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Figure 1: The Kilnforming Ontology. An ontology derived from glassworking is used to organize (A) the space of functional 
and aesthetic thermoplastics by their form factor and fring behaviors. When heated with a kiln, (B) environmental conditions, 
forces, and techniques inform how thermoplastics are deformed, resulting in (C) the space of thermoplastic kilnforms. 

ABSTRACT 
The ecology of thermoplastic materials is rapidly evolving, enabling 
an exciting landscape of functional, aesthetic, and interactive forms. 
Despite their utility in fused flament fabrication (FFF), an even 
larger and untapped design space exists for thermoplastics. In this 
work, we introduce a design method that leverages similarities with 
a more mature medium (glass) to guide a material-centered explo-
ration of a new medium (thermoplastics). Through a collaboration 
between domain experts in thermoplastics and glass, we synthe-
sized an ontology of kilnforming techniques and developed an 
annotated portfolio of thermoplastic kilnforms that capture gener-
ative design directions for altering the phenomenological qualities 
of plastic, prototyping metamaterials, and composite forms, and 
engaging with other material practices. We discuss how material 
parallels can continue to expand the role of thermoplastics as a de-
sign material and how ontology-driven design can serve as a means 
of localizing, questioning, and generating material knowledge. 
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1 INTRODUCTION 
Manipulating materials with heat is a time-honored practice that 
has led to a variety of grassroots innovations across many commu-
nities of practice (CoP)1. While each technique has been adapted to 
suit the unique behaviors of materials, they share strong parallels 
often inspired by “other adjacent and parallel practices, from which 
lessons are learned, innovations borrowed, procedures copied” [18, 
84]. Despite the interconnectedness of formgiving techniques, the 

1Communities of practice are used to describe knowledge generation and learning 
environments that form when “a group of people share a common concern and learn 
how to do it better as they interact regularly” [45]. 
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insular nature of communities of practice has made crosstalk dif-
cult, limiting the ability to interconnect, consolidate, or synthesize 
knowledge generated from CoPs to inform material practices. 

Within university makerspaces, thermoplastics have become a 
staple material primarily due to their widespread availability in 
a flament form factor within commodity 3D printing [13]. De-
spite their utility in fused flament fabrication (FFF) techniques, 
the range of thermoplastic formgiving techniques available within 
makerspaces remains limited compared to more mature mediums 
like paper, clay, and glass. So how might knowledge of materials 
that share common behaviors, which we term material parallels, be 
used to expand the expressivity and functionality of material forms, 
improve the reliability, sustainability, and ease of use of fabrication 
processes, and map a more complete design space of formgiving 
techniques? 

This work explores one such material parallel between thermo-
plastics and glass. Although structurally dissimilar, thermoplastics 
and glass exhibit a similar ’glassy state’ when heated, allowing them 
to behave with diferent degrees of malleability. This malleability 
serves as the central mechanism for enabling thermoforming tech-
niques such as fusion, extrusion, slumping, blowing, and pulling. 
Drawing from knowledge engineering practices, we propose that 
domain knowledge from these two practices can be synthesized 
into a knowledge graph known as an ontology that can be efec-
tively used to transfer material knowledge between practices and 
inform material-driven design workfows. In this work, we propose 
that relational ontologies can be used to formalize and consolidate 
domain knowledge across CoPs into structured concepts that can 
be used to identify larger design spaces and guide material practice. 
To communicate the value of ontologies in design, we contribute: 

• A principled, structured, and shareable ontology of practice-
based material knowledge describing the interrelationships 
between plastic and glass. 

• We describe an ontology-driven design process used to ex-
tract a set of design principles to adapt kilnforming to a range 
of thermoplastics form factors. Kilnforming describes a sub-
set of thermoforming techniques widely used in ceramic 
and glass CoPs that uses a kiln, i.e., an insulated heating 
chamber [30]. 

• We develop an annotated portfolio of exemplars that oper-
ationalize how kilnforming can leverage the broad optical 
(polycarbonate), structural (PLA/ABS), electrical (conductive 
PLA), and elastic (thermoplastic polyurethane) properties of 
thermoplastics to enable novel aesthetic, functional, haptic, 
and electronic artifacts. 

While scoped to glass and plastics, the Kilnforms Ontology can be 
used to inform the design of other thermoforming and casting pro-
cesses under active investigation within the Human-Computer In-
teraction (HCI) research community, including metal, silicone, wax, 
chocolate, resin, soap, plaster, concrete, biomaterials, and gelatin. 
Since many smart materials have close material parallels to exist-
ing materials, smart material researchers beneft from our work 
understanding how ontologies can be used Consolidate knowledge 
across CoPs. 

In this paper, we frst map how personal fabrication research 
draws from thermoforming practices and present a schema for 
synthesizing domain knowledge into an ontology. Then, from an 
ontology-guided material exploration, we synthesize a set of kil-
nforming design principles and annotate a collection of exemplar 
artifacts with morphological experiments and material characteriza-
tions. Finally, we use these artifacts to describe the larger material 
ecology of thermoplastics and how ontology-driven material ex-
ploration can be used to localize, question, and generate material 
knowledge and facilitate craft-based processes. 

2 RELATED WORK 
Thermoforming is a prototyping technique for creating geome-
tries from materials that soften when heat is applied. In contrast to 
subtractive or additive manufacturing techniques, thermoforming 
deforms the raw material, reducing material waste and fabrication 
times. We review research within the Human-Computer Interac-
tion community that leverages thermoforming as a rapid proto-
typing tool with thermoplastics. We juxtapose the techniques in 
HCI research against adjacent material practices and other material 
investigation approaches. 

2.1 Ontologies in Design 
Ontologies are efective in representing domain-based knowledge 
across diferent communities and are part of a much larger prac-
tice within knowledge engineering [41], natural language process-
ing [16] and machine learning [11], education [72], and disease 
mapping [54]. Although ontologies are most often used to organize 
or visualize domain knowledge [89], they remain underutilized in 
design practice due, in part, to the knowledge engineering practices 
required to develop them. Creating an operational ontology requires 
domain experts to communicate with knowledge engineers to struc-
ture their understanding into a set of shareable concepts [64]. They 
must then draw relationships (e.g., is_a, has_a) to establish connec-
tions between concepts before going through multiple iterations 
with ontology users until the encoded concepts and relations can be 
used to make useful queries or inferences [19]. In some situations, 
contextual information can heavily infuence the efectiveness of 
ontology queries or inferences in practice [63]. 

Ontologies are most practically used to annotate information. 
Liu et al. demonstrated that natural language processing techniques 
could be used to take unstructured design documents (e.g., a descrip-
tion of a prototype) and extract design ontology concepts (e.g, Mate-
rial, Function, Property, Fabrication) to support faster information 
retrieval of design information. Many continue to use ontologies 
to drive design decisions and interactive systems. Freitas [20] used 
an ontology of user abilities to identify changes needed in a user 
interface to support accessibility and generate an adaptive UI to 
satisfy those requirements. Macias et al. [52] demonstrated how an 
ontology-based representation of the knowledge contained within 
a web page could be used to drive design decisions for authoring 
dynamic web pages. Similar to our goal of enabling knowledge 
transfer between communities of practice, Castro et al. [15] intro-
duced the Human-Computer Interaction Design Ontology (HCIDO) 
as a way to bridge HCI and Software Engineering concepts. To 
our knowledge, our work on bridging glass and plastic material 
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Figure 2: The Kilnforms Ontology organizes kilnforming techniques into fve types – work in HCI has focused largely on 
localized heat, fusion, and slumping. 

knowledge represents the frst application of a formal ontology 
towards a material design practice. 

2.2 Exploring Material Design Spaces 
Design spaces serve as a mechanism to communicate efective and 
inefective combinations of design variables in artifacts. Computa-
tional approaches, such as combinatorial design, structure design 
spaces using design dimensions or models. These spaces have been 
used analytically to understand the capabilities of input devices [14] 
or to guide design exploration [22]. When these spaces become 
computationally complex, constraint-based approaches are used 
to refne acceptable design combinations [9]. The utility of these 
approaches in design becomes highly dependent on how the de-
sign space was constructed and the ability to instantiate design 
derivations [43]. 

Current interaction design patterns for facilitating material en-
counters leverage interactive simulations that provide more op-
portunities for material experimentation. When factoring design 
spaces for physical materials, morphological experiments have been 
shown to communicate design directions efectively [46, 57]. Others 
have developed material interfaces that make it easier to perceive 
material feedback and manipulate materials; however, this has been 
primarily limited to paper [74], electronic [75], and textile-based 
practices [23, 50, 55].In contrast, material-driven design uses a re-
fective approach to motivate design intention [74], elevating the 
material to the role of the design agent. Other design patterns have 
leveraged interactive simulations that provide more opportunities 
for material experimentation. One promising alternative is to guide 
material investigation instead; Murer et al. [62] proposed such a 
framework around unmaking, formalizing the natural curious ac-
tions of taking apart and probing the origins of mechanisms of a 
found object to engender creative and critical thought. Our work 
acts as a synthesis approach — we use a theoretical model (i.e., 

ontology) to motivate design intention; however, the model is con-
structed from practice (i.e., material-driven design processes). Our 
ontology formalizes the existing material understanding within 
glassworking practice to motivate the design exploration of an 
underdeveloped medium like plastic. 

2.3 Thermoformed Materials 
HCI researchers have applied thermoforming techniques to a range 
of materials, including glass [12, 38], thermoplastics [6, 28, 32, 80– 
82], wax [7, 31, 65], and chocolate [37, 47, 58]; more broadly, these 
techniques are used in metalworking, glassblowing, and sugarwork-
ing practices. Many thermoforming practices are highly dependent 
on the temperature ranges required to achieve a malleable mate-
rial. In some cases, additional modifers are required to alter the 
rheology of the material for extrusion (e.g., chocolate). While glass 
malleability occurs approximately between 1320°� to 1723°� , ther-
moplastics operate in ranges nearly 7 times cooler (≈ 185°� −285°�). 
Despite the need for specialized equipment, material practices have 
adapted ways of using similar and more accessible practices. For in-
stance, glassblowers without access to a desktop gloryhole furnace 
often practice with sugar (≈ 60°� to 186°�) and more ubiquitous 
sugarworking equipment to refne their glass handling techniques. 
Similarly, a large body of HCI research uses more heat-friendly 
polystyrene (≈ 60 − 270°�) to prototype plastics forms without spe-
cialized equipment [33, 49, 79, 83]. Some thermoforming practices 
forego the need to soften materials - additive manufacturing pro-
cesses like selective laser sintering allow geometries to be formed 
from heating powdered, typically metallic, materials [42]. 

2.4 Working with Heat 
Applying heat to materials like thermoplastics is typically achieved 
through hot air blowers [33, 40, 69] or torches. Localized heating 
elements such as strip heaters [8], defocused laser cutters [59], 

265



DIS ’23, July 10–14, 2023, Pitsburgh, PA, USA Rakib et al. 

heat gun-wielding robotic arms [61], vacuum system for heating 
interactive molds [86, 87], and resistive joule heaters [27] have been 
down as efective methods of selectively and precisely applying 
heat to regions of plastic materials. 

Hot ends, which aim to completely melt materials, are efective 
for extrusion techniques like fused flament fabrication, pulling 
fbers [44], electrospinning [68], and glass 3D printing [34]. Warm 
water (32 − 43°�) has been efective for hand molding polystyrene 
pellets, while a heated water chamber (up to 100°�) has been used 
to deform a wider range of thermoplastics [5, 39, 83]. Conventional 
ovens (38 − 233°�) are efective for polystyrene thermoforming and 
compatible with solder refow and silver ink integrated electron-
ics [49]2; microwave ovens were shown as efective for manipu-
lating acrylic [88]. Kayzer’s desert manufacturing investigations 
revealed how focused light could be used to sinter sand into the 
glass (1400 − 1600°�). 

This work introduces kilns (72-1240°C) as a new addition to this 
heat-forming ecology. While already widely used in glass thermo-
forming, kilns remain underutilized within plastic thermoforming. 
We show how kilns can provide access to techniques that require 
higher temperatures or controlled heating or cooling, such as fu-
sion, compositing, frepolishing, and sintering, while exploring new 
workfows, including batch production. 

2.5 Thermoforming Techniques 
Slumping. One thermoforming technique requires materials to 

be heated just past their glass transition temperature, which allows 
them to deform but still maintain their overall shape. Slumping 
techniques leverage gravity as a force for bending and stretching 
geometries. By suspending a thermoplastic sheet in a laser cutter, 
LaserOrigami [59] a defocused laser was used to selectively ap-
ply heat to regions and allow gravity to create folds, curves, and 
other 3D geometries. Leveraging jigs, researchers have used hot 
air blowers to slump complex 3D shapes [8, 69], similar to how 
molds are used in traditional glass slumping. Applying heat locally 
becomes easier when heating geometries with low specifc surface 
area (SSA), i.e., the ratio of surface area to the mass of a geometry. 
Popular within the DIY community, the Hairy Lion model [1] was 
designed to have thin and separated hair geometries which can be 
rapidly heated and "combed" to create an impressive fur texture. In 
this work, we demonstrate how kilnforming techniques can also 
achieve localized thermoforming by altering geometries to achieve 
target SSAs using clay as an insulating material. 

Shrinking and Expanding. Global heating approaches are use-
ful in situations where the deformation of materials can be read-
ily controlled and is especially common in plastics with diferent 
expansion and compression behaviors. ShrinkyCircuits [49] used 
existing thermoforming practices with Shrinky Dink, a popular 
craft material and shape-memory polymer made from polystyrene, 
to create plastic embedded circuits and leveraged the shrinking 
behavior to enable traces with higher conductivity. By printing fat 
thermoplastic composites with diferent coefcients of expansion 
(COE), Thermorph created self-folding geometries activated when 

2n.b. Thermoforming with solder and other lead-containing materials is not food safe. 
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the composite was submerged in a heated water chamber [5]. Simi-
larly, researchers have designed actuation mechanisms by altering 
the infll pattern (and, by consequence, specifc volume) to enable 
developable forms from meshes [83] and shrink-ft forms[73]. Kil-
nforms expands on these techniques by precisely controlling the 
heating and cooling of thermoplastics; by printing layers of difer-
ent materials and later fusing them in the kiln, we show experiential 
workfows for creating impromptu variations in geometric design. 

Fusion & Composites. When heated past their melting point, ther-
moplastics can fuse to each other, creating welded joints, laminated 
sheet composites, and forms that encapsulate other objects. Laser-
Stacker demonstrated how laser cutters could be used to selectively 
laminate sheets of plastics together [77]. Encapsulating functional 
materials during the 3D printing process has become an efective 
strategy for enabling interactive artifacts. Hotfex [27] integrated 
resistive heaters to heat and deform a form post-fabrication. Ther-
morph [5] layered multiple thermoplastics in a composite structure; 
however, this technique is limited to extrudable materials. Kiln-
forming expands the design space of heterogeneous composites to 
achieve a wider range of functional forms. 

3 THE KILNFORMS ONTOLOGY 
Every domain has a unique knowledge base that is developed over 
time by a community of practice. Ontologies have been used as 
a way to formalize this knowledge into concepts that are inter-
connected with relations3. Such ontologies serve to (1) unify the 

3We adopt the entity-attribute-value model to present elements of the Kilnforms Ontol-
ogy in this paper: Titlecase to signify concepts and their corresponding atributes, 
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representation of knowledge from diferent terminologies and vo-
cabularies, (2) to permit inference and reasoning, and (3) serve as 
a form of annotation [70]. In design, the hierarchical structure of 
concepts within an ontology can be used to organize design in-
formation and drill-down through diferent design decisions. We 
synthesized the Kilnforms Ontology4 to formalize the knowledge 
around formgiving techniques that use a kiln. 

3.1 Ontology Design Process 
The goal of the Kilnforms Ontology (Figure 3) was to structure 
the domain knowledge found within glassworking so that it might 
guide the exploration of thermoplastics when subjected to kiln-
forming techniques. We conducted a two-hour workshop following 
best practices in ontology development [64] with two glass domain 
experts and the paper authors. The workshop took place within a 
working glass studio to better facilitate conversation and dialogue 
with the materials, tools, and people found within a living practice. 

Domain Experts. G1 is an internationally recognized glass artist 
whose work focuses on the combination of glass, metals, and ce-
ramics and the overlap between scientifc processes and art-making 
processes. G1 serves as a glass instructor in undergraduate and 
graduate education. G2 is an artist and a glass studio technician 
with 25 years of experience; G2’s artistic practice extends and hy-
bridizes glass and ceramic techniques, regularly using and creating 
custom large-format kilns (architectural glass kiln-forming). 

Scope. We frst synthesized a set of material competency ques-
tions to constrain the scope and function of the ontology. 

• What forms can be created using a kiln and glass? 
• How does one manipulate the kiln to achieve diferent forms? 
• How do the material’s properties contribute to the fnal 
forms? 

• How does one assess the compatibility of diferent materials 
and kilnforming techniques? 

• How does one operate safely with diferent kilnforming tech-
niques? 

The ontology thus serves to describe concepts found in the kil-
nworking workfow. From a hylomorphic workfow, we include 
how materials are chosen, prepared, and confgured within a kiln, 
how a heating schedule is designed, and what kilnforms are pro-
duced as a result of this process. For morphogenetic workfows, 
these concepts are extended to provide analytical power to describe 
the behavior and expression of material forms as they arise. Some 
glassworking techniques such as VacuumFormingTechnique or 
GlassBlowingTechnique arose during the workshop that could 
be achieved within a kiln but would require signifcant and expert 
modifcation to a traditional kiln. We included them as related con-
cepts in the ontology but, due to practicality, excluded them from 
further experimental consideration. 

italic forms (is_a) to signify a relation between two concepts, and hierarchical notation 
( A>B) to signify that A is a superclass of B, i.e., hypernyms and hyponyms. 
4The Kilnforms Ontology is available as supplementary material through our GitHub 
repository 

Procedure. Using a shared collaborative visual editor (FIGMA), 
we discussed each question in turn and populated the editor with 
images, videos, and links to ground the discussion around glass and 
kilnforming. All parties participated in enumerating and defning 
important terms and concepts within the document. The group used 
vertical grouping to indicate hierarchical relationships; proximity 
was used to indicate some attribute or relation. This document was 
then iteratively edited ofine over a span of two weeks to allow 
new concepts and terms to surface; the workshop participants re-
convened to review the document and further refne taxonomic 
relationships. Disagreements on vocabulary or concepts and bound-
ary instances were isolated and resolved through discussion. 

The ontology was then populated from personal experience and 
literature on glassworking techniques and iteratively refned when 
boundary conditions were met. The informal ontology in FIGMA 
was then transcribed into the Ontology Web Language (OWL) using 
the Protégé ontology editor. 

3.2 The Kilnforming Schema 
The ontology contains 146 concepts, 14 object properties, and 57 
data properties. These concepts are used to annotate a total of 61 
instances, including examples from literature and 5 this work . 

3.2.1 The Material. In our ontology, a Material concept is de-
scribed by its: 

• PhysicalMaterial (e.g., BorosilicateGlass, PolylacticAcid 
(PLA)), specifcally a physical substance that provides in-
formation about optical, physical, mechanical, thermal, and 
electrical behaviors. 

• Form (e.g., Pellet, Filament, ThinSheet) describes the physi-
cal geometry of the material; this is an especially relevant 
consideration since each geometry heats up diferently based 
on its surface area. 

Describing a Material through these two concepts serves to com-
municate the ways in which materials can be confgured to accept or 
resist heatwork. For example, Polycarbonate (PhysicalMaterial) 
has the highest melting temperature of the thermoplastics we inves-
tigated but becomes more cooperative when used as a thin sheet, 
rod, or pellet Form. Conversely, Polycaprolactone (PCL) has one of 
the lowest melting temperatures and is amenable to being shaped 
when in a block and thick sheet forms. 

3.2.2 The Kilnforming Technique. The Technique concept describes 
how a Material is transformed or coerced into a diferent Form. 
From a practice-based perspective, the space of techniques is best 
organized by the fring requirements of the process. Glass practition-
ers specifcally delineate among HoneyTechnique, LiquidTech-
nique, RubberTechnique and LeatherTechnique. 

Each Technique is linked via relations to concepts that can fully 
annotate the process and can be used to explain the theoretical 
basis of the Technique. A Technique: 

• deforms a Material (the input) 

5The ontology can be viewed for review using the open-source Protege Editor Protége 
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• manipulates a specifc Property of a Material – a Property 
includes the physical, mechanical, thermal, and geometric 
properties of the Material. 

• driven_by internal or external Force; most techniques used 
within the kiln rely on Force > Gravity > WeightedForce 
to alter forms, but more advanced techniques will employ 
Force > Gravity > WeightedForce. 

• occurs within a specifc Environment which describes the 
practice-based details for achieving replicable and success-
ful frings from a kiln, including the Arrangement of sam-
ple components and their KilnLocationEnvironment, the 
FiringScheduleEnvironment of the kiln, and the Exteri-
orKilnEnvironment of the kiln. The ReleaseAgentEnvi-
ronment is used to describe the strategy for removing the 
material from the setup. 

• produces a Form (the output) and organizes the space of 
outputs into a design space usable by HCI practitioners. We 
specifcally delineate the types of form factors, functionali-
ties, and aesthetics of developed forms. 

4 ONTOLOGY-DRIVEN DESIGN PRINCIPLES 
Recalling or fnding the concepts in the ontology when working 
with material remains a tedious task. To support the development 
of a mental model for how these properties are used in practice, we 
synthesized a set of guiding design principles from ontology. 

4.1 Principle 1 - The Malleable Forms of 
Thermoplastics 

Thermoplastics exhibit diferent mechanical properties when heated. 
The elasticity graph shows (Fig. 5), thermoplastics can exist in four 
diferent malleable forms controlled by temperatures between glass 
transition temperature (��) and melting point(��). These forms are 
used to organize the space of kilnforming Techniques: 

• Rigid In its most common form, thermoplastics are hard 
and brittle below their �� . Some elastomers, like TPU exhibit 
fexible mechanical properties. 

• Leather Thermoplastics become leather-like between�� and 
�� . Gravity-based deformation techniques, such as Slump-
ingTechnique and DrapingTechnique, are common and 
work well for capturing high-level details. 

Figure 5: Stifness Graph for Glass and Thermoplastics. Ma-
terials exhibit diferent mechanical properties when heated; 
the rubber plateau in thermoplastics is less pronounced, mak-
ing the jump from Leather to Honey state relatively abrupt, 
bypassing the Rubber form. VanderWaalForce present in 
glass prevents it from fully exhibiting liquid-like behaviors. 

• Rubber-Honey When heated to its �� , thermoplastics start 
to exhibit physical and mechanical properties akin to a thick 
liquid. In this state, geometries start to collapse and en-
able techniques such as FusionTechnique, SurfacingTech-
nique, and ExtrusionTechnique. This form is especially 
useful for creating hybrid geometries that attach through Ar-
rangementEnvironment, WovenForm, or EdgeJuxtapo-
sitionEnvironment and achieve diferent levels of fusion 
(FullFuseTechnique, ContourFuseTechnique, TackFuseTech-
nique). 

• Liquid When above its �� , thermoplastics further reduce 
their viscosity enabling the space of KilnCasting techniques. 
These techniques can be used to reclaim plastics and achieve 
elementary geometries such as ropes and puddles. In this 
state, most techniques used on Rubber-Honey forms can 
be applied to Liquid forms, resulting in the thermoplastics 
capturing more intricate details. Notably, glass exhibits an 
internal Force > VanderWaalForce not present in ther-
moplastics – this is an important creative behavior in glass 
kilnworking that makes fred glass naturally form round and 
6 mm (1/4 inch) thick geometries and never fully exhibit 
liquid-like properties. 
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Figure 6: Malleable Form Calculator: A) The ontology is used to query all instances of the ThermoplasticMaterial, B) a composite 
design UI allows a user to probe how diferent thermoplastics behave at a specifc fring temperature, C) thermoplastic’s 
properties are used to identify its � value and predict material state (Leather); a few compatible LeatherTechnique are presented; 
D) querying instances that match the specifed thermoplastic combination provide concrete examples of similar kilnforms. 

Note that at its critical temperature (� ∗), thermoplastics begin to 
disintegrate – some thermoplastics, such as acrylic, can produce 
toxic fumes; for safety, it is recommended that thermoplastics not 
be heated past � ∗ (see 10.1 Safety). 

4.2 Principle 2 - Working with Uniform and 
Non-uniform Heating 

Plastic forms rarely heat up evenly. Each thermoplastic has intrinsic 
thermal properties that defne how quickly it heats up and enters its 
malleable forms, but its geometry also plays an important role in its 
thermodynamics. A ThinSheetForm is an ideal form factor since 
it exposes the largest surface area for heatwork to occur. Alongside 
Pellets, RodForm, and FilamentForm, form factors with larger 
specifc surface areas heat up quickly and uniformly. In contrast, a 
BlockForm form factor can have its exterior and interior existing in 
diferent malleable forms; these efects can be mitigated by altering 
the holdTime of a fring schedule, allowing more time for heat to 
permeate to the entire form. While most techniques beneft from 
uniform heating, this can also be used to purposely control the 
behaviors of diferent geometries in a kilnform. For example, clay 
can act as a heat sink - by flling a hollow 3D-printed form with clay, 
interior geometries can remain intact while the exterior surface 
can be heated to its Honey form – this can efectively Surfacing 
> FirepolishTechnique the exterior of the print and remove 3D 
printing artifacts. 

4.3 Principle 3 - Working with Forces 
While it is possible to hand-manipulate plastic forms, we describe 
the Force in play within a closed kiln environment. GravityForce 
remains the common force across all kilnforming techniques – as 
such, ComponentPlacementEnvironment patterns are used to 
maximize the efects of gravity. Kiln furniture and molds are used to 
create DrapeTechnique, SuspensionsTechnique, TiltArrange-
mentEnvironment, and PoursTechnique. These patterns can be 
further augmented with WeightedForce to further exaggerate de-
formations. Although a closed kiln environment makes it difcult 
to introduce external forces like pressure from external pumps and 

vacuums, adding water to closed forms with ventholes can be used 
to introduce steam pressure and balloon forms. 

Gravity works in tandem with SupportForce forces such as 
those from molds; when considering 3D printed forms, Support-
Force forces can also be infuenced by metastructures such as walls 
(thickness) and infll (pattern; density) geometries. Transparent 
thermoplastics are especially adept at revealing internal interac-
tions between gravity and support forces in 3D-printed forms. 

4.4 Principle 4 - Compositing Thermoplastics 
One afordance of using kilns is the ability to apply heat globally 
and simultaneously heat and form diferent materials. Since each 
thermoplastic has diferent melting and glass transition tempera-
tures, it is important to keep track of the malleable forms of each 
respective thermoplastic. To fuse a composite of multiple thermo-
plastics, every thermoplastic must be brought to its Honey form. 
We used the ontology to create an example semantic application – a 
Malleable Form Calculator (Figure 6). The calculator simplifes the 
process of determining an appropriate fring temperature. Given 
the unique thermoplastics � in a composite and the fring tempera-
ture (�� ) of the kiln, the calculator pulls the respective �� and �� 
properties and computes the malleable form as follows: 

�� − �� 
�� = (1)

�� − �� 

The �-value is then mapped experimentally to observed Rigid 
(� < 0), Leather (� ≈ 0.5), Honey (� ≈ 1.0), and Liquid (� > 1.0) 
forms. 

4.5 Principle 5 - Multistage Kilnforming 
Placing a kilnform through multiple frings can be used to create 
more complex geometries. For example, choosing thermoplastics 
with low melting temperatures (LowFireMaterial) like polyethy-
lene can be an efective strategy for achieving techniques such as 
Encapsulation. Thin sheets of polyethylene require less thermal 
energy to achieve a Honey form necessary for fusion and to fully 
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encapsulate a heat-sensitive material; conversely, in multistage pro-
cesses, frst fusing a HighFireMaterial such as polycarbonate can 
serve to minimize the deformation of the encapsulated layer in 
subsequent cooler processes (e.g., adding decorative elements with 
LowFireMaterial). A kilnforming "undo" is possible by taking ma-
terial back to its Liquid state. Counteracting VanderWaalForce 
requires Force > WeightedForce or Force > PressureForce 
found in industrial kiln processes. Unlike glass, VanderWaalForce 
forces are not present in thermoplastics and do not limit the ability 
to reclaim fat sheets from recycled thermoplastic. 

5 MORPHOLOGICAL EXPERIMENTS 
After the initial construction of the ontology, we identifed key 
morphological experiments needed to confrm the validity of glass-
based methods on thermoplastics. These experiments characterize 
factors for the two main most common kilnforming techniques: 
Fusing and Slumping. The experiments follow similar construc-
tions to those used in glass practice, including CoefcientOfEx-
pansion fusion tests in diferent confgurations (top/side/slot) and 
SelfSupportSlumping and DropSlumping tests for understand-
ing gravitational forces in the kilnforming process. Results from 
these experiments are included as annotated instances within the 
Kilnforms Ontology. 

5.1 Setup & Materials 
To accommodate for the diferent types of thermoplastics available, 
we scope our characterization to sample from LowFire thermo-
plastics such as polyethylene (PE) and polyvinyl acetate (PVA), and 
HighFire thermoplastics such as acrylonitrile butadiene styrene 
(ABS), thermoplastic polyurethane (TPU), polycarbonate (PC) PVA, 
and conductive polylactic acid (cPLA). To connect kilnforming to 
digital fabrication practices, we also constrain tested artifacts to 
3D printed forms, mainly ThinSheets. The thermoplastics were 
chosen to span a diverse set of physical and functional properties 
that are commonly used by the HCI community and described by 
the Kilnforms ThermoplasticMaterial concept. 

All experiments were conducted in an empty Digital Ceramics 
Kiln (Skutt KM1222-3). We mitigated efects from non-uniform 
heating within the kiln ( Environment > KilnLocationEnvi-
ronemnt) by placing all samples in the center of the kiln on the 
kiln foor. A 6" kiln paper was used between all samples and the 
kiln shelf to prevent adhesion and minimize thermal conduction 
interactions with the shelf. 

5.2 Strip Fusion Experiment 
As a kilnforming technique, FusionTechnique involves two or 
more materials that are layered or juxtaposed and heated past 
their melting temperature(s). During the fusing process, the Fir-
ingScheduleEnvironment (i.e., fring temperature over time) is 
used to control (1) the degree of fusion and (2) the extent to which 
characteristics are maintained (e.g., dimensional accuracy, surface 
textures). Achieving an adequate amount of fusion while retaining 
shape and features remains a challenge for composites that fuse 
materials with more than one melting temperature. 

In order to generalize fusing behaviors, we conducted a series 
of fusion experiments with TPU, PC, and ABS strips (see 8). These 

fusion tests also operate to understand the compatibility of diferent 
thermoplastics with each other; in glass practice, this is determined 
by the rate at which glass expands (CoefcientofExpansion). Fir-
ing temperatures were chosen to span the range of melting temper-
atures of each thermoplastic studied (180°� - 260°�). Fusion samples 
were prepared by layering strips to a uniform base material (ABS) 
and fused with a one-minute hold time (i.e., peak temperature was 
maintained for one minute); each strip was placed to overhang to 
support adhesion testing. Thermoplastic strips were FDM-printed, 
and the detailed dimension of the strips is given in fgure 7). 

The degree of fusion and texture retention of the strips were as-
sessed by 3 raters with knowledge of fusion techniques on a 5-point 
semantically anchored Likert scale. The alpha value, described by 
Equation 1, is used to provide a common scale for melting tempera-
tures. The results (Figure 8) indicate that a smooth texture can be 
reliably obtained with ���ℎ� > 1.0, confrming geometries collapse 
when plastics enter their Honey form; although the fusion tests 
confrm that ���ℎ� > 1.0 achieves tack fusion, it also confrms that 
a non-permanent adhesion occurs when plastics are underfred (i.e., 
in their Leather form). Moreover, no sample was defective from 
uneven expansion and contraction, indicating that COE exhibits 
less of an infuence on thermoplastic composites. Unlike glass, this 
indicates a wider range of compatible thermoplastic composites. 

When thermoplastic enters its Honey state, the thermoplastic’s 
viscosity reaches a state where it behaves like an adhesive. Only 
the thermoplastic which has entered its Honey or Liquid state can 
adhere to other materials in a composite structure. So, to make 
a fully-fused composite structure, the fring temperature must be 
above the lowest melting temperature of constituent materials. 
Furthermore, solidifying after heating at high temperatures makes 
plastics rigid in nature. Thus, thermoplastics become more fragile. 

5.3 Self-Supporting Slumping Experiments 
Pyrometric cones are materials that have been shaped into self-
supporting geometries similar in shape to a tilted cone. When fred, 
these cones undergo a physical change in their structure, making 
them unable to support their mass which causes them to distort. 
When made from materials with known behaviors, the degree of 
deformation from their original form is used to identify the highest 
temperature reached during the fring process [26]. Inspired by the 
pyrometric cone practice, we conducted a set of experiments where 
thermoplastic forms were 3D printed into self-supporting geome-
tries on a common plate (dimensions are in Figure 9). To understand 
how varying geometries of thermoplastic responded to Heatwork, 
we used cylindrical geometries to readily control both surface area 
and cross-sectional area. Since TPU flament is composed of com-
plex rigid and fexible segments in their polymer structure [67], we 
constrained this experiment to PC and ABS flament. 

We found at the �� of ABS (105°C), both small ABS and PC 
cylinders (5 mm) were distorted (Figure 9A). Theoretically, 105°C 
should have bent all ABS cylinders and left the PC cylinders intact 
(�� = 140°C); however, due to the diference in thermal mass between 
each cylinder, it takes more time for thicker cylinders to heat up. 
HoldTime, the time spent at peak temperature, must be held for 
a long duration to bend all ABS forms. At the �� of PC (140°C), all 
cylinders bent, confrming the theoretical outcome. As encountered 
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Figure 7: Level of fusing and surface texture experiments, 1. Fusing Temp.: 180°C, 2. Fusing Temp.: 210°C, 3. Fusing Temp.: 260°C 

in the 105°C experiment, the HoldTime was insufcient to heat up 
the large PC cylinder (Figure 9B). This indicates the cross-section 
will determine the degree of deformation that will be experienced. 

Despite all geometries being printed 82°oriented towards the 
base edge, the fred forms showed slumping in random directions 
(Figure 9B). This indicates that for thin geometries, both Force > 
GravityForce and Force > KilnFurnitureSupportForce from 
non-uniform heating within the kiln have a role in shaping kiln-
forms. 

5.3.1 Dropout Slumping Test. DropoutSlumping is a technique 
where the material is placed over a lifted structure and allowed to 
freefall through openings in the structure. Although used to make 
vase-like forms, we use dropout forms to characterize the slumping 
behaviors of thermoplastics. For this experiment, we created a 
clay structure that contains circular holes of varying diameters. 
Thermoplastic strips of difering densities were placed to slump 
over the holes; additional material was allowed to overhang past 
the edge of the mold and also assess DrapeSlumpingTechnique 
behaviors. This confguration allowed us to inspect the interactions 
between Force > SupportForce and Force > GravityForce. 

Although the thin sheet forms were heated to their Leather state, 
heatwork was not sufcient enough to make the sheets sufciently 
malleable to go through the circular holes in the clay structure; 
this was further complicated by the limited efects of gravity with 

the thin mass of the sheet. Thus, no dropout slumping was ob-
served around mold-supported regions. In contrast, draping around 
unsupported areas was observed. The weight of the large over-
hanging portion of the thermoplastic strip enabled slumping. This 
indicates that dropout slumping requires heating thermoplastics to 
their Honey state or integrating external forces such as weights to 
achieve more pronounced deformations. 

6 ANNOTATED PORTFOLIO 
Ontologies have been used to unify vocabularies, support inference 
and reasoning, and annotate artifacts; however, their use within 
design practice is largely absent. We present an annotated portfo-
lio [51], or a collection of design artifacts, as a means of capturing 
the similarities and diferences between diferent kilnforms. We 
document our iterative design process and describe how the ontol-
ogy was used to drive both hylomorphic and morphogenetic ways 
of making [35]. We present three artifacts specifcally chosen to an-
notate the Technique space within the ontology, specifcally Sur-
facingTechnique, FusionTechnique, andSlumpingTechnique. 

One of the core reasons for presenting our work as an anno-
tated portfolio was to showcase other material parallels that exist 
across diferent material practices (Jewelry Design/ Multi-material 
Fabrication/ Wearables). The artifacts depicted serve to showcase 
material explorations with both functional and aesthetic applica-
tions and broad material ecology. Due to having a large number of 
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Figure 9: Free standing test. A. Behavior ABS and PC at �� of ABS. B. ABS and PC at 140°C. 

design entities, we annotated our artifacts with high-level design 
decisions that could (1) document our design process when using a 
design ontology, (2) provide sufcient information to guide future 
material explorers in navigating material behaviors, and properties, 
and (3) foreground failure to document tacit knowledge-generating 
from working past and with mistakes. We minimized annotations 
that would constrain creative exploration. 

The artifacts serve to describe how applying the ontology to a 
design process provided insights for refning the ontology, how the 
exploration led to novel thermoplastic kilnforming techniques and 
opportunities for ontology-driven creativity support tools. 

7 ANNOTATED PORTFOLIO: INFILL-FUSED 
BRACELET 

7.1 Concept 
Jewelry has been explored as a site for wearable interactions and 
shows promise as an aesthetic public display [66]; however, to 
realize its potential as a fashion technology, there remains a need 
to further enhance aesthetic expression. Most jewelry is made from 
precious materials such as gold, silver, and gems as a result of their 
rarity and cultural signifcance. In contrast, plastics in consumer 
culture are seen as disposable and unpleasing [21]. When viewed 

from a phenomenological perspective, glass engages more of the 
senses – qualities that Tsaknaki [76] described as appreciating the 
material sensuality or ’sensory experiences of interacting with 
materials. How might plastics exhibit similar qualities as precious 
materials? 

7.2 An Accident - Morphogenesis 
We ‘stumbled’ upon the material sensuality of plastics when we 
overfred a 3D-printed PC plastic base during a SelfSupported-
SlumpingTechnique experiment. As opposed to the slight defor-
mations of cylinder geometries, the thermoplastic completely col-
lapsed, losing all prior defnitions in the geometries and exhibiting 
a smooth, polished surface. 

We used the ontology to localize what had occurred, moving 
from LeatherTechnique to HoneyTechnique and LiquidTech-
nique – we observed that overfring caused the artifact to enter 
its Liquid state and realize a technique known as KilnCasting > 
PuddlingTechnique used to reclaim glass or create gem-like forms 
and SurfacingTechnique > FirePolishingTechnique which is 
used to remove textural artifacts or round edges of a glass form. 
Upon closer inspection of the transparent polycarbonate base, we 
encountered the top layer of the print acted as a ThinSheetForm 
that was Draped over the supporting infll structure(Gyroid, 20% 

Figure 10: DropoutTechnique & DrapeTechnique. Regions around the circular holes provide uniform support, whereas overhangs 
only provide partial support. A) ABS at 140°C; B) PC at 140°C 
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Figure 11: Infll. A. Morphogenesis – a ’failed’ slumping experiment. Applying the MicroSlumpingTechnique to infll patterns 
fred to 230 °C: B. Octate, C. Gyroid, and D. Cubic 

infll), efectively slumping the top layer of the form into a smooth, 
dense gem-like form with a visually complex texture. This mate-
rial encounter allowed us to approach plastic as a metamaterial 
where the internal microstructure of the form is exposed as a design 
variable [36]. By viewing infll as a Support structure, we extend 
the Kilnforms Ontology with a new hybrid SlumpingTechnique 
and SurfacingTechnique, which we term MicroSlumpingTech-
nique. 

7.3 MicroSlumping with Infll Patterns: 
Pressure and Bubble Artifacts 

In order to develop MicroSlumpingTechnique as a formal kiln-
forming technique, we replicated our microslumped artifact (50 mm 
x 50 mm x 5 mm; 20% infll, 1 mm wall thickness) with diferent infll 
patterns available in commodity slicers: cubic, gyroid, and octate 
(Figure 11B-D). To capture the transparent, vitreous, and gem-like 
feel of glass, we constrained our experiments to clear polycarbonate 
(PC) plastic; these PC forms were fred to their Liquid state. 

As shown in Figure 11B-D, only a few samples achieved Mi-
croSlumpingTechnique; instead, these samples created bubble 
artifacts. The air trapped within the infll structure had expanded; 
due to the thinner wall thickness in these samples, Force > Pres-
sureForce forces were able to infate the microstructure producing 
thin membranes similar in feel to disposable bubble-wrap. Coun-
teracting bubble artifacts within the MicroSlumpingTechnique 

technique requires thicker walls to counteract the infation forces, 
denser infll structures to distribute air pressure or ventholes. 

The ontology was used to identify and provide context to other 
PressureForce driven techniques; as seen within glassworking 
practices, PressureForce is the basis behind many BlowingTech-
nique; although outside the scope of the ontology, some kiln tech-
niques have modifed this technique by trapping water into a glass 
form and using the steam pressure to infate the glass. 

7.4 Fusion and Encapsulation 
Within glass practice, aesthetic jewelry forms are created using a 
FusionTechnique where glass fragments of diferent colors (Form 
> Fritz) are fused to a common substrate. We used scrap ABS pieces 
and fused it on the surface of PC plastic (Figure 12A). In order to 
achieve a FullFuseTechnique, a fring temperature of 230°C was 
needed to bring PC to its Honey state and ABS to its Liquid state. 
For fusion, a HighFireMaterial such as PC works well as a base 
for medium and low-fre plastics such as PE and ABS. 

We continued to explore fusion with more complex forms, this 
time creating a continuous circular necklace structure by fusing 
50 mm metal chains segments into 25 mm microslumped plas-
tic gems by following the Environment > ArrangmentEnvi-
ronment > ComponentPlacementEnvironment principle of 
most fusion techniques (Figure 13A; Honey state; 230 °C). Black 
ABS gems were FirePolished to evoke qualities similar to smooth, 

Figure 12: Fusion and Microtexture. A. Arrangement of color 3D printing scraps materials and solid thermoplastics before 
fusing process, B. Fused color thermoplastics heated at 230°C, C. Thermoplastic solid with 20 % infll before subjected to the 
slumping process, D. lustrous dimple efect from Microslumping produce. 
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Figure 13: Thermoplastics as a Precious Material. A. An initial TackFuseTechnique of gold chains onto thermoplastic gems, 
B. a PC ‘geode’ is Microslumped using a triangle infll and EncapsulatedFused to gold chains to form a necklace, C. FirePol-
ishedTechnique thermoplastic gems. 

glossy obsidian, while PC gems were microslumped (30%, 3 mm 
wall; triangle infll) to expose a visual ‘geode’ texture. This fusion ex-
periment achieved only a TackFuseTechnique — the attachment 
between chain and thermoplastic primitive shapes was unconvinc-
ing, and the chain connections were clearly visible. The structure 
of the chain prevented the plastic from encapsulating it; although 
bringing the thermoplastic to its Liquid state could remedy the 
level of fusion, it would result in a loss of other geometric features. 

To achieve a FullFuseTechnique, we added an additional ther-
moplastic wafer to the construction; this wafer would melt over the 
chain and fuse with the layer below, achieving a new type of fusion 
we term EncapsulatedFuseTechnique. This technique indicates 
a wider material ecology that can interface with thermoplastic 
kilnforms – notably, we achieved a fully integrated mechanical con-
nection; we see additional value in achieving structural integration 
with conductive materials. 

7.5 Refection 
The morphological dimensions explored in our jewelry design re-
vealed qualities not often associated with 3D-printed plastics. Firing 
to the Liquid and Honey states allowed the forms to be Surfacing 
> FirePolishTechnique, creating a smooth and dense gem-like 
form; when coupled with microtextures from the MicroSlump-
ingTechnique of the top layer over the infll pattern, these gems 
began to exhibit visual textures reminiscent of geode stones. Al-
though created from a regular and precise machine-fabrication 
process, the thermoplastic gems show qualities of hand-crafted 
artifacts, including rounded edges and organic quality in how the 
infll pattern has been exposed. This indicates a potential for a post-
processing step like kilnforming to remove artifacts of machine 
processes and allow the more sensual qualities of thermoplastics to 
enter the design conversation. These processes also indicate other 
functional advantages, including improving the optical qualities 
of transparent thermoplastics, strengthening materials by remov-
ing anisotropic behaviors from the FDM 3D printing process, and 
interfacing with other materials. Unlike design tools that capture 
‘correct’ design construction, our ontology-driven exploration also 

provided an instance to annotate an alternative design direction – 
‘bubble-wrap’ kilnforms induced from trapped air. We argue that 
ontologies can provide spaces for both ‘positive’ design galleries 
for supporting ideation and creativity but also ‘negative’ design 
galleries that have commensurate value in articulating material 
behavior and enhancing the material literacy of the practitioner. 

8 ANNOTATED PORTFOLIO: COMPOSITE 
HINGE 

8.1 Concept 
CompositeFusing involves fusing one or more materials with 
diferent melting points. To support this kilnforming technique, 
we devised a MalleableFormCalculator discussed in Section 4.4 to 
help understand the behaviors of diferent thermoplastics within 
the same kiln fring. To understand the composite fusing process 
in practice, we engaged in a hylomorphic process with the design 
intention of making a hinge. A hinge is a mechanical component 
that connects two materials and provides motion with one degree of 
freedom. Hinges are largely used of-the-shelf due to the difculty 
of fabricating both the knuckles and leaves of a traditional hinge 
mechanism. While 3D-printed hinges are possible, there remain 
issues with achieving the same mechanical performance as a metal 
hinge. 

8.2 Process - Environment > 
ComponentPlacementEnvironment > 
Interleaved 

In order to create a hinge by compositing thermoplastics, we de-
cided to employ a FusingTechnique for welding two leaves made 
from PC to a fexible ‘barrel’ made from fexible TPU. These ther-
moplastics were chosen by querying the ThermoplasticMaterial 
concept in the ontology and selecting materials that exhibited the 
functional qualities desired (i.e., strength and elasticity). We pro-
totyped three diferent hinges and varied the fring temperature 
to 190 °C and 230 °C to assess for fusion as well as dimensional 
accuracy. The results, depicted in Figure 2A-B, confrm that a fring 
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Figure 14: Hinge Formation. Functional hinge design using PC and TPU flament materials at 100% infll with varying thickness. 
A) At 190ºC unfused, B) At 230ºC, completely fused, C) Fused hinge at 230ºC, D) Functional hinge design, E) Schematic 
arrangement of leaves and barrel of a hinge. 

temperature where all components of the composite reach a Honey 
state is needed to achieve full fusion. 

In Figure 2C, we show a medium-fdelity prototype that incorpo-
rates the look of the knuckle mechanism from a traditional hinge 
mechanism. This confguration, once fred, did not have enough 
clearance between the leaves, causing the digits of each knuckle to 
fuse to each other and prevent any movement. Closer inspection of 
the ontology explained that this type of fusion (ComponentPlace-
ment > ComponentPlacement > SideBySideArrangmentEn-
vironment) is a way of joining pieces of glass together at their 
seams and is used to reduce the HoldTime needed for a layered 
construction to fully fuse. We corrected the design by removing the 
knuckles and providing enough clearance between the barrel and 
hinge – the fnal hinge was able to articulate to 90 °(Figure 14 D). 
The fusion process did result in a loss of dimensional accuracy with 
the holes on the leaves (8% shrinkage factor) and a loss of the leave’s 
planar form – we expect this efect to be more pronounced when 
thermoplastics enter their Liquid state; instead, the interleaved 
layers created a Environment > ArrangementEnvironment > 
TiltArrangmentEnvironment arrangement often used to have 
control of the direction of gravitational forces. 

8.3 Refection 
For the hinge artifact, the ontology provided guidance for the selec-
tion of functional materials, the appropriate fring temperature via 
the MalleableForm Calculator, and a means of diagnosing and nam-
ing the errors and artifacts that arose during the iterative design 
process. The hinge construction was created from simple geome-
tries; within a kiln, the hinge fabrication process could easily be 
turned into a batch fabrication method and introduce a new scale 

of production atypical of CNC fabrication processes. While a func-
tional hinge was produced, there remain opportunities to improve 
the dimensional accuracy of the form – the placement of elements 
within the kiln, often done by hand, remains the most error-prone. 
Jigs can be used to support replicability, however, glass practices 
often value the natural variation that occurs from human and mate-
rial interactions. Kilnforming can beneft from plastic simulations 
that can better predict behavior, especially pooling, shrinkage, and 
stretching of plastic on non-uniform substrates. Like the hinge, 
other functional composites can be made using FusionTechnique 
that make use of the optical, mechanical, electrical, and thermal 
repertoire of thermoplastics. 

9 ANNOTATED PORTFOLIO: BREADBOARD 
DESIGN 

9.1 Concept 
Breadboarding is an electronics prototyping technique that allows 
an electronicist to establish reversible electronic connections be-
tween several components. The shape of a traditional breadboard 
is rectangular; Zhu et al. [90] introduced a fabrication technique 
for curved breadboards that could be shaped to ft sites on the body 
and enable wearable breadboard prototyping. We build on these 
eforts to understand the afordances of a kilnforming approach for 
creating a composite like a breadboard. 

9.2 Design Process 
Our breadboard prototype was made of connection rails 3D-printed 
from conductive PLA (cPLA; ProtoPasta); these rails were later 
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Figure 15: Encapsulated Breadboard. A. Schematic diagram of a breadboard, B. Initial version breadboard C. Mixed flament 
breadboard, D. Workable breadboard, E. Slumped breadboard with elastic belt. 

encapsulated between two layers of polycarbonate (PC). The bread-
board form was then DrapeSlumped over a curved mold represent-
ing the curvature of the arm. Lastly, an elastic band was attached to 
the kilnform and placed on the arm (Figure 15). The making of this 
breadboard represents a multistage fring and incorporates both 
FusionTechnique and SlumpingTechnique. 

Encapsulation. PC was used as the encapsulation material to 
provide the widest compatibility with other thermoplastics in the 
composite (at 230 °, all thermoplastics are in their Honey or Liquid 
state). Various iterations of the connection rails were made before 
selecting the thickness of cPLA to avoid introducing excessive 
resistance and provide enough depth for the legs of through-hole 
electrical components; we found that 1 mm diameter openings were 
large enough to withstand the fring process. The fring process did 
cause the cPLA to exhibit a SinteringTechnique efect, roughly 
halving its overall resistance. This sintering efect aligns with Lo et 
al.’s observations when shrinking silver ink traces on pre-stretched 
polystyrene [49]. The fnal connection rails were modifed into a 
zigzag shape to demonstrate aesthetic variability. 

During the encapsulation fring stage, cPLA was fred to its Liq-
uid state, however, rather than collapsing, the high density and low 
surface area of the cPLA bars (compared to other elements in the 
composite) caused the cPLA to heat more slowly, maintaining its 
geometries intact. Figure 15C demonstrates that the encapsulation 
layer is quicker to heat up – when ABS was used as the encap-
sulation material, it quickly reached its Liquid state and became 
less predictable. The fnal prototype modifed the PC encapsulation 
layer to have holes to remove the need to tediously drill holes to 
expose the conductive material. 

Slumping. Lastly, the breadboard was Slumped into a curved 
form by DrapeTechnique, the encapsulated cPLA structure over 
a curved MoldSupportForce resembling an arm made from clay. 
The breadboard was heated to 140°C (Leather state) with 1 hour 
of HoldTime. The fnal slumped breadboard (Figure 15E shows 

that a Leather state was sufcient to deform a thick form like 
the breadboard structure but requires a longer HoldTime to allow 
materials to ‘cook’. A simple LED circuit was used to validate the 
functionality of the board. 

9.3 Refection 
Breadboard making demonstrated a complex multistage process 
that includes EncapsulationTechnique, FusingTechnique, & Slump-
ingTechnique techniques together. We developed a breadboard 
where several 3D-printed conductive flament bars were integrated 
and enclosed with two layers of fused PC materials. Although com-
plex, the breadboard was formed out of many elementary compo-
nents – a rail and two layers of plastic. This provided great fexibility 
in testing out diferent connection patterns. From a breadboard de-
sign perspective, the elementary building blocks could enable new 
design patterns that deviate from the power-ground rails on oppo-
site sides of a block and instead incorporate radial power-ground 
rails that more readily aford parallel circuit construction. 

10 DISCUSSION 
In our material exploration, we synthesized an ontology sourced 
from the glass community as an initial map into thermoplastics 
kilnforms. We moved through the ontology, tested the compatibil-
ity of diferent techniques on plastics, and refned the ontology to 
include modifcations (e.g., fring schedules) and extensions (e.g., 
MicroSlumpingTechnique, EncapsulateFuseTechnique opera-
tionalized within an annotated portfolio of functional and aesthetic 
artifacts. We frst present safety and precautions for HCI practi-
tioners in adopting kilnforming within their practices. Then, using 
Frankjaer & Daalsgard crafting model [25, 71], we discuss how our 
ontology-driven design approach extends and complicates craft-
based practices and present a roadmap for research into ontology-
driven creativity support and design tools. 
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10.1 Safety 
In our work, we demonstrated that kilnforming is an efective 
and generative technique for enabling thermoplastic fusion and 
slumping. While uncommon within digital fabrication practices, 
the use of kilns is ubiquitous within ceramics and glass practices. 
Despite traditional kilnforming operating at temperatures typically 
above 500 deg � , electric kilns are safely used within the home, 
schools, and personal studios [3, 10, 53]. 

The largest obstacle in using electric kilns is their non-intuitive 
control interface which typically consists of a 10-key pad that is 
used to program complex fring schedules. Human error, as was 
encountered in our experiments, can lead to misconfgured settings 
that can result in temperatures that burn plastics. While some kilns 
ofer graphical user interfaces for overcoming these errors, it is 
important to institute operational checks for analog kilns to verify 
appropriate confgurations. Our setup used ventilated kilns, as is 
common for ceramic fring, as an extra precaution. A vented kiln 
is common within ceramic practices and an efective strategy for 
minimizing harm from vapor and fume byproducts of the heating 
(and burning) process. All our frings were done in the presence 
of oxygen, however, many safety issues can be further mitigated 
by fring in the absence of oxygen using a technique known as 
pyrolysis [24]. Although requiring more sophisticated equipment, 
the use of the pyrolysis technique in plastic waste management 
holds promise as a means of enabling safe personal fabrication and 
plastic reuse. 

When applied to thermoplastics, kilnforming techniques are 
efectively enabled within temperature ranges supported by con-
ventional ovens. Unlike ovens, kilns ofer additional functionality 
and safety features, including more precise control of the heat-
ing and cooling behaviors and fume venting. Since glass artifacts 
are created in a kiln, we also conducted diferent experiments and 
created diferent artifacts in the kiln environment. Our use of the 
kiln ofered safety benefts, batch production, and controlled heat-
ing. Many of the techniques described could be transferable to a 
conventional oven; we view ontology inference and querying as 
the next frontier for identifying and validating compatible tech-
niques. Regardless of the heating method, we highly recommend 
that the heating environment used for kilnforming thermoplastics 
be avoided in food preparation [88]. 

In kilnforming experiments, we encountered low-risk issues 
since the used thermoplastics were sourced from commercially 
available desktop 3D printing flament form factors. However, care 
should be taken to understand how non-flament thermoplastics 
such as Tefon and Polyvinyl Chloride (PVC) can produce harmful 
gasses when heated [4, 17]. Common makerspace materials like 
acrylic sheets, when heated above 170 °C, are liable to generate 
toxic fumes [2, 4]. Furthermore, when fring beyond a thermoplas-
tic’s melting temperature, these materials can start to decompose 
into toxic chemicals such as butanol, hydrogen cyanide, carbon 
monoxide, and styrene [85]. The Kilnforms Ontology includes a 
preliminary Error and Hazard concept to annotate errors and haz-
ards encountered in our material exploration. As a structured way to 
disseminate knowledge, we view ontologies as a valuable resource 
to improve material literacy for the safe operation of kilnforming 
techniques. 

10.2 Localizing 
Navigation Strategies. From an outsider’s perspective, 3D print-

ers give the impression that plastics exist either as a solid or melted 
form. In creating the Kilnforms Ontology, we found that a thermo-
formed material like glass can exist in four diferent states, each 
with its own personality. In mimicking kilnforming techniques for 
glass, we were able to adapt the high-level glass approaches to ac-
count for the nuances of thermoplastic behaviors. This did require 
us to “fll in the blanks” to achieve a functional ontology capable 
of being used to localize and diagnose diferent thermoplastic be-
haviors. At the time of writing, the ontology holds 158 concepts 
and, in its current state, is readily navigable; for larger ontologies, 
the current tree map or graph approach for visualizing ontologies 
is insufcient. Methods of fnding relevant information within an 
ontology mirror classical problems in information retrieval. The 
use of the � value (Equation 1) in classifying the malleable form of 
thermoplastics was especially valuable in looking up compatible 
kilnforming techniques. To provide a more direct query, we see po-
tential in a connected creative environment supplying information 
to localize the practitioner within a concept space. For example, 
while thermoplastics are found as flaments for 3D printing, they 
also exist in many everyday objects – the ability to distinguish 
plastics by sight or feel remains a challenge. The Thermoplastic-
Material concept could be used to support the user in the manual 
identifcation of discriminable features or automatic classifcation 
using sensed physical properties. 

Adapting to Parallel Materials. Although the ontology was scoped 
to glass and plastics, the stifness graph used to compute � could be 
computationally extended to stifness graphs of other widely used 
heat-activated materials such as wax, sugar, or chocolate. How-
ever, every practice has its own set of unique innovations that 
should be acknowledged within a more generalized ontology of 
thermoforming. The need for knowledge engineering expertise has 
made ontology development a largely centralized activity [48]. As 
a result, distributed approaches, such as folksonomy (crowd) and 
collaborative systems, have sought to enable ontologies that are 
information complete, evolve, and maintain consistency [29]. These 
folksonomies have been an important way for communities of prac-
tice to curate, organize, and locate relevant content; for example, 
the #resintok TikTok hashtag is used to connect content and people 
within the resin working community. Crowd approaches also show 
promise in scaling the number and quality of positive and negative 
annotated instances, as Moradi et al. encountered when observing 
the glazy.org ceramics community [56]. However, like most crowd-
based systems, it requires the careful design of intrinsic motivators, 
microtasks, and content quality flters. 

10.3 Questioning 
Identifying Parallels. The glass comes in many diferent formula-

tions – a glass practitioner must be especially conscious that they 
choose compatible glasses (similar CoefcientOfExpansion) to 
avoid fracturing their glass pieces. While experimenting, we found 
COE plays a less signifcant role in understanding the ‘compatibil-
ity’ of thermoplastic material, making thermoplastic kilnforming a 
much more forgiving practice. Instead, we encountered GlassTran-
sitionTemperature, MeltingTemperature, and ThermalMass 
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as parallel design concern that plays a stronger role in understand-
ing the fusion, slumping, and surfacing behaviors of diferent ther-
moplastics in a composite. 

Negative Examples for Reframing Error. Although cracks, frac-
tures, bubbles, and collapsed structures are generally ‘undesired’ 
qualities, craft-based processes are well suited for recasting these ar-
tifacts into functional and aesthetic forms. Our accidental slumping 
experiment that seeded the MicroslumpingTechnique technique 
serves as an example of a curious moment where “resolution and 
decision is suspended in order to probe” [25]. As one of the afor-
dances of ontologies, the ability to exhaustively annotate instances 
(examples) holds promise in overcoming one of the largest limita-
tions of craft-based practices – the fact that material encounters are 
often personal and cannot be fully shared with others, especially 
when the crafter is unable to probe and question “what happened?”. 
As part of our infll experiments, we included negative examples of 
bubble artifacts as annotated instances within the ontology. These 
annotations aid in the crafter being able to replicate the instance 
and recreate the experience. These annotations can also allow them 
to interconnect other instances and concepts with the ontology in 
order to reason through their own design intentions (e.g., show me 
all Force > PressureForce annotated instances). 

10.4 Opening 
Supporting Morphological Inquiry. Materials inquiry, or solving 

specifc problems associated with materials, opens a new dimension 
for the craft practitioner. Frankjaer and Daalsgard [25] describe 
two strategies for problem-solving – an analytical approach or an 
approach that fosters insights. In the analytic side of our material 
investigation, we formulated morphological experiments for test-
ing diferent formgiving variables. In our slumping experiment, 
we generated geometries that difered by cross-sectional area and 
subjected them to the same fring temperature to make sense of 
their behaviors. This only forms a part of the picture – many other 
formgiving variables for 3D printing alone can beneft from the 
investigation, including infll density, wall thickness, infll pattern, 
and layer height. Ontologies and procedural form generators could 
be combined to automate the process of creating geometries that 
allow crafters to more readily explore morphological dimensions. 

Ontology-sourced Bricolage. Throughout our design process, we 
encountered that kilnforms had a proclivity to be made out of el-
ementary building blocks. We often found ourselves reprinting 
thermoplastic forms used for one artifact to form another and 
thinking through diferent forms from the available thermoplas-
tic ‘extras’ that had accumulated. This proclivity towards modular 
forms indicates that thermoplastic kilnforming could be synthe-
sized into a bricolage practice [78]. Toolkits could provide func-
tional and aesthetic thermoplastics in a variety of form factors 
such as ThinSheetForm, PelletForm, RodForm in addition to 
3D printed forms to aid with exploration and experimentation 
in situ. The ontology could be used to understand the bricolage 
‘completeness’ of a toolkit by assessing whether each concept is 
represented and available. Such primitives could be formally charac-
terized to provide the practitioner with information on the heatwork 
needed to achieve the diferent malleable thermoplastic forms. 

Scaleability. Large-scale production is one of the largest chal-
lenges for heat-based rapid prototyping techniques [40, 60]. Unlike 
manual heating techniques such as heat guns, kilns support batch 
production that can serve as an intermediate solution between 
bespoke printing and mass manufacturing. As opposed to FDM 
printing, heating bulk artifacts allows kilnforming techniques to 
be more efective in producing simultaneous batches more reliably 
with signifcantly less maintenance. While some other fabrication 
techniques have shown the ability to modify an artifact after it has 
been 3D printed [27, 40], thermoplastic kilnforms can continue to 
be modifed through multistage frings. For fabrication, kilnforming 
extends applications of thermoplastics past flament for a 3D printer 
and opens a space for more diverse form factors, including sheets, 
meshes, and woven structures. 

Limitations. Ontologies help articulate a common vocabulary 
that practitioners from diferent communities of practice (CoP) 
mutually beneft from. By linking shared eforts across COPs, we 
view ontologies as providing critical information for designing dig-
ital fabrication technologies that can support a wider breadth of 
formgiving traditions to encourage adoption by the broader com-
munity. Despite bridging shared knowledge, ontology development 
requires more stakeholders and continuous iteration and improve-
ment. Since material practices are embedded with tacit and experi-
ential knowledge, ontology development requires practice-based 
validation. We focused our ontology development on kiln-based 
methods, however even in this constrained scope, it was not possible 
to exhaustively explore each concept; high-level techniques such as 
BlowingTechnique, VitreographyTechnique, and OpenFaceTech-
nique remain underexplored. 

11 CONCLUSION 
In this work, we presented Kilnforms, an ontology-driven material 
exploration of plastic kilnforming fabrication techniques. While 
kilns remain a tool for creating forms in glass and clay-based mate-
rials, we show how thermoplastics can leverage existing material 
knowledge to enable aesthetic and functional shapes and compos-
ites through slumping and fusing techniques. The techniques are 
described in a shareable ontology and are used to annotate ex-
emplar artifacts and guiding design principles. We demonstrated 
how slumping and fusing could be used to leverage the expanding 
repertoire of thermoplastic materials. The ontology is designed 
to further support the synthesis and exchange of material knowl-
edge across communities of practice and continue to enhance our 
material ecologies. 

ACKNOWLEDGEMENTS 
We thank the anonymous reviewers for their insightful feedback, 
the vibrant glass community at UTA for supporting the develop-
ment of the ontology, and peer support from The Hybrid Atelier. 

REFERENCES 
[1] 2016. Hairy Lion. https://www.thingiverse.com/thing:2007221 
[2] 2022. Everything You Need To Know About Acrylic (PMMA). https: 

//www.creativemechanisms.com/blog/injection-mold-3d-print-cnc-acrylic-
plastic-pmma 

278

https://www.thingiverse.com/thing:2007221
https://www.creativemechanisms.com/blog/injection-mold-3d-print-cnc-acrylic-plastic-pmma
https://www.creativemechanisms.com/blog/injection-mold-3d-print-cnc-acrylic-plastic-pmma
https://www.creativemechanisms.com/blog/injection-mold-3d-print-cnc-acrylic-plastic-pmma


Thermoplastic Kilnforms DIS ’23, July 10–14, 2023, Pitsburgh, PA, USA 

[3] 2022. Kiln Safety - Kilns: Ceramic Pottery Kiln, glass kiln, pottery 
wheels. https://skutt.com/skutt-resources/resources-just-for-you/architectural-
specifcations/kiln-safety/ 

[4] 2022. Material Safety Data Sheet acrylite acrylic Material Safety Data Sheet. https: 
//www.acplasticsinc.com/techSheets/MSDS%5FAcrylic%5FAcrylite%5Fen.pdf 

[5] Byoungkwon An, Ye Tao, Jianzhe Gu, Tingyu Cheng, Xiang’Anthony’ Chen, 
Xiaoxiao Zhang, Wei Zhao, Youngwook Do, Shigeo Takahashi, Hsiang-Yun Wu, 
et al. 2018. Thermorph: Democratizing 4D printing of self-folding materials 
and interfaces. In Proceedings of the 2018 CHI conference on human factors in 
computing systems. 1–12. 

[6] Byoungkwon An, Ye Tao, Jianzhe Gu, Tingyu Cheng, Xiang ’Anthony’ Chen, 
Xiaoxiao Zhang, Wei Zhao, Youngwook Do, Shigeo Takahashi, Hsiang-Yun 
Wu, Teng Zhang, and Lining Yao. 2018. Thermorph: Democratizing 4D Print-
ing of Self-Folding Materials and Interfaces. In Proceedings of the 2018 CHI 
Conference on Human Factors in Computing Systems (Montreal QC, Canada) 
(CHI ’18). Association for Computing Machinery, New York, NY, USA, 1–12. 
https://doi.org/10.1145/3173574.3173834 

[7] Peter Bennett, Heidi Hinder, Seana Kozar, Christopher Bowdler, Elaine Massung, 
Tim Cole, Helen Manchester, and Kirsten Cater. 2015. TopoTiles: Storytelling in 
Care Homes with Topographic Tangibles. In Proceedings of the 33rd Annual ACM 
Conference Extended Abstracts on Human Factors in Computing Systems (Seoul, 
Republic of Korea) (CHI EA ’15). Association for Computing Machinery, New 
York, NY, USA, 911–916. https://doi.org/10.1145/2702613.2732918 

[8] Dustin Beyer, Serafma Gurevich, Stefanie Mueller, Hsiang-Ting Chen, and Patrick 
Baudisch. 2015. Platener: Low-fdelity fabrication of 3D objects by substituting 
3D print with laser-cut plates. In Proceedings of the 33rd Annual ACM Conference 
on Human Factors in Computing Systems. 1799–1806. 

[9] Michael Mose Biskjaer, Peter Dalsgaard, and Kim Halskov. 2014. A constraint-
based understanding of design spaces. In Proceedings of the 2014 conference on 
Designing interactive systems. 453–462. 

[10] Steven Branfman. 2009. Mastering Raku: Making ware, glazes, building kilns, 
fring. Sterling Publishing Company, Inc. 

[11] Anna Breit, Laura Waltersdorfer, Fajar J Ekaputra, Marta Sabou, Andreas Ekelhart, 
Andreea Iana, Heiko Paulheim, Jan Portisch, Artem Revenko, Annette ten Teije, 
et al. 2023. Combining machine learning and semantic web: A systematic mapping 
study. Comput. Surveys (2023). 

[12] P-T Brun, Chikara Inamura, Daniel Lizardo, Giorgia Franchin, Michael Stern, 
Peter Houk, and Neri Oxman. 2017. The molten glass sewing machine. Philosoph-
ical Transactions of the Royal Society A: Mathematical, Physical and Engineering 
Sciences 375, 2093 (2017), 20160156. 

[13] Alba Cano-Vicent, Murtaza M Tambuwala, Sk Sarif Hassan, Debmalya Barh,
Alaa AA Aljabali, Martin Birkett, Arun Arjunan, and Ángel Serrano-Aroca. 2021. 
Fused deposition modelling: Current status, methodology, applications and future 
prospects. Additive Manufacturing 47 (2021), 102378. 

[14] Stuart K Card, Jock D Mackinlay, and George G Robertson. 1991. A morphological 
analysis of the design space of input devices. ACM Transactions on Information 
Systems (TOIS) 9, 2 (1991), 99–122. 

[15] Murillo VHB Castro, Monalessa P Barcellos, Ricardo de A. Falbo, and Simone D 
Costa. 2021. Using ontologies to aid knowledge sharing in HCI design. In Pro-
ceedings of the XX Brazilian Symposium on Human Factors in Computing Systems. 
1–7. 

[16] Hainan Chen and Xiaowei Luo. 2019. An automatic literature knowledge graph 
and reasoning network modeling framework based on ontology and natural 
language processing. Advanced Engineering Informatics 42 (2019), 100959. 

[17] Kyung Yun Choi and Hiroshi Ishii. 2021. Therms-Up!: DIY Infatables and In-
teractive Materials by Upcycling Wasted Thermoplastic Bags. In Proceedings 
of the Fifteenth International Conference on Tangible, Embedded, and Embodied 
Interaction. 1–8. 

[18] Matthew A. Dalton, Audrey Desjardins, and Ron Wakkary. 2014. From DIY 
tutorials to DIY recipes. In CHI ’14 Extended Abstracts on Human Factors in 
Computing Systems (CHI EA ’14). Association for Computing Machinery, New 
York, NY, USA, 1405–1410. https://doi.org/10.1145/2559206.2581238 

[19] Ricardo de Almeida Falbo. 2014. SABiO: Systematic Approach for Building 
Ontologies.. In Onto. Com/odise@ Fois. 

[20] Alexandre AC de Freitas, Murilo B Scalser, Simone D Costa, and Monalessa P 
Barcellos. 2022. Towards an ontology-based approach to develop software sys-
tems with adaptive user interface. In Proceedings of the 21st Brazilian Symposium 
on Human Factors in Computing Systems. 1–7. 

[21] Leela Sarena Dilkes-Hofman, Steven Pratt, Bronwyn Laycock, Peta Ashworth, 
and Paul Andrew Lant. 2019. Public attitudes towards plastics. Resources, Conser-
vation and Recycling 147 (2019), 227–235. 

[22] Anke Dittmar and Stefan Piehler. 2013. A constructive approach for design space 
exploration. In Proceedings of the 5th ACM SIGCHI symposium on Engineering 
interactive computing systems. 49–58. 

[23] Tamara Anna Efrat, Moran Mizrahi, and Amit Zoran. 2016. The hybrid brico-
lage: bridging parametric design with craft through algorithmic modularity. In 
Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems. 

5984–5995. 
[24] Wilson Uzochukwu Eze, Reginald Umunakwe, Henry Chinedu Obasi, 

Michael Ifeanyichukwu Ugbaja, Cosmas Chinedu Uche, and Innocent Chimezie 
Madufor. 2021. Plastics waste management: A review of pyrolysis technology. 
Clean Technol. Recycl 1 (2021), 50–69. 

[25] Raune Frankjær and Peter Dalsgaard. 2018. Understanding craft-based inquiry in 
HCI. In Proceedings of the 2018 Designing Interactive Systems Conference. 473–484. 

[26] Dale A Fronk and JR Schorr. 2009. Use of pyrometric products in quality programs 
to evaluate maturation temperature during fring. In Ceramic engineering and 
science proceedings, Vol. 14. 224–35. 

[27] Daniel Groeger, Elena Chong Loo, and Jürgen Steimle. 2016. Hotfex: Post-print 
customization of 3d prints using embedded state change. In Proceedings of the 
2016 CHI Conference on Human Factors in Computing Systems. 420–432. 

[28] Jianzhe Gu, David E. Breen, Jenny Hu, Lifeng Zhu, Ye Tao, Tyson Van de Zande, 
Guanyun Wang, Yongjie Jessica Zhang, and Lining Yao. 2019. Geodesy: Self-
Rising 2.5D Tiles by Printing along 2D Geodesic Closed Path. In Proceedings of the 
2019 CHI Conference on Human Factors in Computing Systems (Glasgow, Scotland 
Uk) (CHI ’19). Association for Computing Machinery, New York, NY, USA, 1–10. 
https://doi.org/10.1145/3290605.3300267 

[29] F. Hanika, Gerhard Wohlgenannt, and Marta Sabou. 2014. The uComp Protégé 
plugin for crowdsourcing ontology validation. CEUR Workshop Proceedings 1272 
(Jan. 2014), 253–256. 

[30] David Harrison. 2005. The Potter’s Dictionary of Materials and Techniques. 
Reference Reviews (2005). 

[31] Jonathan Hatley, Noah Posner, Hyunjoo Oh, and Sang-won Leigh. 2022. Mixed Di-
mensions: Exploring Novel Material and Extrusion Tool for 2.5D Shape Painting. 
In Sixteenth International Conference on Tangible, Embedded, and Embodied Interac-
tion (Daejeon, Republic of Korea) (TEI ’22). Association for Computing Machinery, 
New York, NY, USA, Article 12, 10 pages. https://doi.org/10.1145/3490149.3501318 

[32] Freddie Hong, Connor Myant, and David E Boyle. 2021. Thermoformed Circuit 
Boards: Fabrication of Highly Conductive Freeform 3D Printed Circuit Boards 
with Heat Bending. In Proceedings of the 2021 CHI Conference on Human Factors 
in Computing Systems (Yokohama, Japan) (CHI ’21). Association for Computing 
Machinery, New York, NY, USA, Article 669, 10 pages. https://doi.org/10.1145/ 
3411764.3445469 

[33] Freddie Hong, Connor Myant, and David E Boyle. 2021. Thermoformed Circuit 
Boards: Fabrication of highly conductive freeform 3D printed circuit boards with 
heat bending. In Proceedings of the 2021 CHI Conference on Human Factors in 
Computing Systems. 1–10. 

[34] Chikara Inamura, Michael Stern, Daniel Lizardo, Peter Houk, and Neri Oxman. 
2018. Additive manufacturing of transparent glass structures. 3D Printing and 
Additive Manufacturing 5, 4 (2018), 269–283. 

[35] Tim Ingold. 2013. Making: Anthropology, archaeology, art and architecture. Rout-
ledge. 

[36] Alexandra Ion, Johannes Frohnhofen, Ludwig Wall, Robert Kovacs, Mirela Alis-
tar, Jack Lindsay, Pedro Lopes, Hsiang-Ting Chen, and Patrick Baudisch. 2016. 
Metamaterial mechanisms. In Proceedings of the 29th annual symposium on user 
interface software and technology. 529–539. 

[37] Rohit Ashok Khot, Deepti Aggarwal, Ryan Pennings, Larissa Hjorth, and Flo-
rian ’Floyd’ Mueller. 2017. EdiPulse: Investigating a Playful Approach to Self-
Monitoring through 3D Printed Chocolate Treats. In Proceedings of the 2017 CHI 
Conference on Human Factors in Computing Systems (Denver, Colorado, USA) 
(CHI ’17). Association for Computing Machinery, New York, NY, USA, 6593–6607. 
https://doi.org/10.1145/3025453.3025980 

[38] John Klein, Michael Stern, Giorgia Franchin, Markus Kayser, Chikara Inamura, 
Shreya Dave, James C Weaver, Peter Houk, Paolo Colombo, Maria Yang, et al. 
2015. Additive manufacturing of optically transparent glass. 3D printing and 
Additive manufacturing 2, 3 (2015), 92–105. 

[39] Donghyeon Ko, Yeeun Shin, Junbeom Shin, Jiwoo Hong, and Woohun Lee. 2022. 
ChromoFilament: Designing a Thermochromic Filament for Displaying Malleable 
States. In Designing Interactive Systems Conference. 1540–1554. 

[40] Donghyeon Ko, Jee Bin Yim, Yujin Lee, Jaehoon Pyun, and Woohun Lee. 2021. 
Designing Metamaterial Cells to Enrich Thermoforming 3D Printed Object for 
Post-Print Modifcation. In Proceedings of the 2021 CHI Conference on Human 
Factors in Computing Systems. 1–12. 

[41] Konstantinos I Kotis, George A Vouros, and Dimitris Spiliotopoulos. 2020. Ontol-
ogy engineering methodologies for the evolution of living and reused ontologies: 
status, trends, fndings and recommendations. The Knowledge Engineering Review 
35 (2020), e4. 

[42] Jean-Pierre Kruth, X Wang, Tahar Laoui, and Ludo Froyen. 2003. Lasers and 
materials in selective laser sintering. Assembly Automation (2003). 

[43] Cheryl Lao, Haijun Xia, Daniel Wigdor, and Fanny Chevalier. 2021. Attribute 
Spaces: Supporting Design Space Exploration in Virtual Reality. In Symposium 
on Spatial User Interaction. 1–11. 

[44] Gierad Laput, Xiang’Anthony’ Chen, and Chris Harrison. 2015. 3D printed hair: 
Fused deposition modeling of soft strands, fbers, and bristles. In Proceedings of 
the 28th annual ACM symposium on user interface software & technology. 593–597. 

279

https://skutt.com/skutt-resources/resources-just-for-you/architectural-specifications/kiln-safety/
https://skutt.com/skutt-resources/resources-just-for-you/architectural-specifications/kiln-safety/
https://www.acplasticsinc.com/techSheets/MSDS%5FAcrylic%5FAcrylite%5Fen.pdf
https://www.acplasticsinc.com/techSheets/MSDS%5FAcrylic%5FAcrylite%5Fen.pdf
https://doi.org/10.1145/3173574.3173834
https://doi.org/10.1145/2702613.2732918
https://doi.org/10.1145/2559206.2581238
https://doi.org/10.1145/3290605.3300267
https://doi.org/10.1145/3490149.3501318
https://doi.org/10.1145/3411764.3445469
https://doi.org/10.1145/3411764.3445469
https://doi.org/10.1145/3025453.3025980


DIS ’23, July 10–14, 2023, Pitsburgh, PA, USA Rakib et al. 

[45] Jean Lave and Etienne Wenger. 2004. Communities of practice. Learning, meaning 
and identity (2004). 

[46] Eldy S Lazaro Vasquez, Netta Ofer, Shanel Wu, Mary Etta West, Mirela Alistar, and 
Laura Devendorf. 2022. Exploring Biofoam as a Material for Tangible Interaction. 
In Designing Interactive Systems Conference. 1525–1539. 

[47] Yujin Lee, Jee Bin Yim, Daye Kang, HyeonBeom Yi, and Daniel Saakes. 2019. 
Designing Internal Structure of Chocolate and Its Efect on Food Texture. In 
Companion Publication of the 2019 on Designing Interactive Systems Conference 
2019 Companion (San Diego, CA, USA) (DIS ’19 Companion). Association for 
Computing Machinery, New York, NY, USA, 231–235. https://doi.org/10.1145/ 
3301019.3323896 

[48] Jiahui Liu and Daniel M. Gruen. 2008. Between ontology and folksonomy: a 
study of collaborative and implicit ontology evolution. In Proceedings of the 13th 
international conference on Intelligent user interfaces (IUI ’08). Association for 
Computing Machinery, New York, NY, USA, 361–364. https://doi.org/10.1145/ 
1378773.1378830 

[49] Joanne Lo and Eric Paulos. 2014. ShrinkyCircuits: sketching, shrinking, and for-
mgiving for electronic circuits. In Proceedings of the 27th annual ACM symposium 
on User interface software and technology. 291–299. 

[50] Joanne Lo, Cesar Torres, Isabel Yang, Jasper O’Leary, Danny Kaufman, Wilmot 
Li, Mira Dontcheva, and Eric Paulos. 2016. Aesthetic electronics: Designing, 
sketching, and fabricating circuits through digital exploration. In Proceedings of 
the 29th Annual Symposium on User Interface Software and Technology. 665–676. 

[51] Jonas Löwgren. 2013. Annotated portfolios and other forms of intermediate-level 
knowledge. Interactions 20, 1 (2013), 30–34. 

[52] José A Macías and Pablo Castells. 2003. Dynamic web page authoring by example 
using ontology-based domain knowledge. In Proceedings of the 8th international 
conference on Intelligent user interfaces. 133–140. 

[53] Marie. 2021. Are pottery kilns safe - beginner Kiln Questions. https: 
//potterycrafters.com/are-pottery-kilns-safe/ 

[54] Linda Mhadhbi and Jalel Akaichi. 2017. DS-Ontology: A Disease-Symptom 
Ontology for General Diagnosis Enhancement. In Proceedings of the 2017 Interna-
tional Conference on Information System and Data Mining (Charleston, SC, USA) 
(ICISDM ’17). Association for Computing Machinery, New York, NY, USA, 99–102. 
https://doi.org/10.1145/3077584.3077586 

[55] Andrea Minuto and Anton Nijholt. 2013. Smart material interfaces as a method-
ology for interaction: a survey of SMIs’ state of the art and development. In 
Proceedings of the second international workshop on Smart material interfaces: 
another step to a material future. 1–6. 

[56] Hedieh Moradi, Long N Nguyen, Quyen-Anh Valentina Nguyen, and Cesar Tor-
res. 2022. Glaze Epochs: Understanding Lifelong Material Relationships within 
Ceramics Studios. In Sixteenth International Conference on Tangible, Embedded, 
and Embodied Interaction. 1–13. 

[57] Hedieh Moradi and César Torres. 2020. Siloseam: A Morphogenetic Workfow 
for the Design and Fabrication of Infatable Silicone Bladders. In Proceedings of 
the 2020 ACM Designing Interactive Systems Conference. 1995–2006. 

[58] Florian ’Floyd’ Mueller, Yan Wang, Zhuying Li, Tuomas Kari, Peter Arnold, 
Yash Dhanpal Mehta, Jonathan Marquez, and Rohit Ashok Khot. 2020. Towards 
Experiencing Eating as Play. In Proceedings of the Fourteenth International Confer-
ence on Tangible, Embedded, and Embodied Interaction (Sydney NSW, Australia) 
(TEI ’20). Association for Computing Machinery, New York, NY, USA, 239–253. 
https://doi.org/10.1145/3374920.3374930 

[59] Stefanie Mueller, Bastian Kruck, and Patrick Baudisch. 2013. LaserOrigami: laser-
cutting 3D objects. In Proceedings of the SIGCHI Conference on Human Factors in 
Computing Systems. 2585–2592. 

[60] Stefanie Mueller, Tobias Mohr, Kerstin Guenther, Johannes Frohnhofen, and 
Patrick Baudisch. 2014. faBrickation: fast 3D printing of functional objects 
by integrating construction kit building blocks. In Proceedings of the SIGCHI 
Conference on Human Factors in Computing Systems. 3827–3834. 

[61] Stefanie Mueller, Anna Seufert, Huaishu Peng, Robert Kovacs, Kevin Reuss, 
François Guimbretière, and Patrick Baudisch. 2019. FormFab: continuous inter-
active fabrication. In Proceedings of the Thirteenth International Conference on 
Tangible, Embedded, and Embodied Interaction. 315–323. 

[62] Martin Murer. 2018. Making things apart: gaining material understanding. In 
Proceedings of the 2018 Designing Interactive Systems Conference. 497–509. 

[63] Ok nam Park. 2008. Opening ontology design: A study of the implications of 
knowledge organization for ontology design. KO KNOWLEDGE ORGANIZATION 
35, 4 (2008), 209–221. 

[64] Natalya F Noy, Deborah L McGuinness, et al. 2001. Ontology development 101: 
A guide to creating your frst ontology. 

[65] Huaishu Peng, Amit Zoran, and François V. Guimbretière. 2015. D-Coil: A Hands-
on Approach to Digital 3D Models Design. In Proceedings of the 33rd Annual ACM 
Conference on Human Factors in Computing Systems (Seoul, Republic of Korea) 
(CHI ’15). Association for Computing Machinery, New York, NY, USA, 1807–1815. 
https://doi.org/10.1145/2702123.2702381 

[66] Inka Rantala, Ashley Colley, and Jonna Häkkilä. 2018. Smart jewelry: augmenting 
traditional wearable self-expression displays. In Proceedings of the 7th ACM 
international symposium on pervasive displays. 1–8. 

[67] D Rigotti, A Dorigato, and A Pegoretti. 2018. 3D printable thermoplastic 
polyurethane blends with thermal energy storage/release capabilities. Mate-
rials Today Communications 15 (2018), 228–235. 

[68] Michael L Rivera and Scott E Hudson. 2019. Desktop electrospinning: a single 
extruder 3D printer for producing rigid plastic and electrospun textiles. In Pro-
ceedings of the 2019 CHI Conference on Human Factors in Computing Systems. 
1–12. 

[69] Andrew O Sageman-Furnas, Nobuyuki Umetani, and Ryan Schmidt. 2015. Melta-
bles: fabrication of complex 3d curves by melting. In SIGGRAPH Asia 2015 
Technical Briefs. 1–4. 

[70] Lynn Marie Schriml, Cesar Arze, Suvarna Nadendla, Yu-Wei Wayne Chang, 
Mark Mazaitis, Victor Felix, Gang Feng, and Warren Alden Kibbe. 2012. Disease 
Ontology: a backbone for disease semantic integration. Nucleic acids research 40, 
D1 (2012), D940–D946. 

[71] Richard Sennett. 2008. The craftsman. Yale University Press. 
[72] Kristian Stancin, Patrizia Poscic, and Danijela Jaksic. 2020. Ontologies in 

education–state of the art. Education and Information Technologies 25, 6 (2020), 
5301–5320. 

[73] Lingyun Sun, Yue Yang, Yu Chen, Jiaji Li, Danli Luo, Haolin Liu, Lining Yao, Ye 
Tao, and Guanyun Wang. 2021. ShrinCage: 4D Printing Accessories that Self-
Adapt. In Proceedings of the 2021 CHI Conference on Human Factors in Computing 
Systems. 1–12. 

[74] Iremnur Tokac, Herman Bruyninckx, Corneel Cannaerts, and Andrew Vande Mo-
ere. 2019. Material sketching: Towards the digital fabrication of emergent material 
efects. In Extended Abstracts of the 2019 CHI Conference on Human Factors in 
Computing Systems. 1–6. 

[75] Cesar Torres, Molly Jane Nicholas, Sangyeon Lee, and Eric Paulos. 2019. A 
Conversation with Actuators: An Exploratory Design Environment for Hybrid 
Materials. In Proceedings of the Thirteenth International Conference on Tangible, 
Embedded, and Embodied Interaction. 657–667. 

[76] Vasiliki Tsaknaki. 2017. Making preciousness: Interaction design through studio 
crafts. Ph.D. Dissertation. KTH Royal Institute of Technology. 

[77] Udayan Umapathi, Hsiang-Ting Chen, Stefanie Mueller, Ludwig Wall, Anna 
Seufert, and Patrick Baudisch. 2015. LaserStacker: Fabricating 3D objects by laser 
cutting and welding. In Proceedings of the 28th Annual ACM Symposium on User 
Interface Software & Technology. 575–582. 

[78] Anna Vallgårda and Ylva Fernaeus. 2015. Interaction design as a bricolage practice. 
In Proceedings of the ninth international conference on tangible, embedded, and 
embodied interaction. 173–180. 

[79] Guanyun Wang, Tingyu Cheng, Youngwook Do, Humphrey Yang, Ye Tao, Jianzhe 
Gu, Byoungkwon An, and Lining Yao. 2018. Printed paper actuator: A low-
cost reversible actuation and sensing method for shape changing interfaces. In 
Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems. 
1–12. 

[80] Guanyun Wang, Fang Qin, Haolin Liu, Ye Tao, Yang Zhang, Yongjie Jessica Zhang, 
and Lining Yao. 2020. Morphingcircuit: An integrated design, simulation, and 
fabrication workfow for self-morphing electronics. Proceedings of the ACM on 
Interactive, Mobile, Wearable and Ubiquitous Technologies 4, 4 (2020), 1–26. 

[81] Guanyun Wang, Ye Tao, Ozguc Bertug Capunaman, Humphrey Yang, and Lining 
Yao. 2019. A-line: 4D printing morphing linear composite structures. In Pro-
ceedings of the 2019 CHI Conference on Human Factors in Computing Systems. 
1–12. 

[82] Guanyun Wang, Humphrey Yang, Zeyu Yan, Nurcan Gecer Ulu, Ye Tao, Jianzhe 
Gu, Levent Burak Kara, and Lining Yao. 2018. 4DMesh: 4D Printing Morph-
ing Non-Developable Mesh Surfaces. In Proceedings of the 31st Annual ACM 
Symposium on User Interface Software and Technology (Berlin, Germany) (UIST 
’18). Association for Computing Machinery, New York, NY, USA, 623–635. 
https://doi.org/10.1145/3242587.3242625 

[83] Guanyun Wang, Humphrey Yang, Zeyu Yan, Nurcan Gecer Ulu, Ye Tao, Jianzhe 
Gu, Levent Burak Kara, and Lining Yao. 2018. 4DMesh: 4D printing morphing 
non-developable mesh surfaces. In Proceedings of the 31st Annual ACM Symposium 
on User Interface Software and Technology. 623–635. 

[84] Alan Warde. 2005. Consumption and theories of practice. Journal of consumer 
culture 5, 2 (2005), 131–153. 

[85] Szymon Wojtyła, Piotr Klama, and Tomasz Baran. 2017. Is 3D printing safe? 
Analysis of the thermal treatment of thermoplastics: ABS, PLA, PET, and nylon. 
Journal of occupational and environmental hygiene 14, 6 (2017), D80–D85. 

[86] Junichi Yamaoka and Yasuaki Kakehi. 2016. DrawForming: an interactive fabrica-
tion method for vacuum forming. In Proceedings of the TEI’16: Tenth International 
Conference on Tangible, Embedded, and Embodied Interaction. 615–620. 

[87] Junichi Yamaoka and Yasuaki Kakehi. 2017. ProtoMold: An interactive vacuum 
forming system for rapid prototyping. In Proceedings of the 2017 CHI Conference 
on Human Factors in Computing Systems. 2106–2115. 

[88] Kentaro Yasu. 2016. MOR4R: How to Create 3D Objects Using a Microwave Oven. 
In Proceedings of the TEI’16: Tenth International Conference on Tangible, Embedded, 
and Embodied Interaction. 365–372. 

[89] Xiaoyu Zhang, Senthil Chandrasegaran, and Kwan-Liu Ma. 2021. Conceptscope: 
Organizing and visualizing knowledge in documents based on domain ontology. 

280

https://doi.org/10.1145/3301019.3323896
https://doi.org/10.1145/3301019.3323896
https://doi.org/10.1145/1378773.1378830
https://doi.org/10.1145/1378773.1378830
https://potterycrafters.com/are-pottery-kilns-safe/
https://potterycrafters.com/are-pottery-kilns-safe/
https://doi.org/10.1145/3077584.3077586
https://doi.org/10.1145/3374920.3374930
https://doi.org/10.1145/2702123.2702381
https://doi.org/10.1145/3242587.3242625


Thermoplastic Kilnforms DIS ’23, July 10–14, 2023, Pitsburgh, PA, USA 

In Proceedings of the 2021 chi conference on human factors in computing systems. 2016 ACM Conference on Designing Interactive Systems (Brisbane, QLD, Australia) 
1–13. (DIS ’16). Association for Computing Machinery, New York, NY, USA, 146–157. 

[90] Kening Zhu, Alexandru Dancu, and Shengdong (Shen) Zhao. 2016. FusePrint: A https://doi.org/10.1145/2901790.2901792 
DIY 2.5D Printing Technique Embracing Everyday Artifacts. In Proceedings of the 

281

https://doi.org/10.1145/2901790.2901792

	Abstract
	1 Introduction
	2 Related Work
	2.1 Ontologies in Design
	2.2 Exploring Material Design Spaces
	2.3 Thermoformed Materials
	2.4 Working with Heat
	2.5 Thermoforming Techniques

	3 The Kilnforms Ontology
	3.1 Ontology Design Process
	3.2 The Kilnforming Schema

	4 Ontology-driven Design Principles
	4.1 Principle 1 - The Malleable Forms of Thermoplastics
	4.2 Principle 2 - Working with Uniform and Non-uniform Heating
	4.3 Principle 3 - Working with Forces
	4.4 Principle 4 - Compositing Thermoplastics
	4.5 Principle 5 - Multistage Kilnforming

	5 Morphological Experiments
	5.1 Setup & Materials
	5.2 Strip Fusion Experiment
	5.3 Self-Supporting Slumping Experiments

	6 Annotated Portfolio
	7 Annotated Portfolio: Infill-fused Bracelet
	7.1 Concept
	7.2 An Accident - Morphogenesis
	7.3 MicroSlumping with Infill Patterns: Pressure and Bubble Artifacts
	7.4 Fusion and Encapsulation
	7.5 Reflection

	8 Annotated Portfolio: Composite Hinge
	8.1 Concept
	8.2 Process - Environment > ComponentPlacementEnvironment > Interleaved
	8.3 Reflection

	9 Annotated Portfolio: Breadboard Design
	9.1 Concept
	9.2 Design Process
	9.3 Reflection

	10 Discussion
	10.1 Safety
	10.2 Localizing
	10.3 Questioning
	10.4 Opening

	11 Conclusion
	References



