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Abstract
The recent proliferation of low-cost digital fabrication machines
has promised a future of personal fabrication, where individuals
have an unprecedented ability to design and produce their own
custom physical objects. 3D printing, in particular, has emerged as
one of the most promising technologies. The technology enables a
wide range of objects to be produced from digital designs. However,
most consumer 3D printing processes can only produce objects that
are made of a single material, which is typically rigid plastic. In
contrast, if we examine the world around us, nearly every object
that we interact with daily (e.g., clothes, electronics), is made of a
combination of many different types of material. These materials
may be hard, soft, conductive, flexible, and even absorbent to meet
different structural, functional and aesthetic needs.
Within the context of 3D printing (and more generally digital
fabrication), "materials" usually refer to engineering materials—
raw bulk materials like plastics that can be shaped in construction
or manufacturing for a particular engineering purpose. In this
dissertation, we investigate the use of materials with which we
generally have interactions (e.g., the textiles that we wear daily),
those that we can readily obtain (e.g., in nature) and those that
we can make in a kitchen at home as inputs and outputs for digital
fabrication. These so-called everyday materials extend the capabilities of 3D printing for personal fabrication, and offer new design
possibilities with and beyond rigid plastic.
To this end, this dissertation introduces (1) digital fabrication
techniques for embedding, creating, and controlling everyday materials with a consumer-grade 3D printing process; and (2) lowcost accessible material formulations, printer modifications (opensource parts, electronic circuits, etc.), and software that extend
the material capabilities of current 3D printing set-ups. For each
technique, a series of proof-of-concept objects and applications is
presented to demonstrate a broadened design space for personal
fabrication. This dissertation concludes with a discussion of digital
fabrication techniques with everyday materials, and opportunities
to lower design barriers, create new design possibilities, and tackle
forthcoming challenges with growing access to digital fabrication
technologies.
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Introduction
The last two decades have seen a proliferation of low-cost digital
fabrication machines. Machines like laser cutters, computer numerical control (CNC) mills, and 3D printers that were previously
tools for manufacturing are now entering the homes of consumers
and small businesses. The democratization of these technologies
promises a future of personal fabrication, where individuals have
an unprecedented ability to design and produce their own custom
physical objects. Motivated by this vision, research on personal
fabrication [21, 86, 195] has sought to broaden access to digital
fabrication and expand its capabilities for the masses.
1.1

MOTIVATION

Additive manufacturing, or more commonly referred to as 3D printing, has emerged as one of the most promising technologies for
personal fabrication. The technology facilitates placing material
freely in space, allowing objects to take on forms that would be
difficult or impossible to manufacture in other ways. It is also
versatile—a wide range of objects can be produced from digital
designs without the need for machines specialized to each manufacturing task.
After key patents on the technology expired, open-source movements like Fab@Home [181] and RepRap [132] propelled low-cost
3D printers into the consumer market. Since then adoption has
been steadily growing powered by decreased cost [242]. However,
the vision of users being able to design and produce their own
custom physical objects has not been fully realized.
Designing objects remains a difficult task that often requires
engineering expertise. Thus, many users resort to remixing and
1
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FIGURE 1.1: Examples of everyday objects ranging from textiles, clothing, shoes,
mobile devices, paper, wood, chairs, vases, furniture, etc.

printing existing designs from 3D modeling repositories like Thingiverse [114, 206]. Furthermore, most consumer 3D printing processes can only produce objects that are made of a single material [195, 242], which is typically rigid plastic. In contrast, if we
examine the world around us, nearly every object that we interact
with daily (e.g., clothes, electronics), is made of a combination of
many different types of material. These materials may be hard,
soft, conductive, flexible, and even absorbent to meet different
structural, functional and aesthetic needs (Figure 1.1).
This dissertation is primarily concerned with the challenge of
materials. Within the context of digital fabrication machines, "materials" usually refer to engineering materials [9] such as plastics
and metals—raw bulk materials that can be shaped in construction
or manufacturing for a particular engineering purpose. The work
here uses a much more expansive definition of materials. Namely,
materials are anything with which we can manipulate, shape, and
combine for the purpose of making something. We place a particular emphasis on everyday materials [346] as inputs and outputs for
digital fabrication techniques.
Clement Zheng defines everyday materials as "materials that
are common and familiar to the designer and maker" and typically
found in their design environments such as paper and pencils [346].
Building on this definition, the work in this thesis captures materials with which we generally have interactions (e.g., the textiles
that we wear daily), those that we can readily obtain, for example,

THESIS CONTRIBUTIONS

FIGURE 1.2: Examples new design possibilities enabled when combining digital
fabrication techniques with everyday materials including a linked watch band
with embedded textiles that absorb sweat; a custom designed crown; and origami
lamp with soft input controls; a moisture-responsive plant watering indicator;
and two biodegradable espresso cups made from spent coffee grounds.

in a supermarket, craft store or nature, and those that we can make
in a kitchen at home. This work purposefully uses the lens of everyday materials to devise accessible digital fabrication techniques
that extend the capabilities of 3D printing for personal fabrication
and offer new design possibilities with and beyond rigid plastic
(Figure 1.2).
1.2

THESIS CONTRIBUTIONS

This thesis makes the following contributions:
1. New digital fabrication techniques for embedding, creating,
and controlling everyday materials such as textiles with a

3
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consumer-grade 3D printing process.
2. Low-cost accessible material formulations, printer modifications (open-source parts, electronic circuits, etc.), and software that extend the material capabilities of current 3D printing set-ups.
3. A series of proof-of-concept objects, interactive devices, and
applications that demonstrate a broadened design space for
personal fabrication.
4. A discussion of digital fabrication techniques with everyday
materials and opportunities to lower design barriers, create
new design possibilities, and tackle forthcoming challenges
with growing access to digital fabrication technology.
1.3

DOCUMENT STRUCTURE

This dissertation is structured as follows:
Chapter 2 provides an overview of 3D printing processes with
the goal of familiarizing the reader with aspects of the technology and related terminology. A brief comparison of the different
processes is provided to motivate the use of material deposition
processes throughout this thesis.
Chapter 3 reviews related research on personal fabrication. An
emphasis is placed on work in the Human-Computer Interaction and
Computer Graphics communities that have sought to broaden access
to and extend the capabilities of digital fabrication technologies,
and in particular 3D printing.
Chapter 4 introduces new techniques for embedding everyday
materials, and in particular textiles, during a consumer-grade 3D
printing process. It provides an empirical study of bonding performance between textiles and printed plastic and an exploration of
the design space opened by combining the two. Various applications are demonstrated including input devices and objects that
can be worn on the body.
Chapter 5 continues examination of textiles, but further introduces a food-grade hydrogel as a printing material. Controlling
the deposition of this material with 3D printing enables different
substrates to become water-responsive interfaces that actuate in
response to moisture. Alongside the material description and fabrication technique, a software design tool is presented to support
the creation of such objects.

DOCUMENT STRUCTURE

Chapter 6 demonstrates a new 3D printing process that can
fabricate textiles and rigid plastic from a single material. This approach enables control over common textile properties like softness
and supports fabricating objects with new capabilities like moisture absorption and light diffusion. Hardware modifications for a
consumer 3D printer are described and a series of proof-of-concept
applications are presented.
Chapter 7 introduces a new biodegradable material for printing
that can serve functional and aesthetic purposes. The material
primarily consists of cellulose, hemi-cellulose, and ligin—supplied
by spent coffee grounds. As a natural material, it is renewable and
more ecologically-friendly than typical plastics. Its biodegradability
enables the fabrication objects that are designed to degrade during
or after their intended use. A kitchen-friendly material recipe is
described, and workflows for rapid prototyping and the design of
biodegradable objects are presented.
Finally, Chapter 8 discusses the contributions of thesis and offers
future directions in digital fabrication techniques for/with everyday
materials, and more generally in personal fabrication.

5

2
Overview of 3D Printing
This chapter serves to familiarize the reader with knowledge of the
various types of additive manufacturing, or more commonly 3D
printing, processes and engineering materials that are currently
available. Note that the focus here is not to survey the entire history
of 3D printing (for this see [333]). To this end, a brief description of
these processes and occasional supporting references are provided.
More comprehensive overviews of these additive manufacturing
processes, materials, and applications can be found in [31, 204].
One of the first recorded objects to be 3D printed is a model of
house from 1981 [144]. Hideo Kodama fabricated the object with
a process that he developed to photopolymerize a liquid resin in a
layer-by-layer manner. Each layer of the object was represented by
a physical mask pattern. As ultraviolet light shined down through
a pattern, the non-masked regions of the liquid resin solidified at
the surface. By repeatedly changing the pattern and lowering the
previously solidified layers into the liquid resin, the final 3D object
was formed.
Since then several different 3D printing processes have been
developed. Not surprisingly, each of these processes fabricates an
object by combining material together, as opposed to removing it as
is done in subtractive manufacturing like milling. A digital model
(i.e., geometry) of a 3D object that is made in computer-aided design (CAD) software is typically processed by a slicer program. The
slicer’s job is to convert the model into instructions for a particular
3D printing process. There are some free-form 3D [36, 106] and
volumetric processes [138]; however, most processes are layerbased. The slicer divides the model into layers, or cross-sections,
of a particular height. Each layer is converted into paths or images
that then form machine instructions (e.g., Gcode). The manner in
7
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which the object is produced (e.g., in layers by connecting small
amounts of material in paths), and how the material is combined
into an object (e.g., light) delineates these various 3D printing processes. Processes for 3D printing can roughly be divided into four
major categories: Vat photopolymerization, Powdered Bed Fusion,
Lamination Object Manufacturing, and Material Deposition.

2.1

1

SLA vs. DLP: Guide to Resin
3D Printers: https://formlabs.
com/blog/resin-3d-printercomparison-sla-vs-dlp/

2

FormLabs
ing
the
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ChoosMaterial:

https://support.formlabs.
com/s/article/Choosing-theRight-Material

VAT PHOTOPOLYMERIZATION

Vat photopolymerization 3D printing consists of different variations
and advancements of Kodama’s process [144] for selectively curing
a liquid resin, or photopolymer, in a vat using light. Exposure
to light (typically ultraviolet) causes the resin to harden through
polymerization. Stereolithography (SLA), invented by Charles Hull
in 1984 [116], closely resembles Kodama’s process with one key
difference. SLA uses computer control to position and activate the
light source (e.g., laser) at areas of interest instead of relying on
placement of physical masks. This path-based tracing of layer is in
contrast to hardening an entire cross-section with a light-projected
mask as in done in digital light processing (DLP) 3D printers [131].
DLP 3D printers typically produce rougher surface textures than
SLA printers1 . This is caused by pixelation artifacts in representing
contours of an object as pixels in the light projection output.
Both DLP and SLA are limited by the resolution of the light
source (either pixel size or laser spot size). Their speed is comparable depending on the size of the output object. Though a recent
development in DLP 3D printing, called Continuous Liquid Interface
Production (CLIP) [298], enables faster fabrication times by enabling continuous elevation of an object during fabrication (instead
of pausing to polymerize discrete layers). Another speed advancement, called Computed Axial Lithography (CAL), circumvents the
typical "layer-by-layer" approach by representing the volume of an
object as a light field and dynamically adjusting the light onto a
rotating vat of material [138].
Depending on the chosen resin, a produced object may be
rigid, flexible, elastic, or have relatively high-temperature stability (238°C) 2 . For engineering-focused applications that require
extremely high thermal stability (1000 °C) and high resistance
to corrosion and wear, recent research has examined preceramic
polymers for 3D printing [322]. Preceramic polymers form ceramics after undergoing pyrolysis [262], or thermal decomposition,

POWDER BED FUSION

when fired (e.g., in a kiln) at high temperatures for an extended
period of time. An experimental ceramic resin has recently reached
consumer-grade SLA printers3 .
Methods of incorporating different materials (non-resins) or
properties in this type of process are not currently feasible. Mixing
resins of different types (flexible and rigid) or colors (clear with
black) is not advisable because the parameters for the printing process are calibrated for each specific resin (not mixtures). Swapping
the resin material mid-print could theoretically be done but would
require a laborious effort to drain the previous resin and clean the
vat. Likewise, it may require re-calibration of the printing process
(layer re-positioning and process parameters).
Finally, embedding materials (metals, electronics, etc.) during
most vat photopolymerization processes (i.e., layer-by-layer approaches) is typically impractical. It can result in having uncured
resin on the insertions, which would then have to be cleaned postfabrication. Notably, the previously described volumetric light-field
polymerization approach [138] demonstrates curing a polymeric
handle around a metal screwdriver shaft. This appears to be a
unique benefit of this approach but needs further exploration.
Objects made using vat photopolymerization need to be postprocessed. This includes washing and soaking the object in a solvent like isopropyl alcohol to remove any uncured resin4 . Some
resins may also require a post-curing process in heat and ultraviolet
light to improve the material’s strength, stiffness and temperature
resistance.

2.2

POWDER BED FUSION

Powder bed fusion encompasses 3D printing processes that build
objects from very thin layers of fine powder [204]. Powder is spread
and closely packed by a roller before being selectively fused to form
a layer. The build platform lowers, more powder is spread, and the
process repeats until the object is formed. Fusion of the powder
can be done with a laser or a binder.
The materials available depend on the fusion process. In Selective Laser Sintering (SLS), polymers (e.g., polyamide), metals
and alloys may be fused together. While only some metals like
steel, aluminum, and titanium can be melted using Selective Laser
Melting (SLM). In liquid binder processes, the materials include
polymers, ceramics and some metals [304].
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Liquid binder processes are generally faster at producing objects
than SLS/SLM as fusion occurs during area-wide sweeps instead
of point-based sintering or melting. However, metals and ceramics
produced with liquid binders may also need to be sintered after
printing. Likewise, liquid binders are more likely to produce pores
(micro-scale areas lacking material) in comparison to SLS/SLM
which produce high density parts [304]. As a whole, objects made
using powder bed fusion 3D printing require post-processing to
remove excess powder and perform finishing.

2.3

LAMINATED OBJECT MANUFACTURING

The earliest commercial process of Laminated Object Manufacturing (LOM) appeared in 1991 from Helisys Incorporated [79].
In LOM, objects are formed by cutting and laminating its crosssections from sheet or roll-based materials [80]. A layer profile
can be cut mechanically or with a laser then bonded to a previous
layer thermally, mechanically (e.g., clamping), or with an adhesive. Alternatively, full sheets of material can first be bonded and
then cut to shape. Excess material (i.e., the non-laminated portions) are typically left in place as a support structure while the
object is being manufactured. This excess material is then removed
once the object is completed. The process is potentially wasteful
if this material cannot be re-used or recycled. With sheet metal
LOM, clamping instead of physical bonding may be used to support
material re-use [88].
One of the benefits of LOM is that entire layers of an object
can be fabricated using pre-existing material, which speeds up
manufacturing time. However, objects require post-processing to
remove excess material. Likewise, resolution of printed objects
depends on the thickness of the material used and the cutting
method (e.g., laser spot size).
To date, a number of different materials have been explored
including plastics, metals (rolls and tapes), ceramics and paper [88,
204]. More recently, a process for fabric [217] was developed in
the HCI community. Other objects (e.g., electronics, conductive
elements) can potentially be embedded during an LOM processes
(similar to [208]), if a cavity is incorporated into the object being
fabricated. The excess material in the cavity would need to be
removed (manually or potentially with laser cutting) at fabrication
time. Though this may affect subsequent layers by reducing support
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and surface area for bonding.

2.4

MATERIAL DEPOSITION

Material Deposition consists of processes in which material is placed
down as small beads in lines or curves to form the layers of an
object with each layer successively building on the previous one.
The outer profile for a layer is usually printed first. Then inner area
is then filled in with material using an infill pattern (connected
lines, hexagonal, etc.). The most commonly used process is Fused
Deposition Modeling (FDM) which was invented by S. Scott Crump
in 1989 [53]. In FDM, a thermoplastic filament is pushed through
a hot nozzle to deposit the material on to a build plate using 3-axes
of motion.
After patents on the technology expired5 , open-source movements like Fab@Home [181] and RepRap [132] propelled low-cost
consumer-grade printers, new deposition techniques (e.g., syringebased) and novel materials. Materials include thermoplastics, hydrogels, clay, silicone, food (e.g., chocolate) and bio-inks [181].
Though the most commonly used material are thermoplastics (i.e.,
PLA, ABS, PVA, etc.).
There are very few consumer-grade printers that support printing of different material types together. At most these machines
print two to four materials of the same type—such as differently
colored thermoplastics or composite filaments. Some printers rely
on filament switching mechanisms with a single hot-end6 . While
others have dual extruder, or feeder, set-ups that can independently
drive the different materials7 .
Researchers in materials science and mechanical engineering
have also been examining ways to control the low-level composition
of a printed material by rapidly mixing different viscoelastic fluids
at the nozzle [270]. Another promising area of work has looked
at making material deposition processes more versatile through
precise and fast tool-changing on the fly [307]. By quickly swapping
extruders or tools, different material types can be printed together
(e.g., thermoplastics and hydrogels). However, this type of setup is expensive—costing roughly twenty times the amount of a
typical thermoplastic 3D printer at $1708 —and requires expertise
in machine building.
Material jetting (e.g., PolyJet9 ) is another approach for material deposition that builds objects by curing small droplets of

5

There is still a trademark on
name of FDM so this process is often called Fused Filament Fabrication (FFF).

6

Original Prusa Multi Material Upgrade 2S: https://www.prusa3d.
com/original-prusa-i3-multimaterial-2-0/
7

Ultimaker

S3:

https:

//ultimaker.com/3dprinters/ultimaker-s3

8

2021
Best
Cheap/Budget
3D Printers in 2021: https:
//all3dp.com/1/bestcheap-budget-3d-printeraffordable-under-500-1000/
9

Stratasys - What is PolyJet Technology: https://www.stratasys.
com/polyjet-technology
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photo-sensitive resins. These printers can mix resins at a low-level,
similar to how 2D ink-jet printers mix inks, to create different colors and material properties. Though these printers are generally
more expensive and commonly used for industrial prototyping and
applications.
2.5

COMPARISON OF

3D

PRINTING PROCESSES

Material deposition has emerged as the most promising of 3D
printing processes for personal/at-home use. From a material
perspective, other forms of 3D printing like vat photopolymerization
and powder-based rely on full containers and/or placement of
the same material over the build area for the process to function
properly. While material deposition is more amenable to having
different types of materials (thermoplastics, clay, pastes etc.) being
printed together at fabrication time. In addition, since the build
area is generally clear of unused material, other materials and
existing objects (e.g., textiles, electronics) can be inserted during
the fabrication process. Material deposition is also generally the
least expensive in terms of cost, time and effort (e.g., setting up and
post-processing). Higher resolution (i.e., dimensional accuracy)
objects can be obtained using SLA and powder bed fusion processes;
however, for the majority of non-industrial use cases, material
deposition is more than sufficient.

3
Related Work
Research on personal fabrication [21, 86, 195], and in particular
3D printing, spans across many disciplines including Computer
Science, Mechanical Engineering, and Materials Science. This
chapter reviews related work in the space with an emphasis on
efforts in the Human-Computer Interaction and Computer Graphics
communities. Much of the research on personal fabrication can
roughly be classified into three areas:

“We’re so busy watching out for
what’s just ahead of us that we don’t
take time to enjoy where we are.”
—Bill Watterson, Calvin & Hobbes

1. Computational Design: Researchers have investigated using
computational tools to reduce the burden designing such objects and to explore different functional capabilities. Notably,
many of these tools use generative approaches to translate
a user’s high-level functional specifications (e.g., this object
should be strong enough to support the weight of a person)
into geometry that can then be fabricated.
2. Mixed Approaches: Fabrication processes generally have
constraints that limit what and how objects can be made.
Many 3D printers are limited to printing a single material
type (e.g., plastic), have small build volumes, and have slow
fabrication speeds. Researchers have investigated combining
different fabrication processes (e.g., mold-and-casting, laser
cutting) and integrating existing objects (e.g., electronic circuits, metal wire, etc.) to mitigate these challenges. These
approaches have also been explored to support rapid prototyping and enable the creation of objects with interactive
capabilities.
3. Novel Materials and Processes: While 3D printing is perhaps the most versatile of digital fabrication technologies,
many materials (and consequently, their various capabilities)
13
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cannot currently be 3D printed. Researchers have developed
new material formulations and processes to expand what can
be made with 3D printing.
These areas are discussed with a focus on how they expand the
design space of 3D printing, and more broadly personal fabrication.
This chapter concludes with discussion of these different areas and
their relationship to the work presented subsequent chapters.
3.1

COMPUTATIONAL DESIGN

There is a long line of work in the Computer Graphics and HCI
communities that leverage computational tools to support interactive design. Beginning as early 1963 with Ivan Sutherland’s
Sketchpad [279], works have examined how to construct drawings
and 3D models from sketches using constraints [68, 90], suggested
actions [119], similar images [297], and automation [120]. Likewise, much effort has focused on numerically simulating the physics
and interactions of real-world objects in the digital realm including cloth [18, 38], rigid bodies [17, 98], fluids [198], deformable
bodies [58, 133], and even skin [32].
With the advent of low-cost digital fabrication technologies,
these methods are now being applied to facilitate designing objects
with desired shapes, motions and functional properties from a
variety of different materials [21]. In particular, generative design
approaches that combine design, simulation, and optimization
take user-specified high-level functionality and optimize an object’s
geometry to meet it. From a user’s perspective, this mitigates
engineering challenges, for example, in deciding how to design an
object that is strong in real-world use. Thus, these tools can enable
a broad set of people to use digital fabrication technology beyond
engineers.
Likewise, generative design enables exploration of design possibilities by producing many solutions (including those would be
difficult to design by hand) for a given functional specification.
However, the mapping between the input specification and output geometry is typically not intuitive, making user-driven design
iteration challenging. Recent approaches leverage mesh parameterization and interpolation strategies to support interactive design
space exploration [256, 257]. Another approach by Chen et al. allows for interactive control over design deviation and local edits
with 2D topological optimization [49]. This approach can, for ex-

COMPUTATIONAL DESIGN

ample, allow a user to design a 3D printable object that is optimized
to bear weight (e.g., a shoe) while maintaining agency over the
object’s aesthetic qualities.
Researchers have developed generative approaches to optimize
the shape of soft and flexible materials for plush toys [25, 194], rubber balloons [267], inflated structures [269], zippable fabric [254],
sewn garments [301] and knitted structures [135, 203]. Others
have examined optimizing linkages in mechanical characterizes
to meet motion path requirements [13, 52, 290]. In addition,
high strength and structural stability has been achieved for custom
tensegrity structures [85] and laser-cut objects such as furniture
made from optimized interlocking pieces [244, 259].
For a more comprehensive survey of research that explores
interactive design, simulation and optimization for fabrication, see
the review by Bermano et al. [24]. Of particular interest to this
dissertation are works that have applied these techniques in the
context of 3D printing. The geometry of an object is optimized
at design time—before the 3D model is prepared for printing—
to meet structural and functional specifications. Once fabricated,
these objects can also have emergent properties, or characteristics
that are difficult to design through any other means (i.e., by hand),
and not necessarily innate to the bulk materials from which the
objects are made.
3.1.1

Mechanical Properties
Early efforts in this space leverage the ability to freely place material with 3D printing to enable post-print mechanical properties and
interactions. Build-to-last [173] uses honeycomb infill patterning
to minimize material cost while providing high tensile strength in
the produced objects. Similarly, printing portions of an object with
frame structures can maintain structural stability while decreasing
material use [320] and speeding up fabrication time [196, 334].
Others have examined how the orientation of an object during
printing results in anisotropic strength. The orientation can be optimized to increase strength at the weakest areas of an object [300,
302]. Alternatively, regions of an object can be automatically thickened to maintain structural stability [277]. Material placement
inside of an object has also been optimized to enable the object
to balance (i.e., not fall over) with respect to gravity [226], float
along a particular axis when placed in water [319], and spin along
a stable axis [15].
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Along with structural integrity, generative approaches have been
examined to support 3D printed objects tightly fitting with other
parts and items. Objects larger than a typical 3D printer’s build
volume (e.g., a chair) can be computationally divided into structurally stable and printable components that can be assembled
post-fabrication [174, 274]. Existing objects, if captured as 3D
models, can also be joined with auto-generated 3D printable connectors [149] and adaptations [48]. Researchers have also sought
to support constrained motion by translating user-specified joint locations and motion paths on 3D models into printable designs [12,
41]. Notably, such joints, when printed on high resolution 3D printers, can be fabricated in-place using small voids and/or breakable
connections.
Others have examined using generative approaches to create
printable mechanisms with joints [303] and linkages [290]. In
both cases, generative design reduces modeling challenges (e.g.,
manipulating low-level geometry of joints) while providing valid
design suggestions based on user-specified parameters. Building
on these efforts, others have demonstrated interactive tools to retarget [344] and combine [236] mechanism designs in an object
while maintaining printability.
While rigid material is typically used for high strength applications and mechanical joints, controlled material placement on a
small-scale can make otherwise rigid objects become elastic. Elastic
objects deform predictably when a force is applied. Within certain
limits, once the force is removed, the object returns to its original
shape. Optimizing the patterning of microstructures [258] and
open-cell foams [184], has been enabled rigid objects to have elastic deformation behavior. The extent of the elastic response can
be smoothly varied across an object by tiling variations of these
microstructures [258]. This approach has also been used to grade
elastic response of objects made from flexible materials [33, 213,
296, 341] and mixed material objects [318]. Macro-scale tessellation and material placement can similarly cause flexible objects to
bend and deform in prescribed ways [176, 220, 221, 268].
Elasticity can support mechanical motion with many benefits
over traditional rigid kinematics. Compliant mechanisms [111] can
achieve high precision motion with low weight, low friction and
compactness, though they are difficult to design [110]. Within the
domain of 3D printing, generative design has been used to alleviate
some of this difficulty. Megaro et al. demonstrate a design tool that
takes a conventional, rigidly-articulated mechanism as input and
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uses optimization to output printable geometry for a corresponding
compliant mechanism [188].
A related approach has examined metamaterials—artificial structures that derive their properties and functionality through the
organization of usually repetitive cellular patterns [27, 229]. Computational patterning of cells can create mechanical metamaterials that support motion when printed in flexible materials [124].
Ion et al. demonstrate metamaterial mechanisms, such as a door
handle and latch, that can function without assembly or additional
parts and be printed on consumer-grade FDM/FFF printers [122].
Such mechanisms have also enabled printed objects to change
shape and texture—for example, a shoe sole may transition from
flat to treads when compressed [123]. Similarly, printed metamaterial cells made of rigid materials (PLA and ABS) can function as
bi-stable springs that perform mechanical computation, such as unlocking a door once the correct sequence of cells are engaged [125].
Ruffles of paper, though not 3D printed, have also been optimized
to create elastic metamaterial structures [265].
At the object-scale, researchers have computationally replaced
areas of an otherwise rigid object with helical spring structures
to support constrained elastic motion (e.g., bending or twisting)
for interactivity [102]. Notably, the substitution ensures that the
spring shape conforms to the replaced region and maintains the
object’s printability. Finally, substituting elastic material in place
of rigid material in areas intended to interface with other existing
objects—for example, the inner ring of a cup holder—has been
used to ease some design time challenges for novice 3D modelers.
Once fabricated, these elastic regions can offset poor fit caused by
human-related measurement errors [139].
3.1.2

Optical Properties
Researchers have also investigated using generative approaches
to enable interactions with light. Perhaps the simplest of these
interactions is color which may be used for aesthetic and functional
purposes (e.g., distinguishing parts of an object for assembly).
With traditional 2D ink-jet printers, color reproduction is accomplished with halftoning, or grading of small dots of ink to simulate
color continuity. Most 3D printing processes produce objects in
a single color. Material jetting printers can produce colors with
different colored resins by halftoning voxels, or the discrete volumetric elements that correspond to the resolution of the printer.
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Because these materials are generally translucent, inner layers can
cause the object’s surface color to be poorly represented or diminished. Brunton et al. enable 3D printed objects to achieve full color
representation with layered halftoning—in which color data is algorithmically transferred from the surface to additional layers of
voxels within the object [40]. This technique can produce realistic
appearances for printed skin and even fruit. Other approaches
have examined varying the thickness of printed layers that contain
different colored inks [11] and filaments [271]
Achieving realistic appearances for many objects requires matching how light scatters below their surface. To this end, researchers
have computationally printed materials of different translucency
to mimic subsurface scattering present in real-world objects like
marble, wax, and salmon skin [65, 101]. Similar to full color
reproduction, realistic subsurface scattering in printed objects is
currently only possible with high-end industrial 3D printers.
Apart from visual realism and aesthetic preferences, optical
properties can be manipulated for interactive purposes. Researchers
have leveraged multi-material 3D printing to produce optical fibers
within objects [219, 331]. A material with a high index of refraction
is printed as the core of the fiber, which is then shielded by cladding,
a material with a relatively low refractive index. The difference
in indices of the two materials allows light to propagate along the
core with low loss through total internal reflection.
Computationally designing the geometry and placement of these
fibers enables routing of light across arbitrary surfaces, for example, to create back-lit face-shaped displays [219]. Other forms of
interactive objects with printed optical fibers include custom input
sensors (e.g., buttons and sliders that block the passage of light)
and chess pieces that display their location on the chessboard [331].
Patterning the internal geometry of objects with voids and materials of different translucency can also embed information that
can be optically decoded. Each layer can encode parts of a multilayer gray code pattern that is visible with terahertz imaging [332].
These printed objects support applications in pose estimation, data
storage and authentication.
Along similar lines, Maia et al. demonstrate approaches to embedding information by alternating material color and varying layer
thickness with FDM/FFF and SLA printers [179]. Selective placement of a resin material mixed with an near-infrared dye can also
be used and preserve an object’s outward appearance. Another
approach, G-ID, uses infill patterning and extrusion width as opti-
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cal tags [64] Notably, all of these approaches maintain the object’s
underlying geometry and can be decoded using a camera.

3.1.3

Acoustic Properties
The form of an object strongly influences the sound that it produces
when struck, and how it interacts with other sounds. Researchers
have computationally tuned the form and internal structure of objects to alter their the acoustic properties. Bharaj et al. optimize
the shape of metal cups based on user-specified frequencies and
amplitudes to produce musical notes and overtones [29]. Similarly, Lamello [247] generates tine structures that encode different
frequencies of sound within passive printed objects. When a user
interacts with the object—for example, by pressing a button—a
small striker hits the tines, producing uniquely identifiable sounds.
When coupled with a microphone, these passive objects can act as
input devices.
Rather than encoding sound production, other researchers have
explored tuning geometry to control the resonance of objects for
interactive purposes. Kubo et al. use different infill patterns and
densities to change the resonance profile of objects for identification
purposes [150]. Laput et al. print passive mechanisms (e.g., a knob
and slider) to dampen and reflect ultrasonic frequency sweeps that
are emitted from a mobile phone [154]. Changes in the acoustic
response, though inaudible to the human ear, are detectable on the
mobile phone’s microphone. This can support interactive control
of many different applications including an alarm clock and car
racing game.
Other approaches manipulate geometry to change the quality
of externally produced sound. Liu et al. adjust the spacing of small
perforations in a printed thermoplastic panel to absorb frequencies
associated with noise [171]. Others have investigated printing
acoustic metasurfaces—objects with sub-millimeter length geometry
that enable controllable reflection, transmission and absorption of
sound [10, 72]. Lastly, Acoustic Voxels computationally patterns
variations of hollow cell structures within custom objects to create
complex acoustic filters [164]. These filters are optimized to turn
objects (e.g., animal figurines) into wind instruments as well as
embed acoustic signatures.
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3.1.4

Thermal Properties
Thermal properties relate to how an object interacts with and responds to changes in temperature. Researchers have investigated
how 3D printed geometry can influence these properties. Much
like mechanical strength, thermal conductivity and response in
printed objects is affected by build orientation and the object’s
geometry [70, 225]. In general, a layer-by-layer process causes
anisotropic thermal response. Researchers have investigated manipulating geometry to control this response for space-based applications (e.g., satellites) [263].
Others have investigated how thermoplastics, the most commonly printed materials, shrink and warp in response to heat [343].
Van Manen et al. characterizes expansion of PLA in an FDM/FFF
printing process based on print speed, layer height, and print temperature [182]. They demonstrate simple flat objects that, when
triggered with high temperatures, change into a 3D shapes such as
a rose.
Geometric control coupled with functional and/or shape transformation is otherwise known as 4D Printing [291]. Within the HCI
community, thermal-based transformation in 3D printed objects has
been explored extensively using consumer-grade FDM/FFF printers
and thermoplastic materials. Computational design has enabled
flat patterns to transform into surfaces with double-curvature [95]
and texture [278]. Others have examined morphing flat patterns
into hollow objects (e.g., a bunny) by restricting the shape-memory
response of PLA with regions of printed TPU [7]. Thermal transformation has also been used to produce structurally stable and
deployable tensegrity structures [168] and non-developable mesh
surfaces [316]. Finally, Wang et al. demonstrate line-based objects
that fold into elastic mechanisms (i.e., a spring) and self-locking
structures in response to heat [315].

3.1.5

Electrical and Magnetic Properties
Electrical and magnetic properties are the most relevant for creating personalized interactive objects with 3D printing. With the
exception of metal, most 3D printed materials are electrical insulators. Early work explored incorporating conductive particles (i.e.,
carbon powder) into thermoplastic filaments to create conductive
composite filaments for FDM/FFF 3D printing [161]. Though the
electrical conductivity of this material is orders of magnitude lower
than that of typical metal conductors like copper, this approach
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opened capacitive and resistive sensing capabilities to printed objects without additional embedded circuitry. A microcontroller is
still required to capture and process inputs.
Building on these efforts, researchers have optimized the geometry and routing of conductive material in custom-shaped objects
to support sensing through touch [250], deformation [14, 252]
and hovering [253].
In general, the low conductivity of composite filaments only
lends itself to basic sensing and display purposes (e.g., turning
on light-emitting diodes) when coupled with an embedded microcontroller and power source. Reducing the reliance of additional
electronics, researchers have explored printing mechanisms that
can be wirelessly sensed. Mechanisms, such as a ratchet and gear
system, make contact with conductive- and ferromagnetic-plastic
composite regions causing detectable changes to radio frequency
backscatter in Wi-Fi signals [127, 128]. When designed into otherwise passive objects, such as a pill bottle, data about the object’s
use can be captured without the need for tethered electronics.
3.1.6

Perceptual Properties
In contrast to other computationally designed functionality that has
been discussed, perceptual properties are directly related to how we
experience objects from sensory input like touch and taste. With 3D
printing, an object’s geometry can be customized to offer different
information or perceptual cues during interaction (e.g., for usability
and accessibility). Researchers have demonstrated printed input
devices (e.g., buttons, knobs) that produce haptic feedback using
pneumatic input resistance [308], embedded magnets [207], and
electro-tactile stimulation [94]. Others have introduced computational tools that create textures on objects, for example, to increase
grip on objects like bike handles [123, 278, 281] and offer tactile
affordances for input controls [292]. Computational texturing has
also been adapted to create printable hair-like structures [155, 211]
and tactile overlays (e.g., braille patterns) that support non-visual
access to electronic devices like microwave ovens [97].
A recent thread of work, known as Digital Gastronomy [192,
349], seeks to enhance traditional cooking with new fabrication
capabilities. With 3D printing, researchers have explored texture
in edible items. Common printing process parameters (e.g., infill
patterning and material density) have been used to change the
texture of different foods including mashed potatoes [170] and
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chocolate [160]. Printed cookies with the same caloric content, but
different internal texture have been shown to influence chewing
time and an individual’s perceived satiety [167].
3.1.7

Summary
Interactive design, simulation and optimization are valuable tools
that support users in the design and fabrication of custom objects
with 3D printing. These tools can generally provide real-time feedback about how objects will behave once fabricated. Furthermore,
generative design approaches can often reduce human effort in
complex modeling tasks (e.g., mechanism design), while also suggesting novel design possibilities that would be difficult to manually
create. At a low-level, these tools manipulate the geometry and/or
placement of material to produce different user-specified functionality in fabricated objects. Beyond a single property or function,
optimization becomes challenging. It requires a well-defined objective function and encompasses a large, non-linear parameter search
space [255]. Recent efforts exploring programming pipelines [311]
and interactive design [310] for spatially-varying different material
properties (e.g., appearance, mechanical, optical) offer promising
routes for expanding computational control and broadening the
design space of 3D printing.

3.2

MIXED APPROACHES

Current 3D printing processes have a few key limitations. These
processes are typically very slow at fabricating objects, tend to have
small build volumes, and are generally limited to printing a single
type of material (usually plastic). An inability to print different
materials greatly narrows what can be made with the technology,
particularly because nearly every human-made object is made from
a mix of materials for different structural, functional and aesthetic
purposes. In an effort to address some of these challenges and
explore what can be made with 3D printing, researchers have
investigated combining different fabrication approaches (e.g., laser
cutting) and integrating existing objects (e.g., electronic circuits,
metal wire, etc.).
3.2.1

Reducing Fabrication Time
One use of existing materials and other processes is to speed up
fabrication of an object by reducing the amount of printed material—
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only using 3D printing where custom and/or high-fidelity geometry
is needed. Gao et al. replace a large internal volume of an object
with hollow, laser-cut and assembled acrylic box [83]. This box
provides structure and can be supplemented with electronics for
product development and prototyping. Using a 5-axis rotational
cuboid platform, custom shapes are printed on different sides of
the box to create functional devices like a computer mouse. Alternatively, Song et al. optimize the shape of a laser-cut assembly
to fit a non-rectangular volume inside of an object [273]. Their
method incorporates holes for attaching high resolution surface
geometry plates that can be fabricated on an typical 3D printer.
Researchers have also investigated injecting resin into voids within
an object, reducing the amount of printed material while significantly increasing the object’s strength [338]. Others have examined
substituting Lego-style blocks as low-fidelity parts in an object to
speed up design iterations [197]. Another approach integrates CNC
milling into a 3D printer to enable reuse of a previously printed
object [287]. Portions of a stale design are milled off of the object. Then new design iterations are fabricated directly onto what
remains, reducing material consumption and fabrication time.
Fabrication of solid objects can also be sped up by using 3D
printing to create molds for casting different materials. Researchers
have demonstrated variations of this technique to create objects
made of rigid [180], flexible [45] materials. Objects with much
more complex geometries can be cast using 3D printed molds than
possible with traditional molding approaches [4]. Mold-and-cast
approaches also allow multiple copies of an object to be fabricated
more quickly than would otherwise be possible with 3D printing
alone.
3.2.2

Repair, Adaptation and Augmentation
Researchers have investigated how 3D printing can combined with
existing objects to repair, adapt and augment objects for different
use cases. Using 3D scanning and 3D printing, fractured objects
(e.g., a vase) can be repaired with custom and/or aesthetically
pleasing components [153, 348]. Household objects like a hot
glue gun can be adapted with a stand or grips to support ease of
use [47, 48]. In these examples, the adaptation is printed and
then joined to an existing item (e.g., with glue). Researchers have
also examined embedding and printing around existing objects at
fabrication time [46, 47]. This includes mechanical parts such as
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metal wire and nuts to provide strength and stability, for example,
in a printed spoon and phone stand, respectively [46].
By embedding heating elements, Groeger et al. demonstrate a
technique for post-print remodeling and customization [93]. Regions of a printed object such as a bracelet can be selectively heated
to soften the plastic for re-forming around a user’s wrist. Embedded heating elements coupled with heat-responsive thin-films also
enables printing custom-shaped thermochromic displays.
3.2.3

Fabricating Large-Scale Objects
Printed objects are generally small because they are limited by a
printer’s build volume. Researchers have examined approaches to
fabricate large-scale objects by combing 3D printing with existing
objects. Custom adaptors can be fabricated to join wood [178],
and polyethylene terephthalate (PET) bottles (i.e., plastic soda
bottles) [147, 148] to make structurally-stable objects such as
chairs and tables, When coupled with printed hinges and actuation
mechanisms, these objects can also become interactive [147, 165].

3.2.4

Enabling Custom Interactive Devices
The ability to fabricate complex geometries with 3D printing offers
great promise for supporting the creation of custom interactive
objects. However, due to limitations in the types of materials that
can be printed, objects made with 3D printing alone are generally
passive and static. Researchers have explored embedding different
materials to enable interactivity and facilitate functional prototyping. These materials include embedded wires [73, 248], circuit
boards [246], and paper [57]. Others have created traces for
embedded components by airbrushing conductive ink [243] and
depositing conductive material [73, 222]. Likewise, Wu et al. inject
liquid metal into printed forms to create simple electrical components including resistors, inductors, and capacitors [336].
Typically, deposition of conductive composite material results
in high resistance circuits that are only suitable for low power electronics. Recently, Swaminathan et al. demonstrated laser-etching
of printed carbon fiber epoxy composite to create highly conductive carbon fiber traces [282] in printed objects. These traces are
combined with silver epoxy and electrical components to create
functional objects such as a bicycle handlebar that has embedded
touch-sensing capabilities.
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Vasilevitsky and Zoran show custom machine elements (e.g.,
ball bearings and hinges) that are assembled from printed metal
and plastic parts can function as basic electrical components (e.g.,
switches and variable capacitors) [305]. This functionality enables
embedded sensing of their usage. Others have injected liquid (e.g.,
water) into printed objects to support offline sensing of interactions [249, 251]. The embedded liquid acts a capacitor between
an object’s conductive areas. Interactions, such as tilting, cause
liquid to be pushed into interior channels, effectively changing the
object’s capacitance. This change can be sensed using a mobile
phone’s touch screen [249].
Along similar lines, researchers have examined embedding magnets in printed objects to prototype input devices [345], actuators [214], and low-fidelity physical models [280]. Printed objects
with embedded magnets can also enable haptic feedback during
interaction [207, 214, 345].
Researchers have also investigated combined 3D printing with
mold-and-cast approaches to fabricate custom interactive objects.
Ishiguro and Poupyrev create custom-shaped electrostatic speakers by coating printed objects in nickel, polyethylene, and silicone [126]. This combination forms a thin film diaphragm that
produces sound when activated with a high voltage. Others have explored using printed molds to create custom conductive sensors and
bellow actuators for applications in robotics and shape-changing
interfaces [202].
Others have explored light-based interactions with 3D printing. Torres et al. optimize the geometry of 3D printed molds that
are then cast with a mixture of resin and glass beads to create
personalized light diffusers [293]. Other approaches use aerosol
spraying of photochromic [130] and electroluminescent inks [100],
and internal tubes filled with electroluminescent wire [248] to
create custom interactive displays on printed objects. Finally, Savage et al. embed a camera and small mirrors into printed objects
(e.g., a game controller) to passively sense different input actions
like button presses [245]. Customized internal geometry is used
at each input area so that it can be optically distinguished from
inside using computer vision techniques. This approach enables
otherwise passive printed objects to become interactive devices.

25

26

RELATED WORK

3.2.5

Summary
Mixed approaches aim to address current limitations and broaden
the design space of 3D printing by combining existing materials and
other fabrication processes. In comparison to 3D printing alone,
these approaches can allow custom-shaped objects to be made
more quickly and at larger scales. By integrating other materials
(e.g., wires, conductive ink, magnets), printed objects can also
support interactive capabilities such as input sensing and haptic
feedback. However, designing printable objects around an existing
material can be challenging because it requires having a digital
representation, possibly produced from 3D scanning or human
measurements. In addition, other fabrication processes may not
be as accessible as 3D printing and may require a more hands-on
approach during fabrication (e.g., to cast materials). As a whole,
mixed approaches are a way of exploring and expanding what is
possible with 3D printing in its current state.

3.3

NEW MATERIALS AND PROCESSES

The development of new materials and processes is another way
researchers have expanded the versatility of 3D printing. This
is a complementary approach as advancements can enable new
computational design opportunities and mixed approaches.
3.3.1

1

Ilan E. Moyer. CoreXY: https://

corexy.com/index.html

Rapid and Large-Scale Printing
As discussed in Chapter 2, many process developments for 3D printing have focused on addressing limited fabrication speed and object
size. In vat photopolymerization processes (e.g., SLA), curing with
continuous elevation instead of at discrete layer pauses increases
fabrication speed [298]. Similarly, dynamic projection of light fields
onto a rotating vat of material can rapidly cure whole volumes instead of individual layers [138]. In material deposition processes,
hobbyists have designed Cartesian motion set-ups 1 that reduce
inertial mass and support rapid acceleration during prints. While
researchers have examined fast and high precision switching of
tools [307], and mixing of multiple viscoelastic materials through
a single nozzle [270].
Another area of work has looked at large-scale material deposition, otherwise known as Big Area Additive Manufacturing
(BAAM) [109]. Researchers have produced strong objects such as
the chassis and body of a car [55]. However, strength in BAAM
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processes can be compromised by improper layer adhesion and
void formation in printed materials [67].
3.3.2

Composite Materials
Owing to its popularity and support for many material types (e.g.,
inks, gels, clay and thermoplastics), efforts in new materials have
primarily focused on deposition processes. Researchers have demonstrated combined printing of photopolymers and non-curing liquids
to create hydraulically actuated robots [177]. Others have explored elastic [99] and conductive [199] materials that can be
printed into gel baths. New material formulations have also enabled unique combinations of material properties. Researchers
have demonstrated a ballistic gel that has both high elasticity and
optical transmission for light manipulation [299]; a rigid thermoplastic composite filament with high dielectric permittivity for
microwave devices [337]; and an elastic ferromagnetic ink [142]
for soft actuation.

3.3.3

Interactive Capabilities
Within the HCI and Computer Graphics communities, many recent process and material developments have focused on enabling
interactive capabilities. This includes incremental printing while
3D modeling [218] to support faster prototyping iterations, and
using a 3D printer to fabricate and manipulate objects (e.g., for
in-place assembly) [136]. Others have explored liquid deposition
processes to create responsive clothing with Natto cells that change
shape in response to moisture [317]; color-changing objects with
photochromic inks [227]; and interactive paper from conductive
and thermochromic cellulose gels [56]. A combined process for
deposition of copper and iron wire alongside plastic printing has
been used to create electromagnetic devices such as a solenoid,
reluctance motor and coupling sensor [216].

3.3.4

Soft Materials
Soft materials are generally compliant making them advantageous
in interactions that occur directly with and around humans (e.g.,
in soft robotics [140, 238]). These materials have seen a number
of interactive use cases within the HCI community. Researchers
have created soft sensors by mixing soft and conductive materials
together such as coating sponges in conductive ink [201]; curing a
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carbon-filled elastomer [339]; and embedding conductive ink into
objects printed in flexible thermoplastic polyurethane (TPU) [14].
Among soft materials, textiles are the most prevalent in our
everyday lives. Owing to this, another related line of work in the
HCI community has explored the fabrication and design of “smart”
textiles. These textiles have embedded sensing capabilities and
support a rich interaction space on and around the body. Textiles
have been explored as a means to sense human gesture input [143,
209, 224, 241, 260, 312, 325], and display information through
light [209] and color change [22, 59]. Others have shown how
smart textiles can augment musical performance [325] and enhance
prosthetic limbs [162]. Researchers have also examined actuating
textiles in response to external stimuli such as motor-driven tendons [3] and joule heating [66, 81, 200] to support applications in
interactive clothing and shape-changing interfaces.
With respect to 3D printing, a recent thread of work has examined printing interactive objects made of textiles and textile-like
structures. Inspired by weaving, Takahashi and Kim demonstrate
using an FDM/FFF 3D printer to create woven-like sheet structures
from plastic that are flexible and potentially conductive [286]. Hudson describes a new type of 3D printer that needle-felts yarn to
enable the creation of new soft objects such as teddy bears [115].
In the process a length of yarn is continually felted on a single
path (and potentially across multiple layers); however, the yarn
must be manually cut for long movements that do not lay down
more material. Additional existing items, such as electronics, can
be embedded if an appropriate cavity is left in an object’s geometry.
Peng et al. demonstrate an LOM printing process in which a
roll of fabric is positioned on the the build area, cut to size with a
laser cutter, and then bonded together using with a heat-sensitive
adhesive [217]. Similar to other LOM processes, this printer can
combine two different rolls of fabric material (e.g., conductive).
This done by orienting the second roll along the axis perpendicular
to the first. By layering non-conductive and conductive fabric, soft
touch sensors and interactive objects can be made.
3.3.5

Summary
Unlike computational design and mixed approaches, the development of new materials and processes aims to directly resolve
limitations of current 3D printing technology. This includes enabling faster production, larger object sizes, and new material

DISCUSSION

capabilities. However, these advancements typically come with
decreased access. New materials often need to be formulated in a
laboratory setting [142, 227, 299, 317, 337]. Furthermore, new
processes may require extensive hardware modifications (e.g., for
wire [216] or textile deposition [115, 217]) or entirely new printer
set-ups [109, 138, 307].

3.4

DISCUSSION

The previous sections discuss various ways that researchers explored and broadened the design space of 3D printing. Computational design techniques allow users to specify high-level functional
goals that are met by optimizing an object’s geometry for fabrication. Generative design, in particular, enables users to explore
different design possibilities while reducing the burden of designing
them. Moreover, it supports designing objects that have new material capabilities such as having a graded elastic response [33, 213,
296, 341]. Mixed approaches combine 3D printing with existing
items (e.g., electronics, heating elements) and other fabrication
processes to explore and broaden design possibilities including for
functional prototyping and interactive purposes. Lastly, material
and process developments resolve challenges with current 3D printing technology. This includes small build volumes, slow fabrication
speed, and limited printable materials.
While this chapter has presented work in these areas as having
clearly defined boundaries, in reality the boundaries are much
more fluid. Work in this space often complements or spans across
multiple areas, for example, a technique for embedding magnets
can be supported with computational design to explore haptic
feedback mechanisms for printed input devices [207]. The same
is true of the work presented in this dissertation. The subsequent
chapters introduce digital fabrication techniques for 3D printing
that span across computational tools, mixed approaches, materials
and printing processes.
Techniques in these areas open up new design possibilities but
also come different challenges and trade-offs. Computational design can limit a user’s control over the aesthetics of object and
require entirely different design software. Mixed approaches may
necessitate having 3D models of existing objects to design around
or additional fabrication equipment beyond a 3D printer. Likewise,
new materials and processes can be difficult to integrate into exist-
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ing printer set-ups and/or require special equipment, for example,
to synthesize a material for printing. These aspects limit the ability
of users to adopt these techniques for personal fabrication. Accordingly, the work presented as part of this dissertation is aimed
at reducing these barriers. In the subsequent chapters, new techniques that leverage everyday materials (as discussed in Chapter 1)
are introduced to address challenges with 3D printing and expand
design possibilities with and beyond typical rigid plastic printing.
Importantly, the techniques presented are aimed at being approachable to end-users. The presented materials are familiar—they can
be readily obtained (e.g., at home, in a supermarket, craft store),
or made in a kitchen at home. Likewise, the all of the techniques
can be readily integrated into to existing 3D printing set-ups and
design workflows.
Chapter 4 establishes basic techniques for embedding textiles,
the most common material with which we interact, during an
FDM/FFF 3D printing process. Textiles, including fabric, offer a variety of different material characteristics (e.g., elasticity, flexibility)
and they can easily be manipulated through cutting, bending, and
stretching. These capabilities enable printing objects more quickly
and at larger sizes than typical printer build volumes. Embedded
textiles can also support interactivity and custom objects that can
be worn close to the body. To this end, examples of input devices
and personalized objects are presented to showcase a broadened
design space for 3D printing.
Chapter 5 builds on techniques for embedding textiles and introduces a food-grade hydrogel as a material for printing. Hydrogels
are polymer networks that swell in response to water. The interplay
between this material and textiles enables the creation of interfaces
that actuate and change shape in response to water. An interactive
design tool that integrates into existing 3D modeling software is
presented to facilitate the creation of such interfaces. The chapter
concludes with a series of example applications.
Chapter 6 presents a new 3D printing process that enables direct
textile fabrication via melt electrospinning. The process produces
both rigid plastic and soft textiles from the same plastic filament
using a single hot-end. Notably, properties of these textiles (e.g.,
texture, porosity, flexibility) can be controlled with typical printing
parameters like temperature. The versatility of this process is
demonstrated through a series of example objects that are soft,
flexible, and interactive.
Chapter 7 introduces a new printing material that is primarily
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made from cellulose, hemi-cellulose, and lignin—materials that
form the cell walls of plants and trees. In contrast to plastic filaments typically used for 3D printing, this material is biodegradable
and renewable. It can be easily recycled during prototyping sessions
and supports creating objects that are intended to degrade during
or after their intended use. Example workflows and applications
are presented to demonstrate these design possibilities.
Finally, Chapter 8 concludes this dissertation with a discussion
of these different techniques and opportunities for future work in
this space, and more broadly in personal fabrication.
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3D Printing with Embedded Textiles
4.1

INTRODUCTION

Textiles are a very well developed technology: techniques for the
construction, manipulation, and modification of textiles have been
refined for millennia [19]. Textiles offer many desirable characteristics: they can be easily folded, twisted or deformed; some can
maintain shape when placed under tension and preserve functional
qualities when cut. These and other properties such as aesthetic
appearance, warmth, and versatility have afforded textiles a rich
history of practical uses extending from clothing and decoration
to more functional objects such as furniture and even as parts of
buildings [37].

“There are no boundaries for what
can be fabric.”
—Issey Miyake

In contrast, 3D printing is a relatively new technology that offers
a means of fabricating items with precise custom geometries. While
most 3D printing techniques create rigid objects–typically from
plastic and more recently from metal—printed objects can benefit
greatly from the flexibility, stretchability, and aesthetic qualities
found in many textiles. Similarly, the utility of textiles can be
augmented by the use of computer-aided design software and the
accuracy and functional properties of 3D printing. As illustrated in
Figure 4.1, the combination of 3D printing and textiles creates a
new design space for rigid objects with embedded flexibility and
soft materials imbued with functionality.
This chapter introduces a set of techniques for successfully combining 3D printing and textiles, including details on adhering plastic
to fabric and embedding fabric into a printed object. These techniques are supplemented by a series of design primitives to support
the creation of customized objects and input devices with useful
properties such as strength, elasticity and absorbency. Likewise,
33
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FIGURE 4.1: A range of textile-embedded 3D printed objects fabricated using our
techniques—a box with a rolling lid containing a mesh of polyester and strings
for actuation (A); a functional watchband printed on a polyester mesh (B); a
figure with a pressure-sensitive head that controls an embedded displacement
sensor containing a mesh of nylon and spandex fibers (C); a 22-inch (56 cm)
crown printed on a single piece of felt that is larger than the print bed (D).

these primitives can reduce fabrication time and support creating
objects that are larger than a typical 3D printer’s build volume.
Building on these primitives, a series of example objects that encompass these properties are presented—some of which are shown
in Figure 4.1. As a whole, the work in this chapter brings the properties of textiles into printed objects to broaden the design space
of 3D printing.
4.2

BACKGROUND

The properties of textiles have long been explored in the material science and textile manufacturing communities [69, 103,
104, 105]. Their structure of interlocking fibers—either natural or
manufactured—gives textiles a breadth of characteristics that are
useful beyond their appearance. Some textiles can absorb sound or
moisture, and be engineered with specific stretchability [105, 294].
Others may be coated with polymers that block wind and water, or
are sensitive to heat [261].
Fabric—the material produced by interlacing fibers through
weaving, knitting, crocheting, or bonding—can also be designed

BACKGROUND

to provide further variations in properties such as stretchability
and permeability. For example, fabric engineered with large spaces
between fibers, or interstices, can facilitate faster diffusion of liquids
such as water or hot plastic between the fibers [328].
The ability to add structure and manipulability to fabric has long
been of interest in textile communities. Shaping and/or stiffening
of fabric is accomplished by attaching it to rigid objects, draping
it over rigid objects, sewing seams and darts, and layering fabrics.
These are all fairly labor-intensive actions that require some skill
and knowledge about sewing and textile-working.
Textiles have recently captured the imagination of the 3D printing community, which can benefit from aesthetic and other properties of textiles, while reducing the manual labor needed to create
with them. For example, Hudson describes a new type of 3D printer
that prints in needle-felted yarn, enabling the creation of new soft
objects such as teddy bears [115]. Peng et al. created a layered
fabric printer, which uses textiles as the printing medium, cut with
a laser and adhered together with a heat-sensitive glue [217]. This
printer can combine two different textiles, enabling, for example,
the embedding of conductive material in a print.
Within the textile science community, there has been limited
prior research into combining 3D printing with existing textiles.
Pei et al. show that it is possible to directly 3D print plastic onto
textiles [215], exploring structures such as a latch and hook. They
also examine the quality of adhesion acceptability through visual
surface inspection, suggesting PLA has strong adhesion with certain
fabrics. However, they do not measure the force that can be held by
a bond between plastic and fabric nor the extent to which a fabric
will stretch before the bond breaks. Mikkonen et al. create flexible, 3D printed objects intended to be integrated with cloth [189].
However, they use standard methods for attaching hard objects to
textiles, such as printing buttons and sewing them on, or inserting boning into a corset. Sabantina et al. demonstrate simple 3D
printed forms combined with textile structures and their mechanical and geometric properties [239]. The current chapter extends
theirs by realizing a set of usable techniques, design primitives,
and exemplars that support combining textiles with 3D printed
components to support a range functional, structural, and aesthetic
use cases.
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FIGURE 4.2: Primitives for stiffening in a single dimension by adding plastic (gray)
to fabric (blue). Closely spaced elements printed onto the fabric can prevent it
from bending up while allowing it to relax down (A); widely spaced top elements
coupled with closely spaced bottom elements enforce the opposite motion (B).
Using widely spaced elements allow the fabric to flex in both directions (C),
while a solid bar prevents flexing entirely (D).

4.3

BASIC TECHNIQUES FOR

3D

PRINTING WITH TEXTILES

Embedded textile 3D printing takes place at three different levels:
low-level techniques for successfully 3D printing with textiles; design primitives for accomplishing specific higher level goals; and
fully functional objects. This section discusses low-level techniques
for embedding textiles into an FDM/FFF 3D printing process.
Strong adherence between textiles and 3D printed plastic is necessary to integrate their different properties. Extensive experiments—
both informal and formal—were conducted to determine the best
methods to achieve a strong bond, and support high-level design
primitives for creating more complex structures.
Experiments were performed using an unmodified consumergrade FDM/FFF 3D printer, PLA and ABS filament, and a variety
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FIGURE 4.3: Plastic extruded onto a textile with a fuzzy surface creates very
strong adherence. The plastic seen here is difficult to separate from a piece of
felt.

of different textiles. Note that there is inherent variability in measurements related to a printing process. The temperature reading
for 3D printing can vary based on the calibration of the 3D printer
as well as the quality and type of filament used [5]. For example,
the ideal print temperature of PLA is typically between 180–230°C.
Similarly, coatings and variations in material make-up of textile
fibers may alter how a textile interacts with printed plastic. Information about the presence and types of coatings on textiles is not
easily available, particularly if textiles are purchased off the shelf.
Thus some degree of experimentation around parameters such as
extrusion temperature is required when attempting to print with
embedded textiles.
The two main factors that were considered for successfully
combining fabric and plastic are adherence and stability. Adherence
refers to the ability of the plastic filament to attach to the textile,
while stabilization of the fabric with respect to the printer is also
necessary to achieve success, particularly when printing tall objects.

4.3.1

Adherence
Because FDM printing lays down print material in layers, it is critical that each layer bonds to the previous one. When incorporating
textiles in an FDM/FFF print, the textile can be considered a “layer”
as well. However, due to variability in factors such as print tem-
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perature and textile coatings, experimentation is required to attain
optimal adherence, such that the textile cannot not be easily separated from a printed object (Figure 4.3). PLA, for example, often
adheres better to fabric when extruded at a slightly higher temperature than typical (210-220°C). The high temperature produces
lower viscosity and facilitates a longer settling period for the plastic
to cool and solidify, allowing it to partially seep into the fabric for
a stronger bond.
For thin fabric, approximately less than 0.4mm thick, the best
adherence resulted from simply securing the fabric and proceeding
with printing without leaving extra space in the model for the fabric
layer: the force and heat of the hot-end pressing into the fabric
assisted in achieving a good bond between the plastic and textile.
For thicker fabric, however, the hot-end can catch on the fabric,
displacing it during the printing process. In this case, it is necessary
to raise the height of the next layer of plastic to be printed, leaving
adequate space for the fabric.
When a fabric is not used as the first layer of a print and is
instead intended to adhere between two layers of plastic, it will
not normally adhere to the layer below it. For this to occur, the
fabric must have holes, or interstices, for the melted plastic to flow
through. These openings may be an intrinsic part of the fabric, in
the case of netting or other low-density textiles, or can be artificially
created by cutting.
Adhesion Testing
Pei et al. examine the quality of adhesion between plastic and fabric
through visual and surface inspection [215]. However, they do
not provide quantitative insights about the bond strength. We
performed a characterization of the bonding performance between
plastic and fabric by measuring the force required to separate plastic
printed onto different types of fabric with Instron model 5567 strain
tester.
Figure 4.4 illustrates the test setup: a 1-inch (2.54 cm) diameter
“plug” of plastic was printed onto a sample of fabric. The fabric
was secured onto the lower arm of the Instron. The upper arm’s
clamp was then attached to the plug. The machine then pulled the
two arms apart until the plug separated from the fabric, measuring
the amount of force required during the extension.
A baseline of performance was measured using basic materials
and default printer configurations. The test was performed using
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FIGURE 4.4: Instron adhesion test setup. Left: attachment of fabric and plastic
sample to test column; right: fabric anchor (yellow) with test in progress.

two plastic types, ABS and PLA, both un-colored, from Mitus1 .
Fabric samples were similarly un-dyed and, and determined to be
un-coated. The plastic was printed at manufacturer-recommended
temperatures (248°C for ABS and 210°C for PLA) on an Ultimaker
3D printer. Figure 4.6 illustrates the results of the adherence test.
Table 4.1 describes the properties of the six fabrics that were tested,
and Figure 4.5 shows images of each fabric.
The results demonstrate that the adhesion capabilities can vary
widely based on the composition of a fabric and the filament used
for printing, which is useful in supporting different functionality.
For example, the combination of Sew Essential fabric with PLA is
capable of sustaining a weight of 50 N (11 pounds of force) which
is equivalent to a grocery bag full of food. Similarly, the Voile fabric
with PLA can extend about 1 cm in length with a small amount of
force (approximately 10 N or 2 pounds of force) without adhesion
failing.

1

http://mitusbrand.com
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ID

Name

Composition

Thread Count

Weight

A

Ripstop Nylon

100% nylon

196

68

B

Sport Nylon

100% nylon

113

91

C

Symphony Broadcloth

65% polyester, 35% cotton

208

112

D

Voile

65% polyester, 35% cotton

120

53

E

Premium Muslin (Bleached)

100% cotton

204

125

F

Sew Essential (Bleached)

100% cotton

142

114

TABLE 4.1: Properties of the fabrics used in the adhesion test. All fabrics tested were plain weave. Thread count is
threads per square inch and weight is grams per square meter.

FIGURE 4.5: Photo of the fabrics used in the adhesion test in order of Table 4.1 (A–F) from left to right. The top
ruler is in centimeters; the bottom is in inches.

FIGURE 4.6: Results of the adhesion test showing force exerted for a given extension. Both graphs are on the
same scale; the left is for ABS and the right is for PLA.
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4.3.2

Stabilization
When 3D printing with plastic alone, as long as the printer is calibrated and the bed is appropriately prepared printed plastic will
adhere providing a stable surface for subsequent layers of material.
Unfortunately, the mechanical advantages of fabrics—their abilities
to compress, flex, and stretch—are also potential disadvantages
when it comes to the 3D printing process. For example, the relative
motion between the hot-end nozzle and the fabric can cause lateral
forces to be exerted on the fabric which can then shift or stretch;
fabric placed across gaps can sag; and taller prints can tilt or twist
as the fabric flexes. Extra steps that prevent these issues must be
taken to provide a stable surface on which to print. Solutions to
these challenges are discussed below and illustrated in Figure 4.7.
Shifting
Unless a piece of fabric is secured to the print bed, it will simply
be pushed around by the hot-end as it moves. As discussed in
the Adherence Section, for thicker fabrics, the hot-end can be repositioned such that it does not catch, but this may decrease the
strength of adherence. Textiles with a low degree of stretch may
be fixed in place at the edges with tape or clamps similar to [121].
For fabric with a higher degree of stretch, it may be necessary to
secure the underside as well to prevent shifting during the printing
process. Double-sided tape is an effective solution for preventing
this unwanted motion.
For fabric that is intended to be embedded as a middle layer of
an object—for example, in a displacement sensor Figure 4.14—the
same technique of fixing the fabric in place at the edges applies.
Alternatively, if it is undesirable to drape the fabric over the edges
of the object, another strategy is to use glue (e.g., gel-viscosity
cyanoacrylate adhesive).
Stretching
The ability of some textiles to stretch creates new opportunities
for 3D printed objects. For example, stretch can facilitate the
creation of resizable objects and pressure-sensitive input devices
(Figure 4.1C). However, stretch also introduces fabrication challenges such as movement that makes objects tilt as more layers
added to them. Likewise, textiles made of nylon or spandex fibers
may shift or melt due to contact with the hot-end. Adjusting the
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FIGURE 4.7: Stabilization problems and solutions. Textiles can shift, sag and
tilt/twist if not properly secured with tape before printing.

hot-end position to be just above the surface of the textile and
placing painter’s tape over it can reduce stretching.
Sagging
An advantage of textiles is their ability to easily bridge large gaps in
a print. However, they may sag if not well supported and printing
may cause the fabric to dip, leading to improper layer alignment
and poor adhesion of plastic. This problem can be reduced by
first placing painter’s tape over a gap to support the fabric (Figure 4.17C), or by using one of the shifting-reduction methods to
keep the textile taut over the gap.
Tilting
Tilting occurs when the object being printed has a small contact
area with a textile and a comparatively large height. As the height
rises, it is more likely that the print head will be able to push the
object aside causing inaccurate (or even in-air) printing. This effect
is worsened by textiles that stretch. Tilting can be corrected by
placing painter’s tape directly on a textile near problem spots to
reduce stretching, or by adding double-sided tape between the
textile and the print bed and/or underlying printed material to
hold it steady.

DESIGN PRIMITIVES

FIGURE 4.8: Plastic segments that restrict the bend angles of a textile.

4.3.3

Printing Beyond a Single Layer
A fundamental limitation of printing on fabric in an FDM/FFF
process is that the fabric must lie horizontal to the print plane. Otherwise, it may obstruct the movement of the hot-end and prevent
hot plastic from being properly laid down. Textiles intended to fold
may be printed flat and then folded (such as those described in
the Design Primitives Section). Fabric may also be folded up and
around after some number of plastic layers are printed (e.g., by
pausing the printing process). In many cases, excess fabric is small
enough to fit on the print bed, and naturally remains out of the
way as layers are added. In other cases, fabric can be folded or
rolled and secured out of the way of any moving parts (e.g., the
hot-end) during printing.

4.4

DESIGN PRIMITIVES

This section introduces design primitives that use low-level techniques to combine the different properties of textiles and printed
plastic.

4.4.1

Selective Stiffening
Adding plastic to fabric enables selective stiffening of the fabric,
controlling where and how the fabric can bend or stretch. This
basic primitive can be used to build up a number of higher-level
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FIGURE 4.9: A textile that is only capable of rolling or flexing along the axis
parallel to the plastic segments.

primitives, including mechanically-actuated devices, sensor-based
objects, and large-scale fabrication.
Printed plastic normally cannot bend unless hinges are included
in its design, which often requires a level of precise design and
and/or additional assembly steps. In contrast, most textiles are not
normally rigid at all. Many techniques exist for adding stiffness
to fabric, such as incorporating additional hard materials (e.g.,
cardboard or plastic whalebone); however, adding these materials
can be labor-intensive and require considerable knowledge of, and
skill in, sewing and textile shaping.
Printing plastic onto fabric can selectively stiffen different areas
of the fabric, controlling the way in which the fabric is able to
bend (Figure 4.9). Figure 4.2 illustrates the different ways we can
control bending in a single dimension. Control of the spacing of
between printed elements on top of fabric can also allow or prevent
bending in the direction perpendicular to the fabric. Incorporating
the fabric in between layers can restrict bending in the opposite
direction as well.
In addition to direction, the degree of bending can be manipulated through the amount and shape of printed plastic. Specifically,
the bend angle can be controlled by using closely spaced stiffeners
with angled side cutoffs or explicit side braces. As illustrated in
Figure 4.8, the bend angle will be approximately the sum of the
two side angles in the bend direction, and will remain small in
the opposite direction (unless additional bending support on the
opposite side is provided). Note however, that the exact bend angle
may depend on the stretch of the small section of fabric between
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FIGURE 4.10: Textile-embedded, string actuated mechanical arms with variable
bend angles—(A) and (B) show straight segments of plastic lead to a simple roll
that aligns with the axis of the channel; (C) and (D) show angled segments of
plastic cause the roll to skew to the left.

the stiffeners. Consequently, for fabrics with very high stretch it
may be necessary to experiment to obtain an exact angle.
Individual one-dimensional bends can also be composed to create more complex shapes and motions. For example, Figure 4.10
illustrates curling shapes produced using angled and straight stiffening segments. Figure 4.21 illustrates the creation of a threedimensional shape by folding from a flat printed object. The final
shape is obtained by printing each edge in the polygonal model with
a pair of braces that have a bend angle equal to half the dihedral
angle for that edge.
4.4.2

Selective Adherence
By selectively adhering plastic to the fabric, the degree of flexing
and stretching in the plane and bending out of it can be controlled.
This behavior can be further customized by selectively manipulating the areas where plastic adheres to the fabric. For example,
placement of painter’s tape can be used over areas of the textile
where plastic is to be printed but should not adhere. Printing can
then proceed on and around the tape, which supports the hot plastic while preventing it from bonding with the surface below. After
printing is complete, the fabric can shift or stretch while being in
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contact with, but not adhered to, the plastic. This technique allows,
for example, creating a mechanical slider which is free to move
and retract using stretchy fabric (Figure 4.18B).
4.4.3

Mechanical Action
More complex interactive objects can be created using stiffening
primitives. In particular, constraining the bend of fabric in specific
ways also supports simple mechanisms. Figure 4.10 illustrates how
a string affixed to one end of a strip of stiffening segments can create
a rolling mechanism. By varying the angle at which the segments
are placed next to each other (Figure 4.10B), the strip can be made
to curl as it rolls up and (Figure 4.10D). Figure 4.1A illustrates a
hybrid textile/printed box with a segmented lid. Controlled by a
motor, the box’s lid can automatically curl open and uncurl closed.

4.4.4

Fast Production
One of the key advantages of using textiles with 3D printing is
that layers of fabric are pre-fabricated, opening up the possibility
of reducing fabrication time by selectively replacing some of the
printed plastic with fabric. However, to emulate the hard plastic
it replaces, the fabric may need to be reinforced so that does not
bend. Fabric can be stiffened with a small amount of printed plastic
over its surface. Furthermore, the outer structure or shell of an
object can be construct using textile-supported panels (Figure 4.11).
There are several options for assembling a shell-printed object.
Structures such as printed snaps and clips can fasten the shells
together (Figure 4.12). Alternatively, shells can be glued together
or sewn at their edges.

4.4.5

Large Objects
One advantage of printing on fabric is that it can be larger than the
build plate. Once a portion of fabric is printed on, its unused sections can be aligned for further printing. The resulting object then
consists of a series of printed sections that are all connected across
the fabric. The only caveat of to this approach is that previously
printed components must not obstruct movement of the hot-end
during subsequent printing. For this, the gaps between each printed
section should be larger than the size of the hot-end nozzle. Another challenge is that the textile must be properly aligned such
that printing can accomplished where it is desired. One solution is

DESIGN PRIMITIVES

FIGURE 4.11: A shell printed triangular prism first printed flat and then folded
to its 3D form.

to use a printed skirt layer to assist in positioning the textile on the
print bed. A laser pointer attached to the hot-end can also guide
alignment each time the fabric is adjusted. Figure 4.1D illustrates
a large head crown fabricated with this approach.
4.4.6

Textile Reconfiguration
Textiles have many options for post processing. Assembly of a shell
print can be done through printed snaps (Figure 4.12) or textileworking techniques like sewing. A textile can be cut to size or shape
after printing to remove excess material; it can also be trimmed to
size if the desired sizing was not known at design time. Reinforcing
plastic structure can be printed around holes—creating grommets—
to protect the fabric’s raw edges from fraying and provide passage
for cords or strings. Figure 4.13 shows several examples of customshaped grommets enabled through 3D printing.
Augmentations such as snaps and grommets can be readily
provided by more conventional means. However, printing these
items in-place reduces the number of manufacturing steps needed
to produce an object. Importantly, it also provides a flexible way
to mix these conventional fixed form augmentations with highly
customized structures that can be achieved with 3D printing.

4.4.7

Summary
Integration of textiles with 3D printing enables a set of design
primitives that printed plastic alone cannot realize. With stiffening
constructs, we can control how the fabric flexes. A composition
of these constructs allows for more complex mechanical behaviors
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FIGURE 4.12: Snaps printed onto a fabric.

FIGURE 4.13: Custom-shaped grommets printed onto a polyester mesh. The
centers of the grommets were cut out after printing.

such as flexing, rolling and snapping. With basic materials like
painter’s tape, adherence of fabric to plastic can be manipulated
to enable further movement possibilities such as with the input
devices discussed in the next section.

4.5

INPUT DEVICES

The discussed design primitives can be used with stretchable textiles
to quickly fabricate customized input devices. These input devices
are supported by a reusable displacement sensor that has electrical
components which are embedded during the printing process as
illustrated in Figure 4.14. The displacement sensor allows custom
input mechanisms to be quickly fabricated, snapped on top, and
tested before deciding on a final design.
The principle of operation behind the displacement sensor is to
sense the movement of a textile-suspended plunger (Figure 4.15).
As the plungers moves, it occludes light produced by an LED in
proportion to the amount of displacement. This change is detected
using a photoresistor placed directly across from the LED inside of
the object.
The inside of the displacement sensor is hollow to allow the the
plunger to move freely (Figure 4.16). During the printing process,
the plunger is temporarily supported with tape (Figure 4.17C).

INPUT DEVICES

FIGURE 4.14: Cross-section of a textile-embedded displacement sensor. The tape
is inserted with electrical components during the printing process. The tape
acts as temporary support for printing the plunger. It is later removed using an
opening on the underside of the object (Figure 4.16).

FIGURE 4.15: The displacement sensor’s principle of operation showing maximum
light reaching the photoresistor when the plunger is not depressed (A) and
reduced light as the plunger is pressed (B).

FIGURE 4.16: The displacement sensor’s underside showing the suspended
plunger.
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Once enough layers of the plunger are printed, the printing
process is paused and a thin stretchy fabric composed of nylon and
spandex fibers is laid down (Figure 4.17D). The process is resumed
to finish fabrication of the object (Figure 4.17E) and embed the
fabric partially inside the plunger. After fabrication, the support
tape is removed through an opening on the underside of the object
(Figure 4.16). This leaves the plunger suspended in mid-air by
the stretchy fabric. Once this displacement sensor is constructed,
additional input mechanisms can be attached for testing including
a slider, knob and button.
4.5.1

Slider
The slider thumb is constructed using a stretchable polyester mesh,
which causes it to snap back to its position in the middle of the box
shown in Figure 4.18B when released. As shown in Figure 4.14,
the displacement sensor is wedge shaped. This causes its height to
vary linearly as the slider thumb moves across it.

4.5.2

Knob
Rotation is converted into pressure on the displacement sensor
using a 3D printed threaded screw and knob (Figure 4.18C). As
the knob is turned, it gradually lowers to displace the plunger.
The displacement of the plunger is proportional to the amount of
rotation.

4.5.3

FIGURE 4.17: Process for fabricating a pressure sensitive button: inserting electrical components (AB); using painter’s tape to support
printing the plunger (C); printing
a portion of the plunger, then pausing the print to lay a stretchable
fabric (D); and finally, printing the
rest of the object (E).

Button
The pressure-sensing button applies mechanical force to the top
of the plunger (Figure 4.18D). Tension in the textile under the
displacement sensor opposes downward motion while allowing the
textile to slowly stretch. Once the pressure applied to the plunger
is relieved, the textile retracts and the plunger and button return
to their initial positions.
As a final example, a custom-shape is demonstrated around
a pressure sensitive button. The “android” button illustrated in
Figure 4.1C uses the design primitives of selective stiffening, selective adherence, and mechanical action. Fabric embedded in the
android’s body enables sensing while giving its head the aesthetic
qualities of a bobble-head figure.

APPLICATIONS

FIGURE 4.18: Input devices with embedded textiles—our displacement sensor
(A); a retractable slider (B); a knob (C); and a pressure sensitive button (D).

4.6

APPLICATIONS

This section presents a series of examples objects with embedded
textiles ranging from interactive devices to wearable objects. Each
of these encompasses the previously discussed design primitives to
combine the properties of textiles with 3D printing.
4.6.1

Actuated Box with Interactive Control
Textiles can facilitate the creation of functional objects that have
variable stiffness and kinematics such as the box in Figure 4.19. The
box consists of a textile-embedded lid that rolls open upon actuation.
The lid was printed with a flexible mesh made of polyester fibers
and two strings fixed at one end of the lid for actuation. The button
uses the fabric-embedded displacement sensor described in the
previous section (Figure 4.18A).
The lid combines several design primitives. Plastic sections
placed along the lid’s diagonals demonstrate controlled bending and
mechanical action with selective stiffening, resulting in restricting
the lid to only rolling. Strings are placed through channels on
top and bottom of the mesh and fixed to one end of the lid such
that pulling one results in rolling and pulling the other results in
unrolling.
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FIGURE 4.19: Textile-embedded box fabricated via controlled bending. The box
lid contains a polyester mesh and embedded strings that allow the lid to roll
open and unroll closed.

4.6.2

Six-Panel Fabric Lampshade
A six-inch (152 mm) cube-shaped lampshade (Figure 4.20A) was
constructed out of five identical panels with a sixth panel that was
modified with a custom-shaped grommet to accommodate the light
bulb (Figure 4.20B) . Each panel was printed separately as shells
with with short tabs to support being glued to its neighboring panel.
While we chose to glue the panels together, other options could
include a cord through grommets (e.g., Figure 4.13) or press snaps
(e.g., Figure 4.12) for easy access to the light bulb. Unused fabric
was trimmed after fabrication.
Printing each panel took about 30 minutes and overall the
lampshade took three hours from start to full assembly. Printing a
full 6x6x6 inch plastic cube on our printer, in contrast, would take
an order of magnitude longer (12 hours for a cube frame or 29
hours for a closed hollow cube). Such a printed design would also
not provide the aesthetic and light diffusion qualities of the fabric.

FIGURE 4.20: The shell printed lampshade was constructed by gluing together
six panels printed onto fabric (A). The top panel incorporated a custom grommet
to accommodate a light bulb (B).

APPLICATIONS

FIGURE 4.21: A shell-based dodecahedron fabricated by printing through a
polyester mesh. The faces of the object were printed flat on a single sheet of
mesh that was trimmed after fabrication (A). Rubber bands we used to actuate
the shells into final 3D form (B).

4.6.3

Folding Polyhedron
Figure 4.21 illustrates a dodecahedron designed as a seven-inch
(180 mm) flat sheet of pentagonal faces similar to how the shape
would be created via origami. In its folded form, the shape measures
three inches (76 mm) in height. The dodecahedron is secured in
its assembled position by small rubber bands wrapped around the
pegs visible in Figure 4.21A.
The dodecahedron demonstrates controlled bending using the
technique shown at the bottom of Figure 4.8. A small gap was left
between adjacent sides of the shape to create hinges and plastic
was used to limit their bending to be close to the proper dihedral
angle for a pentagonal dodecahedron (116.56°).
The object was fabricated by first printing a layer of plastic for
the rigid shells of the dodecahedron. A low-density, flexible nylon
fabric was then placed above the surface layer and fixed to the
print bed. The printing process was resumed and the subsequent
layers of plastic printed through the fabric adhering to the plastic
layer beneath.

4.6.4

Crown
As an example of object much larger than a typical 3D printer’s
build volume, a 22-inch (56 cm) crown was fabricated as seen
in Figure 4.22 and Figure 4.1D. The crown’s decorations were
printed as series of rectangular sections onto a single large piece of
felt that extended the printer’s build plate.
The geometry of the crown was pre-processed in modeling
software to separate it into different sections. During the printing
process, each section was aligned using a laser pointer that was
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FIGURE 4.22: A 22-inch crown fabricated by printing in rectangular sections on
a single sheet of felt.

attached to the hot-end. After a section was completed, the fabric
was readjusted to print the next section. The crown makes use of
decorative elements, grommets and a post-processing step that cuts
the felt to the outer shape of the plastic.
4.6.5

Flex Watchband
The flexible watchband shown in Figure 4.23 consists of two types
of plastic, two layers of fabric, and a magnetic clasp. It is primarily constructed of layers of printed thermoplastic polyurethane
(TPU), consisting of NinjaTek SemiFlex filaments, and two layers
of polyester mesh fabric. The fabric is folded up and around at
the end of the watchband to strengthen the connection around the
metal pin that secures the watchband to the watch.
The watchband is constructed from bars of SemiFlex, with only
fabric crossing the gaps between them (leading to controlled bending in the direction around the wrist). The fabric is folded up and
around the SemiFlex to connect the two layers of fabric and provide
extra strength.
The watchband went through several design iterations. Early
iterations did not prove to be mechanically robust and lasted only a
few days before fractures in the brittle material near the attachment
pins occurred. Robustness was improved where the band connects
to the watch—an area with less than 2 mm of material between the
metal mounting pin and the watch body—by looping fabric around
the end of the band, including the metal mounting pins inside the
plastic of the band. The fibers of this polyester mesh have higher
tensile strength than the printed plastic that they wrap around,
and hence substantially strengthen it. The compliant nature of the
SemiFlex plastic used for this part of the band eliminates most of
the brittleness that would occur with a hard plastic such as PLA.
Printed PLA was used to provide complementary capabilities:

DISCUSSION AND LIMITATIONS

FIGURE 4.23: A watchband that supports hinging to a watch face (A). Stiffeners
on the mesh fabric afford flexibility similar to a linked watchband (B).

this harder material was required for some of the functional parts
of the magnetic latch. In addition, three separate colors of PLA
were used for aesthetic purposes: translucent to give an overall
silver tone to the band, and black and white for a logo on the latch.
After the design improvements outlined above, the band has
proven to be much more robust. It was used daily for about four
months (until the watch it was built for began to fail).

4.7

DISCUSSION AND LIMITATIONS

These examples demonstrate the range of possibilities enabled by
combining 3D printing and textiles. However this combination also
poses some limitations. Some textiles can experience permanent
stretching over time. In the custom android button, this effect gave
the button a "squishier" feel. The watchband also stretched slightly
over the months it had been in use; choosing a different mesh for
the interior of future bands may mitigate this issue.
The durability of textiles embedded in 3D printed objects can be
limited as well. Towards the end of its testing period, the watchband
experienced some fraying of the connecting fabric near non-flexible
latch components; an extra reinforcing fabric layer in these problem
spots would likely mitigate this issue. Similarly, durability can be
an issue for the strings, such as in the actuated box, due to them
rubbing each time the lid rolls and unrolls. Other materials such as
braided gel-spun ultra-high molecular weight polyethylene fishing
line can address this issue.
For printing objects larger than the printer’s build plate, a limitation of the realignment approach is the need to leave large (hot-end
wide) gaps between sections. Without sufficiently sized gaps, printing artifacts may be produced such as those visible in the rightmost
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side of the crown in Figure 4.22. Better software support for dividing up an object and possibly printing appropriate fiduciary markers
would help with fabrication and reduce printing artifacts.
While this work showcases the use of textiles with 3D printing,
these techniques are not mutually exclusive with other materials
and approaches. As an example, the watchband used a flexible
plastic (SemiFlex) because it was soft against the skin and reduced
moisture absorption (e.g., from sweat) while fabric could have
retained moisture. Similarly, fishing line was used for tendons
within the actuated box to address durability issues with string.
Different techniques afford different pros and cons— these should
be considered when combining textiles with 3D printing.
4.8

CONCLUSION

This chapter has presented techniques to integrate textiles into a
consumer 3D printing process. These techniques open new possibilities for fabricating rigid objects with embedded flexibility and
soft materials imbued with functionality. Objects that are made
using these techniques encompass more pleasing materials, and
can be larger, softer, and more flexible than typical rigid plastic
prints alone. As a whole, textiles offer a variety of properties that
broaden the design space of 3D printing. The next chapter continues to expand this design space by examining how the structure,
flexibility and absorbency of textiles combined with a new printing
material can support the creation of water-responsive interfaces.

5
3D Printing with Hydrogel and
Embedded Textiles
5.1

INTRODUCTION

The previous chapter introduced techniques for embedding materials (and particularly textiles) into 3D printing processes. These
techniques support the creation of objects that can combine the
structure and rigidity of printed plastic with the flexibility and softness of textiles. This chapter continues to examine textiles as an
embedded material. However, it introduces a kitchen-friendly material known as κ-carrageenanhydrogel for 3D printing. By printing
this hydrogel onto different textile substrates, we create interfaces
that change shape in response to water. To this end, this chapter
presents a fabrication technique and software tool that supports
the creation of these hydrogel-textile composites (Figure 5.1), and
explores interactions that can be achieved through variations in
the printed hydrogel patterning and the textile substrate.

5.2

FIGURE 5.1: Hydrogel-textile composites are fabricated by 3D printing hydrogel patterns onto textile
substrates.

BACKGROUND

As indicated in the last two chapters, there has been growing interest in textiles as an interactive media because of their prevalence
in our daily lives. Along with being used to sense human gesture
input [143, 209, 224, 312, 325] and display information [59, 209],
textiles have been explored as an actuation medium. Researchers
have demonstrated changing the shape of textiles in response to external stimuli such as motor-driven tendons [3, 232] and joule heating [66, 81, 200]. This chapter demonstrates another technique

FIGURE 5.2: Hydrogel-textile composites actuate in response to water.
As they dehydrate, or dry, they reverse their actuation.
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for fabricating interactive textiles that can change shape. However,
this transformation is achieved without the use of a power source.
Instead, a human-safe hydrogel is printed onto textiles to form a
composite that changes shape as the hydrogel swells in response
to water.
Hydrogels1 are hydrophilic polymer networks that can absorb
significant amounts of water. They have been engineered to respond
to external stimuli such as pH [340], temperature [134, 205], and
light [166]. In the HCI community, poly(N-isopropylacrylamide),
or PNIPAM, hydrogel has previously been used to support stiffnessand opacity-changing interfaces [134, 191]. However, PNIPAM
hydrogel is not recommended for direct contact with human skin
and its synthesis requires the use of hazardous materials (i.e., Nisopropylacrylamide2 ). In contrast, the work in this chapter relies on κ-carrageenan3 , a human-safe material that is extracted
from red seaweed. Transformative Appetite [321] explores food
made of gelatin-cellulose films that changes shape when cooked
in water. However, these films only achieve one-time actuation.
Finally, Gallegos et al. demonstrated using a 3D printer to extrude κcarrageenan hydrogel [61]. We employ their material preparation
procedure and explore how the hydrogel can be leveraged for interactive purposes. In particular, we print κ-carrageenan hydrogel
onto textiles to create reversible water-responsive shape-change.

Hydrogel: https://wikipedia.

com/hydrogel

2

N-isopropylacrylamide:

https://pubchem.ncbi.nlm.
nih.gov/compound/16637
3

Carrageenan:

https://en.wikipedia.org/
wiki/Carrageenan

5.3

FABRICATION TECHNIQUE

This section describes how to prepare κ-carrageenan hydrogel for
use in a consumer-grade 3D printing process. We provide opensource 3D printer modifications that are necessary to extrude the
hydrogel.

5.3.1

4

κ-carrageenan:

https:

//www.sigmaaldrich.com/
catalog/product/sigma/22048

Hydrogel Preparation
Prior efforts in Food Science literature have shown how to 3D
print κ-carrageenan hydrogel with in situ polymerization [61]. We
leverage their material preparation procedure in our work. We
prepare a 3% solution of κ-carrageenan hydrogel by dispersing 3
grams of κ-carrageenan 4 into 100 grams of cold water. The water
is placed into in a beaker along with a magnetic stirring rod. We
then slowly add κ-carrageenan, ensuring that the powder does
not cake together. The dispersion is left to mix on the magnetic

FABRICATION TECHNIQUE
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FIGURE 5.3: Hydrogel-Textile composite actuator design space.

stirrer plate for 30 minutes to create a homogeneous solution. The
prepared gel is then transferred to a 60 mm syringe 5 .
We experimented with different concentrations of the hydrogel
and found that 2% and 3% worked best. Higher concentrations (≥
4%) resulted in a significantly higher viscosity gel that was not able
to be homogeneously mixed with our magnetic stirrer plate. Lower
concentrations were obtainable, however, we chose a 3% solution
to obtain a more robust and tough hydrogel without sacrificing too
much swelling capacity for shape-changes.
5.3.2

5

60 mL Syringe: https://www.

amazon.com/dp/B01MSWPOO2/

Printer Construction
We modified an existing FDM/FFF 3D printer similar in design
to the Prusa I36 to support printing the κ-carrageenan hydrogel.
Extrusion of the κ-carrageenan hydrogel is done using an opensource, large volume syringe pump design [228]. Initially, we
connected the syringe pump to a bowden hot-end set-up7 that is
typically used for rigid plastic printing. A similar approach was
used by prior work [61]. However, we found that hydrogel would
frequently dry in the cold region of the extruder (i.e., heat sink)
during a print, blocking further extrusion.
Because the extrusion temperature of the hydrogel (50-80°C) is
relatively low compared to printing rigid plastic filaments, the heat
sink is not required and can be removed to reduce blockages. We
replaced the heat sink with a PC4-M68 fitting and directly connected
the bowden tube from the syringe pump (Figure 5.4).
As a note, the threads of the PC4-M6 fitting and the hot-end
nozzle (0.4 mm) must be wrapped in PTFE thread seal tape9 to
ensure the connections are water-tight. Lastly, we designed a mount
to hold the hot-end as seen in Figure 5.4A. We also designed an

6

Prusa I3: https://reprap.org/
wiki/Prusa_i3
7

Bowden Hot-end: https://www.

amazon.com/dp/B07B4FHN72

8

PC4-M6 Fitting: https://www.

amazon.com/dp/B01NANKRTD/

9

PTFE

Thread

Seal

Tape:

https://www.amazon.com/dp/
B079T52ZYJ/
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adjustable radial fan mount to dry the hydrogel as it is extruded
onto a textile. We have open-sourced both 3D printable mount
designs10 .

https://github.com/

mriveralee/hydrogel-textilecomposite-parts

5.3.3

Hydrogel Printing Parameters
We print the κ-carrageenan hydrogel at 70°C with a print speed
(i.e., feed rate) of 1200 mm/min. Our hot-end uses a nozzle with
a 0.4 mm diameter. In our early investigations, we found that
the hydrogel has a lower viscosity than rigid plastic filaments like
PLA. Thus, as it is extruded, the hydrogel spreads, forming a wider
extrusion width than expected. For a 0.4 mm extrusion width, we
found the hydrogel’s actual extrusion width to be roughly 2 mm.
We calibrated the printing parameters to reflect this new extrusion
width and ensure our designed patterns are printed correctly. In
slicing software, we set the extrusion width to be 2 mm and the
extrusion flow to 0.36 (matching the material volume output for
an 0.4 mm extrusion width for rigid plastic).

5.4

FIGURE 5.4: Component view of
our hot-end mount design showing the PC4-M6 connector threaded
into the hot-end. (A). Our hydrogel hot-end and radial fan mounted
onto a 3D printer to the left of a
rigid plastic extruder (B).

EXPLORATION OF HYDROGEL -TEXTILE COMPOSITES

The hydrogel-textile composites presented here operate under the
principle of a bilayer actuator (Figure 5.2). Prior work has shown
that through manipulation of the bilayer’s material composition
and/or the placement of another material, different interactions
such controlled bending can be obtained [7, 108, 314]. These
interactions are enabled when one material changes its underlying
properties or organization based on some energy source. For example, polylactic acid (PLA) when 3D printed has stored internal
stresses that can be released when the material is heated to its glass
transition temperature, creating a controlled shape-change [7].
The bilayer mechanism used in this chapter is achieved through
interactions between the κ-carrageenan hydrogel and a textile substrate as the hydrogel swells in response to water (Figure 5.2). In
our explorations, we found that as the κ-carrageenan hydrogel
dehydrates, it shrinks and pulls along the XY plane of a textile
substrate. Decreasing the concentration of the hydrogel solution
creates polymer networks that are less dense and increases the
amount of shrinkage. Additionally, controlled placement (i.e., patterning) of the hydrogel onto a textile substrate can be used to
obtain different shape changes (Figure 5.5).

EXPLORATION OF HYDROGEL -TEXTILE COMPOSITES

61

FIGURE 5.5: Test showing variations in hydrogel patterning produce different
actuation states.

The textile’s composition (i.e., how it was manufactured), its
grain orientation during hydrogel printing, and its shape (once cut
to size) also serve as parameters to control the interaction in the
bilayer mechanism. Our explorations demonstrate that non-woven
textiles, e.g., felt and polypropelene (PP), primarily respond to the
hydrogel dehydration’s along a single axis (either X or Y) causing
bending of a textile substrate (Figure 5.6). While woven textiles,
such as muslin cotton, tend to have interactions along both axes,
resulting in twisting actuation.
Woven textiles have different bilayer interactions based on the
anisotrophy of their underlying grain structure (Figure 5.8). The
straight grain of textile (parallel to the selvage) has the strongest
resistance to deformation, followed by the cross grain, and then the
bias (along the diagonal of the textile). In general, shrinking and
swelling of a printed hydrogel is most likely to act on the bias as this
direction has the most flexibility to respond to shrinkage. As seen
in Figure 5.7, printing along the bias creates a twist and curling
actuation. While printing along the straight grain introduces very
little shape-change. Choosing the grain orientation of a woven
textile during the printing process is thus important to ensure the
desired actuated form is achieved. We have summarized the design
space for hydrogel-textile composite actuators in Figure 5.3.

FIGURE 5.8: The structure of woven
textiles gives rise to anisotropic behavior when the textile is stretched.
The straight grain has the strongest
resistance to deformation followed
by the cross grain, and then the
bias.
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FIGURE 5.6: Test showing different actuation is produced based on the type of
textile substrate.

FIGURE 5.7: Resistance to shape-change with hydrogel printed across the different grains of a woven cotton textile.

EXPLORATION OF HYDROGEL -TEXTILE COMPOSITES

FIGURE 5.9: The software design tool for hydrogel-textile composites. The user
sketches the desired substrate and hydrogel pattern (A). The tool generates a
mesh for the object (B) and begins simulating the actuation behavior (C).
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FIGURE 5.10: The finished simulation of a hydrogel-textile composite (A) and
the result when fabricated (B).

5.5

11

As discussed in the previous section (Section 5.4), the actuation
behavior of a hydrogel-textile composite depends on a few different factors including the pattern of the hydrogel, the substrate’s
structure and the substrate’s shape. Thus the actuation behavior
can be difficult to design using traditional computer-aided design
(CAD) software, which are generally material-agnostic and devoid
of material-based interactions such as swelling/de-swelling. To
assist users in creating hydrogel-textile composites, we developed a
software tool that allows users to interactively design and preview
different actuation behaviors.
The software tool is an extension of Rhino 6, a parametric 3D
CAD program. It is built using Grasshopper11 , an algorithmic modeling environment and programming language. We use Kangaroo
2 as the physics engine and constraint solver12 . Users interactively
sketch the profile of a substrate and a pattern for where hydrogel
should be printed (Figure 5.9A). The tool then constructs a mesh
representation (Figure 5.9B) of the hydrogel-textile composite that
is used to physically simulate the shrinking behavior of the hydrogel and its pulling interaction on the substrate (Figure 5.9C).
Once the desired behavior is achieved, the user can export the 3D
printing toolpath directly from the design tool and fabricate the
result (Figure 5.10).

https://www.grasshopper3d.

com/
12

SOFTWARE DESIGN TOOL

https://www.food4rhino.

com/en/app/kangaroo-physics

5.5.1

Mesh Generation
As seen in Figure 5.11, the user-drawn substrate profile and
hydrogel pattern are used as input for mesh generation. Each
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FIGURE 5.11: The process of generating a mesh for simulation. A user draws a
gel center-lines and substrate boundary curve (1). Using the extrusion width
for 3D printing, a gel boundary curve is generated (2). The substrate and gel
boundary curves are discretized as a series of vertices (3). Delaunay triangulation
is performed with the vertices to generate the mesh for the substrate and gel.

hydrogel pattern is drawn using a center-line representation. The
geometry for the printed hydrogel is generated by constructing the
boundary curve of the hydrogel from the center-lines and the user’s
desired extrusion width for 3D printing. The boundary for the
hydrogel and the profile curve of the substrate are then discretized
into a series of vertices. These vertices are triangulated into a
mesh using Delaunay Triangulation13 . Any mesh faces lying on the
outside the original substrate profile curve are removed to produce
a clean mesh for the material model.
5.5.2

Material Model
The material model for the simulation uses a variation of discrete
shells [92]. The substrate mesh is modelled using inextensible
shells where each mesh face has constraints for maintaining its
edge lengths and its dihedral angle between adjoining neighbor
faces. The hydrogel pattern mesh is obtained by selecting the subset
of mesh faces that lie on the inside of the hydrogel boundary curve

13

https://en.wikipedia.org/
wiki/Delaunay_triangulation
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as described in the previous section (Section 5.5.1). The hydrogel
pattern mesh is modelled with shells that have edge length and
triangular area constraints. However, we assume that the userdrawn hydrogel pattern is in a non-equilibrium (swelled) state.
Thus, the rest length and rest area of the hydrogel constraints are
scaled by a shrinkage factor (0.90), which was calibrated based
our concentration of hydrogel. Collocation of vertices is used to
implicitly couple the hydrogel and substrate constraints.
The strength of the hydrogel and substrate constraints are calibrated by printing various amounts of lines along strips of a substrate. Notably, these strengths can be tuned based on the type of
substrate being used and the hydrogel concentration. While our
model does allow for anisotropic substrate structures to be simulated, for example, by reducing the strength of edge constraints that
lie along the cross grain, we focus primarily on isotropic substrates
(e.g., non-woven felt).

FIGURE 5.12: Comparison of actuation behavior of designs when simulated (A)
and fabricated (B).

EXAMPLE APPLICATIONS

5.5.3

Physically-based Simulation
Simulation of the actuation behavior occurs as the competing constraints of hydrogel and the substrate attempt to reach an equilibrium state. In Figure 5.12, we show some simulated composites
and their corresponding physical prototypes.

5.6

5.6.1

EXAMPLE APPLICATIONS

Weather-Responsive Direction Indicator
We created a passive, weather-responsive direction indicator (Figure 5.13). Many events, such as music concerts, have venues that
change their location (i.e., from outdoor to indoor) based on the
weather at the time of the event. Using our software tool, we designed a hydrogel pattern on arrow-shaped piece of felt to create a
direction indicator that points 90-degrees in one direction when
the weather is dry. When it rains, the arrow changes to a flattened
state to point in another direction. The fabricated result’s behavior (Figure 5.13B and D) closely resembles the simulated design
(Figure 5.13A and C).

FIGURE 5.13: A weather-responsive direction indicator simulated in the design
tool and after fabricated. When it is raining outside, the arrow remains flat
pointing straight ahead (A/B). When its hydrogel is dry, the arrow bends upwards
(C/D).
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5.6.2

Texture-Changing Garment
We created a moisture-responsive wrist garment (Figure 5.14) that
has a spiky texture when the garment is dry. As a user sweats,
the garment absorbs the moisture and the spikes fold down The
garment is worn around a user’s wrist (B). The spikes flatten as a
user’s sweat is absorbed.

FIGURE 5.14: A moisture-responsive wrist garment that has a spiky texture when
the garment is dry (A). The garment is worn around a user’s wrist (B).

5.6.3

Responsive Plant Watering Reminder
We created a a flower-shaped hydrogel-textile composite that is
placed in a plant’s pot and reminds a user when the plant needs
water. Notably, this responsive flower does not require rigid electronics, motors, or sensors to indicate when the soil is dry. The
flower’s curled up petals indicate its dryness (Figure 5.15A). Once
the soil is watered, the flower petals open to visually letting us
know that it has enough water (Figure 5.15B)

FIGURE 5.15: A flower-shaped hydrogel-textile composite that reminds a user
when their living plant needs water. When the soil is dry, the petals are curled
up (A). When the plant is watered, the flower petals actuate open to a flat state
(B).

DISCUSSION AND LIMITATIONS

5.7

DISCUSSION AND LIMITATIONS

Currently our software tool focuses on forward design, in which
a user interactively designs a hydrogel pattern and textile substrate and simulates the composite’s actuation behavior. While
the simulation is useful for previewing different shape-changes,
designing complex geometries can be cumbersome. Adding support for an inverse design approach could help reduce the design
burden. Given some particular 3D geometry, the tool could use
optimization techniques to determine the optimal textile substrate
and hydrogel patterning that would actuate and fold to achieve
the desired 3D geometry. Achieving much larger bending deformations may require printing with different hydrogel concentrations
(i.e., to obtain differential shrinkage behavior). Similar approaches
have been demonstrated with thermal shrinkage in PLA and TPU
composites [7].
Hydrogel-textile composites change shape based on the amount
of water present in the hydrogel. As the hydrogel dehydrates, it
shrinks and pulls the substrate along its path of least resistance.
Rehydration of the hydrogel causes the composite form to revert to
its flat, neutral state. This change can occur in seconds depending
on the mechanism in which the water is applied. We found using
a spray bottle to hydrate the composite form achieved the fastest
and most uniform actuation response when compared with an eye
dropper.
The rate at which the textile substrate dehydrates can vary
based on the amount of water present and the thickness of the
textile substrate. Very thin textiles (e.g., muslin cotton, 0.3 mm
in thickness) can dehydrate in a matter of minutes, while felt (1.3
mm in thickness) can take up to an hour. Exploring strategies
to speed up dehydration, such as using hot air or joule heating
with conductive textiles, could reduce the time required for each
actuation cycle.
5.8

CONCLUSION

In this chapter we have demonstrated an approach to fabricating
hydrogel-textile composites. Embedding textiles into a hydrogel
3D printing process adds a new dimension of interactivity allowing
objects to become water-responsive interfaces.

69

6
A 3D Printer for Electrospun Textiles
6.1

INTRODUCTION

The current chapter investigates a new material production approach that incorporates the fabrication of textiles directly into
a consumer-grade FDM/FFF 3D printing process. This approach
supports both rigid plastic printing and melt electrospinning—a
technique that uses an electrostatic forces to produce thin fibers
from a molten polymer (e.g., PLA). The placement and properties of
these fibers (e.g., texture and absorbency) can be computationally
controlled, opening up new opportunities for fabricating interactive
objects and sensors (Figure 6.1).

6.2

BACKGROUND

As discussed in previous chapters, researchers have demonstrated
many approaches that use the flexibility and softness of materials for interactive purposes. Some create sensors by mixing soft
and conductive materials together, such as coating sponges in conductive ink [201]; curing a carbon-filled elastomer [339]; and
embedding conductive ink into 3D printed objects made of flexible
thermoplastic polyurethane (TPU) [14]. Other have shown how
computational design of an object’s structure can control its flexibility either when printed in soft [188, 341] or rigid materials [33,
184, 220, 258]. The fabrication and design of “smart” textiles has
also been examined to support interactivity on and around the
body. For example, StretchEBand [312] investigates how various
stitching patterns of conductive thread can create piezoresistive
textile sensors. Similar approaches have been used to augment
musical performance [325], enhance prosthetic limbs [162], and
71
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FIGURE 6.1: A range of objects fabricated on our new 3D printer using rigid
plastic and electrospun textiles: (A) a close-up of our printer electrospinning;
(B) an origami-style folding lamp with a soft piezoresistve brightness control
and a soft capacitive toggle switch; (C) an actuated flower that opens when an
electrospun liquid sensor detects sufficient water in the soil; (D) an sheep comic
uses capacitive sensing to create an interactive tactile experience.

support on-body gesture sensing [224, 241, 260].
The current work differs from these prior efforts in that it focuses
on in situ creation of textiles and rigid plastic objects in a single
3D printing process (i.e., using a single base material from a single
extruder). Unlike existing work that either embeds pre-fabricated
textiles into plastic objects or vice versa, textiles are directly fabricated using melt electrospinning (Figure 6.2). This combination
of 3D printing and melt electrospinning enables properties such as
texture, elasticity and absorbency to be computationally controlled
in printed objects for interactive purposes.
6.2.1

Electrospinning
The current work builds on efforts in the material and polymer
science communities that have long explored using electrostatic
forces to produce polymer fibers with small diameters (nanometer
to micrometer scale). Electrostatic spinning, or electrospinning, is
accomplished by applying a high electric potential to a polymer that
is either melted, or dissolved into a solution using a solvent. The
process has been used to create biological tissue scaffolding [309],

BACKGROUND

FIGURE 6.2: A simple hinge fabricated with our 3D printer using rigid plastic
printing and melt electrospinning on the same extruder.

protective clothing for agricultural workers [159], and even selectively permeable membranes [89]. We briefly describe aspects of
electrospinning below. For a more comprehensive overview of electrospinning and its applications, we refer readers to these literature
surveys [30, 113, 118].
There are three major components to an electrospinning set-up:
a high voltage power supply (5-50 kV), a spinneret (typically a
syringe needle) and a collector (a metal plate) [30, 113, 118]. In
this work, we focus on supporting melt electrospinning alongside
rigid plastic 3D printing using a single extruder. Using a solventbased approach typically requires a ventilation system, which is
not easily accessible nor well-suited for typical consumer-grade 3D
printer environments.
In melt electrospinning, a polymer is inserted into a spinneret
and heated (e.g., with a heat gun or a hot circulating fluid). Once
melted, a large charge differential is applied between the spinneret
and the collector causing the melted material to be propelled out
of the spinneret towards the collector (Figure 6.3).
Recently, a sub-field of the melt electrospinning community
has emerged that explores direct writing of fibers [39]. In direct
writing, the spinneret and collector move to support controlled
electrospinning. Our work is heavily influenced by these efforts. We
support melt electrospinning on a consumer-grade 3D printer that
has three axes of movement. However, we focus on producing both
rigid plastic and electrospun fibers in the same process, expanding
the range of objects that can be 3D printed.
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Melt Electrospinning
Polymer
(e.g. PLA)
Heat
Source

Spinneret

High Voltage
Ground

Electrospun
Fibers

Collector

High Voltage
Power
FIGURE 6.3: A typical melt electrospinning setup uses a heated polymer fed into
a spinneret. A high electric potential is applied between spinneret tip and the
metal collector to propel (typically micron-level) fibers down to the collector.

6.3

1

https://en.wikipedia.org/

wiki/Electrical_breakdown

ELECTROSPINNING

3D

PRINTER CONSTRUCTION

The supplied voltage in electrospinning can typically range between
5-50kV [30, 113, 118]. Such a large electric potential introduces
difficulties that can prevent a 3D printer from operating properly.
Firstly, high voltage can cause electrical breakdown1 in which a
material that is normally considered to be an electrical insulator
(e.g., wire insulation or air) becomes conductive. Secondly, any
voltage above the maximum rated voltage for a electronics can
damage the electronics and cause malfunction during operation.
Thirdly, high voltage can remain on the surface of a conductive
material until it is discharged creating possible hazards for moving
electronics (e.g., the hot-end heater and thermistor).

ELECTROSPINNING

3D Printing Mode
(Rigid Plastic / HV OFF)

A
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Electrospinning Mode
(Electrospun Fibers / HV ON )

B

Polymer Filament
in Guide Tube
Heat Sink
HV-

Nozzle
Build Plate

Build Plate

3D Printer
Electronics

3D Printer
Electronics

(CLOSED)

HV- HV+

IR LED
(OFF)

HV-

Thermistor

Heater

Arduino
Nano
IR Receiver

HVPS
SSR

(OPEN)

AC Wall +

(OPEN)

HV- HV+

IR LED
(ON)

Arduino
Nano
IR Receiver

HVPS
SSR

(CLOSED)

AC Wall +

FIGURE 6.4: A simplified representation of how rigid plastic 3D printing and electrospinning are accomplished on
our printer. In rigid plastic mode (A), the disabled IR LED triggers the build plate to be connected to the high
voltage ground and the high voltage power supply (HVPS) is off. In electrospinning mode (B), the enabled IR
LED triggers the build plate to be disconnected from the high voltage ground and the high voltage power supply
is enabled.
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Most consumer-grade 3D printers operate at comparatively low
voltages in the range of 5-24V (two orders of magnitude less than
the applied voltage in melt electrospinning). Our printer also operates in this range using a typical 12V power supply; we do not use
any high voltage rated electronics apart from a high voltage power
supply that is normally used in electrospinning. In the following
section, we describe how we modified a consumer-grade 3D printer
to support electrospinning by minimizing electrical breakdown,
controlling electrical discharge, and isolating electronics.
2

Similar to the Prusa I3: https:

//reprap.org/wiki/Prusa_i3

3

https://www.amazing1.com/

hv-dc-power-supplies.html

Our printer is a variation of an open-source, consumer-grade
3D printer 2 modified to support melt electrospinning. We note that
the hot-end nozzle can be likened to the spinneret typically used in
electrospinning, while the printer’s metal (aluminum) build plate
functions as the collector. We use a low current high voltage (1 mA;
5-35kV) power supply 3 (HVPS) to create an electrostatic potential
between the hot-end nozzle and build plate of the 3D printer (see
Figure 6.4A) when we enable electrospinning during a print job.
The HVPS is operated independently of the 12V power supply that
we use to operate the 3D printer’s electronics.
Prior work on electrospinning has shown that either the spinneret or the collector can be wired with the positive voltage as long
as the other is wired with the high voltage ground [117, 118, 175,
347]. We experimented with both configurations and found that
wiring the high voltage ground to the hot-end nozzle and the high
voltage positive wire to the build plate allowed us to more readily
isolate the electronics and reduce potential charge being stored on
the printer’s frame during operation.
As a precaution, we wire the printer’s frame to the high voltage
ground to discharge any high voltage that manages to reach the
frame. We note that while this high voltage can cause the electronics
of the 3D printer to malfunction, the low current rating of our HVPS
poses minimal risk for humans. Touching a surface charged by the
HVPS only produces a zap sensation akin to a static shock.
In our initial investigations, we found that a minimum air gap
of 1.5 cm is needed to prevent the applied high voltage (7kV)
from arcing across to the high voltage ground while the HVPS
is on. To control when the HVPS is enabled while limiting any
potential high voltage interactions with the 3D printer electronics,
we use a separate electrical circuit consisting of an Arduino Nano,
a solid-state relay (SSR), an IR receiver, and a servo mechanism
(as described below). The SSR is connected to the HVPS power

ELECTROSPINNING

FIGURE 6.5: Our 3D printer that supports melt electrospinning and rigid plastic
printing using only the left extruder (A). A close-up of the extruder shows the
high voltage ground wire connected to hot-end nozzle (B). We note that (A)
shows an additional extruder on the right, which was added to explore printing
conductive filament as a third material type.

input from a wall outlet (120 VAC). The signal of the SSR and the
IR receiver are wired to the Arduino Nano. The HVPS’s state is
toggled when an IR LED signal sent from our printer’s electronics
is received by the Arduino Nano (Figure 6.4).
As mentioned before, high voltage charges can be retained in the
surface of objects until discharged. Our initial explorations found
the metal build plate would hold enough charge to shutdown the
entire printer when switching between print modes. To prevent
charge from being held on the printer’s build plate during operation,
we use a servo mechanism connected to the Arduino Nano to
mechanically open or close a switch connecting the metal build
plate to the high voltage ground.
When the printer is in electrospinning mode, the servo opens the
switch to disconnect the build plate from the high voltage ground
(Figure 6.4B). When the printer is in normal plastic printing mode,
the servo closes the switch to connect the build plate to the high
voltage ground, discharging any remaining voltage (Figure 6.4A).
To ensure the servo motor is electrically isolated from the high
voltage wires during operation, we maintain the minimum air gap
distance between the servo motor, the high voltage wires and the
build plate’s contact terminals using a 3D printed plastic extension
affixed to the servo. This ensures a safe distance is maintained for
the wires and allows the contact terminals to touch without fear
of arcing. The servo and SSR are operated by the Arduino Nano
at the same time when the corresponding electrospinning mode
on/off signal is received.
Because the hot-end nozzle maintains a safe working distance
while the HVPS is activated and any electric potential applied to
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the build plate is discharged once the HVPS is disabled, we are
able to use a standard ceramic cartridge heater and thermistor to
manage the temperature of the hot-end during printing.
We note that we use an all-metal hot-end (without PTFE inserts)
4
to increase the range of print temperatures. hot-ends with PTFE
liners can experience melting of the liner when the temperature
rises above 265°C.
Lastly, we initially used a standard brass nozzle, however, we
found that higher operation temperatures (>270°C) during melt
electrospinning caused the nozzle to wear more quickly. Our printer
design now uses a 0.4mm stainless steel hot-end nozzle5 . This modification is consistent with prior literature on melt electrospinning
that has used stainless steel syringe tips for extrusion. With these
modifications, we have been able to successfully operate our 3D
printer at high temperatures to support melt electrospinning.

https://www.amazon.

com/Gulfcoast-RoboticsExtruder-Printer-Filament/
dp/B07B4FHN72

5

https://www.amazon.

com/Ivelink-StainlessExtruder-FilamentPrinter/dp/B077M8Z91C/

6.3.1
6

https://github.com/

We modified the printer’s base firmware6 to handle operations
that enable the electrospinning mode, namely sending a signal
via IR LED and adjusting the extruder’s Z position offset to be
at least the minimum air gap distance away from the build plate
while electrospinning. When the normal plastic printing mode is
enabled, the IR LED is disabled and the extruder’s Z position offset
returns to zero. Lastly, we support using a single extruder for both
electrospinning and normal plastic printing by specifying there are
two extruders in the firmware that share a heater and thermistor
on a single hot-end. We have open-sourced the printer’s firmware7 .

repetier/Repetier-Firmware

7

3D Printer Firmware

https://github.com/

mriveralee/desktopelectrospinning/
8

6.3.2

https://hatchbox3d.com/

collections/pla/products/3dpla-1kg1-75-gld

3D Printing of PLA and Electrospun PLA Fibers
We primarily use Hatchbox PLA 1.75mm filament8 in our 3D printer.
We print rigid PLA at a temperature of 220°C with a combined movement and extrusion feed rate of 2400 mm/min. When printing
electrospun fibers, we use the same material in same extruder, however, the temperature is much higher and feed rates are much slower.
In general, we electrospin PLA at a temperature of 290°C with a
movement feed rate 1300 mm/min, an extrusion feed rate of 10
mm/min with objects processed at a 20% infill density. These parameters can be adjusted to achieve different effects. We describe
these parameters and associated tests that we performed to determine them in the next section. G-code files generated for our 3D
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printer are post-processed with a Python script to ensure the proper
feed rates for electrospinning are set before printing.
We represent the two different types of printing (electrospinning
vs. normal) as separate configurations that may be combined in
"dual" extrusion prints. Because electrospun fibers are spun at high
temperatures and propelled down quickly, they readily bond once
in contact with previously printed plastic. To ensure a stronger
bond, one can print rigid plastic directly on top of desired regions
of the fibers.
The material types may be printed in any order with two constraints: (1) the maximum height of rigid plastic that can be printed
below regions that will have fibers spun on top is 0.6 mm; (2) the
maximum height of electrospun fibers is constrained to at most 1.2
mm. We explain these constraints further in Section 6.7.
Note that our printer can print these two material types using the same PLA filament on a single extruder without humanintervention during the printing process. Our firmware handles
enabling high voltage and offsetting the extruder when necessary.
The high voltage is set to 7kV and the extruder’s Z position offset
for electrospinning is set to 1.5 cm by default.
6.4

ELECTROSPINNING PROCESS PARAMETERS

In this section, we report the results of tests performed to determine
optimal electrospinning parameters for our 3D printer (Figure 6.6).
In agreement with prior work [118, 342], our results demonstrate
temperature and extrusion rate are crucial factors for optimal electrospinning. We also describe how infill density9 , a slicing parameter that controls material density, affects the size of an object when
electrospun. Lastly, we discuss mitigating size discrepancies by
applying a scale factor to the input geometry before generating a
printable tool-path. All the tests were performed using a 30x30mm
square swatch with the same printing parameters except for the
parameter being manipulated. The default parameters are an extrusion rate of 10 mm/min, a temperature of 290°C, and a 20%
infill density.
6.4.1

Extrusion Rate
Extrusion rate refers to the speed (and thereby amount) of material that is advanced during the printing process. For typical 3D
printing, the feed rate (or movement speed for the X, Y, and Z axes

9

https://ultimaker.com/en/

resources/52670-infill
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in mm/min) along with hot-end nozzle diameter, extrusion width,
and layer height are used by the slicing engine to determine how
much material should be advanced given a particular tool-path
operation. For electrospinning, we found it is necessary to keep a
slow, constant extrusion rate that is independent of the movement
feed rate and these other parameters. As seen in Figure 6.6A-E,
a fast extrusion rate (A) produces material that is more rigid and
similar to typical 3D printed PLA. While a much slower extrusion
rate (E) allows electrostatic force to pull out thin fibers creating a
soft textile. To prevent inconsistent production of fibers and globs
of material from forming at the nozzle, the extrusion rate must be
held constant during the printing process.
6.4.2

Temperature
In agreement with prior research [118, 342], we found temperature
affects the diameter of the produced electrospun fibers (Figure 6.6FJ). A low temperature of 260°C (though high compared to normal
rigid plastic printing) causes fibers to be stringy and more plasticlike in appearance (F). As the temperature increases, the diameter
of produced fibers decreases. Anecdotally, we note that the fibers
have diameters smaller than a typical human hair at 300°C(J).
However, at this temperature and above, we found electrospinning became inconsistent– extrusion halted temporarily and plastic
subsequently was extruded in the form of small beads.

6.4.3

Infill Density
We examined infill density, a common 3D printing slicing parameter,
as a way to control material density in a tool-path for electrospinning. In our tests, we used a rectilinear infill pattern with the
various fill densities listed in Figure 6.6K-O. We found infill density
was positively correlated with the size of a produced electrospun
object. In all cases, the infill density test tool-paths produced objects with dimensions larger than the expected 30x30mm square
swatch. Figure 6.7A shows the relationship between infill density
percentage and the ratio of the produced object’s size to its expected
size. To account for the size impact of a particular infill density
on the produced electrospun object’s size, we calculate a geometry
scale factor as the inverse of this ratio as seen in Figure 6.7B. The
geometry scale factor is applied to the size of 3D modeled objects
prior to slicing.
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FIGURE 6.6: A series of tests we performed on extrusion rate (A-E), temperature (F-J), and infill density (K-O)
to determine melt electrospinning process parameters for our 3D printer. Tool-paths were generated from the
geometry of a 30x30mm square swatch using a 3D printer slicer engine. Scale bar: 20mm.
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FIGURE 6.7: Infill density is positively correlated with the size of fabricated electrospun objects (A). The inverse of this relationship determines a geometry scale
factor that when applied to objects prior to slicing will result in an electrospun
object of desired size.

We evaluated the geometry scale factor by printing 4 square
electrospun swatches (30x30mm) at 20% infill with the scale factor of 0.65 (obtained using the fitted function in Figure 6.7B).
We measured their width and height once fabricated. The average dimension across the swatches was 30.09 mm (SD=0.49). In
general, the geometry scale factor based on the infill density percentage is used to control the output shapes of our electrospun
objects; however, because we are fabricating textiles, we can also
post-process any deviations in size using similar textile-working
techniques as [232].

6.5

SOFT SENSOR FABRICATION

Combining melt electrospinning with 3D printing affords new opportunities for creating soft sensors. In this section, we describe
how we use electrospinning to facilitate sensing based on capacitance, piezoresistivity, and liquid absorption.

SOFT SENSOR FABRICATION

6.5.1

83

Capacitive Sensing
An electrospun textile is not conductive on its own. However, when
combined with a conductor (e.g., copper foil), the textile can be
used to create capacitive sensors that offer soft touch affordances.
We control the placement of fibers to pattern custom-shaped sheets
such as the star in Figure 6.8A onto a conductive material.
We embed copper foil during the printing process after a layer
of fibers is printed and the high voltage is disabled. We then continue printing with rigid plastic to create a binding enclosure for
the copper foil and electrospun textile. The electrospun textile
creates custom-shaped, soft affordances for the capacitive sensor
while serving as a compliant material that mediates changes in
capacitance Figure 6.8B.

FIGURE 6.8: Electrospun fibers can be patterned onto conductive materials then
bound together with rigid plastic to create custom-shaped capacitive sensors
(A). The electrospun textile offers soft touch affordances and compliance to a
capacitive sensor (B).

6.5.2

Piezoresistive Sensing
Electrospun swatches or collections of fibers can be made piezoresistive by coating them in a mixture of conductive paint (Figure 6.9A).
We mix a 1:2 ratio of conductive paint10 to water by volume and
coat areas of the electrospun textile using a paint brush. The sensors are left to dry overnight. After attaching test leads to the ends
of the sensing region, manipulation of the textile produces changes
in electrical resistivity (Figure 6.9B).

6.5.3

Liquid Absorption Sensing
Fibers produced via melt electrospinning can be used to absorb
liquids. We use this property to create an absorption sensor that

10

Bare Conductive Paint: https:

//www.bareconductive.com/
shop/electric-paint-50ml/
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FIGURE 6.9: Electrospun fibers coated in conductive paint become a piezoresistive
sensor (A), changing electrical resistance based on applied pressure (B).

changes electrical resistance based on how much liquid is absorbed.
We tested the feasibility of this sensor by attaching test leads to
copper electrodes at opposite ends of a folded electrospun swatch
(fabricated as a 30x30mm square).
Initially there is no electrical connection formed as there is no
fluid to carry charge across the fibers. We place the swatch in tap
water to establish an initial connection and then squeeze the swatch
to remove as much water as possible. The swatch is placed in the
test setup seen in Figure 6.10A. We then use a liquid dropper (1 ml)
to add individual drops of water to the center of the electrospun
fibers.
After each additional water drop, we wait approximately 15
seconds for the voltage reading to stabilize then record the value.
The chart in Figure 6.10B shows that increasing the amount of
water in the fibers causes an increase in the sensed voltage (or
decrease in electrical resistance) between the two electrodes fixed
at the ends of the fibers. The 13th drop of water results in the fibers
becoming overly saturated and expelling some water. This loss of
water leads to a lower sensed voltage.

APPLICATIONS

FIGURE 6.10: Experimental setup (A) and results (B) for evaluating electrospun
fibers as a liquid absorption sensor. Each additional drop of water added to the
fibers causes an increase in the sensed voltage between the two electrodes fixed
at opposite ends of the fibers.

6.6

APPLICATIONS

We created a set of examples to demonstrate various looks, feels
and interactions (e.g., water absorption sensing) enabled with our
printer. For each example, we describe the electrospinning process
parameters and their intended effects.
6.6.1

Water Me: Actuated Flower Reminder
We fabricated a flower with soft electrospun petals and rigid plastic
channels that enable tendon actuation with gel-spun polyethylene
fishing line. The flower is electrospun with a mid-infill density, high
temperature, and low extrusion rate (40%; 290°C; 11 mm/min),
creating a soft, dense surface for supporting the rigid plastic channels. In addition, we electrospun a sensor that changes electrical
resistance based on the amount of moisture absorbed in its fibers.
These objects are placed together in a flower pot alongside a
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living plant to provide visual and physical feedback of the soil’s
moisture level. When the sensor detects the soil is dry, the flower’s
petals close using a servo motor (Figure 6.11A). Once water is
added to the soil, the servo releases and the flower’s petals open,
indicating sufficient water is available for the nearby living plants
(Figure 6.11B).

FIGURE 6.11: A custom-shaped flower made of electrospun textile and rigid
plastic that actuates based on the soil’s water level sensed using an electrospun
liquid absorption sensor. When the soil is dry, the flower closes it petals (A).
When the soil is moist, the flower actuates open.

6.6.2

Interactive Wooly the Sheep Comic
We created a touch-sensitive comic of a sheep named “Wooly” using
paper, copper foil traces and a custom-shaped electrospun textile.
We fabricated the comic by inkjet printing the comic onto paper,
adding a copper foil trace for wiring connections, applying light
adhesive using a glue stick and then electrospinning directly onto
the comic. The body of the sheep is electrospun with a high infill
density, a mid-temperature, and a mid-extrusion rate (50%; 280°C;
18 mm/min) to achieve a fluffy and spongy tactile experience. Capacitive sensors are embedded under the sheep’s electrospun fibers:
one sensor is present on the sheep’s back (visible in Figure 6.12A
for the purposes of showing the sensor); the other is placed on the
sheep’s head behind the comic paper. When the sheep’s back is petted, a “Baaah” sound characteristic of a sheep is produced. When
the sheep’s head is touched, a light-hearted giggle is produced to
indicate the sheep’s enjoyment. This example demonstrates the
possibility of using existing objects (i.e., paper and copper foil)
alongside electrospun fibers to create soft, custom-shaped interactive experiences.

APPLICATIONS

FIGURE 6.12: An interactive comic featuring a cartoon sheep whose body is made
of a custom-shaped electrospun textile for soft capacitive sensing and tactile
experience (A). Touching the sheep in various regions of its body produces
different sound effects from a “Baaaah” to a giggle (B).

6.6.3

Foldaway Phone Stand
We printed a flexible, foldable stand that can be affixed to a mobile phone to offer a preferred viewing angle for watching videos
(Figure 6.13A). The stand features a custom-shaped electrospun
textile fabricated with a low infill density, high temperature, and
low extrusion rate (20%; 298°C; 10 mm/min) to create a smooth
and soft surface for hinging. Rigid plastic patterned on the textile
enables bending into a configuration that can support the weight
of the accompanying phone (Figure 6.13B). When not in use, the
stand can be flattened to minimize its size. Anecdotally, the stand
was used approximately 30 times to watch videos before the folded
regions began to wear down and separate. We believe this issue
could be mitigated by adding more layers of electrospun textile
beyond the four used to fabricate the object.

FIGURE 6.13: A foldaway phone stand fabricated using rigid plastic and electrospun textile. The phone stand is affixed to a phone case (A) and can be deployed
when needed to obtain a preferred view angle for watching videos.
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6.6.4

Textile Origami Lamp and Controls
We fabricated an origami-style lamp that is printed flat using rigid
plastic and electrospun textile (Figure 6.14A). The lamp’s electrospun areas have a low infill density, high temperature, and low
extrusion rate (10%; 290°C; 10 mm/min) to create a surface that
diffuses the lamp’s light. The lamp takes on a 3D form when folded
and placed into its accompanying 3D printed holder. In addition,
we printed a capsule that holds electrospun piezoresistive fibers
(Figure 6.14B) and use this sensor to control the lamp’s brightness
(Figure 6.1B). Lastly, the lamp can be switched on and off using a
soft, star-shaped capacitive toggle switch.

FIGURE 6.14: A custom-shaped origami-style lamp printed using rigid plastic and
electrospun textile (A). Once folded into its final form, the lamp is paired with
a soft, star-shaped capacitive toggle switch, and an electrospun piezoresistive
capsule sensor to control the lamp’s brightness (B).

6.7

DISCUSSION AND LIMITATIONS

There are a few limitations of our approach to fabricating combined
rigid plastic and electrospun textile-based objects. First, the height
of electrospun textiles produced on the printer is constrained by
the strength of the electric field between the hot-end nozzle and
the printer surface. As more non-conductive material is printed or
placed between the two charged surfaces, the electric field strength
decreases, reducing the ability to electrospin. In line with existing work on melt electrospinning, we are only able to electrospin
textiles that have heights of at most 1.2 mm. This perhaps can be
increased by using conductive materials (e.g., conductive paint,
and conductive PLA) during the printing process, but further exploration is needed.
Similarly, when printing large plastic objects (e.g., a tower),
because the height of the extruder used for electrospinning must

CONCLUSION

be raised to prevent collisions, the ability to electrospin is also
reduced. This is a result of the electric field strength being inversely
proportional to the squared distance between the two charged
surfaces (the hot-end nozzle and the build plate). On our printer,
we found the minimum distance for electrospinning at 7kV without
electrical arcing is 15mm while the maximum distance before the
electric field strength becomes too weak to electrospin is 50 mm.
This could potentially be increased by adjusting the applied high
voltage dynamically as a function of the current printing height or
by using a positionable charged probe for targeted electrospinning
similar to collector probe arrays in [169].
6.8

CONCLUSION

In this chapter, we presented a technique to fabricate objects made
of both rigid plastic and textiles using a new 3D printer that supports melt electrospinning. This printer is equipped with low-cost
and open-source modifications to make the technique amenable to
other consumer-grade 3D printers. With this techniques, properties
of textiles such as softness, flexibility and absorbency can be tuned
using simple printing parameters. We demonstrated a series of
proof-of-concept objects including an interactive tactile comic, a
foldable phone stand, and a flower that actuates based on sensed
water levels. As a whole, this technique opens up new opportunities to create objects with mixed rigidity, flexibility, texture and
absorbency for personal fabrication.
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3D Printing with a Novel
Biodegradable Material
7.1

INTRODUCTION

Many functional materials exist around us as a part of nature.
Cellulose—the most abundant natural polymer in the world [234]—
forms the fibers of plants and trees along with hemi-cellulose and
ligin. In this chapter, we investigate these natural materials for
3D printing. Unlike thermoplastics that are commonly used in 3D
printing, these materials are both renewable and biodegradable.
These characteristics are ideal for no-waste prototyping, and more
broadly personal fabrication. To this end, this chapter introduces a
new material technique for 3D printing with these natural materials
via spent coffee grounds. It examines how the material can be
recycled during prototyping sessions and explores it can enable
the design of objects that readily biodegrade during/after their
intended use (Figure 7.1).

7.2

BACKGROUND

Nations around the world are grappling with global environmental
challenges including climate change, pollution, and waste production. Within the HCI community, there has been growing interest
in addressing these sustainability issues as creators and enablers of
technology [35, 63, 183, 187, 233]. Researchers have examined
the effects of digital technology use on energy consumption [82,
326] as well as strategies to mitigate over-use [223, 327]. Others
have investigated reducing waste output by reusing objects such as
electronics [112, 141] and textiles [335].
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FIGURE 7.1: Examples of biodegradable objects fabricated using our new 3D
printing material: an ornament necklace, two custom-shaped planter pots, and
two espresso cups coated in beeswax.

1

2021
Best
Cheap/Budget
3D Printers in 2021: https:
//all3dp.com/1/bestcheap-budget-3d-printeraffordable-under-500-1000/

Recently, a five-year review of physical prototyping within the
HCI community has foregrounded the environmental impacts of
different types of materials and machines being used [306]. In
an effort to encourage more sustainable approaches, researchers
have proposed using bio-based materials such as mycelium [156,
157] and examining their life-cycle [158]. However, there has
been limited exploration in how we might mitigate environmental
challenges associated with personal fabrication, and particularly
3D printing [145].
As previously discussed in Chapter 2, expiring patents coupled with open-source movements (i.e., Fab@Home [181] and
RepRap [132]) pushed 3D printers into the consumer domain.
With some kits now costing less than $1701 , 3D printers are rapidly
finding their way into the homes of consumers and small businesses.
At least 2 million printers have been purchased for consumer use
as of 2019 [242]. Though, this is an underestimate as it only accounts for sales reported by large companies and excludes sales of
low-cost kits [242]. Notably, adoption of these machines stands to
exacerbate environmental challenges by increasing use of plastic
materials (which have been shown to have detrimental ecological
effects [43, 71]); waste output (e.g., through discarded prototypes
and failed prints [275]); and energy consumption [2, 75].
In terms of materials, the most commonly printed on FDM/FFF
3D printers are the thermoplastic polymers acrylonitrile butadiene
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FIGURE 7.2: Overview of the personal fabrication workflows enabled with our
spent coffee ground material: (1) Previously printed objects can be easily recycled
at home to form new printing material; (2) Objects made with our material can
readily biodegrade during their use such as a flower planter pot once placed into
soil; (3) Objects and printing material that have completed their usage-cycle
can be composted at home to create a fertilizer for gardening. These workflows
minimize waste output and avoid disposal in landfills.

styrene (ABS) and polylactic acid (PLA). ABS is not biodegradable
and is produced from petroleum, a non-renewable resource [212].
PLA, on the other hand, is produced from plant starch and generally
viewed as being biodegradable. However, its biodegradability has
some caveats. The material will decompose into carbon dioxide and
water within 90 days, if processed in a controlled composting facility
that contains a specific microbiome while consistently being heated
at a high temperature (60 °C) [237]. Owing to these requirements,
very few facilities accept PLA for composting so the material almost
exclusively ends up in landfills [264]. Within landfills, PLA can
take at least 100 years to degrade [146].
Processing of PLA through traditional recycling streams is also
problematic as it often contaminates other commonly recycled
plastics such as polyethylene terephthalate (PET, e.g., soda bottles) [152]. Recently, some companies (e.g., Filabot2 ) have explored recycling printed PLA objects back into a printable filament.
Objects are ground, melted, and mixed with fresh plastic pellets
before being extruded into a filament. Though promising, this approach requires expensive machinery and is generally not accessible
to consumers.
With in the HCI community, researchers have sought to print
less plastic material [196, 197] and/or substitute it with plastic

2

Filabot

Machines:

https:

//www.filabot.com/
collections/filabot-core
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bottles [147, 148] or reusable Lego-style blocks [197]; however,
these efforts have focused primarily on addressing challenges with
fabrication speed [196, 197], object size [147, 148], and the lack
of interactivity [147] associated with objects made using current
3D printing processes. Others have developed ways to reduce
plastic consumption by reusing scrap materials as infill for printed
objects [313] and re-printing on top of previously printed objects
during prototyping iterations [287]. More broadly, researchers have
examined the use of biomass resources (e.g., bamboo fiber [323],
lignin [151], and spent coffee grounds [44]) as filler materials in
thermoplastic filaments. These fillers are used in low percentages
(typically ≤30%) and usually combined with PLA [28]. Taken as
a whole, these approaches still require substantial use of plastic
materials.
In general, reducing the use of plastics (and especially thermoplastics) in 3D printing is ecologically-beneficial. While researchers
have shown that the ecological impacts of 3D printing are primarily
driven by electricity use [75], material choice can greatly influence
the amount of electricity used during a 3D printing process [76].
With thermoplastic 3D printing, significant energy is used to heat
the material for extrusion as well as maintain an appropriate build
plate/volume temperature during printing [76]. Thus, materials
that can be printed without heating (i.e., bond chemically as opposed to thermally) can greatly reduce the environmental impacts
of 3D printing [74, 76]. These impacts can further be reduced if the
material is non-toxic, abundant, renewable and compostable [74].
The work presented in this chapter is directly motivated by a
need for low environmental impact materials for 3D printing and
personal fabrication. Guided by principles of Sustainable Interaction Design [35], we introduce a new biodegradable material for 3D
printing that consists primarily (∼85%) of plant-derived cellulose,
hemi-cellulose, and lignin supplied by spent coffee grounds—a
commonly wasted natural material. In contrast to typical plastic
filaments, the demonstrated printing material is renewable, does
not require heating during printing, and can be made with kitchenfriendly ingredients. Likewise, objects made with it can easily be
recycled back into printing material during prototyping sessions
and be composted at home. These aspects of our material open
new possibilities for creating objects that are designed to biodegrade during and after their intended use (Figure 7.1). In the
following sections, we describe the design of our material, its use
with a 3D printer, the fabrication workflows that it enables, and

MATERIAL DESIGN

FIGURE 7.3: A biodegradable planter pot being printed using our spent coffee
ground material.

a characterization of its properties. We conclude with a discussion of our material and how life-cycle considerations can foster
new opportunities for collaborations and sustainability in personal
fabrication.
7.3

MATERIAL DESIGN

The design of our material was guided by principles of Sustainable
Interaction Design (SID) [35] and prior work highlighting strategies
to reduce the environmental impacts of 3D printing [74, 75, 76].
In this section, we describe these motivations and the components
of our material.
Sustainable Interaction Design establishes principles that the
design of an object should consider from the perspective of sustainability, whether with physical or digital materials [35]. It calls
on the design of objects to link invention and disposal, and promote renewal and reuse. The former principle dictates that the
invention of an object must include a detailed account of how it
and materials resulting from its use will be discarded. The latter
principle requires the design of an object to consider possibilities
for the renewal and reuse of existing objects or systems [35].
In the design of our material, we linked invention and disposal by prioritizing the use of components that are renewable,
biodegradable, and compostable. These considerations minimize
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TABLE 7.1: Proportions of the different components that are used to prepare our
material for 3D printing.
Name

Mass Proportion (g)

Spent Coffee Grounds (SCG)
Carboxymethyl Cellulose (CMC)
Xanthan Gum (XG)
Water

50
8
1.2
100

Dry Material Composition

2.03%
13.51%
84.46%

Spent Coffee Grounds (SCG)
Carboxymethyl Cellulose (CMC)
Xanthan Gum (XG)

FIGURE 7.4: After drying, objects made with our material are primarily composed of spent coffee grounds (84.46%). The remaining composition is of
carboxymethyl cellulose (13.51%) and xanthan gum (2.03%).

waste output and support a circular material life-cycle. The design of our material promotes renewal and reuse by recycling a
commonly wasted natural material—spent coffee grounds—as its
primary component. Objects made with our material can also be
recycled back into printing material during prototyping iterations
and be composted at home to create a soil fertilizer (Figure 7.2).
As previously discussed in the Background Section, prior work
has demonstrated that avoiding the use of thermal energy to print
materials can greatly reduce the environmental impacts of 3D printing [74, 76]. Moreover, materials that are non-toxic, abundant,
renewable, and compostable can further reduce these impacts [74].
In support of low environmental impact, we designed our material
to be printed without thermal energy, and in alignment with our
SID goals, all of our materials are non-toxic, abundant, renewable
and compostable.
Our material consists of four components: spent coffee grounds,

MATERIAL DESIGN

carboxymethyl cellulose, xantham gum, and water as seen in Table 7.1. We now provide a description of each of these components
and their purpose.
7.3.1

Spent Coffee Grounds
Coffee is one of the most consumed beverages in the world. At
least 9.6 billion kg of coffee have been consumed every year since
2016 [210]. During brewing, typically only 18-22% of coffee mass is
extracted as solubles into a beverage [34, 172, 266]. The remaining
amount (78-82%) is referred to as spent coffee grounds (SCG). SCG
are the primary by-product of coffee production in both consumer
settings (e.g., at home, coffee shops) and industrial processes (e.g.,
instant coffee production) [6]. The majority of SCG are disposed
of in landfills [129, 240], making them an ideal candidate for
being recycled as a printing material. Additionally, SCG are a
natural material primarily composed of cellulose, hemi-cellulose
and lignin [16]—components that make up the cell walls of plants
and trees [234]. Thus, they are renewable and biodegradable. SCG
can also be composted and used as a soil fertilizer [42, 54, 235].
In collaboration with a local coffee shop, We recycle SCG for use
as the main component of our printing material.

7.3.2

Carboxymethyl Cellulose
Carboxymethyl cellulose (CMC) is a biodegradable water-soluble
polymer derived from cellulose [20]. It is commonly used as a
binding, thickening and stabilizing agent in food (e.g., ice cream,
cheese) and cosmetic products (e.g., lotions, toothpaste) [23, 87,
107]. CMC is compostable and has been shown to beneficially
increase the retention of water in soil [193]. In our material, CMC
primarily serves as a binding agent for the spent coffee grounds. It
also increases the viscosity of the material for printing.

7.3.3

Xanthan Gum
Xanthan gum (XG) is natural polysaccharide produced by the fermentation of carbohydrates (e.g., glucose) by the bacteria Xanthomonas campestris [84, 137]. It is completely biodegradable
within two days [137]. XG is water-soluble and often used as a
stabilizer and thickener in food products (e.g., salad dressing) and
cosmetics (e.g., toothpaste) [137]. In our material, XG prevents
the spent coffee grounds from separating out of the mixture and
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increases both the mixture’s viscosity and its degree of shear thinning. Without XG’s inclusion, we found that our material would
not readily flow during printing. In some early tests without XG,
we found the pressure applied during extrusion would causes a
channel to form in the solution that would separate out the SCG
from the CMC and water mixture.
7.3.4

Water
The primary purpose of water in our material is to combine the
SCG, CMC, and XG components for printing. As hydrocolloids, both
CMC and XG dissolve in water and form gel networks around the
granules of the SCG. After printing, the water evaporates and the
gel network dries bonding the SCG together. Once dry, our material
is primarily composed of SCG (84.46%) as seen in Figure 7.4.

7.4

FABRICATION TECHNIQUE

This section describes our preparation procedure for our spent
coffee ground material (SCG material), our 3D printer set-up, and
strategies for successful printing.
7.4.1

3

Modernist Pantry Carboxylmethyl Cellulose: https://www.
amazon.com/dp/B07YLZ136F/
4

Modernist Pantry Xanthan
Gum: https://www.amazon.com/
dp/B00C3HL7B4/
5

Arriviste Coffee Bar: https://

arriviste.coffee

6

OXO

8-inch

Strainer:

https://www.amazon.com/
dp/B00133DRIK/

Material Preparation
Our SCG material for printing consists of spent coffee grounds
(SCG), carboxymethyl cellulose (CMC)3 , xantham gum (XG)4 and
water mixed together in a ratio of 50:8:1.2:100 by mass measured
in grams (Table 7.1).
We partnered with a local coffee shop5 to receive their spent
coffee grounds that were previously used to make espresso-based
drinks (e.g., lattes, cappuccinos). The grounds were obtained finely
ground to approximately 200 µm in diameter (visually similar in
size to table salt) and were initially wet. We dried the grounds
before creating the printing material. The grounds can either be
dried in an oven at 93 °C for 30 minutes with occasional stirring,
or in direct sunlight for a few days. The latter approach can be
used to reduce energy consumption. Once fully dried, we sifted
the grounds using a basic kitchen strainer6 to remove any large
clumps.
After measuring their proper proportions as seen in Table 7.1,
all of the dry powders (SCG, XG, CMC) are combined together in a
single jar. The powders are then shaken together for approximately
1 min to ensure a uniform mixture. This combination is then slowly
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FIGURE 7.5: The extrusion set-up used to print our spent coffee ground material
on a modified FDM/FFF 3D printer.

mixed into another jar containing the appropriate amount of water.
Once the mixture is homogeneous, the SCG material is ready for
3D printing. Notably, this entire procedure can be accomplished in
a kitchen at home with food-safe ingredients.

7

Prusa I3: https://reprap.org/
wiki/Prusa_i3
8

60 mL

Syringe:

https:

//www.amazon.com/gp/product/
7.4.2

3D Printer Set-Up
We modified a consumer-grade FDM/FFF 3D printer similar in
design to a Prusa I37 to support printing the SCG material (Figure 7.3). After preparation, the material is loaded into a 60 mL
syringe8 and extruded using an open-source, large volume syringe
pump [228]. The slip-end of the syringe is inserted into one end
of PVC plastic tubing (5/32" inner diameter)9 . The other end of
the tubing is connected to a barbed luer lock coupling10 . Both the
syringe tip and the coupling are secured to the hose using bolt
clamps11 . Finally, the luer lock coupling is fitted with a 14 gauge
(1.6 mm inner diameter) dispensing needle tip12 . We experimented
using needle tips with have smaller inner diameters (e.g., 16 and
20 gauge) but found these were more prone to clogging. The luer
lock coupling and needle are mounted onto the X-axis of the printer
using a 3D printed adapter (Figure 7.5). We have open-sourced
the designs of the adapter13 .
Within our slicing software for 3D printing, the nozzle diameter

B01M1R392V/
9

Tygon PVC Soft Plastic Tubing
(5/32"" ID, 9/32" OD): https://
www.mcmaster.com/6516t16
10

Plastic Quick-Turn Tube Coupling
(5/32" ID Barbed Tube ): https:
//www.mcmaster.com/51525k274
11

Bolt Clamps for Soft Hose
(9/32" to 21/64" ID): https:
//www.mcmaster.com/53175K81/
12

Dispensing
Tip
with
Luer Lock Connection (14
Gauge
Gauge):
https:
//www.mcmaster.com/6699A1/
13

https://github.com/

mriveralee/coffee-groundsprinting
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is set to 1.6 mm to match the diameter of the dispensing needle.
The layer height is generally set to 1.0 mm. The SCG material is
printed at a speed (i.e., feed rate) of 300 mm min−1 . We generally
slice 3D models with a solid infill (100%) and print with retraction
disabled to maintain a consistent flow of material during printing.
7.5

WORKFLOWS AND EXAMPLES

This section presents a series of ways that our SCG material can be
used for prototyping and personal fabrication. We describe three
workflows (summarized in Figure 7.2) and include examples of
objects 3D printed with our material.
7.5.1

14

Krups Adjustable Burr Grinder
(GX500050):
https://www.
krupsusa.com/BREAKFASTAPPLIANCES/COFFEE-GRINDERS/
Adjustable-Burr-GrinderGX500050/p/8000035582

7.5.2

Material Recycling for No-Waste Prototyping
Prototyping with 3D printing creates physical waste in the form of
stale designs and failed prints. This can amount to over 30% of
the plastic material used in a workshop [275]. Our SCG material
enables objects to be recycled back into printing material during
prototyping sessions (Figure 7.6). Printed objects and failed prints,
once broken into pieces, can be ground up into fine granules using
a coffee grinder14 at home. The resulting powder is a dry mixture
containing SCG, CMC and XG. Once weighed, this powder can be
mixed into a proportional amount of water—100 g of water per
59.2 g of dry powder as seen in Table 7.1—to re-form the SCG
material for printing.
As an example of this workflow, we prototyped a biodegradable ornament necklace that went through 3 iterations. In the first
iteration, we explored the shape and logo of the ornament, producing a hexagonal object with the letters ”MR” in the center. In the
second iteration, we reused the material from the first prototype
and other objects (Figure 7.6A) to re-make the ornament with a
circular shape, an infinity symbol in the center, and a hoop region
for tying the necklace. However, due to a printing error (circled in
the bottom left of Figure 7.6E), the hoop of the second prototype
was not printed fully closed. We re-printed the final prototype as
seen in Figure 7.7.
Degradation During Use
The notions of "un-making" [272] and printing with perishable materials [60] have opened up design opportunities for enabling objects to change and decay over time. Objects made with biodegrad-
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FIGURE 7.6: Material Recycling Workflow. Objects printed with our SCG material
such as prototypes and failed prints (A) can be ground up using a basic coffee
grinder at home (B). The resulting granules (C), once weighed, can then be
mixed with a proportional amount of water (D) to produce our SCG material
again for printing (E). This recycling approach is useful in minimizing waste
when printing errors occur as highlighted in the green circle.
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FIGURE 7.7: A biodegradable ornament necklace that was prototyped and printed
with our SCG material (A). The ornament has a printed hoop for attaching a
necklace and features the infinity symbol at its center (B).

able materials can encapsulate their decomposition as a part of
their intended use. The components of our SCG material are all
biodegradable and have been shown to have positive effects in soil
including increasing water retention [8, 26, 193] and promoting
plant growth [42, 54, 91, 193, 235]. With these considerations,
our SCG material enables the creation of objects that are designed
to beneficially decompose in soil over time. We created two customshaped planter pots to demonstrate this workflow as seen in Figure 7.8. These pots can serve as an initial home for small plants.
Once the plants have sufficiently matured, they can be buried with
their pots in a larger bed of soil to continue supporting their growth.

7.5.3

15

Organic White Beeswax Pellets
(1lb): https://www.amazon.com/
gp/product/B01LYMZK4V/

Degradation After Use
Objects made with typical 3D printing materials are almost exclusively disposed of in landfills after their intended use. Many of
these materials (e.g., ABS) will never biodegrade, while others
like PLA will take hundreds of years to decompose. In contrast,
objects made with our SCG material readily biodegrade and can
be composted at home (Figure 7.9), avoiding disposal in landfills
entirely. The resulting compost can then be used as a soil fertilizer.
The ability to compost our SCG material opens up opportunities
to create custom objects that readily biodegrade after their intended
use. We designed and fabricated two custom-shaped disposable
espresso cups with our SCG material (Figure 7.10). Inspired by
Cradle-to-Cradle design [186], the grounds of previously created
espresso drinks serve as vessels for subsequent drinks. We coated
the inside of these cups with beeswax15 —another biodegradable
material—to waterproof the cups during use. Once a cup serves it
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FIGURE 7.8: Biodegradable planter pots printed with our SCG material and their
flowering plants (A). The first pot has a hexagonal-shape (B). The second pot is
cylindrical with a ribbed pattern (C).

FIGURE 7.9: Composting Workflow. Objects made with our SCG material such as
prototypes and failed prints (A) can be inserted into a compost box at home (B)
with other food scraps (C). Within a few days, microorganisms like mold will
grow and begin breaking the material down into compost (D).
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FIGURE 7.10: Biodegradable espresso cups made with our SCG material (A). The
cups hold liquid once beeswax is applied either on the inside of the cup (B, left)
or around the cup entirely (B, right).

purpose, it can be disposed of in a compost bin.
7.6

MATERIAL CHARACTERIZATION

This section provides a characterization of different aspects of our
SCG material. We describe and provide empirical results of the
SCG material’s shrinkage, tensile strength, and surface texture. For
both tensile strength and surface texture, we compare newly made
SCG material to recycled SCG material. Finally, we provide the
results of a composting study that demonstrates the ability of our
SCG material to be composted at home.
7.6.1

Shrinkage Characterization and Mitigation
In our preliminary printing tests, we discovered that the SCG material was prone to shrinking as an object dried. This behavior is
due to the evaporation of water from the xanthan gum and carboxymethyl cellulose. These two materials are hydrocolloids—they
swell and form gels when dispersed in water. During printing,
these materials are in a swelled state. Thus as they dry, they shrink.
We characterized the shrinkage behavior of the SCG material after
printing to determine a mitigation strategy.
We printed five rectangular samples (30 mm x 30 mm x 5.6 mm)
with a solid (100%) infill. The samples were left to air dry for three
days. We then recorded the length, width and height of each sample.
These measurements were averaged across all five samples and
an error percentage was computed for each dimension and their
average as seen in Figure 7.11. The error in length, width, and
height are -14.61% (SD=2.64); -14.69% (SD=1.71); and -14.29%
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FIGURE 7.11: Shrinkage characterization. The average error in dimensional
accuracy for five printed samples (30 mm x 30 mm x 5.6 mm) once dried is
-14.53% (SD=1.94).

Shrinkage Mitigation by Scaling +15%
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FIGURE 7.12: After uniformly scaling the geometry of samples by 15.0% before
printing, the average error in dimensional accuracy caused by shrinkage for five
printed samples reduced to -1.05% (SD=0.60).
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(SD=3.05), respectively. The average across all of these dimensions
is -14.53% (SD=1.94).
As a shrinkage mitigation strategy, we examined applying a
uniform scale factor (15%) to object geometry prior to slicing for
printing. We scaled the rectangular geometry that was used for
the shrinkage characterization and printed five samples (34.5 mm
x 34.5 mm x 6.4 mm) with solid infill. The samples were left to
completely dry for three days. We then measured the dimensions of
the samples and computed the percent error based on their expected
values (30 mm x 30 mm x 5.6 mm) as seen in Figure 7.12. The
error in length, width, and height are -1.74% (SD=1.49); -1.95%
(SD=1.57); and 0.54% (SD=1.24), respectively. The average error
across all of these dimensions was reduced to -1.05% (SD=0.60).
These results indicate a uniform scaling can greatly increase the
dimensional accuracy of solid objects when printed with our SCG
material. We use this strategy to mitigate shrinkage in objects
printed throughout the rest of this work.
7.6.2

16

Open-Pull

Hooks:

https:

//github.com/CNCKitchen/
Open-Pull/blob/master/CAD/
Specimens/testHook.stl
17

Hook

Weight

https://www.amazon.com/
gp/product/B00EPQMEWC/

Set:

Strength Characterization
We performed a preliminary characterization of our SCG material’s
tensile strength using a hanging load test as seen in Figure 7.13A.
We printed a series of open-source tensile test hooks16 . Each hook
was printed with a solid (100%) infill and 3 perimeters. During
the test, a hook was suspended on the test rig and masses17 were
incrementally suspended on the hook. We waited 30 seconds after
each mass was added to ensure it was securely held. Once the
printed hook broke (Figure 7.13B), we recorded both the load at
failure and the maximum load that was stably held.
The results of the tensile test are shown in Figure 7.14. We
examined two sets of printed hooks. In the first set (N=4), hooks
were printed with newly made SCG material. These hooks had
a mean maximum stable load of 1.43 kg (SD=0.15) and a mean
failure load of 1.58 kg (SD=0.10). In the second set (N=2), we
tested hooks that were made with recycled SCG material. The
hooks made with recycled SCG material had a mean maximum
stable load of 1.00 kg (SD=0.28) and a mean failure load of 1.15 kg
(SD=0.21). While the newly made SCG material performed better
than the recycled SCG material (on average, 0.43 kg more mass
was supported), the results across both tests indicate that the SCG
material is strong enough to withstand handling (e.g., during prototyping iterations) and to enable some functional use cases (e.g.,
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FIGURE 7.13: The tensile strength test set-up showing a hook printed with the
SCG material holding 1.7 kg of mass (A) before breaking into two separate parts
(B).

Tensile Strength

2.00
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Load (kg)
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1.25
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Recycled (N=2)
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FIGURE 7.14: Results of the tensile strength test. On average, hooks printed
with newly made SCG material had a higher maximum stable mass (1.43 kg)
and failure mass (1.58 kg) than hooks printed with recycled SCG material with
a difference of (0.43 kg).
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supporting the weight of another object, acting as a enclosure, etc.).
7.6.3

Surface Texture Characterization
To understand how our material recycling workflow affects the
surface characteristics of objects, we examined the layer lines of
two box-shaped test specimens (30 mm x 30 mm x 30 mm). The
first specimen was printed with newly made SCG material while the
second specimen was printed with once recycled material using our
recycling workflow as shown in Figure 7.6. Images of the surface
texture were captured of both samples under the same lighting
conditions. These images are placed side-by-side in Figure 7.15.
The test specimen printed with the newly made SCG material
has a smoother surface texture than the specimen printed with
the recycled material as evidenced by shallower valleys between
layer lines. This distinction in the recycled material’s surface texture (and potentially its decreased tensile strength as described in
the Strength Characterization Section) may be the result of granules having a non-uniform size distribution in our once recycled
SCG material. We used a low-cost coffee burr grinder to grind
up previously printed objects. This may have affected the consistency of the granules. In contrast, the size of granules in the raw
materials used for the newly made SCG material is much more
consistent. Both the XG and CMC powders are very finely ground
(visually similar to flour). The spent coffee grounds also have high
consistency which is likely the result of being ground on high-end
equipment at the specialty coffee shop. The size difference between recycled granules may have affected the ability of layers to
securely bond to one another, reducing overall strength. However,
neither the surface texture nor the tensile strength of the recycled
material affected our ability to use the material for prototyping and
application development.

7.6.4

Composting Study
Composting is the controlled decomposition of organic matter [51,
62, 295]. This decomposition is achieved by providing a rich environment for microorganisms to thrive. Both the growth of microorganisms and increased soil temperature relative to ambient
temperature serve as indicators of the biodegradation of materials [51, 62, 295]. We examined the ability of our SCG material to
decompose through an indoor home composting study. We opted
for a home composting study (as opposed to industrial composting)
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FIGURE 7.15: Comparison of layer lines on test specimens printed with (1) newly
made SCG material and (2) material that been recycled from previously printed
objects. The surface texture of the recycled material appears less smooth than
that of the freshly made material. Scale bar: 5 mm.

to demonstrate that our material can be readily composted at home
in contrast to thermoplastics commonly used in 3D printing.
We use a simple aerobic home composting approach [283, 284].
This approach can process approximately 500 g of organic waste
material (e.g., food scraps) per day that would otherwise be disposed of in landfills. We mixed coco coir18 and horticultural ash19
(biochar) in a 2:1 ratio into a cardboard box (29 cm x 29 cm x
43 cm) until the box was approximately two-thirds full. When inserting material, we dug a hole in the center of the box, placed the
material, and covered it up. The box lid was then closed, covered
with a thin towel and placed on top of wooden blocks to increase
aeration. We also turned, or mixed, the contents of the box every
other day with a garden trowel20 to increase aeration. The box
was stored with an indoor temperature between 20 °C to 30 °C and
away from excessive moisture (i.e., rain).
We set up a Raspberry Pi Zero21 as a microcontroller with an ambient temperature-humidity sensor22 and a waterproof temperature
sensor23 to capture data from our compost box during the study.
The ambient temperature-humidity sensor was mounted onto the
lid inside of the compost box to provide baseline ambient temperature and humidity readings (Figure 7.9B). We used the humidity
readings to ensure that our compost materials had optimal moisture content (40-60%) for promoting microbial growth [62]. The
waterproof temperature sensor was placed into soil at the depth
of the most recently inserted material (as seen in Figure 7.9C) to
capture any increase in temperature resulting from microorganisms
breaking the material down. The sensor readings for soil temper-

18

Burpee Natural & Organic GardenCoir: https://www.amazon.
com/gp/product/B078GQPRX4/
19

Wakefield Biochar Soil Conditioner: https://www.amazon.
com/gp/product/B077SWSPC4/
20

Edward Tools Bend-Proof Garden Trowel: https://www.amazon.
com/gp/product/B01N297HU0/
21

Raspberry

Pi

Zero:

https://www.adafruit.com/
product/3708
22

DHT22 Temperature-Humidity
Sensor: https://www.adafruit.
com/product/385
23

High Temp Waterproof DS18B20
Digital
Temperature
Sensor:
https://www.adafruit.com/
product/642
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Temperature vs. Hours After Material Insertion
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FIGURE 7.16: Compost Study Results. Material inserted into our home compost
box consistently resulted in increased soil temperature relative to ambient temperature, indicating the material’s decomposition by microorganisms. This trend
of increased temperature continued for more than 80 hours after the material’s
insertion. The mean ambient and soil temperatures for five occurrences of material insertion are depicted in the bold orange and blue solid lines, respectively.
The standard deviation is depicted as shaded regions around the each line.

FIGURE 7.17: A few small pieces of SCG material recovered after 3 weeks of
composting, distinguishable by the color of the coffee grounds highlighted in
the pink rectangular outline above. The recovered pieces were brittle and
showed significant mold growth (highlighted in green circles) indicating their
decomposition.

DISCUSSION AND LIMITATIONS

ature, ambient temperature, and humidity were recorded at an
interval of one minute throughout the duration of the study.
Across a three week period, we performed five material insertions with a mean insertion mass of 227.40 g (SD=37.48) containing a mean SCG material mass of 62.98 g (SD=20.50) per insertion. The resulting change in temperature after material insertion
is shown in Figure 7.16. Soil temperature consistently rose after
each material insertion. In some cases, the soil temperature rose
approximately 10 °C higher than ambient temperature. The overall
trend of increased temperature continued for more than 80 hours
after a given material insertion.
A few days after our initial material insertion, mold began
growing as shown in Figure 7.9D. After three weeks of the study,
we recovered a few small pieces of SCG material (approximately
10 mm to 15 mm in length). In contrast to our SCG material before
composting, the pieces were brittle and showed significant mold
growth as seen in Figure 7.17. Both the growth of microorganisms
and increased soil temperature relative to ambient temperature
throughout our compost study indicate that our SCG material can
be composted at home.
7.7

DISCUSSION AND LIMITATIONS

In this section we discuss challenges, limitations, and opportunities for future work with our SCG material. More broadly, we
explore how consideration of the life-cycle of materials in personal
fabrication can open new opportunities for collaborations with
environmental scientists.
7.7.1

Strength and Resolution of Printed Objects
This work offers basic modifications to a consumer-grade 3D printer
that enables our SCG material to be printed. We rely on an opensource large-volume motor-driven pump [228] for extrusion. The
motor used as part of this pump is adapted from the 3D printer’s
existing drive mechanism for filament-based extrusion. While this
motor has more than enough torque to drive plastic filaments, we
had to tune the viscosity of our material with xanthan gum, and
choose a relatively large diameter dispensing needle tip to promote
printability. In our initial explorations, we noticed that the apparent
strength of our material when cast decreased with the addition of
xanthan gum. Future work should examine other biodegradable
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FIGURE 7.18: A single layer square printed flat with our SCG material morphed
into a saddle shape as a result of shrinkage during drying.

viscosity modifiers such as guar gum to increase material strength.
Likewise, using a dispensing needle tip directly on the syringe
instead of connected through plastic tubing may enable printing
with smaller diameter tips. This would allow for a finer printing
resolution (e.g., smaller layer heights, thinner extrusion widths)
than demonstrated in this work.

7.7.2

Material Shrinkage and Drying
The shrinkage exhibited by objects printed with our SCG material is
the result of using CMC as a binder and XG as a stabilizer. Both CMC
and XG are hydrocolloids—they form gels when dissolved in water.
These gels shrink as water evaporates during the drying process.
While we provide some empirical characterization of this shrinkage,
many factors can contribute to the shrinkage of a printed object
including its shape, its interior density (i.e., infill), and its method
of drying (e.g., using a fan). Thus, shrinkage compensation may
need to be adjusted depending on the these contributing factors.
Shrinkage is generally not ideal for most applications. However,
previous work [7, 95, 230, 285, 316] has leveraged this behavior
to create shape-changing interfaces. In some early explorations,
we observed that objects printed with our material would morph
out-of-plane into different structures after drying (Figure 7.18).
Biodegradable shape-changing objects are an interesting opportunity for future work.
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7.7.3

Material Biodegradability and Compostability
The growth of microorganisms and increased soil temperature
are indicators of the biodegradation of materials in compost settings [62, 295]. In our compost study, we use these indicators as
proxies for the decomposition of our SCG material. However, this
approach does not provide insight into the quality of the compost
produced with the SCG material. We rely on the results of prior
studies which have demonstrated that the components of our SCG
material are biodegradable [137, 163, 235] and provide benefits in
soil [42, 54, 91, 193, 235]. As researchers in HCI continue to tackle
environmental sustainability challenges with personal fabrication,
future work should examine the development of accessible material evaluation approaches for biodegradability, compostability, and
overall environmental impact—an opportunity for collaborations
with environmental scientists.

7.7.4

Life-Cycle Assessment, Prototyping, and Beyond
Every material has a life-cycle that includes the sourcing of its
components from Earth, their transport and processing into the material, how the material is used and eventually disposed. Life-Cycle
Assessment (LCA) is a common method that is used to assess environmental impacts throughout the life-cycle of different materials
and/or products [50, 185].
As discussed in the Background Section, works have examined
the environmental impacts of 3D printers and different materials
using LCA [75, 76]. The results of these prior efforts were used
to help motivate the material developed in this work. Heating the
hot-end and build plate in typical FDM/FFF 3D printers has been
identified as a key contributor to the energy consumption, and
thereby the environmental impacts, of FDM/FFF 3D printers [76].
In the current work, we explicitly developed a biodegradable material that is printed without the use of a hot-end and heated build
plate to minimize energy consumption. Following principles of Sustainable Interaction Design [35], our material is made by reusing
spent coffee grounds and can be recycled back into a printing material during prototyping iterations. Though, we have not performed
a formal LCA of our material and prototyping process.
LCA is difficult to perform as data for many materials and processes may be not available. In the absence of data, an LCA’s validity
relies on the assessor to estimate environmental impacts using similar processes and materials (if they exist) with the caveat that the
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results of any analysis will have an associated level of uncertainty.
While there are on-going efforts to increase awareness of life-cycle
thinking [77, 276] and broaden access to LCA data and methods [1,
190, 276, 288], some material components and procedures used
in this work have no associated data. For example, xanthan gum,
despite being a common food additive [84], has no available information in LCA databases [289]. We were also unable to find
data for reusing/recycling of spent coffee grounds and for at-home
composting.
More broadly, the democratization of personal fabrication technology has continued to foster new material and process developments that are difficult for their creators to examine using LCA.
Evaluating the sustainability of these techniques with LCA will require increasing the approachability of LCA and broadening access
to LCA data through collaborations with environmental sustainability researchers and LCA practitioners. Within the HCI community,
these collaborations may also serve as a springboard to design
systems that support environmentally-conscious behaviors beyond
personal fabrication.
7.8

CONCLUSION

This chapter has presented a technique for 3D printing objects with
a new biodegradable material primarily made of plant-derived cellulose, hemi-cellulose, and lignin from spent coffee grounds—a
commonly wasted natural material. Unlike typical plastic filaments
used in 3D printing, this material is printed without heat to minimize energy consumption. In addition, it can be recycled back
into printing material during prototyping iterations and afterwards
be composted at home to reduce waste output. As a whole, this
material opens up new opportunities for fabricating objects that
readily biodegrade as part of or after their intended use.

8
Conclusion
8.1

SUMMARY

This dissertation has examined materials that surround us everyday as a means of broadening what can be made with 3D printing
for personal fabrication. When we consider everyday materials as
inputs and outputs for fabrication techniques, we open up opportunities to produce objects with capabilities that are extend what is
possible with and beyond typical rigid plastic printing, and create
new ways of interacting with these objects.

“But at the laste, every thing hath
ende”
—Geoffrey Chaucer

In Chapter 4, textiles (the most common material with which
we interact) embedded during an rigid plastic 3D printing process
enabled objects to become soft, flexible, and input devices. In
Chapter 5, exchanging rigid plastic for food-grade hydrogel in a 3D
printing process allowed textiles to become moisture-responsive
interface that change shape in response to water. Chapter 6 introduced a method to directly fabricate textiles alongside rigid plastic
using a 3D printer. This process opened up the ability to tune properties of these textiles like texture based on a particular application.
Finally, Chapter 7 investigated natural material (e.g., cellulose) as
a biodegradable material for 3D printing. Objects made with this
material are capable of being recycled back into printable material
during prototyping sessions, and can be designed to beneficially
degrade during/after their use (e.g., through at-home composting).
Across all of this work, the presented techniques have sought to
be accessible to end-users and amenable to existing 3D printer setups. These techniques have relied on the most common materials
(e.g., textiles, cellulose). Material formulations have been purposefully designed for use at home. Printer modifications, where
possible, are 3D printable. Finally, all electronics designs and soft115
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ware are open-source. Bridging across these elements has enabled
everyday materials to become an extension of 3D printing.
8.2

FUTURE DIRECTIONS

3D printing is an incredibly versatile tool. As demonstrated throughout this dissertation, it can give us a lot of power to control and
create with the materials that are all around us everyday. This
section lays out future directions that can broaden the use of digital fabrication technologies with everyday materials and advance
personal fabrication.
8.2.1

Designing Behaviors Around Everyday Materials
For every material, consideration must be given to how we design
with and around its functionality. Often we design around realworld objects by using physical measurements or 3D scanning to
create a digital representation for use within a computer-aided
design (CAD) tool. These methods can only capture static geometric representations. Moreover, CAD tools are generally materialagnostic which makes it difficult to explore mixing materials in
objects and creating interactive behaviors.
In some instances, we can get away with simplified representations. In Chapter 4, for the most part we were able represent
textiles with simplified geometry (e.g., rectangular prisms). However, when the behavior of a textile became critical (e.g., during
stretching), we relied on experimentation (e.g., adhesion testing)
and trial-and-error to understand the behavior of a given textile
and its accompanying rigid plastic when stretched.
Uncovering the effect of different designs through iterative
prototyping can be laborious. It can also be difficult to leverage
knowledge about material behavior to other designs and/or materials that might behave in similar ways. Building material models
of an object (as we saw in Chapter 5) can be used to alleviate
trial-and-error, support iterative prototyping through simulation,
and enable designing complex behaviors. However, building such
a models can, by its very nature, require experimentation in printing different test specimens to try and understand how a material
behaves.
Capturing dynamic material behavior (such as shape-change
due to shrinkage) and converting this is to usable material model
is not currently possible. Recent works have examined capturing

FUTURE DIRECTIONS

physical changes (e.g., cuts, bends, folds) to a real object as a way
to create and/or update its digital representation [96, 324]. These
approaches show promise for streamlining how we design with
complex material behaviors. One could capture a few photos of a
material’s behavior, and an intelligent system could automatically
generate an appropriate geometric representation and material
model for simulation. Such a system reduce modeling challenges
and up new possibilities for designing with everyday materials.
8.2.2

Modular Machines for Digital Fabrication
Despite its versatility, one persistent challenge for 3D printing has
been that different materials can often require the use of entirely
different extrusion hardware. This makes combining materials of
different types (e.g., thermoplastics and hydrogels) difficult. In
some instances, current hardware can be adapted to support new
functionality as Chapter 6 demonstrated by integrating electrospinning into a typical FDM/FFF 3D printer. However, liquid materials
such as the hydrogel in Chapter 5 and the biodegradable material
in Chapter 7 required syringe-based extrusion set-ups (instead of
filament-based hot-ends). The majority of 3D printers and other
digital fabrication machines have very similar electromechanical
set-ups (e.g., a 3-axis linear motion platform). And yet, there has
been little work on making these machines modular (with notable
exceptions being [307, 317]). In the commercial setting, control
electronics for these machines are heavily optimized for a specific
function (such as having only the necessary electrical components
for a single hot-end), usually to reduce costs. Modular machine designs such as tool-changers (as in [307]) show promise for enabling
new types of materials to be readily combined and controlled.

8.2.3

Sustainable Personal Fabrication
Research in personal fabrication has largely been concerned with
technological innovations around use: creating new prototyping
possibilities (e.g., fabrication of objects that have interactive capabilities); developing software tools that lower the barrier to
entry for users to design complex objects; reducing fabrication
time; and exploring new applications (e.g., personalized objects,
assistive technology, etc.). Many of these elements have appeared
throughout this dissertation. We have seen ways to print faster,
larger, and softer objects with textiles; create input devices, sensors, and actuators; and even leverage a design and simulation
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tool to create water-responsive interfaces. However, given existing
global environmental challenges (e.g., climate change, pollution,
waste output), sustainability is perhaps the most important and yet
under-explored area within personal fabrication.
Few works in this space have examined ways to remedy sustainability challenges resulting from the increased use of digital
fabrication technologies. Chapter 7 approached environmental
sustainability from a material perspective, printing with natural
materials to consume less energy during printing and to create
objects that readily biodegrade. Developing materials that are both
sustainable and functional will be increasingly more important as
personal fabrication continues to grow. Materials like chitosan
produced from the shells of crustaceans [78]; mycelium produced
from fungi [156, 157]; and keratin, a protein found in human hair,
offer promising alternatives to commonly used plastics. Upcycling
of commonly used everyday objects, which has shown promise
for Internet-of-Things systems [329, 330], could also serve as another way to address waste-related sustainability issues in personal
fabrication.
Beyond materials, there are opportunities to explore how we
can nudge users to be conscious of sustainability throughout the
design and fabrication workflow. At design time, 3D modeling
software could proactively suggest changes to an object’s geometry
that would reduce the use of support material if the object were to
be 3D printed. At fabrication time (e.g., in control software), a plugin could help a user choose a material based on an object’s intended
purpose and life-span. If an object is intended to be a prototype
that tests the fit of a component (i.e., has a short life-span), then
a material that can readily biodegrade like cellulose and/or that
doesn’t require heating a build chamber could be recommended to
reduce physical waste and energy consumption, respectively.
8.3

FINAL REMARKS

Combining materials that are familiar and accessible to us with digital fabrication opens up new possibilities to create objects that are
personalized, can be interactive, and have capabilities beyond bulk
engineering materials. As access to digital fabrication technologies
continues to grow, everyday materials can offer more opportunities
to use and extend these tools for personal use.
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