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When fabricating, it is common to follow a prescribed set of steps in a tutorial or how-to. While popular,

such explicit knowledge resources have many inconsistencies and omissions, use static illustrations, and

cannot adapt to drop-in makers or a maker’s mistakes. To overcome many of these issues, this work presents

Automatics, a novel explicit knowledge resource system that dynamically generates fabrication activities for

one or more makers based on their current environmental and fabrication context. Automatics assigns tasks

to makers based on the past tools and components the maker was working with, enables makers to recover

from mistakes through model regeneration, suggests alternative tools if a needed tool is unavailable or in

use, and allows multiple makers to drop-in throughout a fabrication activity. Initial usage and feedback from

novice makers showed that Automatics increases the number of tasks that can be completed compared to

paper instructions, decreases frustration, and improves one’s understanding of the global context of assigned

tasks during fabrication activities.
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1 INTRODUCTION

Whether one belongs to a local makerspace, tinkers in their garage, or prototypes at school, there
is a growing ecosystem of makers who want to make, design, prototype, and fabricate. “Maker” is a
broad term describing many individuals who may want to learn about new equipment or processes,
recreate an artifact they found online, personalize an existing artifact, repair, remix, or recombine
multiple artifacts, assemble a piece of furniture, or share their knowledge with others [3, 10, 37, 83,
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84]1. Regardless of the complexity of the final artifact, fabrication activities often require a maker
to (i) draw up plans or designs, (ii) gather materials and tools, (iii) measure or mark out patterns
or guides, (iv) cut, drill, shape, or reform existing materials, (v) refine the resulting components,
and (vi) assemble the final artifact, all in an interleaved, iterative process.

To ease the complexity inherent in such processes, one typically consults explicit knowledge
resources, i.e., online guides such as Instructables, how-to’s, or tutorials [10, 75, 82], videos on
YouTube [29, 74], or pre-made templates, plans, or guides. Conventionally, such resources provide
a maker with the knowledge they require to create an artifact via a prescribed, step-by-step pro-
cess and can be authored by the original designer, engineer, or maker who created the artifact.
These resources often contain static visual 3D information, such as explosion diagrams [73], or
pre-recorded, fixed media, such as animations or videos. Much like IKEA or LEGO manuals, many
resources do not provide the correct level of detail for a maker [16, 80], have goals that differ from
a maker’s goals (e.g., makers may wish to modify rather than replicate an existing artifact [53, 72]),
and rarely support multiple makers who may wish to assemble or fabricate an artifact together [7,
34].

Despite the efforts of technical writers [31], illustrators [31], and fellow makers [2], recent re-
search has highlighted that such resources often contain errors, with tasks presented in the wrong
order or missing, or the wrong tools being specified in the resource [15]. Moreover, makers often
do not have the same tools or materials as those specified in a resource [82] or they do not have
the knowledge required to use a specified tool or material [15, 82]. Such variability results in fabri-
cation workflows that are non-linear, have uncertainty and uncontrollable variables, and are more
context-dependent than the average resource can support [29].

This work seeks to solve many of the challenges that static instruction sets, Instructables, and
manuals have by exploring the potential of dynamically-generated explicit knowledge resources,
i.e., Dynamic Manuals. Dynamic Manuals are dynamic resources that use parametric 3D models
and assembly-sequence planning constraints to describe the tasks required to fabricate an artifact.
As the creation of instructions is equally as important as their consumption, Automatics seeks to
help designers who create instructions, such as product designers, technical writers, 3D modelers,
engineers, or hobbyists, through a Constraint Specifier application, which enables the information
that is needed to create assembly-constraints to be specified in an interactive manner. Once au-
thored, Dynamic Manuals can be used within Automatics, a prototype explicit knowledge resource
system, to generate and assign fabrication tasks to makers in real-time to handle the variable work-
flows and uncertain environments that makers encounter while fabricating. Automatics’ current
implementation is focused on makers who are performing activities that require static explicit
knowledge resources to assist with completion: fabricating an existing artifact (e.g., following an
Instructable, blog post, or video tutorial), fabricating a variant of an artifact (e.g., fabricating a
design variant of an artifact that is outlined in an Instructable, blog post, or video tutorial), or
assembling a series of components from a kit (e.g., assembling furniture, LEGO, or a Make: Kit).

Unlike traditional manuals, Automatics supports the dynamism of fabrication-oriented activi-
ties, such as cutting, drilling, and joining, which can introduce error, the need for disassembly, or
require a maker to find an alternative tool when a needed one is in use or unavailable. This is done
using the Maker Interface, a dynamic, interactive web-based system that visualizes fabrication and
assembly tasks and collects input from a maker about their current environmental context. Auto-
matics assigns and adapts tasks to participating makers using the input from the maker, techniques
from assembly-sequence planning, and a heuristic-based Task Assigner module. This architecture

1Within the context of this work, maker refers to those individuals who do not have extensive (or any) experience fabri-

cating objects or assembling components. They are often called casual makers [28].
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also enables Automatics to support scenarios where multiple makers may wish to fabricate to-
gether, or makers may drop-in or leave a fabrication activity while it is underway.

This work thus enhances and contributes to explicit knowledge resources in three ways. First,
a systematic analysis and synthesis of the challenges with explicit knowledge resources is pre-
sented. It details a holistic taxonomy of deficiencies within explicit knowledge resources today
and informed the design of the prototype system. Second, we present a novel workflow for ’design
for making’ where the designer of the artifact adds constraints and fabrication-based information
to their design, allowing a dynamic instruction system to use this information to guide one or
more makers through the making process. There is a specific focus on how the architecture of
Automatics uses (i) parametric models to enable an artifact to be regenerated to overcome fabrica-
tion errors and support personal design choices, (ii) a constraint satisfaction-based Task Space and
Task Assigner to determine all known pathways that can be traversed to fabricate an artifact and
assign them to makers in real-time, and (iii) a Maker Interface that accepts contextual information
input from a maker and visualizes the past, next, and future tasks that all makers are assigned.
Third, we present the results of an initial evaluation of Automatics, which found that participants
were able to complete more tasks with less effort and increased motivation using this new method.
The study also found that there were several areas that could be fruitful research avenues, such
as increasing collaboration between strangers in making tasks and the ability for Automatics to
adapt to a particular maker’s skillset.

2 RELATED WORK

The most relevant literature to Automatics relates to work on assembly sequence planning (ASP),
recommendations for designing static explicit knowledge resources, and interactive assembly
systems.

2.1 Assembly Sequence Planning

Many within the manufacturing industry have proposed methods to automatically generate tasks
for assembly sequence planning [17, 40]. Homem de Mello and Sanderson applied AND/OR graphs
to ASP [27]; instead of providing a method to assemble basic parts, they looked at the final product
and the ways it can be disassembled to reduce the number of dead ends reached due to constraints
with the product. Del Valle et al. augmented AND/OR graphs with shared resources and task time
constraints, enabling for parallel disassembly [17]. Naphade, Storer, and Wu decomposed con-
straints into smaller “decision dependent constraints” to reduce computation time and allow for
the efficient generation of single assembly sequences [50]. Lin and Chang proposed the use of as-
sembly precedence diagrams [40]. The present work is the first to use AND/OR graphs and Del
Valle et al.’s notion of parallel disassembly, within the context of fabrication activities. These con-
structs enable the Dynamic Manuals and Automatics to represent, and quickly traverse, fabrication
pathways, whilst treating each indivisible component of the final artifact (i.e., subcomponent) as
a resource belonging to a single maker.

Recent work has also focused on ASP for multiple workers. With the Hive project, workers were
guided through the construction of a tensegrity module-based pavilion by a “foreman engine” that
assigned workers using a lazy heuristic approach [38]. Yoshida et al. used computer vision to find
optimal locations for workers to deposit chopsticks to construct a pavilion [91]. Work on disaster
response systems and crowdsourcing have also developed methods to assign tasks to workers via
task decomposition and resource allocation [13, 18, 42, 43, 57, 63]. The present work is similar,
in that Automatics supports multiple makers who may leave or enter the process at any time,
however, Automatics differs in that they can also adapt to the mistakes or design variants that
often result when a maker manipulates or modifies materials.
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2.2 Best Practices for Explicit Knowledge Resources

Most work focused on the design of explicit knowledge resources explores on how to best de-
sign static content (e.g., diagrams and text) for consumption during assembly tasks. Early work
by Beiger and Glock recommended that the successful assembly of an artifact requires contextual,
spatial, and operational information [6]. To better understand how to convey such information,
Morrell and Park, for example, compared illustration-only, text-only, and illustration-and-text in-
structions [49], finding that illustration-and-text instructions decreased assembly errors. Novick
and Morse found substantial benefits to step-by-step illustrations over final diagrams of an ar-
tifact [51]. Others found benefits to using action diagrams [2], dynamic illustrations [12], and
animations [39]. The use of headings [20], high contrast text and images [55], highlighting [35,
55], arrows, frames, and lines [16], and minimizing the number of tasks [45, 55, 59] have also
been recommended. The present work followed these recommendations, harnessing animated,
annotated, step-by-step illustration-and-text representations within the Maker Interface, and used
touch-based controls to allow visualizations of current, past, and future tasks to be easily explored
and understood by a maker.

Others have focused on the media most appropriate to present instructions. Zimmerman et al.
found that tablets outperformed desktop presentations of instructions [93]. Virtual environments
were also found to reduce the errors and decrease assembly times when compared to desktop en-
gineering environments [90] and produced faster assembly times compared to paper instructions
[7]. Tang et al. found that head mounted displays decreased assembly errors compared to a mon-
itor [71], whereas Wille et al. found no performance differences but a decrease in physical strain
with a head mounted display [88]. When compared to paper, augmented reality has been shown
to reduce the number of errors made [4, 41, 70, 87]. Given the prevalence of tablets and laptops, as
opposed to VR and AR headsets in makerspaces [48], the Automatics prototype system is currently
deployed on a tablet.

2.3 Interactive Assembly Systems

The assembly of components is but one aspect of fabrication; however, many systems have been
developed to help with assembly. With the Easy Assemble system [81, 85], for example, a mouse
was used to navigate through a prescribed sequence of tasks shown on a desktop PC. The Personal
Active Assistant fused CAD assembly software, tagged objects, and a see-through head mounted
display to aid in the assembly of manufacturing components [41]. Henderson and Feiner [26] and
Ong and Wang [54] removed the need for augmentation by enabling bare-hand, bi-manual part
manipulation using computer vision techniques. With TeleAdvisor, Gurivech et al. used a robotic
arm, projector, and web camera to enable an expert helper to remotely assist a novice worker [22].
The Duplo-Track system used a Kinect to help assemblers identify the next block to use via visual
feedback on a secondary screen [21]. These are but some of the interactive assembly systems that
have been created; detailed surveys can be found in [65] and [85, 90]. Although these systems de-
creased frustration and error during assembly, the focus of the present work is on fabrication, of
which assembly is only part of the process. The goal was thus to develop techniques that could sup-
port the manipulation of materials, in addition to drop-in makers, tools that become unavailable,
and so on.

Interactive workspaces and intelligent tools have been explored to assist with fabrication.
Projects such as Drill Sargent [64], SPATA [86], FreeD [94], and the Enchanted Scissors [89] placed
focus on the tools being used, adding visual and/or haptic feedback to assist with cutting, carving,
and so on. With the Smart Makerspace, tools and safety equipment were augmented to enable tool
wayfinding and ensure makers adhered to safety protocols [36]. A similar approach was used by
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O’Connell with the UTEM equipment management system, which augmented workbenches and
tools to collect usage data and “lock out” users for safety reasons [52]. Instead of augmenting a
space, Campbell and colleagues augmented a maker with sensors to determine if the correct tools
were being used for a given task [11]. Antifakos et al. took a hybrid approach, augmenting tools
and components so that the current state of an assembled artifact could be recognized [4]. Au-
tomatics currently makes use of a manual process to infer the current state of tools (i.e., maker
input via the Maker Interface) and the fabricated artifact, but the architecture and implemented
techniques could serve as the generation, planning, and assignment modules within the aforemen-
tioned systems and tools in the future.

Recently, the WeBuild system by Fraser, Grossman, and Fitzmaurice was proposed as a way to
enable multiple co-located users to assemble an artifact using a static, prescribed set of tasks that
are created manually [23]. The system made use of smartwatches to show users the current task
to perform and provided a dashboard of all assembly tasks on a large display. A task distribution
algorithm assigned tasks to makers based on their current speed, how similar tasks were to each
other, and if makers should work together or individually, using a task tree that was computed a

priori. Unlike WeBuild, Automatics focuses on fabrication, where tasks not only require assembly
activities, but also the handling and manipulation of raw materials (in addition to the specification
of these activities). Automatics also supports the dynamic nature of task assignment (i.e., error
recovery and dynamic design variants, alternative tool suggestions, and forfeiting or requesting
new tasks due to personal desires or equipment challenges) using techniques from ASP to auto-
matically generate tasks and completion pathways from model constraints, rather than require
the entire task representation (and static graphics) to be manually created beforehand, as WeBuild
does.

3 DEFICIENCIES IN EXPLICIT KNOWLEDGE RESOURCES

While a recent analysis estimated that 90% of instruction manuals have deficiencies that hamper
assembly completion [68], a holistic understanding of the deficiencies inherent in current explicit
knowledge resources is missing. Thus, an analysis of the literature related to instructions, how-to’s,
manuals, procedural sequences, walkthroughs, and so on was conducted using Google Scholar. An
open coding process of resulting publications initially classified the deficiencies and a subsequent
axial coding activity [69] identified themes crucial to the design of explicit knowledge resources.
The deficiencies were then organized into a taxonomy that grounded the focus and design of
Automatics (Figure 1).

3.1 Equipment

Many deficiencies are rooted in the equipment that one uses, i.e., the materials, parts, tools, or
techniques.

Materials: One of the foremost issues with instruction sets today is that they often omit or
mislabel which materials to use for a given step [24, 82]. This can not only lead to confusion
and guessing on the part of the maker, but also increases the likelihood that they manipulate
the wrong piece of material. Unlike parts like hardware or fasteners, which can be unscrewed or
removed if improperly attached, the incorrect manipulation of material could prevent a maker from
completing their activity due to a lack of available raw materials, which could thus be costly and
time-consuming. If a procedural sequence involves manipulating raw materials that a maker must
source themselves, it is common for the materials they have on hand to differ from those specified
in the tutorial or instruction set, either in terms of type and properties, e.g., dimension and weight,
or for the maker to not have the necessary materials in the first place [62, 82]. When dissimilar
materials are available, a maker will often substitute a missing material for one they have on hand,
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Fig. 1. A taxonomy of the deficiencies found within explicit knowledge resources that emphasizes challenges
with the equipment to be used, the processes that must be undertaken, and the representation of the tasks
provided.

which could create issues that propagate throughout the rest of their design, for example, cutting
one piece smaller than required at the beginning of a process due to material constraints could
prevent hardware from properly attaching to another component later on. Even if all the materials
specified in a tutorial are on hand and are of the correct dimensions, if they are visually similar, it is
also likely for the maker to need an enhanced level of material knowledge to distinguish between
them. When this happens, the maker could use an alternative material that could have structural,
health, or safety consequences that they do not know about because they are unfamiliar with the
material (e.g., using polycarbonate instead of acrylic in a CO2 laser cutter will generate chlorine
gas). This can be further compounded if the instructions or tutorial they are following does not
provide any material knowledge about, for example, material handling or appropriate disposal
techniques [30]. Each of these material-specific challenges posed by explicit knowledge resources
are due to a combination of low maker material literacy, inadequate descriptions and information
provided in the instruction set, and the static nature of instructions themselves (i.e., a tutorial
author cannot be expected to know which materials one has on hand or the level of knowledge of
all makers who will consume their instructions). While literacy and descriptions can be improved
via better graphic design and textual representations, it appears that solving these other challenges
requires the design of dynamic and adaptable instruction sets.

Parts: Many of the same challenges that are imposed by the use of raw materials can also be
found with the use of parts or components. When diagrams do not make it clear which parts
are needed for a given step [24, 62, 82], makers do not have all the necessary parts on hand [62,
82], or they have the wrong type or model of parts [62, 82], makers are left to make substitutions,
which could be inadequate or inappropriate. Additionally, if salient features of perceptually similar
parts are not highlighted [58], for example, the differing lengths of two types of screws, there
is an increased likelihood that a maker will use the wrong part but will not discover this until
later in the process. Unlike with materials, the usage of incorrect or inadequate parts will force
a maker to enter into a disassembly then reassembly phase, which could enable them to finish
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creating their artifact, however this also increases the likelihood that they introduce a potentially
irreducible number of mistakes into their process [10]. The challenges that the inadequate labelling
and identification of parts poses to fabrication and assembly speak to a larger need for systems
that enable parts to be identified on a workbench or on a work-in-progress in real time such that if
they are incorrectly utilized, the maker can quickly be made aware, using visualization techniques,
that they are using the wrong part.

Tools: Similar to parts and materials, when a maker does not have access to a tool [56, 62, 82] or
a set of instructions is unclear about which tool should be used [21, 82] or how it should be used
[82], they will try to substitute one tool for another or use their best guess about what they should
do. Unlike parts and materials, however, tools come with additional challenges. For example, even
if a maker has a tool on hand and the instructions specify how it should be used, that tool may be
in use by another maker or may be broken [56, 82]. In some cases, this could prevent a maker from
being able to complete a task (e.g., they need to drill a hole to a specific diameter and the necessary
drill bit is broken) or require them to substitute a different, possibly inappropriate tool. Another
challenge that tools pose is that the maker may not have the necessary training or permission to use
a tool that is required [82]. If a child were to download an Instructable to make a plastic birdfeeder2

out of a plastic pop bottle, they would need to seek permission or the assistance of another older
maker to help them cut a hole in the plastic bottle using the round file that is specified in the
Instructable because this use of the file in this way is non-traditional and potentially dangerous.
If this maker were to continue, they could potentially injure themselves or ruin their artifact due
to the lack of tool literacy and training that they have. There could, of course, be systems created
to automatically detect when a tool has been picked up and determine if it is appropriate to use in
a given situation, however, a more fruitful approach could be to dynamically suggest alternative
tools that the maker has the skills, knowledge, and permission to use.

Techniques: One last sub-category of equipment that poses challenges is the technique that in-
structions suggest a maker use. In some instances, an instruction set may not provide a technique
to attach two components together, so a maker may be unaware of how to do so [24, 30]. In these
cases, a maker must guess what they should do. The resulting action or method they choose could
prevent future steps from being accomplished. Whenever explicit knowledge resources do not pro-
vide the necessary details to complete a given task, such as the working time of adhesives, ways
material or excess need to be disposed of, or potential safety hazards [16, 30, 82], makers will be
forced to seek external resources, thus decreasing their engagement with the task at hand and their
trust in the resource they are using. Further to this, as many fabrication tutorials make use of new
techniques that the author themselves has created, when the tutorial does not describe the design
process or steps that lead to the technique, or the successes or failures that the author encountered
along the way, it can be difficult for a maker to recreate or utilize the technique [77, 78, 79]. Alter-
natively, it is also common for instructions and tutorials to provide highly specialized details about
a technique that require the specific properties of the tools, materials, or parts that the author had
available [76]. This prevents a maker, for example, from being able to generalize a technique to a
different brand of a tool (e.g., a plunge versus stationary router). In other instances, instructions
may require multiple makers for a certain task but never indicate this until the task where a sec-
ond maker is required [2]. This will lead to frustration and the artifact not being finished if one
is working individually. Lastly, although only impactful for those who are left-handed, almost all
instructions use diagrams and techniques that are illustrated from the right-handed perspective.
For those makers who are left-handed, this can cause immense frustration as they must mentally
flip the instruction they are viewing to match their handedness [30]. Many of the challenges that

2For example, the 1 Cap Water Bottle Bird Feeder: http://www.instructables.com/id/1-Cap-Water-Bottle-Bird-Feeder/.
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techniques create, can be rooted in omissions or a misunderstanding on the part of the tutorial or
instruction author has to the target audience of their document. As it is unlikely that a maker’s
context will be identical to an author’s context, when differences occur that impact the techniques
to be used, a maker can’t simply look around their space and find the next best alternative. Instead,
they must consult external resources, additional makers, or simply guess how to continue. There
is thus a need to improve the tools that are available to designers to ensure that they are able to
appropriately target their audience.

The deficiencies that arise within explicit knowledge resources due to the tools, materials, parts,
and techniques that are to be used are varied; however, they largely relate to a lack of understand-
ing about the target audience, the target audience’s environment, skill set, material and tool knowl-
edge, and so on. When makers are left to fill in the gaps themselves, they increase the likelihood
for errors, safety issues, and the chances of not completing their artifact. Automatics’ dynamicism
and the tools it provides for designers and makers should improve the content that a designer
creates and the content that a maker consumes.

3.2 Process

Another class of deficiencies relates to the prescribed task sequences and sequence flexibility in-
herent in the tasks to be performed.

Task Sequence: The order in which tasks are presented to makers can cause many issues. For
example, when the order of a sequence of tasks is incorrect [16, 24, 25, 82], if the maker has already
completed some tasks that were in the wrong order, they need to determine which tasks they
should have done, determine the point to revert back to, undo the tasks if possible, and perform the
tasks that should have been specified in the correct order to begin with. Provided that tasks can be
undone, this increases task time and leads to frustration. When there are gaps between successive
tasks, a maker is left to guess the tasks that they need to perform to get from task to task, which in
some cases may lead to errors or require them to consult external resources (which will encourage
more errors) [16, 24, 25, 82]. If a designer has improperly divided activities amongst tasks (e.g., five
activities per task and then two activities per task) [24, 66, 82] or overloaded tasks with too many
tasks [24, 44, 79], makers can forget to perform a task due to the sheer number of tasks they need to
perform. Alternatively, when tasks are specified in such detail that they require many of the same
repeated actions, makers may experience boredom and believe that they completed more tasks
than they actually did [30, 44]. The manner in which a designer decides that a final artifact should
be fabricated is also of concern. Given our natural tendency to want to assemble artifacts from the
bottom to top, designers who organize tasks such that the tasks use alternative spatial patterns
[44] may place undue cognitive load on makers, most of whom are already exerting great mental
effort to overcome the other aforementioned issues. In addition to challenges with the sequence in
which tasks are presented, when tutorials or instructions do not specify the complexity or duration
required to complete each task, makers have no way to gauge and plan for the time it will take
them to complete an artifact or how difficult it will be for them or others to complete a task or
entire project [30, 82]. This could be at odds with the situational context of the maker and their
goals. The challenges that the sequences of tasks makers are encouraged to follow highlight the
need for authoring tools that are able to verify that sequences are in the correct order, do not
require too many or few tasks at once, vary repeated tasks to discourage boredom, support our
desires to build bottom to top, and provide estimates of task complexity and duration.

Sequence Flexibility: Like assembly instructions, where the goal is to assemble an artifact though
a sequence of fixed tasks [4], current fabrication tutorials and instructions make use of a single
pathway that is to be followed to completion [4, 19]. Explicit knowledge resources are unable to
assist an maker when they make an error [19]; a maker must determine that they made an error,

ACM Transactions on Computer-Human Interaction, Vol. 25, No. 4, Article 22. Publication date: August 2018.



Automatics: Dynamically Generating Fabrication Tasks to Adapt to Varying Contexts 22:9

determine when this error occurred, undo the tasks they have taken since the error (if possible),
correct the error, and re-preform a number of tasks to bring them back to where they were, and
then continue with the task sequence. This increases the time they spend on a task and requires
that a maker is able to determine that an error was made and how to fix it. Because resources are
designed by one maker for another maker, resources are unable to accommodate drop-in makers
who may want to participate for some, or all, of the fabrication process [4]. This rigidity goes
against the very ethos of making and fabrication, which is to support serendipitous exploration
and encourage learning via trial and error and collaboration with others. Lastly, the overhead that
designers encounter when creating a single set of instructions often prevents them from creating
sets of instructions tailored towards different skill levels or expertise [4, 30], reuse, remixing, or
cultural variations [4, 53, 61, 62, 72], personalized variants [50, 71, 75, 76], or sustainable, artisanal,
or cultural alternatives [66]. Each of these deficiencies underscore the importance of the next
generation of instructions being able to adapt to the context at hand and the ever-changing goals
and skill sets of makers. The static, rigid nature of task sequences found in instructions today are
inadequate for the making population.

As the task sequence and task flexibility challenges identified thus far have demonstrated, if a
maker is not provided with tasks that can be followed and the tasks cannot adapt to their context,
workflow, or goals, they will encounter frustration and will often be unable to complete a task
unless they seek out external resources or additional assistance. While the onus is on the designer
to create task sequences that are free from mistakes and omissions, designers need support in the
form of tools and simulations to create instruction sets that makers can follow. Dynamic Manuals
attempt to solve many of these challenges through (i) the Constraint Specifier application, which
uses sequence checking techniques, and (ii) the Maker Interface, a presentation mechanism that
is able to adapt to the current environmental context to provide multiple pathways to reach the
final, completed artifact.

3.3 Representation

The last category of deficiencies relates to the presentation of the tasks to be performed, i.e., the
illustrations, text, and global features used.

Illustrations: Diagrams and figures are a crucial element of virtually all sets of instructions and
tutorials, as they provide information that textual descriptions alone cannot. When diagrams are
unclear or overloaded with details [2, 24, 30, 66] or do not highlight salient elements [44, 66], it can
be difficult for a maker to understand what part of the diagram they should attend to. This could
result in them not to noticing crucial details. Although many paper-based diagrams are presented
in black, white, and grey, when the colors, symbols, and shading used to draw attention to specific
aspects of a diagram are indistinguishable, it is easy for a maker to attend to the wrong aspect
of a diagram or confuse certain parts of a figure with others. It is also common for a tutorial to
use the incorrect type of diagram for illustration [2, 16, 24]. In such cases, instead of using an
action diagram to show the direction and areas where components fit into a larger whole, an
instruction may use, for example, a structural or explosion diagram, neither of which convey the
action that needs to be performed to complete a given task [2]. Such mistakes make it difficult
to understand the intent of the current task that should be performed. Lastly, the most common
issue with diagrams is that the viewpoint of the diagram often changes between tasks, even if two
tasks are on the same page [2, 16, 24, 30, 44, 66, 80]. When this occurs, makers cannot create a
mental model of the artifact or understand how the component they are working with fits within
the larger artifact. This only serves to add to the cognitive load the maker is already experiencing
while fabricating and leads to breaks in task flow and maker annoyance.
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Text: Although diagrams are staples of almost all instruction sets, text is often used to provide
an additional level of detail that cannot be relayed quickly and easily using a figure. One common
issue with the use of text is that text and diagrams are often unassociated [66], either on different
pages or in different sections of the same page, and do not have callouts or references to each
other. This creates a disconnect, requiring one to either annotate a task themselves with the re-
quired information or flip or scroll back and forth to gain a complete understanding of the task
to perform. In some instances, verbose text passages are used in place of a more suitable diagram
such as an action or explosion diagram [2, 16, 24], or provide detail that is unnecessary for the
task at hand [66]. Such design choices may be the result of limited production budgets but end up
overcomplicating the information being presented to a maker. As previously mentioned, because
instructions are not able to adapt to the maker consuming them, text is also frequently written
for the wrong audience or literacy level [22, 44, 78, 82] or in the wrong language [30]. Such issues
increase the chance that a maker will use the wrong part, attach it in an incorrect place, or measure
their material incorrectly because they are unable to read and comprehend the information pro-
vided to them. Lastly, as instruction sets are authored by a variety of different designers, there has
yet to be a universal set of terms or domain-specific language used in the creation of instruction
sets [82]. Because of this, every instruction or tutorial that is consumed by a maker differs in the
way that processes and techniques are described. The lack of continuity and variation between
tutorials makes it difficult for a novice maker to transfer the skills and knowledge they learn from
one activity to another. Although text can enhance an illustration, these deficiencies demonstrate
that it often hinders more than it can help. Designers thus need mechanisms to author instruc-
tions to suit a variety of makers and makers need the ability to dynamically modify, reformat, or
reorganize instruction text to meet their skill level and literacy.

Global: Aside from issues with the text and illustrations that are provided, there are a number
of global issues with explicit knowledge resources that pose challenges for makers. For example,
stylistic issues, such as inconsistent formatting from task to task [30, 44, 66, 82], an inconsistent
use of text and diagrams through a tutorial or set of instructions [30], and the use of a non-durable
format (e.g., paper) [30], decrease the professionalism of resources and lessen the confidence a
maker has in the tasks they are performing. Organizational issues including the inability to search
through a set of instructions [30] or easily navigate back to a past task [4, 30] can prevent a maker
from wanting to use other resources or search within a resource for answers because they may have
difficulty finding their place again. The static nature of such resources also poses problems when
one considers the dynamic nature of fabrication activities: instructions are not able to provide real-
time assistance or advice [19], they cannot enable a maker to see what others have completed or
the outstanding tasks left to perform [2], they cannot provide hints or suggestions based on other’s
makers experiences using the instructions [19, 71], and they are difficult to share amongst multiple
makers all working on the same artifact [2]. In addition, it is common for pertinent details about the
fabrication activity, such as the overall goal, to be missing [24, 30, 82]. This could be due to a lack of
status checkpoints throughout the process [44], the lack of a motivating and goal-driven narrative
throughout the tutorial [30], or the lack of clear details as to the end goal of each task that is to be
performed [15, 82]. The omission of these details decreases beliefs that an artifact will eventually be
completed. Lastly, as explicit knowledge resources offer single pathways to completion, they often
fail to act as a reference or impart meaningful knowledge to the maker [30, 31]. This is because
their goal is to illustrate one pathway to achieving a process, rather than encourage exploration
or provide suggestions on areas where variation or spontaneity could be integrated. These global
challenges speak to a more holistic need for the next generation of instruction sets to go further
and do more than simply illustrating one path to completion – they need to be adaptable, dynamic
mediums through which creativity and exploration can be supported and encouraged.
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Some of these representation-related issues can be addressed by building better tools for tu-
torial and instruction authors that are able to compare an instruction set against a database of
recommended diagrams and layouts to suggest improvements to the author. Others, however, re-
quire a community-wide agreement on a set of standards to make the transition between tasks
and instruction sets easier for a maker to manage. Even with solutions to overcome organizational
and continuity issues, each sub-category of challenges requires intelligence and awareness of the
environment and maker(s) consuming the tasks. Without such knowledge, and a way to mediate
and transition between different contexts, static instructions will not be able to adapt to multiple
makers or tailor instructions to match a given maker’s skill level or goals, all facets that will be
required as fabrication activities continue to become more complex and collaborative.

3.4 Summary

The brief literature review presented above highlights the many challenges that are inherent in
the design and consumption of explicit knowledge resources today. Although many of deficiencies
arise from assembly activities, assembly is a crucial component of any fabrication task. Fabrication
does, however, add an additional layer of complexity to the problems associated with assembly.
For example, makers manipulate materials to obtain the ‘parts’ they need, such as cutting wood,
shaping metal, molding clay, and so on. This increases the likelihood of mistakes (due to measure-
ment errors, the use of offcuts, and the variety of tasks being performed). Unlike assembly, makers
also often require many more tools to complete a task, some of which they may not have on hand
(e.g., saw, clamps, orbital sander, etc.) or have knowledge about (e.g., bandsaw, laser cutter, casting
materials, etc.).

While some challenges can be overcome by adopting visualizations or double-checking the in-
formation that is provided, others require additional research so that novel techniques can be
developed. This work thus seeks to overcome some of these equipment, process, and represen-
tation challenges by using constraint satisfaction solvers, heuristic-based algorithms, parametric
3D models, wizard-style GUIs, interactive 3D models, the dynamic presentation of tasks, and in-
formation about the context within which fabrication is occurring. This allows present work to
support makers in recovering from mistakes, utilizing alternative tools when needed ones are in
use, forfeiting tasks if desired, and enabling multiple makers to participate in a fabrication activity,
each with their own dynamically-generated set of tasks.

4 DYNAMIC GENERATION OF FABRICATION TASKS

Motivated by the challenges that current explicit knowledge resources present, the present work
seeks to make the specification of fabrication and assembly tasks easier for designers, along with
the consumption of said tasks by makers. The solution proposed in this work is to utilize a novel
type of explicit knowledge resource that is dynamic and personalizable, i.e., it can adapt to a
maker’s current environmental context (e.g., the tools on hand, number of makers available, task
preferences of a maker, and mistakes that were made). Before the architecture of these resources is
described, the goals governing the design of the prototype system are presented. This is followed
by a description of the modules and applications that constitute the conceptual architecture of a
dynamic, explicit knowledge resource system.

4.1 Goals

Given the variety of deficiencies identified, there are many avenues along which fabrication task
assignment and instruction presentation can be improved. Rather than attempt to solve every
challenge, four opportunities directly related to fabrication workflows and the variety of challenges
such contexts impose, were the focus of the present work.
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G1: Dynamically Compute Fabrication Pathways

Inspired by the sequence flexibility and Task Sequence dimensions, fabrication tasks should be
dynamically generated to support assembly activities (i.e., attach A to B), operational activities
(e.g., drill A and paint B), and break-down activities (e.g., cut A into smaller pieces). By using
constraints instead of fixed tasks, all possible ways an artifact can be fabricated should be known,
thus permitting a reasonable pathway to be chosen from among the alternatives. Because tasks
are generated by an algorithm that ensures all subcomponents are assigned to at least one task,
and the constraints of the model are adhered to, forgetting to assign a task or assigning tasks in
an inappropriate order should be impossible.

G2: Adapt to Uncertainty

Because explicit knowledge resources cannot adapt to the challenges that arise with the Equipment
and Process dimensions, the prototype system should utilize information about maker preferences,
mistakes, and tool status to determine which tasks to assign to each participating maker.

—Forfeiting a task: If a maker does not want to perform an assigned task (e.g., they are tired
of sanding or desire to use other materials or equipment), other tasks that the maker could
perform instead should be assigned.

—Recovering from mistakes: If a mistake is made, disassembly instructions should be generated
such that the mistake can be corrected. If the mistake influences other aspects of the artifact
(e.g., material cut too short), the artifact should be adjusted to allow for a variation of it to
be created despite the mistake.

—Adapting to the state of tools or preferences: If a tool is being used by another maker, or cannot
be used due to a lack of domain knowledge or a level of comfort, alternative tools should
be suggested. If such tools are also unavailable, a different task that could be completed
without said tool should be assigned instead.

—Supporting design variants: During fabrication, a maker may want to make a change to the
artifact that they are creating, for example, make it longer, wider, or taller. The instructions
that are provided should be able to dynamically change the visual and textual representa-
tions to accommodate design variations.

G3: Provide High-Level Global Context Awareness

As highlighted by the Global dimension, minimalism helps to reduce the cognitive load explicit
knowledge resources impose [14]. It is, however, essential that enough information be provided
for a maker to know where they are in the global context of the artifact [80]. Multiple ways to
deduce global context should thus be provided and be accessible when appropriate, via dynamic,
interactive methods.

G4: Support Drop-In Fabrication

Based on the sequence flexibility finding that current instructions do not accommodate multi-
ple makers, support for individual and multiple makers should be provided via the automatic
(re)division of tasks. If additional makers decide to drop in, tasks should be assigned such that
a good task is chosen for a given maker, and a good maker is chosen for a given task.

4.2 Architecture

The architecture supporting the dynamic generation and assignment of tasks consists of three
main elements (Figure 2). Artifact Applications are the applications used by a designer to create
a digital representation of the artifact, i.e., a Parametric Modelling Application and a Constraint
Specifier Application. The output resulting from the use of these two applications constitutes a
Dynamic Manual, a novel explicit knowledge resource that contains all the data and information
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Fig. 2. The conceptual architecture necessary to support the dynamic generation of fabrication tasks. This
architecture consists of Artifact Applications that are used by a designer to create digital representations of
an artifact (i.e., a Parametric Modelling Application and a Constraint Specifier Application). These digital
representations form a Dynamic Manual, i.e., a dynamic, explicit knowledge resource. It also includes an
Automatic, which uses the content of the Dynamic Manual to assign fabrication tasks to makers via the Task
Assigner, and visualizes tasks for a maker and collects information about the current environmental context
from the maker via the Maker Interface.

necessary for the dynamic generation and assignment of maker tasks. The Dynamic Manual con-
tains the Fabrication Specification and Parametric 3D Model authored by a designer and uses these
components to generate a Task Space of all possible ways the artifact can be created within the
constraints of the artifact’s components. The Dynamic Manuals’ Task Space is then used by an
Automatic. An Automatic is a prototype system that uses the Task Space to assign tasks to mak-
ers via the Task Assigner, present tasks to makers and collect contextual information from them
via the Maker Interface, and, if necessary, adapt the current artifact to handle personalization and
error recovery (via the Command-Line Parametric Modelling Application) or provide alternative
tool suggestions (via the Alternative Tool Database). Thus, it is these three main elements, the Ar-
tifact Applications, the Dynamic Manual, and an Automatic, that enable tasks to be dynamically
generated, assigned, and visualized for makers.

4.2.1 Parametric Modelling Application and Parametric 3D Model. The basis of all artifacts that
are supported is a parametric 3D model. Parametric models use parameter-based attributes to
specify the geometric properties of a subcomponent (e.g., width, length, depth, and orientation).
As such, a change to one parameter can be propagated through an entire model, thus, maintain-
ing design intent during future modifications to the model. Such models enable an Automatic to
provide support for error recovery, as a model can be regenerated if fabrication errors occur (e.g.,
a subcomponent was cut too small) or if personalization is desired (e.g., a subcomponent is made
thicker for stability reasons).

The current implementation of an Automatic uses the open-source FreeCAD software (version
0.16) to enable artifacts to be modelled by a designer using a GUI (i.e., Figure 2 – Parametric Mod-
elling Application). It also has support for Python-based, command-line access to the software (i.e.,
Figure 2 – Parametric Modelling Application (Command Line)). This command-line access enables
an Automatic to update the geometric properties of the artifact model due to maker fabrication
errors or personalization choices, and regenerate the underlying model at runtime. Once a model
has been regenerated, all future tasks will use the new geometric properties of the model. For
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example, if a maker cuts a piece of wood too short, they can indicate the dimensions of the erro-
neous piece of wood and the Automatic will scale the associated model to match the new length
and indicate the changes that need to be made to the rest of the subcomponents in the artifact,
if necessary (G2). The parametric models created by a designer and the FreeCAD back-end thus
enable a maker to continue fabricating their artifact while the Automatic takes into account their
design choices or fabrication actions, in a seamless and invisible manner.

4.2.2 Constraint Specifier Application and Fabrication Specification. A necessary aspect of any
explicit knowledge resource is the specification of the assembly constraints, material manipu-
lations, and tools needed to create an artifact. Although point-and-click methods of interaction
have been used to specify assembly constraints (e.g., FreeCAD Assembly2 workbench3 and Au-
todesk’s Inventor4) and prior work has explored automated methods to infer assembly constraints
from 3D models [32, 56], human motion sequences [33, 46, 92], static 2D instruction sets [47], and
cognitive engineering models [1], such techniques do not support the manipulation of materials,
components that are derived from subcomponents, or allow for the assignment of tools. Instead
of requiring a designer to manually author a text document that contains such information, the
Constraint Specifier application was developed. It enables a designer to not only specify assembly
constraint information, but also component derivations, material manipulations, tool usage, and
so on, in a wizard-style manner. The specification of attachments between components is mod-
elled after FreeCAD and Inventor’s point and click techniques, which allow a designer to click on
different faces in a model to indicate that the faces are constrained to each other. Note that all
other information that is specified by a designer is provided via (pre-populated) dropdown boxes,
text fields, or by selecting different components in the model.

Using the application, a designer can load the parametric 3D model corresponding to their ar-
tifact and view it in the Main Model View on the right side (Figure 3). The designer can then use
the list of model components in the Material Operations Panel on the left side (Figure 3(A)), which
was populated with information from the 3D model to indicate (i) if a subcomponent has is de-
rived from another component or raw material (i.e., Figure 3(B, C)), (ii) the tool or process used in
the derivation operation (i.e., Figure 3(D); e.g., a utility knife to cut a subcomponent from a larger
sheet of material, as in Figure 3(F)), and (iii) specify the labels for any maker-facing parameters
that are required to create the component (i.e., Figure 3(E); the width and height of the stand, as in
Figure 3(F)). The specification (or lack of specification) of these four types of information are used
by Automatics to generate a portion of the space of all possible tasks that must be completed.

Once the details about the materials and material operations have been specified, the designer
can then use the Attachments Panel to specify all the connections that exist between subcompo-
nents (Figure 4). This is done by pressing or touching the “Select Components” button to switch
the interface into selection mode, selecting the components in the Main Model View, and creating
an attachment using the “Add Attachment” button. This series of actions will add a new row to
the list on the left, populate it with the components that were selected (Figure 4(A, B)), and subse-
quently allow the designer to provide the information that the Automatics’ Maker Interface and
Task Assigner need to know about the nature of the attachment (Figure 4(F)), i.e., (i) which of the
two components should be animated in the Maker Interface (Figure 4(C)), (ii) the type of animation
that should be used (Figure 4(D)), and (iii) the tool that is required to create the connection (i.e.,
Figure 4(E); e.g., a hot glue gun to glue L4 to L5 as in Figure 4). The animation and specification
of which component moves or rotates are used by the Maker Interface to determine the type and

3https://www.freecadweb.org/wiki/Sandbox:Assembly2.
4http://autode.sk/2mYaIZh.
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Fig. 3. In the Constraint Specifier application, a designer can use the Material Operations Panel to indicate
how subcomponents are created (or the other materials that they are derived from) by filling the necessary
details into the rows of the lists on the left (B–E). The data for the Component column (A) is pre-populated
from the loaded parametric 3D model, which can be manipulated on the right in the Main Model View.
This example, in addition to the examples in Figures 4–7, demonstrates how a designer would specify the
parameters and information necessary to create the ball catapult game for the User Study in Section 5.

direction of animations that should be used when the task is presented to a maker. The associated
tool information is used by the Maker Interface to display the correct operation information and
by the Task Assigner when determining which task to assign to a maker.

If a designer wishes to decrease the need to switch between tools during a task or pass materials
back and forth between participating makers, they can use the Subdivisions Panel to specify which
subcomponents, if any, should be assembled or modified at the same time, or be assembled or
modified by the same maker (Figure 5). This is done by creating groups (i.e., subcomponents that
should be assembled by the same maker) and subdivisions (i.e., subcomponents that should be
assembled as a unit at the same time). The process to create each of these is the same. First, the
maker presses or clicks on the “Select Components” button. Then they can click or touch all the
components in the Main Model View that should be part of the group or subdivision. Once done,
they click or press on the “Add Group” or “Add Subdivision” button and the group or subdivision
will be added to the list on the left (Figure 5(A)). This information is used by the Task Assigner
when determining which task a maker should be assigned next.

Once the designer has created groups and subdivisions (if any), they can, then, use the Miscella-
neous Panel to specify parameters and unit information about the various components that make
up the model (Figure 6). As the parametric 3D model uses variables and parameters to regener-
ate the model, for every row in the list on the left side (Figure 6(E)), the designer must specify
(i) the parametric model parameters that correspond to the maker-facing labels input during in
the Material Operations Panel (i.e., Figure 6(A, B)), (ii) the units that dictate the measurements of
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Fig. 4. The Constraint Specifier enables a designer to indicate which subcomponents are attached to which
others in the Attachment Panel. The designer can select the subcomponents in the Main Model View and
add an attachment using the “Add Attachment” button. This action will add a new row to the list in the
Attachment Panel on the left side (A, B, F). The designer can further populate this row with information
about which subcomponent would be animated (if any; C), the type of animation for the attachment (if any;
D), and the tool that is used (E), via dropdown boxes.

the operation to be performed on the subcomponent (i.e., Figure 6(C)), and (iii) the component(s)
that are associated to that parameter (Figure 6(D)). The parametric model parameters and associ-
ated information are used by the Maker Interface to map the maker-facing labels to the underlying
parameters of the model so the correct label can be shown for a given task. The Maker Interface
also uses the units to provide the correct measurements to a maker on a given task.

Lastly, the Constraint Panel enables the designer to use a tile-based interface to build simple
Boolean expressions to specify any assembly constraints that exist in the artifact, for example,
part A before part B, part B after part C, part A and part B before part C, and so on (Figure 7).
To create a constraint, the designer drags the appropriate constraint tile (Figure 7(A)) into the
grey Constraint Operations area and then uses the pre-populated dropdown boxes to specify the
subcomponent attachments (Figure 7(B)). Once this is done, the designer can press or click on the
“Add Constraint” button to have the constraint added to the Constraint List (Figure 7(C)). Note that
the pre-populated data comes from the information specified by the designer in the Attachment
Panel. The logic for the constraints does not have to be entered in any particular order because the
Task Assigner will use each constraint to automatically generate the task order at run-time based
on the current environmental context.

Once all constraint information has been input, the designer can click on the “Export” button.
The Constraint Specifier then iterates through all the information that the designer has input to
ensure that every subcomponent has the necessary information (i.e., all subcomponents are at-
tached to at least one other subcomponent, each derived subcomponent has a tool and material
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Fig. 5. As some subcomponents can be combined to form larger logical components, or others may be best
created by a single maker, the Constraint Specifier enables a designer to indicate which subcomponents
should be attached to others by the same maker, by selecting them in the Main Model View and creating a
new group (A). For those subcomponents where a designer would prefer them to be completed at the same
time, a designer can select the subcomponents in the main view and create a new subdivision.

specification and units, every maker-facing parameter is mapped to a variable name and every
maker-facing parameter is association to at least one subcomponent, etc.). If there is any infor-
mation that has not been specified, for example, not all components have at least one attachment,
attachments are missing tools, or attachments do not have any constraints specified, among oth-
ers, the application will open a dialog alerting the designer to the details that are missing and need
to be added. The application will then ask the designer to go back into the interface and provide
the missing details. Provided all pertinent details were specified, the application will output a text
and JSON-based Fabrication Specification file (Figure 8). The file uses a simple, human-readable
format to specify the attachments, assembly constraints, subdivisions and groups, material op-
erations, and miscellaneous parameters that were specified by the designer in each panel of the
Constraint Specifier application. An Automatic uses this information generate animations and vi-
sual content within the Maker Interface. This file is also used to create the Task Space and is used
by the Task Assigner to assign tasks to makers. An example of the entire file that is used to specify
the constraints and fabrication information for the ball catapult game used in the User Study in
Section 5, is provided in Figure 8.

As the Constraint Specifier was created to negate the need to manually type out fabrication-
based information for use with assembly constraints, it is novel and proposes one possible solution
to fill the void left by current software tools and techniques. However, it uses existing user input
techniques to convey assembly constraint information (i.e., point and click techniques similar to
FreeCAD and Inventor) and combines them with standard methods to specify, gather, and verify
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Fig. 6. As parametric models utilize parameters for the specification of geometric relationships, and some
parameters may apply to more than one subcomponent, the Miscellaneous Panel of the Constraint Specifier
application allows a designer to indicate which maker-facing labels correspond to which parametric model
parameters (A, B), the units of these parameters (C), and the subcomponents that utilize this parameter (D).
The subcomponents associated to the given row are highlighted in the model on the right.

gathered information (i.e., using text boxes and pre-populated dropdowns, highlighting selected
components in a 3D model, etc.). As the Constraint Specifier essentially duplicates the information
that could be specified manually by a designer (with the addition of interactive elements, methods
to refer to information from one section in another section, and the ability to verify the data that
was input), a user study was not run to evaluate the utility of the Constraint Specifier. Such an
evaluation would be fruitful to explore if techniques to automatically infer constraint-based infor-
mation were integrated within the Constraint Specifier and these techniques required the author
to confirm that the inferred constraints were correct.

4.2.3 Task Space (Generator) and Task Assigner. The Task Space determines the order tasks need
to be completed (i.e., the order of connections between subcomponents) using a Python-based gen-
erator that is aware of the physical constraints of the model via the Fabrication Specification file.
It uses the method specified by De Mello and Sanderson [27] and requires the specification of two
types of constraints for the derivation: precedence constraints and operation constraints. Prece-
dence constraints indicate, for example, that connection A–B must be formed before connection
B–C. Such constraints are represented as a Boolean expression of connections. For example, ((A–
B || A–C) & A–D) > D–E indicates that subcomponent A must be connected to subcomponent
D and either subcomponent B or C, before subcomponent D can be connected to E. Operation
constraints, on the other hand, convey that certain groups of components should be treated as a
whole, for example, each of the four screws holding on a lock should be put in one after another,
but not in a specific order. They can be represented as a unified component, for example, “{A, B,
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Fig. 7. To specify the assembly constraints for an artifact, the designer can use the Constraints Panel to build
simple Boolean statements using the constraint operator tiles on the left (A). The dropdown box contained
within the “X” or “Y” tiles can be used to specify meshes in the model (the associated subcomponents will be
highlighted in the model on the right; B). Once each statement is complete, it can be added to the Constraint
List (C), where it is converted into a traditional Boolean statement.

C, D}”, where A–D are all individual subcomponents that should be operated on at the same time;
however, the specific order that they are operated on does not matter (e.g., A can be attached,
then B, C, and finally D, or B can be attached then D, C, and A). The generator uses both types of
constraints to create an AND/OR graph of all possible trees representing every possible way an
artifact can be fabricated (i.e., the Task Space; G1). Each node in the graph represents a possible
state of completion, or task, of the final artifact. Due to the binary nature of the AND/OR graph, it
is assumed that every connection involves exactly two constituent subcomponents, so each task
makes use of at most two components (i.e., three components will not be utilized for a given task).
As the Task Space is generated using the method described by De Mello and Sanderson in [27],
the method itself is not novel. The application of their method to a fabrication, as opposed to as-
sembly, scenario, and its use within an interactive and dynamic system such as an Automatic is,
however, novel. The reader is referred to [27] for the correctness and completeness proof De Mello
and Sanderson’s method.

The generator uses a divide-and-conquer approach. Starting with the completed artifact, the
generator takes the entire artifact and removes one subcomponent or operation (e.g., cut A from
material B), splitting the artifact into two subcomponents. It then checks if the constraints of each
subcomponent are satisfied. If they are, this task could be assigned to a maker. The system then
recursively removes and splits the artifact until all possible ways the artifact could be created
have been found, and repeats this process for each subcomponent and operation. The result of
this process is an AND/OR graph that is composed of smaller AND/OR subgraphs that represent
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Fig. 8. The Fabrication Specification file that is the result of the Constraint Specifier Application and is used
by the Task Assigner. Each segment of the file is derived from the information that the designer inputs into
the application, however, the designer does not require any specific technical knowledge to do so, because
the Constraint Specifier translates the information they input into the text fields and dropdown boxes into
the format that an Automatic needs to create the Task Space and generate each task.
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every possible way all the subcomponents can be fabricated (i.e., the Task Space). As operations
are explicitly defined to act on only one subcomponent, they are treated as independent tasks, with
a single child task representing the component that they act on.

The Task Assigner is written in Python and uses the Flask Framework to allow the Maker In-
terface to communicate with the Task Space, Alternative Tool Database, and the command-line
Parametric Modelling Application. Much like GPS recalculation, the Task Assigner traverses the
associated Task Space graph to assign tasks to makers in real time (G1). Every time a maker re-
quests a task, the Task Assigner uses a greedy approach to traverse all remaining potential tasks
within the Task Space, assigning a “possibility” score to each one. Currently, the possibility score
is a weighted sum of four heuristics; however, other heuristics could be integrated to support, for
example, a maker’s skill level or equipment certifications.

—Opt out score: As an Automatic enables a maker to opt out of using certain tools or perform-
ing certain tasks, the Task Assigner tracks each time a tool or task is refused. The current
implementation sums the number of times the potential task was refused and the number
of times the tool for the task was unavailable. The result of this computation is the de-
prioritization of that tasks that the maker has already deferred or tasks where tools were
unavailable.

—Disassembly score: Because an Automatic can support the disassembly of subcomponents
if they were attached in error, if a maker is currently in a disassembly state, they should
continue to disassemble subcomponents – not transfer disassembly tasks to another maker.
As such, the disassembly score determines how many disassembly tasks are remaining for
the maker by traversing from each potential subgraph to the subgraph that contains the
task where the error was performed and computing the distance between the graphs. If the
maker is not disassembling, the disassembly score is “1.” The result of this score ensures
that the maker who made the mistake is the one who fixes it, and the shortest path is taken
to complete the disassembly tasks required to correct the error.

—Tool continuation score: An Automatic prefers to keep assigning tasks to a maker that use
the same tool that they were just working with. This prevents makers from having to con-
tinually switch between tools, and from tools potentially becoming unavailable because
they are in limited availability or are in use. In the current implementation, a score of “1”
was assigned if the potential subcomponent required the same tool or “0.5” if it did not re-
quire a tool or required a tool different than the last subcomponent. This measure could be
extended to utilize an Automatic’s database of alternative tool suggestions and compute a
more fine-grained tool similarity score in the future.

—Component similarity score: If a maker was just working on with a component or subcom-
ponent, they should continue to work on other related subcomponents that are part of the
component. This will minimize the cost of switching between tasks that are unrelated or
having to pass subcomponents back and forth between other participating makers. The cur-
rent implementation determines how many subcomponents that are part of the current task
are also contained within a potential task and uses this value as the score.

Although all four scores are used in the computation of the possibility score, the disassembly
score and opt out scores are weighted an order of magnitude higher than the tool continuation
and component similarity scores to ensure that potentially confusing and frustrating tasks are
presented less often than those which are based on preferences. Also, note that if only one maker
is participating, the opt out score becomes less important, because until another maker joins, the
current maker is the only one who can complete the task. In this case, any potential tasks that
could be assigned are deferred until all other tasks not requiring the subcomponents within the
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currently rejected task have been completed. At this point, provided no other makers have joined,
there is no choice but to assign the tasks to the current maker.

Once all tasks have been assigned a possibility score, the Task Assigner then chooses the task
with the minimum score and assigns it to the maker. This process repeats until there are no more
tasks that can be assigned to that maker. If a maker is not satisfied with their assigned task, they
can forfeit it (i.e., the remaining task will be assigned to other makers) and request the next best
task for them (i.e., the task with the next lowest possibility score). Once all tasks that have not been
forfeit have been assigned, the maker will then be presented with the next best task from the tasks
that remain from the forfeited ones, provided that no other makers have joined the activity. In
some cases, this may result in the maker performing a series of tasks they did not want to perform
in succession, or in other cases, these tasks may be interleaved amongst other non-forfeit tasks due
to the constraints inherent in the artifact. If other makers have joined since the task was forfeit,
said task may be assigned and completed by the other maker(s). Due to the level of uncertainty
inherent in fabrication processes (i.e., tools may become broken at any time, makers may leave
or join the activity, a mistake may be made, etc.), the current implementation optimizes to find
the best task for each maker at the task assignment time. This helps ensure that maker frustration
can be mitigated, at least in the short term, by giving a maker something else to do when they do
not want to complete a task, thus, enabling them to still feel as if progress can be made on their
artifact. There are, of course, other heuristics that could be applied to such a greedy approach to,
for example, redistributing forfeit tasks throughout the rest of the making activity, however, this
would need to be paired with visual feedback and explanations in the Maker Interface so that the
maker could understand why, even if they wanted to forfeit a task, they must perform it instead
of forfeiting it, or perform it soon after they forfeited it.

The Task Assigner is not interested in the number of makers working on an artifact, only which
tasks have been completed or are in progress. As such, there is no limit to the number of makers
who can participate. When multiple makers could be assigned tasks simultaneously, tasks are
assigned such that the possibility scores for any given task are compared and optimized so that
each maker can be assigned the task with the lowest possibility score possible. This ensures that
both a good task for the maker, and a good maker for that task, are chosen. To avoid conflicts,
the Task Assigner assumes there is at most one maker per subcomponent, i.e., multiple makers
cannot work simultaneously with the same indivisible component. Since the Task Assigner does
not follow a single or fixed path of fabrication, makers can proceed at whatever pace is comfortable
to them, and join or drop out of the activity whenever they wish.

4.2.4 Alternative Tool Database. As the literature review on the deficiencies in static explicit
knowledge resources revealed, it is common for a maker to have challenges with the tools that
are specified. In some cases, this is due to the required tool being in use, being unavailable, the
maker not knowing how to use it, and so on [56, 62, 82]. As part of Automatics, an Alternative Tool
Database that contains a variety of common fabrication tools, and lists of alternatives to them, was
created. The Task Assigner uses the database to find a new tool whenever the maker indicates that
they are unable to use the suggested tool. It is also consulted when a maker has indicated that they
prefer to use an alternative technique or process variant (e.g., hand tools instead of power tools)
when the maker first opens a Dynamic Manual in Automatics.

4.2.5 Maker Interface. The Maker Interface is a browser-based client that the maker works with
directly. The Maker Interface was implemented using CoffeeScript and JavaScript for interaction
and Three.js to render the 3D artifact model. The Maker Interface interactively displays and an-
imates tasks in a step-by-step manner, as per the fabrication path dictated by the Task Assigner
(G1). The goal, tools that are required, and techniques or processes that are used for the current
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Fig. 9. The Maker Interface initially presents the maker with a list of suggested tools that could be used to
complete the artifact (A), and a part and material checklist (B) that they need to complete to ensure that they
have all the necessary materials and manufactured parts necessary. In the case of this artifact, the maker is
shown that some pieces (C) are composed from larger raw materials (D).

task are visualized next to the current subcomponent being used or fabricated (G3). The interface
also lets makers specify simple facts about their environment and process (e.g., “I can’t use this
tool,” “I made an error;” G2). Based on the progress and input of makers during fabrication, in-
feasible pathways through the AND/OR graph are pruned. These results in the pathway that the
makers are taking being dynamically determined are based on their input and choices. Once the
artifact has been completed, the makers will have, thus, traversed through a single, dynamically-
determined pathway from the initial raw materials and parts, to the finished artifact.

As the Maker Interface is browser-based, it can run on any platform; however, tablets were
chosen as they are more ubiquitous than VR and AR systems in fabrication spaces [48]. Tablets
(and laptops) are also the most popular methods for makers to access information when fabricating
artifacts (e.g. downloading Instructables, troubleshooting via the internet [10, 74, 82]). Although
currently running on tablets, the underlying algorithms and techniques comprising Automatics
(e.g., Task Space and Task Assigner) could also be integrated within AR, VR, or smart workspaces
in the future.

4.3 Maker Interface Workflow

To fabricate or assemble an artifact using Automatics, a maker selects an artifact to fabricate from
the list of available Dynamic Manuals in the Maker Interface. Any additional makers who wish
to join can do so at any time by selecting the same artifact as the first maker (G4). Once a dy-
namic manual is selected, the maker is then presented with a list of suggested tools and equipment
that they may need (Figure 9(A)). The tool and equipment list is provided for informational pur-
poses, rather than as a checklist that must be completed, because if a suggested tool is unavailable,
Automatics can suggest an alternative tool that can be used. Below the list is a checklist of parts
and materials that are needed to complete the artifact (Figure 9(B)). In the case of the materials

ACM Transactions on Computer-Human Interaction, Vol. 25, No. 4, Article 22. Publication date: August 2018.



22:24 M. Lakier et al.

Fig. 10. The Maker Interface. In this example, the maker is instructed to use a utility knife to cut out a new
piece for their artifact that is 40 mm wide and 100 mm long (A, C), from a larger piece of raw material (B).
The interface also shows the maker how many other makers are participating (D), and illustrates the specific
aspect of the artifact each is working on in the Artifact Diagram (E). To not distract the maker from their
current task or draw attention away from the center of the screen, the additional options available to a maker
(i.e., move on to the next task, forfeit a task, ask for an alternative tool, etc.), are provided in menus along
the right side and bottom (F) of the interface.

and parts, because some parts are manufactured by other entities, and material thicknesses (among
other features) are important for alignment and attachment, a checklist ensures that every sub-
component that is needed can either be made or is on hand [44]. This checklist prevents makers
from encountering a task that requires them to fabricate a component that they will be unable to,
thereby decreasing their frustration and the likelihood that they will terminate the process early.

Before assigning the first task, the Maker Interface then asks the maker if they want to fabricate
their artifact using traditional craft methods (G2) [67]. If they opt to, Automatics will replace tasks
involving power tools with an equivalent hand tool. Other process variants such as “use sustainable
materials,” “fastest time,” “child-friendly,” and the like could be added in the future.

The currently assigned task is shown in the main view of the Maker Interface (Figure 10). This
view includes the subcomponent being created or used and a tool tip with necessary tool, dimen-
sional, orientation, and operational information (Figure 10(A)). If a subcomponent is to be created
from a raw material, the raw material will be shown as a wireframe model and the desired sub-
component as a solid mesh, in a visually distinguishable color (Figure 10(B, C) [44]). If necessary,
an animation shows the direction the subcomponent should be attached to the existing component
assembly, to ease understanding about the mode of attachment [25]. When more than one maker
is participating, each is assigned a color and the main view mesh will be displayed using that color
to help the maker understand how many others are participating (Figure 10(D, E); [2]). The main
view is intentionally sparse and the tooltip text terse to not overload the maker with unnecessary
information that could mislead or distract them from their current task or prevent the maker from
being lost in verbose descriptions [66].
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Fig. 11. The Maker Interface showing the current task to complete (A) and a temporary view, in the Past
Task Preview, of the past task the maker just completed (B).

Global Context Awareness via the Artifact Diagram and Previous Task Preview. An Artifact Di-
agram of all the subcomponents currently being worked on by all makers is also provided so as
to not distract from the task at hand, but provide environmental information if desired (G3; Fig-
ure 10(E); [2, 4, 30]). The Artifact Diagram enables the maker to obtain a global understanding of
the entire artifact that is being fabricated so that they understand the goal of their current task,
how it fits into the larger global goal, and the progress of others, using a consistent color-coding
scheme [2]. The camera views of the main view and Artifact Diagram models are decoupled to
enable the maker to freely zoom, pan, and rotate each view as desired, enabling the maker to
view different sized or located subcomponents as needed, without resulting in the opposite view
providing irrelevant visual information.

Once a task is complete, the maker can tap on the checkbox in the bottom right (Figure 10(F))
to indicate that they have completed their task and are ready to be assigned a new one. A pictorial
representation of the task that they just completed, i.e., the Previous Task Preview, is briefly shown
on the left side so that the maker can easily refer back to what they have just completed, thus
improving understanding of the tasks at hand [30] (Figure 11(B)). As the current task (Figure 11(A))
may build on the past one or be entirely different, this helps a maker to understand how tasks are
related, without detracting from the current task (G3). The camera view for the Previous Task
Preview is decoupled to allow the maker to freely manipulate the view, if needed.

Overcoming Tool Limitations. If a maker encounters a task they cannot perform due to tool lim-
itations, they can indicate that they cannot use the current tool using the buttons on the bottom
options bar (Figure 12(A)). In some cases, the maker may not wish to use a given tool (e.g., they
do not know how or like to [82]), whereas in other cases, the tool may currently be in use [62, 82]
or the maker does not have access to the tool [56]. Selecting either option will result in the maker
being presented with a list of possible tool alternatives that is populated from Automatics database
of tool alternatives (Figure 12(B)). Once a maker has selected an alternative tool, the tooltip in the
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Fig. 12. When a maker is not comfortable using a tool or one is in use, they can indicate that they want a tool
suggestion (A). In this example, the maker is not comfortable using the utility knife, so they are presented
with a list of alternatives (B), and chose to use scissors to complete the task (C). The interface is updated,
and any time another task requires the utility knife, the task will be updated to reflect their preferred tool,
the scissors.

main interface will be updated to show that tool and the instructions that accompany that tool
(Figure 12(C)). The newly substituted tool will continue to be used in place of the original tool in
all tasks moving forward.

The exception to this occurs for tools where the maker has indicated that the tool is currently
in use. In this case, the next time the tool is needed, the original, not substituted, tool will be
displayed. This is done so that, when possible, the original intent of the designer is maintained.
Note that Automatics does not support suggesting alternative operations, as this could change the
number of tasks required to complete fabrication, and thus the Task Space graph.

Personalization and Error Recovery. During the fabrication process, it can be common for a maker
to want to inject some personalization into an artifact or slightly deviate from a tutorial or sequence
of tasks [50, 71, 76]. Similarly, it is also common for a maker to make a mistake during fabrication
and need help [19], for example, attaching a subcomponent in error or fabricating a subcompo-
nent to the wrong dimensions. Within the Maker Interface, deviations from the presented task
can be overcome and are supported using a single process: artifact regeneration (G2). If the maker
has decided that they wanted to create a subcomponent that differs in size from the one they are
currently, or have previously created, they can tap on the error and personalization button on the

ACM Transactions on Computer-Human Interaction, Vol. 25, No. 4, Article 22. Publication date: August 2018.



Automatics: Dynamically Generating Fabrication Tasks to Adapt to Varying Contexts 22:27

bottom options menu (Figure 13(A)). They are then asked if the change/error occurred during the
current or a past task. If it occurred on the current task, they are asked to indicate how their change
differs from that in the main view using a task-specific set of options (e.g., Wrong Length? Wrong
Width? Wrong Diameter?, etc.; Figure 13(B)) and enter in the new, correct dimensions that they
have (Figure 13(C)). Once completed, the Maker Interface indicates that the model is being regen-
erated to fulfill the new requirements (i.e., the dimensions are sent back to the Automatics system
and forwarded to the command-line parametric program to regenerate the model; Figure 13(D))
and will update the model and tooltip instruction once the changes have been made (Figure 13(E)).

If an error was made with a subcomponent that was used in the past, the maker is then shown
an overview timeline of the tasks that they have completed (similar to Figure 14) and must select
the task with the desired subcomponent. Once they have corrected the error, they will then be
assigned reassembly tasks, which will take them back the task that they were on when they noticed
the error.

Task Overview. The Task Overview shows a maker where they are in the context of the entire fab-
rication process, (G3; Figure 14). It demonstrates where each maker is in the fabrication workflow,
separating out each maker into their own task timeline, thereby, helping to build comprehension
of the entire fabrication process [2, 4, 30]. As not all makers join the activity at the same time,
the timeline may have empty cells (Figure 14(E, F)). Similarly, as not all makers work at the same
pace, some tasks may appear to be repeated (Figure 14(B, C, D)), to account for another maker
completing multiple tasks in the time it takes the current maker to complete one (Figure 14(G,
H)). All camera views in the Task Overview are linked so that a maker can view and manipulate
all tasks from the same vantage point. This enables the maker to maintain a consistent mental
model of the past, current, and future tasks while comparing them throughout the visualization
[24, 25]. While this may result in some tasks initially being out of view, it provides cohesion and
consistency across the multiple of views the maker is presented with, and thus helps to build their
understanding of the tasks that a maker may have already performed, or potentially perform in
the future.

In addition to showing the previous (Figure 15(A, D)) and current tasks that have been completed
(Figure 15(B, E)), the Task Overview also shows a simulation of the future tasks to be completed
(Figure 15(C, F); [30]). As each task is assigned in real time depending on the number of makers,
tools available, tasks left to be completed, and so on, it is not possible to display the definitive set
of tasks that each maker will be assigned. Instead, the simulation provides one potential pathway
to artifact completion. The simulation is the result of repeatedly assigning tasks to an arbitrary
maker until they are unable to do any more tasks, and then continuing with arbitrary makers
until fabrication would be complete. As the simulation is rerun every time a maker opens the Task
Overview (and thus more tasks are complete), the visualization provides a real-time estimation of
one possible pathway towards the successful completion of the artifact, and thus the global goal
each participating maker is working towards.

In some instances, the Task Overview simulation and actual task assignment may result in a
maker having to wait for others to complete tasks before they can continue (Figure 16(A, C, E))
or the maker being unable to be assigned anymore tasks (Figure 17(A–D)), as the remaining tasks
should all be completed by the same maker (as per the artifact designer’s original specifications for
the artifact or the tasks remaining; Figure 17(E–H)). In these cases, the Task Overview visualizes
these “pauses” in the process to ensure that an accurate representation of the fabrication process
is maintained and presented to the maker.

Forfeiting Tasks and Finishing Fabrication. The Maker Interface also allows makers to forfeit tasks
(G2), for example, if they are tired of performing the same action or using the same tool. To forfeit
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Fig. 13. The Maker Interface enables a maker to fabricate even if they have made a mistake or changed their
design. In this example, the maker wanted to cut a piece bigger than what the task instructed, so they (A)
select that they made an error or design choice, (B) indicate that it was on the current task, and (C) enter
the current width of the piece. The Maker Interface regenerates the model that is shown to the maker (D)
and the task instructions are updated to reflect the new dimensions (E).
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Fig. 14. (Past Task 1–4) The Task Overview shows the past, current, and simulated future tasks assigned to
all makers. In this example, two makers are working together on an activity (Maker 1: A–D; Maker 2: E–H).
The first maker, who is looking at the Task Overview, completed two tasks (i.e., cutting two components
from raw materials in A, B) before the second maker joined (C, G). While the first maker was working on
completing a task (i.e., cutting a component from a raw material in B–D), the second maker completed two
tasks (i.e., cutting two components from a raw material in G–H).

Fig. 15. (Same Context as Figure 14: Past Task 12, Current Task, Simulated Future Task 1) As the two makers
continue to work on tasks (A–B, D–E), the Task Overview shows a simulation of potential tasks they could
encounter if mistakes are not made, all tools are available, and no additional makers join or drop out of
the activity (C, F). For clarity, the subcomponent currently being, or would be, attached in each timestep is
circled in yellow.
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Fig. 16. (Same context as Figures 14 and 15: Simulated Future Task 13–15) As this artifact is composed of two
subcomponents that must eventually come together, the simulation shows that there will be a time where
the first maker (A–C) needs to wait for the second maker (D–F) to complete some tasks (i.e., A, C while
waiting for D and F; E while waiting for B). For clarity, the subcomponent that would be attached in each
timestep is circled in yellow.

Fig. 17. (Same Context as Figures 14–16: Simulated Future Task 15–18) Towards the end of many activities
there will be tasks that combine the subcomponents into a larger whole. In these cases, the first maker (A–
D) will be left with no tasks to complete because they have all been assigned to another maker (E–H). This
prevents both from having to share subcomponents and tools. For clarity, the subcomponent that would be
attached in each timestep is circled in yellow.
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a task, the maker taps on the forfeit button in the bottom right (Figure 10(F – middle button)). If
a task is forfeited, a new task is assigned to the maker and the forfeited task is placed back into
the pool of available tasks. If a maker has indicated that they do not want to perform a task, it
will not be reassigned to the maker unless there is no other option. If a maker wishes to terminate
the fabrication process early, they can exit the Maker Interface by tapping on the exit button
(Figure 10(F – top button)). The task that they were assigned will be considered incomplete and
put back into the pool of available tasks. As the heuristics that divide tasks between makers analyze
which subcomponents attach to the subcomponent that another maker currently has, eventually,
all remaining tasks will be assigned to a single maker to finish. All other participating makers will
then be informed that there are no more tasks for them to complete.

5 OBSERVING AUTOMATICS’ USE

Interactive assembly systems and augmented fabrication tools have already been shown in prior
work to reduce assembly time and errors [4, 8, 41, 70, 87]. Rather than demonstrate that an in-
teractive system such as Automatics outperforms static, paper-based instructions, the goal of the
present evaluation was to begin to understand how dynamically generated instructions that adapt
to environment and fabrication contexts could influence fabrication and making when compared
to instructions that do not exhibit such dynamicism. Such an exploration has yet to be undertaken
in the research literature, both when makers are making individually or collaboratively. Thus,
an exploratory study was conducted to understand the differences between Automatics and tra-
ditional instruction sets that follow a prescribed sequence and do not always match the current
fabrication or assembly context.

Given the diverse differences that exist between various forms of instruction presentation media,
there is not an unbiased comparison that can be made. A comparison with video-based tutorials,
such as YouTube tutorials, for example, would have seen variation the ability to switch between
current and past tasks with a simple click, the presence of audio, and the ability of videos to con-
vey information that 3D models and animation cannot, among others. Comparisons to how-to’s
or blog-style tutorials on websites such as Instructables, Adafruit, or Make.com would have ad-
ditionally had challenges due to the nature of the images that are provided (e.g., photographs of
the actual components versus 3D renderings of the components) and the emphasis on text-based
versus illustration-based information. While paper (or digital .pdfs) may not be the most common-
place media used for making activities, it is still commonplace for assembly tasks. The comparison
to paper enabled for the aforementioned issues to be controlled such that the differences between
the media could be reduced to the interactive and dynamic instruction assignment differences that
exist between the two. While a comparison could have been made to a tablet-based, non-interactive
version of Automatics, the resulting media, while controlling for all confounds, would not have
been ecologically representative of instruction media in use today.

5.1 Participants

Twelve novice makers with little fabrication or assembly experience were recruited to participate
in the exploratory study (M = 28 years, range 18–51 years; 4 females; 4 assembled or fabricated
things once a month, 8 once a year, or less). This population was chosen as they are the target
audience of many tutorials and how-to’s today, and are prone to making mistakes and misreading
instructions. As the study was exploratory in nature and fabrication tasks are often performed
individually or collaboratively, 12 makers were recruited. This was so three pairs of participants
(i.e., three groups of two people, for a total of six) could be observed using Automatic’s dynamic
task assignment functions and another six people could be observed using an Automatic by
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themselves. Each participant was provided a $20 honorarium after their completion of the
one-hour experiment.

5.2 Equipment

Although virtual or augmented reality systems for assembly have been presented in prior work,
they have yet to become commonplace for novices or everyday makers. As the everyday person
is familiar with, and often has only encountered paper-based instruction manuals, Instructables,
or how-to videos, two explicit knowledge resources were used in the study: Automatics and paper
instructions. When using Automatics, each participant was provided with an 11" × 7" tablet that
responded to touch input and enabled participants to forfeit a task, provide input about the current
environmental context, and indicate when they have made a mistake, among other functionality.
When using paper, each task instruction was generated from a screenshot of the Maker Interface
to maintain visual consistency. The Artifact Diagram and main view tooltips were visible and
the main view model was zoomed in to fit within the 11" × 8.5" page. The viewpoint of the model
was held consistent throughout each screenshot. Removed from the paper version were the bottom
menu options (which could not have been interacted with in the paper version), the Task Overview
window (which would have been static and unusable in the paper version), and the Previous Task
Preview that would have shown the past task the maker just completed (which in Automatics only
stayed on the screen for a few moments). Participants were provided with all the tools and raw
materials needed for fabrication (e.g., glue gun and glue sticks, ruler, craft knives, screw drivers,
pencils and markers, Styrofoam, foam core boards, and wooden dowelling), except for a hole punch
(so that they would need to ask for an alternative tool).

5.3 Artifacts

Participants fabricated two artifacts: a small jewelry box and a ball catapult game (Figure 18).
The artifacts required 10 subcomponents to be measured and cut from the foam core, and the
integration of a few “additional” parts (i.e., two hinges and a lock for the jewelry box and dowelling
and Styrofoam for the ball catapult). Foam core and glue were used in place of wood and nails for
safety reasons.

5.4 Procedure

The experiment took place within a makerspace environment, with six participants working indi-
vidually to fabricate each artifact on their own, and another six working in pairs (i.e., seated next
to each other) to fabricate one instantiation of each artifact. Each participant had their own set of
materials, tools, and a tablet with the Dynamic Manuals and Automatics on it. Each participant
working by themselves was given their own set of paper instructions. Much like what is found
today with product instructions, partnered participants were given one set of paper instructions
to share. Partnered participants were encouraged to communicate and work with each other. Ob-
serving both individual and partner conditions enabled for an understanding of both Automatics’
dynamic, responsive elements in the individual and paired conditions and also its task division
functions in the paired condition.

Participants were given one of the explicit knowledge resources (i.e., the paper instructions or
Automatics) and assigned one of the two artifacts to fabricate. They were then shown a short demo
of the resource that they would be using and were given approximately 25 minutes for fabrica-
tion. Once elapsed, participants’ workspaces were reset, participants were given the other explicit
knowledge resource that they had not yet used (i.e., Automatics or the paper instructions), a demo
of the other medium was given, and approximately 25 minutes was allotted for the fabrication
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Fig. 18. The two artifacts that were fabricated during the study, the Ball Catapult Game (A) and the Jewelry
Box (B).

of the second artifact. After the session, participants completed a short Likert-based survey (1 –

Strongly Disagree to 7 – Strongly Agree) and questions from the NASA-TLX about their experiences.
Partnered participants also completed additional questions about Automatics multi-maker func-
tions. Across all sessions, the presentation order of explicit knowledge resources was randomized,
as was the order in which each artifact was fabricated.

5.5 Observations

As participants were divided into individual and partner conditions, the number of participants in
each condition was too small to analyze statistically. Descriptive statistics are provided in lieu.

5.5.1 Task Completion and Mistakes. When looking at the percentage of tasks that participants
completed, all participants, except for one pair (P1), completed more tasks when using Automat-
ics (Mdn = 53.85%, IQR = 18.06) than paper (Mdn = 34.78%, IQR = 28.26; Figure 19). This can be
attributed to the “new and innovative” way participants could explore the information that was
presented for a given task. Many participants felt that Automatics required less mental effort than
paper (Automatics Mdn = 6, IQR = 2.13; Paper Mdn = 8, IQR = 5.125) and were easier to use (Mdn

= 5, IQR = 1.25). One participant noted that, “With Automatics, I can accomplish the task faster. I

don’t have to double check if I made a mistake . . . it is more clear and straight forward compared to

paper based . . . I can see [with Automatics] what I am trying to build” (G4).
Across all sessions, participants made few mistakes and felt that Automatics decreased frustra-

tion while fabricating (Automatics Mdn = 7, IQR = 4.63; Paper Mdn = 9, IQR = 5.88). Of the mistakes
that were observed, participants cut subcomponents to the wrong size, swapped the length and
width dimensions, or placed glue on the wrong face of a subcomponent. Of those who made mea-
surement mistakes, instead of regenerating the model, they decided to simply cut the piece again.
Although participants were told that the model regeneration could handle a number of mistakes,
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Fig. 19. The percentage of tasks that participants completed while using Paper versus Automatics in the
individual (I1–I6) and paired conditions (P1–P3).

participants may have viewed model regeneration as only appropriate for serious, irreversible mis-
takes, rather than a feature that they could use to overcome any mistake, even one that could be
fixed by quickly measuring and re-cutting a subcomponent.

Other mistakes were the result of being able to deviate from the task sequence. One participant,
who made gluing mistakes, grouped each of the paper instructions by the operation to be per-
formed (e.g., measuring, cutting, and gluing) and then completed all tasks that required the same
operation. While personally satisfying, this ignored the dependencies required to fabricate and
resulted in her having glue on the inside and outside of the artifact. Automatics’ ability to reorder
tasks and complete fabrication via sub-assemblies prevents this potentially error-prone workflow
(G2), however this behavioral observation suggests that it would be useful to consider additional
Task Assigner heuristics, for example, assigning tasks-based operation or material preferences.

5.5.2 Medium-Specific Behaviors. When using paper, 7 of the 12 participants fanned the pages
to compare tasks or arranged the pages into a spatial explosion diagram. This allowed them to build
up a contextual understanding of the current task and how each task fit within the global context
of the final artifact. Such behaviors were not observed when using Automatics, likely because task
comparison was supported via the Task Overview and the Artifact Diagram. Because these two
elements provide a global understanding of the current task, makers don’t have to scan across
their workbench or flip between pages to gain understanding. This was echoed by participants,
one of whom noted that they liked the Artifact Diagram and Task Overview because “I could see

the final result beside the current step so I could see exactly what each step was for” (Artifact Diagram

Mdn = 5, IQR = 3; Task Overview Mdn = 5, IQR = 1; G3). Given the spatial nature of some makers,
it would, however, be beneficial to consider alternative visualization techniques that would allow
tasks to be rearranged into explosion-style diagrams or layouts that would be more conducive to
their understanding of how the artifact was composed.

5.5.3 Multi-Maker Workflows. Those participants who fabricated with a partner were enthu-
siastic about the automatic division of tasks (Mdn = 6, IQR = 1; G4); however, we did not observe
a doubling or tripling in the number of tasks that could be completed individually versus with a
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partner [9]. The pair of participants (P1) who completed more tasks with paper than Automatics
did so based on how they divided the tasks. One participant behaved like the lead maker, opting
to perform most of the tasks himself, “hogging” a number of subcomponents, and delegating only
a small number of tasks to his partner. Although his pair completed more tasks, animosity grew
between them and was easy to observe. When this pair worked with Automatics, the automatic
division of tasks enabled both participants to contribute equally and the forfeiting of tasks helped
eliminate their interpersonal conflicts (e.g., “it was good that it also gave alternative steps if I could

not perform one” (G2, G4)). With the other two groups of participants, neither pair worked such
that one individual in the pair was in charge or more important than the other.

While using paper, all participants divided the paper instruction booklet in half, or into logical
chunks. One group did this automatically right at the beginning of the task, whereas, another
group kept the instructions together as a unit and removed pages little by little. This second
group would work on a few tasks and then come back together, divide up a few more tasks, and
work on the tasks individually, come back together, and so on. The third group initially kept the
instructions together and started duplicating each other, but eventually divided the instructions
between themselves. Once the instructions were divided, participants then had conversations
about how the subcomponents contained within each chunk would need to fit together once
they were all fabricated. These conversations were either at the beginning of the process, or
once one participant had gotten to a point that they need a component that the other had. With
Automatics, this process was performed automatically, so participants were free to begin working
almost immediately, without having a long consultation and task division period.

Although the initial consultation period may have been shorter, when using Automatics,
participants were observed to be more likely to consult with each other throughout the process
when compared to when they were using paper. One member of the pair often picked up their
tablet and leaned over to their partner to compare screens or talked about the Task Overview
tasks that were being simulated. With Automatics, participants didn’t know which tasks they
would be assigned, so this naturally encouraged conversation and consultation. With paper, once
the tasks were divided between participants, there was little conversation between participants,
likely because they both knew which activities they needed to perform, so there was not a need
for further consultation.

5.5.4 Reappropriating Automatics Functionality. In total, 67% of participants generalized Auto-
matics applicability to other activities, such as baking or cooking, suggesting that they would be
helpful to “automatically assign different steps to different people who want to cook together.” Others
suggested activities “whose instructions are notoriously difficult to follow, like furniture construction,”
conducting science experiments, or during multi-user stage setups. All participants indicated that
they wanted to use Automatics in the future (Mdn = 6, IQR = 2), alluding to the benefits makers
see in dynamically generated explicit knowledge resources such as Automatics.

5.6 Discussion

As discussed at the outset, the goal of the presented study was not to demonstrate that paper-
based instructions are inferior to tablet-based instructions that have dynamic elements. Rather, it
was to gain an initial understanding of how participants who had little to no experience making
and also had little exposure to using anything more than paper-based procedural instructions
would (i) utilize such resources and (ii) how these resources would influence their workflows. This
is an obvious limitation of the study, as it focused on a small group of participants who could be
considered casual makers at best. There is still value in the comments they provided, the behaviors
they exerted, and their abilities to complete the tasks they were given, however, because it is this

ACM Transactions on Computer-Human Interaction, Vol. 25, No. 4, Article 22. Publication date: August 2018.



22:36 M. Lakier et al.

population that STEM-based outreach activities and many makerspaces are trying to encourage
to participate in making.

Generally speaking, the results revealed that dynamically generated instructions are a welcome
alternative to traditional paper-based instruction sets. Not only were makers able to complete
more tasks using this new medium, they also found that the tasks they completed required less
effort, were less frustrating, and seemed easier. This is a welcome finding, as makers who are able to
complete more tasks and not have to exert additional effort would be more likely to have increased
motivation throughout their making process, and thus enhanced feelings of self-satisfaction. For
populations of makers similar to those recruited for this study, these findings suggest that an
instructional medium that is able to adapt to a maker, and thus give them a more personalized
fabrication experience, may be an appropriate tool by which to introduce novice makers to physical
fabrication skills and assembly activities.

The results also suggested that there is a need to support more varied pathways to artifact com-
pletion than those currently implemented within the Task Assigner. The four components that
currently make up the possibility score, i.e., the opt-out score, disassembly score, tool continua-
tion score, and component similarity score, capture a variety of workflows that a designer may
want to support or a maker may want to use, however, the addition of a heuristic to enable a
maker to continue working with same material or perform the same operation on a group of sub-
assemblies, would be useful to implement. Multi-maker heuristics could be worthwhile to integrate
as well, perhaps to encourage makers to come together after every few tasks and, instead of divid-
ing up more tasks (as was observed with one group of paired participants), talk about the types of
tasks, materials, or tools that each individual maker may want to utilize. Automatics does not cur-
rently allow for the adaptive weighing of heuristics during a fabrication activity, but the observed
behaviors suggest that this may be a welcome addition to the Task Assigner and Maker Interface.

We also note that because participating makers in the paired conditions were strangers, they did
not have a pre-existing relationship. This likely influenced the social and collaborative behaviors
that were observed. Due to the number of participants, generalizations cannot be regarding the
degree to which Automatics does or does not encourage collaboration or specific patterns of la-
bor throughout a fabrication task. The initial observations, however, do appear to suggest that the
uncertainty surrounding which task may be assigned may encourage more conversation through-
out a making process. Future work should thus explore if this holds true, as if it does, additional
algorithm heuristics and visualization elements could be added into the Task Assigner and Maker
Interface, respectively, to encourage or discourage such behavior.

6 LIMITATIONS AND THE FUTURE OF MAKING WORKFLOWS

Based on the process of developing Automatics and maker feedback that was gathered, explicit
knowledge resources that are adaptive and responsive have shown great potential as a novel way
to impart explicit knowledge for fabrication and making. They do, of course, have some drawbacks
that require additional implementation and future research.

6.1 Adapting to the Maker(s)

Much like other resources, Automatics has a limitation in that it does not currently adapt to specific
maker’s abilities. Rather than assume each maker is identical and assign subcomponents on a per-
person basis, as is done now, the Task Assigner could be modified to include heuristics that would
assign tasks based on how easily tools or parts fit within a maker’s hand, the amount of strength
or dexterity needed to complete a task, one’s preference for certain operations (e.g., painting or
sanding, versus measuring, and cutting), or even how large of a workspace is available. Depending
on the maker’s skill level, the complexity of tasks and accompanying animations could adapt the
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amount of information that is shown about specific tools, parts, processes, or techniques on a per-
maker basis. This could also be integrated within other Dynamic Manuals that a maker may use
(e.g., make the font that is used to display the units of measurement larger if the maker has made
several incorrect measurement errors in the past), or be aggregated with data from the community
of makers who have also used a given Dynamic Manual. For makers who lack knowledge about a
tool or process, the tooltips in the Maker Interface could also suggest external web-based videos
or how-to’s that provide a maker with the background knowledge they need.

The current implementation of Automatics only allows for personalization in the form of chang-
ing the size or shape of subcomponents that are being fabricated, provided that they do not require
changes be made to the subcomponents that have already been assembled or created. The reason
for this, is that such personalization changes or errors would require not only the underlying
model to be regenerated (which is already supported), but also the derivation and integration of a
new Task Space within the current Task Space. As many other forms of personalization could be
desired by a maker (e.g., remixing existing artifacts and duplicating subcomponents), to overcome
this limitation, extensions to the ASP techniques that were utilized will need to be explored and de-
veloped to ensure that continuity is maintained between the Task Space, Fabrication Specification
file, and Parametric 3D Model every time the constraints underlying the artifact have changed, or
additional tasks are dynamically added to the Task Space.

6.2 Enhancing the Design Pathways and Tools Available for Designers

Automatics can provide value to designers because many of the manual processes currently used to
create instructions can be automated or eased by Automatics. The current implementation utilizes
the Constraint Specifier application to gather the information that is needed by the Task Space and
Task Assigner to generate each of the tasks that a maker will encounter. Rather than asking a de-
signer to determine which task should be first and requiring them specify each subsequent task in
a linear manner, the Constraint Specifier uses the 3D model that is loaded to transform the process
of creating a tutorial or instruction set into essentially a series of questions that the author must
specify the answers to, i.e., “Where do all the materials or parts come from?” (Material Operations
Panel), “Which materials or parts need to be attached to one another?” (Attachments Panel), and
“Which subcomponents should be created at the same time or assembled by the same maker?”
(Subdivisions Panel). The effort to specify the constraints inherent in model is also minimal, as the
Constraint Specifier reuses the 3D model the designer already created and does not require them
to photograph each task in the process, draw a diagram, or write paragraphs of text to describe a
task or operation. Efforts are thus not reduced to static, unchangeable output documents or other
forms of media.

While the Constraint Specifier does encourage a designer to think of their fabrication task as
a series of questions rather than tasks, due to the informational dependencies that exist between
some of the questions (i.e., the system needs to understand which components are attached to
each other before it can generate a pre-populated list of possible constraints), this cognitive shift
removes the need for the designer to worry which task should be first, determining a task order,
or double-checking that the task order is correct. Because the author does not need to work out an
entire assembly and fabrication sequence beforehand, the author is not forced to follow a specific
sequential format when specifying constraints, which in some cases, could contradict the mental
model the author has about the construction of their artifact.

The limitation of this approach, however, is that not all making tutorials or assembly tasks are
rooted in 3D models and geometry. The creation of an Automatic on how to throw a clay vase, for
example, could not be supported in the current system unless the author made a 3D model of the
vase at different points in the throwing process and modifications were made to the animations in
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the Maker Interface to support the continuous rotation and addition of segments of a model. The
same difficulties would also be found with activities that involve flexible components such as yarn,
thread, hoses, and rope. As ASP algorithms are not yet able to handle the uncertainty introduced by
flexible components [17, 40], the present implementation of the Task Space, which relies on these
techniques, will not be able to support such components. Additionally, because Automatics regen-
erates a model whenever a measurement error has been made, from a technical standpoint, models
that are not parametric cannot be supported because they cannot be algorithmically regenerated
as needed.

Although the present exploration into dynamic explicit knowledge resources did not specifically
evaluate the usability of the Constraint Specifier, the necessity to create such a tool because one
was not available, in addition to the challenges that were identified in Section 3 Deficiencies in

Explicit Knowledge Resources, indicates that there is much room for innovation in the tools that
designers can use to create instructions and tutorials. Current methods for creating a fabrication
tutorial or instructions often require an author to integrate images or screenshots with text in
a word processing program and print them to a .pdf that they can distribute, record and edit a
video for later uploading to the web5, use an online wizard or blog interface that enables images,
videos, and external links to be embedded alongside text6, and so on. While each of these methods
have their own benefits and weaknesses (e.g., no task or continuity checking and the ability for
wide distribution and sharing), they are all static resources that require the author to specify one
pathway to completion and also require the author to re-record, re-photograph, or manually edit
and re-upload their resource every time an update or new variation of their document is needed.
Not only is this a time-consuming process, but it also prevents a maker from working through a
tutorial in the manner that suits them, their skill set, or current environmental context. Thus, not
only do web interfaces need to be improved to allow for multiple variants of the same tutorial to be
generated, but they also need to support content that is more dynamic, adaptive, and interactive
than static images and videos.

6.3 Multi-Maker Fabrication

The Task Assigner currently assumes that makers are working independently on subcomponents
that will later be integrated into a unified whole by a single maker. This assumption can be limiting,
however, as this is not the only manner of collaboration possible. In some situations, such as when
there is a heavy subcomponent, it would be beneficial to delegate tasks such that multiple makers
work together on a sub-assembly, with one holding and another fastening. Alternatively, makers
may want one maker to be the master and the other an assistant or apprentice, such as when
a parent and child are working together. In such scenarios, simpler tasks, or the selection and
retrieval of needed subcomponents, could be delegated to the assistant.

Although the goals and motivation for participating may differ between makers, in some in-
stances, the overall fabrication goal may be the same (e.g., build all of these shelters in the fastest
time possible and use the least amount of material to save money). In such cases, the Maker
Interface could query such goals at the beginning of the fabrication process, and integrate heuris-
tics into the Task Assigner to assign tasks based on how quickly a maker has demonstrated that
they could complete similar tasks in the past, or dynamically create its own sub-divisions if a de-
signer has not already done so as part of the Fabrication Description. Aggregate data from the
utilization of other Dynamic Manuals could also be useful to integrate as well.

The present implementations’ reliance on a browser-based Maker Interface enables multiple
collocated makers to assemble and fabricate together, however, the current implementation does

5https://www.hongkiat.com/blog/youtube-tutorial-for-beginners/.
6http://www.instructables.com/id/How-to-Make-an-Instructable-Using-the-New-Editor/.
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not allow for remote collaborations or take into consideration the task divisions that would need to
occur when makers are not collocated. For example, if the Task Generator was extended to include
a “remoteness” heuristic, sub-component tasks could be delegated based on the equipment a maker
has on hand, so that a maker with access to a 3D printer, for example, could complete tasks that
require such equipment and later send their 3D printed subassembly to a maker who does not
have one. A similar process could occur for makers who do not have the training to use specific
machines or materials. Such remote fabrication could be an alternative way to remove the tool,
material, or skill limitations that currently bound fabrication activities.

6.4 Integration within Future Makerspaces

A limitation of the current implementation of the Maker Interface is that a maker is required to
manually input information about their environment, if they made a mistake, and so on. This re-
quires a maker to identify if and when they made a mistake, reverse the tasks they performed to
undo the mistake, and then re-perform a series of tasks to continue fabricating. With the increased
sensorization of environments, which has already begun to include makerspaces and workshops
[36, 52], the Maker Interface could use the data from intelligent tools and spaces to automatically
detect the current state of fabrication, without needing the maker to specific details as they have
to do now. For example, tracking the current location and state of tools could assist with tool
wayfinding. If the monitoring systems make use of computer vision for tool and material identi-
fication, such systems could be extended to identify when mistakes have been made or provide
opportunities to suggest alternative variations that could be made to the current artifact (i.e., by
comparing a model of the current physical artifact with the digital one).

Although the Maker Interface requires manual input, the Dynamic Manuals and Automatics
could be used as the intelligence behind other augmented in-situ, context-dependent tasks and
instructions. In addition to assigning tasks, assisting with error recovery, and supporting person-
alization, such components could inform the visual overlays that appear near parts or tools that
will be needed during a fabrication activity in the near future, or integrate with the alternative
part and tool database to show real-time alternatives within a workspace if a maker is wearing
an augmented reality headset. Integrating Dynamic Manuals and the Task Assigner within virtual
reality systems is also possible, and could allow the author of a Dynamic Manual the opportunity
to virtually walkthrough the artifact that they have modelled and specified the fabrication tasks
for, before releasing the manual to the community.

6.5 Maker Motivation and Self Efficacy

One of the largest hurdles to overcome within fabrication processes and tasks is to provide sus-
tained motivation and help makers maintain beliefs that they are skilled enough to complete the
task at hand [30]. At the beginning of an activity, a maker is likely quite motivated, however, if
an artifact is being duplicated many times, or if an artifact requires stressful tasks or delays, the
maker will become frustrated and lose motivation [28]. Currently, the Artifact Diagram within
the Maker Interface shows the entire artifact and highlights the subcomponents that are currently
being worked on, rather than showing the status of one’s own progress. For some this could be
enough motivation to continue fabricating their artifact. For others, however, this could be con-
sidered to be a limitation, because the maker may need smaller, more manageable goals to work
toward through their fabrication process. Such diagrams could, however, be modified to break
the entire artifact into more digestible, smaller sub-artifacts that can be completed quicker, thus
enabling the participating makers to have a continued sense of accomplishment each time that
they complete a smaller sub-artifact, rather than a larger sense of satisfaction only once the entire
artifact has been completed.
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Extending the Task Assigner such that it can encourage task switching or interleave more com-
plex tasks within a series of simpler ones could also be a fruitful way to improve motivation. The
Maker Interface does not currently support inter-maker communication, however, adding social
networking or gamification style achievements to the interface and tasks that are assigned could
help to encourage artifact completion in co-located or remote multi-maker situations and thus
lessen motivational limitations.

7 CONCLUSION

Inspired by the difficulties makers encounter with making and fabrication resources, a novel dy-
namic explicit knowledge resource, Dynamic Manuals, and prototype system, Automatics, were
developed. A Dynamic Manual, which contains a parametric 3D model, a series of assembly-
sequence planning-style constraints, and a Task Space of all possible fabrication pathways that
could be taken to create an artifact, dynamically generates fabrication tasks and workflows that
adapt to a maker’s processes and environmental context.

Automatics’ makes use of a Task Assigner that dynamically traverses all possible fabrication
pathways in the Task Space, using heuristics and information about the environmental context to
choose good tasks for makers to perform. Through Automatic’s Maker Interface, the current task
that a maker is assigned is visualized and can be interacted with, thus enabling makers to develop
a much-needed global awareness of the past, present, and future tasks required to complete an
artifact, regardless of the number of makers who are participating in the process. Dynamic Manuals
and Automatics support multiple makers working together to create an artifact, the correction of
mistakes, the forfeiting of tasks, the assignment of alternative tools, and the creation of a global
awareness of the tasks at hand, among other features.

Initial feedback from participants who used Automatics and paper-based instructions indicated
that dynamic task assignment and workflow generation were welcome concepts that decreased
frustration and increased enjoyment while fabricating. Such opinions, along with the presenta-
tion of taxonomy of challenges inherent in explicit knowledge resources, should help guide the
development of systems and resources that impart explicit knowledge to makers and the develop-
ment of fabrication and assembly systems that are as enjoyable and error-free as possible.
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