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Abstract
Unlike digital visualization, physicalization design introduces struc-
tural and material uncertainties, which require immediate feedback
and often rapid iteration. This makes physicalization design a spec-
ulative, labor-intensive, and expertise-dependent activity. While
speculative reasoning can be central to physicalization, authoring
tools remain scarce and there is a lack of computational support that
can help in anticipating physicalization outcomes. We explore how
feedforward mechanisms (predictive features) might help physical-
ization designers anticipate post-fabrication qualities like tactile
feel and expandability before fabrication, by iteratively developing
and studying DataCuts, a physicalization authoring tool for design-
ing Kirigami-based data physicalizations. Our study !ndings show
that DataCuts’ simple feedforward functionalities can inform de-
sign decisions, shape people’s understanding of physical properties
and encourage tactile representation over conventional mappings.
Building on these results, we discuss implications for designing
data physicalization support tools that integrate feedforward.
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1 Introduction
Data physicalization leverages tangible, spatial, and material forms
to create embodied, multi-sensory data representations [2, 10, 17].
Physicalizations can enhance engagement, improve recall, and facil-
itate deeper comprehension by allowing users to interact with data
through touch, movement, and spatial perception [2, 9, 20]. How-
ever, despite these merits, physicalization remains labor-intensive
and expertise-dependent [3, 9], limiting its broader adoption.

One barrier to physicalization’s accessibility is the scarcity of
available authoring support for designing, re!ning, and iterating
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on physicalizations. This contrasts with the wide range of digital
visualization tools like Tableau [34], which have lowered barriers to
entry, allowing users to explore data mappings, preview results, and
make real-time modi!cations to their digital visualization designs.
The signi!cant dearth of tools for physicalization design and fabri-
cation makes creating physicalizations largely manual and labor-
intensive [18, 19, 37], requiring designers to rely on specialized
fabrication expertise, time-consuming prototyping, and extensive
material testing. Tools that address these limitations are restric-
tive, relying on standard visualization paradigms that do not fully
capture the needs or a"ordances of physical representation [32].

Recent work has shown that physicalization designers engage
in speculative thinking throughout their work#ow, continuously
contemplating whether their design decisions will lead to the in-
tended !nal artifact [6]. This process often leads to large numbers
of prototyping cycles, and without computational assistance, this
results in material waste, long iteration cycles, and di$culty in
achieving the intended outcomes.

In this research, we explore the role of feedforward [35] in data
physicalization authoring tools: predictive features o"ering antici-
patory hints of tactile and tangible outcomes before fabrication. We
iteratively developed DataCuts, a proof-of-concept physicalization
authoring tool for designing KiriPhys artifacts [5]. KiriPhys is a tech-
nique based on kirigami, the art of paper cutting, that introduces
3D, tactile qualities that emerge only post-fabrication. This makes
KiriPhys an ideal case study for exploring feedforward mechanisms
about physical properties like expandability and density, before
fabrication. By implementing simple feedforward support, we have
been able to study how designers engage with these mechanisms
and integrate them in their design process.

Our !ndings provide insights into how computational support
can improve iterative re!nement, reduce material waste, and en-
hance design e$ciency. This work contributes to the growing body
of work at the intersection of data physicalization, computational
design tools, and predictive feedback, exploring new possibilities
for hybrid digital-physical work#ows that make physicalization
more accessible and adaptable for real-world applications.

Our contributions include:
• DataCuts, a proof-of-concept authoring support tool that
supports mapping, iteration, and re!nement in KiriPhys
design.

• Empirical !ndings about the impact of feedforward mech-
anisms in physicalization authoring tools, providing hints
and suggestions about post-fabrication properties within the
design tool.

• Design considerations that outline future possibilities for
integrating feedforward into physicalization design tools.
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2 Background and Related Work
We discuss prior work on data physicalization, authoring tools for
visualization and physicalization, and the role of feedforward in
HCI and visualization.

2.1 Physicalization and Computational Support
Unlike digital visualization design, which is facilitated by an exten-
sive ecosystem of authoring tools (e.g., Tableau, D3.js) that facilitate
real-time modi!cations and iterative re!nement, physicalization
design lacks proper computational support. As a result, most phys-
icalization work#ows require designers to manually translate data
into physical forms, often relying on domain expertise and trial-
and-error prototyping. This process is labor-intensive, requiring
multiple fabrication cycles to ensure accuracy in structure, interac-
tion, and material properties [3, 10].

One of the challenges in physicalization is predicting structural
transformations before fabrication, as rendering data into physical
form remains a complex task for designers [9]. Physicalization, par-
ticularly those involving tactile or interactive qualities, manifests
fully only after fabrication. During design, this requires design-
ers to mentally simulate how data mappings will translate into
spatial and mechanical properties. Research on mental imagery
and cognitive load suggests that mentally simulating structural
behavior [16, 22, 33] and the spatial thinking skills required [26, 29]
impose signi!cant cognitive e"ort. This highlights the importance
of computational support in anticipating post-fabrication qualities
and improving the design process.

2.2 Feedforward in HCI and Visualization
In HCI, feedforward is the counterpart to feedback. Unlike feedback,
which occurs after an action is performed, feedforward provides an-
ticipatory information, helping users understand the consequences
of their actions before execution, bridging Norman’s Gulf of Exe-
cution [25]. By o"ering pre-action visibility, feedforward reduces
exploration e"ort [8], minimizes uncertainty [35], and improves
decision-making, leading to greater con!dence and awareness [23].

Feedforward has been widely explored in graphical user inter-
faces (GUIs) to improve usability by providing pre-action visibil-
ity [8]. OctoPocus, for example, is a dynamic guide that integrates
both feedback and feedforward to support gesture learning, where
feedforward acts as a “cheatsheet” accompanying gestural com-
mands [4]. Other examples include Fortunettes, featuring GUI wid-
gets that display future states of system elements to help users
predict interaction e"ects [24], and Previewable Switch, which vi-
sually indicates which lights will turn on/o" before activation [27].
Feedforward has also been explored in multi-touch interfaces, for
example to dynamically adjust interaction cues based on spatial
positioning, providing anticipations before interaction [14].

Feedforward has been widely applied in motion guidance sys-
tems, particularly in extended reality (XR) and virtual reality (VR)
environments. In these contexts, feedforward helps users under-
stand how to perform speci!c motions and navigate complex in-
teractions [38]. Feedforward implementations include motion path
visualizations [4, 12, 30], posture indicators [1, 31], and gesture
sequence guidance [13, 15]. Research shows that such anticipatory

indicators in MR/VR can signi!cantly enhance motor learning, task
e$ciency, and training e"ectiveness [1].

Despite its extensive use in HCI, feedforward remains underex-
plored and underutilized in visualization/physicalization work#ows.
Scented Widgets [36] is an exception: this technique embeds small-
scale visualizations into GUI elements to provide anticipatory cues,
allowing users to predict interaction outcomes before committing
to a selection. While visualization work#ows in general can bene!t
from feedforward, there is an even stronger case for physicalization
work#ows, because the !nal form of the artifact only emerges after
fabrication. To create physicalizations, designers naturally engage
in proactive and speculative thinking, continuously anticipating
how structural transformations and material properties will mani-
fest in the !nal artifact, and iterating based on mental projections of
how their design choices will translate into physical outcomes [6].
This cognitive prediction is largely unsupported by current tools.

3 Using KiriPhys to Study Feedforward in
Physicalization

KiriPhys, a Kirigami-inspired physicalization technique, o"ers a
wide design space for representing data through cut patterns and
the intricate transformations of 2D materials into 3D structures [5].
It supports a wide range of scales, from small artifacts such as
jewelry and wearables, to large interactive installations, and can be
fabricated using various materials.

Structurally, KiriPhys designs are composed of a series of cuts—slits
made into the material—and joints—the uncut sections that con-
nect two cuts. These elements together form distinct loops, which
are the strips of solid material between two consecutive cut lines
(see Figure 1). KiriPhys o"ers both independent and dependent
variables. Independent variables directly encode values such as the
starting shape of a cut pattern, the number and width of joints,
the number and width of loops, and the position and orientation
of the cut pattern. Dependent variables vary with changes in the
independent ones and include the size of the inner and outer loop,
texture density, and the amount, direction, elasticity, and form of
expansion.

KiriPhys allows for interactions, where users can physically ma-
nipulate the structure, engaging with data in an embodied and
tangible way. However, this interplay between design intent and
fabrication outcomes introduces uncertainty, as key dependent vari-
ables—such as expandability, resistance, and tactile qualities—only
become apparent after fabrication. Therefore, KiriPhys requires
designers to anticipate how independent variables—the speci!c cut
properties—will in#uence the emergent dependent variables that
shape the !nal structure.

Manually designing these transformations is labor-intensive, re-
quiring precision and a deep understanding of how cut patterns
translate into three-dimensional behavior, which is di$cult to pre-
dict without fabrication (see Figure 1). This makes KiriPhys a good
testbed for studying feedforward mechanisms in authoring tools.

4 Study 1—Where we Identi!ed the Need for
Feedforward

Our initial goal was to develop a digital tool to support the physical-
ization authoring process, using KiriPhys as a case study. Through



Exploring Feedforward in Data Physicalization Authoring Tools: Supporting Design Exploration Before Fabrication GI ’25, May 26–29, 2025, Okanagan, BC, Canada

Figure 1: Physical variables like expansion and density of a
KiriPhys artifact are dependent on variables like number of
joints and number of cuts that form a precise cut pattern.

co-design sessions and prototype evaluations, we investigated how
digital tools could facilitate data mapping, structural previewing,
and iterative re!nement in the physicalization design process.

It is through this process that we identi!ed the key role of cues,
instructions, and anticipatory elements to better support specula-
tive reasoning and decision-making in design.

4.1 Early Prototype
To design a !rst prototype, we i) used an autoethnographic [11]
approach of our own KiriPhys artifact creation process; ii) examined
existing visualization tools like Tableau [34] and Datawrapper [7];
and iii) iteratively re!ned the prototype through co-design sessions
with colleagues experienced in visualization and interface design.

4.1.1 Co-Design Sessions. We held co-design sessions with !ve
colleagues—two in visualization, one in design, and two in HCI–—to
collaboratively wireframe the prototype.

Each session began with participants being introduced to Kiri-
Phys, then selecting a simple dataset, brainstorming representa-
tions, and manually crafting cut patterns to experience the com-
plexity of mapping abstract data to physical forms. They were en-
couraged to think aloud, so that we could identify pain points and
opportunities for computational support in physicalization design.
Participants then transitioned to concept mapping and tool ideation,
sketching interface structures and using card sorting exercises to
group key features.

The prototype that resulted from this process is shown in Figure 2
and described in the next subsection.

4.1.2 Early Prototype Interface. Our early prototype (see Figure 2)
supports two ways of creating patterns: 1) de!ne variables by di-
rectly entering custom values into the variable input boxes, or 2)
drag-and-drop values from a dataset table representation to input
boxes (‘à la Tableau’). The interface supports a 5-step sequential
work#ow, similar to a Wizard interface.

From the (A) landing page, users navigate to the dataset page,
where they can (B) either select a pre-existing dataset or upload
their own. The next page (C) displays the selected data with options
to return to dataset selection or advance. The (D) design page
features three panels, as follows:

• The variables panel at the top displays independent KiriPhys
variables organized in three categories. Users must !rst de-
!ne basic pattern components (the shape and its properties

on the left), before specifying the properties of loops (center)
and of joints (right). Users also have the ability to control
the scale for a given variable by manually specifying its
minimum and maximum values.

• The data and help panel on the left displays i) instructions
that give hints on what should be done next in the work#ow;
and ii) the dataset in a table form, with data items in rows
and attributes in columns.

• The preview panel on the right displays the pattern that
results from the speci!ed mappings.

The last step is the (E) !nalization with options to customize and
download the pattern.

4.2 Studying the Early Prototype
We conducted a formative study on the early prototype to explore
opportunities for better supporting the KiriPhys design process
(institutional ethics board approval #30001644).

4.2.1 Participants. We recruited 6 participants (3 women, 3 men)
with experience in visualization and physicalization through LinkedIn,
direct referrals, and postings in relevant online communities. Partic-
ipants were aged 18–25 (2), 25–35 (3), and 35–45 (1). Their education
level was Bachelor’s (2), Master’s (2), and PhD (2), and their !eld of
study !nance (1), visualization (3), and HCI (2).

4.2.2 Procedure and Scope. The study included three phases: in-
troduction, hands-on use of the prototype, and interview.

In the introduction, participants were familiarized with phys-
icalization and KiriPhys, through examples that illustrated data
mappings, physical variables, tangible and tactile outcomes, and
interaction qualities.

Next, participants were introduced to the prototype and com-
pleted two tasks. The !rst task was performed with the assistance
of the researcher. It involved creating a simple KiriPhys artifact
using a sample dataset with one data item and four attributes. They
followed mapping instructions, assigning data attributes to physical
properties, while the tool provided contextual hints to guide them
throughout the process. The second task was performed without
assistance from the researcher and involved using a more com-
plex dataset related to 𝐿𝑀2 emissions. Participants were asked to
map di"erent aspects of the data to dependent and independent
variables, and had to !gure out how to in#uence post-fabrication
qualities of their KiriPhys artifact.

Throughout the session, participants were encouraged to think
aloud and sketch interface ideas. During the semi-structured inter-
view, they discussed how they approached data mapping, re#ected
on any confusion, and suggested prototype enhancements.

4.2.3 Early Prototype—Data Analysis. The lead researcher con-
ducted an inductive open coding of i) video and audio recordings
of participants thinking aloud as they completed both tasks; and ii)
participant sketches of tool design improvements. We synthesized
emergent codes into eight key insights, labeled design goals (DG1—
-DG8), that would then guide the re!nement of the prototype.

4.2.4 Early Prototype—Results. We !rst describe brie#y the six de-
sign goals that do not relate to feedforward. Then, we elaborate
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Figure 2: The !ve-step work"ow in the early prototype. A - Landing page; B - Selection of a pre-existing dataset or upload of a
custom dataset; C - Data preview; D - Pattern design; E - Pattern !nalization with options for download and customization.

on DG7 and DG8 that do relate to feedforward and drove our
next research step.

We learned that DataCuts should support diverse strategies
in shape selection, de!ning shape properties, and mapping
possibilities (DG1), as participants had highly varied preferences.

We identi!ed work#ow challenges, as 4/6 participants struggled
to navigate between the dataset, variables, and pattern. They recom-
mended tomake all options available at once on a single-page
interface (DG2).

Most participants preferred to have variables side-by-side
with the generated pattern (DG3), as these two elements are
closely related. P6, for example, said that the “instruction and pattern
are close together, so the variables at the top become less noticeable.”

Participants suggested to shift from a sequential to a more
"exible process (DG4), as the left-to-right mapping “felt limiting”
(P4), and they wished for “more freedom” (P3).

Participants appreciated that the tool enables direct mapping
from the dataset table to the variables’ input boxes (DG5). For
example, P3 stated: “This feature really speeds up my work!ow.”

Participants also valued the ability to rescale values within
the tool (DG6). For example, They said it “allowed for control over
value sizes without needing to modify the dataset externally,” (P2)
and “adjust the physical dimensions and "nal outcome” (P1).

The most signi!cant !nding was that participants found the
very basic hints in the prototype (i.e., only providing basic step-
by-step instructions) highly useful. In fact, all participants asked
for more comprehensive support for speculative reasoning. One
key issue was the need to enhance hints and improve their
visibility (DG7), as participants relied on them but found them
“blended too much into the interface” (P5) or “easy to miss” (P3).
More importantly, participants noted that populated patterns did
not fully convey post-fabrication behavior, reinforcing the need
for better communication of physical and material aspects
(DG8) through more comprehensive hints. Participants expressed
concerns such as “it is not clear if it will stretch” (P1) and “I don’t
know how it will feel when I manipulate it.” (P6).

While the other six design goals were quite expected as standard
feedback when conducting iterative prototype development, DG7
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and DG8 stood out as unexpected and interesting enough to war-
rant further research. Therefore, we then implemented DataCuts,
a revised prototype with a focus on addressing those two design
goals through feedforward.

5 DataCuts – Weaving Feedforward Into a
Physicalization Authoring Tool

DataCuts (see Figure 3) is the result of implementing the eight
design goals DG1–8. We brie#y present how DataCuts supports
the design goals not related to feedforward, before elaborating on
how DataCuts supports DG7 and DG8.

DataCuts features a uni!ed single-page layout (DG2), divided
into three panels: Controls, Pattern, and Feedforward.

T!" C#$%&#’( P)$"’ includes all the interactive features
needed to de!ne a design. The upper part allows users to select and
switch between datasets and the lower part shows data mappings,
besides a preview of the resulting pattern (DG3). The re!ned drag-
and-drop mechanism (DG5) enables users to drag values from the
dataset into input boxes, where column headers indicate mapped
attributes. Updates automatically recon!gure the pattern, and se-
lecting an active row applies a mapping to multiple rows. The
improved re-scaling (DG6) allows users to apply scaling factors
through column headers. Users can freely iterate on mappings,
shape designs, and property de!nitions, modify datasets (DG1) and
revise choices at any stage without a !xed sequence (DG4).

T!" P)%%"&$ P)$"’ shows the designed pattern in a ruled
area corresponding to its real-world size, with a legend at the bot-
tom. By limiting the preview to 2D, we sought to explore how
participants speculated about material properties, structure, and
interaction qualities through their design decisions, rather than
being guided by a prede!ned 3D representation.

T!" F""*+#&,)&* P)$"’ is the main focus of this itera-
tion and the key feature of DataCuts. By introducing a dedicated
section for feedforward, we expanded its role in the physicaliza-
tion design process, helping participants anticipate post-fabrication
qualities. To support informed decision-making, we integrated hints
and physical indicators on the right side of the interface, enabling
users to better understand the physical and material aspects of the
physicalization before fabrication (DG7, DG8).

• The hints section o"ers technical and design recommenda-
tions based on user actions. For example, if the pattern has
too many joints, an alert will let the user know about the di-
minished interaction potential due to limited expandability,
and recommend either selecting a di"erent mapping or re-
scaling the mapping. Or, if loops are too narrow an alert will
indicate that the material could burn during laser-cutting.

• The lower part of the panel shows the following physical
and post-fabrication indicators about the design:
– The Size indicator re#ects the overall dimensions of the
design upon fabrication. This helps ensure that designs
remain within practical limits or speci!c size constraints.

– The Countability indicator shows the extent to which ele-
ments, such as loops or joints, are countable. It is useful for
maintaining a balance between intricacy and practicality.

– The Expandability indicator shows how much a design
can expand post-fabrication. It is useful for predicting and
optimizing the interactive aspects of a design.

– The Tactile Density indicator conveys how compact or
open the pattern feels after fabrication, ranging from “Sparse
/ Open” (looser structure) to “Dense / Firm” (tighter, more
resistant structure). This helps anticipate how rigid or soft
the !nal artifact will feel in expansion.

6 Study 2—Observing the Importance of
Feedforward

To study the role of feedforward on the process of designing KiriPhys-
based physicalizations, we observed participants go through that
design process while using DataCuts.

6.1 Study 2—Participants
We recruited 8 participants (4 women, 3 men, 1 non-binary, aged 25–
35 (4), 35–45 (3) and 45–55 (1)) with experience in data visualization
and physicalization design, usingword ofmouth, personal networks
and snowball sampling. They had over 10 years (3), 2–4 years (3),
and 1–2 years (2) of visualization experience. Four had created
physicalizations before, and four were familiar with the concept
but had not previously created physicalizations.

6.2 Study 2—Method and Procedure
The study consisted of the four following steps:

(1) Introduction to KiriPhys (5 minutes): Participants were
reminded of the concept of physicalization and introduced
to the KiriPhys technique, its variables and examples, and
familiarized with the post-fabrication tactile and interactive
qualities.

(2) Introduction to DataCuts (5 minutes): Participants were
given an overview of DataCuts and its features, including se-
lecting datasets, choosing variables, and applying mappings
to create KiriPhys patterns.

(3) Designing with DataCuts (30-40 minutes): Participants
were asked to engage in the design process of creating a phys-
icalization while considering its fabrication in the physical
world. They were encouraged to think aloud, re#ecting on
their design decisions, challenges, and expectations, allowing
us to observe the role of feedforward in their work#ow.

(4) Semi-Structured Interview (10-15 minutes): Participants
took part in a semi-structured interview, re#ecting on their
experience with the tool, feedforward hints, and indicators.
They discussed how these elements in#uenced their pro-
cess and suggested improvements to enhance anticipatory
support.

(5) Fabrication and Re"ection (optional) (30 minutes): De-
pending on the practical feasibility of fabricating partici-
pants’ designs (i.e. fabrication time and physical size), some
participants had their designs fabricated and presented for
re#ection. This enabled them to re#ect in a follow-up in-
terview on how closely the physical outcomes matched or
di"ered from their expectations based on DataCuts’ feed-
forward. Half the participants participated in this optional
phase.
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Figure 3: Overview of DataCuts, the revised prototype. It features a Control panel (left), a Pattern panel (middle), and a
Feedforward panel (right). The Controls Panel includes interactive features that allow users to design the physicalization. The
Preview Panel displays the design outcome. The Feedforward Panel plays a speculative role, helping users envision the physical
post-fabrication properties of their design decisions and o#ering hints on potential issues.

6.3 Study 2—Data Collection and Analysis
During the study sessions, we gathered: i) video and audio record-
ings that captured participants’ verbal comments, expressions, and
interactions during the sessions; ii) paper and digital sketches from
the design sessions that captured participants’ ideas, such as those
for the interface and their approach to representing data; and iii) re-
searcher’s observational notes that documented participant behav-
ior, key moments of interaction, and notable comments or insights.

This rich data provided a solid foundation for examining partici-
pants’ interactions with the tool and their thoughts on feedforward
elements. With a focus on the role feedforward plays on the physi-
calization design process, we conducted an inductive open coding
of the collected data. This led us to identify key themes related to
how participants interacted with predictive guidance, how they
adjusted their design decisions based on anticipated fabrication out-
comes, and what opportunities for better integrating feedforward
mechanisms into the work#ows arose.

6.4 Study 2—Results
We present our results through the lens of participants’ interac-
tions and thought processes regarding Feedforward elements. This
includes the extent to which participants relied on feedforward,
the relationship between feedforward and trust and con!dence,
and the potential of feedforward to bolster physicalization design
processes.

6.4.1 Participants heavily relied on feedforward to map data to
physical properties. As existing in DataCuts, the feedforward mech-
anisms provide rudimentary hints as to the impact of mapping
choices on the higher-level, tangible properties of the physicaliza-
tion. Yet, participants relied extensively on these. Feedforward

Figure 4: Examples of physicalization designs that partici-
pants created with DataCuts. The designs were fabricated
and presented to participants in a follow-up session.

indicators shaped participants’ understanding of physical
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Figure 5: Fabricated designs were presented to available participants for them to re"ect on how the physical artifact aligned
with their expectations and with DataCuts’ feedforward mechanisms.

properties before fabrication, allowing them to re!ne their ex-
pectations and make informed adjustments. All participants used
these indicators at least once during their re!nements, often revis-
ing their assumptions based on the tool’s feedback. Participants
often made comments such as “I expected this to be taller” (P5),
“I thought there would be more expansion di#erences”, and “It will
feel less dense that I thought”. Upon seeing their fabricated models,
participants further re#ected on the helpfulness of these indicators.
For example, P5 said “I now realize the countability—it’s really tough
to count,” and P3 commented “It really would have been fragile if I
hadn’t "xed the width.”

Feedforward encouraged tactile representation over con-
ventional mapping. The feedforward information prompted par-
ticipants to pursue tactile, embodied data mappings over more tra-
ditional data mappings (i.e., standard visual variables such as color
and length). 4/8 participants began with conventional mappings
but, after engaging with feedforward elements and recognizing the
potential of tactile properties, shifted to interactive, sensory-rich
designs. P6 captured this transition, noting, “I learned the attributes
could be mapped to these physical behaviors,” after reworking their
design into a tactile-focused artifact.

In fact, feedforward a#ected participants’ mental model of
mapping. They switched from a model in which they map data
attributes to low-level independent variables in order to manipulate
higher-level, often dependent tactile variables, to a model in which
they want to map data attributes directly to those higher-level
tactile variables. They did so by switching between rows in the
dataset and observing updates to the patterns, to reverse-engineer
mappings and achieve desired tactile qualities. In fact, !ve partici-
pants attempted to manipulate feedforward indicators or drag data
aspects onto them, expecting the design to update accordingly—
behaviours that we did not expect and that were not yet supported
by DataCuts. P5 articulated this need, stating: “I want to map the
value to the expandability, volume, or bounciness, and the tool au-
tomatically de"nes the low-level variable and says: you have a few
options, what would you prefer?” This highlights the need for feed-
forward mechanisms that not only show the e"ects of mappings but
also provide direct control over physical qualities, so that designers

can map data attributes to those explicitly rather than through
adjusting underlying low-level cut parameters.

6.4.2 Trust in Feedforward increases confidence. Feedforward indi-
cators fostered con!dent exploration by mitigating post-fabrication
uncertainties. Participants explained that feedforward indicators
led them to be more con!dent in the resulting physicalization, say-
ing for example, “The expansion variation was right, and I could map
the data trend.” (P4). P1 re#ected on this, stating, “It made me push
further,” as the indicators provided reassurance to test bolder ideas.
P7 similarly described a sense of balanced creativity, noting, “I could
experiment but stay on track,” suggesting the tool’s cues enabled
more adventurous iterations within safe limits.

The relationship between trust and con!dence was also high-
lighted in less successful cases, when participants questioned the
accuracy of feedforward indicators. P8 expressed this uncertainty,
saying “The size preview felt o#. I can’t trust it.” P4 re#ected on their
fabricated model (see Figure 5, left image), saying “The slider made
me think it would be sti#er, but it stretches with little force.”

6.4.3 Challenges in understanding physical qualities through sliders
and text-based feedforward. Sometimes, feedforward fell short in
fully guiding design decisions, as participants expressed di$culties
to grasp tactile qualities through sliders and text descriptions when
adjusting expandability, density, elasticity and countability for ex-
ample. For example, P4 said “I wasn’t sure if ‘high density’ means
how much pressure is needed” or whether expandability referred
to “where it starts to break if I increase it.” P3, when shown the
fabricated model (see Figure 5, middle image), said, “Expandability
was as I expected, but for size, I thought it would be bigger just from
the cm value and view. maybe a better indication than just numbers?”

After fabrication, participants re#ected on contextual needs. P4,
who designed a fridge magnet (see Figure 4), said, “It’s bulkier than
I thought. [it would be helpful] If in the tool I could see how it looks
on the fridge”. P8, who designed a wearable (see Figure 4), said, “If I
could try it on my hand, It’d probably avoid rescaling values and let it
be more delicate.” This suggests the need for alternative feedforward
approaches to better communicate physical qualities.
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6.4.4 Exploring Feedforward during Design. Participants appreci-
ated feedforward indicators, frequently relying on them throughout
their design process and expressing wishes about them being
more available. P8 suggested adding an indicator of Bounciness,
saying: “what’s missing is kind of bounciness of this.” P2 highlighted
the importance of the fragility of their design, saying, “I need to
know if my design’s too fragile for daily use—will a slight stretch
break it?” P9 pointed out the signi!cance of weight and heft, say-
ing, “It would be really useful to know how the weight of my design
is, so I could know it will be good for earring or will be too heavy, or
for instance, if I switch from paper to metal, I’d want to know how
much heavier it will feel in hand.”

4/8 participants wanted to track changes or compare di#erent
con!gurations. For example, P2 said “I wish I could go back and
compare di#erent settings to see what actually changed.”. Similarly,
P7 said “Sometimes I forget where the indicators were last time and
wonder if the new design has improved or worsened those qualities.”

Participants suggested making feedforward indicators cen-
tral to the design tool to better re#ect their central role in their
process. They suggested increasing the visibility of these indicators,
for instance with a “hovering hint box that remains visible regardless
of the user’s position on the page.” (P3). P1 suggested overlaying a
visual representation of indicator behavior on the pattern, saying
“You could give score, from very rigid to, very, very not solid. And
maybe you could color it based on what the expected rigidity will
be.” Similarly, P4 suggested improving the understandability and
visibility of indicators by having the pop-ups appear directly on
the related elements of the pattern rather than in a separate box,
explaining “It would make more sense if the hints popped up right
where they’re relevant.”

Some participants also suggested to integrate feedforward
indicators into realistic simulations and multi-view perspec-
tives as numerical and top-down previews sometimes fell short
in supporting spatial reasoning. P6 emphasized the challenge of
mental visualization, saying “I have to visualize the height in my
mind... a side view, rather than just the top view, would really help
understanding.” P8 suggested, “what if we could actually see the 3D
view? Like CAD programs.”

7 Discussion
We have explored providing digital support for designing KiriPhys
physicalizations. Physicalization encourages dynamic, tactile, in-
teractive, engaging and embodied experiences [2, 10, 17], making
data more accessible and understandable by leveraging the innate
human ability to perceive and interpret physical properties through
touch, movement, and spatial reasoning [2, 9, 20]. However, physi-
calization faces limitations in interactivity, iterative prototyping,
uncertainties, and the labor-intensive nature of fabrication.

In addition, most data physicalizations rely heavily on visual
variables like shape, size, and color because unlike visual encodings,
tactile and interactive properties such as sti"ness, elasticity, and
weight emerge only after fabrication, making their design chal-
lenging. We found that feedforward mechanisms can empower
designers to move beyond traditional mappings and more con!-
dently explore the expressive possibilities of data physicalization.

This has important implications for democratizing physicaliza-
tion design, as feedforward may lower the barrier to entry for
non-experts. Designers without specialized fabrication expertise
can make use of feedforward to guide their decisions and reduce
their dependence on trial-and-error prototyping. Additionally, this
approach aligns with sustainable design practices by reducing ma-
terial waste and energy consumption, making physicalization more
accessible and environmentally conscious.

In our exploration, we exposed participants to a speci!c physical-
ization technique, KiriPhys. This leaves many open possibilities for
studying the extent to which these !ndings apply to other physical-
ization techniques, and more research is needed to build a broader
understanding of the role of feedforward in physicalization design.
Given the evidence of general use of iterative design processes in
both visualization [28] and physicalization [6], interactive feed-
forward mechanisms may be welcomed more broadly. This opens
the door for further exploration into the role of feedforward in
computational design support more generally.

How can we expand the concept of feedforward to better sup-
port forward-thinking and speculative design in physicalization
authoring? Perhaps feedforward should evolve beyond basic hints
and sliders, to enable designers to anticipate, re!ne, and experi-
ment with their designs with more con!dence and control before
fabrication.

Can the basic concept of feedforward be enhanced through ex-
ploring force-based simulations? Such simulations could make it
possible to virtually “stretch” or “press” a representation and could
better align design expectations with post-fabrication tactile prop-
erties. Future tools might incorporate real-world contextual com-
parisons, such as overlaying designs onto familiar objects, or AR
overlays in the physical world, to improve scale perception, support
design explorations, and enhance decision-making.

Can better support for spatial thinking and speculative composi-
tion be incorporated into the design support? When we observed
participants design physicalizations without tool support, theyman-
ually arranged di"erent cut patterns, thoughtfully composing nar-
ratives for storytelling purposes. They experimented with spatial
con!gurations by adjusting placement, orientation, and alignment
to reinforce meaning. Design support tools could facilitate the im-
portant challenge of integrating narrative into physicalizations [21]
by encouraging spatial experimentation through interactive layout
manipulation, allowing the exploration of di"erent con!gurations
and the consideration of how placement contributes to the clarity
and e"ectiveness of a narrative.

8 Feedforward Design Considerations
In exploring DataCuts, we implemented a few speci!c instances
of feedforward relevant to di"erent aspects of design exploration,
to provide designers with early information regarding anticipated
physical qualities of the !nal artifact, such as material constraints,
potential tactile qualities, or fabrication considerations. In the con-
text of this targeted application, participants exhibited considerable
enthusiasm for the concept of feedforward, suggesting its potential
value beyond our initial exploratory implementation. Based on
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insights from our study, we highlight speci!c areas where feedfor-
ward could be used to support physicalization design tools more
generally.
Supporting Speculative Reasoning: The aim of a physicalization
design tool such as DataCuts is to support design thinking. A par-
ticular part of design thinking is when designers imagine what they
are working towards creating – which can be paralleled with specu-
lative reasoning. Exploring further potential for feedforward opens
up new possibilities of supporting design thinking and speculative
reasoning in physicalization design tools.
Supporting Decision-making during Design Thinking: Feed-
forward could be tightly coupled with speci!c decision-making
moments by providing context-speci!c, timely information. For in-
stance, immediate feasibility checks against fabrication constraints
when adjusting a parameter (like cut frequency or size), or high-
lights of the perceptual implications of a mapping choice, can di-
rectly inform design decisions, helping designers navigate trade-
o"s.
Exploring Data Mappings: Exploring mappings from the data to
the physical and visual such as colors, shapes, density, and texture
is an important part of designing any physicalization. However,
the structural and perceptual implications of these data mapping
choices can be hard to imagine without help. Feedforward could
support this process by o"ering previews or hints on how di"erent
mappings may a"ect the resulting form or tactile experience.
Supporting Spatial Composition Exploration: Spatial organi-
zation plays a key role in meaning-making, shaping how data is
perceived and interpreted within a physical context [21]. It may be
possible to advance physicalization authoring tools using feedfor-
ward to support spatial composition speculation. This would allow
designers to experiment with di"erent con!gurations and better
translate narrative intentions into spatial layout digitally before
committing to fabrication.
Supporting Structural Previewing: More support for spatial
thinking and composition speculation to inform data experience
may be enabled through feedforward, by providing speculative spa-
tial visualizations using more realistic simulations and multi-view
perspectives. Integrating such dynamic visualization capabilities
into future tools could inform iterative re!nement by enabling
more con!dent, forward-looking adjustments based on a clearer
understanding of the anticipated structure and appearance.

9 Conclusion
In this work, we explored how feedforward mechanisms can en-
hance speculative reasoning and pre-fabrication decision-making
in physicalization authoring. Through the iterative development of
DataCuts, we examined how predictive cues in#uence design pro-
cesses, helping physicalization designers anticipate post-fabrication
properties such as expandability, density, and tactile qualities.

Our study revealed that feedforward fosters proactive explo-
ration, allowing designers to re!ne mappings and iterate more
creatively and con!dently. The !ndings highlight key design consid-
erations for better supporting design processes, including enhanc-
ing feedforward mechanisms beyond sliders and text for greater
interpretability, integrating direct mapping to physical qualities,
and supporting spatial composition speculation. Ultimately, this

research contributes to the intersection of data physicalization and
computational design tools, demonstrating how anticipatory ele-
ments can support hybrid digital-physical work#ows and inform
future advancements in physicalization authoring.
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