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Figure 1: In AugPrint, we explore many different applications of viscous thread printing, including using it to augment objects,
create surface textures, design interactive applications, 3D print complex foam structures, transform curved surfaces into flat
surfaces, and fabricate rigid structures conforming to everyday objects.

Abstract
Combining soft-structure fabrication, direct-to-object augmenta-
tion, and embedded interactivity remains challenging, typically re-
quiring specialized hardware, precise 3D scanning, or complex post-
processing. AugPrint demonstrates how viscous thread printing
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(VTP) can bridge all three domains using an unmodified consumer-
grade 3D printer. VTP leverages liquid rope coiling to deposit mate-
rial from a high clearance, thereby inherently mitigating print-head
collisions on curved surfaces. The extruded filament remains vis-
cous enough to passively conform to underlying geometries with-
out requiring precise mesh alignment. We present a design tool
that enables users to create gradient-density foam augmentations
on curved surfaces with non-planar toolpath generation, stiffness
control, and surface texturing. We also establish the viability of em-
bedded pressure sensing using commercially available conductive
TPU printed with VTP. We demonstrate these capabilities through
end-to-end applications, including a pressure-mapping bike seat
and a shock-absorbing microcontroller enclosure.
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1 Introduction
The frontier of personal fabrication is rapidly shifting from man-
ufacturing standalone plastic artifacts to directly augmenting the
physical world, a transition that relies on advancements across
three critical domains. First, integrating existing physical objects
into digital workflows offers profound practical advantages: it can
reduce material waste and allow users to retain the highly refined
shapes of the tools they already own [Chen et al. 2015, 2016; Mueller
et al. 2014; Peng et al. 2018; Teibrich et al. 2015; Wall et al. 2021].
Second, fabricating soft structures allows researchers to move be-
yond rigid plastics, enabling tunable properties for personalized
comfort and shock absorption [Martínez et al. 2016; Visser et al.
2019]. Finally, embedding interactivity transforms static artifacts
into context-aware devices capable of capturing natural physical
interactions [Child et al. 2026; Koyama et al. 2015; Ramakers et al.
2016]. Each of these domains has seen substantial progress on its
own, but their intersection unlocks an entirely new design space.
Bridging these domains would allow makers to retrofit tools they
already own with tunable, ergonomic interfaces that capture physi-
cal interactions, such as seating posture or grip fatigue. However,
combining these capabilities simultaneously without expensive,
specialized multi-axis 3D printers, precise commercial-grade 3D
scanners, and/or complex post-processing remains a significant
challenge.

In this paper, we present AugPrint, which leverages viscous
thread printing (VTP) to bridge this gap. Traditional 3D printing
on existing objects, a necessary step for this intersection, is noto-
riously difficult due to imprecise surface meshes and print-head
collisions. Fused filament fabrication (FFF) requires sub-millimeter
surface leveling, which is incompatible with the millimeter-scale
resolution of standard smartphone scans [Di Stefano et al. 2021].
Furthermore, navigating curved surfaces often causes the print
head to collide with the object unless non-standard multi-axis print-
ers [Peng et al. 2018] or extended nozzles [Liu et al. 2021] are used.
VTP circumvents these issues by utilizing a fluid dynamics phenom-
enon known as liquid rope coiling (LRC) [Barnes and Woodcock
1958; Habibi et al. 2006; Maleki et al. 2004; Ribe 2004; Ribe et al.
2012]. Because VTP deposits material from a high clearance, it in-
herently avoids print-head collisions on high-curvature surfaces.
Simultaneously, the extruded filament remains sufficiently viscous

to passively drape and conform to underlying objects, reducing the
need for precise mesh alignment.

Beyond simply conforming to existing geometries, VTP’s depo-
sition mechanics are inherently compatible with fabricating soft,
functional structures. Unlike traditional methods that require com-
plex 3D lattice generation to achieve compliance, VTP natively pro-
duces highly compressible, foam-like structures. By dynamically
tuning parameters such as print height, extrusion speed, and tool-
path velocity, AugPrint allows users to locally modulate the foam’s
porosity and stiffness [Emery et al. 2024; Lipton and Lipson 2016],
making it well-suited for creating custom ergonomic padding. Fur-
thermore, this porous architecture serves as an ideal substrate for
embedded interactivity. When printed using commercially available
conductive elastomers, these tunable foams function as piezore-
sistive pressure sensors. Crucially, because these structural and
functional variations are controlled entirely by adjusting toolpath
parameters rather than swapping hardware, custom padding and in-
tegrated sensors can be fabricated simultaneously while the nozzle
safely navigates the object’s curvature. While foams produced via
VTP exhibit weaker interlayer adhesion compared to solid prints,
prior work has demonstrated that they are highly durable for appli-
cations where forces are predominantly compressive [Miske et al.
2025; Willemstein et al. 2025, 2024].

In AugPrint, we showcase the unique strengths of this approach
by enabling the design and fabrication of soft, interactive foams
directly onto existing objects using unmodified consumer-grade
3D printers. We first detail our computational design tool, which
abstracts the complex fluid dynamics of LRC to enable non-planar
toolpath generation, gradient stiffness control, and surface tex-
turing. We then demonstrate how AugPrint facilitates traditional
fabrication approaches, using VTP foam as support material that
levels highly curved surfaces for conventional FFF printing. Fi-
nally, we establish the viability of using commercially available
conductive TPU to create embedded LRC pressure sensors, culmi-
nating in end-to-end practical applications, including a custom-fit,
pressure-mapping bike seat and a shock-absorbing microcontroller
enclosure.

The contributions of this paper are threefold: (1) exploring VTP
for printing directly onto existing curved geometries; (2) introduc-
ing non-planar chunk-based slicing for VTP to increase printability;
(3) demonstrating and characterizing consumer-grade conductive
TPU foams for sensing.

2 Related Work
AugPrint draws on advances across three research areas: integrat-
ing existing physical objects into fabrication workflows, 3D printing
soft and mechanically tunable structures, and embedding interac-
tivity into fabricated artifacts. Each area has matured considerably
on its own, producing techniques that range from printing directly
on surfaces to creating lattice-based compliant mechanisms to em-
bedding conductive traces for touch sensing. However, each area
also imposes characteristic constraints, such as requiring precise
meshes, specialized printers, or complex post-processing, that com-
pound when combining areas. No existing approach simultaneously
deposits soft, conformal, and interactive material onto an existing
object using consumer-grade hardware. To situate AugPrint within
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Table 1: Comparison of fabrication techniques for augmenting physical objects.

Work Low-Fi Meshes Standard Printer Easy Post-Processing High Curvature Direct on Object

AugPrint (ours) ✓ ✓ ✓ ✓ ✓
RoMA [Peng et al. 2018] ✓ ✓ ✓ ✓
RetroFab [Ramakers et al. 2016] ✓ ✓ ✓
ShrinCage [Sun et al. 2021] ✓ ✓ ✓
CopyCAD [Follmer et al. 2010] ✓
Reprise [Chen et al. 2016] ✓ ✓
Encore [Chen et al. 2015] ✓ ✓
ReForm [Weichel et al. 2015] ✓ ✓ ✓
Patching [Teibrich et al. 2015] ✓ ✓
Augmented Fab [Ashbrook et al. 2016] ✓ ✓
Robiot [Li et al. 2019] ✓ ✓ ✓
Roman [Li et al. 2022] ✓ ✓
AutoConnect [Koyama et al. 2015] ✓ ✓ ✓
Facade [Guo et al. 2017] ✓ ✓
faBrickation [Mueller et al. 2014] ✓
Medley [Chen et al. 2018] ✓ ✓ ✓
Scrappy [Wall et al. 2021] ✓ ✓
Substiports [Wall et al. 2023] ✓ ✓ ✓
Printegrated [Child et al. 2026] ✓ ✓ ✓
GyFoam [Wang et al. 2025] ✓ ✓

this landscape, we survey each domain and provide background
on viscous thread printing, the technique that enables AugPrint to
span all three domains.

2.1 Integrating Existing Objects Within
Fabrication Workflows

Researchers have pursued a range of technical strategies to bring
existing physical objects into digital fabrication pipelines. Several
systems print directly onto object surfaces [Peng et al. 2018; Teibrich
et al. 2015; Weichel et al. 2015], while others use heat-shrinkable
materials that conform to objects post-fabrication [Sun et al. 2021;
Wang et al. 2025]. A complementary line of work leverages existing
artifacts as structural infill or support material to reduce waste
[Mueller et al. 2014; Wall et al. 2021, 2023]. The motivating goals
across these approaches span accessibility and assistive augmen-
tation [Chen et al. 2015, 2016; Guo et al. 2017], rapid prototyping
[Follmer et al. 2010; Mueller et al. 2014], embedded sensing [Koyama
et al. 2015; Ramakers et al. 2016], electronics integration [Child et al.
2026], and attachment of new functional components [Li et al. 2019,
2022]. However, as shown in Table 1, each approach involves signif-
icant practical tradeoffs. Many require high-fidelity object meshes
beyond what a smartphone scanner can provide [Di Stefano et al.
2021], involve difficult post-processing such as manual assembly
or surface finishing, or necessitate non-standard fabrication equip-
ment, such as the multi-axis robotic setup in RoMA [Peng et al.
2018]. Furthermore, the vast majority of these systems deposit rigid
thermoplastics, meaning that even when augmentation succeeds,
the result is a hard attachment rather than a soft, ergonomic in-
terface. As a result, while the conceptual benefits of augmenting
physical objects are well established, simultaneously achieving
conformal deposition, mechanical compliance, and accessibility on
consumer hardware remains unresolved.

2.2 Approaches to 3D Printing Soft Structures
While soft structures can also be fabricated through textiles or
casting, 3D printing offers a continuously tunable stiffness range
within a single part, freeform volumetric geometry that sheet-based
and mold-based processes cannot easily produce, and a direct, tool-
free path from a digital model to a physical part on consumer
hardware. Besides VTP, two popular methods for 3D printing soft
structures are (1) constructing lattice geometries, and (2) using
foaming materials. Both produce mechanically robust results, but
each imposes constraints on the range of achievable structures.

Foaming materials rely on chemical blowing agents or physical
porogen inclusions to create porosity, typically limiting volume
expansion to 100–300% of the original filament volume [Nofar
et al. 2022]. This constrains the range of producible pore sizes
and, consequently, the stiffnesses that can be achieved [Silverstein
2014; Visser et al. 2019]. Lattice geometries offer more geometric
control in principle, but require a printer resolution finer than a unit
cell by roughly an order of magnitude [Chu et al. 2008; Gibson et al.
2020; Martínez et al. 2016], and their fabrication demands extensive
travel and retraction movements that increase the likelihood of
print failure [Guerra Silva et al. 2021; Prajapati et al. 2022; Robles-
Lorite et al. 2025]. Both approaches also share a limited ability to
produce smooth stiffness gradients, a capability that VTP supports
natively through continuous parameter modulation [Emery et al.
2024]. Other fabrication methods for soft structures exist—such as
direct foam writing and direct bubble writing—but these require
syringe-based printers and custom material formulations, rather
than consumer FFF hardware [Muth et al. 2017; Visser et al. 2019].

Critically, these soft-structure techniques have been developed
almost exclusively for standalone fabrication on flat build plates.
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Adapting them to print on existing curved objects would reintro-
duce the mesh-precision and collision-avoidance challenges de-
scribed above, a combination that none of these methods were
designed to handle.

2.3 3D Printing Interactive Objects
Recent advances in additive manufacturing have enabled the trans-
formation of static 3D-printed objects into interactive, sensor-
integrated systems. These developments generally follow three
dominant approaches: (1) leveraging geometric deformations to
change resistance or capacitance, (2) embedding rigid conductive
traces for touch sensing, and (3) employing post-processing tech-
niques to add interactivity to finished geometries.

A significant body of work focuses on leveraging the deforma-
tion of 3D-printed geometries to sense physical interaction. Flux-
able [Lee et al. 2024] utilizes helix-and-lattice designs to create
deformable structures, integrating shape-memory alloys for both
sensing and actuation. Similarly, MetaSense [Gong et al. 2021]
embeds shear sensing within mechanical metamaterials, while
FlexKeys [Greenspan et al. 2022] uses multi-material printing to
create deformable springs for capacitive input. To streamline fab-
rication, Aguilar-Segovia et al. [2024] designed compact torque
sensors in which the capacitive structures serve as both deformable
and sensing elements. Further exploring material properties, Sakura
et al. [2023, 2022] utilized conductive TPU lattices for pressure
sensing, using non-conductive internal channels for wire routing.
AcceloPrint [Ozbek et al. 2024, 2025] monitors acceleration via a
3D-printed apparatus based on the distance between a swinging
conductive-PLA mass and a sensing plate.

A second approach embeds rigid touch-sensitive regions using
conductive filaments printed during fabrication [Burstyn et al. 2015;
He et al. 2021; Sakura and Kakehi 2025; Schmitz et al. 2015]. Variants
of this strategy route conductive traces to interface with external
sensors, such as capacitive touchscreens [Kato et al. 2020; Schmitz
et al. 2021, 2017], or encode conductive patterns for authentication
[Marky et al. 2020].

When direct printing is insufficient, researchers have proposed
post-processing steps with conductive tape or inks to expand the
functionality of 3D-printed objects. Early works such as Midas [Sav-
age et al. 2012] and SurfCuit [Umetani and Schmidt 2017] involve
attaching copper tape to printed surfaces to create circuits. Other
methods incorporate fluidics, such as A Series of Tubes [Savage
et al. 2014], which uses conductive liquids, or Off-Line Sensing
[Schmitz et al. 2018], which integrates liquid-filled channels for
sensing. More recently, Sprayable User Interfaces [Wessely et al.
2020] have demonstrated that conductive inks can be applied to
complex printed surfaces to add sensing capabilities after printing.

While these techniques have produced increasingly sophisti-
cated interactive objects, they have been developed primarily for
standalone artifacts printed from scratch. Adapting them to aug-
ment existing objects would require solving the mesh-precision and
collision-avoidance problems discussed in Section 2.1. Moreover,
the rigid substrates and precise geometries on which most of these
sensing approaches depend are fundamentally at odds with the

soft, conformal structures needed for ergonomic augmentation—
highlighting a tension between the interactivity and soft-structure
domains that few existing systems attempt to reconcile.

2.4 Viscous Thread Printing Behavior and
Applications

To address the challenges of soft-structure fabrication, direct aug-
mentation, and embedded sensing simultaneously, we turn to vis-
cous thread printing (VTP). At the core of VTP is liquid rope coiling
(LRC), a fluid dynamics phenomenon that occurs when a viscous
material is extruded from a sufficient height, causing the falling
filament to become unstable and form characteristic coiled or heli-
cal patterns due to the combined effects of viscosity, gravity, and
inertia [Barnes and Woodcock 1958; Habibi et al. 2006; Maleki et al.
2004; Ribe 2004; Ribe et al. 2012]. To better understand this phenom-
enon, researchers have developed mathematical models calculating
coiling parameters in 2D space (e.g., period length, width, loop
length) based on material extrusion settings such as back pressure,
nozzle speed, diameter, and height [Ma et al. 2023; Tian et al. 2017].
Researchers have also extended this work to 3D, characterizing
how coils behave when deposited on top of one another during
the VTP process, enabling the prediction of structural properties,
such as layer height and mechanical stiffness [Emery et al. 2021,
2024; Lipton and Lipson 2016]. Earlier work from our team has also
examined the initial feasibility of printing on top of existing objects
using VTP [Cao et al. 2026].

In Figure 2, we show their equations for𝑉 ∗ and𝐻 ∗, two variables
that govern coiling behavior in VTP.𝑉 ∗ is inversely proportional to
coil density and is defined as the ratio between the print-head move-
ment velocity and the filament extrusion velocity. 𝐻 ∗ is directly
proportional to coil diameter and is defined as the ratio between the
height of the print head above the print surface and the diameter of
the extruded filament. Then, for a distance Δ𝐿 between toolpaths
within the same layer, the layer height Δ𝑍 can be predicted us-
ing the predictive models of Emery et al. for the materials in their
catalog (PLA and NinjaFlex 85A TPU) [Emery et al. 2024].

𝑉 ∗ =
𝑉

𝐶
∝ 1

coil density
𝐻 ∗ =

𝐻

𝛼𝐷𝑛

=
𝐻

𝐷𝑡

∝ coil diameter

Parameter Definition

𝑉 Print-head velocity (mm/s)
𝐶 Filament extrusion velocity out of nozzle (mm/s)
𝐻 Nozzle height above the print surface (mm)
𝐷𝑛 Nozzle diameter (mm)
𝛼 Swelling factor of filament after extrusion
𝐷𝑡 Filament thread diameter after extrusion (mm)
Δ𝑍 Z increment per layer (mm)
Δ𝐿 Distance between toolpaths in the same layer (mm)

Figure 2: Coiling behavior equations and parameter defini-
tions for viscous thread printing (VTP).

Leveraging this predictability, researchers have explored VTP
for various engineering applications, including the creation of liv-
ing hinges, tailored insole orthotics, and soft robotic manipulators.
Emery et al. interpolated printing parameters to create stiffness
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gradients supporting stiffnesses from 10 to 400 kPa when printing
with 85A TPU [Emery et al. 2024; Nakura et al. 2024], while Miske
et al. demonstrated the viability of these foams for long-term use
through extensive compression, shear, and flexural durability test-
ing [Miske et al. 2025]. Researchers have also 3D-printed pressure
and strain sensors using VTP. Willemstein et al. characterized the
hysteresis, performance degradation, and structural durability of
VTP sensors, showing they remained functional after 16,000 cy-
cles when loaded to 500N [Willemstein et al. 2025, 2024]. Beyond
functional engineering, LRC has also been leveraged for creative
expression by dynamically adjusting print parameters to create
novel textures using materials like glass [Klein et al. 2015], clay
[Mansoori et al. 2018], food [Alberts et al. 2024; Ghorbani et al.
2024], thermoplastics [Subbaraman and Peek 2024; Takahashi and
Miyashita 2017], and elastomers [Alberts et al. 2024; Subbaraman
et al. 2025].

However, current applications and models primarily target flat
or 2.5D structures under constrained parameters, leaving several
critical gaps. First, VTP extrusion behavior on highly curved 3D
geometries remains unexplored. Second, extremely high 𝐻 ∗ values
are ignored since they are unnecessary for 2.5D printing. Finally,
compatible functional materials are limited; for instance, Willem-
stein et al. used an inaccessible conductive TPE pellet (Shore 70A)
[KRAIBURG TPE 2026], leaving consumer-grade conductive TPUs
(Shore 90A–95A [Aloqalaa 2022]) unexplored. Furthermore, prior
sensing applications rely on unidirectional toolpaths, restricting
structural complexity.

Across the domains of soft structures, direct-to-object augmen-
tation, and interactive fabrication, a consistent gap emerges: no
existing approach simultaneously supports all three without re-
quiring high-end equipment, precise object meshes, or complex
post-processing. The fundamental fluid dynamics of VTP position
it as a unique candidate to bridge these domains. Because VTP de-
posits material from a high clearance (𝐻 ∗), it inherently avoids the
print-head collisions that typically plague direct-to-object printing
on high-curvature surfaces. Simultaneously, the extruded filament
retains sufficient viscosity to passively drape and conform to under-
lying objects, relaxing the need for sub-millimeter scanning accu-
racy. Furthermore, by dynamically tuning the coil density (𝑉 ∗), VTP
can locally modulate the output structure’s porosity and stiffness,
providing an ideal, highly compressible substrate for embedded
piezoresistive sensing. AugPrint builds on this theoretical foun-
dation to enable direct-to-object fabrication with an unmodified
consumer-grade printer, a capability that, as Table 1 shows, no prior
system provides alongside soft, conformal deposition.

3 AugPrint System Overview
AugPrint is an end-to-end system for depositing soft, conformal
foam onto existing objects using an unmodified consumer-grade
FFF printer. Consider a user who wants to add a custom cushion to
a bike seat. They begin with a smartphone scan of the seat, which
they load into the AugPrint design tool. The tool identifies the
augmentable surface, computes the nozzle clearance 𝐻 ∗ required
to traverse the seat’s curvature without collision, and lets the user
lasso the region to be padded. The user then uploads a grayscale
SVG density map, created in any vector editor, so that the padding is

softer where the rider’s sit bones contact the seat and firmer at the
edges for lateral support. AugPrint then translates these choices into
VTP parameters (𝑉 ∗,𝐻 ∗, Δ𝐿) that set the local porosity and stiffness
of the deposited foam. Slicing produces a non-planar toolpath that
follows the seat’s geometry, together with a positioning outline
that the user prints first to register the physical object on the build
plate.

Three properties of viscous thread printing make this work-
flow possible on stock hardware. Depositing from a clearance of
many nozzle diameters sidesteps the collision problem that other-
wise forces multi-axis printers or extended nozzles. Because the
extruded thread is still soft when it lands, it drapes onto the un-
derlying surface; together with the high clearance, this relaxes the
sub-millimeter scan accuracy required by conventional direct-to-
object printing. And because stiffness is controlled by toolpath
parameters rather than by hardware or material changes, a single
continuous print can span the full range from compliant padding
to firm support.

The same mechanism supports embedded sensing. By printing
in conductive TPU, we can create pressure sensors. On a single-
extruder printer, this simply requires changing the material. The
remainder of the paper details the design tool (Section 5), evaluates
tolerance to scan error (Section 6), characterizes the foam as a
pressure sensor (Section 7), and demonstrates the system on four
applications (Section 8).

4 AugPrint Design Tool Overview
To make VTP practical for direct-to-object fabrication and for creat-
ing complex soft structures, we built the AugPrint design tool. The
tool translates the predictive models of liquid rope coiling described
in Section 2.4 into an interactive design environment where users
spatially assign VTP parameters—𝑉 ∗ and 𝐻 ∗—to control the local
density and stiffness of printed foam. The tool supports two primary
interaction modes: printing a standalone mesh and augmenting an
existing object. In this section, we describe the user-facing pipeline
for each mode; technical implementation details follow in Section 5.

In both modes, users can define VTP parameters globally or
map them spatially using an uploaded SVG grayscale map. The
tool applies a linear mapping from shade to density, where lighter
shades correspond to denser, stiffer regions and darker shades to
more porous, compliant regions. This gives users granular control
over the mechanical properties of the final structure.

4.1 Printing a Standalone Mesh
To fabricate a standalone soft structure, users upload a 3D mesh
into the design tool, assign VTP parameters (uniformly or via an
SVG grayscale map), and slice. This mode functions similarly to
a traditional slicer workflow but produces foam structures with
tunable density rather than solid infill. The tool generates planar
toolpaths and outputs the corresponding G-code.

4.2 Augmenting an Existing Object
Augmenting a physical object is more involved because the gener-
ated toolpathmust conform to the object’s surface curvature. Rather
than slicing into flat horizontal layers, the tool generates non-planar
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Figure 3: A system diagram for AugPrint’s design tool showing the interface and the steps to augment an object.

toolpaths that follow the object’s geometry. This non-planar ap-
proach offers two advantages over stacked planar layers. First, it
produces a continuous curved outer shell on the augmentation’s
boundary; because intralayer adhesion in VTP structures is stronger
than interlayer adhesion [Emery et al. 2021], this continuity sig-
nificantly improves structural durability. Second, it eliminates the
staircase artifacts that occur when approximating a curved surface
with flat layers, yielding a smoother outer surface.

However, realizing these benefits on curved surfaces introduces
fabrication constraints that do not arise in conventional planar
printing. Because VTP relies on continuous deposition from a fixed
height above the target surface, the print head cannot lift and repo-
sition without leaving unwanted filament strands. Additionally,
when printing on an object, the print head or its gantry may col-
lide with it if the print height is set incorrectly. The design tool
abstracts the constraints of continuous extrusion management, col-
lision avoidance, and travel movement minimization (Figure 3). To
use the design tool, users can perform the following:
1. Upload and Analyze: Users place a mesh of their object on

the virtual build plate. The tool automatically identifies the aug-
mentable surface and calculates the minimum 𝐻 ∗ needed to
safely clear the object without nozzle collisions.

2. Define Augmentation Region and Thickness: Using a lasso
tool, users select the specific regions they wish to augment and
specify the number of foam layers, which determines the thick-
ness of the augmentation.

3. Apply Surface Textures and Contours: Users can apply geo-
metric surface patterns (e.g., hemispherical bumps for grips) or
define a target surface contour for the augmentation. In many ap-
plications, the desired top surface differs substantially from the
bottom surface. When printing on a curved object, a user may
want a flat top surface—for instance, to create a level platform for
traditional 3D printing (Figure 1). Conversely, when printing on
a flat build plate, a user may want a curved top surface to create
an ergonomic contour. Users can specify these target contours
by uploading an STL file that defines the desired surface shape.

4. Map VTP Parameters: Users assign 𝑉 ∗ and 𝐻 ∗ values for the
augmentation, either uniformly or with an SVG gradient map.

5. Position and Slice: To help align the physical object on the
real-world build plate, the tool generates positioning outlines
(either top-down projections or interfacing cross-sections). The
tool then slices the augmentation and generates G-code.

5 Design Tool Implementation
This section describes the technical implementation of the key
features introduced in the design tool overview: generating non-
planar toolpaths that conform to object surfaces, minimizing travel
movements during printing, and modifying the surface geometry
of augmentations through textures and gradients.

5.1 Non-Planar Toolpath Generation
To generate a non-planar toolpath that follows the contour of a
target mesh, we first sample the mesh surface by casting rays down-
ward from a plane positioned above the mesh’s maximum height.
These rays are arranged in a uniform rectilinear grid with spacing
Δ𝐿 and oriented orthogonally to the XY plane. At each grid point,
only the topmost intersection with the mesh is kept, producing a
set of surface coordinates that define the augmentable region—the
same surface shown during the Upload and Analyze step of the
design tool (Section 4.2).

Adjacent surface coordinates are then connected to form a recti-
linear toolpath, following the established convention for structural
VTP printing [Emery et al. 2024; Willemstein et al. 2024]. To im-
prove structural integrity, we rotate the deposition direction by
90° between layers by sorting grid points by (𝑥,𝑦) on one layer
and (𝑦, 𝑥) on the next, crosshatching the deposited filaments. The
toolpath begins at one corner of the first layer, and subsequent
layers start at whichever corner minimizes the travel distance from
the previous layer’s endpoint.

We adopt rectilinear toolpathing because VTP extrusion behavior
has been characterized and validated in this context, and we use
parameter combinations characterized by Emery et al. [2024] for
the materials in our demonstrations (PLA and NinjaFlex 85A TPU).
To handle transitions between disjoint meshes and separate closed
regions, we draw on prior work in travel movement optimization
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Figure 4: Visualization of the modified TRAvel Slicer algorithm from Section 5.2.2. First, note that our chunk height from the
deposited surface equals the nozzle height plus the print height. Next, we project from a curved toolpath to a planar toolpath.
Finally, using all the projected toolpaths, we construct our own height-dependency tree to determine the printing order. Each
rectangle/dot represents a print layer. These layers are then grouped for printing in chunk heights.

to suppress unwanted print artifacts arising from LRC extrusion,
as described in the following subsection.

5.2 Chunk-Based Slicing for Travel Reduction
VTP’s continuous deposition makes standard travel movements
problematic: filament continues to flow after extrusion ceases, pro-
ducing unwanted strands when the print head repositions. Minimiz-
ing these travel movements is therefore critical to print quality. We
address this by extending the open-source TRAvel Slicer by Gould
et al. [2024] to support non-planar toolpaths with variable layer
heights. First, we summarize key points of the original algorithm.

5.2.1 Background: The TRAvel Slicer Algorithm. TRAvel Slicer min-
imizes two types of travel movements: Inner-Model travel, which
occurs within a single contiguous region of a layer, andOuter-Model
travel, which occurs when the print head moves between separate
regions or layers of the model. Because our VTP toolpaths use
rectilinear infill (Section 5.1) to leverage existing VTP characteri-
zations rather than TRAvel Slicer’s inner-model toolpathing, we
focus exclusively on its Outer-Model travel reduction strategy.

To reduce Outer-Model travel, TRAvel Slicer first slices the model
into planar layers and identifies isolated regions at each layer height.
It then constructs a height-dependency tree, where each node rep-
resents a closed region in a planar slice of the model. This tree
captures the constraint that a child region cannot be printed before
its parent, since it would have no surface to deposit onto.

Using this dependency tree, the TRAvel Slicer algorithm groups
connected nodes into chunks—sequences of layers within a local-
ized spatial region that are printed consecutively before the print
head repositions. Each chunk is constrained to have a maximum
height equal to the nozzle height, i.e., the distance the nozzle tip
protrudes below the print-head body. For planar deposition, this
constraint helps ensure that a print head can print in an adjacent
chunk without colliding with previously deposited material. The
algorithm then builds a directed weighted graph over these chunks,
where edge weights correspond to the travel distance between

chunk endpoints, and searches for a minimum-weight path that
respects the dependency tree’s parent-before-child ordering. By
deferring repositioning until a vertical chunk is complete, this ap-
proach dramatically reduces the number of Outer-Model travel
movements.

The full algorithm includes additional constraints to ensure
collision-free printing between chunks, such as safe inter-chunk
travel trajectories and ordering rules for chunks at the same height;
we refer the reader to Gould et al. [2024] for complete implementa-
tion details. Here, we have summarized the aspects of the algorithm
most relevant to our non-planar extension.

5.2.2 Extending TRAvel Slicer for Non-Planar Toolpaths. TRAvel
Slicer was designed for planar layers on a flat build plate. To ap-
ply it to our non-planar toolpaths, we make two key adaptations:
a modified chunk-height constraint that exploits VTP’s elevated
deposition clearance, and a planar-projection strategy to conform
to the required input format for TRAvel Slicer (Figure 4).

In the original algorithm, the maximum chunk height is set to
the nozzle height, since in conventional 3D printing, the nozzle
nearly contacts the print surface, and any previously deposited
material taller than the nozzle height risks colliding with the print-
head body. In VTP, however, the nozzle deposits material from a
substantial print height 𝐻 above the surface (governed by 𝐻 ∗). The
print-head body therefore sits at the nozzle height plus the print
height above the layer being printed, and collisions with adjacent
material occur only when that material exceeds this combined
height. We therefore set the maximum chunk height to the nozzle
height plus the print height, allowing significantly taller chunks
than the original algorithm would permit. This reduces the total
number of chunks and, consequently, the number of inter-chunk
travel movements.

To handle the non-planar geometry, we use a planar projec-
tion strategy (Figure 4). We first project each non-planar slice ob-
tained frommesh sampling (Section 5.1) onto a flat plane, discarding
the z-coordinates. These flattened points serve as input to TRAvel
Slicer’s dependency-tree construction and chunk-ordering pipeline,
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which operates on planar geometry. Once the algorithm produces
a 2D toolpath with optimized chunk ordering, we restore each
waypoint’s z-coordinate by reprojecting it onto the original mesh
surface. In effect, the chunk layout and ordering are computed as
though the surface were flat, and then conformed to the true 3D
geometry afterward.

Two additional steps ensure that the reprojected toolpath re-
mains collision-free. First, between distant waypoints, the straight-
line 2D path may cross regions where the surface rises sharply. We
insert intermediate points at regular intervals along these segments
before reprojection, so the resulting 3D toolpath closely follows
the surface curvature rather than cutting through it. Second, after
reprojection, we perform collision detection between the toolpath
and the mesh geometry. Where violations are found, such as when
a chunk’s accumulated height would cause the print head to collide
with a neighboring chunk, we subdivide the offending chunk into
smaller vertical sections to resolve the conflict.

5.3 Surface Geometry Modifications
The design tool supports two forms of surface geometry modifica-
tion: patterned textures and gradient surfaces.

Surface Textures. Users may upload an STL of a geometric
primitive—such as a hemisphere for dot patterns or a rectangular
prism for grooves (Section 4.2)—to be tiled across the augmentation
surface. For each sample point on the target mesh, the tool com-
putes the surface normal, aligns the base of the texture primitive to
the tangent plane at that point, and projects the primitive onto the
surface. Textures are tiled at the toolpath grid spacing Δ𝐿. If part
of a patterned mesh is generated outside the augmentable region, a
boolean operation is performed to subdivide the mesh, preserving
any printable regions. Texture geometry is unconstrained, so print-
ability cannot be guaranteed for textures with large overhangs, as
we do not natively support generating support structures.

Gradient Surfaces. To bridge between arbitrary bottom and top
surface geometries (Section 4.2), the tool linearly interpolates be-
tween the two surfaces across the specified number of layers, pro-
ducing a per-point target z-coordinate for each intermediate layer
at each grid sample point. The required Δ𝑍 at each point deter-
mines the necessary VTP parameters (𝐻 ∗ and 𝑉 ∗ for a given Δ𝐿).
We select the closest-matching entry from a table of characterized
VTP parameter combinations (𝐻 ∗, 𝑉 ∗, Δ𝐿, and the resulting Δ𝑍 )
for PLA and NinjaFlex 85A TPU from Emery et al. [2024]. So that
our results can be reproduced without access to the full predictive
model, the supplementary material lists every parameter combi-
nation used in this paper and the complete print settings for each
artifact. The parameter table spans a range of layer heights for each
material and Δ𝐿.

When gradient-surface interpolation requests a Δ𝑍 outside this
range—for example, where the top and bottom surfaces diverge
too sharply for the chosen number of layers—the nearest-match
lookup clamps to the closest available entry, so the printed con-
tour deviates from the target in those regions. Users can avoid
out-of-range increments by increasing the number of layers. Sepa-
rately, if a parameter assignment implies an𝐻 ∗ below the minimum
collision-free clearance computed during Upload and Analyze, the

slicer’s collision check detects the conflict and recommends new
print parameters (Figure 3). The current tool does not explicitly
flag points where Δ𝑍 was clamped; automatically selecting the
number of layers and highlighting clamped regions in the preview
are planned improvements.

5.4 Applying Planar Coiling Models to Curved
Surfaces

The parameter combinations we use [Emery et al. 2024] were char-
acterized for planar layers on flat substrates, so applying them to
non-planar toolpaths assumes that coils accumulate on a curved
surface as they would on a flat one. Three factors make this assump-
tion approximate. First, because our toolpath grid is uniform in XY
(Section 5.1), the spacing between adjacent passes measured along
a surface inclined at angle 𝜃 is Δ𝐿/cos𝜃 , so steep regions receive
sparser foam than flat regions with the same nominal parameters.
Second, 𝐻 is measured vertically, so the standoff along the surface
normal is approximately 𝐻 cos𝜃 , and the thread lands on a sloped
surface, elongating the coil footprint downslope. Third, on steep
slopes gravity has a tangential component that can pull still-viscous
coils downslope, while concave regions can collect material from
their surroundings; both effects redistribute foam relative to the
flat-substrate prediction.

We did not systematically measure Δ𝑍 on curved substrates
in this work. Qualitatively, we observed that discrepancies were
damped rather than compounded across successive layers, owing
to the self-stabilizing behavior of VTP [Emery et al. 2024]. The local
density of the final foam may nonetheless differ from the target.
Characterizing coil accumulation on inclined and curved substrates,
and compensating for slope by scaling Δ𝐿 with cos𝜃 , are directions
for future work.

6 Scanned Mesh Noise Tolerance
Characterization

A practical limitation of any object augmentation technique is
dependence on a faithful 3D scan of the target object. Consumer
scanning pipelines, such as depth cameras and photogrammetry,
routinely introduce surface noise and scale errors that may not be
apparent until print time. To evaluate whether AugPrint can still
successfully print on top of low-fidelity meshes, we simulated errors
in scanned meshes and checked the percentage of the print surface
that would result in print-head collisions at different heights.

6.1 Corruption Model
We corrupt the reference mesh in two main ways: normal-direction
noise and uniform scale error.

Normal-direction noise. To model surface-normal jitter from
depth imaging, we displace each vertex along its outward nor-
mal. The displacement field is generated on a coarse 3D grid (cell
size 20mm) sampled from N(0, 𝜎2) and interpolated to each ver-
tex, producing smooth, large-scale surface perturbations rather
than per-vertex noise. We test three noise levels, with standard
deviations 𝜎 ∈ {0.5, 1.0, 2.0}mm.

Uniform scale error. Uncalibrated photogrammetry or incor-
rect unit assumptions produce systematic size errors. We
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Figure 5: Print-head collision rates when trying to print with different 𝐻 ∗ values. The toolpath is generated by using AugPrint’s
augmentation pipeline over a corrupted mesh. We test three separate types of mesh corruptions: 1) offset vertices, 2) uniform
scaling, and 3) a combination of offset vertices with 2mm noise and different uniform scaling values. These mimic common
errors encountered during 3D object scanning.

scale the mesh uniformly about its centroid by factors in
{80%, 90%, 95%, 98%, 102%, 105%, 110%, 120%}.

Combined corruption. We apply the highest noise level first (𝜎 =

2mm). Then, the resulting mesh is scaled. For a given trial of the
experiment, we used the same normal-direction noise across all
scale factors to isolate the effect of scale from noise variance.

6.2 Simulation Protocol
For each corrupted mesh, we ran AugPrint’s slicer to generate a
toolpath at the commanded standoff 𝐻 ∗ over the corrupted surface
estimate. We then simulate executing that toolpath over the origi-
nal, unmodified mesh and determine whether a print-head collision
(either with the print nozzle or the print-head body) would occur
at each sampled point on the surface. We simulate print-head col-
lisions based on the print-head dimensions of a Prusa MK4, the
printer primarily used to print the demos shown in this paper.

We evaluate 𝐻 ∗ ∈ {0.5, 1, 2, 3, 5, 7, 10, 20, 30, 40, 50} across three
objects spanning a range of surface geometries that we have used in
our demos: a contoured bicycle seat, a computer mouse (Logitech

G305), and a PCB. Stochastic conditions are averaged over five
independent trials. We report the print-head collision rate.

6.3 Results
Figure 5 shows results. Here, we highlight some notable findings.

𝐻 ∗ = 0.5 (traditional FFF, 𝐻 = 0.2mm). Even at 𝜎 = 0.5mm
noise, well within the accuracy of consumer depth cameras, colli-
sion rates of 20–40% are observed. A 10% underestimate of object
scale (90% factor) produces an 88% collision rate on the bike seat.
Under combined corruption, rates exceed 80% for shrunken meshes.
This highlights that traditional FFF 3D printing with stock printer
configurations cannot reliably print on top of objects when relying
on imprecise scanned meshes.

𝐻 ∗ ≥ 20 (𝐻 = 8mm). There are no collisions for either the PCB
or bike seat, even with the combined simulated errors. An 𝐻 ∗ of
20 corresponds to a print height of 8mm. For VTP with NinjaFlex
85A TPU, this corresponds to a coil diameter of roughly 4mm.

𝐻 ∗ ≥ 40 (𝐻 = 16mm). The highly contoured computer mouse
required an 𝐻 ∗ of 40 to avoid most print-head collisions with the
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Figure 6: A) Conductive TPU pressure sensor testing appa-
ratus. B) Gap between the copper tape. C) Foam pressure
sensing cell bridging the copper tape gap.

corrupted meshes when only vertex noise or scaling factors were
applied. An 𝐻 ∗ of 40 corresponds to a print height of 16mm and
a coil diameter of roughly 8mm. VTP still works with 8mm coils,
but the coarser deposition limits augmentation fidelity and could
make it difficult to add textured surfaces to parts of the mouse. This
simulation also assumes the full mouse is augmented; in practice, a
user may only want to augment the regions where the palm rests,
which would allow a significantly lower 𝐻 ∗.

VTP’s tolerance to scan inaccuracy is a direct consequence
of its elevated print height. As a starting point, we recommend
𝐻 ∗ ≥ 10 for gently curved objects with typical consumer scan qual-
ity (millimeter-level noise, scale error within ±10%), and 𝐻 ∗ ≥ 20
for extreme inaccuracies, such as poorly calibrated photogramme-
try. Highly contoured objects require higher values; the mouse
needed 𝐻 ∗ ≥ 40 to avoid most collisions. In practice, the minimum
𝐻 ∗ computed during Upload and Analyze (Section 4.2) should be
increased by a margin that reflects the expected scan error. Underes-
timating an object’s size was among the most significant causes of
print-head collisions, whereas small vertex displacements had little
effect on the collision rate, likely because the toolpath was raised in
some regions as often as it was lowered in others. The collision rate
also understates the practical risk, since a single collision can cause
a print to fail. With the mouse, for example, an 𝐻 ∗ of 40 avoided
99% of collisions, but an 𝐻 ∗ of 50 was needed to avoid all of them.

7 Pressure Sensing Characterization
A key advantage of VTP is that when printed with conductive
elastomers, the resulting foam structures function as piezoresistive
pressure sensors: compression brings conductive coils into closer
contact, reducing electrical resistance. However, prior work on
VTP sensors relied on specialized conductive TPE pellets (Shore
70A, volume resistivity of 10Ω·cm) that are not readily available
to everyday consumers [KRAIBURG TPE 2026] and demonstrated
sensing only with unidirectional coil extrusion [Willemstein et al.
2025, 2024]. In this section, we show that pressure sensors can
instead be fabricated using NinjaTek Eel, a conductive TPU filament
readily available in the maker community, with a higher Shore
hardness (90A) and higher volume resistivity (1500Ω·cm). We also
leverage a rectilinear VTP printing pattern, which crosshatches coils
across layers, enabling more complex sensor geometries than prior
work. To establish the viability of these sensors for the applications

demonstrated in Section 8, we characterize their force-resistance
response, hysteresis, recovery time, and print-to-print variability.

7.1 Experimental Setup
We printed 20× 20× 20mm conductive TPU foam cubes using VTP.
Although the nominal dimensions were 20mm per side, the coil
structure at the edge marginally increases the actual dimensions.
We measured the actual dimensions of each sample with calipers
in full contact with the foam faces and used a precision balance to
measure mass. For five foams printed with identical parameters,
we computed the average density and used this value as the label
for that printing condition. Compressive force was measured using
a Mxmoonfree HP-500 force gauge (0.1N resolution, ±0.5% accu-
racy, sampled at 10Hz). Resistance was measured using a Keysight
U1282A multimeter streaming real-time data at 16Hz. Each sample
was placed to bridge two strips of conductive copper tape (6.35mm
width, 7mm apart) as shown in Figure 6.

7.2 Results
Our goal is to determinewhether these sensors produce a signal that
is reliable and responsive enough for the interactive applications in
Section 8, where detecting the presence and relative magnitude of
pressure matters more than precise force measurement. We focus
on how the piezoresistive response varies with foam density, how
hysteresis and recovery dynamics affect reuse at interactive rates,
and how consistently the response reproduces across prints.

Force-Resistance Response. We characterized the relationship be-
tween applied compressive force and changes in resistance across
foams of different densities. Using 5N as a preload baseline (𝑅0),
we report the resistance-change ratio Δ𝑅/𝑅0 at each load level (Fig-
ure 7). Prior to saturation, the magnitude of the resistance-change
ratio decreases with increasing foam density, so denser foams re-
spondmore gradually to applied force. The 93.25 kg/m3 foam, which
we use in our applications, shows a clear monotonic response up
to 50N. We also measured compressive deformation under loads
of 5, 10, 20, 50, and 100N across five densities with three trials per
density (Figure 7). Higher-density foams exhibit smaller deforma-
tions under identical loads, confirming that compressive stiffness
increases with density.

Figure 7: Different pressure sensors with their force-
resistance curves and force-displacement curves.

Hysteresis. To characterize hysteresis, we tested a single
93.25 kg/m3 specimen by stepping the load from 5N through 10,
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Figure 8: A) Force vs resistance plot showing the relatively low variance of VTP pressure sensor samples. B) The force-resistance
hysteresis plot for a conductive TPU cube with a density of 93.25 kg/m3. C) Recovery plot showing how long it takes to return
to 90% of baseline. D) Stabilization plot showing how long sensors need to stabilize before no longer visibly changing values.

20, 50, and 100N (holding at each level until the resistance sta-
bilized), then stepping back down through the same levels. This
sequence was repeated three times (Figure 8). We observe pro-
nounced hysteresis during unloading: the resistance at a given
force is consistently lower during unloading than during loading.
For instance, the resistance at 20N during unloading approximates
the loading-phase resistance at 50N. The foam also does not fully
recover to its original loading resistance upon complete unloading.
This behavior is consistent with viscoelastic recovery characteris-
tics reported for VTP foams in prior work [Willemstein et al. 2025]
and implies that applications requiring precise force measurement
at low frequencies should account for directional drift. For applica-
tions demonstrated in Section 8, where we detect the presence and
relative magnitude of pressure rather than exact force values, this
level of hysteresis is acceptable.

Recovery and Stabilization Time. We tested how quickly a
93.25 kg/m3 foam recovers after compression by measuring two
quantities: (i) the time to recover to 90% of the pre-compression
baseline resistance, and (ii) the time to reach a new stable baseline
after release (Figure 8). The test was performed three times. The
foams recovered to 90% of their baseline resistance within 0.2–0.35
seconds across all tested loads (5–100N), indicating that the sensors
can be reactuated at interactive rates without issue. However, full
stabilization to a new baseline took substantially longer: approxi-
mately 160 seconds at 5 N and approximately 240 seconds at higher
force levels. This means that for typical interactive use, where de-
tecting the onset and relative magnitude of pressure is sufficient,
the sensors respond quickly enough. Applications requiring precise
measurement of low forces or true rest-state resistance would need
to account for the longer stabilization period.

Print-to-Print Variability. Since the 93.25 kg/m3 foam was se-
lected for our application demonstrations, we evaluated the re-
peatability of its resistance-pressure response using five specimens
printed with identical parameters (Figure 8). At low forces (5N),
the coefficient of variation across five prints reaches 17.37%, indi-
cating significant measurement variability. However, at moderate
to high forces, variability drops substantially: 3.51% at 10N, 3.34%
at 20N, 5.27% at 50N, and 5.29% at 100N. Applications operating
at low forces therefore benefit from per-sensor calibration, which
our sensing circuit provides (Section 7.3).

7.3 Recognizing Gestures from Pressure Signals
We now extend our pressure-sensing characterization by investi-
gating the feasibility of recognizing gestures from raw pressure
signals to enable interactive experiences with augmented existing
objects. Towards this end, we designed and printed a 3×3 pressure
sensor array and used it for gesture recognition. The array con-
sists of two layers of three parallel conductive foam channels, with
the top-layer channels oriented orthogonally to the bottom-layer
channels; their nine crossings form the 3×3 grid of sensing points.

Figure 9: To enable interactive experiences with augmented
objects, we demonstrate how the pressure signals derived
from the augmentations can be used in a gestural interface.
In this experiment, we evaluate the ability of a lightweight
machine learning model to classify ten different gestures.

7.3.1 Circuit Design. Each foam sensor element is read using a
Wheatstone bridge circuit, where the foam acts as a variable re-
sistor whose resistance decreases under compression. An AD8421
instrumentation amplifier amplifies the bridge output, with gain
adjustable via an MCP4662 digital potentiometer to accommodate
foams of different baseline resistances. A CD74HC4067 multiplexer
enables sequential polling of up to 16 sensors with a single circuit.
To compensate for the variation in nominal resistance across foam
elements described in our pressure sensing characterization, an ad-
ditional MCP4662 is placed in series with each foam for per-sensor
calibration, restoring bridge balance when unloaded. A Seeed XIAO
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Figure 10: Confusion matrix for user-independent gesture
recognition with our lightweight CNN-LSTM model (88.95%
average accuracy).

ESP32-S3 microcontroller samples the conditioned voltage at 20Hz
and transmits data to a host via wired or wireless connection.

7.3.2 Gesture Recognition. To assess the potential of our pressure
sensor array for interactive settings, we developed a machine-
learning pipeline to detect gestures. We collected a dataset from six
participants performing ten different gestures on the 3×3 pressure
sensing array as seen in Figure 9. Participants were instructed to
perform gestures at 1Hz by following a metronome set to 60 BPM,
and each gesture was performed 200 times, yielding a total dataset
of 2000 gesture samples per participant.

Each sample consists of six voltage channels (one per foam chan-
nel and three per layer) sampled at 20Hz. We trained a model con-
sisting of a convolutional layer, a long short-termmemory layer, and
a fully connected layer, using leave-one-user-out cross-validation.
In each fold, the model was trained on four participants, with one
participant held out for validation and one for testing. Early stop-
ping was employed to mitigate overfitting, terminating training
when the validation loss did not decrease by more than 10−4 for
5 consecutive epochs; the test participant’s data was never used
during training or model selection.

The model achieved an average user-independent recognition
accuracy of 88.95% across the ten gesture types (rest, tap, single-
finger swipes, single-finger clockwise/counterclockwise motion,
and two-finger down/up swipes), as seen in Figure 10. Classification
errors occurred primarily between gestures with similar spatial
footprints, e.g., taps versus short vertical swipes and left versus right
swipes, and secondarily between clockwise and counterclockwise
circles; increasing the number of sensing channels, and thus spatial
resolution, would help disambiguate these cases.

7.4 Summary
These characterizations establish that conductive TPU foams
printed with VTP using commercially available NinjaTek Eel fil-
ament are viable as embedded piezoresistive pressure sensors for

interactive applications. The sensors exhibit a monotonic force-
resistance response up to 50N, recover to interactive-rate respon-
siveness within 0.35 seconds, and show consistent behavior across
prints at forces at or above 10N. Because the resistance response
varies with foam density, sensor behavior can be tuned spatially
through the same toolpath parameters that control stiffness.

8 End-to-End Applications
To demonstrate AugPrint’s practical viability, we present several
end-to-end applications that each leverage one or more system
capabilities—direct-to-object printing, gradient density control, and
embedded pressure sensing—to augment existing objects with soft,
functional foam. Each application exercises a different subset of the
design tool’s features and targets a distinct use case. All artifacts
were printed on an unmodified Prusa MK4 with a 0.4mm nozzle,
part-cooling fan disabled, and bed at 60 °C, inside an enclosure
vented to the outdoors.

8.1 Gradient-Density Bike Seat with Pressure
Mapping

Bike seats are a compelling target for AugPrint because they com-
bine all three challenges the system addresses: the seat’s curved
geometry requires conformal deposition, rider comfort demands
spatially varying stiffness, and pressure mapping requires embed-
ded sensing.

We began by obtaining a smartphone scan of the bike seat and
performing cleanup on the resulting mesh to remove scan artifacts,
and then verifying that the mesh’s overall dimensions roughly
matched the physical object (e.g., the highest point on the mesh
corresponded to the actual seat height). We then imported the mesh
into the AugPrint design tool, selected the augmentation region, and
applied a gradient density to create softer, more compliant regions
where the rider’s sit bones make contact, and firmer regions for
lateral support.

Fabrication proceeded in several stages to integrate the pressure
sensors. After printing the first VTP layer directly onto the bike
seat, we attached copper tape contacts on top of this base layer
to provide electrical connections for the sensors. We then printed
several additional foam layers, paused the print to insert conductive
TPU pressure sensor pads into cutouts in the foam, and printed
two final layers on top to secure the sensors in place. The result is
a custom-fit, gradient-density cushion with an embedded pressure
sensor array that streams real-time pressure data, enabling the rider
to visualize their weight distribution across the seat (Figure 11).

8.2 Creating Organizer Inserts
A useful property of VTP is that it self-stabilizes [Emery et al. 2024]:
when printing at a fixed planar height above an object with varying
surface geometry, coils deposited closer to the object are smaller
and occupy less volume, while those farther from the object are
larger. Over successive layers, this difference accumulates until the
top surface reaches a uniform height, forming a flat plane regardless
of the underlying geometry. We leverage this property to create
tool inserts by printing with VTP in flat planes above an object
and then flipping the part over (Figure 12). The resulting insert
conforms to the tool’s shape on one side and presents a flush, level
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Figure 11: A) The original bike seat. B) The design tool interface showing our approach to augmenting it. C) The gradient
density bike seat obtained from varying the print parameters. D) A user demonstrating the seat’s pressure-sensing capabilities,
pushing a portion of the seat cushion and observing the corresponding changes in the computer plot. E) The first half of
the PCB enclosure. F) VTP augmentation inside the PCB enclosure shell to fill the gaps. G) A side view of the PCB enclosure
showing a flush surface. H) Demonstrating how this approach allows continued usage of internal buttons.

surface on the other—all without requiring a mesh or any manual
measurement.

Figure 12: A) A tool organizer insert. B) The wrench printed
on (H: 11mm, L: 8.5 cm, W: 3.5 cm). C) Showing flush plane
with wrench inserted.

8.3 Shock-Absorbing Microcontroller Enclosure
Designing enclosures for electronics typically requires precise CAD
modeling to achieve a tight fit and a mechanism (e.g., snap clips or
screws) to join the two halves. AugPrint simplifies this process by
leveraging VTP’s self-stabilization property [Emery et al. 2024] to
fill voids around irregularly shaped components without requiring
precise measurements (Figure 11).

We first created a rough 3D model of the PCB—intentionally low-
fidelity, capturing only the overall dimensions and the locations of
tall components.We then printed the base andwalls of the enclosure
using traditional FFF, placed the PCB inside, and extruded VTP foam
to fill the remaining voids around the board. Because the VTP foam
conforms to the PCB’s geometry and self-stabilizes to a flat top
surface, the enclosure achieves a snug fit without requiring precise
internal dimensions. This approach could eliminate the need for a
two-part enclosure design, enabling thinner walls since no space is
required for joining mechanisms.

8.4 Input Controller
To show that we can support robust user interactions with AugPrint,
we demonstrate how a pressure sensor array can enable quick input

for games like Tetris (Figure 13). Our input latency for detecting a
regional press is between 0.1 and 0.2 seconds.

We also show that we can use the controller for basic web brows-
ing by mapping common touchpad gestures to the controller (e.g.,
a directional swipe to scroll, a clockwise swipe to refresh the page).
Each gesture takes around one second to register.

Figure 13: A controller to detect user input, either from press-
ing on a specific section of the surface to play Tetris or rec-
ognizing a swipe gesture to allow for basic web-browsing.

9 Discussion
AugPrint demonstrates that viscous thread printing can unify soft-
structure fabrication, direct-to-object augmentation, and embed-
ded interactivity using an unmodified consumer-grade 3D printer.
While our end-to-end applications establish the practical viability
of this approach, several limitations and opportunities for future
work merit discussion.

Durability and Real-World Robustness. VTP foams exhibit weaker
interlayer adhesion than solid prints, and this weakness is likely
compounded at the high 𝐻 ∗ values used for augmentation, where
the extruded thread cools further before contacting the surface
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below. Several strategies could improve durability. Printing within
a heated enclosure would maintain filament temperature during
deposition, improving interlayer adhesion at high 𝐻 ∗ values. Post-
print annealing could further strengthen the foam structure. For
real-world deployment, a shell or fabric cover would likely be nec-
essary to protect the porous foam from wear, grime buildup, and
degradation. Such a cover could also serve as an attachment mech-
anism, securing the augmentation to the object without adhesives.
Ensuring that augmentations remain fixed to objects under sus-
tained use is an important engineering challenge that warrants
further investigation.

Improving Generalizability. One way to broaden AugPrint’s ap-
plicability is to leverage sensors already present on many consumer
3D printers—such as bed-leveling probes, extrusion flow sensors,
and first-layer inspection cameras—to capture the surface geome-
try of objects placed on the build plate. This could eliminate the
need for a separate scanning step to augment objects with VTP.
Printer-side sensing could also be used to monitor VTP behavior in
real time, enabling closed-loop calibration of VTP parameters for
new materials without manual characterization.

Expanding theMaterial and Technique Space. Our demonstrations
used PLA, NinjaFlex 85A TPU, and NinjaTek Eel conductive TPU.
Expanding the palette of compatible materials would significantly
broaden AugPrint’s design space. Foaming TPUs, which contain
blowing agents that release gas and expand the filament as it is
extruded, could improve interlayer adhesion while also extending
the range of achievable stiffnesses.

Characterizing Self-Stabilizing Behavior. While we demonstrated
several practical uses of VTP’s self-stabilizing behavior, fully char-
acterizing the mechanism and predicting how many layers it takes
for the layer height to stabilize is challenging and outside the scope
of this paper. To characterize the self-stabilization mechanism, we
would need to test different combinations of 𝑉 ∗, 𝐻 ∗, and Δ𝐿 across
several types of geometries, with varying toolpathing. In this paper,
we instead primarily focused on the novel idea of using VTP to di-
rectly print on top of existing objects, and we presented evaluations
and demos highlighting the potential capabilities of VTP, even if it
may require some trial and error to achieve the intended results.
Community efforts around VTP characterization or sensorizing 3D
printers to provide live feedback on VTP behavior would enable
broader use of VTP for augmentation and reduce the trial-and-error
currently required to apply VTP to new augmentation tasks.

Pressure Sensing Limitations. Our pressure sensing characteri-
zation (Section 7) focused primarily on foams at a single density
(93.25 kg/m3). While the force-resistance response, hysteresis, and
recovery behavior we measured are promising for interactive ap-
plications, several limitations remain. The pronounced hysteresis
and long full-stabilization time (approximately 240 seconds) make
these sensors unsuitable for precise, low-frequency force measure-
ment. The high coefficient of variation at low forces (17.37% at
5N) suggests that per-sensor calibration is necessary for applica-
tions operating near the lower end of the sensing range. Future
work should characterize a broader range of foam densities and ex-
plore whether alternative conductive filaments with lower volume
resistivity could improve sensitivity and reduce variability.

10 Conclusion
We have presented AugPrint, a system for 3D printing soft foam
augmentations directly onto existing curved objects using viscous
thread printing and unmodified consumer-grade hardware. By lever-
aging viscous thread printing, AugPrint addresses the two persis-
tent barriers to direct-to-object printing—imprecise surface meshes
and print-head collisions—without requiring high-end scanners,
multi-axis printers, or extended nozzles. Our computational design
tool abstracts these fabrication constraints behind an interactive
workflow supporting non-planar toolpath generation, gradient stiff-
ness control, and surface texturing. We also demonstrated that
commercially available conductive TPU can be used to create em-
bedded piezoresistive pressure sensors within VTP foam, expanding
beyond the inaccessible materials and unidirectional extrusion pat-
terns of prior work. Our end-to-end applications illustrate that
viscous thread printing can simultaneously enable conformal depo-
sition, tunable compliance, and embedded sensing, allowing passive
everyday objects to be retrofitted with soft, interactive interfaces
on consumer hardware.
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