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Figure 1: TheTuneCatalogWorkflow.Most experiments require tuning parameters. For example, baking a crispy or chewy cookie
involves adjusting the butter-to-sugar ratio and baking time. A) TuneSpace defines all possible experiments (TuneCandidates)
within a parameter range; B) Each TuneCandidate is evaluated to see if it meets the set criteria and captures other design
observations; C) The developed catalog presents the evaluated TuneCandidates as a heatmap, helping users select the best
option and effectively communicate experimental or design parameters.

Abstract
An often overlooked aspect of making is the art of achieving the per-
fect fit, property, setting, or aesthetic. Tuning is a common practice,
but many in-the-moment adjustments are internalized and rarely
documented, resulting in wasted materials, time, and effort. In many
cases, only the ideal outcome is recorded, leaving the boundaries of
the “Goldilocks Zone” undefined and elusive. To address this, we ex-
amined different tuning practices across making communities and
developed a tuning documentation tool that enables users to author
standardized tuning experiments, log and evaluate different can-
didates over time, and synthesize insights about the tuning space.
An applied tuning study with 10 participants and a two-week diary
study with 5 participants reveal that cataloging tuning experiments
enhance the literacy of tool and material capabilities and aid in
sharing and addressing tuning needs. We discuss how formalizing
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tuning practices can reciprocally support exploratory practices and
foster different tuning workflows.
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1 Introduction
Tuning, the process of adjusting and optimizing the performance
of processes, materials, or activities, is essential in many fields, par-
ticularly within making communities. Both novice and experienced
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makers frequently engage in physical tuning to align their work
with design intentions [22]. However, this process is often compli-
cated by constraints related to the human, tools, and materials, such
as the inconsistency of the hand, the unanticipated kerf (width) of
a blade, or the unpredictable behavior of materials. These factors
require makers to iteratively adjust multiple parameters to achieve
the desired functionality or aesthetic.

The increasing use of tangible materials, including physical and
biomaterials, has elevated the importance of tuning in Human-
Computer Interaction (HCI) [20]. In response, interfaces specifi-
cally designed for interacting with these materials are being devel-
oped [39]. Despite advancements in tuning practices, particularly
in areas such as 3D printing, the process continues to rely heavily
on trial-and-error [49]. Individuals often adjust parameters and iter-
ate through multiple versions until an optimal solution is reached.
While successful outcomes are documented, data from unsuccess-
ful attempts is rarely recorded, resulting in the loss of valuable
insights. This leads to a persistent "Goldilocks problem," where
finding the ’just right’ solution among numerous prototypes is
not only frustrating and time-consuming, but also prone to being
forgotten and hindered by the high activation energy required to
document tuning experiments effectively [29]. In contrast to ex-
perimental documentation or characterization that relies heavily
on isolating and systematically evaluating numerous variables un-
der controlled conditions, tuning occurs after higher-level design
decisions have been resolved. In these stages, the focus shifts to
refining a select few parameters, often guided by real-time feed-
back and opportunistic decision-making. The activation energy,
or the initial motivation and effort needed to begin using a tool,
makes open-ended spreadsheets and other digital documentation
tools impractical for spur-of-the-moment tuning situations. As a re-
sult, tuning efforts are rarely formally documented and are instead
captured informally through methods like handwritten notes or
temporary annotations, underscoring the need for more effective
and systematic documentation tools.

Therefore, our work aims to conceptualize and standardize the
documentation of diverse tuning situations into a common, usable
format that can generalize, record, and share both virtual and phys-
ical tuning processes. In this work, we propose a documentation
framework informed by best practices from design practice, exper-
imental design, engineering optimization, design methodologies,
and material processing. In developing this framework, we recog-
nize the need to support various types of tuning across different
contexts, especially in the maker community. To gain deeper in-
sights into how users interact with this framework in real-world
settings and to inspire further refinements, we created a tool to oper-
ationalize our framework and used it as a design probe to study user
behaviors in natural environments and inform design opportunities
for supporting tuning workflows. This paper contributes:

• A documentation tool, TuneCatalogs, implemented as a mo-
bile interface that provides a guided and structured approach
to documenting tuning experiments through the stages of
experimentation, evaluation, and review. While such experi-
ments may involve numerous variables, TuneCatalogs pur-
posefully limits the tuning space to two dimensions to ensure
results remain interpretable and accessible, consistent with

design practices that often rely on two-dimensional mor-
phological matrices [6] or continuous design maps [17]. The
tool instead prioritizes facilitating the exploration of users’
tuning decisions and documenting rich annotations that
preserve the contextual and exploratory nature of design
processes. By logging user interaction data, the tool is used
to identify usage patterns and design implications to further
refine our framework.

• A user study with 10 participants was conducted to investi-
gate one of the most common fabrication tuning processes –
tuning a mortise-and-tenon joint. The study examined how
users evaluated samples from a large set of prototypes, iden-
tified preferred methods for documenting tuning outcomes,
and explored how users document and share their tuning
process when managing numerous variables. These findings
contribute to a deeper understanding of tuning as a concept
and its practical applications.

• A 2-week diary study with 5 participants investigated how
users interacted with the TuneCatalogs tool during real-
world tuning workflows. This study explored unexpected be-
haviors, usage patterns, and potential challenges associated
with documenting tuning processes. Activity logs captured
the frequency and stages of tool use, while participant nar-
ratives provided insights into their motivations, workflow
strategies, and preferences for documenting and evaluating
TuneCandidates. A thematic analysis was conducted to iden-
tify emergent patterns, revealing diverse tuning approaches,
such as all-at-once sprints, gradual refinement, and meta-
tuning.

We begin by reviewing and contextualizing related work to un-
derstand how designers and engineers approach tuning within
crafting and making practices. Then, we analyze different tun-
ing approaches and introduce the tuning framework. We apply
the framework in developing the tuning documentation tool. We
present the fabrication tuning study, followed by the diary study.
We leverage our findings to discuss opportunities and resistances in
how tuning practices can be supported, particularly in terms of im-
proving archival methods, fostering or hindering collaboration, and
extending their broader applicability within making communities.

2 Related Work
2.1 Understanding Tuning Practices

Tuning is a Tacit Skill. Documentation plays a crucial role in a
wide range of activities, providing transparency, enabling knowl-
edge sharing, and supporting informed decision-making. However,
the nature of documentation varies significantly across different
domains, particularly in tuning practices. These differences stem
from the unique goals and contexts in which tuning occurs, ranging
from fabrication techniques to material exploration and interaction
design. For instance, Kim et al. [22] highlighted the often over-
looked challenge of measurement error in 3D printing, revealing
the difficulties users face in determining what and how to mea-
sure during fabrication. Their study proposes two key strategies
to mitigate tuning errors—modular joints for easier iteration and
flexible buffers to compensate for small inaccuracies. Similarly, Ra-
makers et al. [37] categorize tuning strategies in Human-Computer
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Interaction (HCI), showing how users leverage domain knowledge,
post-processing techniques, and guided manual tasks to address
material and machining constraints. Dew et al. [15] argued that
successful 3D printing does not result merely from following a
checklist; rather, it requires tacit knowledge, manual skills, and
improvisational work through a tuning-oriented approach. These
studies emphasize the importance of developing and documenting
tacit tuning knowledge (knowledge that is difficult to articulate,
formalize, or transfer) to enable iterative improvements in design.

Tuning Concerns. Tuning practices are not solely about mea-
surement; they also involve navigating experiential qualities and
design motivations. For example, Karana et al. [20] explored how
professional interaction designers engage with material qualities
on sensorial, interpretive, performative, and affective levels, under-
scoring the need for documentation that captures these nuanced
interactions. In a similar vein, da Rocha et al. [13] identified distinct
motivations behind tuning practices, particularly in how designers
create, evaluate, and archive their prototypes. Their interviews with
designers highlight the dual motivations of communicating work
to others and extracting personal insights, which play a central
role in how craftsmanship emerges during tuning. These different
concerns and motivations illustrate that tuning extends beyond
technical adjustments, shaping how designers interact with materi-
als and prototypes to produce meaningful work.

Long-term, iterative interactions with artifacts and materials are
essential for developing tuning expertise. Sterman et al. [46] inves-
tigated creative practitioners’ version control practices, revealing
how multiple versions of a design serve as creative tools. Versions
function as “palettes” for inquiry, providing confidence through the
ability to undo, enhancing variation by omitting certain informa-
tion, and offering a continuous record of creative evolution over
time. In a different context, Moradi et al. [29] conducted a contex-
tual inquiry with expert ceramicists, uncovering lifelong tuning
practices that involve trial-and-error, serendipity, and the use of
both temporary and rigorous records. These findings demonstrate
how longitudinal engagement with materials and processes fosters
deeper understanding and mastery, influencing how individuals
navigate choices and refine their tuning over time.

Exposing Tuning. Making the tuning process explicit is vital,
particularly for learners and novice designers. Moreno et al. [30]
illustrated how documenting the tuning journey—such as tracking
the marks a drawing machine makes—can scaffold design methods
and encourage a tinkering mindset. By exposing adaptable steps
and highlighting materials used in tuning, Moreno et al. argued
that this practice not only facilitates learning but also democratizes
access to the design process by making it more transparent. Such
scaffolding supports novice designers in developing their tuning
skills, allowing them to understand and engage with the iterative
nature of design.

TuneCatalogs builds on this body of work by contributing two
complementary studies of tuning practices. In our workshop study,
we examine how tuning can be scaffolded through structured inter-
ventions, focusing on "one-shot" tuning where adjustments must be
made in a limited timeframe or with limited resources. In our diary
study, we explore the factors that influence long-term tuning practices,
or "lifelong tuning," by documenting how individuals interact with

materials and tools over extended periods. These studies provide new
insights into how tuning can be supported in both short-term and
long-term contexts and offers a comprehensive view of how tuning
knowledge is developed, documented, and applied across creative and
technical domains.

2.2 Tuning Tools
Proactive Tuning. Proactive tuning techniques aim to embed

adjustments within the design or fabrication process itself, an-
ticipating potential issues before they occur. Roumen et al. [40]
demonstrated this approach with dynamic mechanical geometries
that counteract dimensional errors caused by a cutting tool’s kerf,
reducing the need for post-fabrication corrections. Liang et al. [25]
extended this by using augmented reality to detect measurement
ranges in the physical environment, allowing 3D-printed designs to
seamlessly integrate with existing objects. Subbaraman et al. [48]
emphasized that frequent machine tuning, in the form of main-
tenance work, is often invisible and undervalued in the design
and fabrication process, yet it is essential to integrate it into the
workflow rather than relying solely on adjusting a few interface
parameters. These approaches highlight how proactive tuning re-
duces reliance on reactive fixes by engineering solutions that are
directly involved in the creation process.

Documentation-centered Tuning. In contrast, other approaches
emphasize the importance of documentation during the tuning
process. Kaleidoscope [47], designed for HCI courses, revealed how
documenting design decisions makes the process visible while also
introducing friction between documentation and creation. Toolkits
have been shown as effective strategies for scaffolding documen-
tation practices. Camera et al. [9] created a toolkit with physical
maps and reference images to guide designers in documenting the
experiential qualities of materials. Subbaraman et al. [49] proposed
a replayable tuning system that synchronizes video recordings with
3D printing parameters, helping users revisit key moments in the
tuning process. Quickpose [38] externalized version control, show-
ing users a spatial map of their design versions with annotations
and visual cues. These systems emphasize structured documenta-
tion strategies to support iterative tuning without disrupting the
design process.

Tuning Interfaces. Interactive tuning interfaces expose parame-
ters for real-time adjustment and allow users to refine their designs
on the fly. Risseeuw et al. [39] offered interfaces with sliders that
adjust digital models in real-time, enhancing user control. However,
these systems often require calibration to address the unique limi-
tations of fabrication tools. Ziegler et al. [58] proposed flow-based
programming to externalize the workflow, reducing feedback cycles
and improving the tuning process. Matejka et al. [27] introduced a
tool that allows designers to explore large-scale generative design
datasets, rank 3D models based on customizable criteria, and save
their selections for future use. While digital tuning interfaces allow
for real-time feedback, physical adjustments like those required
in 3D printing are more difficult due to energy inefficiencies and
the reliance on tacit knowledge accumulated through repeated in-
teractions with machines [20, 55]. These approaches underscore
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the challenge of balancing real-time adjustments with the practical
limitations of fabrication processes.

TuneCatalogs integrates and isolates the more often overlooking
tuning stage within the design process, providing users with guided
documentation that captures both functional and aesthetic tuning
concerns. Keeping track of positive and negative prototypes prevents
documentation sprawl and organizes the tuning process using a grid-
based approach. By assessing patterns of use, we demonstrate how
tuning support tools can be adapted to diverse user motivations, en-
suring it remains flexible and responsive to different tuning needs.

2.3 Facilitating documentation
Many documentation tools leverage structured templates to reduce
the activation energy required for documentation. For example,
Milara et al. [28] introduced a guided template that allowed users
to document reports and tutorials in real-time as they engaged in
their makerspace projects. Similarly, Ettehadi et al. [16] automated
the documentation process by capturing key information through
audio or video recordings and embedding tags onto prototypes,
facilitating easier tracking and retrieval of information. While these
tools effectively archived comprehensive records of prototyping
processes, retrieving specific data often required a time-consuming
and manual review of archived materials.

A common method for documentation during prototyping in-
volved capturing images, audio, or video [3, 28, 51]. For instance,
Tseng et al. [52] used a turntable system to capture pictures and
videos, converting them into 3D animations for enhanced visu-
alization. Similarly, Akter et al. [3] supported documentation in
educational settings by providing students with a dedicated booth
with a capture system to record photos, audio, and videos of their
digital fabrication projects. This approach enabled instructors to
provide targeted feedback. However, errors in the documentation
process often disrupt workflows and require revalidation of prior
steps to maintain consistency and accuracy.

In contrast, TuneCatalogs addresses a different scope of documenta-
tion, focusing on capturing the tuning results that are often relegated
to memory. Our catalogs are able to minimize the activation energy
by structuring the tuning process into a 2D numerical grid accessible
through a mobile interface; this allows us to support quick overviews
of archived information and easy access to update or create catalog
entries. By addressing the tedious and often overlooked tuning process,
TuneCatalogs complements the broader ecosystem of documentation
tools.

3 Tuning Design Principles
To develop effective tuning support tools, we identified four guiding
design principles inspired by related work, each addressing a crucial
aspect of the tuning process. These principles aim to improve how
makers and practitioners interact with tuning systems, making the
process more efficient, insightful, and adaptable. These principles
emphasize lowering barriers to entry, fostering continuous learning,
and encouraging seamless integration of insights across projects.

3.1 Design Principles
Support Diverse Tuning Workflows. The variety of tuning

methods — from physical tuning (e.g., sanding [26], shaving [31],

cutting [2, 41, 42], melting [43, 53]) to property tuning (e.g., toler-
ancing, real-time adjustments in CAD-CAM [39]) — showcases a
wide range of workflows. Some of these workflows are systematic
(e.g., optimization algorithms with fitness functions [57]), while
others rely on trial and error (e.g., calibration using the tugboat
print [1] for 3D printers). Tinkering plays a key role, as it allows for
improvisation and material-centered exploration [29], while com-
putational optimization introduces structured problem-solving (e.g.,
fitness functions [57]). By supporting these various workflows, de-
sign systems can accommodate both procedural and opportunistic
approaches.

Tuning support must accommodate both structured and exploratory
workflows to effectively meet diverse user needs and making contexts.

Reduce Activation Energy to Document/Archive. Many of the
tuning processes are embodied and single-use (e.g., manual adjust-
ments in physical tuning or human gestures in AR/VR systems [34]).
Documenting these processes, especially when they rely on tacit
knowledge, is often skipped or overlooked. Calibration prints like
the tugboat [1] externalize possible design decisions and reduce ac-
tivation energy by providing a tangible archive. If we make tuning
processes more accessible and integratable into existing workflows
(e.g., through flow-based programming [58]), it can improve rigor,
archiving, and shareability, especially in opportunistic practices.

Tuning support must lower the barriers to documentation, making
it easy to capture, archive, and share tuning insights.

Enhance Longitudinal Sensemaking. Trial and error, such as
serendipitous discoveries in tinkering and material exploration [29],
uncovers the "positive" and "negative" spaces of the design. This
iterative process, driven by human and material tuning, responds
to the unpredictable properties of materials, requiring recalibration
and reframing of goals [20]. Over time, these adjustments build a
deeper understanding of the interaction between materials and ma-
chines. For example, Kombucha leather production introduces not
only a sustainable material but also opportunities for serendipitous
discovery and dynamic goal-setting [4, 5, 54]. By capturing tuning
outcomes as sensemaking resources, designers can track iterative
discoveries, adjust goals, and recognize evolving patterns.

Tuning support must scaffold sensemaking by enabling flexible
goal adjustment and highlighting insights gained through iterative
exploration.

Shift Perspectives. Many tuning tasks, such as calibration, are
typically tedious, often requiring multiple adjustments and itera-
tions (e.g., manually adjusting 3D printer settings [50]). By design-
ing for enjoyable experiences and acceptance of the unknown, we
can shift perspectives about tuning from a chore to an enjoyable
exploration. For example, Moradi et al. [29] found that reframing of
"incorrect outcomes" in ceramics was part of a co-creative process
shows how embracing the unknown can enhance creative explo-
ration. Similarly, interactive tuning processes, like those involving
PID controllers and sensor-actuator loops [18], can make typically
monotonous adjustments more engaging by providing constant
feedback and offering new insights [35].

Tuning support must transform tedious tasks into engaging ex-
plorations by fostering creativity and embracing the potential for
unexpected outcomes.
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Figure 2: Tuning Definitions. A) TuneSpace 𝐵 is defined as a space used to represent all possible tuning candidates; B) The
TuneSpace can be more ordered using dimensions where TuneCandidates are sampled from linear, normal, interval, or set
distributions, depending on the context; C) A two-dimensional search space is formed to sample a TuneSpace systematically.

Guided by these principles, we developed TuneCatalogs, a tool de-
veloped to streamline how tuning insights are recorded and shared.

4 TuneCatalog Tool
TuneCatalogs, deployed as a design probe, is a flexible tool designed
to guide and document tuning processes across diverse practices.
By allowing users to create, track, and share tuning experiments,
the system provides a structured tuning process that supports both
individual reflection and community knowledge exchange.

4.1 Approach
At the core of our tool is the concept of a TuneSpace, a conceptual
space where all potential tuning options are mapped (Figure 2).
The TuneSpace allows users to visually organize and navigate their
tuning experiments, providing a structured and intuitive way to ex-
plore and refine parameters. A TuneCandidate represents a specific
point within the TuneSpace, corresponding to a particular set of
tuning parameters. Each TuneCandidate is designed to be transpar-
ent and communicate the parameters it represents. TuneCandidates
are designed to target and mark strategic locations within the space
that merit exploration. These candidates serve as tangible or con-
ceptual outputs that guide users toward their tuning goals. Within
the TuneSpace, there lies a subspace we term as the Goldilocks
Zone – the optimal range where parameters are finely tuned to
meet the desired outcome. This zone can vary depending on the
context, from being well-defined and static in precise engineering
applications to more fluid and dynamic in creative or exploratory
workflows.

The TuneCatalog tool serves as a tool for exposing the TuneS-
pace, identifying TuneCandidates, and documenting the process
of searching for the Goldilocks Zone. By employing a grid-based
strategy, the TuneSpace is simplified into one or two dimensions,
with each cell in the grid representing a unique TuneCandidate.
Grids help organize information systematically, allowing users to
concentrate on specific elements without being overwhelmed. This
structure was chosen to improve the clarity and accessibility of
data and present relationships or changes in a clear and digestible
format [12].

Each TuneCandidate stores specific tuning criteria, which is ex-
ternalized as a color value within the grid. These colors collectively
form a heatmap, providing a visual representation of tuning out-
comes and making the Goldilocks Zone easily identifiable. This grid
structure is designed to ensure flexibility and clarity, so users can
explore and understand their tuning experiments in a navigable
format.

Implementation Details. TuneCatalogs was developed as a re-
sponsive standalone web-based application using React for the
frontend and MongoDB for the backend database, which stores
catalogs and user interaction logs. The system supports user ac-
counts, enabling personalization and tracking of individual tuning
experiments. To encourage collaboration and knowledge sharing,
each catalog is assigned a shareable URL to allow users to distribute
and revisit catalogs across teams and projects.

4.2 Interactions
Creating a Catalog. When users create a catalog, they are

prompted to define a two-dimensional TuneSpace (Figure 2). Users
can specify various parameters, intervals, or distributions (e.g., sets
[to represent a group or qualitative or non-numerical variable], lin-
ear spreads [for numerical variables with known ranges], or normal
distributions [for numerical variables with known distributions] )
depending on the nature of their tune.

In a design workflow, users might specify a linear spread to track
subtle changes in material properties, whereas, in an engineering
context, a set might be used to measure specific performance met-
rics across a range of settings. The system is designed to support
longitudinal tracking of both positive and negative results so as
to preserve all data for future reference. Additionally, users can
clone existing catalogs to replicate experiments and build upon
prior work.

Specifying Tuning Criteria. TuneCatalogs offers multiple eval-
uation formats to accommodate diverse needs, including Likert
scales, numerical ratings, and open-ended responses. These criteria
allow users to adapt their assessments based on the nature of the
experiment (Figure 3).
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Figure 3: TuneEvaluation. A. Each TuneCandidate is evaluated based on predefined criteria. B. Upon selecting a specific
TuneCandidate, a new window opens where the user can further evaluate the respective candidate. The TuneCatalog currently
supports Open-Ended questions, Numerical evaluations, and Likert-type evaluations. C. Collaborative evaluations can be
conducted on mobile or desktop devices to enhance accessibility and rigor.

In a design workflow, a Likert scale might be used to evalu-
ate subjective properties like aesthetic appeal, while numerical
ratings could assess objective metrics such as material strength.
Open-ended responses provide space for users to record unexpected
observations or deeper insights. This flexibility is designed to en-
hance longitudinal sensemaking, as users may not know ahead of
time which evaluation criteria will be most valuable. Initially, all
criteria are weighted equally, but users can later adjust the weights
to emphasize or de-emphasize specific aspects as needed.

Recording a Tune. To record a tuning experiment, users open
the app and locate a TuneCandidate within the grid. Once selected,
they can fill out an evaluation using the specified criteria. TuneCat-
alogs provides a progress bar during this process, rewarding users
with a visual representation of how much of the TuneSpace they
have explored. This progress bar is designed to encourage filing
out all possible TuneCandidates.

Reviewing a Tuning Experiment. After an experiment has
been conducted, users can review the results on a dedicated screen.
Here, evaluation criteria are ranked and presented in a heatmap,
to more easily identify patterns and trends. Heatmaps were se-
lected due to their approachability, effectiveness in simplifying
complex data, and ease of interpretations in drawing quick com-
parisons across different states [23, 24]. Additionally, heatmaps
have been shown to enhance user engagement and support data-
driven decision-making, making them rapidly adopted in usability
design [14].

The heatmap is generated using nearest-neighbor interpolation,
where the criteria for each TuneCandidate are averaged to produce
an overall score. For tuning candidates lacking direct evaluations,
the method identifies the 𝑛-nearest neighbors (𝑛 = 4) and computes
an interpolated score based on the weighted average of their neigh-
bors, with weights normalized by the distance to the candidate
being assessed. These scores are then visualized using a divergent
color palette (blue to green), to provide an intuitive distinction
between positive and negative candidates. We avoid more com-
mon red-green palettes to shift perspectives away from "failed"
candidates.

Figure 4: Sample Tune Catalogs. A sample of recorded
TuneCatalogs: A) A fabric being laser cut, with laser power
and speed tuned. The Goldilocks zone identified 100% speed
as the only critical dimension; B) A 3D print of a dogbone
tuned for print speed and layer height, where 0.2 mm layer
height consistently produced better results. Each catalog sum-
marizes TuneCandidates in a heatmap, with a blue-green gra-
dient used to surface the Goldilocks Zone(s). The grid colors
are interpolated, and selecting a grid reveals the criteria and
parameters for the associated TuneCandidate.

The heatmap visualization can be used to quickly highlight the
Goldilocks zone where tuning parameters are optimized, while less
successful data is retained for reference (Figure 4). This visual rep-
resentation is designed to support users to quickly identify which
areas of the TuneSpace produced the best results. All tuning exper-
iments are persistently archived and can be accessed at any time,
providing a comprehensive record of previous work. This allows
users to track their progress over time and refine their approach
based on past experiences.
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For clarity and flow, we use the terms catalog, space, and can-
didate to refer to TuneCatalogs, TuneSpaces, and TuneCandidates,
respectively.

5 Tuning User Study
The tuning user study (Figure 5) aimed to evaluate the tool’s ef-
fectiveness in common tuning scenarios, both in digital fabrica-
tion and crafting contexts. The tasks explored various aspects of
tuning, including adjusting geometries, material properties, and
hand-fabrication techniques. We assessed how users documented
and evaluated a tuning task with TuneCatalogs, their perception
of tuning with and without the tool, and their perceived tuning
self-efficacy and agency. The study received approval from our
Institutional Review Board (IRB).

5.0.1 Participant Recruitment and Selection. Participants were re-
cruited through university mailing lists; due to the focus on 3D
printing, we recruited participants who have some experience in
3D design and printing. A total of 10 participants (4 female, 6 male)
took part in the study with an average age of 22 ± 2 years. Our
study was conducted in a design studio setting; each participant
met with us individually and received a $15 USD compensation for
their contributions.

5.0.2 Study Design. The study comprised two distinct tuning tasks,
each designed to simulate scenarios where a user adjusts parame-
ters for both digital and physical designs. We designed tasks that
incorporated 3D printing with simple geometry to minimize fab-
rication time, a unique material (conductive PLA) to simulate the
challenges of working with unfamiliar materials, and a crafting
context using classic fuse bead crafts to explore tuning in a tangible,
hands-on setting. Each task required 20 minutes to complete.

5.0.3 Study Setup. The user study was conducted in a controlled
lab environment, which included a table and an ergonomic chair
for participant comfort (Figure 6). The study instruments included
a fuse bead kit along with a multimeter, digital calipers, and an
iron. To maximize the workspace for the study activity, an FFF 3D
printer was placed on a separate table nearby. A laptop running
the TuneCatalogs tool was used both to administer surveys and
facilitate study activities.

Prior to the main study tasks, a 5-minute warm-up session was
conducted to acquaint the participants with tuning and reduce
novelty effects. This introductory phase included exposure to the
study materials and an introduction to the TuneCatalogs interface.

Task 1: Fabrication Tune. Crafting with fuse beads requires users
to arrange plastic beads on a pegboard. A common issue with these
beads is their often oversized inner diameter which can cause them
to slip off the pegs during the fusing process. These classic mortise-
and-tenon joints highlight a common situation where machine-
material tuning is needed to achieve a secure "press fit" – in this
case, where the mortise (beads) fits snugly and securely onto the
tenon (pegboard).

In this task, participants were provided with an existing catalog
that generated a TuneSpace of seven candidates, each with varying
inner diameters (Figure 5). Participants were provided a set of
printed beads on a sprue frame (akin to how model toy parts are

packaged) with corresponding inner diameters (Figure 7). They
were tasked with thinking aloud as they filled out the evaluation
for each TuneCandidate. The TuneCandidate evaluation included a
set of 5-point Likert statements, representing criteria for the most
usable press-fit connection:

• Hold - The peg can effectively hold the bead
• Removal - The bead can be easily removed from the peg.
• Force - Removing beads from the pegboard requires signifi-
cant force

Task 2: Manual Tune. Although most commodity fuse beads are
non-conductive, 3D printing bead geometries using conductive fila-
ments allow for the creation of conductive beads. These beads can
be fused together to form line connections (rails), similar to those on
circuit boards. However, the fusing process is highly variable due to
its reliance on manual techniques, introducing inconsistencies. This
task was designed to simulate a tuning scenario where participants
worked with a novel material and needed to refine their technique
through hands-on adjustment and self-guided experimentation.

Participants were provided with a pre-structured catalog, which
included three candidates corresponding to varying iron pressures—low,
medium, and high (Figure 5). Using an iron, they fused 7 beads into a
rail for each candidate (Figure 8). Participants were asked to record
the resistance of the fabricated rail as well as evaluate its overall
deformation with a Likert statement.

After completing the tasks, participants took part in a semi-
structured interview to provide insights into their perceptions of
the tuning process and their engagement with the TuneCatalogs
tool.

5.1 Thematic Analysis
We delineate four key themes that emerged from the empirical data
collected during the user study. The empirical data comprises 20
interview transcripts (totaling 100 minutes of audio recording). We
first identify different tuning moments and describe each moment
experienced by the participants during the study.

5.1.1 Method. To analyze the data, we reviewed survey responses,
observed actions, and interview and think-aloud transcripts. Two
authors coded quotes and observations, refining the process iter-
atively until a consensus was reached. Axial coding was used to
organize the data into initial clusters. Through thematic analy-
sis [7, 8, 11], we identified four themes that summarized the find-
ings.

5.1.2 Theme 1: Tuning as Laborius, Wasted, Wasteful but Unavoid-
able. When prompted about participants’ previous tuning experi-
ences, they mentioned a lack of a defined tuning workflow when
trying to find an optimal tuning candidate. Nonetheless, the chal-
lenges that arose during the actual 3D printing process or subse-
quent modifications of the digital design prompted many partici-
pants to seek assistance from the 3D printing "masters" in various
fabrication labs. Unlike other creative practices, unused 3D objects
remain wasted when it comes to finding the right candidates. One
participant shared:

U9: I tried to change [my design]. . . and lost track [of what
parameter I used], so I went to [TuneCatalog (tool)], and
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Figure 5: User Study Tasks. The tool was evaluated in a one-hour study combining machine-based and craft-based tuning tasks.
Participants tested various bead sizes on a pegboard to achieve a desired fit and thermally fused conductive beads to form
conductive connections. A semi-structured interview was conducted after each tuning and documentation activity to gather
deeper insights into the tool’s applicability.

Figure 6: User Study Setup. The study environment included
a laptop running the TuneCatalog app, an ergonomic chair,
and a standard table (1 x 1.5 meters). Participants were sup-
plied an electric iron alongside a variety of fuse beads (com-
mercially available, 3D-printed PLA and conductive PLA). A
multimeter was provided to measure the resistance of fused
conductive beads.

then they help[ed] me [keep] track [of my adjustments]
and print.

Despite being a frustrating trial-and-error process, participants
described still engaging in a dynamic and problem-solving mindset,
actively analyzing the situation to overcome challenges. A partici-
pant shared their experience in 3D printing a memory card holder:

Figure 7: Fabrication Tuning. Fuse beads and pegboards serve
as examples of mortise and tenon joints, which require pre-
cise fitting for optimal functionality. Since 3D printing can
introduce small errors that lead to misfits, the mortise (in-
ner hole) was adjusted to better accommodate the tenon. A
TuneSpace consisting of seven linearly spaced candidates,
starting from 1 mm, was created and 3D-printed for testing.
Participants evaluated each candidate based on three criteria:
Hold, Removal, and Force.

U2: It was kind of a trial and error thing for me, frustrating,
but I was planning to do it anyway . . .

Despite this uncertainty, tuning was acknowledged as ubiquitous
and unavoidable:

U9: Can we actually avoid [printing multiple versions]? I
know avoiding them would save a lot of time because it
takes literally a day to do.

Participants expressed concerns about the disorganized and spo-
radic nature of their existing tuning workflows. The participant
emphasized that their sampling approach, or how they chose which
candidate to fabricate and evaluate, was random often going un-
documented. These tuning efforts were viewed as wasted.

5.1.3 Theme 2: TuneCatalogs as a Structured and Contained Ex-
perience. Participants enjoyed participating in the tuning process
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Figure 8: Manual Tuning. Fusing multiple conductive beads
can create an electrically conductive line. Participants were
asked to fuse seven beads to form line connections under
varying pressure levels. A TuneSpace was created with three
candidates and distributed in a set pattern. After forming the
bead line connections, participants measured the resistance
and updated the results in the app.

due to the catalog grid allowing all candidates to be readily visible.
The structure of TuneCatalogs facilitated a more manageable and
achievable exploration of candidates, even as participants expressed
a desire to explore additional options. Participants appreciated the
collaborative nature of the tuning experiment that enabled multiple
reviewers or evaluators to contribute to the evaluation efforts. The
organization of the tool provided clarity and order, improving the
overall tuning experience.

U9: I tried all of the samples because I wanted to see how
perfect the fit would get.

The availability of all potential candidates increased participants’
confidence in the process. While participants had the option to
stop evaluating candidates once they found a suitable candidate,
they consistently assessed all candidates for greater accuracy and
updated their findings in the catalog. This behavior simplified their
search strategy for identifying the best candidate. For instance,
4 out of 10 participants began their search at the origin of the
TuneSpace. Starting from the origin allowed them to narrow their
focus to a smaller region—either the upper or lower area of the
TuneSpace—helping them more efficiently identify the optimal
candidate. Participants often struggled to adhere strictly to the
evaluation criteria, preferring instead to be able to rank candidates
or have reference candidates to anchor their criteria.

5.1.4 Theme 3: TuneGoals as Moving Targets. When designing a
tuning experiment, the variables that affect tuning are difficult to an-
ticipate. The tuning process elicited from participants a heightened
awareness of all the different variables that affect getting the ‘right’
tune. Participants became more engaged and actively worked to
anticipate capturing their tuning moment into something tangible
and perceivable. While fusing conductive beads, one participant
expressed her tuning moment as follows:

U11: I started out [with the soft pressure candidate] with-
holding [the iron] barely touching the beads. . . then I just
kept increasing the pressure each time for [testing medium
and hard]. I could feel [the line of beads] melting. I could
feel them smooshing down.

We observed that participants tried to navigate this unknown di-
mension and needed to experientially feel out how to move through
the TuneSpace. These types of interactions cause other participants
to reflect on the variables that were not explicitly in the tuning
experiment and their interpretation of the evaluation criteria:

U9: I actually thought that the tighter one [mortise bead]
would be the better one, but when I knew that you have to
put the beads on the pegboard to form a design [application],
that’s when I thought that the tighter one [mortise bead]
would not be good because it [beads after fusing] would
take a lot of time to take off from the peg board.

Especially in the manual tuning task, participants noted other
tuning dimensions (e.g. melting time, iron’s surface area, human
factors) to explore as well as new criteria for the final tuning out-
come.

5.1.5 Theme 4: Theory Colliding with Practice. Participants occa-
sionally experienced a mismatch between their mental models and
the observed outcomes, leading to skepticism about the reliability
of their results. In response, participants became more attentive in
subsequent trials, cross-verifying their observations against their
existing knowledge. One participant obtained the lowest resistance
in soft press conditions, which did not match their expectation:

U9: I was pressing the iron softly but it [the measurement]
gave me the lowest resistance!

In situations such as this, participants sought to identify other
factors that might influence their surprising outcomes. This trend
suggests a reflective attitude among participants, demonstrating
a systematic consideration while searching, selecting, and docu-
menting candidates. Even when ideal candidates were identified,
participants tended to evaluate all options exhaustively. This be-
havior suggests they actively questioned and refined their mental
models.

6 Diary Study
Tuning is an iterative process where immediate outcomes are typ-
ically prioritized, and potential alternatives are often set aside in
favor of quick results. To fully understand how TuneCatalogs affect
this practice, it is important to capture how these practices develop
and adapt over time, especially as users interact with tools and
materials in real-world contexts.

We employed a diary study method, effective for collecting in-
situ, reflective data on participants’ ongoing experiences [19]. This
approach allows us to examine the iterative, long-term nature of tun-
ing, enabling continuous documentationwithout requiring direct re-
searcher involvement [45]. By allowing participants to record their
actions and reflections over time, the diary study provides detailed
insights into user behaviors and decision-making processes [33],
offering a comprehensive view of tuning as it occurs. The study
received approval from our Institutional Review Board (IRB).

6.1 Participant Recruitment and Selection
Participants were recruited via university mailing lists, targeting
individuals with prior knowledge or experience in tuning processes.
A total of five participants (three female, two male) were selected,
with an average age of 26 ± 3 years. The diary study was conducted
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Figure 9: Diary Study. A total of 5 participants (3 males and 2 females) were recruited for a 2-week long diary study. Each week,
participants created tune catalogs, evaluated candidates, and filled out diary entries and questionnaires. The study concluded
with a focus group discussion.

remotely, and each participant received compensation of $19 USD.
Detailed participant backgrounds are provided in Subsection 6.3.1.

6.2 Study Design
The diary study consisted of three stages (illustrated in Figure 9):

(1) Preparation Stage: Participants were introduced to the tool
via a short instructional video that provided guidance on its
navigation and features. Prior to this session, participants
completed a demographic questionnaire, which also gathered
their initial perceptions of fabrication and tuning processes.

(2) Weekly Tune & Diary-Keeping Stage: Each participant
was encouraged to interact with the TuneCatalog interface
and document at least two catalogs during the two-week
study period. Participants were encouraged to create catalogs
that fit into their daily activities or work, or catalogs that
they would use for future reference.
Each week, participants documented their weekly experi-
ences and challenges with the tool through written notes.
Participants also engaged in brief, semi-structured inter-
views each week. These interviews aimed to capture detailed
feedback on the tool’s usability, any challenges they encoun-
tered, and their thoughts on potential applications. This
process also monitored participants’ evolving understanding
of the tool over time.

(3) Focus Group Discussion: After two weeks of diary study
sessions, participants participated in a focus group discus-
sion. A moderator conducted the semi-structured discussion,
which was audio-recorded and later transcribed for thematic
analysis. The discussion aimed to explore shared insights,
challenges, and experiences with the tool, helping to identify
recurring themes and areas for improvement.

6.3 Data
Our final dataset included 10 weekly questionnaires with diary
entries, 10 post-study questionnaires, 10 interview transcripts (to-
taling 50 minutes), 30-minute transcripts from the focus group
discussion, 10 catalogs with 101 tune candidates with a 76% evalua-
tion rate, and 613 events recorded in the activity logs. To ensure
consistency between self-reported and observed behaviors, we tri-
angulated data from these sources.

6.3.1 Participant Profiles and TuneCatalogs. To protect the privacy
of participants, pseudonyms are used throughout this section. The

study involved participants from diverse academic and professional
backgrounds, each bringing unique expertise and goals to the tuning
tasks. Participants included graduate and undergraduate students
with varying levels of experience in 3D printing, laser processing,
and materials research. Although many participants had mechan-
ical engineering backgrounds, they incorporated a wide range of
materials and manual/digital fabrication processes for their respec-
tive projects and hobbies. Samples of their respective catalogs are
depicted in Figure 11.

(1) Jackson is a graduate student in Industrial Engineering with
3D printing experience. For this study, he tuned the ratio of
powders used in sintering 3D printing processes to improve
the surface quality and strength of drone blades.

(2) Paul is an undergraduate student in Naval Architecture and
taught himself 3D printing during his studies. He regularly
fine-tunes 3D printing settings and develops multiple proto-
types to achieve specific functional goals. Recently, he started
working with PEEK, a high-strength filament. During the
study, he focused on optimizing the printing temperature
to enhance the quality of his PEEK dogbone specimens (a
standard geometry used for mechanical characterization),
which were evaluated using a tensile strength tester.

(3) Maryam is a graduate student in Mechanical Engineering.
She frequently works with 3D printers and laser cutters.
Her projects focus on developing protective gear, where she
tunes laser processing to improve the durability of different
materials. She also is a hobbyist painter and tuned different
paint compositions.

(4) Olivia is a graduate student in Mechanical Engineering and
specializes in working with soft and flexible materials. Her
recent projects focused on integrating conductive materials
into soft materials. She conducted tuning experiments to
explore material behavior under different heat conditions.

(5) Mark is a graduate student in Mechanical Engineering and
works regularly with digital fabrication machines. His recent
projects focus on identifying suitable 3D printing nozzles
for different 3D printing applications. He tuned the nozzle
sizes to improve product quality and print time.
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Figure 10: Diary Study Activity Log A scatterplot timeline illustrates participant activities over the two-week study (normalized
to the participant’s start date) from system logs (n=613). Each marker represents an event, with size proportional to event
density, indicating the number of events within a given time period. /login events mark when a user entered the application,
/gallery denotes viewing or searching for catalogs, /tunespace represents viewing a specific catalog, /evaluation indicates
assessing a tune candidate, and /review corresponds to accessing the heatmap summary visualization.

7 Results
7.1 Activity Log Patterns
Activity patterns from the activity log are illustrated in Figure 10.
Each log entry includes details such as the catalog being observed,
the candidate being evaluated or reviewed (if applicable), the cata-
log author, and the viewer. During Week 1, the timeline reveals a
consistent pattern of engagement following the initial tuning task,
with all participants completing the task within two days. Most
participants evaluated tune candidates in a single sitting during
this phase. Mark leveraged existing data from prior presentations,
organizing it into a catalog for easier access and reference. Mean-
while, Maryam spent time reviewing catalogs created by other
participants before designing the dimensions of her own catalog.

In Week 2, activity patterns diverged as participants explored
different tunes. Mark, who was focused on optimizing printhead
nozzle sizes, dedicated six days to refining a single catalog, demon-
strating a more gradual and thorough tuning workflow. In contrast,
other participants exhibited shorter, yet distributed tuning sessions,
typically spanning two to three days. These variations highlight the
individualized strategies and pacing participants adopted tuning
workflows, reflecting differences in their goals and approaches to
problem-solving.

7.2 Thematic Analysis
Two researchers with experience in fabrication, scientific experi-
mentation, and artistic exploration conducted the thematic analy-
sis [10]. Transcripts, catalogs, and activity logs were independently
coded using a combined deductive and inductive coding approach
to develop the coding framework. Deductive codes were informed
by tuning design principles (Section 3) to understand how design
decisions and interactions within TuneCatalog affect the tuning ex-
perience. Inductive codes emerged from iterative clustering, captur-
ing new insights into tuning workflows. Axial coding was applied
to refine and connect codes, confirming and expanding theories

about how TuneCatalog influences opportunistic tuning. The re-
sulting themes offer a detailed account of participants’ strategies
and the broader dynamics of their decision-making processes.

7.2.1 Theme 1: Tuning Workflows. The patterns from the activity
log (Figure 10) revealed that tuning behaviors are dynamic rather
than static, showing that users adapt their strategies based on the
context rather than following a single, fixed approach. Within these
patterns, we identified two distinct tuning workflows among par-
ticipants. The first workflow was characterized by participants
working in isolated all-at-once tuning sessions. The all-at-once
tuning workflow represents a strategy for immediate optimization,
where participants leverage side-by-side comparisons to rapidly
adapt and refine criteria.

As shown in the activity log (Figure 10), all participants engaged
in this type of tuning in 1-day tuning sprints during Week 1. We
associate this with participants familiarizing themselves with the
catalog process; in the second week, this tuning workflow was less
common and became tied to situations where tuning candidates
could be rapidly created or in instances where the evaluation was
relational.

For example, Maryam’s turquoise tuning (Figure 11) required her
to see all the shades of four different blue-green color combinations
before she could rate which was the most turquoise of them all.
Other participants described conducting tuning evaluations simul-
taneously as a way to quickly morph and adjust the criteria and
still be able to apply it to all candidates.

Mark: I think documenting everything together helped me
because I could add all my thoughts and questions at once.
Sometimes, you face different issues in different experiments.
By documenting everything together, I could reflect on ev-
erything at once.

This approach helpedMark to engage in ameta-tuning process
(i.e., tuning the tune). Meta-tuning went beyond tuning individual
candidates, focusing instead on iterating the evaluation criteria,
descriptions, or documentation standards themselves. This reflexive
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Figure 11: Participants’ TuneCatalogs. Each column shows each participant’s tuning candidates, the final tune catalog, and the
tune criteria used to compute a candidate’s score.Maryam tuned for the color turquoise from blue-green crayons combinations,
Olivia tuned material thickness and type for increasing power absorption, Jackson tuned layer thickness and orientation to
reduce surface roughness in 3D prints, Paul tuned the heat treatment of the PEEK filament to improve strength, andMark
tuned print speed and spacing for a novel nozzlehead.

process enabled participants to fine-tune not just outcomes but the
very mechanisms of their workflows. The all-at-once approach
also facilitated retrospective tunes, or tunes that captured prior
experiences from memory or records. Paul, for example, retrieved
data from a prior presentation and used the catalog to curate the
results in the "intuitive" standardized format rendered by the tool.

Not all tuning candidate creation techniques supported the op-
portunistic practices of the all-at-once tuning strategy. Some cata-
logs revealed a gradual tuning workflow that required significant
diligence and sustained effort which unfolded over many days. Par-
ticipants recognized the value in explicitly documenting tunes they
might not have otherwise recorded, allowing for more comprehen-
sive tracking and reflection throughout the process. They used this
workflow to address complex, evolving criteria, as in experiments
requiring sustained observation.

Mark: I think it’s better to use it [gradually]. This way, when
we perform experiments, we can add our insights to the
evaluation section and review them later to understandwhat
happened at that time. When I conducted the experiments
last time, I didn’t retain everything in my mind, so it would
be better to capture it as I go along.

Mark’s activity log reflected this gradual approach, showing that
evaluation occurred over time in the second experiment. Partic-
ipants found this gradual tuning process particularly useful for
longitudinal experiments, where they stated the catalogs provided
the needed organization and flexibility to capture. Beyond tuning
in fabrication, they suggested applications such as tracking plant

growth (Paul), monitoring plant fertilizer ratios (Olivia), and record-
ing recipes (Jackson), indicating that the catalogs could support
extended periods of experimentation beyond the scope of the study.

Olivia: I have a lot of plants, so if I had more time [than
the diary study], I could track plant growth over time and
look at how different types of soil or water intake affect the
plants.

Regardless of whether the tuning process adopted an all-at-once
or gradual approach, participants noted that certain tune candidates
were often excluded from evaluation and documentation. These
exclusions typically fell into one of two categories: candidates that
were evidently and unlikely to yield positive results and those
rendered unnecessary by the identification of a "good enough"
alternative.

7.2.2 Theme 2: Reward & Motivation . Tuning and documentation
setup, along with continuous updates, often require significant ac-
tivation from users. However, the structured process motivated
participants by reducing initial startup friction and providing a
sense of accomplishment as they reached their desired outcomes;
many viewed the structured TuneSpace as inducing a “progress bar”
effect, motivating them to complete evaluation for all tuning candi-
dates. This motivation was further reinforced by the tool’s ability
to offer glanceable interpretations of results. Across both weeks,
participants frequently highlighted the straightforward setup pro-
cedure and the flexibility to define their own evaluation criteria
while setting up.

Paul: I think the interface is more intuitive. If you have a
quick look at the charts, the interface allows you to see
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different sets of variables assigned scores, like “5 out of 5”
. . .

Olivia: I felt satisfied with the results I got and with the
experience in recording the data. Especially the second time
because my parameters were much more distinct, so it was
easier to figure out the experimental process and what I
needed to record and work on next.

When asked about other recordingmodalities, participants showed
mixed reactions.While some expressed curiosity about video record-
ings as a less intrusive alternative, most remained hesitant to adopt
them, citing concerns about the effort required to organize and re-
view such formats. This reflects a broader trend, where participants
found transitioning from informal note-taking to richer documen-
tation formats overly tedious and time-consuming. These obser-
vations highlight a key challenge: the additional effort required
for more comprehensive recording methods often outweighs their
perceived benefits.

Participants highlighted that archived catalogs in galleries could
serve as a valuable resource for improving literacy in specific areas
and offering setup guidance for unfamiliar tuning experiments. This
indicates participants’ willingness to gain value from their efforts by
informing and sharing their knowledge with others, emphasizing
the collaborative and educational potential of well-documented
catalogs.

7.2.3 Theme 3: Tunes in Conversation. Tunes were often ideated
or created based on previous work, highlighting the iterative and
conversational nature of the tuning process. Participants frequently
engaged in self-reflective tuning, building on their personal ex-
periences with earlier tunes, informing and refining subsequent
settings.

Jackson: Yeah, I think I can use these documented settings
for my other experiments as well.

Participants often used a cloned tune as a starting point, reducing
the activation energy to structure a TuneSpace. For example, the
TuneSpace for tuning laser cutter settings was readily reused to cut
fabric or etch glass, since most situations required adjusting laser
power and speed.

Participants noted that having access to others’ formatted tune
designs was highly valuable for inspiration. These designs provided
a structured reference that facilitated ideation and encouraged the
exploration of new tuning possibilities. Additionally, all partici-
pants emphasized the tool’s simplicity across different stages of use,
including learning, reporting, setup, and interpreting recorded data.
This simplicity increased participants’ preference for the tool over
spreadsheets or similar alternatives. Activity logs further revealed
that participants, such as Mark and Maryam, particularly appreci-
ated browsing others’ catalogs, which they used to guide their own
tuning efforts and expand their experimental approaches.

Maryam: It’s also easier for others to look at your results
this [formatted] way, rather than going through a spread-
sheet full of numbers or reading through a paragraph of
a questionnaire. It’s much more engaging and easier for
others to understand your data.

However, they also noted that incomplete or unfinished cata-
logs lacking detailed documentation might undermine trust when

sharing catalogs with others, limiting their perceived reliability and
usefulness.

Paul: Yes, [the catalogs] can definitely help others. But . . . people
need to be careful with the data they’re trusting. If every-
one inputs realistic and honest data, then it could be really
helpful.

Maryam: I think it should be much easier and faster to
replicate the experiments for someone else. You can already
see the results that the original person put in and just start
with their ideal case, then work from there, so you can get
there faster.

To enhance the robustness of catalogs for reusability and valid-
ity, several mechanisms emerged as valuable. Participants such as
Olivia, Mark, and Paul emphasized the importance of open-ended
responses and detailed descriptions of tuning experiment setups.
Additionally, some participants highlighted the need for tools that
allowed tuning more than two parameters simultaneously or being
more explicit about which potential dimensions were held constant
or randomized. These insights underscore the need for catalogs to
prioritize transparency in documenting factors, thought processes,
and evaluation strategies, enabling users to better understand the
rationale behind experimental decisions and effectively adapt or
build upon previous work.

7.2.4 Theme 4: Reference Catalogs formed from Meta-tuning. Par-
ticipants consistently emphasized that archiving supports future
sense-making, highlighting the importance of accessible catalogs
for longitudinal work. The ability to revisit and interact with cat-
alogs over time was viewed as a valuable feature, enabling users
to reflect on their processes and outcomes. Rather than perceiving
the catalog as merely a numerical summary or heatmap, partici-
pants described its potential to narrate a story, offering context and
continuity to their work. For example, Maryam wanted to create a
tune that would be useful over time as a reference (as opposed to a
scientific experiment).

Maryam: I can definitely use my experiment results in the
future. If I ever need to recreate that color or make it again,
I’ll know exactly what ratios to use to get the same result,
instead of just eyeballing it.

Mark: I think it would be helpful for researchers conducting
experimental studies over a fewmonths. It would allow them
to track their work and easily recall what they did three
months back, just by checking a few notes on the interface.

A reference catalog, even if incomplete, can provide a quick
estimation or baseline for tuning experiments, offering users a
starting point for their work.

Paul: You can use it [catalog] as a reference. It might be
slightly easier to interpret than a spreadsheet, so next time
you can get a quick idea of what your starting points or
reference points should be for your experiments.

Olivia: From these results, I could learn to use different
materials or change my experimental technique rather than
continuing the experiment in the same way.
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However, in longitudinal tuning applications, both evaluation
criteria and the associated TuneSpace may evolve over time, requir-
ing the catalog to adapt dynamically to remain relevant and useful.
This highlights the need for flexible documentation tools that can
accommodate changes (meta-tuning) while maintaining coherence
in the archived data. We observed meta-tuning as the primary way
reference tunes were developed.

8 Discussion
A summary of findings across the two studies is shown in Table 1.
We discuss these findings and their implications for tuning support
tools.

8.1 Scaling to High-Dimensional Tuning
While TuneCatalog focuses on 2D tuning spaces to ensure inter-
pretability and accessibility, our diary study revealed insights that
could inform scaling to high-dimensional tuning. Participants found
catalogs to be inherently conversational, where one tuning process
often informed and refined subsequent explorations. This suggests
that supporting high-dimensional tuning could involve intercon-
necting multiple catalogs, preserving interpretability by capturing
the iterative and relational nature of tuning as a linked, dynamic
process.

High-dimensional tuning is particularly valuable in contexts re-
quiring complex multi-factorial analyses or randomized controlled
experiments. While the TuneSpace can be represented as a higher-
dimensional structure, effectively navigating and visualizing it re-
quires strategies to structure the exploration. For example, identi-
fying top candidates that explain or influence the greatest number
of dimensions can help participants focus their efforts and make
sense of the data. Crowdwork approaches could also enhance high-
dimensional tuning by enabling multiple contributors to collabora-
tively explore a shared tuning space. Assigning compartmentalized
regions within the TuneSpace could replicate the progress bar ef-
fect observed in participants aiming to exhaustively complete their
tuning grids. This method could encourage broader community
engagement and contribution. Similar to citizen science initiatives,
this approach distributes the workload and benefits from diverse
perspectives. However, our findings emphasize the importance of
transparent documentation practices to establish trust and ensure
rigor in community contributions.

8.2 Supporting Archive and Re-examination
TuneCatalog effectively fostered an environment that supported
trial-and-error by reframing the negative result; in candidates con-
tributing to a holistic understanding of how dimensions affected the
tuning goal. Participants actively planned and explored unknown
variables, while also identifying new criteria to consider during
the tuning process. This type of activity has value as a learning
strategy that has a positive growth mindset and causes learners to
more actively consider the factors that influence design artifacts
or engineering systems, similar to how current work on unmaking
and deconstructive activities make salient how things work [32].

Public tuning catalogs were identified as valuable sources of so-
cial inspiration and guidance, particularly when participants were

designing their own tunes. Certain TuneSpaces, such as the speed-
power TuneSpace for determining optimal laser cutter settings for
specific materials, demonstrated exceptional utility for reuse. We
envision such template catalogs becoming integral components
of material toolkits, enhancing literacy in working with materials,
machines, and processes to achieve specific goals while supporting
documentation practices. For instance, working with shape mem-
ory alloys often requires iterative tuning to achieve a desired shape
programmed at a specific temperature [21] or categorizing the be-
havior of thermoplastic materials at varying kiln temperatures [36].
Similarly, circuit construction-based educational toolkits enable
users to iteratively adjust electrical components until the desired
conductivity or performance is achieved [44].

8.3 Supporting Longitudinal Tuning
Our tuning framework prioritized supporting diverse tuning work-
flows by allowing various types of tuning goals to be expressed in
a one- or two-dimensional search space. While this approach facil-
itated common all-at-once tuning, it also provided opportunities
for more gradual tuning workflows. Tuning biomaterials presents a
particular challenge, especially given the long periods required to
produce a single tuning candidate. Although systems designed to
capture and document slow material changes through time-lapse
have proven effective [39], our study highlighted a more practical
challenge: understanding what to look for and what to tune.

We proposewanderlust as a factor to consider when evaluating
tuning support tools. We use wanderlust to refer to the extent to
which users are drawn to explore beyond what is strictly necessary
to achieve their goals. In our study, this was induced through a
progress bar that encouraged users to investigate every candidate,
not out of necessity, but out of curiosity and a desire for com-
pleteness. High wanderlust suggests that the tool fosters curiosity,
engagement, and a sense of discovery—framing tuning as a cre-
ative or sensemaking activity rather than a chore. In contrast, low
wanderlust may indicate friction, fatigue, or a lack of perceived
value in exploration. Designing for wanderlust involves creating
interactions that reward investigation, lower the cost of trying al-
ternatives, and visually signal the richness of the design space. As
such, wanderlust offers a valuable lens for understanding how tools
can transform optimization into a more exploratory and rewarding
experience.

8.4 Searching through Candidates
In our studies, participants self-determined the order in which can-
didates would be evaluated. Some participants uniformly sampled
and evaluated the candidates in their TuneSpace, while others used
greedy or exhaustive strategies. For more complex TuneSpaces,
such as tuning parameters for a digital art piece that involves multi-
ple dimensions and many candidates, guiding the order of candidate
evaluation or introducing computational evaluation techniques (e.g.,
via LLMs) can be particularly beneficial in reducing material waste
and costs (e.g., randomizing which candidates to evaluate). Partic-
ipants generally responded positively to public catalogs and the
standardized catalog format, though there was some distrust in us-
ing results from others due to a perceived lack of rigor in candidate
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Design Principles Interactions Results
Support diverse tuning work-
flows

Structured TuneSpace setup;
multiple criteria types.

+ Workflows: all-at-once tuning; gradual tuning; meta-tuning;
catalogs generated beyond fabrication.
Δ Evaluation criteria is a moving target.

Reduce activation energy to
document/archive

Structured grid;
mobile evaluation;
cloning from gallery

+ Progress bar effect (wanderlust); feelings of agency and or-
ganization; structured and contained experience; tune spaces
constructed from prior catalogs.
Δ "good enough" candidates limit tuning against all candidates

Enhance longitudinal sense-
making

Archived catalogs; heatmap
interpolation

+ Catalogs used as references; glanceable interpretation; grad-
ual tuning observed. Catalogs are conversational, building on
each other (criteria evolution).
Δ Desire for more data sensemaking mechanisms

Shift perspectives Public catalogs; all possible
candidates displayed;

+ Viewing others’ catalogs as social inspiration and guidance;
exhaustive evaluation of all candidates showed engagement
and confidence.
Δ Lack of trust in others catalogs; insufficient notes for gener-
ating candidates from others’ catalogs

Table 1: Summary of findings from the studies are mapped to each TuneCatalog design principle. This summary offers insights
for future enhancements and the development of tuning support tools. Positive outcomes (+) demonstrate observed successes,
while challenges (Δ) indicate areas for improvement.

descriptions. However, participants felt they had more agency, es-
pecially with the progress bar effect of ‘filling in all the candidates.’
Crowd tuning, where multiple participants contribute to exploring
a common TuneSpace, could be a way to distribute the tedium of
tuning, improve rigor through multiple independent evaluations
of candidates, and generate more comprehensive knowledge of a
machine, material, or process.

8.5 Evaluation and Visualization
Tuning processes often face challenges due to a lack of transparency
in the evaluation and insufficient visualization methods. In our
study, we primarily used self-reported techniques, such as Likert
scales and numerical entries, along with heatmaps for data visual-
ization. However, participants indicated that broader evaluation and
visualization strategies would better support the documentation
of tuning workflows. While previous tools have used open-ended
formats like video or audio recordings for documentation [3], our
diary study showed that participants were reluctant to adopt these
methods. We found that the activation energy for initiating tuning
remained at the level of handwritten notes. While mobile device
access facilitated documentation, increasing information required
effective curation for critical glanceability.

As goals, environments, or constraints change, so too does the
interpretation of what constitutes a "good" solution. This highlights
the value of experiential knowledge gained through hand-tuning.
For example, participants in our studies frequently changed their
target samples after encountering a wide range of unknown vari-
ables. We use criteria evolution and drift to refer to the tendency
of users to introduce new or revised standards over time, often in
response to emerging considerations about how a tuned outcome
will be used.

This dynamic presents an opportunity for tuning support tools
to surface and scaffold tacit knowledge. For instance, tools could
support glanceable representations—through notes, tags, or visual

highlights—that help users navigate shifting targets while preserv-
ing a sense of continuity. Maintaining consistent evaluative anchors
is particularly important for identifying a "Goldilocks Zone" of so-
lutions that remain interpretable and comparable across users.

Such consistency also facilitates downstream benefits, including
statistical inference, crowdsourced aggregation, and provenance
tracking. Importantly, even incomplete records or "holes" in the
tuning process can offermeaningful insights into how discovery and
interpretation unfold. We argue that future tuning environments
should not only capture parameters and criteria but also support re-
engagement with past candidates—enabling comparison, ranking,
and reflection as users’ standards evolve.

To enhance documentation practices in the maker community,
we suggest enabling free-form evaluations and the uploading of
rich content, but only if users can quickly get a glanceable re-
view of archived data. Techniques such as video digests, large
language model (LLM) summarization, and other condensation
methods could help scale the variety of data captured, improving
both accessibility and efficiency in evaluating and visualizing the
collected tuning data.

8.6 Limitations and Future Work
Archivability. Many people often tune the same systems or mate-

rials, and catalogs showed promise in making these efforts reusable.
However, they remained prone to error, particularly when experi-
mental conditions needed to be precisely replicated. Similarly, doc-
umenting some tuning processes through catalogs requires domain-
specific knowledge, which may limit accessibility for those unfa-
miliar with certain fabrication or experimental techniques.

Study Population. While our user studies had a strong focus on
3D printing fabrication, tuning insights would have been strength-
ened by incorporating a broader range of fabrication practices such

2599



DIS ’25, July 05–09, 2025, Funchal, Portugal Rakib et al.

as practitioners with primarily art or design backgrounds. Indi-
viduals with a design-oriented mindset may approach tuning as a
creative and exploratory process rather than one focused purely on
optimization [20].

Beyond 2D tuning. The current 2D tuning space is effective for
well-defined scenarios; however, future iterations should support
more complex, high-dimensional tasks involving multiple inter-
dependent parameters. In such cases, the relevant tuning dimen-
sions may not be known in advance, creating opportunities for
tools to support exploratory feature analysis, statistical testing
(e.g., ANOVA), or even material conversation workflows to surface
meaningful variables to guide the tuning process.

LLM Tuning. Tuning, whether in material experiments or al-
gorithmic prompts like those in LLMs, faces common challenges
such as untrackable iterations, lack of sharing, and insufficient
long-term sensemaking. A structured approach, similar to TuneCat-
alog, can benefit those working on fine-tuning LLMs by storing
and organizing various tuning data, which facilitates quick evalua-
tion and review. Evaluation metrics proposed by Zheng et al., such
as standardized metrics [56] or a grammatical lexicon, could fur-
ther support users by documenting their prompt-tuning strategies
and highlighting the benefits of shared exploration. This approach
mirrors how tuning materials enhances understanding of material-
machine interactions.

9 Conclusion
We developed and introduced TuneCatalog, a documentation tool
designed to support the effective tuning of materials, machines,
and processes. We deployed our system as a design probe to gain
empirical insights into tuning within common fabrication tasks
and longitudinal scenarios. Our analysis showed that structuring
the tuning process by defining a finite set of candidates created a
contained and curated tuning experience. This reframed partici-
pants’ view of tuning from a tedious task to one of curiosity and
exploration – a behavior we characterized as inducing wanderlust.
The studies reinforced that tuning is situational, requiring support
for workflows that occur either in a single sitting or over time.
Tuning behaviors also revealed that effective support must accom-
modate criteria evolution and drift. Lastly, archived catalogs proved
valuable not only as glanceable references for tuned data, but more
importantly, as windows into the tacit strategies other practitioners
use to fine-tune their materials, tools, and techniques to get them
“just right”.
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