae, with additional detail in 1. Vespidae modules 
are organized into four distinct categories, which each represent a 
step in the complete computational stack of a toolpathing program: 

• Vespidae Toolpaths manipulate geometry inputs and gen-
erate toolpaths based on the input. 

• Vespidae Actions tag geometry data with metadata describ-
ing fabrication processes (e.g., parameters such as spindle 
speed when milling or extrusion rate when printing) 

• Vespidae Solvers convert sequences of Vespidae Actions 
into specifc machine instructions sorted according to user 
input (e.g., the Additive Solver sorts Actions based on the 
Z-height of each Action). This category also contains the 
Visualize component, used to visualize Vespidae Actions in 
Rhino. 

• Vespidae Export converts Vespidae Actions into machine 
specifc languages (e.g., G-code). It can also communicate 
with machines or external applications directly over https 
and websockets. 
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We emphasize that Vespidae does not enforce a strict way that 
these modules should be combined. Users are free to mix and match 
any module from any of the categories to shape their toolpathing 
program as they see ft, as long as their data input and output match. 
For example, a user can tag polygons drawn in Rhino with an Action 
and translate the Action directly to G-code without using any Solver. 
Alternatively, a user can inject additional G-code commands into 
a list of pre-existing Vespidae-generated G-code. Furthermore, we 
have taken extensive steps to document the underlying codebase 
of Vespidae and include guides for how users can implement their 
own modules that build on top of Vespidae’s functionality. 

Module Name Desription 

To
ol
pa
th Ofset 

Boolean 
Infll 
Slice 

Ofsets inputed polylines by x number of times with y distance 
Boolean operations on polylines. 
Generate infll within any closed polygon 
Slices a brep model into layers with x distance 

Ac
tio

n Extrude-Action 
Cut-Action 
Generic-Action 
Probe-Action 

Tags inputted curves with Extrude-Action 
Tags inputted curves with Cut-Actions 
Tags inputted curves with Generic-Actions 
Tags inputted points with Probe-Actions 

So
lv
er
s

Generic Solver 

Additive Solver 

Visualize 

Takes inputted sequence of Actions and outputs complete fabri-
cation program by sorting the Actions and adding Travel-Actions 
between each Action. Provides several strategies for sorting. 
Same as above, but specialized for layer-by-layer based processes. 
Provides optional sorting strategies on each layer. 
Visualizes Vespidae Actions. Includes options for what type of 
Action to visualize and options to visualize toolpath directions 
using arrows 

Ex
po

rt ExportToGcode 

sendGcode 
VespidaeStream 

Converts any Action or sequences of Actions into G-code. Pro-
vides G-code injection both prior and after generated G-code. 
Sends G-code to specifed end-point over HTTPS asynchronous. 
Streams Vespidae Actions over specifc websocket asynchronous. 

Table 1: Vespidae Module Overview. We implemented several 
modules in each of the four Vespidae categories to support 
multiple types of digital fabrication, including 3D printing 
and CNC milling. 

4.1 Vespidae Toolpaths 
The frst step in a toolpathing program is to describe the toolpath 
itself. In our system, toolpaths are initially represented as poly-
gons. The polygons can be generated in three diferent ways: (1) by 
drawing shapes in Rhino and streaming these to Grasshopper, (2) 
by creating parameterized scripts within Grasshopper to generate 
polygons, or (3) through a combination of (1) and (2). Simple shapes 
can be drawn in Rhino and further modifed in Grasshopper, which 
contains a rich ecosystem of modules for manipulating geometry 
data through built-in and external libraries. 

Vespidae includes modules for the most common and important 
functions found in toolpathing software. The Toolpath category 
includes modules for polygonal boolean and ofsetting operations, 
generating infll or pocket patterns from within closed polygons, 
and slicing surface geometry into layers of polygons. These are 
distinct from other geometry processing modules as they control 
aspects that are unimportant to regular geometry processing (e.g. 
rendering), but are important for fabrication. For example, any 
polyline has a start and an end point. In a render, this distinction is 
invisible. In digital fabrication, this will determine the direction and 
order that a machine will execute moves. Therefore, many existing 
Grasshopper modules are less suitable for manipulating toolpath 
geometry. 

Existing Grasshopper modules perform clipping operations on 
polygons, but they do not perform well for many common fabrica-
tion tasks. Therefore, we implemented our own polygon clipping 
using the Angus Clipper library [33], leveraging the library’s ef-
ciency on large data sets. Furthermore, both Vespidae’s Ofset and 
Infll module are optimized for fabrication operations as they are 
sensitive to inputs that contain nested polygons1. 

Figure 4A shows how the modules from the Vespidae Toolpath 
category can be used to defne toolpaths from a set of input curves 
imported from Rhino. By combining three modules from Vespidae 
we are able to set up a procedure that defnes the toolpaths for the 
frst layer on a FDM 3D printer. An important note is that the defned 
program in the example above is not restricted to that particular 
input geometry. Any additional polygons that are fed into the same 
data pipeline will be computed similarly with respect to its own 
shape. Thus users can start with simple shapes to prototype and 
test their toolpath program, and apply the same logic to additional 
polygons that are input to the data pipeline. 

4.2 Vespidae Actions 
In this second category, Vespidae Actions tag polygons with ad-
ditional meta-data that describes the process we want to assign 
to them. Prior to being tagged with a Vespidae Action, the poly-
gons only hold the raw geometry data that describes the polygon 
itself. By tagging the polygons with meta-data, we can encapsulate 
required information about the operation we want a machine to 
perform on the polygons. This meta-data can hold information 
on parameters such as extrusion rate, spindle RPM, and cutting 
force. Furthermore, Vespidae Actions provide a convenient way to 
contain multiple operations with diferent parameters into a single 
program. When 3D printing, this could mean that there are multiple 
Extrude-Actions with diferent speeds or extrusion rates. When 
using machines that support automated tool changing, completely 
diferent processes such as milling and 3D printing can be combined 
into the same workfow using Actions. 

Vespidae currently includes application-specifc Action-modules 
for Cut, Extrude, and Probe. The meta-data includes both common 
properties like tool-speed or tool-number, and more process-specifc 
properties such as printing temperature and extrusion settings for 
an Extrude-Action, or spindle speed for a Cut-Action. Additionally, 
each Action-module includes code-injection that enables users to 
inject raw textual code that will be added to the Actions translation 
in the subsequent steps. This is explained in more detail in Section 
4.4. Additionally, Vespidae includes a Generic-Action module that 
can be used to generate other types of machine actions without 
any specialized meta-data. 

With Vespidae, it is simple to develop mixed fabrication pro-
cesses, as we can use diferent Actions to control diferent tools 
starting from the same toolpath. For example, an Extrude-Action 
that controls an FDM nozzle can be switched with a Generic-Action 
to control a pneumatically-driven syringe extruder. Through these 
Action modules, users can freely chain and tag polygons with appro-
priate meta-data before they are passed along to Vespidae Solvers. 

1Determining inside/outside of polygons within polygons is a crucial step when 
creating toolpaths from polygonal data. For details see Clipper Documentation [33]. 
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Figure 5: A program for non-planar 3D printing of lampshades using Vespidae. The overall shape of our lamp is defned by two 
functions we describe in Grasshopper’s Graph Mapper components connected to a custom C# script. These functions morph 
a base spiral shape to change 1: the lamp’s outer profle, and 2: the number of pleats. This lamp geometry, described as one 
continuous path, is then sent to a Vespidae Action which assigns data that describes how it will be printed. Other Vespidae 
modules (not shown) handle sorting the Actions and converting the program to machine code. To the right we can see the 
non-planar toolpath as it’s printing on a Ultimaker 3. Note the top of the print follows an undulating pattern rather than a 
single z-height. 

4.3 Vespidae Solvers 
Prior to being processed by a Vespidae Solver, a sequence of Vesp-
idae Actions will only contain the Actions themselves with their 
associated meta-data. Additional information about how the ma-
chine should move between each Action, and in what order, needs 
to be added to create an executable machine program. The Vespidae 
Solvers transform chained sequences of Actions into executable 
machine programs by adding Travel-Actions between each Action. 
A Travel-Action is a move that the machine has to take between 
each Action. Its path is computed by taking the last point of the 
previous Action’s path and the frst point of the next Action’s path 
and using these two points to defne a path between the Actions. 
The output of a Solver will be a sequence of Actions with defned 
Travel-Actions in between them. Thus, the sequence will contain 
all the information necessary in order for the machine to execute 
them. If the Action sequence has multiple tools, the machine will 
execute appropriate tool changes between Actions. 

The Vespidae Solvers also incorporate diferent strategies for 
sorting the inputted sequence of Actions. As sequences of Actions 
are chained together in the prior steps, their order is arranged by 
what order their initial geometry data was generated in or in what 
order the Actions were inputted to the Solver. 

We have implemented two specifc solvers that use two dif-
ferent sorting strategies: the General Solver and the Additive 
Solver. The General Solver takes any inputted Action (Cut, Ex-
trude, Generic, etc.) and sorts them based on a chosen sort criteria. 
Actions can be sorted by direction (X, Y, or Z) or by Action type 
(for example, Extrude before Cut). This enables the user to optimize 
their execution. If no sorting is chosen, the inputted Actions will 
be executed in the order that they are inputted in. Here, the Solver 
will only generate travel moves between the Actions. The Additive 
Solver is a solver targeted for additive fabrication processes and it 
flters out any other Action except Extrude-Actions. It then sepa-
rates the Extrude-Actions into dictionaries with the Z-heights as 
the indices and sorts all the Actions based on Z-height in ascending 
order. The Additive Solver also provides sorting options for the or-
der Actions on each layer should be executed (X, Y, Z, or by tool-ID, 
just like the Generic Solver). 

The General Solver can also be used as a template to create cus-
tom Solver modules that can enable further fne-tuned control. For 
example, they could implement additional sorting and optimization 
methods, insert additional Actions, or perform safety checks given 
past and future Actions. Furthermore, Vespidae allows multiple 
Solvers to be chained together for additional functionality. 

4.4 Vespidae Export 
Finally, Vespidae Export-modules both translate Vespidae Actions 
into textual machine code, which in most cases is G-code, and 
communicate with machines outside of Grasshopper. 

The ExportToGcode module translates sequences of Actions 
into G-code. Each Vespidae Action holds its own translation routine 
that describes how the Action should be translated into machine 
code. The Export component loops through each Action in the 
inputted list of Actions, checks what type of Action each instance 
is, executes its given translation routine, and adds the translated 
machine code to a single output fle. If an Action is given additional 
textual input through the G-code injection input, this will be added 
to the translation for each Action. The ExportToGcode component 
also has options for injecting header or footer G-code into the fnal 
G-code fle, since some machines require a unique header G-code 
to prime the machine before it can execute its program. 

Vespidae contains two modules to enable communication with 
external end-points. SendGcode streams G-code to a defned end-
point over HTTPS. This component was originally developed for 
the Duet-3 machine controller [15] but is extendable to machine 
controllers with similar architecture for uploading G-code. A user 
inputs an IP-address and flename and toggles send to upload a 
generated G-code fle to the controller. The VespidaeStream com-
ponent streams sequences of Vespidae Actions as .json objects over 
a user-defned websocket connection. We implemented this compo-
nent as a means to work with Vespidae generated data outside of 
Grasshopper, for example to visualize Action-objects in a browser 
application. Both the SendGcode and the VespidaeStream compo-
nent are implemented as asynchronous code using the Grasshop-
perAsyncComponent wrapper originally implemented by Speck-
lesystems [59]. 
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Figure 6: Lampshades printed with Vespidae. The two lampshades to the left were printed with non-planar printing program 
shown in Figure 5. In that program, we can parametrically vary the pleating, the non-planar layers, and the lamp’s radius at 
diferent heights. The rightmost lampshade was printed by extending this program with the Pulse Extrude-Action described 
in Section 5.2, Flexible 3D Prints Through Under-extrusion. This introduced additional transparency and fexibility in the 
shade. We experimented extensively in order to fnd good input values for extrusion amount and frequency of pulsing. The 
challenge was to extrude enough for sticking, yet not so much as to result in a solid print. Being able to quickly export and 
execute G-code on our printer allowed us to focus on the material exploration aspects rather than on moving fles around. 

5 DEMONSTRATING VESPIDAE CAPABILITIES 
To demonstrate our system we developed material swatches using 
Vespidae, which we tested as functional objects such as lampshades. 
Our approach in developing our demonstrations was to iterate on 
objects in a workfow similar to our usual design practice. This 
allows us to explore the design space and inform the development 
of our framework. We selected three demonstrations to highlight 
specifc features of our programming framework. These are non-
planar 3D printing, fexible 3D prints through underextrusion, and 
milled textures. Each highlights unconventional results that can be 
obtained through low-level control of machine code. These demon-
strations form part of the evaluation of our system [40]. 

5.1 Non-planar 3D printing 
FDM 3D printing leaves visible lines on the print where each layer 
is deposited. Using non-planar printing we can control this sur-
face feature and introduce a material ‘grain’ in diferent directions. 
Rather than print one fat planar ‘slice’ at a time, with non-planar 
3D printing we can build up shapes through full XYZ control. This 
is particularly clear in transparent applications such as lampshades. 
To explore this, we created a toolpathing program that supports 
generating machine code that supports non-planar 3D printing on 
an Ultimaker 3. We were particularly interested in gaining fne-
grained control of gradient difusion properties of the lampshade. 

To make the toolpath, we created a C# script in Grasshopper 
that generates a spiralized polygon controlled by a set of input 
parameters: radius, pitch, and points per circumference, as well as 
parameters for controlling undulating movement in z axis, cross-
sectional shape of lamp and pleat height. The output of the script 
is a single continuous toolpath. An overview of the script-module 
and its input parameters is shown in Figure 5. 

Using Vespidae, this input toolpath is tagged using an Extrude-
Action. We also added an additional Action to the graph for priming 
the nozzle before executing the print to improve print quality. All 
of these Actions were assigned to a Solver that generated the travel 
moves between them. The Solver output goes to a G-Gode Con-
vert module. The Ultimaker required a special header fle that was 
injected into Vespidae’s G-Code module. 

Using our program, which includes our custom script as well 
as of-the-shelf Vespidae modules, we could parametrically gen-
erate both the geometry and machine instructions for a series of 
lampshades. Rather than separating this into separate CAD and 
CAM phases, we’re able to explore the interdependencies between 
the two. To produce our lampshades, we iterated with parameters 
including extrusion rate, spiral pitch, and Z-variation that allowed 
us to explore tactile qualities such as opacity and surface texture. 
Using visualization tools we were also able to determine what type 
of geometries were possible without nozzle crashes. This example 
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Figure 7: Vespidae modules can be used for several diferent types of digital fabrication processes, including CNC milling. 
Shown here is a program for creating undulating surface textures using a CNC mill. 

Figure 8: Results from our experiments milling Valchromat using a Vespidae program with Cut-Actions. The ridges, tool marks, 
and machine speeds and feeds are all parameters we experimented with. 

demonstrates the various ways we can tailor and optimize fabri-
cation aspects of our program to a specifc geometry, and how we 
can learn how diferent geometries impact fabrication outcomes. 
The lampshades we produced are shown in Figure 6. 

5.2 Flexible 3D Prints Through Under-extrusion 
Under-extrusion in FDM 3D printing can result in porous prints, a 
feature that can be taken advantage of to print objects with com-
pliance and fexibility [18]. To explore the material possibilities of 
under-extrusion, and to demonstrate extending Vespidae with a 
new module, we developed an Action module, the Pulse Extrude-
Action. Similar to Forman et al. [18], this module pulses extrusion 
for a ‘blobby’ efect, introducing a repeating microstructure, which 
we used to print transparent and fexible lampshades. 

There are two steps to implementing new modules in Vespi-
dae. The frst step is to generate a new Grasshopper component 
that will represent the new Action module. In this component, 
we defne the input and output data types and defne the func-
tion it computes with. Vespidae’s documentation builds on existing 
component-defnition documentation2, specifying how to incorpo-
rate the Vespidae data formats into the module. The second step is to 
extend the Vespidae source code with a new Action. Here Vespidae 
uses C# interfaces that require specifc functions to be implemented 
for the code to compile. This forces developers to defne how the 
Action should translate into G-Code. For our Pulse-Extrude-Action, 
we add G-Code that extrudes � amount of material at � frequency, 
where � and � are input parameters. With a single new Vespidae 
2How to defne new components in Grasshopper using C# is documented in detail by 
McNeel [45]. 

module, we were able to explore a large design space of fexible 3D 
prints. 

5.3 Milled Textures on Valchromat Wood 
Composite 

Vespidae is not designed exclusively for 3D printing. Its toolpath 
generation can also be used for other types of digital fabrication 
such as CNC (computer numerically controlled) milling. The marks 
that diferent milling bits leave on a surface can be an interesting 
artefact to explore and use as a design feature. Where most CNC 
milling toolpathing software focuses on efciency for removing 
material with high precision tolerances, we were interested in ex-
ploring how we could use the direction and spacing of milling 
passes to texture the material, using the toolpaths as an aesthetic 
feature. 

We set out to create a program that would allow us to explore 
this design space. Like with the non-planar toolpathing, we wrote a 
custom C# script to generate our toolpath geometry. This approach 
refects our own preferences as computational designers—other 
approaches to generating geometry, such as designing in Rhino 
or sketching in Illustrator are also valid. Our script constituted 
a parameterized set of sine waves which let us vary the distance 
between each pass and their angle. The output of this script was a 
set of polygons representing our toolpath geometry. We input these 
into the Vespidae Cut-Action component, which we connected to a 
Vespidae Solver, which was fnally connected to a Vespidae G-code-
Export module. Our CNC mill uses standard Marlin-style G-code, 
which Vespidae supports. This program is shown in Figure 7. 
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Figure 9: A) A high-level plot showing power and energy densities for various ESDs. Subcategories of these ESDs are shown 
based on the state-of-the-art in fexible electronics, reported in [5]. These ESDs are typically made using planar electrodes 
(inset, bottom left). By printing ESDs with IDE structures (inset, top right), ESDs can reach new areas of energy and power 
density, highlighted here in green. B) Future vision for 3D printing powered portable, fexible electronics at the intersection of 
CAD/CAM, additive manufacturing, and multi-material architected structures. Reprinted from [8]. © The Electrochemical 
Society. Reproduced by permission of IOP Publishing. All rights reserved. This highlights the need for further exploration of 
human-machine collaboration. 

We cut all the pieces in Valchromat [30], a medium-density f-
breboard (MDF) that comes in deeply dyed colors. We calculated 
an initial feedrate and cut depth using data on our milling bit and 
material. We experimented with speeds and depths through several 
test cuts in order to understand the efects of diferent settings. 
To do these tests, we input diferent speed and depth parameters 
into Vespidae Cut-Actions. After building our intuition on milling 
speeds and depths with these tests, we focused on the possibili-
ties of pattern. By varying the sine waves of our input geometry, 
we tested many variations, exploring how the pass spacing and 
ridge height played against each other. We conducted our tests with 
one end-mill geometry. Exploring how diferent end-mills can be 
used to texture material would be our next step. Outcomes of our 
material testing are shown in Figures 8 and 1. 

This workfow also highlights a potential danger. Whereas a 3D 
printer is more forgiving when it comes to problematic G-Code, a 
milling machine works with strong forces and highs speeds. Tool-
paths require checking and validation to ensure that the machine is 
not going to be conduct a dangerous move. Vespidae is not unique 
in that it allows users to write dangerous toolpaths—most CAM 
software permits this. However, Vespidae purposefully reduces the 
friction to running diferent toolpaths on machines. This makes 
it easier to quickly run a program without a thorough check. We 
join calls for future research into managing safe human-machine 
collaboration [41], such as using additional “Toolpath Style Sheets” 
[64] to visualize dangerous actions. 

These three examples demonstrate some of the possibilities that 
Vespidae introduces with readily available digital fabrication equip-
ment. Beyond of-the-shelf 3D printers and milling machines, we 
believe that Vespidae can also support the development of more 
experimental processes using custom machines and novel materials. 
In the next section, we describe a more in-depth exploration using 
Vespidae for experimental workfow development. 

6 USING VESPIDAE FOR 3D PRINTING 
ENERGY STORAGE DEVICES 

We conducted an in-depth study where one of the authors, a ma-
terials engineer (ME), used Vespidae for materials research. We 
structured our study as a collaboration between the authors draw-
ing from a Research through Design (RtD) approach. The ME has 
a background in mechanical design and materials, so they were 
comfortable using CAD and traditional 3D printing slicers but had 
limited experience in software development. The ME’s prior soft-
ware experience involved using Python for data visualization and 
writing simple Arduino programs. The ME’s goal was to develop 
custom toolpaths for 3D printing energy storage devices (ESDs), 
which broadly refer to rechargeable and non-rechargeable batter-
ies, capacitors, and fuel cells (Figure 9). Energy researchers such 
as the ME are currently exploring how the combination of new 
materials and fabrication processes can produce ESDs with com-
plex geometric structures to increase their performance [5, 8]. In 
this research, the development of new materials and appropriate 
fabrication processes are highly interdependent. Exploring these 
interdependencies demands full design control over the fabrication 
process. The ME needed software that provided control over every 
toolpath for their custom-built machine while facilitating quick 
iteration cycles to enable efcient exploration of diferent mate-
rial and structural confgurations for ESDs. These requirements 
and constraints informed our development and documentation of 
Vespidae. 

6.1 Methods 
The study took place over a time span of six months, with the ME 
using Vespidae a few hours per week on average. We discussed 
progress in bi-weekly virtual meetings, and tracked the ME’s stored 
updates on Github which included their programs and notes about 
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Figure 10: Experimental Vespidae toolpaths. A) Single-layer, single-tool toolpaths to optimize extrusion multipliers. Toolpaths 
are tagged with Extrude-Actions and sent through a Solver, before being uploaded directly to the printer. Test prints varied 
extrusion multipliers from 0.9-3 and printing speeds from 500-2000 mm/min. B) Single-layer, multi-tool toolpaths to test 
toolchanging. Toolpaths were tagged with an Extrude-Action for each tool and merged into a single Solver. C) Single-layer, 
single-tool toolpaths to test pneumatic syringe control. Sample printed at 700 mm/min at 20 psi. 

their interactions with Vespidae. Over the course of the study, we 
added updates and new features in the Github repository. We used 
insights from the collaboration to develop additional documentation 
and refne aspects of the Vespidae framework. 

The ME conducted their experiments in an academic research 
lab, focusing on clean energy using a custom-built multimaterial 
3D printer. The printer was based on an open-source hardware 
design with a toolchanger that can switch between diferent end-
efectors [69]. The printer used both mechanically-driven heated 
extruders and pneumatically-driven syringe extruders. A Duet3 
machine controller ran the printer and was connected to a computer 
over TCP. With permission, we have reproduced quotes from our 
meetings and details of their experiments. 

6.2 Context and Goals for 3D Printing Energy 
Storage Devices 

At a basic level, ESDs all operate on electrochemical reactions that 
involve shufing and storing ions between two diferent electrodes 
and managing the fow of electrons through an external circuit [61]. 
As shown in the bottom-left inset of Figure 9A, a typical structure 
for most ESDs consists of two fat electrodes, current collectors 
attached to each electrode, and a separating sheet inserted between 
the two electrodes to prevent physical contact that can lead to 
device failure. ESDs must rapidly transport ions and electrons to 
yield high-energy (Wh/kg) and high-power (W/kg) density perfor-
mance. The growing demand for long-duration (increased Wh/kg) 
and high-performing (increased W/kg) portable, fexible electronic 
applications [5] has motivated a shift towards developing compact 

ESDs with more complex 3D electrode structures. These complex 
3D structures cannot easily be created using existing CAD, CAM 
and additive manufacturing tools, and researchers in the feld have 
called for research to span these gaps (Figure 9B) [8]. 

Researchers in the battery feld note that the typical fat elec-
trodes experience a tradeof between high power (W/kg) and high 
energy (Wh/kg) because electrode thickness is the main param-
eter that can be changed in this structure [9, 28, 43]. With this 
tradeof, thicker electrodes have slower ion transport that leads 
to lower power density, while thinner electrodes lead to lower en-
ergy density. One solution to increase power and energy density 
at the same time is to create ESDs with an interdigitated electrode 
(IDE) structure [9, 17, 28, 29, 43]. IDEs have two electrodes with 
intricate 3D column structures arranged in an interlocking pattern 
(Figure 9A, inset top right). However, most ESDs with IDE struc-
ture have to date been fabricated with semiconductor processes 
[29]. Semiconductor processing is expensive and time-consuming. 
The fabrication process cannot be easily altered for diferent IDE 
dimensions or alternate ESD structures, limiting its feasibility in a 
feld where materials and electrode designs are constantly being 
altered for new applications. 

An alternative approach to fabricating ESDs with complex 3D 
structures is the combination of multi-material 3D printing and 
adaptable toolpathing software. 3D printing provides the ability to 
print a wide range of materials in freeform geometries to enable 
complex multi-material structures such as IDEs [44]. Meanwhile, 
adaptable toolpathing provides the fexibility to tweak or redesign 
a structure by altering toolpaths in CAD. Adaptable toolpathing 
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Figure 11: Printing process of an interdigitated ESD. A) Conceptual CAD Model of interdigitated ESD, B) Closeup representation 
of toolpath visualization for ESD, C) Optical images of printed ESD after each layer of printing, which is made using three 
mechanically-driven heated extruders loaded with diferent colors of PLA printed with extrusion multipliers varying from 
1.0-1.7, D) optical image of a cross-section of the resulting interdigitated ESD, cut along the path shown in B. 

software is needed to support the efcient exploration of new ma-
terials, hardware, and ESD structure design for printing new ESDs 
with complex 3D structures. Previous work on multi-material 3D 
printing has required either time-intensive manual code generation 
[66] or software specialized for a specifc application that cannot 
be easily adapted to other processes [6, 55]. Vespidae addresses lim-
itations of prior work, making it a promising software framework 
for supporting exploration into the challenges of multi-material 
printing of ESDs. 

6.3 Experiments in 3D Printing IDE Structures 
using Vespidae 

Printing IDE structures requires printing three diferent materials, 
where each material acts as either an electrode or a separating 
material. The materials were printed with diferent extruders on 
the machine. During the study, the ME printed with test materials 
that mimic the mechanical and printing properties of electrode 
and separator materials. This allowed the ME to focus on toolpath 
generation rather than materials handling. They used polylactic 
acid (PLA) flaments for the mechanically-driven heated extruder 
and a gel for the pneumatically-driven syringe extruder. 

To familiarize themselves with Vespidae, the ME frst printed 
PLA using a single extruder. Their process is shown in Figure 10A. 
At this point, it was interesting to observe how the machine became 
an active element in the development of their toolpath programs. 
For example, they did several test prints to improve their print 
quality by modifying their extrusion multipliers and print speed 
parameters. These tests varied the extrusion multipliers from 0.9-3 
and the print speed from 500-3000 mm/min. They remarked that the 
workfow provided them with a “tight feedback loop” where they 
could make small edits and run the code on their machine without 

having to toggle between multiple programs like they previously 
did with traditional slicers. 

Vespidae really helps with my process and gives me a 
lot more granular control of my designs, which wouldn’t 
be possible with standard slicers. I’m now able to iter-
ate quickly and efciently, without the need to juggle 
multiple programs just to try small tweaks. 

Once they developed a satisfactory program using one extruder, 
they extended the program to multiple extruders. As seen in Figure 
10B, the ME conducted several tests to experiment with diferent 
extrusion parameters for extrusion and execution order of the dif-
ferent extruders in their setup. This was an important part of their 
testing because the order of material deposition impacts IDE struc-
ture and ESD functionality. The ME mentioned that controlling this 
execution order would be infeasible with traditional slicers. 

Theey also printed with pneumatically-driven syringe extruder, 
which is controlled with diferent logic than a mechanically-driven 
extruder. The ME was interested in eventually being able to print 
with both extruders in one workfow, which they could not do with 
their of-the-shelf slicer. They performed initial tests, seen in Figure 
10C, by using a Generic-Action with injected G-code to control the 
extruder instead of the Extrude-Action, printing at 700 mm/min. 

The ME then moved on to work with more complex multi-layered 
prints that were closer to a printed IDE structure using three colors 
of PLA (Figure 11A). The ME frst drew multiple layers of toolpath 
geometry in Rhino (Figure 11B), and piped this data through the 
same pipelines used in their previous multi-tool prints. Layer-by-
layer images and a cross-section of the fnal print (Figure 11C-
D) shows that the ME successfully printed a multi-material IDE 
structure using Vespidae. The ME noted that to make this IDE 
structure, they used Vespidae to adjust the extrusion multipliers 
for each toolpath and specify the execution order for each layer. 
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Figure 12: A) Toolpaths for a multi-material print. Multi-layer hexagonal structures were frst printed with PLA from a 
mechanically-driven heated extruder. The hexagons were then flled in using a pneumatically-driven syringe extruder. B) The 
resulting multi-material print. Edge of penny shown for reference. 

This demonstrated how Vespidae’s design freedom helped the ME 
improve the quality of their IDE structures. 

They remarked about how designing in raw toolpaths made them 
refect diferently about the overall design of the IDE structure: 

Having the ability to tune the fner details in my tool-
path also makes me more closely consider my designs 
and examine how I can improve my devices through 
toolpath optimization. 

The ME then began testing diferent multi-material printing tech-
niques. Their goal was to explore the range of toolpath generation 
possibilities with Vespidae and build up expertise with their materi-
als to help them design better future toolpaths. For one experiment, 
the ME replaced the PLA separating material with gel printed from 
a pneumatically-driven syringe extruder. These prints were unsuc-
cessful because of poor adhesion between the PLA and gel, but 
the ME was able to easily switch between extruder types by swap-
ping one Extrude-action for a Generic-Action with injected code. 
For another experiment, they printed a honeycomb structure flled 
with gel (Figure 12). These tests demonstrate how Vespidae encour-
ages experimentation and enables new workfows that combine 
traditional layer-by-layer printing with other techniques. 

A limitation was the need for clearly visualizing toolpaths. Vesp-
idae has tools for fltering Actions based on properties in its meta-
data. However, as the number of Actions increased it was harder to 
see how the Actions were structured for execution. The ME used 
the list tools in Grasshopper, where they iterated through each list 
of Actions to verify that their execution order was as they expected. 
They remarked that better visualization would be an improvement. 

By the end of the study we also observed that the ME started to 
extend the functionality of Vespidae by implementing their own 
Vespidae modules in Grasshopper. Some of the Toolpath modules 
were developed in dialogue with the ME. For example, Vespidae 
Toolpaths initially only included modules to use the Clipper library 
to perform ofset and boolean operations. However, as they were 
using Vespidae to make more complex toolpaths, it became clear 
that they needed more infll functionality. During the study, multi-
ple functions were added to Vespidae, including infll, new methods 
of sorting toolpaths, and pneumatic extruder control. 

After the six-month study, the ME was successfuly able to de-
velop custom toolpaths for printing IDE structures using represen-
tative test materials. The ME remarked that Vespidae made this task 

easier compared to conventional slicers, because they were able to 
fne-tune individual toolpaths and more quickly iterate between 
small tweaks to the parameters. The ME also emphasized that they 
would not have been confdent in either hacking a slicer or writ-
ing their own program from scratch for developing the toolpaths 
necessary for the multi-material and gel-flling prints in their later 
experiments. By the end of exploration, the ME became confdent 
with using Vespidae for developing unconventional toolpaths for 
their research, and was comfortable with developing new features, 
and begun developing more Vespidae modules for a diferent printer 
that used diferent tools and ran on diferent machine code. 

7 DISCUSSION 
Jacobs et al. [32] called upon HCI researchers to consider not just ef-
fciency and ease-of-use in technology, but also how digital technol-
ogy can function as an expressive medium. For digital fabrication, 
they highlight “building expressive computational tools”, “blending 
the digital and the physical”, and “research through artifact creation 
or in-the-wild studies”. This call for expressivity in digital fabrica-
tion is echoed broadly [3, 23, 35, 37, 65]. With Vespidae, we aimed 
to heed these calls by contributing both a system that invites it-
eration and our own experiments with it. With this, we seek to 
participate in an ongoing research efort to better understand the 
opportunities of computer-controlled machines, especially given 
broadening access to these tools through makerspaces, afordable 
hobbyist equipment, [4, 42] and “maker” attitudes [56]. Here, we ex-
plicitly reject slick user experiences in favor of systems that embody 
“the pliable machine” [37]: alterable machines, inviting unintended 
use, and a culture of experimentation and sharing. 

Systems research evaluation has historically considered usabil-
ity and novelty key assessment criteria to mixed ends [14, 24, 40]. 
We’d likely not fare well along either metric. In our case, we instead 
evaluate our contributions by considering their “pliability”. In this 
paper, we demonstrated how Vespidae modules might be mixed, 
matched, and extended. Through our lampshades and milled sam-
ples, we sought to clearly show how our system is designed for 
pliability. Each of our demonstrations draws from our own compu-
tational craft practice; here we are conducting open-ended material 
explorations that are primarily aesthetically-driven. Rather than 
considering outcomes of this exploration as mere variations using 
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parameters the Vespidae system provides, we’d like to consider 
them as their own “loose ends” or “swatches” [22, 50]. 

Furthermore, we hypothesized that a concrete, real-world fab-
rication challenge would push our system to truly support the 
messiness of process development. By collaborating on interdigi-
tated energy storage device toolpaths on an experimental machine, 
we were able to push the boundaries of current practice guided by 
real-world constraints. Our emphasis on maximizing power and 
energy density may seem like a departure from other explorations 
that emphasize craftsmanship. However, here we echo a rich prior 
work in HCI that draws parallels between craft and engineering 
[7, 11, 16]. We argue that our collaboration demonstrates how other 
felds, such as materials engineering, can draw from HCI methods. 

Finally, one might argue that our system and experiments are 
limited to expert practice. After all, beyond Vespidae, our examples 
include custom code and machines, neither of which could easily be 
replicated by novices. However, we think this criticism relies on an 
overly simple construction of expertise. Digital fabrication encom-
passes code, materials, craft, and hardware and is used for a wide 
range of applications—what Somanath et al. [57] call a technologi-
cal assemblage. Making this more novice-friendly greatly depends 
on what the humans in that assemblage are novices in. Therefore, 
we argue that systems such as Vespidae that are designed for recon-
fguration and change can support a broader range of practitioners 
than those which streamline workfows with strong abstractions. 
As Resnick et al. [53] argued, “the higher-level the primitives, the 
easier they are to use, but the less they can do”. 

In Section 6 we showed how rapid iteration with simple tests 
allowed the materials engineer to quickly build an understanding 
of their custom system. Their established understanding let them 
design their own abstractions (in the form of Vespidae modules) 
which didn’t directly correspond to existing modules but were 
appropriate for their system. We argue that this is an example of 
supporting the learning of anticipation with fabrication systems. 
Here, exploration and iteration gives insight into the details of 
fabrication, building trust in how it works, and then understanding 
the power of the abstractions the system provides. Ultimately, we 
believe this type of exploration with material, machine, and code 
will push the boundaries of what is possible in digital fabrication, 
generating impact that reaches beyond HCI. 

8 CONCLUSION 
We presented Vespidae, a framework which supports creating pro-
grams for toolpath generation for digital fabrication machines. 
Vespidae provides a library of modules for authoring toolpathing 
software for a broad range of fabrication processes including 3D 
printing and CNC milling, interfaces for direct machine control, 
and templates for custom modules. Built-in modules include Tool-
path, Action, Solver, and Export types for manipulating geometry, 
adding process-specifc metadata, queuing and sorting actions, and 
running these on specifc fabrication machines. We demonstrate 
how Vespidae supports exploratory and unconventional fabrication 
through example programs for non-planar 3D printing, underextru-
sion for fexible prints, and CNC milling textures. We furthermore 
describe an in-depth study with a materials engineer who is devel-
oping multimaterial 3D printing processes for architected structures 

for energy storage devices. We show that Vespidae enables rapid 
iteration and experimentation across geometry and manufacturing 
process. 

We argue that Vespidae encourages the exploration of the bound-
aries of a design space established by material and machine. By 
supporting the authoring of workfows that enable inspection and 
modifcation at each step, we scafold the development of new fab-
rication processes and practices for applications ranging from the 
performant to the aesthetic. Here, rather than user-friendly and 
streamlined fabrication workfows that can build very little, we 
support a broad range of creators with small, fexible modules from 
which we hope to build much more. 
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