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As the HCI community continues to develop new materials for tangible 
interfaces, the way in which knowledge is disseminated has also expanded 
to more effectively communicate complex, embodied material experiences. 
Accordingly, we explore two goals in this pictorial: (1) to develop new sustainable 
biomaterials for 3D printing, thus extending the current library of materials 
for digital fabrication, and (2) to further the way the pictorial format is used to 
disseminate material knowledge by exploring alternative types of publications, 
specifically cookbooks. This cookbook discusses how to develop biomaterials 
for paste extrusion 3D printing by first introducing printability, usability, and 
sustainability as qualities that biomaterial recipes should strive to achieve. We 
then present ingredients, tools, and processes for working with biomaterials, 
followed by three exemplary biomaterial recipes made from sawdust, orange 
peels, and tree leaves. The cookbook closes with recommendations for adapting 
new biomaterials in the future.
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1. print one-sided 
copy of cookbook

2. cut the cover 
in half and fold 
the internal pages 
inward along 
dotted line 

5. adhere blank 
pages together 
(e.g., back of front 
cover to back of 
p1, back of p2 to 
back of p3, etc.) 
then read!
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more extensive instructions can be  
found in our supplementary materials

3. stack internal 
pages on top of 
each other in order 
and place the front 
and back covers on 
top and bottom

4. staple at 
designated spots 
to bind cookbook
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and Extrudable 
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Abstract

How to Assemble this Pictorial
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Cooking and science have entangled 
histories, with cooking being known 
as a form of practical chemistry [54]. 
Recipes and scientific protocols hold a 
high resemblance to one another, both 
including a list of required ingredients 
and tools, as well as a step-by-step 
procedure. Recipes/protocols act as 
a way for cooks/scientists to both 
disseminate their work as well as 
reproduce the work of others. Beyond 
reproducibility, however, the recipe/
protocol can also act as a starting point 
which can then be flexibly adjusted 
and adapted to suit specific needs and 
requirements.

Cooking, ceramics, and biology 
communities have long used recipes as 
a format to communicate Do-It-Yourself 
(DIY) procedures for everything from 
baking soufflés [16] and formulating 
glazes [18, 33] to editing DNA [23, 47] 
and making bioplastics [24, 48, 53]. 
Inspired by the recipe as a tradition 
for sharing knowledge of physical 
practices, we utilize the cookbook 
format to present a collection of our 
own biomaterial recipes. 

Just like a traditional cookbook, this 
pictorial is intended to encourage 
readers to engage in making our 
recipes and adapting new recipes 
of their own. Through these recipes, 
we hope to communicate embodied 
material knowledge that can be lost 

through other forms of written 
dissemination. In doing so, we align 
ourselves with other HCI researchers 
engaged in academic publishing 
that utilizes the pictorial format 
“as a platform for sharing activities 
and modes of representation that 
can scaffold craft knowledge” [22] 
by employing more instructional, 
interactive, and creative methods for 
imparting material knowledge [19, 20, 
26, 36, 62, 84].

We intend for this cookbook to be 
printed out and assembled so that it 
can live beyond traditional academic 
settings in makerspaces, kitchens, and 
creative labs—acting as a practical 
‘how-to’ guide for making biomaterials 
for paste extrusion 3D printing.
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We are a team of human-computer interaction (HCI) researchers based in the 
arid desert of New Mexico, who have been developing biomaterials for the past 
5 years and developing materials specifically for 3D printing for the past 2 years. 
Drawing on these experiences, we present this cookbook to build a deeper 
understanding within the HCI community of how to approach the development 
of sustainable biomaterials for 3D printing. This work by no means presents the 
“only” or “best” way to develop biomaterials, but intends to share our learnings 
from the past few years to support other practitioners in designing new materials 
that extend the options for sustainable 3D printing and tangible interfaces.

Why a Cookbook?
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With rising demands for physical 
goods such as consumer electronics, 
fashion, and homeware, it is now 
more imperative than ever to consider 
sustainable modes of making, using, 
and disposing. Within the field of 
HCI, design researchers have begun 
developing methods and materials 
for the circular design and disposal of 
goods [12, 50]. Methods of unmaking 
[71] such as upcyling, repairing, and 
disassembling have introduced new 
design workflows that encourage the 
continued use of existing material 
goods like electronics [42, 44, 52], 
textiles [49, 83], and 3D prints [73, 
79]. Beyond these methods, new 
biodegradable materials have been 
developed to promote ecological 
regeneration [17, 41].

Biodegradable materials are most 
commonly referred to as biomaterials—
materials derived from biological 
sources that biodegrade naturally when 
disposed of in the environment [11]. 
Popular biomaterials include mycelium 
[32, 34, 77, 81], algae [4, 45, 74, 86], 
microbial cellulose [7, 8, 58-60], plants 
[15, 38, 71], and food waste [10, 68], 
which have been used as sustainable 
alternatives to plastics, fabrics, foams, 
concretes, and clays. In this cookbook, 
we present a collection of clay-like 
biomaterials designed specifically for 
paste extrusion 3D printing. 

Due to the increasing popularity of 3D 
printing as a method for fabricating 
beautiful objects with forms, textures, 
and computational meaning that 
cannot be achieved by hand, we 
present sustainable biomaterial 
alternatives to traditional materials for 
3D printing, namely plastics. Polylactic 
acid (PLA) and Acrylonitrile Butadiene 
Styrene (ABS) are the most commonly 

used printing materials. While PLA 
is bio-based it does not naturally 
biodegrade in the environment, 
instead requiring commercial 
composting systems [46]. Meanwhile, 
ABS is derived from petroleum and 
cannot biodegrade when disposed 
of [61]. Moreover, PLA and ABS are 
notoriously difficult to recycle [37]. In 
contrast, our biomaterials are derived 
from renewable bio-waste streams, 
readily biodegrade when disposed 
of in the environment, and are easily 
recyclable. As such, these biomaterials 
enable a more sustainable avenue for 
3D printing.

Previous biomaterials developed for 
3D printing have been made from 
spent coffee grounds [68], corn and 
wheat flour [14], pecan shell flour [28], 
mussel shells [69], and bamboo fibers 
inoculated with mycelium [70]. We add 
three new biomaterial recipes—based 
on sawdust, orange peels, and tree 
leaves—to this growing library, as well 
as a broader set of considerations and 
methods regarding DIY biomaterial 
development to promote more 
widespread use of sustainable 
materials for 3D printing.

We design all of our biomaterials 
for paste extrusion 3D printing. Also 
known as Direct Ink Write (DIW or 
DW) printing or Robocasting [63], this 
additive fabrication technique builds 
objects by extruding material in layers. 
Instead of extruding a filament like PLA 
or ABS, we use printers that extrude 
paste-like materials. This approach has 
been widely used to print clays [13, 21, 
30], foods [43, 51, 56], and hydrogels 
[31, 55, 65].

We print our biomaterial recipes with 
a low-cost commercial paste extrusion 
desktop printer called the Eazao Zero 
[27]; which resembles other printers 
such as the PotterBot [66], WASP [80], 
TRONXY [75] and Lutum [78].

To print with the Eazao, we load the 
print tube with a given biomaterial. 
Motor 1 then turns a plunger that 

pushes the biomaterial through the 
print tube and connector tube into 
the print head. Motor 2 turns the 
auger mechanism within the print 
head, which pushes the biomaterial 
out of a 1.5 mm inner diameter nozzle 
at an extrusion rate of 0.7 mm/mm. 
The biomaterial is then printed at a 
speed of 1000 mm/min onto a small 
wooden board lined with a mesh fabric 
to enable the easy removal of printed 
objects from the print bed. As the 
biomaterial is extruded, it is partially 
dried by a custom heater system we 
built that fits around the nozzle.

To control the Eazao, we upload 
.gcode files designed in Rhino 3D 
and Grasshopper. We employ open-
source software developed by the HCI 
community for clay 3D printing such 
as WeaveSlicer [30], CoilCam [13], and 
Extruder Turtle [64].

we use an Eazao Zero [27]  
to 3D print all of our  
biomaterials in this work

3D printing tree leaf biomaterial

Sustainable Biomaterials in HCI Paste Extrusion 3D Printing

3D printed sawdust biomaterial

print board with mesh
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To achieve a printable biomaterial, its rheology is the biggest consideration. 
Rheology is the study of how matter deforms and flows when subjected to an 
applied force [3], which, in our case, describes how the biomaterial flows through 
the 3D printer. Several qualities play into the rheology of a material, we look 
at the rheological characteristics of our biomaterials through the qualities of 
cohesion, hardness, flow, and stability.

Cohesion. The biomaterial forms a uniform paste with no clumps and a 
consistent texture that holds together by not being too wet or too dry. Test 
cohesion by looking at and feeling the biomaterial paste. We recommend 
grinding and sieving all ingredients to a small size before mixing for cohesion.

Hardness. The biomaterial paste is soft enough that it can be pushed through 
the printer, but hard enough that it is stable on the print bed. Test hardness 
through feel and with a penetrometer [14]. We aim for hardness penetrometer 
values between 0.2-0.3 kg/cm2.

Flow. The biomaterial paste has shear-thinning rheological flow behavior, 
meaning that it behaves more like a liquid when force is applied and more like 
a solid when force is removed [57, 85]. Test flow by extruding the biomaterial 
paste with a hand-held syringe and/or with the 3D printer. We recommend 
looking for a cohesive paste that requires minimal force to extrude.

Stability. The biomaterial paste is stable on the print bed once extruded, 
allowing layers to build up on top of each other without collapsing. Test stability 
by observing how the biomaterial paste holds up as an object is printed. We 
recommend checking stability by observing how basic cylinders are printed. Find 
our cylinder .gcode file in supplementary materials.

6

  
QualitiesQualities
To develop a biomaterial that is printable (i.e., can be reliably extruded by 
the printer), usable (i.e., results in a final printed object of high quality), and 
sustainable (i.e., is derived from renewable sources and degrades naturally in 
the environment), we identify 10 separate, yet interdependent qualities that 
recipes should consider. We identified these qualities by first reviewing related 
literature, notably taking inspiration from Duty et al.’s technical overview of 
material characteristics for 3D printing [25]. We further surfaced and refined 
these qualities through our personal recipe development process; selecting final 
qualities that best guided us in choosing appropriate ingredients and ingredient 
ratios. Each quality is paired with recommended properties, measurements and 
tests to gain insight into how the biomaterial aligns with the given quality.  

To achieve a usable biomaterial, it must dry in a predictable way and lead to a 
durable object. Shrinkage can be the largest issue; drastic shrinkage can result in 
biomaterial objects that do not resemble the initially designed form and that are 
not structurally sound. 

Predictability. The printed biomaterial object resembles the designed 
model, meaning the object does not crack or distort dramatically during drying. 
Test predictability by observing how a complex form dries and by calculating 
the shrinkage rate, which is the relative change in size of the object [9]. We 
recommend observing a how a complex vessel dries and measuring the 
shrinkage of cylinders in both height and diameter. Find our cylinder and vessel 
.gcode in supplementary materials.

Durability The printed biomaterial objects is structurally durable, meaning it 
can be reasonably applied to real-world use cases without breaking, crumbling, 
or falling apart. Test durability through measuring strength and observing objects 
in-situ over time. While there are many types of strength, we recommend testing 
compression strength by following ASTM C773 [1], the standard test method for 
uniaxial compressive strength of clay materials using a universal testing machine. 

Printability

To achieve a sustainable biomaterial we select bio-based ingredients and examine 
modes of circular disposal via recyclability, dissolvability, and biodegradability.  

Biobased. The ingredients that make up the biomaterial recipe are grown and 
derived from renewable, biological sources such as plants, animals, and fungi.

Recyclability. The dried biomaterial, including print waste, failed prints, and 
no longer wanted objects, can be transformed back into a printable paste. We 
recommend checking recyclability by grinding up dried biomaterial into a  
powder and rehydrating it into a printable paste [14].

Dissolvability. The biomaterial breaks down into non-toxic biomass in a 
water environment. Test dissolvability by submerging a printed biomaterial 
object in water and observing it over time [68]. We recommend observing the 
disintegration of a biomaterial tile in room temperature water. Find our tile  
.gcode in supplementary materials.

Biodegradability. The biomaterial breaks down into non-toxic biomass, 
carbon dioxide, and water when disposed of in a composting system or the 
natural environment. Test biodegradation by observing the sample assimilate into 
the environment and/or measuring the mass loss of a biomaterial over time [6, 
7, 72]. To be considered compostable, the biomaterial must biodegrade 90% in 
less than 180 days, in a composting environment [2]. We recommend following a 
DIY version of ISO 16929 [29], the standard method for testing the disintegration 
of a given material within soil, where we observe a printed biomaterial tile 
biodegrade. Find our tile .gcode file in supplementary materials.

printability usability sustainabilitysustainability
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Fillers. Solid ingredients that the 
biomaterial primarily consists of, the 
ingredient that volumetrically fills up 
the most space. Fillers can be mineral 
or cellulose-based. Given the wide 
range of ingredient options, the filler 
has the greatest impact on the final 
characteristics of the biomaterial: 
texture, color, smell, shrinkage, density, 
strength, etc. Fillers must be combined 
with a specific ratio of stabilizers, 
binders, and liquids to achieve the 
necessary printability and usability. 
We use different cellulose-based fillers 
sourced from local waste streams for 
each recipe.

Stabilizers. Non-absorbent 
ingredients that provide stability and 
predictability to the biomaterial. Most 
stabilizers are mineral-based. They 
are crucial for minimizing shrinkage, 
thus usability. Bio-based stabilizers are 
grown from bones, shells, and eggs. 
Non-bio-based but biodegradable 
binders include sand and dirt. We 
use eggshells in all of our recipes as a 
readily available, bio-based stabilizer.

Binders. Absorbent ingredients that 
bind the filler and stabilizer ingredients 
together. Binders are required to 
achieve a cohesive biomaterial paste, 
with shear-thinning flow behavior. 
Common bio-based binders include 
wheat flour, gelatin, agar, alginate, 
methylcellulose, and xanthan gum. We 
use a combination of methylcellulose 
(a powder derived from plant cellulose) 
and xanthan gum (a powder derived 
from fermented sugar). 

Liquids. Ingredients that transform 
all the dry powders into a cohesive, 
wet biomaterial paste. Water is 
required to activate binder ingredients, 
however, other liquid ingredients 
can be employed. For instance, we 
experimented with oil to improve 
predictability and vinegar as a 
preservative.

Pigments. Ingredients such as 
turmeric, beetroot, and activated 
charcoal that can be added in small 
quantities to change the color and/
or the conductivity of the biomaterial 
without impacting the biodegradability 
or bio-based quality.

Post-Printing. Ingredients that 
are added to the printed biomaterial 
object to achieve specific qualities and 
aesthetics, such as coating the object 
with beeswax for waterproofing or 
vegetable oil to give a shine.

Guided by our past experiments and our qualities for printability, usability, and 
sustainability, we identified ingredients that we found were necessary to make 
biomaterials that suited our requirements. We categorize these ingredients into 
four core groups (fillers, stabilizers, binders, and liquids), as well as two additional 
groups of optional ingredients (pigments and post-printing ingredients). We note 
that this is just a starting point to understand what goes into a biomaterial and 
can be adjusted and expanded upon in the future. 

    
IngredientsIngredients

Our recipes present ingredients in terms of their weight for easy reproducibility. 
However, when developing recipes, we look at ingredients in terms of their 
volume, especially when identifying the ratio of fillers to stabilizers and dry 
ingredients to liquid ingredients. While our recipes show that we have more 
stabilizer by weight, our recipes are primarily filler by volume. This is due to our 
fillers being less dense than our stabilizers. Meanwhile, all of our recipes have a 
volume ratio of approximately 100 parts dry ingredients (fillers, stabilizers, and 
binders) to 80 parts wet ingredients (liquids).

orange peels from our 
personal consumption

sawdust from a local  
furniture artist’s woodshop

washed eggshells

dirty eggshells sourced  
from local restaurant

collecting cottonwood leaves 
on our university campus 

methylcellulose

xanthan gum

water

vegetable oil

ground eggshell powder

harvesting eggs from  
local chicken coops
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1. select recipe 2. prepare all tools and 
ingredients

3. combine ingredients 
into a cohesive paste 

4. design and slice 
model, then upload 
.gcode to 3D printer

5. fill print tube with 
biomaterial paste

6. prepare printer by 
attaching print tube and 
setting up print bed

7. print model 8. remove printed 
object from print bed 
and let it dry 

9. once completely dry, 
use finished object

ProcessProcess
    
ToolsTools
Beyond the required measuring equipment, mixing bowls, stirring utensils, and 
paste extrusion 3D printer, we identify the following optional tools that can assist 
in working with these biomaterials. 

Grinder. Grind large ingredients to 
a smaller particle size to ensure the 
biomaterial paste is cohesive in texture. 
Electric blenders and coffee grinders are 
the most efficient, but a mortar and pestle 
can also work. 

Sieve. Use a mesh sieve to get all the 
ingredients to a small enough particle size 
for easy extrusion. We use a sieve with a 
mesh size of 60, which results in particles 
that are 250 microns in size. The maximum 
printable particle size is determined by 
the size of nozzle used when printing.

Stand Mixer. Make large batches of 
biomaterial quickly and easily by mixing 
ingredients in an electric stand mixer.  

Penetrometer. Measure the hardness 
of the biomaterial paste before printing 
it with a hand-held fruit firmness 
penetrometer. We aim for a hardness 
between 0.2-0.3 kg/cm2.

Heater. We use a custom heater that 
sits around the nozzle of our printer to 
improve stability of the biomaterial on 
the print bed. The heater is made up of 
two fans that blow air across two coils of 
nichrome heating wire. Find instructions 
for how to make this open-source heater 
in our supplementary materials.

Dehydrator. A food dehydrator set to 
130°F (55°C) can be used to quickly and 
evenly dry printed biomaterial objects. 

Universal Testing Machine. To 
test the strength of printed biomaterials, 
use a universal testing machine. A 
50-kilonewton force load cell, at a  
10 mm/min rate provides reliable results. 

Specialized Equipment
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Sawdust Bio-PasteSawdust Bio-Paste
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•	 25.0 g sawdust
•	 34.0 g eggshells
•	 1.75 g methylcellulose
•	 1.00 g xanthan gum
•	 15.0 g vegetable oil
•	 85.0 g water

1.	 sieve sawdust to 60 mesh, sawdust waste 
from sanding is ideal 

2.	 mix sawdust with eggshell powder, xanthan 
gum, methylcellulose, water, and vegetable 
oil to form ~75 mL of a cohesive paste

3.	 print, dry, then use sawdust object 

Recipe Preparation

Not your typical wood 3D printing! Unlike wood PLA that has the qualities of 
plastic, this sawdust recipe looks, feels, and behaves like wood. Qualities

Notes

driedprinted
ρ = 1.42 g/cm3 ρ = 0.72 g/cm3

h 
=

  2
.9

8 
cm

h 
=

  3
.2

1 
cm

d = 3.12 cm d =  2.95 cm

m = 11.0 g m = 5.30 g

0 hours 104 hours

day 90day 60day 0 day 30

This recipe uses a volume ratio of 75 parts sawdust (filler) to 25 parts eggshells 
(stabilizer). Fine sawdust from sanding was collected from a local furniture artist’s 
woodshop. The sawdust consisted primarily of hardwoods like oak, cherry, and 
walnut. We imagine the recipe having to be slightly altered to support sawdust 
from softer woods like fur and pine, or woodflour, which is made from pulverizing 
dried wood. Of our three recipes, this one has the lowest shrinkage and is the 
least dense when dried. It also takes the longest to dissolve and biodegrade. 
Biodegradability was tested using local soil from Albuquerque, NM in a 
dehydrator set to 130°F (55°C). Environmental factors will impact results.

shrinkage in height = 6.95%
shrinkage in diameter = 5.28%
strength = 2.23 ± 0.30 MPa
recycle: 50 g biomaterial to 34 g water
dissolve: ~104 hours in water
biodegrade: ~90 days in soil

mix into pastesawdust grind + sieve into powder

3 serving sizes

d =  10.4 cm

h 
=

  8
.8

3 
cm

makes one serving size = ~75 mL (1/3 cup) of bio-paste



grind + sieve into powder
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Notes
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driedprinted density = 1.11 g/cm3 density = 0.94 g/cm3

h 
=

  2
.7

4 
cm

h 
=

  3
.2

7 
cm

d = 3.18 cm
d =  2.72 cm

m = 9.25 g m = 4.99 g

0 hours 72 hours

day 60day 40day 0 day 20

This recipe uses a volume ratio of 60 parts orange peels (filler) to 40 parts 
eggshells (stabilizer). Orange peels were sourced from our personal consumption 
of mandarin and navel oranges. The peels had to be dehydrated before being 
ground and sieved to size. In the future, we imagine exchanging orange peels 
for lemon, lime, or grapefruit skins to get a colorful variety of citrus-based 
recipes, however, differences in the pith will impact the recipe. Of our three 
recipes, this one dissolves and biodegrades the fastest, while also being the 
most dense when dried. Its shrinkage rate falls between the sawdust and tree 
leaf recipes. Biodegradability was tested using local soil from Albuquerque, NM 
in a dehydrator set to 130°F (55°C). Environmental factors will impact results.

shrinkage in height = 10.1%
shrinkage in diameter = 7.91%
strength = 2.24 ± 0.33 MPa
recycle: 50 g biomaterial to 26 g water
dissolve: ~72 hours in water
biodegrade: ~60 days in soil

1.	 dehydrate orange peels, grind them into 
powder, and sieve the powder to 60 mesh 

2.	 mix orange peel powder with eggshell 
powder, xanthan gum, methylcellulose, and 
water to form ~75 mL of a cohesive paste

3.	 print, dry, then use orange peel object

Recipe Preparation

Orange Peel Bio-PasteOrange Peel Bio-Paste
This fun and fresh recipe is perfect for when you have a citrus craving! Instead of 
throwing away your orange peels, transform them into this recipe. 

•	 21.0 g orange peels
•	 60.0 g eggshells
•	 3.40 g methylcellulose
•	 1.00 g xanthan gum
•	 85.0 g water

print objectmix into pasteorange peels

3 serving sizes

d =  9.45 cm

h 
=

  8
.0

5 
cm

makes one serving size = ~75 mL (1/3 cup) of bio-paste
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Qualities

Notes

driedprinted
ρ = 0.96 g/cm3 ρ = 0.84 g/cm3

h 
=

  2
.7

9 
cm

h 
=

  3
.2

2 
cm

d = 3.18 cm
d =  2.90 cm

m = 8.64 g m = 5.29 g

0 hours 82 hours

day 75day 50day 0 day 25

This recipe uses a volume ratio of 70 parts tree leaves (filler) to 30 parts eggshells 
(stabilizer). Tree leaves were sourced primarily from cottonwood trees around our 
university campus and apricot trees from our backyards. Our leaves resulted in 
an orange-colored biomaterial, but we see a colorful palette of biomaterial being 
developed from different tree leaves. The type of tree leaf and the amount of 
time the leaves have been decaying on the ground will impact the recipe. Of our 
three recipes, this one has the highest shrinkage, but falls between the sawdust 
and orange peel recipes in terms of density, dissolvability, and biodegradability. 
Biodegradability was tested using local soil from Albuquerque, NM in a 
dehydrator set to 130°F (55°C). Environmental factors will impact results.

shrinkage in height = 13.3%
shrinkage in diameter = 8.80%
strength = 2.27 ± 0.32 MPa
recycle: 50 g biomaterial to 32 g water
dissolve: ~82 hours in water
biodegrade: ~75 days in soil

•	 49.0 g fallen tree leaves
•	 34.0 g eggshells
•	 2.20 g methylcellulose
•	 1.30 g xanthan gum
•	 15.0 g vegetable oil
•	 60.0 g water

1.	 dehydrate leaves (if not already dry), grind 
into powder, and sieve powder to 60 mesh 

2.	 mix tree leaf powder with eggshell powder, 
xanthan gum, methylcellulose, and water to 
form ~75 mL of a cohesive paste

3.	 print, dry, then use tree leaf object

Recipe Preparation

Tree Leaf Bio-PasteTree Leaf Bio-Paste
Be-leaf us when we say you will want to try this recipe! Made from fallen tree 
leaves around the city, this recipe is best created during the autumn. 

grind + sieve into powder print objectmix into pastetree leaves

3 serving sizes

d =  9.72 cm

h 
=

  8
.3

4 
cm

makes one serving size = ~75 mL (1/3 cup) of bio-paste



Our recipe adaption workflow relies 
on understanding “failed” recipe 
iterations in terms of our qualities. For 
example, a recipe that is too soft or too 
hard would be a hardness failure. The 
simple fix for this failure is to adjust the 
amount of liquid. 

In contrast, an unstable recipe (i.e., 
a recipe that lacks structural stability 
and/or lacks a high print quality once 
extruded) is much more complex. It 
requires fine-tuning of all ingredients, 
but often depends on the amount of 
binders. In our recipes, this requires 
finding an appropriate ratio of 
methylcellulose to xanthan gum. This 
becomes even more complicated when 
considering flow, which is also often 
dependent on the binders. It is key 
to find a recipe that is shear-thinning 
(i.e., it flows like a liquid when force is 
applied and acts like a solid when force 
is removed). Xanthan gum is good at 
enabling flow, while methylcellulose 
improves stability. 

Finding a balance between 
predictability and durability was also 
a complex process. Our stabilizer, 
eggshells, reduces the durability of 
printed objects. However, if we do 
not incorporate any stabilizer, printed 
objects are subject to significant 
shrinking, deformation, and cracking. 

We also came across more unique 
“failures” that are not entirely captured 
by our workflow. For example, some 
orange peel objects began to grow 
mold due to slow, room-temperature 
drying. While the moldy objects are 
considered unusable from a human 
perspective, the mold indicated that 
the recipe is likely to biodegrade 
rapidly and can serve more-than-
human purposes [5, 6].  

test dissolvability, recycleability, and biodegradability 

Recipe Adaption Workflow
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make recipe

print recipe

dry printed object

adjust recipe

test cohesion
test hardness

test flow
test stability

test predictability
test durability

background reserach and identification of similar recipe(s)

choose a biobased filler ingredient

choose stabalizers, binders, and liquids

too soft or  
too hard 

print  
collapses

feels too crumbly  
or delicate to be  
used for application

incohesive

cracks or deforms  
when drying

predictable + durable

easy flow + stable

printer cannot 
extrude

adjust recipe

Adapting RecipesAdapting Recipes
Guidance from FailuresDeveloping a new recipe is no small task as it requires significant amounts of 

research, testing, and iteration. To make the process more approachable, we 
outline our workflow for adapting recipes. We note that this is the process we 
followed; it is not optimized for any one quality (e.g., durability, predictability, 
etc.), but has led to reliably printable, usable, and sustainable recipes that mostly 
reflect the filler ingredient. As such, this workflow is a starting point that can be 
adjusted to optimize for specific qualities or user needs. We complement this 
workflow with other considerations and recommendations for adapting recipes. 

print that grew mold

cohesive + right hardness

congrats you have a new recipe!

unpredictable orange peel recipe iteration  
that did not have any stabilizer

unstable leaf recipe iteration that needed  
a different ratio of binder ingredients
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Ingredient Exchanges
Anyone who cooks or bakes knows 
that ingredients cannot always be 
exchanged (e.g., salt is not a substitute 
for sugar). Exchanging mussel shells for 
eggshells, grapefruit peels for orange 
peels, or carboxymethylcellulose for 
methylcellulose is not going to be an 
exact 1 for 1 replacement. However, 
we see our recipes acting as a solid 
starting point that can be finely 
tuned when making these ingredient 
exchanges. More drastic changes 
to the ingredients, such as using 
potato skins, banana peels, or straw 
as the filler ingredients will require 
significantly more adjustment to find an 
appropriate ratio of stabilizer, binder, 
and liquid ingredients. Along these 
lines, filler ingredients can also double 
as stabilizer ingredients or binder 
ingredients. For example, it is possible  
to use eggshells as both the filler and 
stabilizer or wheat flour as the filler and 
binder. Regardless, one of our recipes 

can still be used to at least kickstart the 
recipe adaption workflow.

New ingredients also might entail new 
methods as well. For example, to use 
agar or gelatin as a binder ingredient, 
they need to be combined with water 
and brought to a boil to activate their 
geling properties. These changes 
in the ingredients will dramatically 
change the making process.

Adding optional pigment ingredients 
such as turmeric or activated charcoal 
powders to adjust the color and/
or electrical conductivity of the 
biomaterial also might require the 
recipe to be slightly adjusted; for 
example adding more water to balance 
out the incorporation of more dry 
ingredients. Post-printing ingredients 
like coating the biomaterial object in 
beeswax or oil typically have no impact 
on the recipe, but can change the final 
aesthetics and qualities.

We developed our three recipes with 
the qualities of printability, usability, 
and sustainability in mind. However, 
we did not optimize for any of these 
qualities; instead, we tried to find a 
balance between them. Because of 
this, our recipes face certain limitations 
that we need to account for when it 
comes to applications. In the future, 
users might strive to optimize recipes 
for a specific quality to suit an intended 
application.

For example, our recipes have notable 
shrinkage. While the shrinkage of these 
recipes does not lead to dramatic 
cracking or deformation of printed 
objects, we need to account for the 
amount the object will shrink and 
design models accordingly. Another 
solution can be to adjust the recipe 
by increasing the amount of stabilizer 
and decreasing the amount of filler to 
obtain a more predictable recipe with 
less shrinkage. However, increasing 
the stabilizer in a recipe will cause 
the biomaterial to lose some of the 
aesthetics and properties dictated by 
the filler (e.g., the orange peel recipe 
will look more white than orange).

Durability is another limitation of 
our recipes. While the strength is 
appropriate for household objects 
like plant pots and knick-knack bowls, 
these recipes would not be strong 
enough to survive being dropped on 
the ground or bear enough load for 
furniture or architectural purposes. 
Increasing the particle size of the 
ingredients (especially of the stabilizer) 
could improve strength and reduce 
shrinkage, as seen with clays and 
concretes [66]. In some cases, the user 
might want to optimize for durability, 
while not constraining themselves to 

using only bio-based ingredients, in 
which an ingredient such as white glue 
(a synthetic resin made of polyvinyl 
acetate) might be utilized as another 
binder ingredient to increase strength, 
as seen with Buechley and Ta’s 
printable play-dough [14]. 

Along these lines, the dissolvability of 
these recipes makes them unsuitable 
for dishware or outdoor paraphernalia. 
However, a previous coffee-ground 
biomaterial by Rivera et al. [68], 
overcomes this limitation by coating 
the printed objects in a biomaterial like 
beeswax to improve water resistance.

Qualities for sustainability can be 
further optimized and expanded 
on in several ways. For example, 
choosing biobased ingredients that are 
considered “waste”, thus extending 
the life cycle of biomaterials through 
reuse, or sourcing ingredients from 
local markets, thus reducing the 
amount of emissions caused by 
shipping ingredients.  

When optimizing for qualities, we 
emphasize that the goal should not 
be to necessarily recreate an existing 
material. These biomaterials will 
never be clay, nor plastic; and we 
find that asking these biomaterials 
to be a perfect substitute for existing 
materials is not generative for design. 
While qualities can be better tuned 
to specific application scenarios, we 
encourage designers to embrace 
the unique qualities, properties, and 
aesthetics of each biomaterial recipe.  
Understanding and embracing the 
uniqueness of each biomaterial can in 
turn inspire new applications previously 
overlooked, as previously exemplified 
in other material-centered design 
practices [10, 40, 73].

using dehydrated green tree leaves 
instead of yellow and orange leaves

orange peel recipe 
with no coating

using wood flour instead of woodshop sawdust

orange peel recipe   
coated in beeswax

a recipe in progress that uses 
eggshells as both the filler and binder
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With rising interest in the materiality 
of physical computing and tangible 
interfaces [35, 39, 76, 82], developing 
and deploying new materials that have 
a minimal impact on the environment 
and in some cases even promote 
environmental regeneration [17, 41] 
is crucial for planetary wellbeing—
environmental damage caused by 
material sourcing and disposal being 
linked to climate change, species 
extinction, and human health. In this 
light, our biomaterial recipes are 
designed from renewable sources and 
can be disposed of circularly through 
recycling and/or biodegradation. 

We present our recipes through a 
cookbook, an instructional format 
that poses information in a familiar 
and unintimidating way. By doing 
so, we hope to emphasize that these 

recipes can be easily and readily 
implemented by other researchers, 
artists, and makers who have access 
to a paste extrusion 3D printer. 
We also encourage these recipes 
to be adapted to suit specific 
needs, applications, machines, 
and ingredients that might be 
abundantly available in different 
locations and cultures around the 
world. In supporting grass-roots 
actions of making, printing, and using 
biomaterials, we hope to not only 
expand the library of creative materials 
currently available to us, but to foster 
more widespread, sustainable making 
practices.

In the future, we envision expanding 
this cookbook by developing more 
biomaterial recipes for 3D printing and 
encouraging others to develop their 

own recipes. We imagine creating an 
online, open-source version of the 
cookbook—similar to other accessible 
biomaterial resources [24, 53]—to 
improve its reach and to enable other 
practitioners to submit recipes they 
have adapted to be added. 

Through continuously adding to 
the cookbook, we hope it grows 
to exemplify other perspectives 
and experiences that take place in 
different environments and ecologies, 
with different printing setups and 
ingredients, and different guiding 
qualities and contexts in mind. By 
expanding the cookbook in this way, 
we hope it becomes more applicable 
to a wider range of people, and thus 
holds a wider impact on how we as 
humans approach sustainability in 
terms of our built environment. 

This work took place at the University 
of New Mexico, which sits on the 
traditional homelands of the Pueblo 
of Sandia. We honor the land itself 
and those who remain stewards of 
this land throughout the generations 
and also acknowledge our committed 
relationship to Indigenous peoples. 
We sincerely thank all the members 
of the Hand and Machine for all their 
feedback and support. This work 
is supported by National Science 
Foundation (NSF) Grant No. 2026218.
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