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ABSTRACT

Softness is one of the most important factors in human tactile
perception. With recent advances in 3Dprinting, there has been
significant progress in fabricating compliant objects. However, ex-
isting methods typically remain inaccessible to end-users, mainly
due to the separation between designing shapes and setting printing
parameters to achieve desired softness, resulting in the exclusion
of its customization in early design processes. In this work, we con-
tribute an end-to-end design tool that takes a design-by-example
approach: given a 3D model, a user can specify the region of interest
and a level of softness, by shopping everyday objects as a reference.
The tool then generates both geometry and 3D printing parameters
to reproduce the desired softness, which can be fabricated using
low-cost FDM 3D printing and materials for it. We also provide a
data-driven pipeline to enable other compliance modeling methods
to be generalized within our design tool. In two user studies, we
demonstrated that users could easily locate existing reference ob-
jects’ softness to a 3D printed object. In a design session, end-users
successfully used OmniSoft to design augmented functions.
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Figure 1: (top) The separation of shape design and slicer set-
ting makes users tediously iterate fabrication, to achieve de-
sired softness. (bottom) We propose OmniSoft, a design tool
to regard softness as part of the design parameter using fa-
miliar objects to directly generate a ready-to-print file in G-
code (Shoe photo by Graften.com).
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1 INTRODUCTION

From bike handles to seat cushions to shoe soles, soft objects are
essential parts of our daily lives. Recent advancements in 3D print-
ing and increasing material options made it possible to 3D print
objects with softness, showcasing the potential to expand the range
of applications in low-cost 3D printers. However, designing and cus-
tomizing the softness remain challenging for end-users due to the
lack of a user-friendly language to express intention, the separation
of shape design and parameter settings to interpret it in low-level
machine language, as we call communication gap. Also, noting that
each individual’s notion of soft depends on their prior knowledge
and subjective experiences, it is hard to reliably offer perception-
based design factors across many users. Thus, this gap limits users’
abilities to consider physical properties as in their design space.
Existing design tools focused on shape and motion design, often
through parametric interfaces. These tools do not make it better for
designers to consider softness, as specifying properties has never
been exposed to users at the early stage of design. Also, while it is
technically possible to control softness by raw materials (e.g., TPU,
Nylon) and through special micro-structures often referred to as
metamaterials, these require tedious trial-and-error experiments in
fine-tuning printing parameters (Figure 1 top) even for experienced
users, as we call execution gap.

We present OmniSoft, an interactive design tool for end-users to
specify desired softness by referencing everyday objects and create
both geometry and printing parameters incorporated into Gcode
(Figure 1 bottom). It bridges the communication gap between a user’s
high-level language in describing desired softness and low-level
machine language that 3D printers needs interpret it. As in industry
where designers often refer to material swatches to directly feel
the subtle differences between them, we take a similar approach to
allow users to leverage prior experiences in perception and specify
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subjective intents using those example. We conducted two user
studies, demonstrating that human-perception well align with soft-
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important design factor, proved by numerous novel application ex-
amples. Participants appreciated various aspects of design functions,

ness measured in standard scale and small softness di erence is suggesting future potential that are worth discussion in depth.

not likely to be perceptible. In the fabrication stage, we manipu-
late low-level printing parameters to achieve the speci ed softness
computed from user's input, abstracting away machine-oriented

To summarize, we contribute with a insight of softness as a new
design factor, a list of everyday objects with quanti ed softness for
end-users to express design intent in the early stages of design, and

details to close=xecution gapro generalize the design approach
for softness speci cation over many other existing metamaterial
production techniques, we introduce a data-driven pipeline: (1) fab-
ricating various samples and (2) measuring softness in a standard
scale then (3) conducting a standard data tting between factors in
designing geometry and resulting softness, which can be referred
and expressed by users' choice of reference example we propose

OmniSoft addresses the following three challenges and limita-
tions of other approaches:

Accessible While previous work has explored designing com-
pliant objects (e.g.,49), the lack of design support prevents many
average users from applying these scienti ¢ ndings. Often existing
approaches require users to communicate their intent in special
guantities such as Young's modulu$g, which is unfamiliar to
users, assuming they know how to align microstructures that will
produce global behaviors (bottom up, e.d.]]). OmniSoft is top-
down; users can regard softness in design time without barriers.

A ordable Many existing works often require high-end 3D
printers or SLS for ne fabrication of micro-structures (e.g2,4 31)).
While recent works utilized FDM in part19, 20, the complexity
of the output design makes it time-intensive to generate geometry,
slice, and print. In _contrast, we exploit.stanQard FDM printers and [47 and computational weaving35, researchers overcame the in-
0 -the-shelf materials to produce a fairly wide range of softness 1, jimitations of rigid materials, presenting controllable exibility.
(2-95 in Shore A). Users also do not need to be equipped with @ |, 3p printing, data-driven approaches have been used to design
special input device to express haptic sensation. . objects with desired deformation behavia?][ More recently, dif-

Generalizable Although the modeling softness by simple slicing  terent classes of periodically tiled cellular structures are combined
parameters is one bene t, our design process is compatible with ;4 ontain desired global motionf], mechanical functions11]
other existing compliance modeling to 3D print soft objects. Using i, yoth 2D sheet 87 and 3D shape31]. In addition to regularly
our data-driven pipeline, practitioners or researchers can fabricate o patterns, a number of works explore the potential of using
arange of compliant samples using other materials and approaches, o jations of Voronoi structures I8 20. Nonetheless, the struc-
measure the samples’ softness to quantify, then use standard data-yres ysed often require speci ¢ printing technology and printer
ttlng technigues to match their results to our library of reference settings even with the optimizational structure for FDM, such as
objects. continuity [19. A small change in the printing parameters may

result in completely di erent macroscopic material properties.

computational interpretation of it into low-level printing parame-
ters to a ord low- fabrication method; bridging the gaps in both
communicatiorand execution

2 RELATED WORK

~ We start by discussing recent works in metamaterial fabrication,
modeling perception space for haptic sensation, and how this geometry-
level information become accessible via interactive design tools.

2.1 Fabrication-Oriented Metamaterial Design

At a micro-scale, almost all material properties are the result of
di erent structural arrangements at the molecular or crystal level,
such as foams, bone porosity, and even gecko feet. Scientists have
been intrigued by how such microscopic structures in uence a ma-
terial's overall properties for decades, by establishing theories of
composites (e.g.2R 23), for example, how to obtain elastic behav-
iors by periodic microstucturesd, 33). While these approaches
were di cult to fabricate at the time, currently, manufacturing
highly complex structures in millimeter and micron resolution be-
comes feasible with advancement of technology. In laser cutting

2.2 Perception-Aware Fabrication

Research in haptic interfaces, especially input devices, is increas-
ingly concerned with user perception. In the context of digital
fabrication, we can enable designers to consider the user's percep-
tion as a design parameter by identifying fabrication parameters
that a ect perception Rg. Awareness of such perception space al-
lows researchers to understand what to consider when fabricating
objects R9. Findings enabled users to rst 3D print two to three
samples, perceive a discrepancy, then to choose a closer sample so
the system can nalize the structural optimization with a user's

In a design session with 8 participants, we observed that even choice. Yet, there has been little exploration of how to make this
novice users can easily use OmniSoft, were inspired to design am- scienti ¢ nding available in user-friendly expression, and leverage
ple functional 3D objects using softness as a new design factor. it when designing 3D objects in regards to the expected interaction
OmniSoft abstracted away low-level expert knowledge from them, when fabricated. By abstracting quanti able softness in a high-level
demonstrating it empowers end-users to consider softness as an language borrowed from familiar objects, our tool advances the

Figure 2: A data-driven framework can a ord any compli-
ance modeling methods to be used behind our general de-
sign tool to reproduce softness, expressed by everyday ob-
jects.
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