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Figure 1: Examples of color and texture variations using a single foaming filament. A) Varying translucency. B) Color variations
in a black filament. C) Barcode application using a color contrast. D) Grip texture examples. E) An embedded QR code.

ABSTRACT
We propose a new approach to obtain local property variations in
3D-printed objects using a single-nozzle 3D printer and one fila-
ment. We use foaming filaments which expand at different rates
due to different temperatures. We present an approach to harness
this varying expansion by including parameters of the 3D printing
process in the design space. This makes the foaming programmable
and allows for achieving a wide variety of properties from a sin-
gle material. We show how objects with locally varying shade,
translucency, gloss, and texture can be fabricated. Our approach
turns single-nozzle 3D printers into more versatile systems while
eliminating the challenges of multi-material 3D printing. This is
in contrast to the drive towards an increasing number of printable
materials and more complex 3D printers. We demonstrate the ca-
pability of our approach by 3D printing objects with embedded
barcodes, QR codes, and varying tactile properties.

CCS CONCEPTS
• Human-centered computing→ Human computer interac-
tion (HCI).

KEYWORDS
3D printing, personal fabrication, foaming filaments, digital fabri-
cation
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1 INTRODUCTION
Multi-material 3D printing can enable new functionalities and mate-
rial experiences in products. It allows fabricating complex products
with locally varying properties and functionalities using a single
fabrication process [5, 11, 14]. Among the 3D printing technologies,
fused deposition modeling (FDM) is one of the most widespread
printing technologies, mainly due to its affordability and accessibil-
ity to everyday users.

However, because of the semi-continuous extrusion process,
FDM, even when equipped with multiple nozzles, is generally lim-
ited to a small set of materials per part, where each material can
only be assigned to a discrete volume. Fabricating parts with local
variations within a palette of properties is, therefore, not trivial.
Other multi-material solutions for FDM require significant hard-
ware changes or additions, such as a mixing nozzle [2]. Furthermore,
combining chemically different materials poses challenges to the
printing process [7, 11]. Also, the bonding quality between differ-
ent materials is highly dependent on printing process parameters,
which have to be determined for a given material pair [3, 30, 34].

Within the HCI community, there has been a constant drive to
expand the capabilities of 3D printing technologies. This includes
new workflows for multi-material 3D printing [20, 29], using exist-
ing 3D printing processes in novel ways to allow new interactions
[10, 23], combining 3D printing with textiles [27], and applying
reversible color to 3D-printed parts [26]. The multi-material capa-
bilities have been used, for example, to embed data using infrared
tags [9] or to fabricate objects with pneumatic controls [32].
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We argue that using multiple materials is a means to achieve
multiple properties and not a goal in itself. Complementing the cur-
rent drive for an increasing number of base materials, we propose
an approach that uses one single filament which is programmed
during the 3D printing process to result in parts with multiple prop-
erties. In this case, we use a commercially available foaming PLA
filament as the base material. Foaming filaments have a foaming
agent that releases an expanding gas during extrusion through the
printing nozzle, which creates a foam with a closed-cell structure
[1]. The amount of expansion can be controlled by the printing tem-
perature. We harness this response of the material to the printing
process by using the printing process parameters to program the
final properties of the material. We demonstrate how this method
can be used to fabricate multi-property results with locally varying
color, texture, and translucency. Our approach turns single-nozzle
3D printers into more versatile systems while eliminating the chal-
lenges of chemical and process incompatibility of multi-material
3D printing.

Our main contributions are:

• Introducing a new approach to achieving locally varying
properties in a part using single-extrusion 3D printers

• Presenting an accessible alternative to multi-material print-
ing

• Demonstrating interactive products fabricated with our ap-
proach

2 RELATEDWORK
2.1 Multi-Material Printing with FDM
There are different approaches to fabricating multi-material parts
with FDM. With a standard single-nozzle FDM printer, it is possible
to pause mid-print and manually insert another material into the
fabricated part [18]. This print-pause-print approach requires signif-
icant manual intervention. Automating the material-switching pro-
cess is the method of Programmable filament [29]. In their approach,
a filament is pre-fabricated and composed of different material seg-
ments. Each programmable filament is custom-made specifically
for the object to be printed. Commercial add-ons also exist that
pre-splice different filaments into one thread, so that multi-material
parts can be fabricated using one single nozzle1.

Some of the FDM printers on the market are equipped with
multiple nozzles. As the printer then needs to switch between
the materials continuously, the applications are generally limited
to parts where one material is assigned to a discrete region of
the part. For example, it is not trivial to assign a region in which
specific ratios of the twomaterials are applied.Multi-nozzle printing
also limits the material combinations that can be used, as not all
combinations are compatible. Bonding between two materials can
be improved by an interlocking structure [16].

A different approach to multi-material FDM printing is a mixing
nozzle where multiple filaments are fed into a single nozzle, and
their feed rate is adjusted according to the desired material com-
position [2, 12]. This approach allows functionally graded parts by

1https://www.mosaicmfg.com/products/palette-3-pro

mixing materials in the melt chamber with varying feed rates. How-
ever, it requires specialized hardware, different from the extrusion
systems found on common FDM printers.

2.2 Foaming Materials
Recently, a new category of materials for FDM 3D printing has
become available. These are filaments that are saturated with foam-
ing agents [15, 22] and expand into a foam while printing. The
expansion occurs due to the activation of the foaming agent by the
printing temperature and the sudden pressure drop after the print-
ing nozzle. The characteristics and resultant material properties
of the 3D printed foam are highly affected by 3D printing process
parameters. The influence of parameters such as nozzle tempera-
ture, cooling, material flow, and print speed on foammicrostructure
and density of the printed material has been investigated. Some
of the prior work aimed at tailoring the mechanical properties of
the 3D printed foam [6, 8, 15, 25], while others presented continu-
ous hierarchical structures by controlling the foam microstructure
[19, 21, 31].

Most existing applications of foaming filaments employ their
lightweight properties [13, 17, 28]. Medical applications demon-
strated the use of the porous structure of the PLA foam as a bone
simulant for surgical training [33] and as a medical scaffold [4].
There are also a few applications that utilize the varying density
of foaming TPU for custom crutch grips [24] and hardness for soft
pneumatic actuators with variable stiffness [8].

3 OVERVIEW OF XPANDABLES
The significance of our approach is using a single filament to achieve
a multi-property result, leveraging the response of the filament
to the printing process. We utilize the property changes of the
foamingmaterial at different expansion rates by varying the process
parameters during 3D printing. This allows us to vary the properties
within a printed object locally. Using the locally varying properties,
or using the contrast between them, we define a design space.

The foaming filaments we use can be extruded in an unfoamed
state at lower temperatures. With higher temperatures, the foaming
agent inside creates voids, and the material expands. The amount of
the expansion is mainly temperature-dependent, but other process
parameters are also affecting it.

Contrary to a conventional FDM printing workflow, where pro-
cess parameters are set during the slicing step to optimize printabil-
ity and part quality, we include the process parameters in the design
space. Since the process parameters can be programmed and varied
within a range of possible values, we consider the foaming of the
filament to be programmable in our approach. For the entry-level
design pipeline, users need to split their 3D design into multiple
bodies, each corresponding to a desired property. Slicing software
is then used to assign the different process parameters to each part
according to the desired material properties. This is an accessible
workflow for everyday users where standard CAD and slicing soft-
ware are sufficient to obtain local property variations within the
design. The design pipeline that offers more fine-grained control,
such as graded transitions of properties, requires a dedicated script
that generates g-code with custom toolpaths and fine-tuned process
parameters.
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4 DESIGN SPACE
4.1 Materials
Currently, PLA, ASA, and TPU-based foaming filaments are com-
mercially available. This paper discusses our approach on foaming
PLA, namely LW-PLA by Colorfabb2. However, comparable de-
sign space and characterization of foaming apply to other foaming
materials similarly.

4.2 Foam expansion rate
The microstructure of the printed foam affects the material proper-
ties significantly. By controlling the process conditions, hence the
foaming rate, we can obtain a range of properties. A major indicator
of foaming is the change in density, or the expansion rate, in com-
parison to the unfoamed state of the material. Foaming materials
exhibit a range of different properties depending on the process
temperature. According to our findings, the density of LW-PLA
ranges from 0.51 g/cm3 to 1.24 g/cm3, between the unfoamed and
maximum foamed states.

4.3 Visual and tactile properties
4.3.1 Color. A visual effect of foaming is the color shade change
of the material. We show how the changes in color are related to
the expansion rate; with an increasing expansion rate, the printed
material appears lighter. Figure 2 shows the color variation of a
black filament at different expansion rates. The color of the printed
part ranges from black in the unfoamed state to light gray, the color
at the highest expansion rate. A similar variation happens with
different color filaments; however, the highest apparent contrast
was achieved with black filament. Here, we show the color changes
at steps of 5◦C nozzle temperature; a finer color gradient can be
achieved with smaller steps.

4.3.2 Translucency. The translucency of the printed part varies at
different expansion rates. This is most evident with the white color
filament. The sample in Figure 3 shows a translucency gradient
created with an increasing nozzle temperature. While the unfoamed
state is translucent, the highest expansion rate produces a distinctly
more opaque material.

4.3.3 Texture. The expansion rate has an effect on the printed sur-
face’s texture as it creates variations in surface roughness. The dif-
ferences in surface roughness can be observed in Figure 2. We found
noticeable visual and tactile changes, such as softness, warmth, and
reflectivity, within an 80◦C interval of nozzle temperatures. The
material feels softer and warmer as the expansion rate increases
while the reflectivity reduces significantly. The difference can be
seen more clearly by comparing the unfoamed sample at 205◦C
with the highly foamed sample at 205◦C.

An interesting effect of foaming is on the visibility of the lay-
ers. The layer lines become less evident with increasing nozzle
temperature.

Apart from the texture change with the expansion rate, we were
also able to create bumps on the surface by controlling the flow
rate. Using the volume expansion at 100% flow and guiding the
expansion in the line width or z-height directions, surface bumps

2https://colorfabb.com/lw-pla-black

up to 0.2 mm on both vertical and horizontal surfaces were achieved.
Higher bumps can be achieved on vertical surfaces by modifying
the print path and on horizontal surfaces by increasing the flow
rate and z-height.

5 CHARACTERIZATION
5.1 Process temperature
The nozzle temperature is the main parameter to influence the
heating of the extruded material and, therefore, the expansion.
Additional parameters related to heating and cooling are secondary
to fine-tuning the extrusion temperature.

Nozzle temperature (NT): Themaximum temperature thematerial
reaches during the extrusion process defines the state of the printed
material. The primary heat source for this is the nozzle.We extruded
LW-PLA within an NT range of 190 to 280◦C. As seen in Figure
4, at 40 mm/s print speed, the foaming agent starts to act around
210◦C, the expansion peaks around 245◦C, and from there on there
is a decrease in expansion until 280C. In terms of color and density,
reaching comparable results on both sides of the peak is possible.

An essential consideration for NT is to minimize temperature
changes during printing. One reason for this is the time required
to change NT, which is especially important when printing with a
single extruder. Large changes in NT are time-consuming and may
reduce the print quality due to the cooling of the already printed
part. Besides, there is potential material oozingwhile waiting for the
temperature change. Another reason to minimize the NT change
range is that large temperature differences between printed regions
may affect each other.

Build plate temperature (PT): A heated build plate provides a
heated printing environment which is especially significant for
the initial layers. Since it affects a layer in its entirety, this is a
parameter to account for when setting the NT.

Build chamber temperature (CT): We found that ambient temper-
ature influences the expansion rate. Therefore, it is important to
avoid fluctuations in ambient temperature. If available, CT control
would improve the accuracy of the results, and it should be taken
into account for NT. The 3D printer we used for the experiments
did not have CT control, but we performed the experiments at a
fixed ambient temperature within an enclosed environment.

Cooling rate (CR): The cooling fans on the print head also affect
the expansion rate. Figure 5 compares 100% cooling with no cooling.
As seen with the color shift between two images, 100% cooling has
a similar effect to reducing NT by 5◦C. Changing the CR can be
done much faster than changing NT, and there are no side effects,
as in the case of NT. Hence, the benefit of using the CR is to reduce
the required changes in NT.

5.2 Print speed
Besides the influence of NT, the duration of the material’s exposure
to heat also affects foaming. Hence, the activation of foaming in-
creases with prolonged exposure to heat. The time of exposure is
directly related to the print speed. Figure 4 shows the influence of
print speed on expansion rate. As seen in the figure, foaming starts
at a lower temperature at low print speed, and the material expands
rapidly with increasing temperature. Inversely, we can see a delay
in expansion at high print speed. Therefore, alongside NT, print
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Figure 2: Color and texture at four different expansion rates.

Figure 3: Translucency change at varying expansion rates.

speed is a possible parameter to vary the desired expansion rate.
It is important to note that moderate print speeds provide a better
gradient of expansion rate and, thus, of the resultant properties at
varying NTs.

5.3 Extrusion rate
The changes in expansion rate require control over the amount
of extruded material to direct the volume of a printed line. The
additional volume of foaming can be used for faster prints by wider
extrusion lines or thicker layers. We use this volume expansion to
create surface bumps by regulating the flow rate and adjusting the
extruded line’s width or height.

Line width (LW): LW is the horizontal width of the extruded line.
It depends on the nozzle diameter and typically can vary within
a small range. The expansion of the material increases the range
of LW. We can create bumps on the printed walls by directing the
increasing volume in the LW direction. On vertical walls, surface
bumps of approximately 0.25 mm were achieved. Higher bumps or
inclined surfaces may result in the sagging of the material.

Line height (LH): LH is the z-height difference between the nozzle
and printed surface, or in other terms, the layer thickness. LH also
has a range dependent on the nozzle diameter. According to our
tests, it is possible to extend this range using foaming filaments.
With a 0.4 mm nozzle diameter, surface bumps of 0.2 mm were
achieved on horizontal surfaces.

Flow rate (FR): The FR adjusts the amount of material extruded
through the nozzle. This amount is calculated to fill the space for
the given LW and LH along the extrusion move. The adjustment of
FR is normally used to compensate for faults in extrusion. However,

in this case, since the material expands at the nozzle exit, we need
to compensate for the additional volume either by adjusting the
FR or LW and LH. To keep the extruded volume constant, we need
to reduce the FR according to the expansion rate, such as using
a 50% FR for a 2x expansion rate. We can also vary FR locally by
controlling LW and LH to create surface bumps. This way, it is
possible to create a 3D surface texture.

6 APPLICATIONS
6.1 Using color: QR codes
In this example, we show the capability of obtaining a sufficiently
high color contrast via printing parts with a QR code readable by
standard mobile phone cameras. Such a way of embedding data
on objects may have several uses, such as product personalization,
traceability, version control, or sharing product information. Figure
6 shows a use scenario of labeling lids with QR codes. To knowmore
about the jar’s content, the user scans the QR code by phone, which
then leads to a webpage giving information about the contained
herb.

6.2 Using translucency: Barcodes
Similar to the previous example, barcodes can be used to tag ev-
eryday objects. Here we demonstrate the possible translucency
variation and an example use of it to tag the product with con-
ditionally or temporarily available information. Figure 7 shows
a mug with a translucent barcode. The barcode mug reveals the
information only when it is filled with a dark liquid.

6.3 Using Texture: Grip
In product design, texture variations are used for several purposes,
such as improving the product’s appearance or feel, or adding
functionality. Xpandables allows for subtle variations in product
texture that are more nuanced in look and feel compared to the
varying roughness that could be achieved through 3D surface design
or slicing settings that are available in most slicers.

Figure 8 exemplifies possible texture variations for grip surfaces.
This application utilizes friction of the rough surface of the foamed
material, along with the designed texture bumps.

7 DISCUSSION
As the application examples demonstrate, the Xpandables approach
provides an accessible method to create interactive objects using
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Figure 4: Expansion rate with increasing nozzle temperature at three print speeds. The color gradient on top shows the results
at 40 mm/s print speed.

Figure 5: The effect of cooling on expansion rate in terms of
nozzle temperature. Dashed yellow lines indicate the delay
of foaming with the introduction of cooling.

largely available tools. Furthermore, we allow users to interact
with the manufacturing process to use it as a design tool. Besides
contributing to the HCI design toolkit, this brings a different per-
spective on the process, which may trigger further discussions and
design opportunities.

In this work, we used one type of filament and fabricated all
objects on an Ultimaker 3. While the principles of Xpandables are
valid for other FDM printers, some printer-specific fine-tuning is
likely necessary.

In our approach, rapidly switching properties between printed
layers provides fewer issues than switching within a layer. Strate-
gies for more accurate temperature control can improve the quality
of the end results. More optimized printing strategies need to be
developed to minimize printing artifacts such as stringing which oc-
curs at travel and waiting time during nozzle temperature changes.

While this paper focuses on visual and tactile properties, we see
potential design opportunities for using programmable foaming to
achieve variations in mechanical, acoustic, and shape-morphing
properties with the same filament. Also, the design space can be
expanded by using different foaming materials in combination.

Figure 6: Sufficient color contrast to fabricate readable QR
codes A) 3D printed lids with QR codes. B) Scanning the QR
code with a mobile phone. C) QR code leads to a webpage
sharing information about the herb.

8 CONCLUSION
We present Xpandables, an approach to designing and fabricating
objects with local property variations using a single-filament printer.
Utilizing the filament’s varying expansion, we present the printing
process parameters affecting the expansion rate and show how
these parameters are used to program local property variations
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Figure 7: Variable translucency to create conditionally avail-
able barcodes A) Barcode mug. B) and C) The barcode be-
comes readable when filled with a dark liquid. D) Scanning
the barcode with a mobile phone. E) Barcode leads to linked
information.

in designs. We challenge existing methods where increasing the
number of printable properties relies on increasing the number of
base materials.

We demonstrate the capability of our approach to create visual
and tactile variations on objects for interaction. With this work, we
intend to encourage the HCI community to unlock the responses
of filaments to the 3D printing process with the goal of turning
conventional 3D printers into more capable systems without intro-
ducing issues of complex multi-material 3D printing.

ACKNOWLEDGMENTS
This research is partially funded by Ultimaker. We would like to
thank them for their technical support. We also thank Clarice Ris-
seeuw for her generous help with photography.

REFERENCES
[1] Mihrigul Altan. 2018. Thermoplastic Foams: Processing, Manufacturing, and

Characterization. In Recent Research in Polymerization. InTech. https://doi.org/
10.5772/intechopen.71083

[2] David Baca and Rafiq Ahmad. 2020. The impact on the mechanical properties
of multi-material polymers fabricated with a single mixing nozzle and multi-
nozzle systems via fused deposition modeling. International Journal of Advanced
Manufacturing Technology 106, 9-10 (2 2020), 4509–4520. https://doi.org/10.1007/
s00170-020-04937-3

[3] Emila Brancewicz-Steinmetz, Jacek Sawicki, and Paulina Byczkowska. 2021. The
influence of 3d printing parameters on adhesion between polylactic acid (Pla)
and thermoplastic polyurethane (tpu). Materials 14, 21 (11 2021). https://doi.
org/10.3390/ma14216464

[4] Won Jun Choi, Ki Seob Hwang, Hyuk Jun Kwon, Chanmin Lee, Chae Hwa
Kim, Tae Hee Kim, Seung Won Heo, Jung Hyun Kim, and Jun Young Lee. 2020.
Rapid development of dual porous poly(lactic acid) foam using fused deposition
modeling (FDM) 3D printing for medical scaffold application. Materials Science
and Engineering: C 110 (5 2020), 110693. https://doi.org/10.1016/J.MSEC.2020.
110693

Figure 8: A) Example objects with grip textures. B) Surface
texture contrast. C) Surface roughness change on grip sur-
face.

[5] Ido Cooperstein, Ela Sachyani-Keneth, Efrat Shukrun-Farrell, Tamar Rosental,
Xiaofeng Wang, Alexander Kamyshny, and Shlomo Magdassi. 2018. Hybrid
Materials for Functional 3D Printing. Advanced Materials Interfaces 5, 22 (11
2018), 1800996. https://doi.org/10.1002/ADMI.201800996

[6] A. R. Damanpack, André Sousa, and M. Bodaghi. 2021. Porous PLAs with Control-
lable Density by FDM 3D Printing and Chemical Foaming Agent. Micromachines
12, 8 (8 2021). https://doi.org/10.3390/MI12080866

[7] S.C. Daminabo, S. Goel, S.A. Grammatikos, H.Y. Nezhad, and V.K. Thakur. 2020.
Fused deposition modeling-based additive manufacturing (3D printing): tech-
niques for polymer material systems. Materials Today Chemistry 16 (6 2020),
100248. https://doi.org/10.1016/j.mtchem.2020.100248

[8] Mohammadreza Lalegani Dezaki, Mahdi Bodaghi, Ahmad Serjouei, Shukri Afazov,
and Ali Zolfagharian. 2022. Soft Pneumatic Actuators with Controllable Stiffness
by Bio-inspired Lattice Chambers and FDM 3D Printing. Advanced Engineering
Materials (12 2022). https://doi.org/10.1002/ADEM.202200797

[9] Mustafa Doga Dogan, Ahmad Taka, Michael Lu, Yunyi Zhu, Akshat Kumar, Aakar
Gupta, and Stefanie Mueller. 2022. InfraredTags: Embedding Invisible ARMarkers
and Barcodes Using Low-Cost, Infrared-Based 3D Printing and Imaging Tools.
Conference on Human Factors in Computing Systems - Proceedings (4 2022), 12.
https://doi.org/10.1145/3491102.3501951

[10] Jack Forman, Mustafa Doga Dogan, Hamilton Forsythe, and Hiroshi Ishii. 2020.
DefeXtiles. In Proceedings of the 33rd Annual ACM Symposium on User Interface
Software and Technology. ACM, New York, NY, USA, 1222–1233. https://doi.org/
10.1145/3379337.3415876

[11] A. García-Collado, J.M. Blanco, Munish Kumar Gupta, and R. Dorado-Vicente.
2022. Advances in polymers based Multi-Material Additive-Manufacturing Tech-
niques: State-of-art review on properties and applications. Additive Manufactur-
ing 50 (2 2022), 102577. https://doi.org/10.1016/j.addma.2021.102577

[12] Anthony Garland and Georges Fadel. 2015. Manufacturing functionally gradient
material objects with an off the shelf 3d printer: Challenges and solutions. In
Proceedings of the ASMEDesign Engineering Technical Conference, Vol. 4. American
Society of Mechanical Engineers (ASME). https://doi.org/10.1115/DETC2015-
47841

https://doi.org/10.5772/intechopen.71083
https://doi.org/10.5772/intechopen.71083
https://doi.org/10.1007/s00170-020-04937-3
https://doi.org/10.1007/s00170-020-04937-3
https://doi.org/10.3390/ma14216464
https://doi.org/10.3390/ma14216464
https://doi.org/10.1016/J.MSEC.2020.110693
https://doi.org/10.1016/J.MSEC.2020.110693
https://doi.org/10.1002/ADMI.201800996
https://doi.org/10.3390/MI12080866
https://doi.org/10.1016/j.mtchem.2020.100248
https://doi.org/10.1002/ADEM.202200797
https://doi.org/10.1145/3491102.3501951
https://doi.org/10.1145/3379337.3415876
https://doi.org/10.1145/3379337.3415876
https://doi.org/10.1016/j.addma.2021.102577
https://doi.org/10.1115/DETC2015-47841
https://doi.org/10.1115/DETC2015-47841


Xpandables: Single-filament Multi-property 3D Printing by Programmable Foaming CHI EA ’23, April 23–28, 2023, Hamburg, Germany

[13] Jakub Gotthans, Tomas Gotthans, and RomanMarsalek. 2021. Prediction of Object
Position from Aerial Images Utilising Neural Networks. 2021 31st International
Conference Radioelektronika, RADIOELEKTRONIKA 2021 (4 2021). https://doi.
org/10.1109/RADIOELEKTRONIKA52220.2021.9420193

[14] Seymur Hasanov, Suhas Alkunte, Mithila Rajeshirke, Ankit Gupta, Orkhan
Huseynov, Ismail Fidan, Frank Alifui-Segbaya, and Allan Rennie. 2021. Re-
view on Additive Manufacturing of Multi-Material Parts: Progress and Chal-
lenges. Journal of Manufacturing and Materials Processing 6, 1 (12 2021), 4.
https://doi.org/10.3390/jmmp6010004

[15] Karun Kalia, Benjamin Francoeur, Alireza Amirkhizi, and Amir Ameli. 2022.
In Situ Foam 3D Printing of Microcellular Structures Using Material Extrusion
Additive Manufacturing. ACS Applied Materials & Interfaces 14, 19 (5 2022),
22454–22465. https://doi.org/10.1021/acsami.2c03014

[16] Tim Kuipers, Renbo Su, Jun Wu, and Charlie C.L. Wang. 2022. ITIL: Interlaced
Topologically Interlocking Lattice for continuous dual-material extrusion. Ad-
ditive Manufacturing 50 (2 2022), 102495. https://doi.org/10.1016/j.addma.2021.
102495

[17] Camil Lancea, Valentin-Marian Stamate, Lucia-Antoneta Chicoş, Sebastian-
Marian Zaharia, Alin-Mihai Pop, Ionut-Stelian Pascariu, and George-Răzvan
Buican. 2021. Design and additive manufacturing of brushless electric motor
components. MATEC Web of Conferences 343 (2021), 01007. https://doi.org/10.
1051/MATECCONF/202134301007

[18] Feng Li, Niall P. Macdonald, Rosanne M. Guijt, and Michael C. Breadmore. 2018.
Increasing the functionalities of 3D printed microchemical devices by single
material, multimaterial, and print-pause-print 3D printing. Lab on a Chip 19, 1
(12 2018), 35–49. https://doi.org/10.1039/C8LC00826D

[19] Mengya Li, Junjie Jiang, Bin Hu, and Wentao Zhai. 2020. Fused deposition
modeling of hierarchical porous polyetherimide assisted by an in-situ CO2
foaming technology. Composites Science and Technology 200 (11 2020), 108454.
https://doi.org/10.1016/J.COMPSCITECH.2020.108454

[20] Qian Lu, Aryabhat Darnal, Haruki Takahashi, Anastasia Hanifah Muliana, and
Jeeeun Kim. 2022. User-Centered Property Adjustment with Programmable
Filament. Conference on Human Factors in Computing Systems - Proceedings (4
2022). https://doi.org/10.1145/3491101.3519864

[21] Matteo Gregorio Modesto Marascio, Jens Antons, Dominique P. Pioletti, and
Pierre Etienne Bourban. 2017. 3D Printing of Polymers with Hierarchical Con-
tinuous Porosity. Advanced Materials Technologies 2, 11 (11 2017), 1700145.
https://doi.org/10.1002/ADMT.201700145

[22] Mohammadreza Nofar, Julia Utz, Nico Geis, Volker Altstädt, and Holger Ruck-
däschel. 2022. Foam 3D Printing of Thermoplastics: A Symbiosis of Additive
Manufacturing and Foaming Technology. Advanced Science 9, 11 (4 2022), 2105701.
https://doi.org/10.1002/ADVS.202105701

[23] Jifei Ou, Gershon Dublon, Chin Yi Cheng, Felix Heibeck, Karl Willis, and Hiroshi
Ishii. 2016. Cilllia - 3D printedmicro-pillar structures for surface texture, actuation
and sensing. Conference on Human Factors in Computing Systems - Proceedings c
(2016), 5753–5764. https://doi.org/10.1145/2858036.2858257

[24] Elen J. Parry, Joshua M. Best, and Craig E. Banks. 2020. Three-dimensional (3D)
scanning and additive manufacturing (AM) allows the fabrication of customised
crutch grips. Materials Today Communications 25 (12 2020), 101225. https:
//doi.org/10.1016/J.MTCOMM.2020.101225

[25] Ajinkya Pawar, Gilles Ausias, Yves Marie Corre, Yves Grohens, and Julien Férec.
2022. Mastering the density of 3D printed thermoplastic elastomer foam struc-
tures with controlled temperature. Additive Manufacturing 58 (10 2022), 103066.
https://doi.org/10.1016/J.ADDMA.2022.103066

[26] Parinya Punpongsanon, Xin Wen, David Kim, and Stefanie Mueller. 2018. Color-
mod: Demonstration of recoloring 3d printed objects using photochromic inks.
Conference on Human Factors in Computing Systems - Proceedings 2018-April
(2018), 2–5. https://doi.org/10.1145/3170427.3186507

[27] Michael L. Rivera, Melissa Moukperian, Daniel Ashbrook, Jennifer Mankoff, and
Scott E. Hudson. 2017. Stretching the bounds of 3D printing with embedded
textiles. Conference on Human Factors in Computing Systems - Proceedings 2017-
May (2017), 497–508. https://doi.org/10.1145/3025453.3025460

[28] Jindřich Sýkora. 2020. Additive manufacturing of unmanned aerial vehicle.
Annals of DAAAM and Proceedings of the International DAAAM Symposium 31, 1
(2020), 836–841. https://doi.org/10.2507/31ST.DAAAM.PROCEEDINGS.117

[29] Haruki Takahashi, Parinya Punpongsanon, and Jeeeun Kim. 2020. Programmable
filament: Printed filaments for multi-material 3D printing. UIST 2020 - Proceedings
of the 33rd Annual ACM Symposium on User Interface Software and Technology
(10 2020), 1209–1221. https://doi.org/10.1145/3379337.3415863

[30] Francesco Tamburrino, Serena Graziosi, and Monica Bordegoni. 2019. The influ-
ence of slicing parameters on the multi-material adhesion mechanisms of FDM
printed parts: an exploratory study. Virtual and Physical Prototyping 14, 4 (10
2019), 316–332. https://doi.org/10.1080/17452759.2019.1607758

[31] Daniele Tammaro, Roberta Della Gatta, MassimilianoMaria Villone, and Pier Luca
Maffettone. 2022. Continuous 3D Printing of Hierarchically Structured Mi-
crofoamed Objects. Advanced Engineering Materials 24, 5 (5 2022), 2101226.
https://doi.org/10.1002/adem.202101226

[32] Marynel Vázquez, Eric Brockmeyer, Ruta Desai, Chris Harrison, and Scott E. Hud-
son. 2015. 3D printing pneumatic device controls with variable activation force
capabilities. Conference on Human Factors in Computing Systems - Proceedings
2015-April (2015), 1295–1304. https://doi.org/10.1145/2702123.2702569

[33] Evan Williams, Steven Long, Marcus Tatum, Donald D. Anderson, and Geb
Thomas. 2021. Designing a 3D Printed Bone Simulant for Wire Navigation
Training. Proceedings of the 2021 Design of Medical Devices Conference, DMD 2021
(5 2021). https://doi.org/10.1115/DMD2021-1034

[34] Jun Yin, Chaohua Lu, Jianzhong Fu, Yong Huang, and Yixiong Zheng. 2018. Inter-
facial bonding during multi-material fused deposition modeling (FDM) process
due to inter-molecular diffusion. Materials and Design 150 (7 2018), 104–112.
https://doi.org/10.1016/j.matdes.2018.04.029

https://doi.org/10.1109/RADIOELEKTRONIKA52220.2021.9420193
https://doi.org/10.1109/RADIOELEKTRONIKA52220.2021.9420193
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.1021/acsami.2c03014
https://doi.org/10.1016/j.addma.2021.102495
https://doi.org/10.1016/j.addma.2021.102495
https://doi.org/10.1051/MATECCONF/202134301007
https://doi.org/10.1051/MATECCONF/202134301007
https://doi.org/10.1039/C8LC00826D
https://doi.org/10.1016/J.COMPSCITECH.2020.108454
https://doi.org/10.1145/3491101.3519864
https://doi.org/10.1002/ADMT.201700145
https://doi.org/10.1002/ADVS.202105701
https://doi.org/10.1145/2858036.2858257
https://doi.org/10.1016/J.MTCOMM.2020.101225
https://doi.org/10.1016/J.MTCOMM.2020.101225
https://doi.org/10.1016/J.ADDMA.2022.103066
https://doi.org/10.1145/3170427.3186507
https://doi.org/10.1145/3025453.3025460
https://doi.org/10.2507/31ST.DAAAM.PROCEEDINGS.117
https://doi.org/10.1145/3379337.3415863
https://doi.org/10.1080/17452759.2019.1607758
https://doi.org/10.1002/adem.202101226
https://doi.org/10.1145/2702123.2702569
https://doi.org/10.1115/DMD2021-1034
https://doi.org/10.1016/j.matdes.2018.04.029

	Abstract
	1 Introduction
	2 Related Work
	2.1 Multi-Material Printing with FDM
	2.2 Foaming Materials

	3 Overview of Xpandables
	4 Design Space
	4.1 Materials
	4.2 Foam expansion rate
	4.3 Visual and tactile properties

	5 Characterization
	5.1 Process temperature
	5.2 Print speed
	5.3 Extrusion rate

	6 Applications
	6.1 Using color: QR codes
	6.2 Using translucency: Barcodes
	6.3 Using Texture: Grip

	7 Discussion
	8 Conclusion
	Acknowledgments
	References

