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Figure 1: A collection of metal objects 3D printed from our custom bronze clay including gears, a wrench, and jewelry. 

ABSTRACT 
This paper introduces CeraMetal, a low-cost and robust approach 
to desktop metal 3D printing based on a custom "metal clay". We 
present three recipes for 3D printable bronze clay along with a 
workfow that includes print parameters and a sintering schedule. 
We introduce custom slicing software that generates continuous 
extrusion toolpaths for metal clay printing. We analyze the shrink-
age, density, tensile strength and fexibility of prints produced with 
Cerametal and fnd the material’s performance comparable to parts 
produced via other bronze 3D printing methods. Finally, we provide 
several examples of 3D printed metal objects and a discussion of 
limitations and future research opportunities. 

CCS CONCEPTS 
• Human-centered computing → Interactive systems and 
tools; • Applied computing → Computer-aided design. 
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1 INTRODUCTION 
The ability to 3D print in metal provides unique design, prototyping, 
and small-scale production opportunities. Metal 3D printing allows 
for the creation of durable metal parts that can be used in a range 
of applications in which plastic 3D printed parts are not suitable. 
Mechanical components like gears, cams, and linkages—capable of 
withstanding long-term real-world use–can be quickly designed 
and deployed. Artifacts traditionally made from metal, like jewelry 
and tableware, can be prototyped and manufactured in small to 
medium scales out of safe, functional, and beautiful materials. 

Metal 3D printing has all of the rich afordances of traditional 
3D printing, including the ability to create mathematically precise 
parts and the ability to create novel artifacts through computational 
design workfows. The direct production process, which does not 
require the creation of molds, is fast and fexible and facilitates 
iterative design. Printing does not require the mold making ex-
pertise required to employ traditional metal working techniques 
like lost-wax casting [57]. Printing is also less wasteful than either 
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Printing Printer Kiln/Other Material Cost Easily 

Method Material Cost Cost $/�� Recyclable 

Selective Laser Custom $50,000 

Sintering [62] Powder $130,000+ Powder station $ 45.00* unclear 

Bound Metal Custom $60,000 

Deposition [89] Filament $50,000+ Furnace unavailable no 

Fused Filament Bronze $1000 

Fabrication [34] Filamet™ $250+ Kiln $ 225.00 no 

CeraMetal 

Bronze 

powder $700+ 

$1000 

Kiln $44.00 yes 

Table 1: Comparison of metal 3D printing technologies. Showing the least expensive current option in each category. *Must be 
purchased in bulk with a minimum order of ≈ $1300 [62]. 

mold-making and casting or subtractive processes like milling. To 
3D print a metal part, one needs only the material that goes into 
the part. Material that would be used to create positive models 
and molds or material that would be milled away is not wasted. 
The compelling afordances of metal 3D printing have made it an 
important digital fabrication process. Unfortunately, it has long 
been an expensive and inaccessible one. 

Most research and technology development in metal 3D printing 
has taken place in the context of manufacturing or mechanical 
engineering. The goal has been to develop materials and machines 
suitable for either industrial production [37, 72] or highly special-
ized application areas like aerospace [66] and internal medicine [54]. 
The most common metal printers, which work through a Selective 
Laser Sintering (SLS) process in which metal powder is sintered 
together with a laser, cost hundreds of thousands of dollars and 
require large amounts of expensive metal powder to operate [37]. 
Printed metal parts can be ordered through printing services like 
Shapeways1, but even small parts can cost hundreds to thousands 
of dollars, and workfows that depend on 3D printing services are 
slow and cumbersome. More recently, it has become possible to 
take a Fused Filament Fabrication (FFF) approach to metal 3D print-
ing [34, 60, 85], however, the custom metal flaments are still very 
costly. 

As Human-Computer Interaction (HCI) researchers, we wanted 
to take a diferent approach, by developing inexpensive and easy-to-
use technologies and techniques to enable researchers (and others) 
to experiment with metal printing in everyday contexts. We intro-
duce a new approach to low-cost metal printing on the desktop 
that was inspired by the commercial availability of metal clays for 
jewelry [31, 77] and small, low-cost clay 3D printers [28]. 

We frst developed a bronze metal clay—created from metal pow-
der, binding agents, and water—that can be printed using desktop 
clay 3D printers. This hand-made metal clay is easy to make from 
readily available ingredients that are signifcantly less expensive 

1https://www.shapeways.com/ 

than other printing materials. Table 1 shows a summary of the cost 
of diferent materials, including the "Bronze Filamet" ofered by 
Virtual Foundry [34] and Bronze powder, the primary ingredient 
in our recipes2. As can be seen in the table, other materials are 4 to 
5 times as expensive as bronze powder. 

Other notable benefts of our CeraMetal approach include a 
workfow in which our bronze clay can be easily printed with 
desktop clay 3D printers that are signifcantly cheaper than printers 
used for SLS and BMD printing as showcased in Table 1. Moreover, 
our bronze clay can be quickly and easily recycled without the need 
for special tools or expertise, reducing material costs and promoting 
environmentally sustainable prototyping and production. 

The primary contribution of this paper is the introduction of 
CeraMetal—a new robust and easy-to-implement system for desk-
top 3D printing in metal. To support this contribution, we introduce 
and compare three bronze clay recipes that are suitable for 3D print-
ing. We then detail the 3D printing process, which utilizes a custom 
slicing software that generates continuous extrusion toolpaths that 
support the rheological characteristics of the bronze clay. We go on 
to characterize the material properties including shrinkage, density, 
strength, and fexibility of our 3D printed parts. Through these 
tests, we verify that CeraMetal produces metal parts with similar 
characteristics to other metal 3D printing processes. We then pro-
vide several example applications and lastly, discuss limitations and 
future research opportunities. 

2 RELATED WORK 
2.1 3D Printing, Materials, and Clay in HCI 
Digital fabrication, including 3D printing, has long been a topic of 
interest within HCI [8, 59]. A subset of digital fabrication research in 
HCI has focused on the relationships between materials, machines, 
and software, leveraging material-based knowledge to expand and 
rethink digital fabrication tools and processes. Work in this vein 

2The cost of other ingredients in our recipes is negligible compared to metal powder. 

https://1https://www.shapeways.com


CeraMetal CHI ’24, May 11–16, 2024, Honolulu, HI, USA 

has turned to materials science, craft tradition, and artistic practice 
for inspiration, cf. [2, 19, 23, 94]. 

Of particular relevance, a growing body of work is exploring the 
use of clay and clay-like materials in digital fabrication. A variety of 
approaches to clay 3D printing have been developed, but in the most 
popular method, a Direct Write (DW) printer extrudes a softened 
clay to build forms [15]. A number of commercial user-friendly 
clay 3D printers have been introduced in the past several years, 
including machines by 3D Potter3, WASP4, Eazao5, Lutum6, and 
TronXY7. 

HCI researchers employing clay 3D printers have developed 
special purpose Computer Aided Design (CAD) and Computer 
Aided Manufacturing (CAM) software, designed to exploit clay’s 
unique material characteristics and facilitate the design of new 
kinds of clay artifacts [10]. Clay 3D printing has also served as 
a new way to explore data physicalization [21, 22], architectural 
design [25, 68], and creative expression [49, 69]. 

Researchers are also employing similar digital fabrication ap-
proaches to develop and explore novel clay-like materials. 3D print-
able biomaterial "clays" that are recyclable, repairable, and com-
postable have been developed [11, 73, 75]. Novel clays, pastes, and 
foams have also been developed outside of the 3D printing context 
[7, 51]. Our 3D printable metal clay and accompanying workfow 
contributes to work in these traditions, blending material design, 
digital fabrication, and software development. 

2.2 Gcode Generation 
When 3D printing with a novel material, it can be useful to create 
custom toolpaths (.gcode fles) instead of using traditional slicing 
software [11, 41]. Custom toolpaths enable the creation of forms 
that cannot be produced with traditional slicers. For example, Bour-
gault et. al’s CoilCam, a tool optimized for clay 3D printing, gen-
erates vessels with complex forms and surface textures by apply-
ing a series of mathematical operations to cylinders [10]. Other 
design tools that generate .gcode have been developed to create 
objects with a range of mechanical characteristics from traditional 
FFF printers. Takahashi and Miyashita explored emergent mate-
rial properties created by a range of non-traditional toolpaths [79]. 
"Meta-materials" generated from PLA flament on FFF printers in-
clude textiles [32], foams [55], and hair-like structures [65]. As 
with CoilCam, these are special-purpose design tools rather than 
general-purpose slicers. 

Novel general-purpose slicers have also been developed. For 
example, Vespidae is a suite of tools that enables working with 
multiple materials and fabrication machines on a single design 
[33]. One of its modules is a custom slicer and .gcode generator in 
which a user can choose the order in which diferent parts of a 3D 
model are printed. Xylinus is a plugin for Grasshopper that enables 
a designer to generate toolpaths (similar to those generated by a 
traditional slicer) directly from Grasshopper, eliminating the need 
for separate slicing software [44]. 

3https://3dpotter.com/
4https://www.3dwasp.com/en/
5https://www.eazao.com/
6https://vormvrij.nl/lutum/ 
7https://www.tronxy3d.com/products/tronxy-moore-2-pro-ceramic-clay-3d-printer 

Our software, which we describe in more detail in Section 4.1, 
has a diferent aim and set of functionalities. It is a general-purpose 
slicer that produces toolpaths for solid, multi-walled, and hollow 
objects with minimal travel movements. Unlike the tools mentioned 
above, it is designed specifcally to support the 3D printing of 
rheologically non-linear materials like CeraMetal. It is possible to 
use Vespidae to manually eliminate some travel paths in a 3D print 
by carefully specifying (by hand) the order in which geometry is 
printed. However, the slicing algorithm itself does not reduce travel 
paths. Xylinus can translate curves generated in Grasshopper or 
Rhino into .gcode. But, like Vespidae, its slicing algorithm does not 
reduce travel paths. It is worth noting that any slicer—including 
Vespidae, Xylinus, Cura, and Simplify 3D—can generate one kind 
of toolpath with few travel moves, using a "vase mode" or "spiralize 
outer contour" setting, where the toolpath spirals up along the 
outside of a form. However, this functionality only works for simple 
(non-branching) geometry and can only generate hollow toolpaths. 
The approach provides no way to generate complex forms or solid 
or inflled structures. 

2.3 Metal 3D Printing 
Rudimentary "3D printing" of metal predates modern digital fabri-
cation technology. A 1925 Patent describes building 3-dimensional 
artifacts with layers of welding beads [70], and in 1976 Dimetto 
described stacking layers of precisely cut sheet metal to create 
forms [24]. The approaches that are most widely used today were 
developed in the 1990s and include Selective Laser Sintering (SLS), 
Selective Laser Melting (SLM), and Electron Beam Melting (EBM). 
In these powder-based approaches, a part is built up from layers of 
sintered or melted metal powder. Binder jetting is another powder-
based approach in which a liquid adhesive binds metal powder into 
an initial shape. The binder is removed during a debinding step–the 
binder is either dissolved with a chemical solvent or burned away, 
and the metal is sintered in a furnace to produce a solid part [17, 37]. 

The category of material extrusion (ME) includes techniques 
in which forms are constructed from layers of material extruded 
through a nozzle [45, 50, 71]. In the Fused Filament Fabrication (FFF) 
approach to metal 3D printing—referred to as Bound Metal Depo-
sition (BMD) [85]—a custom flament, consisting of metal powder 
blended with a wax/polymer binder, is rigid until it reaches a heated 
nozzle, at which point the binder melts and the binder/powder mix-
ture is deposited. As in the binder jet process, the binder must be 
removed and parts must be sintered after printing. Printers, ma-
terials, debinding stations, and furnaces for BMD are ofered by 
Desktop Metal [60, 61]. Companies like Virtual Foundry have de-
veloped metal flaments that can be used in standard FFF machines 
[34]. 

Direct Ink Write (DIW or DW) printing—also known as Robo-
casting [67]–is another ME technique in which parts are built from 
an extruded paste [72]. DW printing is a popular approach to food 
printing [52], bio-materials printing [75], and ceramics printing 
[15]. This approach has also been employed to 3D print liquid metals 
[64]. Only a handful of researchers have explored a DW approach 
similar to the one we describe here, primarily in the context of 
very specifc applications [20, 54]. It remains an under-explored 
area. Our DW metal clay approach was inspired by the increasing 

https://7https://www.tronxy3d.com/products/tronxy-moore-2-pro-ceramic-clay-3d-printer
https://5https://www.eazao.com
https://4https://www.3dwasp.com/en
https://3https://3dpotter.com
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availability of low-cost consumer-grade clay 3D printers (cf. [28]) 
and the history of jeweler’s metal clay. 

2.4 Jeweler’s Metal Clay 
Jeweler’s metal clay (JMC) is a malleable material that can be 
sculpted into 3D forms and then fred into a solid metal. Scien-
tists working for Mitsubishi developed the frst metal clay out of 
gold in 1994, terming it "precious metal clay" (PMC) [29, 42]. PMC 
is now available in gold and silver [77]. Since its introduction, a 
range of similar materials have been developed. The company Art 
Clay ofers silver and copper clays, while Metal Adventures and 
Prometeus Clay ofer bronze and copper-based varieties [77]. Goldie 
has developed a series of copper, bronze, and iron-based clays [16]. 
Hadar Jacobson sells powders that can be mixed with water to form 
clay in a range of metals [47]. JMC must go through a debinding 
and sintering process before becoming solid metal. These steps are 
typically achieved through a custom fring process in a kiln [30]. 

JMC is widely used by jewelers to create delicate sculptural forms 
and detailed surfaces [39, 46, 88]. The vibrant metal clay jewelry 
community has its own international guild, the Alliance for Metal 
Clay Arts Worldwide [31], and many dedicated websites provide 
platforms for knowledge sharing and discussion–cf. [1] and [13]. A 
variety of books are also available, covering techniques that include 
pressing textures into JMC [40], carving JMC with channels that are 
then flled with enamel [27], and forming JMC structures around 
gemstones [6]. 

JMC is unsuitable for 3D printing; it is much too hard, sold only 
in very small quantities, and very expensive—a standard 100g gram 
package of BRONZclay™, which contains approximately 10 cm3 of 
bronze, sells for around $24 [77]. In contrast, 100g of bronze powder 
is approximately $4. We found one documented attempt to print 
a diluted metal clay in a student thesis project, but prints sufered 
from severe slumping and very low print quality [36]. Nevertheless, 
we have found the JMC community a valuable source of technical 
knowledge and creative inspiration. 

3 DEVELOPING 3D PRINTABLE BRONZE 
CLAYS 

To develop a bronze clay suitable for 3D printing with available 
desktop printers, we had to (1) identify ingredients, (2) formulate 
recipes that were optimized for both printability and sinterability, 
and (3) develop methods for mixing clay and ensuring the consis-
tency of our recipes. 

3.1 Ingredients 
The primary ingredient in our bronze clay is bronze metal powder 
sourced from Metal Powders USA [83]. This powder is 325 mesh 
(particles are less than 45 �� in diameter), and consists of a mixture 
of tin (10-11%) and copper (89-90%)8. Metal powder must be mixed 
with a binder to become metal clay. Binders are critical ingredi-
ents that bind metal particles to each other when the mixture is 
combined with water, giving the material its clay-like consistency. 
Previous analysis identifed the binder used in commercial BRONZ-
clay™ as methylcellulose [36]. Methylcellulose is a thickener and 
8Trace quantities of other metals such as aluminum, manganese, nickel, or zinc may 
also be present. 

emulsifer commonly used in food and cosmetic products that is 
derived from plant and vegetable cellulose [63]. Xanthan gum is 
another thickener and emulsifer often used in the food industry. 
It is a natural biopolymer that is created when sugar is fermented 
via a bacteria called Xanthomonas campestris [48]. Both materi-
als have been used as binders in other custom materials designed 
for 3D printing [54, 73]. The fnal ingredient in our clay is water. 
Methylcellulose and xanthan gum dissolve in water, forming a gel 
that surrounds and binds granules of metal powder, thus creating a 
clay-like substance that is suitable for extrusion. 

When designing a material for 3D printing, one must carefully 
control the rheology of the material. Rheology describes the way a 
material fows in response to applied force and determines how a 
material will fow through a printer. Methylcellulose and xanthan 
gum, when mixed with water, have slightly diferent rheological 
characteristics, but both materials exhibit complex non-linear be-
havior and can have shear thinning characteristics under the right 
circumstances [63, 92]. A shear thinning material behaves more 
like a liquid under stress and more like a solid when the stress is 
removed. This is an good characteristic for a 3D printing material 
as it makes the material relatively easy to extrude–the material 
behaves like a liquid as it is forced through a printer–and stable 
once printed–it behaves more like a solid when the extrusion forces 
are removed. 

3.2 Health Concerns and Safety Precautions 
Working with metal powders can present signifcant health risks. 
Of particular concern are the risk of the combustion of metal dust 
and health risks due to the inhalation of metal powder. The severity 
of the risk depends on the type of metal and the particle size. The 
smaller the particle size, the deeper the level of penetration into the 
lungs. Particles less than 10�� in diameter (of any material) can 
get into the pulmonary system if inhaled [81] and are considered 
particularly dangerous. Nano-particles—with a diameter less than 
100��—are considered even more dangerous, with potential health 
efects that are not yet well understood [9, 38]. 

Bronze powder is a relatively benign metal powder, but care must 
still be taken in its handling. Bronze powder poses no known risk 
of explosion; it is classifed as non-fammable. It is also classifed 
as non-hazardous. However, eye irritation and skin irritation can 
result from handling and respiratory irritation can result from the 
inhalation of powder [76, 82]. Our 325 mesh Bronze powder has a 
maximum particle size of 45�� (note that the mixture may include 
smaller particles) [83]. The material’s Safety Datasheet specifes 
that one should "avoid breathing dust, use in a well ventilated area, 
wash hands thoroughly after handling, and wear protective glasses 
and gloves" [82]. We use eye protection, gloves, and respirators 
when working with bronze powder and strive to minimize the 
creation of dust. 

Once the material is in clay form, the risk of inhalation is elimi-
nated and the material is safer to handle. The SDS for BRONZclay™ 
does not include any protective equipment recommendations, but 
does advise people to wash hands after using [78]. We use gloves 
when handling the clay and take care to wash our hands after use. 
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Methylcellulose Xanthan Gum Mixture 

Bronze powder 

Methylcellulose 

Xanthan gum 

Water 

100g / 70.0% volume 

.5g / 4.6% volume 

0 

9g / 25.6% volume 

100g / 71.6% volume 

0 

.5g / 2.2% volume 

9g / 26.2% volume 

100g / 71.0% 

.17g / 1.5 % 

.33g / 1.5 % 

9g / 26.0 % 

Printing hardness (��/��2) .3 .4 .4 

Hand feel Clay-like, very sticky Jello-like, smooth Jello-like, slightly sticky 

Table 2: Each of our three recipes has a slightly diferent binder. 

3.3 Recipes 
In developing a recipe for printable metal clay, we considered the 
following requirements based partly on an analysis by Duty et al. 
[26]: 

(1) Extrudability and Bead Functionality: printer should extrude 
the material as a "bead" of consistent shape and size. 

(2) Structural Stability: part should not collapse during printing. 
(3) Sinterability: fred part should be solid metal. Sintering is a 

process through which metal powder coalesces into a solid 
metal when exposed to temperatures close to its melting 
point. 

(4) Dimensional Accuracy: fnal part should have dimensions 
that correspond to the input model. 

Through a series of preliminary experiments, we identifed basic 
ratios of metal powder, binder, and water. This preliminary work 
was driven primarily by sinterability concerns. Binders can make 
up only a small percentage of the overall mixture in weight and 
volume. If too much binding material is added, metal will fail to 
successfully sinter during the fring process. We began by using a 
binder-to-metal powder ratio of 1 to 10, by weight, but these recipes 
did not successfully sinter. We gradually decreased the amount of 
binder to a ratio of 1 to 100. At this ratio, recipes with xanthan gum 
binders sintered, but the methylcellulose only recipe did not. We 
believe that this is due to the fact that methylcellulose is about half 
as dense (.40 �/��3) as xanthan gum (.84 �/��3)9, which means it 
takes up twice as much volume per unit weight. Our fnal recipes are 
based on a binder ratio of .5 to 100 by weight–which corresponds to 
a maximum binder percentage by volume of approximately 5%. Our 
mixed recipe balances the amount of methylcellulose and xanthan 
gum by volume instead of weight, as this appeared to be the more 
important measure. 

After we identifed the basic .5 binder to 100 metal powder by 
weight–5% binder by volume–ratio we conducted more structured 
experiments with the three diferent recipes shown in Table 2. Each 
recipe uses a diferent binder though the overall ratio of binder to 
metal powder is kept fxed. The frst recipe uses methylcellulose, 
the second xanthan gum, and the third a 1/3 methylcellulose to 

9These measurements were taken in our lab. We also measured the density of bronze 
powder as 5.23 �/��3 , and the density of water is 1 �/��3 . All measurements were techniques described by Buechley and Ta to measure the hardness 
taken at room temperature. of our recipes using a penetrometer [11]. If necessary, we add water 

2/3 xanthan gum blend. In Section 5, we characterize the material 
properties (e.g., shrinkage, density, and strength) of each recipe. 

Figure 2: Recipe ingredients (top). Mixing ingredients in a 
kitchen mixer to form a uniform material with a clay-like 
consistency (bottom left). Measuring the indention hardness 
of the metal clay (bottom right). 

When making clay, we typically use 500g of bronze powder and 
the corresponding amounts of other materials. We frst combine the 
dry ingredients–metal powder and methylcellulose and/or xanthan 
gum, in a kitchen stand mixer. Then, we gradually add water while 
continuing to mix. Once a clay has formed, we continue mixing for 
at least one minute. We then measure the indention hardness of 
the clay to determine its suitability for printing [3, 18]. We used 
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to the mixture to achieve a printing hardness between .3 and .4 
��/��2. We found that we had to mix the methylcellulose-only 
mixture to a softer consistency than other materials to achieve 
extrudability. An overview of this process is shown in Figure 2. 

We do not claim that these recipes are optimal. It is possible that 
the amount of binder in them could be decreased while maintaining 
printability. Reducing the percentage of binder used might improve 
some of the material characteristics we discuss in Section 5. We plan 
to continue to refne recipes in ongoing research. However, those 
shown in Table 2 produced reliable printable and sinterable materi-
als and enabled us to conduct the printing experiments described 
in the rest of this paper. 

3.4 Recycling and Reuse 
Given the high cost of metal powder, it is cost-efective as well as 
environmentally sustainable to be able to recycle waste material 
instead of discarding it. Our clay-based approach enables us to 
easily recycle waste and unwanted parts, as long as they are not yet 
fred. Print waste is collected, ground in a blender or food processor, 
and remixed into clay, see Figure 3. Grinding waste product back 
into a powder is a process that can release bronze dust. During this 
process, a respirator and eye protection should be worn. 

Figure 3: Process for recycling un-sintered bronze clay. Print 
waste is collected (left), ground back into powder using a 
blender (center), and then mixed with water to form a recy-
cled clay (right). 

We have found that bronze metal clay can undergo at least three 
recycling cycles before exhibiting any obvious signs of degrada-
tion and we have not experienced any sintering problems when 
employing recycled clay. However, bronze will eventually oxidize 
when exposed to water and air, so we believe that there is a limit 
to the number of recycling cycles that can be undertaken and hope 
to address this in future research. To minimize oxidation, we keep 
printed clay waste dry until it is ready to be remixed and reprinted. 
None of our technical tests were conducted with recycled clay, 
but some of our application examples were printed with reused 
material. 

Sintered metal parts cannot be easily recycled back into clay. 
After sintering they are solid metal. These parts can be recycled 
like traditional metal wares or ground back into powder using 
specialized equipment. 

4 3D PRINTING BRONZE CLAY 
The characteristics of 3D printed objects depend not only on the 
materials they are made from, but also how they are printed. To 

successfully print parts from our bronze clay, we had to create 
custom CAM software and make small modifcations to existing 
3D printers. 

4.1 Custom Slicer: Generating Continuous 
Extrusion Toolpaths 

To 3D print an artifact, the user frst employs CAD software to 
design the artifact’s geometry. The resulting 3D model is then sent 
to CAM software, a slicer, which generates a toolpath for the 3D 
printer. The output of the slicer is a .gcode fle that specifes: (a) the 
path the 3D printer will take and (b) material extrusion along that 
path. 

Our metal clay and the Direct Write (DW) printer we are using 
have important properties that are not taken into account by tra-
ditional slicing software, which was designed for thermoplastics 
and FFF printers. One of the most important diferences is that, 
while it is easy to start and stop the extrusion of thermoplastics, 
it is challenging to start and stop the extrusion of soft materials 
like clay. Extrusion behavior depends on the rheology of the ma-
terial. Materials with non-linear rheological characteristics (such 
as our bronze clay) can be particularly challenging to work with. 
Signifcant delays between when a start or stop extrude action is 
executed by the printer and when the material refects this action 
are common. For instance, the material often continues to ooze out 
of the nozzle long after a stop extrusion command is given. 

Toolpaths generated by traditional slicers assume that extrusion 
can be stopped and restarted instantly. As a result, the paths they 
generate contain many travel moves, where the print head must 
move from one location to another without extruding. Because 
DW machines cannot reliably stop extruding, toolpaths with travel 
moves typically result in print failures. Traditional slicing software 
does not currently provide control over travel moves or provide the 
capability to generate continuous extrusion paths. To address these 
challenges, we developed a custom slicer that generates continuous 
extrusion toolpaths, thereby minimizing travel moves. 

Our software is an open-source Python library designed to be 
used in conjunction with Grasshopper and Rhino. Our software 
works in many ways like a traditional slicer. See Figure 4. A user of 
the library imports a 3D model and sets values for the parameters, 
shown in Figure 4. A shrinkage parameter sets the shinkage rate 
and is used to resize the model to take account of shrinkage that 
happens during fring. The solid/hollow mode parameter specifes 
whether the generated part is solid. The user can also specify the 
number of walls their print should have in hollow mode. The user 
can also set a number of standard print parameters including the 
printer being used, the nozzle size, layer height, speed, etc. 

Our software uses these values to frst slice the part into horizon-
tal layers. The toolpath that is generated for for each layer has no 
travel moves. We use an approach described by Zhao et al. [91] to 
generate these paths. Our algorithm frst creates the contour curves 
for a layer. Then, it constructs a continuous spiraling path based 
on these contour paths, using Fermat spirals. A Fermat spiral is a 
space-flling curve that consists of two matched spiral paths, one 
that goes inward and one that goes outward [53], as demonstrated 
in Figure 5. The output of the software is a .gcode fle that can be 



CeraMetal CHI ’24, May 11–16, 2024, Honolulu, HI, USA 

Figure 4: Our software workfow 

sent to a 3D printer and a 3D visualization of the print path that 
can be viewed in Rhino. 

Our software includes printer profles for several diferent ma-
chines, including the Eazao Zero, the printer we use in the experi-
ments presented here. Our software can be used to create continu-
ous travel toolpaths for most 3D printers and a range of materials. 
Our software does not include support generation capabilities, so 
our ability to generate toolpaths for shapes with signifcant over-
hangs is limited. 

Figure 5: A diagram showing the steps taken by our slicing 
algorithm for one layer. (a) The part. (b) Holes in the layer 
are connected to create a single continuous closed path. (c) 
Contour curves are generated. (d) Contour curves are con-
nected to create a spiral. (e) A fermat spiral is generated. The 
inward spiral is shown in red and the outward spiral is shown 
in blue. This is the complete path for the layer. (f) A top view 
of the 3D printed part. 

4.2 Printing and Drying 
Once a toolpath is generated, it is sent to a 3D printer. We used an 
Eazao Zero clay 3D printer for the experiments described in this 
paper. We chose the Eazao Zero because it is a small, low-cost, clay 
3D printer that is readily available. However, any direct write clay 
3D printer with auger-based extrusion could be substituted in our 
workfow. This includes printers by TronXY, WASP and Lutum. For 
clay 3D printers without augers, like most Potter Bot models, extra 
care would need to be taken to remove all air bubbles from the 
metal clay before printing. 

The process of printing our bronze clay is similar to that of 
printing traditional clay. The bronze clay is loaded into the print 
tube, and then a plunger forces the material from the print tube, 
through the connector tubing and into the extruder, where the 
auger pushes the material out the printer nozzle. A print parameter 
called mix-factor, which is set in the .g-code fle, determines the 
relative speeds of the stepper motors driving the plunger and auger 
to extrude the material. 

To achieve more stable prints, we built a custom heater and 
attached it to the print head with magnets, see Figure 6. The heater 
consists of two fans that blow air across coils of nichrome wire. 
The heater improves the structural stability of prints by partially 
drying each layer of a part as it is constructed. 

Unless otherwise noted, we printed our metal clay with a 0.61mm 
inner diameter nozzle (a 20 gauge syringe tip). We also used the 
following settings: a mix-factor of 0.96 (auger) to 0.04 (plunger), an 
extrude rate of 0.25 mm of flament extruded per 1 mm traveled, a 
speed of 800 mm/minute, and a layer height of 0.45 mm. We printed 
parts on a thin cotton fabric, which enabled us to easily remove 
parts from the build plate and expose all part surfaces—including 
the bottom—to air during the drying process. 

Once a part has fnished printing, it must be completely dried 
before it is fred. To ensure quick and reliable drying, we place parts 
on a rack in a small food dehydrator set to 110°F (38°C) until they 
are dry. After a part has been printed and dried, it is in its "green" 
state. It is a reasonably stable solid, but not yet metal. In the green 
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Figure 6: Left: our printer. Right: a close-up showing material 
being deposited by the nozzle. This image also highlights the 
spiral nature of our slicing algorithm, showing the inward 
spiral for the frst layer of a gear print. 

state, parts can be broken and should be handled with care before 
fring. 

4.3 Debinding and Sintering 
As with JMC, our bronze clay needs to be fred to transition from 
bound metal powder to solid metal. During fring, frst debinding 
occurs when the binding ingredients (methylcellulose and xanthan 
gum) are burned away. Then, the metal powder is sintered. Sin-
tering is a process in which particles join together to form a solid 
without melting. Sintering occurs when a metal powder reaches a 
temperature close to, but just below, its melting point. Energized 
particles begin to bond to one another, coalescing into a solid before 
reaching the material’s melting phase [35]. 

Figure 7: Parts are buried in activated carbon before fring. 

Our material blends are similar enough to JMC that we were able 
to leverage knowledge from this community to develop reliable 
debinding and sintering processes. Our fring was done in a small 
potter’s kiln, a Skutt KM–614–310. Debinding and sintering both 
take place during a single "ramp-hold" fring process known as 
a fring schedule. We ramp at 250°F (121°C) per hour to 1000°F 
(538°C) and hold this temperature for two hours–this constitutes 
the debinding step. We then ramp at 200°F (93°C) per hour from 
1000°F to 1550°F (843°C)—the melting temperature of bronze is 
1675°F (913°C)—and hold this temperature for four hours. This 
constitutes the sintering step. The material is then left to cool back 
10https://skutt.com/products-page/ceramic-kilns/km-614/ 

to room temperature before it is removed from the kiln. The entire 
fring and cooling process takes approximately 20 hours. 

If parts are fred in open air inside the kiln, the metal powder will 
oxidize before it sinters. Firing must take place in an environment 
free of oxygen to avoid oxidation. We address the oxidation chal-
lenge by burying "green" (unsintered) parts in a bed of activated 
carbon, inside a stainless steel container, as shown in Figure 7. We 
note that the container must be made from a material that has a 
signifcantly higher melting point than the metal part to be sintered; 
such as stainless steel, which has a melting point of approximately 
2550°F (1400°C), signifcantly higher than bronze. During fring, 
the activated carbon consumes oxygen in the kiln, preventing the 
formation of oxides [30]. The type of carbon used, the size of the 
part, the amount of carbon surrounding the part, and the fring 
hold-times can all impact sintering quality. For bronze clay, we use 
activated carbon derived from coconut shells and surround each 
part with at least 15 mm ( .5 inches) of carbon on all sides. 

There are future research opportunities in fne-tuning this fr-
ing schedule to optimize fnal material properties. We can likely 
obtain harder, denser, and more elastic bronze by changing the 
fring schedule. Previous research on the sintering of metal powder 
has demonstrated that small changes in the fring schedule can 
signifcantly impact material properties [35, 50, 86]. 

4.4 Optional Post Processing 
Once parts have cooled and are removed from the kiln, like any 
metal that has been worked with heat (i.e., through casting or sol-
dering), they will have a colorful surface patina. Sintered parts 
can be cleaned and polished using traditional metal working ap-
proaches. A standard approach to cleaning is to soak parts in a 
"jewelers’ pickle"—a mild acidic bath–to remove patina and "fre 
scale" [43, 57]. Figure 8 shows parts after printing (top) and after 
fring with the patina (middle) and without (bottom). 

If desired, sintered parts can also be polished and modifed using 
traditional metal-working techniques. For example, they can be 
polished with metal brushes, steel wool, or fles. Work can be done 
either by hand or using equipment like jewelry polishers. All post 
processing is optional and for cosmetic purposes. Parts are fully 
functional once they are sintered. 

Figure 8: Three wrenches, from top to bottom: after printing, 
after fring, and after cleaning 

https://10https://skutt.com/products-page/ceramic-kilns/km-614
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5 MATERIAL CHARACTERIZATION 
For each of our 3D printable bronze clay recipes, we ran tests to 
characterize and compare their printing behavior and mechanical 
properties including shrinkage, density, strength, and fexibility. 
Most of these tests are standard mechanical tests that are conducted 
to understand and compare material properties. Our primary aim 
was to verify that parts made with our material and workfow are 
comparable in quality to other 3D printed and sintered metal parts. 
We wanted to verify that our materials and workfow produce 
useable parts with reasonable mechanical properties. 

5.1 Printing Behavior 
Each of the three diferent materials has a slightly diferent printing 
behavior. The methylcellulose only recipe seemed to require more 
force to extrude than other materials. We were unable to develop a 
successful method for measuring force or system pressure directly. 
However, we found that the methylcellulose-only recipe needed to 
be mixed to lower hardness value than other recipes to successfully 
extrude. This experience aligns with previous research. Xanthan 
gum is known to increase a mixture’s shear thinning behavior, both 
alone and when mixed with methylcellulose [92]. The presence of 
xanthan gum in a recipe seems to help metal clay fow more readily 
through the printer. The methylcellulose-only recipe was the most 
challenging material to print and the xanthan-gum-only recipe was 
the easiest material to print. However, we were able to consistently 
print all recipes. 

5.2 Shrinkage 
Careful characterization of a material’s shrinkage behavior is es-
sential for designing and printing dimensionally accurate parts. 
A design is resized according to shrinkage rates before printing 
so that after the material has been sintered it will have exactly 

Figure 9: The parts we used to calculate shrinkage. Measured 
dimensions are labeled. We measured only the shrinkage in 
length (X) for the Dog Bones. 

the intended dimensions. We measured the shrinkage behavior for 
three diferent forms: solid cubes (10mm x 10mm x 10mm), hollow 
cylinders (20mm x 20mm x 20mm), and solid dog bones ( 130mm x 
12.5mm x 2mm). We printed fve samples of each shape for each 
material. Figure 9 shows images of each of the parts, with the mea-
sured dimensions indicated. We calculated the linear shrinkage for 
X, Y, and Z using equation 1: 

dimension of green part - dimension of fred part 
linear shrinkage = (1)

dimension of green part 

Figure 10 shows the amount of shrinkage that we observed for 
each of our parts and materials. Planar (XY) shrinkage is shown in 
orange and vertical (Z) shrinkage is shown in yellow. We averaged 
the X and Y shrinkage measurements for the cubes and cylinders 
because these measurements were indistinguishable from one an-
other. For the dog bones, we measured shrinkage only along the 
length (X) direction. 

Figure 10: Shrinkage for three diferent parts printed in our 
three materials. MC = Methylcellulose, X = Xanthan Gum, 
M = Mixture. Planar (XY) shrinkage is shown in orange and 
vertical (Z) shrinkage is shown in yellow. N=5 for each con-
dition. 

The shrinkage rate for all materials is anisotropic and varies 
with part geometry. We observe fairly consistent vertical shrinkage 
rates for all geometries and vertical shrinkage is always higher than 
planar shrinkage. We observe the largest planar shrinkage rates 
for the solid cubes. We observe signifcantly less planar shrinkage 
for the dog bones and cylinders. We believe that the cylinders may 
be particularly restricted from shrinking in the planar dimension 
because their centers are flled with carbon during sintering, which 
likely restricts planar movement. 

For each geometry, the shrinkage rate between recipes is similar– 
often within the observed margin of error. The fact that we obtain 
diferent shrinkage orderings for diferent parts (i.e., higher planar 
shrinkage rates for methylcellulose for cubes but not for cylinders) 
leads us to believe that the diferences between materials is likely 
within the margin of error for our testing procedures. 

Our observations are consistent with previous research, which 
has shown that sintered metal parts (including 3D printed and 
sintered bronze) experience anisotropic shrinkage and that the 
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largest shrinkage occurs in the z dimension [74, 86, 90, 93, 93]. This 
is due to the fact that gravity compresses the parts vertically during 
sintering. Generating dimensionally accurate parts with arbitrary 
geometries from 3D printed and sintered metal typically requires 
the development of a complex resizing model that takes anisotripic 
shrinkage into account (cf. [90]). 

5.3 Density 
A traditional measure of the quality of metal 3D prints is relative 
density, a comparison of the density of metal prints to that of solid 
bronze. Higher density indicates a better sintering result. Lack of 
relative density indicates undesirable porosity, which can occur 
due to imperfect print parameters–small air pockets can be trapped 
between vertical or horizontal layers of a part [86]. Porosity can 
also arise from material dynamics–air pockets can form within the 
print material during the debinding and sintering process as the 
binder burns away and metal particles fuse together [58]. 

Figure 11: A 10mm cube after printing (top left) and after 
sintering (top right). A cube cut in half (bottom). 

We measured the density of our cubes using Archimedes’ princi-
ple, a standard method of determining the density of sintered and 
cast metal parts [5]. Samples were weighed frst in air and then 
submerged in water. We used a value of 0.998 g/cc for the density 
of water, which is its rated density at 68°F (20°C) [12], and then 
calculated density using Equation 2: 

mass in air * density of water 
Density of part (�) = (2)

mass in air - mass in water 

The density of bronze varies as a function of the percentage of 
Tin (Sn) to Copper (Cu) in the alloy. A Bronze with 14% Sn and 86% 
Cu has a density of 7.4 g/cc, and with 8% Sn, a density of 8.9 g/cc 
[80]–Copper is denser than Tin. Our bronze metal powder contains 
between 9 and 11% Sn [82]. We assume a 10% Sn content and use 
an ideal density of 8.4 g/cc as our theoretical solid bronze density 
to compare against. Relative density is calculated with respect to 
this value. 

Table 3 shows the results of these tests. The material with a 
methylcellulose-only binder has the highest density, followed by the 
xanthan gum material and then the mixture, but the measurements 
for all three materials are very similar and within the margin of 
error for our tests. 

Measured Relative 

Material density (g/cc) density (%) 

Methylcellulose 7.66 ± .18 91.2% ± 2.0% 

Xanthan Gum 7.62 ± .09 90.7% ± 1.1% 

Mixture 7.52 ± .35 89.5% ± 4.2% 

Table 3: Measured and relative densities for each of our ma-
terials. Relative density = Measured density / solid bronze 
density. N=5 

These results are positive and align with previous research. Our 
materials exhibit similar and, in many cases, higher density com-
pared to other 3D printed and sintered bronzes. Wei et. al. recorded 
the density of parts printed with Bronze Filamet™ on FFF ma-
chines as between 6.5 and 6.9 g/cc [86]. The density of sintered 
bronze made through traditional powdered metallurgy approaches– 
through sintering compressed bronze powder as opposed to 3D 
printing–is typically between 5.5 and 6.75 g/cc [4]. Kilinc et al. 
printed a custom bronze flament–made from a mixture of bronze 
powder and a wax polypropelene binder–and obtained a density 
of 7.1 g/cc using a sintering temperature of 850°C (1562°F), very 
similar to ours. Notably, they were able to increase the density of 
their parts to 8.27 g/cc by increasing their sintering temperature 
to 900°C (1650°F). However, parts experienced more distortion at 
higher temperatures. We may be able to increase the density of our 
parts by increasing our sintering temperature. 

5.4 Strength and Flexibility 
Metal is a useful material in large part because of its strength and 
fexibility. To determine if our 3D printed parts were as strong as 
traditional bronze, we ran uniaxial strength tests based on the stan-
dard, ASTM E8 11, for tensile strength testing of metallic materials. 
To do so, we printed the dogbone shape dictated by the standard in 
each material, as shown in Figure 12. We then loaded each speci-
men into a universal testing machine ftted with a 50 kilonewton 
force load cell, which pulled the specimen apart at a rate of 0.01 
mm/sec. We recorded the tension force applied until failure (i.e., 
breakage). From this, we obtained the maximum force applied to 
the cross-sectional area of the specimen, which we used in Equation 
3 to calculate maximum tensile strength. 

max force (N) 
max tensile strength (MPa) = (3)

cross-sectional area (mm2) 

11https://www.astm.org/e0008_e0008m-22.html 

https://11https://www.astm.org/e0008_e0008m-22.html
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Figure 12: Test specimen for each recipe before and after test-
ing: Methylcellulose (top), Xanthan Gum (middle), Mixture 
(bottom). 

We also looked at the fexibility of our specimen, which is mea-
sured by the percent elongation at break. This elongation can be 
seen in Figure 12, where a specimen of each recipe is shown before 
and after testing. We calculated fexibility using Equation 4: 

initial length − length at break 
fexibility (%) = ∗ 100 (4)

initial length 

We tested three specimens for each material, the average strength 
and fexibility are presented in Table 4. Previous research has re-
ported a range of values for the tensile strength of 3D printed and 
sintered bronze, with strength values changing signifcantly with 
sintering temperature. Our measurements are within these ranges. 
At sintering temperatures close to our temperature of 843 ºC, Kilinc 
reports a tensile strength of 77 MPa at 850 ºC [50] and Lostado 79 
MPa at 841ºC and 105 MPa at 858 ºC [56]. Tensile strength increases 
with sintering temperature—Wei achieved approximately 150 MPa 
at 871 ºC [86] and Kilinc achieved 212 MPa at 900 ºC. Elongation 
also increases with sintering temperature. Kilinc reports an elonga-
tion at break value of 11.4% at 850 ºC and 35.7% at 900 ºC. We expect 
that we could increase the strength and elasticity of our materials 
by increasing our sintering temperature. 

Maximum Tensile Flexibility 

Material Strength (MPa) (% Elongation) 

Methylcellulose 119.66 ± 7.52 9.20 ± 0.80 

Xanthan Gum 99.09 ± 8.83 2.93 ± 0.46 

Mixture 117.40 ± 5.54 4.40 ± 0.69 

It is notable that the material with a methylcellulose-only binder 
was signifcantly stronger and more fexible than the others and 
the xanthan gum based material was the weakest and least fexible. 

5.5 Recipe Comparison 
The most important outcome of our tests is that all of our recipes 
produce viable bronze parts. The shrinkage, density and tensile 
strength of our parts are similar to those of other 3D printed and 
sintered bronzes. There is little diference between the three recipes 
for most of the variables we studied. The xanthan gum based recipe 
is slightly easier to 3D print, but this material also seems to be 
weaker and less fexible than other recipes. For the applications we 
present in this paper, and likely most of the applications of interest 
to HCI researchers, there is no overwhelming reason to choose one 
of our recipes over another. If ease of printing is prioritized, a recipe 
with xanthan gum may be slightly preferable, but if high fexibility 
is important, the methylcellulose may be best. 

Further research should be conducted to more comprehensively 
characterize shrinkage behavior, determine an optimal fring sched-
ule, and identify trade ofs between sintering temperature, density, 
strength, and dimensional accuracy. 

6 APPLICATIONS 
We printed a range of objects to test the viability and range of our 
material and workfow. All applications were printed with the metal 
clay material that utilizes a mixture of methylcellulose and xanthan 
gum as the binder. 

6.1 Functional Metal Parts: Tools and Gears 
One of the appeals of metal 3D printing is the ability to print 
functioning metal parts like mechanical components and special-
purpose tools. To test our approach for these contexts we printed a 
wrench and a set of functioning metal gears. 

Table 4: Tensile strength and elongation at break for each of 
our materials. N=3 Figure 13: Top: using a 3D printed wrench on a Dremel tool. 

Bottom: two gears driven by a stepper motor. 
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We recently lost the wrench that fts the Dremel tool in our 
lab–size 3/8 SAE, 10mm metric–a critical component required to 
swap out attachments. Rather than order a replacement, we printed 
one. We downloaded a wrench design (as a .dxf fle) from McMaster 
Carr12 and resized it. We resized the model using a 6.0% shrinkage 
rate, the observed shrinkage in length for our dog bones printed 
from the same material—the wrench is a similar size and thickness. 
The printed wrench functioned as intended immediately after print-
ing, requiring no sizing adjustments. We have since been using it 
regularly, see Figure 13. 

We also printed a set of functional gears that were designed to 
be attached to a servo motor, see Figures 13 and 8. We employed 
web-based software to design the gears [84] and then imported the 
generated 2D drawings into Rhino. We used our software to create 
a 3D toolpath from the outlines. The main part of the spur gears and 
the rack are 3mm (6 layers) high. We added an additional 5 layers 
of support around the shaft hole. The spur gears–which measure 
40mm and 57mm in diameter and have 12 and 18 teeth respectively– 
are designed to ft around either a 6mm (.25 inch) metal rod or the 
attachment on a medium-sized servo motor. We designed for these 
dimensions. Again, we resized each gear anticipating a shrinkage 
in XY of 6%. The fnal parts required a small amount of fling to ft 
onto the intended components. 

Figure 14: A close-up view of one of our earring prints (top 
left), an assortment of earring prints (top right). Lab members 
modeling earrings and rings (bottom). 

6.2 Precious and Delicate Artifacts: Jewelry 
Metal, known for its durability and versatility, has long been re-
garded as a precious material. Its signifcance extends beyond its 
12https://www.mcmaster.com/products/wrenches/ 

monetary value, particularly evident in the realm of jewelry where 
the preciousness of the materials goes beyond their economic 
worth. 

As a nod to bronze’s rich history as a precious metal, we designed 
a set of rings and earrings based on the polar rose equation � = 
���� (�� ) where � = �/� and � and � are rational numbers [87]. 
� determines the maximum radius of the curve. For these very 
delicate prints, we reduced the extrude rate to .2 mm extruded to 
mm traveled and slowed the print speed to 400 mm/s. Each piece 
is 3-4 layers ( 2mm) tall. The plots are one extrusion ( 1mm) wide. 
For the earrings, � = 10mm and for the rings, � = 6mm. Figure 14 
shows an assortment of these prints. All of them are left unpolished, 
thus embracing the surface patinas that make each piece of jewelry 
unique. 

These fragile prints were challenging to handle until fred. We 
swapped our mesh fabric print bed for wax paper so that we could 
easily remove the prints from the bed for sintering. The earrings 
are lightweight and comfortable to wear. 

6.3 Larger and More Complex Geometries 
To explore the feasibility of printing and sintering larger parts, we 
designed a metal travel mug with an algorithmically generated 
surface texture. The texture is generated using a difusion-limited 
aggregation cellular automaton. We use a model in which particles 
fall down from the top edge of a square and stick to particles that are 
already in place. Running the model results in a matrix indicating 
where aggregated particles are present. Our software generates an 
oscillating path at the diameter of the cup for each layer where 
the amplitude of the oscillation is increased by 1mm if a particle is 
present in the matrix. 

The cup shown in Figure 15 is 90mm ( 3.5 inches) in diameter 
and 115mm ( 4 inches) tall. This print was printed using a 0.84mm 
inner diameter nozzle, an extrude rate of 0.4mm extruded per mm 
traveled, a layer height of 0.75mm, and a speed of 900mm/s. Using a 
larger nozzle made it easier to print a water-tight vessel because the 

Figure 15: A cup with an algorithmically generated surface 
texture. 

https://12https://www.mcmaster.com/products/wrenches
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extrusions for each layer were wider and more robust than those 
made with a 0.61mm nozzle. 

Figure 16 shows a print of the Stanford Bunny model that is 
60mm tall—the Stanford bunny being a notoriously difcult model 
to print successfully due to its overhangs. The toolpath for this 
print was generated with our custom slicing software in hollow 
mode with walls that are fve layers thick. Figure 16 left shows the 
model during printing—note the visible wall thickness. We used a 
layer height of .3mm to achieve a higher resolution on this print 
and a mix factor of .97 auger to .03 plunger to compensate for the 
more tightly packed layers. The print experienced some slumping 
in the chest—where the overhang angle is steepest—but we were 
pleased with the overall print quality. It is similar in quality and 
model detail to prints produced by an FFF printer out of PLA. 

Figure 16: A Stanford bunny during printing (left) and after 
sintering and cleaning (right). 

7 DISCUSSION 
7.1 Limitations and Considerations 
While our approach is signifcantly cheaper than other metal 3D 
printing options, it is still expensive compared to plastic or ceramic 
printing. Our approach requires a kiln for debinding and sintering. 
Inexpensive clay printers currently cost at least $700 13 and small 
kilns approximately $1000 14, expenses that, while signifcantly less 
than a metal 3D printer, are nontrivial. However, both the clay 3D 
printer and the kiln can be used with clay and other materials. They 
need not be metal-specifc tools. 

Metal is signifcantly more expensive than plastic or clay, even 
in powder form, and, as we described earlier, working with metal 
powder poses some safety risks. 

Our metal prints are lower in resolution than those produced by 
more expensive printers. Resolution is limited by nozzle size on clay 
3D printers. Though previous research found that one should be 
able to use a nozzle only two to three times a material’s maximum 
particle size [14], we experienced nozzle clogging with nozzles 
smaller than .6mm in diameter. We have found that decreasing the 
layer height allows us to increase print resolution and that we can 
13https://www.tronxy3d.com/products/tronxy-moore-2-pro-ceramic-clay-3d-printer 
14https://skutt.com/products-page/ceramic-kilns/frebox-8x6-lt/ 

achieve a print quality close to that of traditional FFF printers using 
.4mm nozzles. 

Our material is also limited in the types of geometries that can be 
printed. Because the clay remains soft during the printing process, 
it is challenging to create complex geometries with signifcant 
areas of overhang and our software does not currently include a 
support generation feature. Support structures could be manually 
added to 3D models, but these would still need to be printed from 
metal clay. Supports can be challenging to remove, which further 
complicates the creation of objects with overhangs, holes, or similar 
complexities. 

Another limitation is that it is likely to be challenging to print 
large solid parts from metal clay. Because we are depositing a wet 
material that only dries fully after printing is complete, prints are 
subject to shrinkage before they are sintered. Solid parts thicker 
than approximately 1-2 inches (25-50mm) cannot be dried without 
signifcant cracking as the outside of a thick print dries before the 
inside and shrinks around it. 

7.2 Future Opportunities 
Our material tests illuminated several opportunities for future work. 
Additional technical tests could be conducted to: 1) fully character-
ize anisotropic shrinkage and develop a model for accurate three 
dimensional resizing, 2) investigate how the density, strength, and 
fexibility of our materials would change as a function of sintering 
temperature, and 3) better understand how the binding ingredients, 
methylcellulose and xanthan gum, impact material characteristics. 

Our applications also bring attention to a variety of directions 
for expansion. For example, the gears demonstrated in Figure 13 
are functional and sturdy. We built them as a proof of concept, but 
envision creating similar parts for real-world applications in the 
future. Similarly, we see ourselves continuing to use CeraMetal 
in the context of craft practices like jewelry making and further 
developing design workfows. 

Though this paper focuses on a bronze metal clay, we can take a 
similar approach to develop 3D printable "clays" from other metals. 
Accordingly, we have begun to develop and test metal clays made 
from copper, brass, iron, and stainless steel. Because each metal clay 
mixture has a diferent rheological character, they need to be fne-
tuned for printing. While we have begun to developed recipes for 
some of these other materials and are in the process of optimizing 
them for print quality. 

One of the unique afordances of CeraMetal is that any paste-like 
material can be extruded by the printer. This means that we can 
design custom materials with similar rheological characteristics 
and combine them in a single print. We have begun to experiment 
with prints constructed from a blend of clay and bronze using a 
low-fre clay body that vitrifes (transforms from clay to ceramic) 
at a temperature similar to the sintering temperature for bronze. 
Figure 17 shows an image of a preliminary experiment. This fully 
sintered/fred cylinder (20mm in diameter by 100 cm tall) has a 
bottom 3/4 (orange color) of bronze and a top 1/4 (dark brown) of 
clay. We were surprised that this print did not break at the transition 
between the two materials during fring and are excited to continue 
exploring material blends. 

https://14https://skutt.com/products-page/ceramic-kilns/firebox-8x6-lt
https://13https://www.tronxy3d.com/products/tronxy-moore-2-pro-ceramic-clay-3d-printer
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Figure 17: A sintered/fred print that combines bronze (bot-
tom 3/4) and clay (top 1/4) in a single print. 

We believe that the low-cost, accessible nature of CeraMetal 
will open up 3D printing with metal to new audiences in HCI and 
beyond. We specifcally see metal 3D printing having an impact 
on the manufacturing industry when it comes to functional metal 
parts, especially parts that are difcult to manufacture through 
traditional methods such as machine milling. 

We also envision metalworkers and jewelry makers adopting 
CeraMetal in their craft practices, just as clay 3D printing has been 
readily adopted by ceramic artists [10, 21]. It could potentially 
open up new commercial opportunities in (computational) design 
and support a range of new design workfows. We are excited to 
investigate these kinds of opportunities going forward. 

8 CONCLUSION 
In this paper, we present CeraMetal, a low-cost method for desktop 
metal 3D printing that employs a custom metal clay. We intro-
duced three recipes for a printable bronze clay and demonstrated 
the versatility and robustness of our approach by printing several 
diferent designs. Our material analysis indicates that our parts 
have characteristics similar to those produced via other printing 
methods. We believe that this approach to metal printing provides 
new and valuable afordances to HCI researchers exploring digital 
fabrication including the ability to create custom material blends 
and to quickly and cheaply create metal prints using of-the-shelf 
printers and simple low-cost materials. 
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