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A B S T R A C T

Digital fabrication has enabled the democratization of manu-
facturing on a large scale. The fact that powerful fabrication
tools such as 3D printers, laser cutters, and inkjet printers are
placed into the hands of end-users makes it possible for anyone
to design, customize and fabricate almost anything. The digital
fabrication which can be considered as a process of personal-
ized fabrication has opened a whole new range of possibilities.
Especially, users such as small companies, hobbyists, and re-
searchers have been taking advantage of these tools to acceler-
ate the design to production iteration.

However, the current digital fabrication tools are only focus-
ing on the morphing of the object. How to fabricate a fully
functional object is still questionable to researchers in many
different fields. The integration of actuation and sensor com-
ponents into those printed objects has not been fully explored
yet. Without these input and output channels, the product of
the digital fabrication process will be limited to being a static
model. Adding active components to the fabricated object will
enhance its functionality as well as its interaction with end-
users. Adding these components in a single process with the
morphing process will further revolutionize the impact of digi-
tal fabrication on making stuff, and magnify its adoption among
a broader range of user base.

This dissertation will focus on reporting our exploration in
the use of a variety of functional inks, including sintering-free
silver nano-particle ink and ultra-violet (UV) cured resin, to
embed rich featured functionality into printed objects. We will
go from the 2D printing of electronic circuits with silver nano-
particle ink, then 3D printing with the integration of electronic
circuits in a single pass, through fabrication of printable sen-
sors and actuators for soft-bodied robotics, to the printing of a



frictional anisotropic surface for fabricating soft-bodied robots.

In the 2D printing of electronic circuits using silver nano-particle
ink, we propose and develop a Traveling Salesman Problem
based autorouter to evenly distribute electric current to multi-
ple light-emitting diodes (LEDs) wired by conductive ink printed
traces. The problem of lighting up a bunch of LEDs is more
troubling than it sounds. The intrinsic resistance of silver nano-
particle ink makes it much more difficult to balance the bright-
ness of all LEDs, even with an electronic circuits design expert.
Our autorouter helps to automatically generate the conductive
patterns to wire multiple LEDs, average their brightness with-
out any additional resistors.

Moving from 2D to 3D printing, we challenge the problem of
fabricating and integrating electronic circuits into 3D printed
objects. We first realize the fabrication of double-sided elec-
tronic circuits with silver nano-particle ink on double-sided
photo papers. The interconnections between two layers are at-
tained by making via-holes with felting needles. The next step
in the 3D printing field is to integrate electronic circuits into 3D
printed objects in a single process. We combined the laminated
object manufacturing (LOM) technique with our silver nano-
particle ink inkjet printed electronic circuits to achieve this goal.
Before printing, the 3D model will be sliced into multiple lay-
ers in a designing software. Embedded electronic circuits are
decomposed and printed on paper with silver nano-particle
ink. By stacking these papers one-by-one, we fulfill the goal
of integrating electronic circuits into 3D printed objects.

Stepping on top of these building blocks, we explored the print-
ability of sensors and actuators for rapid prototyping soft-bodied
robots with an all-printed paper caterpillar robot (Paper Cater-
pillar) as an example. Our Paper Caterpillar consists of a plastic
film with silver nano-particle ink printed heater on top of it. As
the plastic film is a multiple layers structure, when heated up
by the printed heater, the difference in the coefficient of thermal
expansion of each layer makes the whole structure bend. By
controlling the on-off of this heater, we are able to make it
crawl forward. The bending of the plastic film will induce a
change in the resistance of the printed heater, and we can use
this change as a feedback of the bending angle. Thus, our robot
is able to detect the alternation of its surrounding environment
and switch its locomotion gaits to best fit the change of the
environment.
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In addition to printing electronic circuits, we also studied the
fabrication of soft-bodied robots with different mechanical prop-
erties materials. Being inspired by the scales on the skin of
a snake, we proposed a designing scheme to achieve an all-
printed wriggle soft-bodied robot by computationally pattern-
ing high and low friction material to the ventral side of the
robot. This patterning creates a frictional anisotropy underneath
the robot. When generating a traveling wave along the body of
the robot, we are able to make it undulate forward.

Going from 2D, through 3D, and approaching robotic printing,
we are aiming at lifting the difficulty of digital fabrication and
amplifying the functionality of the fabricated objects. We take
this chance to vision a future where a user can easily print a
fully functional object in just a single process. It is the future
where anyone can make almost anything, and that thing is
not only standing statically but actively interacting with the
surrounding environment and humans.
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1
I N T R O D U C T I O N

This chapter will give a brief introduction to the background of digital
fabrication and rapid prototyping of electronic circuits, the two pillars
that enabled the democratization of fabrication. This paradigm shift
in maker movement empowers common users with powerful tools
to design, make, and tweak. Thus, it helps to shorten the design-to-
product cycle as well as to diversify the making task.
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1.1 digital fabrication

Digital fabrication has been there since the dawn of computer era.
Originally, digital fabrication is the action of auto-controlling a fab-
ricator using computers. For a long time, these fabrication tools and
controlling methods have been restricted in big industrial factories.
The high entry bar in both financial investment and skill required
has made it alien to general audiences until recent years. The develop-
ment of low-cost computers and new materials has fuelled the spread
of digital fabrication with 3D printing taking the lead, followed by
other functional rapid prototyping methods.

1.1.1 Form Shaping Digital Fabrication

Traditional forming technologies such as casting and injection mold-
ing are mature and widely used in the industry. However, though
these technologies are very good at large volumes manufacturing,
they require big initial investment even with small volumes manufac-
turing. This is not preferable for rapid prototyping. That is where the
digital fabrication takes place. The form-shaping digital fabrication
aims at making the physical instance of a 3D designed model. The
instantiation process can be classified into two categories: subtractive
manufacturing and additive manufacturing.

1.1.1.1 Subtractive Manufacturing

A representative of subtractive manufacturing is the Computer Nu-
merical Control Machining (CNC). Based on the 3D model, the milling
drill will follow a computer generated tool-path to remove unneces-
sary material from an original block to form the physical 3D object
(as shown in Figure 1). That is how it is called subtractive. The sub-
tractive manufacturing can give high precision with excellent repeat-
ability for fabrication in a wide range of materials. However, a sub-

Material
Block

Cutting
Tool

Figure 1: Subtractive manufacturing process removes unnecessary material
to form the physical 3D object.
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Filament

Print
Head

Figure 2: Additive manufacturing process adds layer-by-layer of material to
form the physical 3D object.

tractive process will result in a large amount of material waste. Fur-
thermore, the investment and maintenance cost is high.

1.1.1.2 Additive Manufacturing

The principle of additive manufacturing, or 3D printing, is to addi-
tively add layers of material to form the designed shape (as shown
in Figure 2). The 3D design model will be triangulated and sliced
to multiple layers. The 3D printer driver will use this information to
deposit material layer-by-layer. There are several methods to deposit
printing material such as Fused Deposition Modeling (FDM), Stereo-
lithography (SLA), Digital Light Processing (DLP), Laminated Object
Manufacturing (LOM), and Material Jetting. The diversity of the 3D
printing methods gives users more flexible options to satisfy the goal,
time, and cost requirements. Compared to subtractive process, an
additive manufacturing process produces much less material waste.
It is also capable of printing much more complex 3D object such as
topology-optimized geometries which is drastically difficult to make
with subtractive manufacturing or a traditional casting process.

One of the most valuable advantages of 3D printers is the competence
to print multi-material. Those are materials of different characteristics
such as transparent, rigid, soft, or biocompatible. This flexibility in
printing material is a great enabler to design structures with built-in
functionality. We will discuss this in more detail in Chapter 5.

Shape forming fabrication is improving more and more on its speed,
cost, and printing accuracy. However, whether it is subtractive or
additive manufacturing, the printed object is still lack of active func-
tionality. The object cannot move, cannot sense, cannot communicate.
How to breathe life into these static printed objects? This question
will be discussed in Chapter 3.
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1.1.2 Electronic Circuits Fabrication

Besides 3D printing for morphing the shape of a 3D object, fabri-
cation of electronic circuits is also important in the maker movement.
Following the flourish of 3D printers is the appearance of rapid proto-
typing tools for electronic circuits. New conductive materials such as
conductive paste and conductive ink have enabled us to use existing
printing methods to fabricate conductive patterns on a variety of
substrates quickly. Thanks to that, the iteration speed of electronic
circuits designing is significantly increased.

1.1.2.1 Traditional Fabrication Processes

Printed Circuit Board (PCB) holds and connects electronic compo-
nents using conductive tracks. The tracks are typically made by cop-
per. Common methods to fabricate the designed copper patterns in-
clude Etching and PCB Milling.

Etching
PCB Etching is a subtractive process which involves working with
chemical substances to remove the unnecessary copper region to form
a desired copper trace pattern. The process starts with a PCB copper
foil which is a plate of a substrate (e.g. glass-reinforced epoxy com-
posite) with a thin layer of copper at one or both sides. The foil will
be masked and submerge into an etching solution. The unmasked
region of copper will dissolve into the solution, leaving the desired
copper trace pattern.

The etching process can produce high-quality PCB which is reliable,
durable, and neat. However, it is messy due to the usage of toxic
chemical substances. Disposal of these chemical substances also re-
quires strict regulation.

PCB Milling
PCB Milling is also a subtractive process which the unnecessary cop-
per region is selectively removed by drill bits and removal cutters
in a CNC XY plotter. In a similar way to the CNC mentioned in
Section 1.1.1.1, based on the board design data, a host controlling
software will generate a tool-path to remove unwanted conductive
material, leaving designed wiring patterns. This process is suitable
for low volume manufacturing. Though it generates a lot of material
waste, users can avoid working with toxic chemical substances. The
disadvantage of the PCB milling is that it requires a huge investment
in the milling machine as well as in maintaining the tool-set.
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1.1.2.2 Rapid Prototyping of Electronic Circuits with Conductive Inks

Beside industrial-grade fabrication processes, there are other ways to
rapid prototype electronic circuits which are beneficial to researchers
and makers. Though the do-it-yourself (DIY) PCB etching can be
counted as a rapid prototyping process, it suffers from the troubles
caused by involving chemical substances usage and disposal. Instead,
recent electronic circuits rapid prototyping tools are based on new
development of conductive materials which can be printed easily on
a variety of substrates. The methods discussed here are classified as
additive electronic circuits fabrication processes because the conduc-
tive material is printed onto the substrate to directly form the wiring
pattern.

Electrically Conductive Paste Silk-screening
A conductive paste is usually made from metal particles suspended
in a sticky component which explains its name. The metal particles
can be silver, copper, nickel, or graphite [97]. The particles, which
are usually at µm-order size, are in contact to each other, thus estab-
lish conductivity. These conductive pastes are typically conductive at
room temperature but it is preferable to cure them in high temper-
ature to achieve the designed electrical and mechanical properties.
Due to its high viscosity, the conductive paste is only suitable to be
silk-screened which limits the resolution of the prints.

Sintering Silver Nano-particle Ink
Different from conductive paste, sintering silver nano-particle ink is
a low viscosity ink with ligand-based coating nm-order size silver
particles suspended in a solution to form a inkjettable colloidal [108].
The ligand-based coating of each silver particle is necessary to make
it printable with inkjet nozzles. However, due to this coating layer on
each particle, the whole solution is not conductive. After printing, the
trace needs to be sintered in elevated temperature (typically, 150◦C to
250◦C) for several hours to remove the coating, coalesce the separat-
ing particle, and develop bulk metal patterns. Though the resolution
of the print is better than conductive paste, the requirement of high-
temperature sintering limits the substrates that can be used as well as
reduces the speed of prototyping.

Sintering-free Silver Nano-particle Ink
Sintering-free or room temperature sintering silver nano-particle ink
is also metal particle filled inkjettable ink which is used to printed
conductive patterns [53]. What makes this ink special is its capability
of developing bulk metal pattern at room temperature. The substrate
that is used to print the sintering-free silver nano-particle ink is a
microporous structure coated with chemical agent to break the bond-
ing between the metal particle and its ligands, thus to coalesce the
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metal particles and establish electrical conductivity [130]. This pro-
cess is also regarded as chemical sintering. The sintering-free silver
nano-particle ink made by Mitsubishi Paper Mills Inc. is one of the
most marketed as it can be filled in almost any consumer graded
inkjet printers to print conductive pattern on flexible substrates such
as photo papers, transparent Polyethylene Terephthalate (PET) films,
and white PET films. The conductivity is established instantly after
printing. This approach is favorable to common users because it is
low-cost, off-the-shelf, and fast. The applications of the sintering-free
silver nano-particle ink in functional design digitally fabricated de-
vices will be recurred throughout this dissertation and be deeply
discussed in Chapter 2 and Chapter 4.
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1.2 printing fully functional objects

Although the development of fabrication tools as mentioned in Sec-
tion 1.1 above has made it much easier for novice users to fabricate
electronic circuits as well as to print 3D objects, the learning curve
is still very steep. Moreover, the fabricated objects are passive and
required further manual assembling to be able to interact to the sur-
rounding environment. Our goal is to make it possible to quickly
fabricate functional objects. These objects should be able to move and
actively interact with the environment. In order to achieve this goal,
we need tackle it from both electrical and mechanical perspectives.
The challenges include designing of electronic circuits, fabrication of
3D objects with electronic circuits embedded, printing of sensors and
actuators, and designing of mechanical structures. Figure 3 shows
the research in this dissertation that address the main challenges of
achieving printable functional objects fabrication.

Printable 2D 
Electronic 

Circuits

Printable 3D 
Electronic 

Circuits

Printable 
Sensors & 
Actuators

Printable 
Mechanical 

Functionality

Printable 
Functional 

Objects

Figure 3: Research included in this dissertation. We try to solve each
challenge on the way to achieve printable functional objects
fabrication.

1.2.1 Challenge of 2D Printing of Electronic Circuits with Silver Ink

There should not be any doubt about the convenience that silver nano-
particle ink has brought to the rapid prototyping of electronic circuits.
Fabrication of a well-designed flexible electronic circuits is just one
click away from a normal user. However, the bottleneck lies in the
term "well-designed". It is arduous for a common user to consider all
the tricky and complicated behaviors of the electronic components.
Though there are numerous tools that help to automatically design
an electronic circuits (e.g. Eagle [22]), all of them ignore the resistance
of the wiring as a typical PCB board is wired with copper which
has negligible electrical resistivity. That is not the case of silver nano-
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(a) (b) (c)

Figure 4: Challenge of 2D printing of electronic circuits with silver nano-
particle ink: Averaging brightness of multiple LEDs is very difficult
even to an electrical expert. (a) Circuit wired by a traditional
copper printed circuit board results in uneven distribution of
current to each LED which in turn leads to overheating of LEDs.
All LEDs should be green, but several overheated LEDs change
color to yellow, orange, and red. (b) Silver nano-particle ink circuit
which is routed by the autorouter in Eagle with trace width and
clearance set to 1 mm. Some LEDs are very bright, a lot of LEDs are
not turning on due to lacking of current. (c) Silver nano-particle ink
circuit which is routed by our Traveling Salesman Problem-based
autorouter evenly distributes electric current to all the LEDs, thus
assures them to have the same brightness [111, 112].

particle ink printed circuits. For example, the intrinsic resistance of
silver nano-particle ink is insignificant in simple applications like
driving one or two loads (e.g. one or two light-emit diodes (LEDs)).
But it will cause trouble in more complex applications when the
number of loads is increased (e.g. 20 LEDs). Figure 4 shows that
averaging the brightness of multiple LEDs is difficult, even to an
electrical expert. Tools to support designing interactive application
with conductive ink, such as in [42, 91, 100], include an autorouter,
but again, ignore the resistance of the conductive ink as the number
of load those tools assume to route is small. ConductAR [75] tried to
solve the problem using computer vision techniques to estimate the
resistance of the drawn/printed conductive patterns. However, as an
ad-hoc tool, it cannot generate circuits to connect multiple loads on
demand.

In our approach, we address this challenge by developing an au-
torouter which will automatically generate a suitable circuit for wiring
and evenly distributing electric current to all the loads. We focus on
the routing of multiple LEDs as it is one of the most common appli-
cation that designers and novice users want to make with conductive
ink, yet hardly be able to fulfill. We achieve this by using genetic
algorithm to find the Traveling Salesman Problem path through all
the loads and adjusting the width of the conductive patterns to tune
the resistance to each load. Our experiments show that the conductive
pattern generated by our autorouter can drive multiple LEDs at the
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same brightness and effectively reduce the amount of ink consump-
tion. Chapter 2 will discuss our proposal in more detail.

1.2.2 Challenge of 3D Printing of Fully Functional 3D Objects

Rapid prototyping of 3D objects using 3D printers focus only on
forming the geometric aspect of the objects. How can we provide
active functions to the printed object? One of the most plausible
answers is to electrify them.

Surfcuit [120] reported an approach of attaching electronic compo-
nents on the surface of the 3D printed objects. Although this approach
is simple and straightforward, it suffers from the requirement of
manually wiring and assembling. Furthermore, it heavily affects the
outlook of the objects. Pineal [58] proposed to place a smart watch or
phone into the 3D objects. Through the embedded devices, users can
define the interactive behaviors of the objects. From the same point of
view, .Net Gadgeteer [123] suggested embedding a micro-controller
kit into the 3D objects and let users program the kit to define new
functions for the object. However, this approach is costly and may
affect the form factor of the objects.

A more robust approach is to integrate electronic circuits by printing
conductive materials at the same time with thermoplastic or UV-
cured polymer materials as reported in Voxel8 [124], ChemCubed [16],
Defsense [10], Flexibles [102], Capricate [103], and soft electronics
printing [122]. However, these processes are not only expensive but
also having low printing resolution.

Our approach takes advantage from the development of thin-film
printed electronic, which has made it easier than ever to print elec-
tronic circuits [53] and components [38, 79, 80]. However, rather than
forming 3D shapes by bending and folding of the thin sheets, we cut
and stack normal paper and functional paper layer-by-layer to embed
functions and make 3D shapes of the printed object simultaneously.

Figure 5: Examples of Printed Electronic Papercrafts: (1) sculptural cube
lamp; (2) moisture sensing flowerpot (3) architectural model with
simulated lighting; (4) smart toy armadillo with RFID tag; (5)
loudspeaker [78].
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We provide a plugin for a 3D modeling software (i.e. Autodesk Fusion
360) to support users in placing functional layers into the 3D model.
Our analysis in Chapter 3 will show that our approach enables a
unique design space where users can easily integrate displays, sens-
ing, actuation, and communication into 3D printed objects (as shown
in Figure 5).

1.2.3 Challenge of Printing Sensors and Actuators for Robotic Design

Being able to embed electronic circuits into 3D printed objects opens
a whole new designing space for creating interactive applications.
However, can we make the object mechanically move, and at the same
time, sense the environment to self-control its movement? This will
further expand the designing space, especially for robotic designing.
Streamlining and making the fabrication process of sensors and ac-
tuators for robotics printable is decidedly desirable for prototyping
of soft-bodied robots. It will help to mitigate the non-compatibility
between soft materials and rigid traditional sensors/actuators a prob-
lem which poses a serious challenge to designing of a fully compliant
soft-bodied robot.

There are research that attempt to make printable pneumatic actu-
ator [66, 76, 81] by printing a pouch and inflate/deflate it with a
compressor. Although the pneumatic actuator is responsive and can
provides multiple actuation, the compressor is bulky and constraint
of tubes and valves. One can use shape memory alloys as in [118].
However, the shape memory alloys are not printable and normally
need manual assembling.

From another standpoint, Amjadi et al. in [4], Arazoe et al. in [7],
Hamedi et al. in [36], Kirigami robot [105], Hygrobot [106], and Printed
Paper Actuator [125] tried to make printable thin-film actuators which
enable the fabrication of self-compact printable soft-bodied robots.
However, the processes are neither simple nor accessible to common
users. Printed Paper Actuator takes a long time with a special printer
to print, needs to be driven by a high voltage source, and as Kirigami
robot, requires post-processing. Others can only be fabricated with
expensive equipment which are out of reach of common users. Fur-
thermore, except Printed Paper Actuator, these approaches do not
have a built-in sensory functionality which makes it difficult to con-
trol the actuation due to the lacking of feedback information. Ka-
mamichi et al. in [50] dealt with the sensor feedback problem by using
ionic polymer-metal composite (IPMC) as an actuator and sensor for
a snake-like robot. However, the IPMC is expensive and not printable.

In our approach, we take advantage of the fact that a commonly
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(a) Instant inkjet actuator and sen-
sor.

(b) The actuation is based on ther-
mal expansion.

(c) An instant inkjet paper caterpillar which can inch forward and sense
its body bending angle.

Figure 6: Instant inkjet actuator and sensor consists of an electro-thermal
actuator and a resistance based bending sensor which are instantly
printed with silver nano-particle ink on a plastic film [114].

available photo plastic film is a multilayer structure, in which, each
layer has different coefficient of thermal expansion. By printing a
resistance-based heater with silver nano-particle ink on top of the
photo plastic film, we are able to actuate it by supplying a small
electric current. Moreover, when the actuator bends, the resistance
of the silver ink printed heater also change. Based on this change,
we are able to infer the bending angle of the actuator. It is a print-
able sensor/actuator in a single printed pattern. Figure 6 shows the
actuator at bending state. With this instantly printable sensor and
actuator, we make a paper caterpillar which can crawl and sense its
body bending angle. The design, fabrication, and evaluation of the
sensor and actuator are covered in Chapter 4.
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(a) Low friction forward. (b) High friction backward (c) High friction laterally

(d) A snake-liked soft-bodied robot which uses the design of the 2D anisotropic
friction to support serpentine locomotion gaits

Figure 7: An example of the 2D anisotropic friction and its application in
making a snake-like soft-bodied robot. The 2D anisotropic friction
surface is easy to slide forward but difficult to slide backward or
laterally [113].

1.2.4 Challenge of Printing Mechanical Functionality for Robotic Design

Beside electrical functionality, another challenge we need to deal with
is the design of mechanical functionality which decides the way a
printed object mechanically interact with the environment. The me-
chanical functionality can include stiffness/softness [3, 49], elastici-
ty/viscoelasticity [64, 94], or friction [34, 43, 63]. Among these char-
acteristics, friction plays a important role in deciding movement of
the printed objects. In attempt to make crawling robots such as cater-
pillar [119] or snake-like robots [40, 41, 60, 62, 82, 98], ventral side
of the robot is engineered to be an anisotropic frictional surface -
a surface with different friction coefficients in different directions.
The most typical frictional anisotropy surface the one with passive
wheels. However, attaching passive wheels to the body of a crawling
robot make it bulky and lengthen the fabrication process. Though
making of a anisotropic friction surface is reported in [34, 63], the
fabrication processes are not easily accessible for a common user. A
simpler model is to use tilted nails at the contacting surface. However,
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it is not easy to scale and the nails are broken or bent over time.

In designing of a soft-bodied caterpillar-like robot [118], variable fric-
tion legs have been used to push the body of the caterpillar-like robot
forward. Although this is an elegant technique for off-plane locomo-
tion, it is 1-Dimensional anisotropic friction which limits the locomo-
tion direction of the crawling robots. A 2-Dimensional anisotropic
friction surface is preferable as it increase the number option in de-
signing locomotion of a crawling robot.

Our proposal aims at simplify the fabrication process at the same time
with achieving 2-Dimensional anisotropic friction. We use a multi-
material 3D printer to selectively combine high and low friction ma-
terial into designed patterns which give different configuration of the
2D anisotropic friction. We apply printable 2D anisotropic frictional
surface in fabricating a printable snake-like soft-bodied robot. Fig-
ure 7 shows an example of the printable 2D anisotropic frictional
surface and its application in supporting locomotion of a snake-like
soft-bodied robot. Chapter 5 will discuss thoroughly the design, fab-
rication, and evaluation of the 2D anisotropic functional surface as
well as the performance of the snake-like soft-bodied robot.
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1.3 contributions

In this dissertation, we focus on (1) improving the usability of sintering-
free silver nano-particle ink by developing tools to support users in
working with conductive inks (in Chapter 2), (2) adding new func-
tionality to 3D printed objects by scaling up conductive ink printing
from 2D to 3D (in Chapter 3), (3) applying silver nano-particle ink in
fabrication of printable sensors and actuators for soft-bodied robots
(in Chapter 4), and (4) designing functionality for mechanical devices
with multi-material 3D printers and its application in fabricating soft-
bodied robots (in Chapter 5). Our contributions includes:

1. Tools and algorithms: We developed supporting tools and algo-
rithms to help both novice and expert users in working with
conductive ink. To be more specific, we developed an autorouter
to auto-route and average the brightness of multiple light-emitting
diodes.

2. Fabrication method: We scaled up the printing of electronic cir-
cuits from 2D to 3D and integrated the fabrication of electronic
circuits into 3D printing. This research streamlined the morph-
ing and functional designing of physical 3D objects into a single
fabrication process.

3. Design method:

• Printable sensors and actuators: We proposed the use of sil-
ver nano-particle ink to design and simultaneously print
sensors and actuators for soft-bodied robots. This is one
step closer to the all-printed robots.

• Printable frictional anisotropy body structure: We explored the
design of frictional anisotropy surfaces for effectively de-
signing crawling wriggle soft-bodied robots with multi-
material 3D printers. This research pushed the robotic fab-
rication field to the integration of printable functionality in
body design and morphology.
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P R I N TA B L E 2 - D I M E N S I O N A L A P P L I C AT I O N
D E S I G N W I T H S I LV E R N A N O - PA RT I C L E I N K

Printable electronic circuits have received a big adoption from a va-
riety of users such as researchers, hobbyists, designers, and children.
The designers want to use electronic circuits along with graphic de-
sign yet focus on the creativity and aesthetics of the design. How-
ever, current technology requires them to take care of the discour-
aging electrical behaviors of the circuits. Taking the task of light-
ing up a bunch of Light-Emitting Diodes (LED) as an example, it
sounds simple, but is posing significant challenges for inexperience
users. Given the non-negligible resistance of conductive ink, it is
not straightforward to generate a pattern that lights up the LEDs
evenly. Furthermore, a large number of LEDs makes it difficult and
error-prone to wire them efficiently. It is possible to try existing au-
torouters in Computer Aided Design tools to automatically route
these LEDs. However, being optimized to make circuits with highly
conductive materials such as copper and gold, these autorouters ig-
nore the intrinsic resistance of the conductive ink. In this chapter,
we propose an LED autorouter which computationally generates a
conductive pattern to balance brightness of multiple LEDs without
the need of additional resistors. Our routing algorithm is based on
the Traveling Salesman Problem to find the shortest cross-less path
through the LEDs, thus minimize the ink consumption. It then adjusts
resistances of the conductive patterns to regulate the current which
flows through each LED.

39
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(a) Routing by our algorithm to auto-route and adjust the resistance to
LEDs so that they evenly light up

(b) Routing by the autorouter in Eagle with trace width and clearance set
to 1 mm

Figure 8: Multiple LEDs are automatically routed to balance brightness. A
total of 22 LEDs are placed to form the text “AB”. Our algorithm
resulted in better brightness balance for all the LEDs.

2.1 introduction

Sintering-free conductive ink [53], thanks to its easy accessibility, is
being used by many groups of researchers, designers and hobbyists to
design and rapidly fabricate interactive applications. Conductive ink
filled pens [11, 19, 20] are low-cost and convenient solutions for hand-
drawing of working electronic circuits. For more complicated conduc-
tive patterns, the conductive ink can be put into an inkjet printer to
quickly print the conductive patterns. Researchers take advantage of
this to rapidly prototype HCI-related applications such as Extension
Sticker [52], Inkantatory paper [117] and touch interfaces [32, 51].
Besides, designers also use conductive inkjet ink to create interactive
lighting applications with LEDs as in [109]. Problems arise here when
the number of LEDs increases. Wiring multiple LEDs is complicated
and tedious. Furthermore, intrinsic resistance of the conductive inkjet
ink makes the resistance of the printed pattern non-negligible, thus,
causes an uneven lighting up of the LEDs as shown in Figure 8b.

An example of art-works with LEDs is “Pu Gong Ying Tu (Dandelion
Painting)” [89] (Figure 9). Here, a lot of LEDs were placed behind
a painting to bring in interactivity with the subject of the picture.
It was manually designed with copper tape and a large number of
LEDs. As shown in Figure 9b, the copper tape-based electronic circuit
behind the picture is complicated and would take a lot of time to
wire it manually. Using conductive ink to print the printable digital
design of the circuit will obviously simplify the labor of making
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(a) Front side showing the painting and LEDs lit up from behind. ©Jie Qi

(b) Back side having electronic circuits to power the LEDs. ©Jie Qi

Figure 9: Pu Gong Ying Tu (Dandelion Painting) [89] ©Jie Qi

and replicating this work. Some conductive ink existed at the time
of the project, but the author of this work would not have done it
using conductive ink due to the complication of designing a cross-
less wiring pattern. Moreover, using conductive ink instead of copper
would require a thorough consideration to overcome the troubles
caused by the resistance of the conductive ink.

In this section, we propose the implementation of an autorouter as
an extension of, but not limited to, Adobe Illustrator to support de-
signing LED-based applications with conductive inkjet ink. Our con-
tributions include:

• A Traveling Salesman Problem (TSP) based routing algorithm to
search for the shortest cross-less 2D conductive pattern that will
evenly light up multiple LEDs, and minimize the ink consump-
tion. The generated circuit can be printed on a single-sided
sheet of paper to regulate the current through the LEDs without
additional ballast resistors.

• An integrated tool to design with LEDs and conductive ink.
Users can drag and drop LEDs as well as a power source to
the desired position before letting the autorouter wire them all
appropriately.
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2.2 related works

2.2.1 Printed Circuit Board Routing Algorithms

Printed Circuit Board (PCB) and high-density circuits routing have
been well studied with many efficient algorithms which can be put
into two large group as follows:

Grid-based: Grid-based routing in PCB originated from Dijkstra search [21]
and is considered as a class of A* search. It assumes that all compo-
nents are aligned and routed on a rectangular grid. Algorithms in
this group aimed at routing the electronic nets and minimizing the
total Manhattan-length of all the routing traces. Subgroup in grid-
based routing algorithms are maze routers [59] [35], line search algo-
rithms [39, 70], and the Steiner tree grid-based algorithm [1].

Gridless: In contrast to grid-based algorithms, algorithms in the grid-
less routing group such as in [27, 57, 101] route the electronic nets
without the assumption of any grid. Width and angle of the routing
traces can be dynamically changed during routing process to meet
routing requirements.

Grid-based and gridless routing algorithms are implemented in Elec-
tronic Design Automation tools (e.g., Eagle [22]) to mitigate the bur-
den in designing electronic circuits. In these autorouters, due to the
high conductivity of the bulk metal used to wire, the dimension of
these metal patterns are normally put aside as long as the circuit is
routable. However, this is not applicable in case of using conductive
inkjet ink because of the non-negligible intrinsic resistance in the
conductive ink. Ignorance of this resistance leads to generation of
conductive patterns that cannot light up multiple LEDs evenly as
shown in Figure 8b.

2.2.2 Tree Based Routing Algorithm

In addition to A* search based algorithms, routing problems can be
addressed with tree-based algorithms. Zero-skew clock routing is a
typical problem in designing high-performance synchronous Very
Large Scale Integration (VLSI) systems. In these systems, it is crucial
to assure that the arrival times of a clock signal from a clock source
to synchronous elements are the same. This can be analogized to our
problem of LEDs brightness balancing in terms of providing the same
current to all the LEDs in the circuit. Among different approaches
to the zero-skew clock distribution problem such as in [15, 92, 116],
clock trees based algorithm [69] is widely used. However, a tree-based
approach will not be a good solution to our LEDs brightness problem.
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The reason is that a tree-based algorithm will require multiple layers
for routing. Although there are ways to fabricate double-sided cir-
cuits with conductive ink such as in [115] [5], they complicate the
fabrication process significantly and make it difficult to optimize the
ink consumption. Routing and balancing brightness of the LEDs in a
single-layer circuit are more desirable.

2.2.3 Design Assistant in Electronic Circuits Prototyping

Since the emergence of consumer grade conductive inks, there are
many tools to assist designing with these new materials. Circuit Stick-
ers [42], Ellustrate [61], PaperPulse [91] and Midas [100] each pro-
posed a development tool based on A* search and Lee’s algorithm [59]
to support/automate the wiring of electronic components with con-
ductive inks/pastes. However, these tools neither are fully automated
nor consider the resistance of the conductive ink which as we men-
tioned above, severely affects the performance of the printed elec-
tronic circuits.

To deal with troubles caused by the resistance of the conductive ink,
ConductAR [75] used computer vision techniques to estimate the
resistance of hand-drawn or printed conductive ink patterns. Thus,
it suggests an optimized trace width to each path of the circuits.
However, it is an ad-hoc tool that cannot generate 2D paths to connect
multiple LEDs on demand.
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2.3 problem formulation and solution

In its normal working zone, the brightness of an LED is roughly
proportional to the current that flows through it. Therefore, in order
to achieve an even lighting up of multiple LEDs, the circuit needs
to assure that all the LEDs get the same amount of current. This
can be guaranteed by chaining all LEDs serially and regulating the
current by a ballast resistor. However, this approach requires a high
voltage of the power source as the number of LEDs increases. In this
case, a more reasonable approach is to put all the LEDs in parallel
to the power source and regulate the current through each LED with
ballast resistors. In a parallel schematic, these ballast resistors play a
very important role in regulating and protecting the LEDs. Without
them, due to the LEDs’ vicious loop of heating - increasing forward
current, all the LEDs will be sequentially over-current and burn-out.
As mentioned above, the existing autorouters assume that resistance
of the metal pattern is negligible and additional ballast resistors will
be added to regulate the LEDs. Given the non-negligible intrinsic
resistance of conductive ink, the first assumption does not hold. The
second assumption about additional ballast resistors is discouraging.
Adding rigid ballast resistors leads to the needs of calculating value of
each resistor as well as the labor of attaching all of them to the circuit.
Hence, we lose the advantage of using conductive inkjet printing tech-
nology. Instead, by means of computational design, the conductive
inkjet ink can be used to act as a printable ballast resistor for each
LED. We can take advantage from the apparent disadvantage of the
conductive inkjet ink (i.e., high intrinsic resistance) and turn it into
our favor.

A naive solution to averaging brightness of the LEDs could be rec-
tilinearly connecting the power source to each LED as shown in Fig-
ure 10. Apparently, this approach does not minimize the amount of
ink consumed as well as the routing space. Furthermore, if there are
multiple LEDs on a same level branch, it is difficult to assure that all
these LEDs will light up.

In our proposal, to balance the brightness of the LEDs, we aim to
solve the following two challenges:

• Routing: To find the shortest cross-less path that connects all the
LEDs to the power source, thus, minimizes the conductive ink
consumption.

• Brightness Balancing: To assure that each LED receives the same
amount of current so that they have the same brightness.

For simplicity, in solving these two challenges, we will assume that
all the LEDs have the same dimension.
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Figure 10: A naive approach to balance the LEDs brightness by dividing
the LEDs into different layers and connecting them to the two
parallel power lines using conductive traces with different width.
This approach does not optimize the ink consumption and the
routing space. Furthermore, it does not guarantee brightness
balance when there are multiple LEDs on a same level branch.

2.3.1 Problem 1 - Routing

Problem statement: Given a group of n LEDs (Li, i = 1, 2, ...,n), and the
two poles of a power source (L0,Ln+1 respectively denoting anode
and cathode) as shown in Figure 11a, find a route that connects
the LEDs in parallel to the power source and minimizes the ink
consumption.

Solution: For the goal of minimizing the amount of conductive ink
consumed, we will find the shortest path to connect all the LEDs
in parallel to the power source. Although this can be achieved by
using the A* search algorithms, they are optimized to search for the
shortest path between two points on a grid. A* search algorithms do
not search for the shortest path through multiple points (i.e. LEDs).
Building the Minimum Steiner Tree of all LEDs and the power source
is the best solution to minimize the total length of connections [13].
Nevertheless, it is not feasible to route the two separated anode net
and cathode net on a single layer circuit. To deal with the routing
problem, we propose to solve the Euclidean-metric Traveling Sales-
man Problem corresponding to the set of LEDs and power source
poles. L0 and Ln+1 act as the fixed starting and ending points of the
TSP path. The TSP path will go from L0, through all LEDs Li, to Ln+1.
Because searching for the TSP path is a NP-Complete problem [83],
it is more practical to approximate the shortest path using heuristic
algorithms such as Christofides’ algorithm [18], the simulated anneal-
ing algorithm [29] and the genetic algorithms(GAs) [33]. We imple-
ment the TSP solver using the genetic algorithm because it is flexible
in the evaluation of the best route.

In a GA based TSP solver, an individual is a candidate for the shortest
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Figure 11: Routing process flow of our algorithm

path through all the LEDs. It will be encoded as the array shown
in Figure 12. In this encoding, the starting and ending points are
always fixed at the head and tail of the array. Only the order of the
elements in range of 1st to nth (Li=1,2,...,n) are alterable. For every
generation of the GA, we generate a population of p = 50 individuals
by evolving from the population of the previous generation. Evolution
through generations involves running crossover, mutate, and selection
operations on the current population. To evaluate each individual, we
define a fitness function as the reciprocal of the total length of the
corresponding tour [85]. At each generation, we extract the fittest
individual (i.e., the one with the highest fitness) for seeding the next
generation. We stop the TSP solver when there is not better individual
for converge_threshold = 10n consecutive generations, or when the
evolution reaches MAX_GENERATION = 100n generations. Choos-
ing of these thresholds is done through empirical experiments. Detail
parameters of the GA TSP solver are listed in Table 1. After stopping
the GA evolution, we use 2-opt algorithm [88] to eliminate all the
crossing edges, if any, in the path generated by the GA to make
it the shortest path as shown in Figure11b. Finally, after rotating
each LED to an appropriate angle as described in section 2.4.2, our
algorithm connects all the LEDs along the found TSP path as shown
in Figure 11c.
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Table 1: Parameters of the GA to solve the TSP

Population Size p = 50

Mutation Rate 0.015

Mutation Scheme Ordered Changing [77]

Crossover Scheme Two-point Crossover [77]

Selection Scheme Tournament [30]

Tour Size 5

Fitness Reciprocal of Tour Length

Number of Generations MAX_GENERATION = 100n

Convergence Threshold converge_threshold = 10n

Convergence Threshold: the maximum number of consecutive
generations that have the same fitness value

Ln+1LnLn-1L2L0 L1

LEDs

Anode Cathode

Figure 12: Genetic encoding used in our GA TSP solver implementation. n
LEDs are put consecutively between anode and cathode power
pads. For each generation, our GA TSP solver will shuffle the
order of n LEDs to find the fittest route which will be the input
for the next generation.

2.3.2 Problem 2 - Brightness Balancing

The goal of lighting up all the LEDs evenly is achievable when each
LED receives the same amount of current. This is fulfilled by adjust-
ing the resistance from the power source to each LED. Because we
put all the LEDs in parallel to the power source, the topology as in
Figure 11c has an equivalent circuit as shown in Figure 13.

In case that the electronic circuit consists of the same color LEDs, all
the LEDs have the same magnitude of forward current IF and forward
voltage VF The brightness balancing problem can be stated as follows:

Problem statement: Given a set of n LEDs that are connected to a V0
power source as shown in Figure 13, find all the resistances Ri, i =
0, 1, 2, ..., 2n − 1 that regulate the current through each LED to the
common forward current IF.

Solution: The equivalent circuit in Figure 13 is just a bunch of LEDs
that are put in parallel to the power source. Values of the resistors



48 printable 2-dimensional application design with silver nano-particle ink

V0 R0
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R1 R2 Rn-1

Rn Rn+1 R2n-2 R2n-1
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Figure 13: Equivalent circuit of multiple LEDs routed by our algorithm

are retrieved by using the nodal analysis on the equivalent circuit.
In order to balance the currents through the single color LEDs (i.e.,
Ii = IF, i = 1, 2, . . . ,n), the resistances must satisfy the following two
equations: 

(n− i)Ri = iRn−1+i, (1)

R0 + R2n−1 =
V0 − VF − IF

∑n−1
i=1 (n− i)Ri

nIF
(2)

Because there are many sets of resistances Ri, we assume that Ri =
R2n−1−i where i = 0, 1, . . . ,n− 1. Once the user chooses the input
voltage V0, our algorithm will calculate the values of all the resis-
tances Ri=0,1,...,2n−1.

Conductive Patterns As Printable Resistors: once the values of all the
resistors are derived from the procedure above, we can print these
resistors with the conductive ink. For an l×w conductive strip, the
resistance between two ends is R = Rs

l
w where Rs is the sheet resis-

tance of the conductive inkjet ink. With R as derived above, Rs fixed to
each type of the conductive inkjet ink, and l as the distance between
two consecutive LEDs on the TSP path, we can easily calculate the
width w of each conductive segments. Figure 8a and Figure 11d show
an output of our routing algorithm.

2.3.3 Improved routing

Our routing algorithm consists of two steps as follows:

• Step 1: Find TSP path from the anode of the power source,
through all LEDs, to the cathode of the power source. Then
connect them so that the LEDs are put in parallel to the power
source.

• Step 2: Solve the equivalent circuit to get the resistance of all the
resistors. Then print these resistors using conductive inkjet ink.

However, taking advantage of GA, we can improve the routing algo-
rithm by combining these two steps into one. Instead of searching
for the TSP route, we search for the path that minimizes ink con-
sumption. In order to implement this, we replace the distance based
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Figure 14: Equivalent circuit of multiple color LEDs routed by our algorithm

fitness function of our GA implementation with a printed area based
fitness function. The printed area based fitness function is defined as
reciprocal of the printed area. At each generation of GA, we do as
Step 2 above and then calculate the printed area. Smaller printed area
routes will be selected to the next generation.

2.3.4 Multiple Color LEDs

In section 2.3.2, we solved the problem of brightness balancing for
single color LEDs. That is, all the LEDs in a circuit are the same
color which results in the same requirement of forward voltage and
forward current. It is possible to solve the problem in a circuit which
have different color LEDs. In that case, depends on its color, each LED
has different requirements of forward voltage and forward current.
The problem can be stated as follows:

Problem: Let forward voltage and forward current through LED Li, i =
1, 2, . . . ,n be Vi and Ii, voltage of the power source be V0. Knowing
the order of LEDs which should be connected in parallel to the power
source, generate conductive inkjet patterns so that the voltage drop
on each LED Li is Vi.

The circuit of multiple color LEDs put in parallel to the power source
has an equivalent circuit as in Figure 14. With known V0, Vi, Ii, the
resistors are solvable using the nodal analysis. Let Ia,b =

∑b
i=a Ii, all

the LEDs Li will get its required amount of current when the resistors
satisfy the following equations:

Ii+1,nRi = I1,iRn−1+i + Vi − Vi+1, (3)

I1,nR0 +

n−1∑
i=1

Ii+1,nRi + I1,nR2n−1 = V0 − Vn (4)

Among many sets of resistances that satisfy the equation system above,
we can choose the one that minimizes the area of the conductive
pattern. We assign larger resistances to conductive segments which
have longer length, thus overall reduce the width of the pattern.
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Figure 15: Plug-in integrated into Adobe Illustrator

2.4 implementation

We implement the aforementioned algorithm as a plugin of Adobe
Illustrator 1.

2.4.1 Adobe Illustrator Extension

Integrating our autorouter into a commonly used design software as
Adobe Illustrator keeps the user from the struggle of learning a com-
pletely new tool (Figure 15). Electronic components like LEDs and
the power source footprint are arranged into the toolbox of Adobe
Illustrator. Our auto-routing script will route all the LEDs and the
power source then generate a ready-to-print conductive pattern to be
printed with conductive inkjet ink. Finally, the user will attach real
LEDs to the print and drive them with a real power source.

2.4.2 Prevent Polar Cross

During discussion of routing, to simplify the implementation of the
TSP solver, we assume that the LEDs and power source poles are
points on a 2D plane. However, we need to put the dimension of each
component into consideration when we route them together. From
Figure 13, we see that the circuit comprises two branches which are
the anode branch made up of Ri=0,1,...,n−1 and the cathode branch
made up of Ri=n,n+1,...,2n−1. In order to prevent these two polar

1 Source code is stored here: https://github.com/tatung/LightTrace

https://github.com/tatung/LightTrace
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Figure 16: Rotation of LEDs to route the anode and cathode branches

branches from crossing each other, we rotate each LED around its
center to an appropriate angle. Considering the case of three LEDs
as shown in Figure 16a, the directional axis of an LED is defined as
the vector from the center point of its anode to the center point of its
cathode. We define TSP angle θ of an LED as the angle formed by the
two edges of the TSP route at the corresponding LED. For each LED,
we align its directional axis to the bisector line of the TSP angle θ as
in Figure 16b and then if necessary, we reverse the directional axis
of the LED to eliminate the twist (if any) of the anode and cathode
TSP edge (Figure 16c). This equals to switching position of anode and
cathode terminal of the corresponding LED.

2.4.3 Eliminate the Excessively Narrow Conductive Traces

The width of a conductive segment in our TSP routing depends on
the required resistance and the length of the conductive segment.
Besides, it is also influenced by the characteristic of the conductive
inkjet ink and the printing technology. The minimum tolerable width
Wthreshold is defined as the narrowest conductive trace that is printable.
Any trace with the width w < Wthreshold is either highly resistant
or not conductive at all. This usually happens when the required
resistance R is high whilst the distance l between two ends of the
conductive segment is small. In order to solve this, we need to elim-
inate the excessively narrow conductive traces by converting them
into electrically equivalent meander lines. The electrically equivalent
meander line need to have the same end-to-end distance as the origi-
nal narrow trace, wider width than the original width of the narrow
trace, and the same end-to-end resistance as the original narrow trace
(Figure 17). An example of this conversion is shown in Figure 18.
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lm = l

A B

(a) An excessively narrow strip has a very high resistance or is not
conductive at all

Hwm

G

lm = l

S

A B

Pulse

(b) Equivalent meander line having the same end-point distance but
that is longer and wider

Figure 17: Conversion of an excessively narrow conductive strip to its
equivalent meander line. By proportionally increasing the width
and length, the resistance between the end points A and B of the
meander line in (b) is the same as that between the end points of
the narrow strip in (a)

Meander Line

Figure 18: Meander lines of appropriate width are printed using conductive
ink to achieve the desired resistances



2.4 implementation 53

0

0.5

1

1.5

2

2.5

1 5 9 13 17 21
Vo
lg
at
e	
Dr
op
	(V

)

ID	of	LEDs	(1	to	22)
Voltage	Drop Minimum	Required	Voltage

Voltages	Drop Mean:	1.713	V
Standard Deviation:	0.023	V

0

2

4

6

8

10

12

1 5 9 13 17 21

Cu
rr
en
t	(
m
A)

ID	of	LEDs	(1	to	22)

Currents	Mean:	4.801	mA
Standard Deviation:	2.067	mA

Figure 19: Voltage drop and current through each LED when routed by our
algorithm
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Figure 20: Voltage drop and current through each LED when routed by the
autorouter in Eagle
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2.5 experiment of routing multiple leds with tsp auto-
router

Settings for all the experiments in this section are listed in Table 2.

Table 2: General setting for the experiments

Substrate NB− RC− 3GR120 [71]

Red LED LTST −C150CKT [95]

Blue LED LTST −C150TBKT [96]

Conductive Ink NBSIJ−MU01 [72]

Inkjet Printer Epson PX− S160T

Sheet Resistance Rs 0.13 Ω/� (ohm-per-square)

2.5.1 Brightness Balance Evaluation

To evaluate the performance of our algorithm in balancing brightness
of multiple LEDs, we placed 22 red LEDs to form the text “AB”, and
then connected them using printed conductive inkjet ink as shown in
Figure 8. We use our algorithm and the autorouter in Eagle respec-
tively to generate the conductive pattern in Figure 8a and Figure 8b.
In the case of using Eagle, trace width and clearance are set to 1 mm.
The circuits are driven by a 6 V regulated DC power supply (TEXIO
PA36 − 3B [110]). We use a digital tester (Hozan DT − 124 [45]) to
measure the voltage drop on each LED.

As evidently shown in Figure 8, our TSP router outperformed the
autorouter in Eagle in terms of brightness balancing. A closer look at
the voltage drops on each LED (Figure 19 and Figure 20) shows that
our TSP router give a much better distribution of the voltage drop
on each LED. All of them are stable and larger than the minimum
required voltage (i.e., above the red line). Due to the instability in
printing resistor using conductive ink, especially when printing nar-
row traces, which are located in the two ends of the circuit due to the
constraint in Equation 1, the voltage drop on the first and last LEDs
are slightly higher than the others. This difference, along with the
non-linearity of the I-V characteristic of the LED, makes the currents
flow through these two LEDs higher than the other LEDs. However,
this deviation in current is acceptable as the brightness difference
it causes is ignorable for human eyes (as shown in Figure 8a). In
contrast, the autorouter in Eagle showed difficulty in providing stable
voltage drops to each LED. Most of the LEDs, in this case, have the
voltage drop less than the minimum required voltage which resulted
in the uneven lighting of the LEDs.
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(a) 8 red LEDs and 14 blue LEDs
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Figure 21: Mixture of 8 red LEDs and 14 blue LEDs are connected by
conductive pattern generated by our algorithm

Experiment with multiple color LEDs (8 red LEDs and 14 blue LEDs)
as in Figure 21 shows that our routing algorithm works well in case
of circuits with different color LEDs. Voltage drop on the same color
LEDs are stable and above minimum voltage requirement for each
color. However, due to mixing the different color of LEDs, the input
voltage needs to be higher compared to the case of single color LEDs.
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Figure 22: Time performance and approximation ratio of our TSP routing
algorithm for different number of LEDs. Approximation ratio is
calculated as ratio between the total length of the route found
by our GA TSP router and the total length of the optimal route
which is calculated by Concorde TSP Solver [6].

Table 3: Environment setup to evaluate time performance of the TSP routing
algorithm

Operating System Mac OS X Sierra 10.12.2

Processor 2.7 GHz Intel Core i5

Memory 8 GB 1867 MHz DDR3

Adobe Illustrator CC 2017
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Figure 23: Evaluation of ink consumption based on the total area of the
conductive patterns considering different number of LEDs. The
power source is set to 20 V and 30 V before routing. For each
case, we made 11 samples with the same number of LEDs under
different distributions. The area of the conductive pattern is
averaged based over these samples

2.5.2 TSP Routing Time Performance

Performance of our TSP router is also evaluated in terms of running
time. With the experimental environment setup as in Table 3, we ran
it with different number of LEDs and then measure the routing time
in each case.

The experiment results in Figure 22 shows that our TSP routing al-
gorithm can route up to 60 LEDs in a convenient time frame using a
commodity laptop. However, it starts to struggle when the number of
LEDs increases more. This can be improved partially by introducing
heuristic fine-tuning or dynamic programming into the search for the
TSP path.

In addition to running time evaluation, we also evaluate the approxi-
mation ratio of our GA TSP solver with difference numbers of LEDs.
The approximation ratio here is defined as the ratio between the total
length of the route found by our GA TSP solver and the total length of
the optimal route which is calculated by Concorde TSP Solver [6]. As
shown in Figure 22, we can achieve reasonable approximation of the
TSP route with the highest ratio in the case of 100 LEDs is about 1.6.
That means in this scenario, the route found by our GA TSP solver is
only 1.6 times longer than the optimal one.

2.5.3 Ink Consumption

Assuming that conductive inkjet printing will always print the con-
ductive ink with the same thickness, we evaluate the ink consumption
by measuring the area of the conductive pattern. We do not acknowl-
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edge of any tool that helps to route and balance brightness of mul-
tiple LEDs. Therefore, we conducted the experiment by comparing
printing area in case of different numbers of LEDs and different of
input voltages. We distributed multiple LEDs uniformly on an A4-
sized artboard. Input voltage is set to 20 V and 30 V for each case.
As shown in Figure 23, increasing number of the LEDs requirement
more conductive ink to route all of the LEDs. However, it is possible
to reduce the ink consumption by increasing the input voltage.



58 printable 2-dimensional application design with silver nano-particle ink

(a) Fireflies

(b) Moon and stars

Figure 24: Routing a large number of LEDs to create interactive lighting
artworks. By controlling brightness of separated groups of LEDs,
we can create a depth perspective in the pictures

2.6 applications

2.6.1 Electronic Artwork with Multiple LEDs

With our plugin, users can automatically route a large number of
LEDs and print the circuit quickly with conductive inkjet printing
(Figure 24). It is also possible to mix multiple types of LEDs in a single
artwork by stacking altogether transparent Polyethylene Terephtha-
late (PET) films with different types of LEDs routed on each layer.

2.6.2 Characters and Emojis with LEDs and Conductive Ink

Characters and emojis help to convey information efficiently. They
are often used in designing interactive applications with LEDs. Us-
ing our plugin, instead of manually connecting each LED, users can
easily generate conductive patterns of all characters in the alphabet
table (Figure 25a) or emojis such as the smiling or frowning face
(Figure 25).
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(a) Routing of all characters in the alphabet

(b) Smiling face (c) Frowning face (d) Text sign using LEDs

Figure 25: Alphabet characters and emoji using LEDs and conductive ink
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1. Take Photo 2. Place LEDs
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Conductive Ink

4. Greeting Card

Figure 26: Lighting greeting card generator using a smartphone application

2.6.3 Quickly Made Greeting Card

Although our algorithm is originally implemented in Adobe Illustra-
tor, it is possible to port the algorithm to other platforms which are
more familiar to beginners. Figure 26 shows a proposal of a smart-
phone app that lets users generate LED-based greeting cards by tak-
ing a photo, placing LED and route with our TSP router. The gener-
ated conductive pattern is ready to print and assemble.
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2.7 discussion and future work

Our TSP router helps to generate conductive patterns that wires and
regulates the current through each LED to assure that they light up
evenly. Besides, we can expand this routing algorithm to other 2-
terminal components such as sensors, actuators and paper speakers.
We can also port it to other popular Computer-Aided Design (CAD)
platforms such as Fritzing and KiCAD.

However, our TSP router is still having several issues that should
be investigated more in future:

• Routing time: Our autorouter can route up to 60 LEDs in a short
time. However, in the case that an user would like to light
up 1000 LEDs or more to fill a whole wall or ceiling, a faster
algorithm to solve the TSP is necessary.

• GA Parameters Tuning: Genetic algorithm is a heuristic algorithm
so it is critical to choose the parameters properly. Although
we find that the default parameters (result from empirical ex-
periment) in Table 1 is working well in most of the experi-
mental cases, tuning GA parameter will help to improve the
performance of the GA TSP solver. In the future, we want to
develop our router so that it can dynamically change the pa-
rameter based on the number of LEDs and other user-defined
constraints.

• Power Source Placement: Our current algorithm requires users to
place the power pads before routing. This is simple in most
of the cases. However, when the number of LEDs increases
or the art work is more complicated, it might be challenging
for users to decide position of the power pads properly. In
addition, current algorithm allow only one power source for the
whole circuit which leads to high voltage requirement when
the number of LEDs increases. In the future, our autorouter
will suggest the number of power sources and the position of
each power pad so that the routed circuit meets user-defined
constraints (such as time, ink consumption, required voltage of
the power source, and aesthetic).

• Scalability Evaluation: To assess the scalability of our autorouter,
we want to investigate the performance of the router in terms
of the number of LEDs, the voltage of the power source, the
sheet resistance of the conductive ink, total space that all LEDs
occupy, and LEDs distribution.

• Overlapping: In our current implementation, we eliminate the
crossing edge before brightness balancing using 2-opt algorithm
while temporarily ignore the width of the conductive trace. This
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approach assure that the TSP route do not have any crossing
edge. However, in extreme cases where the routing area is strictly
limited by the wiring space or the density of the LEDs distribu-
tion, there is a possibility that an anode branch might overlap
with a cathode branch causing circuit shorting. This can be
prevent by increasing the voltage of the power source. In the
future, it is possible to search for a non-overlapping pattern of
the TSP routed circuit by either checking for overlapping during
TSP search or adjusting the width of the overlapping segments
while still assure that the Equation 1 and 2 are satisfied.

• Power consumption optimization: The conductive pattern area, re-
sistances, and power source voltage have a tight relationship.
Based on this relationship, we may find the adequate trade-off
between resistance and power source voltage required to drive
multiple LEDs.
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2.8 conclusions

In this section, we addressed the hassle of wiring and balancing
brightness of multiple LEDs (single and multiple colors). We pro-
posed an autorouter based on traveling salesman problem and re-
sistance adjustment of the conductive pattern as a designing tool for
creating interactive applications with LEDs and conductive inkjet ink.
We took advantage of the apparent disadvantage of the conductive
ink (i.e., high resistance) to eliminate rigid ballast resistors which are
inherently necessary to regulate the LEDs. Besides the deep integra-
tion into Adobe Illustrator, our extension provides:

• A tool for arranging and designing with LEDs

• An autorouter based on the traveling salesman problem to find
the shortest cross-less path to connect multiple LEDs on a single-
layer sheet of paper

• A mechanism of adjusting the width of the conductive patterns
to control the resistance to each LED, hence allowing to con-
trol the brightness of each LED without the need of additional
resistors.

In this research, we aim to support inexperience users in working
with electronic circuits, especially working with conductive inkjet ink
and multiple LEDs. Our plugin allows users to focus on creative
designing instead of struggling with complicated electronic circuits.



3
P R I N TA B L E 3 - D I M E N S I O N A L FA B R I C AT I O N W I T H
S I LV E R N A N O - PA RT I C L E I N K

In this chapter, we will add another dimension to the printing of
electronic circuits with silver nano-particle ink. In other word, we
will scale it from 2D to 3D printing. We will start with fabricating of
double sided Instant Inkjet Circuits with via-holes as interconnections
between two layers. Build on top of these techniques, we will stack
multiple layers of printed circuits to form 3D objects with embedded
electrical functionality.

(a) A simple lamp made by stacking papers
and silver ink printed circuits.

(b) A CT–Scan image of the lamp
reveals the vertical interconnec-
tions which were made by filling
the inner tubes with conductive
paste.

Figure 27: An example of Printed Electronic Papercrafts with embedded
electronic circuits.

Figure 28: Examples of Printed Electronic Papercrafts: (1) sculptural cube
lamp; (2) moisture sensing flowerpot (3) architectural model with
simulated lighting; (4) smart toy armadillo with RFID tag; (5)
loudspeaker.

63
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3.1 introduction : limitations of 2d printing electronic

circuits

The rapid prototyping of flexible electronic circuits with silver nano-
particle ink has made the process accessible to a wide range of audi-
ences. With one click, users can print a working electronic circuits on
a photo paper. However, it is limited to 2D electronic circuits. There
exist circuits which cannot be route in a single plane (e.g., LEDs array).
Though it is possible to print the circuits in two separate photo papers
and attach them back-to-back, establishing the interconnections be-
tween the two layers is always a big challenge. These interconnections
should be reliable, small in size, high in conductivity, and easy to
fabricate. Our proposal, as discussed in Section 3.2, is to poke a hole
on a double sided photo paper and fill it with silver nano-particle ink
to establish interconnection between the two layers.

Another challenge that is not a 2D print electronic circuit problem but
can be tackled with 2D printing is the fabrication of fully functional
3D objects. Orthodox 3D printers only focus on the shape forming of
the objects. Therefore, the printed objects are static without any active
functionality. In order to bring in active functions such as actuating,
sensing, displaying, and communicating, users have to take an extra
step of adding electronic components to the printed object. We want
to streamline the process by embedding the functionality into the
printing process so that the object will be functional object immedi-
ately coming out of the printer. The detail process and evaluation is
discussed in Section 3.3.
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3.2 via-hole for double sided silver nano-particle ink

printed circuits

Instant Inkjet Circuits by silver nano-particle ink realized home-brew
electric circuit fabrication. However, current method can support only
single-layered patterns, and conventional inter-layer connection meth-
ods are not suitable. In this section, we will evaluate various easy-to-
use inter-layer connection methods by making via holes, especially
the ones made by different drilling mechanisms. We show that the
felting needle is the best candidate as it can establish good conduc-
tivity immediately after nano-particle ink is printed into the hole,
without using any curing process. This section will briefly review
the key-points of the via-hole for double sided silver nano-particle
ink printed circuits. More detail is discussed in [115].
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Figure 29: Via hole structure
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3.2.1 Related Works

3.2.1.1 Electro-plating PCB vias

For traditional PCBs, in order to fabricate multi-layered circuits, dif-
ferent electronic nets are formed on separated layers and they are
connected using via holes. These via holes are made by drilling tiny
holes on the surface of the PCB and filling them with a highly con-
ductive material (typically, copper). A widely used method to fill
these holes is electro-plating. Drilled PCB via holes will be rinsed
and electroplated in an electrolytes composed of copper sulfate and
sulfuric acid, so that conductive material will stick to the inner wall of
the drilling holes [129]. Although this method has the advantages of
low cost and simple operation, it involves in working with chemical
substances which are hazardous and difficult to be used in the rapid
prototyping with flexible substrates like paper or film.

3.2.1.2 Conductive adhesive

Another approach to filling a via hole without involving in chemistry
process is to fill it with conductive adhesives [55, 56]. In this method,
tiny holes will be drilled in PCB substrate and a squeegee will pass
through this surface, fill the drilled holes with the conductive adhe-
sive. This can make via holes with resistance as low as 0.3 Ω. However,
due to the use of the conductive adhesive, the whole sample needs
to be cured in a high temperature during at least 30 minutes. This is
troublesome and time consuming.

3.2.1.3 Silver nano-particle ink and sintering

Emergence of new conductive materials at nano size has enabled us
to fabricate a conductive pattern more conveniently. Along with this,
laser beam has also been investigated and applied to drill via holes
on a PCB substrate [28]. By printing silver nano particle ink on an
array of laser drilled micro size holes, we can have an interconnection
“microvia” structure on the flexible substrate [26]. In this method,
after laser drilling and silver nano particle ink inkjet printing, hole
array was cured at high temperature for at least 2 hours. This step is
important to make the filled holes become conductive. The use of the
laser cutter to drill tiny holes is a barrier for this method to approach
normal users (to whom possession of a laser cutter is not common).
And again, the silver nano particle ink used in this method required
thermal sintering, which is not always a convenient way to conduct.
Moreover, high temperature curing might affect characteristic of some
flexible substrates.
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3.2.1.4 Silver nano-particle ink and rivet

In another attempt to make double sided circuit with silver nanopar-
ticle ink, a copper rivet has been used to connect 2 circuits in the
front and the back sides of paper substrate [5]. Although this method
can help to establish vertical interconnection between 2 circuits, the
resistance of the connection is still high at 1.45 Ω. Moreover, using
rivet requires the applying of silver epoxy to guarantee the contact
between copper rivet and printed silver nano-particle ink. This is
neither time efficient nor robust.

In our approach, we focus on implementing double sided circuit
with a via hole in Instant Inkjet Circuits. The uniqueness of Instant
Inkjet Circuits is that it uses silver nano particle ink which does not
require thermal sintering or curing after printing. Printed pattern will
be chemically sintered at room temperature and become conductive
as soon as coming out from the printer. Chemical sintering at room
temperature relies on the contact of the silver nano particle ink and
special coating layer on the surface of the printed substrate. Our work
would be trying to preserve sintering-free characteristic of Instant
Inkjet Circuits while making interconnection in double sided circuit.
Based on this, we aim at bringing an automatic printing circuit maker
to every hobbyist’s hand. Toxic materials (chemical substances like
strong acids), harmful conditions (like high temperature, high power
laser, etc.) should be avoided. We plan to realize an easy-to-use desk-
top sized system with low electrical power consumption which allows
to reduce production cost and turnaround time. Entry level solution
might be a low cost special pen to manually make double sided circuit
interconnections. A final solution should be a full-automatic system
with a specially designed computer-aided design software to print
double sided circuits.

3.2.2 Approaches to Double Sided Flexible Circuit

3.2.2.1 Office Supplies Approach

One of the simplest ways to make interconnections for double sided
circuits in Instant Inkjet Circuits is to use office supplies, tools like a
stapler (with metal pins) or a crush-style needle-less stapler.

A stapler with metal pins
This was the first option that we have thought of when we tried
to make interconnections between 2 sides of paper substrate. We
simply made this connection with a metal pin from a stapler. A quick
measurement showed that the resistance of an interconnection made
by stapling is 6.3 Ω. However, this interconnection is not durable due
to the loosening by time at contacting point between the metal pin
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and silver nano particle ink. After 3 months, the resistance of the
same sample was increased to ten-mega-ohm order. Moreover, with a
normal stapler, we can only make the interconnections which are not
too far from the substrate edge due to the size of the stapler.

Crush-Style Needle-less Stapler
A crush-style needle-less stapler is one kind of staples that does not
have any metal pin. It uses pressure to press separated paper to-
gether [37]. At the place of pressing, 2 sides of the paper will be
crushed and entangled so that when filled with the silver nano parti-
cle ink, this entanglement will help to bind the ink from both sides of
the paper. The resistance of the interconnection made by the crushing
stapler, as our observation, is more stable than the metal pin stapler’s
interconnection. The resistance of the interconnection increased from
less than 3 Ω right after painted with silver ink to 15 Ω after 3months.
However, it also bears the limitation of the stapler size. We can only
make the crushing interconnections at places where are closed to the
edge of the substrate.

3.2.2.2 Via-hole Approach

As mentioned above, via hole has been long used as a solution for
interconnection in the multi-layered circuit. It is natural to think of us-
ing via holes in the Instant Inkjet Circuits. By comparing approaches
to make interconnection for double sided circuits (Table 4), we can
see that drilling via hole should be selected as its superior over other
methods. A stapler or a crush-style needle-less stapler results in large
interconnection footprints and cannot make interconnection, far from
the edge of the substrate. In contrast, a laser drill gives small footprint
and flexibility in the positioning of the interconnection, however, it
consumes a huge amount of energy and is difficult to miniaturize the
apparatus. Standing out from these, drilling via hole mechanically
can safely make small footprint and is flexible in positioning of inter-
connection without consuming energy.

The challenge is how to not only optimize the via hole quality, but

Table 4: Comparison of approaches to interconnection for double sided
circuits

Approach Footprint Position Energy Danger

Stapler Large Near Edge No No

Crush Large Near Edge No No

Laser Small Any Huge Yes

Via Hole Drill Small Any No No
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also retain the sintering-free characteristic of the Instant Inkjet Cir-
cuits. Coating layer on the substrate acts an important role in making
the printed pattern conductive. It is necessary to have this coating
layer in both edge and inner wall of the via hole. To achieve this
goal, drilling operation is evaluated and optimized. We will focus on
evaluating differences of the via holes made by different hole openers
(drill bits, hole punch drill bits, and felting needles).

Detail of the experiment can be found in [115]. According to the our
experiment, holes that are opened by a felting needle and filled with
silver nano-particle ink are conductive immediately after printing
with resistance R = 0.56 Ω. Footprint of the hole is small and flat
which makes it suitable for stacking multiple double sided circuits to
fabricate even more complex multiple layered circuits.
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3.3 integration of printed electronic circuit into 3d

printing

We present PEP (Printed Electronic Papercrafts), a set of design and
fabrication techniques to integrate electronic based interactivities into
printed papercrafts via 3D sculpting. We explore the design space
of PEP, integrating four functions into 3D paper products: actuation,
sensing, display, and communication, leveraging the expressive and
technical opportunities enabled by paper-like functional layers with a
stack of paper. We outline a seven-step workflow, introduce a design
tool we developed as an add-on to an existing CAD environment,
and demonstrate example applications that combine the electronic
enabled functionality, the capability of 3D sculpting, and the unique
creative affordances by the materiality of paper.



72 printable 3-dimensional fabrication with silver nano-particle ink

3.3.1 Introduction

Paper is a good medium for prototyping in many fields, including
artistic and craft practice, scale models in architectural design, low-
cost rapid prototyping for manufacturing, to name a few. Compared
with the plastics used in stereo-lithography and fused deposition
modeling, paper is inexpensive, lightweight, ubiquitous, and envi-
ronmentally friendly, and easily affords creative expression. Unlike
plastic we can fold, bend, or cut paper; and draw, paint, or print on
it. And as electronic components become smaller, thinner, and lighter
they can be attached and embedded in products made of paper. We
can draw or print circuits on paper and in place of soldering, we can
glue or tape electronic components.

While traditional papercrafts commonly cut, bend, and fold paper in
its natural sheet form, cutting and laminating many sheets together
creates solid objects similar to what 3D printing methods produce. As
this selective deposition laminating (SDL) method involves removing
material from each sheet before gluing cut sheets together, we refer
to the process as ‘3D sculpting’. In the PEP project we integrate elec-
tronics into sculpted papercraft and ask: What unique expressive and
technical possibilities might this combination enable?

Sculpting electronic papercrafts is a powerful technique that opens
a new creative space in rapid prototyping of interactive products.
Figure 27 and Figure 28 show several examples made using PEP
techniques: Printed conductive layers embedded into 3D sculpted pa-
percrafts, for instance, can light a lamp (Figure 28–1), sense moisture
(Figure 28–2), or amplify sound (Figure 28–5). Electroluminescent
layers (Figure 28–3) and RFID tags (Figure 28–4) can be fastened to
paper and embedded into the product. We stack paper and insert
functional layers with printed conductive traces, cut the paper to
form 3D objects, extend circuits by bending sheets or carving vertical
channels on the conductive printed parts and decorate the resulting
objects with craft supplies.

The PEP (Printing Electronic Papercrafts) project comprises a soft-
ware editor and a set of fabrication techniques. The editor enables
a designer to select a 3D model from a database, embed functional
layers of electronics into the model, and modify its structure to con-
nect functional layers into a single circuit. Our fabrication techniques
support design and engineering to embed actuation, sensing, display,
and communication into sculpted 3D products.
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3.3.2 Contributions and Benefits

The main contributions of this work are:

• Design techniques and process to creating 3D electronic devices
from a stack of paper;

• A design platform add-on to an existing CAD environment,
with a database of tested and parametric electrical and geomet-
ric components;

• Primitives that demonstrate the integration of four functions
into 3D paper objects: actuation, sensing, display, and commu-
nication;

• Examples that show how PEP software and fabrication tech-
niques generate new expressive possibilities.

Advantages of 3D Sculpting Paper
Our paper manufacturing techniques have several advantages over
existing multi-material 3D printing processes that can print electronic
products such as thermoplastic based Voxel8 [124] and photocurable
resin based ChemCubed [16].

1. Paper is widely available, accessible and affordable and we inte-
grate it with thin film electronic components. The main material
we use in PEP is common office copy paper, which is ubiqui-
tous and recyclable. Likewise, thin film electronic components,
which we combine with plain paper, are widely available, acces-
sible and affordable. Benefitting from the recent development
of thin film- and paper-based electronic printing technology,
PEP enables designers to deploy a larger variety of functional
components, from simple resistive heating coil (Figure 47) to
RFID tags (Figure 44).

2. 3D electronic papercrafts are robust. Embedding electronic parts
in a PEP object produces more durable products than other
approaches. For instance, Voxel8 [124] is a commercial 3D elec-
tronic printer that integrates fused deposition modeling (FDM)
and conductive paste extrusion. According to the Voxel8 design
guidelines, the silver shrinkage buffer is 40%. Therefore, the
connections of the circuit inside a Voxel8 printed object tend
to break due to differential thermal shrinkage between the non-
conductive thermoplastic and the conductive silver paste. We
use silver nanoparticle ink to print conductive traces on func-
tional layers, which minimizes thermal movement.

3. 3D papercraft leverages the unique material properties and aes-
thetics of paper. An engaging medium enables continuous ex-
perimentation, which yields a variety of outcomes [67]. Paper’s
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unique materiality, which encourages diverse expressive explo-
ration, explains why traditionally many creators prototype with
paper. By augmenting paper prototypes with functional behav-
iors PEP can be a compelling medium for interaction design-
ers. For instance, Figure 41 shows an architectural model 3D
sculpted with embedded electroluminescent layers and painted
in watercolor. Novices with little or no experience in 3D design
or electronics can also employ it as a quick way to embed rich
features into 3D printed objects.

3.3.3 Related Works

3.3.3.1 2D and 3D Printing of Electronics

Traditionally, prototyping of electronic circuits has been done by sub-
tractive techniques such as etching or milling. Recently, however, the
development of printable conductive material has enabled an alterna-
tive prototyping approach that leverages additive manufacturing pro-
cesses. One popular approach is 2D inkjet printed circuits [31, 32, 53].
Recent work also highlights the combination of automated pick-and-
place and elastomeric conductor extrusion for sheet-like electronic
material [122].

The emergence of multi-material 3D printing suggests integrating
electronic circuit into 3D printed objects. Voxel8 [124] implements
this by printing conductive paste at the same time as thermoplastic
materials. However, the resolution of electronic circuit printing is low,
and the difference in thermal expansion of conductive paste and
thermoplastic results in broken connections inside the 3D printed
structure. The ChemCubed process [16] uses inkjet printing to deposit
silver nanoparticle ink along with a UV-cured polymer. However,
the printed object requires sintering to make the electronic pattern
conductive, and the machine is expensive.

3.3.3.2 Integrating Interaction into 2D and 3D Printing

Several efforts integrate interaction in 3D printing for rapid prototyp-
ing of interactive physical objects. For example, Pineal [58] allows a
user to integrate a smart watch or phone into 3D models. The user
can specify high-level behaviors of the interactive 3D printed objects
through a specialized design tool and programming environment.
Similarly, .NET Gadgeteer [123] also provides a means for rapid pro-
totyping of the interactive behavior embedded into the 3D printed
objects. However, integrating interaction with a micro-controller or a
smart watch or phone can be costly and require adopting a particular
toolkit. In contrast, our approach using embedded electric circuits is
more inexpensive and affordable. As circuit design may require users
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to make lower level decisions, we provide a database of designs and
a novice design tool to support the design process.

Similar to our approach, SurfCuit [120] integrates circuits into 3D
printed objects. Whereas SurfCuit installs a circuit on top of a surface
of a printed object, PEP embeds the circuit into 3D printed paper-
crafts. Recently, several works have explored the embedded approach
to integrate interaction. This includes 3D printed objects that can
sense deformation [10, 103] or touch [102] using carbon doped ther-
moplastic. Taking an inspiration from these works, we expand the
design space of embedded interaction not only in sensing, but also in
actuation, display, and communication.

Multi-layered material fabrication with different material properties
in the composite is prepared by conductive inkjet printing or screen
printing. These material composites are used for actuation [38], dis-
play [79], and sensing [80]. Or, using both additive and subtractive
methods via a laser cutter, rigid, bendable, and flexible properties are
embedded into the composite [87]. Whereas previous works devel-
oped “smart” sheets and used them to create 3D shapes by bending
and folding, instead we sculpt a volume of a stack of paper. Our ap-
plication examples demonstrate that our different approach enables
a unique design space.

To employ soft and flexible materials for 3D printing, researchers
have experimented with needle felted yarn [48], fabric [86], and tex-
tiles [93]. Whereas previous work used only additive manufacturing,
our effort, which combines additive and subtractive methods adds an-
other material, paper, into the list of nontraditional, soft, and flexible
materials for 3D printing.

3.3.3.3 Electronic Papercrafts

Researchers have demonstrated design and fabrication techniques to
integrate electronic and computing components with various forms
of papercrafts such as a pop-up book [90], an invitation card and a
headphone [107], a robot, a speaker, and a lamp [99]. To empower
the creation of electronic papercrafts, conductive connection meth-
ods employing craft supplies, such as conductive tape, pen [20, 25],
paint [10] and stickers [17, 42] have been developed and some have
become inexpensive off-the-shelf products.

PEP explores the combination of electronics and papercrafts to en-
able a new creative space, and focuses on such integration by digital
fabrication, in particular 3D sculpting, whereas previous work in-
vestigated embedding electronics into paper mostly by handcrafting
techniques.
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Figure 30: Composite structure of paper and functional layers. Paper
supports cutting, folding, and bending to construct 3D forms;
craft techniques add images and colors. Functional layers embed
actuation, sensing, display, and communication.

3.3.4 Overview: Printed Electronic Papercrafts

PEP is a body of techniques to integrate interaction into printed pa-
percrafts via 3D sculpting. We explore the design space of PEP in four
functional aspects: actuation, sensing, display, and communication.
When we insert these functional layers into a stack of plain paper, we
can form 3D products that also embed interactive functionality. Each
sheet of paper is thin, flat, and flexible; we stack many sheets to create
volumetric solids while retaining the affordances of paper. Hence,
integrating a stack of plain paper with paper-like functional layers
can provide new expressive and technical opportunities for human-
computer interfaces and applications (See Figure 30).

In order to sculpt a product from a stack of paper, we use Mcor’s
IRIS printer [68]. This printer applies glue to the layer on the build
platform, advances a sheet from the paper tray and attaches it to the
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stack on the build platform, cuts a slice of the 3D form in the top
sheet, and repeats this process. It produces a volumetric object using
the stack of paper and embeds functional layers within the object.
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Figure 31: PEP design and fabrication process.

3.3.5 PEP Fabrication workflow and Techniques

Figure 31 shows how we use the PEP techniques to create a printed
electronic papercraft. We design with the PEP editor, develop func-
tional layers, compose a stack of paper with the functional layers,
print 3D products, connect the functional layers, and decorate the
product using craft supplies.

Step 1: Design the 3D Form in the PEP Editor
We use the PEP editor add-on in Autodesk’s Fusion 360 [9], a widely-
used existing CAD application. We can design a new 3D model or
import one from our library. Then, selecting a surface in the model
brings us to the next step: choosing a functional component to apply,
and adjusting parameters or positions of the imported components.
Once the design process is completed, we can download the func-
tional layers as PDF files and the 3D model as an STL or OBJ file.

Step 2: Prepare Functional Layers
The functional layer can be prepared with different processes such
as inkjet printing, silkscreen printing or simply attaching thin-film
electronic components to paper.

Inkjet printing: We print conductive patterns with silver
nanoparticle ink using a commodity inkjet printer. The
printed silver ink can serve as wiring traces for LEDs,
capacitive or resistive sensing, and coils for RFID tags or
sound production. Passive components such as resistors,
capacitors, and inductors can be designed and printed
directly with silver nanoparticle ink.

Silkscreen printing: Some materials cannot be inkjet printed;
these we prepare by hand. We used silkscreen printing to
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Figure 32: Extracting the rest of the printed object by using a tweezers and
fixing damaged parts with craft supplies.

make cuttable electroluminescent sheets for lighting appli-
cations.

Attaching: Many electronic components are becoming smaller,
thinner, lighter and commercially available. We can attach
them to a paper sheet with glue, paint, or tape. The printer
grabs, stacks and glues the sheet along with its electronic
component: an RFID tag, bend sensor, or any thin-film
electronic component.

Step 3: Prepare Printing Materials
Now we prepare the input stack of paper, inserting the functional lay-
ers at positions indicated by the PEP editor. The Mcor IRIS printer cal-
culates the number of sheets, counting 0.1 mm per sheet; 100 sheets
will produce a 10 mm height object.

Step 4: Sculpt a 3D Model
Now we load the 3D modeling file into the Mcor application and
set the position and orientation of the imported model for sculpting.
Essential here is to place the 3D model with functional layers horizon-
tal. The build size is 9.39× 6.89× 5.9 inches (using US letter size) or
256× 169× 150 mm (using A4 size paper).

Step 5: Post-Process the Print
When the Mcor printer is finished, we unload the platform and ex-
tract the sculpted product. We use tweezers to remove small bits of
waste material (See Figure 32).

As the product comprises many attached layers of thin sheets, it
is easier to remove parts in the horizontal direction than vertical.
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Figure 33: Two methods to connect multiple functional layers: (1) extending
and bending conductive parts (2) carving channels and filling
them with conductive material.

Removal is also more likely to damage horizontally attached parts
than vertically attached ones (See Figure 48). Damaged parts can
be repaired using a knife, glue and tape. At this stage, we also fix
any connections in the functional layers that were damaged while
printing.

Step 6: Connect Functional Layers
We can connect multiple conductive layers into one circuit by either

(1) extending a printed circuit layer and bending it to connect with
another layer, or (2) filling vertical channels with conductive adhesive
(Figure 33). We can choose either method in the PEP editor, and the
editor adjusts the model. For bending, the thickness of the extended
parts is 0.2 mm, which employs two sheets of paper in order to
support smooth bending. For carving the channels, we made the
outer diameter 5 mm and the internal hole diameter 3 mm.

Step 7: Augment with Craft Supplies
The unique materiality of paper products enables various expressive
explorations. We can decorate and color using craft supplies such
as pens, watercolor, and acrylic paint. Especially as the PEP tech-
niques add electronics into papercrafts, it opens another expressive
exploratory space. For instance, we can integrate heat-generation in
the printed object and add changing colors using thermochromic
pigment (Figure 47).
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Figure 34: Embedding coils into 3D printed papercraft enables us to make
actuators such as a heater (1) and speaker coil (2).

3.3.6 PEP Functional Primitives

We developed four types of functional primitives: actuation, sensing,
display, and communication.

3.3.6.1 Actuation Primitive

Stacking conductive printed patterns during the crafting process en-
ables us to embed actuators into the 3D printed papercraft. We intro-
duce two simple actuators that can be embedded by printing a coil
with silver nanoparticle ink.

Heater: A heater can be embedded into the 3D printed product by
stacking a conductive ink meander printed resistor between sheets
of plain paper. To distribute the heat more evenly in the 3D struc-
ture, several silver nanoparticle ink printed coils can be stacked on
successive sheets of plain paper. We connect conductive traces on the
different layers with conductive epoxy [23] to form a single larger
coil-type heater (Figure 34). When a suitable voltage is applied, the
conductive pattern generates enough heat to change the color of ther-
mochromic ink or actuate a phase change pouch motor [74].

Sound Amplification Coil: A printed coil actuates a vibration membrane
when embedded into a 3D printed papercraft. When we place the
printed object into a magnetic field and connect a signal to the coil,
depending on the amplitude of the signal, the magnetic force between
the magnet and the coil causes the paper to vibrate and produce
sound as a speaker [84].

3.3.6.2 Sensing Primitive

Users can embed various sensors into 3D sculpting electronic paper-
crafts so that the printed product recognizes changes in its surround-
ings. We can use existing thin-film sensors or design custom sensors
and print them with silver nanoparticle ink.
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Figure 35: (1) Printed interdigitated capacitors sense the presence of water
and humidity, and (2) human touch. (3) A printed resistor can
also act as a bend sensor.

Figure 36: Structure of an electroluminescent sheet.

Capacitive Sensing: Figure 35 shows our printed capacitive sensor, an
interdigitated capacitor. It can sense moisture and also functions as
a touch sensor, providing an input channel for users to interact with
the finished product.

Resistive Sensing: A silver nanoparticle ink printed pattern will change
its resistance responding to an external stimulus. The resistance of
a long ‘wire’ of silver nanoparticle ink changes when we bend the
printed substrate. The resistance returns to the initial value when the
substrate is no longer bent. Using this property, we can print a bend
sensor with silver nanoparticle ink [121].

3.3.6.3 Display Primitive

Electronic components embedded into a 3D printed product can func-
tion as output for the model.

LED: An LED is among the most commonly used elements to display
information. After sculpting the product, LEDs can be attached to
printed traces using conductive glue.

Electroluminescence: Electroluminescent (light emitting) sheets can be
fabricated by silkscreening [79]. We sequentially silkscreened phos-
phor, dielectric and silver paste layers on top of an indium tin oxide



3.3 integration of printed electronic circuit into 3d printing 83

Figure 37: (1) Thin-film RFID tag and (2) wireless power transfer can be
embedded.

(ITO) sheet [24] to make an electroluminescent sheet (see Figure 36).
This produces a more subtle lighting effect than LEDs.

3.3.6.4 Communication Primitive

A communication primitive enables 3D printed papercraft objects to
interact with other devices.

Radio-frequency identification (RFID): RFID tags, especially thin-film
ones, are common in everyday applications such as tracking or ad-
vertising. With PEP fabrication, we can easily embed thin-film RFID
tags in the stack of plain paper to make the 3D printed papercraft
identifiable by an RFID reader (as shown in Figure 37–1).

Wireless Power Transfer (WPT): With the same mechanism of embed-
ding thin film coils into the 3D printed papercraft, we can eliminate a
battery or the need for a wired power source. Receiving coils for WPT
can be printed with silver nanoparticle ink, see Figure 37–2, (though
efficiency will suffer due to the high resistance of the printed pattern -
about 0.2 Ω/�). The silver printing can be strengthened by electroless
(chemical) plating on thin-film to obtain low resistance coils [25].

3.3.7 Software Design Interface

We learned through initial prototyping of manual design and fabrica-
tion that PEP prototyping requires three different tasks: (1) designing
functional layers, (2) integrating functional layers into 3D models, and
(3) supporting the fabrication process, specifically file exports, precise
measurements, and manual configuration of these parts. We found
that the design workflow can be tedious and time consuming, which
inhibits free design exploration. So, to enable users to easily design
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and fabricate PEP objects, we developed a software tool specifically
designed to support end-to-end design of PEP prototypes. The tool
introduces two main components: a database for functional compo-
nents and an interactive editor. The database of functional paper
circuits enables a designer to browse and select desired functions
without creating from scratch, while allowing the designer to modify
the circuit. The interactive editor enables the designer to integrate
functional components into an existing 3D model. The editor also
provides instructions for fabrication.

To show how our design tool supports the design workflow, Figure 38

shows a step-by-step walk-through:

1. Load a 3D model. Select a function component from the database
and a surface for the functional layer (Figure 38–1).

2. Apply the functional layer to the selected surface of the model
and customize the design of functions (Figure 38–2).

3. More than one functional layer can be applied. Users can con-
nect multiple functional layers to combine them in one circuit
(Figure 38–3).

4. Once the user finishes the design process, they can export the
functional layers as PDF files well as the 3D model as OBJ/STL
files (Figure 38–4).

For the design and integration of functional layers into 3D models,
we developed an interactive editor, specialized for the design of PEP
products. Most designers prefer to continue using the design software
with which they are familiar rather adopting an entirely new editor.
Therefore, we decided to provide our software tool as an add-on to a
commonly used 3D CAD tool, Autodesk Fusion 360.

In order to integrate functionality into a 3D model, a user selects
components to be applied. As designing reliable electronic functional
components can be difficult for designers who lack a technical back-
ground, we provide a database of functional components, including
circuits for LEDs, switches, capacitive and resistive sensors, and coils.
Each functional component is described parametrically, enabling a
user to modify and extend designs without sacrificing functional-
ity. The components are designed as two-dimensional sketches. The
database is an online repository that designers can browse and select
designs from to import into their models. Designers can customize
components within the PEP editor as well as design functional com-
ponents from scratch and add them to the component database. Next,
the user selects a face of an existing 3D model to apply a functional
layer. Currently, the designer can only apply a functional layer to
horizontal or vertical surfaces. When a vertical surface is selected, the
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Figure 38: Design of a cube lamp in the PEP editor.
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Figure 39: Components in the PEP database.

system automatically rotates the model.

Once the designer selects a face, the editor automatically inserts the
functional layer into the selected horizontal or vertical surface. The
user can interactively change the design and parameters of inserted
layers by direct manipulation. To add layers the designer repeats
the workflow outlined above. To connect layers, the user can choose
from two methods: connecting with a conductive channel or pillar or
bending the sheets with conductive traces.

After completing the design, the designer exports the functional lay-
ers and the modified 3D model as PDF files and STL/OBJ files re-
spectively. To support the following fabrication stage, the software
provides guidelines, such as where in the paper stack to insert the
functional layer(s) and the horizontal offset of the printed circuit.
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Figure 40: Fabricating a cube lamp: (1) inserting a functional layer with two
attached LEDs and printed conductive traces into a stack of paper;
(2) sculpting the cube with the Mcor IRIS printer; (3) inside the
printed cube lamp; (4) connecting to power to light LEDs.

3.3.8 Applications

To illustrate the breadth of possibilities of the PEP editor and fab-
rication techniques, we built eight prototypes for functional layer
integration: four display examples using LEDs and electrolumines-
cent sheets; a sensing example using a moisture sensor; and com-
munication using a RFID tag, and a sound actuation example using
printed coils and a heat generating coil. Three of these prototypes
also illustrate connected multi-layered functional embedding.

3.3.8.1 Simple Functional Layer Implementation

Cube lamp
A sculpted 50 mm cube lamp demonstrates a printed electronic pa-
percraft with a display primitive, LEDs. It is sculpted from a stack of
paper with one functional layer made by printing conductive traces
on paper and attaching two LEDs with conductive glue. The LEDs
light up when power is connected.

Architectural model
Architects develop and communicate design ideas with architectural
models, and paper is often used to make these models. This appli-
cation shows how printed electronic papercraft using another dis-
play primitive, electroluminescent sheets, can be used in architec-
tural model-making. We attached electroluminescent sheets to ‘car-
rier’ sheets of paper, inserted them into a paper stack, sculpted the
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Figure 41: Fabricating an architectural model: (1) inserting two electrolumi-
nescent sheets in a stack of paper; (2) 3D sculpting the model; (3)
the resulting model; (4) painted in watercolor and equipped with
electroluminescent layers.

architectural model, and painted the model with watercolors. When
power is connected the windows in front of the electroluminescent
sheets light up.

Photo frame We can also use an electroluminescent sheet to print a
photo frame that illuminates a photo when the surroundings are dark.
We included a photo-printed paper sheet and an electroluminescent
functional layer in a stack of paper and 3D sculpted a photo frame.
When the photo frame is in a dark room, it lights the functional layer
to make the embedded photo visible. This application demonstrates
another use of an electroluminescent sheet and combines an image
printed paper sheet in 3D sculpting electronic papercrafts.

Water sensing flowerpot
This flowerpot application demonstrates integration of a sensing prim-
itive into the printing. We produced the functional layer by printing
conductive traces, inserted it into a stack of paper, and sculpted a
flowerpot. We decorated the pot with colored pens and sealed the
inside and outside with two thin layers of Mod Podge [73]. Then
we connected the sensing layer to an Arduino microcontroller pro-
grammed with capacitive sensing [8] code, showing users when to
water the plant. The flowerpot example shows how paper’s physi-
cal properties can be augmented. Although paper is sometimes seen
as a ‘weak’ medium, depending on design and fabrication we can
strengthen paper with post processing techniques.
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Figure 42: Fabricating a photo frame: (1) a photo printed layer and an
electroluminescent functional layer; (2) 3D sculpting a photo
frame; (3) the resulting product; (4) lighting the functional layer
displays the embedded photo.

Figure 43: Fabricating a flowerpot: (1) a water sensing layer with printed
conductive traces is inserted into a stack of paper; (2) printing a
flowerpot with the sensing layer on the bottom; (3) We decorated
the printed pot with colored pens. The graph on the screen
behind the plant shows soil moisture as we water the plant.
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Figure 44: Fabricating a smart toy hedgehog: (1) attaching an RFID tag
sticker to a sheet and inserting it into a stack of colored paper;
(2) sculpting a toy; (3) a partner toy with an embedded RFID
reader senses the RFID tag and plays a melody when it is within
10 cm.

Smart toy
Many electronic components are thin, flat and cuttable, and some
can be attached as a sticker without soldering. We made a ‘smart
toy’ hedgehog, inserting into a stack of colored paper one functional
layer with an RFID tag sticker. When we place the toy near a partner
toy (with an embedded the RFID controller [2] and Arduino micro-
controller), the partner toy plays a melody on its buzzer.

3.3.8.2 Connected, Multiple-Layered Function Implementation

Multicolor cube lamp
We extended the sculpted cube lamp presented earlier to make a
lamp with LEDs on different layers. This application demonstrates a
method of connecting circuits on different layers by extending and
bending the printed conductive traces. We started from the same
cube model as the one-color cube lamp. Then, in the PEP editor we
added another functional layer and selected the connection method
to automatically extend the conductive traces of the upper functional
layer. During fabrication, we prepared two functional layers with
display primitives: red LEDs for one layer and green ones for the
other. We inserted these into a stack of paper, which we used to sculpt
a cube lamp. Next we connected the extended conductive traces on
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Figure 45: Fabricating a multicolor cube lamp: (1) preparing a stack of paper
with two functional layers with different color LEDs; (2) sculpting
the form; (3) bending the upper functional layer and attaching
it to the lower layer; (4) inside of the lamp; (5) when power is
connected, LEDs on both layers light up.

the upper functional layer to the lower layer by bending and attaching
them with conductive glue. When power is connected, this bicolor
lamp lights red LEDs on the upper layer and green LEDs on the
lower layer.

Loudspeaker
This speaker application demonstrates another actuation primitive,
a sound amplifying (voice) coil, and a connection method, filling
vertical channels with conductive glue. We started by preparing two
printed coil layers (a single three-winding coil produces too weak a
sound) and a stack of paper for 3D sculpting. After sculpting the
form, we connected the coils on two layers with conductive epoxy. In
order to reduce resistance of the printed coil by thickening the con-
ductive traces, we printed the coils several times on each sheet. After
attaching the coils on different layers, we connected each terminal of
the coil to a melody circuit and placed a magnet below.

Color-change cup holder
A cup holder demonstrates a heat generating coil application with
thermochromic color change pigments. We developed a cup model
in five parts, planning to embed four layers of coils between the
parts. Then we printed four coil layers with a stack of paper and
3D sculpted all parts. Using the printed parts, we assembled the
parts from the bottom using paper glue and connected the coils with
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Figure 46: Fabricating a speaker: (1) inserting two printed coil layers into
a stack of paper; (2) sculpting a speaker with coils on different
layers; (3) connecting coils by injecting conductive epoxy into
cross-layer channels; (4) preparing a stack of paper; (5) sculpting
a cone; (6) attaching it to the body; (7) the combined model; (8)
connecting the coil to a melody circuit.
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Figure 47: Fabricating a cup holder: (1) combining four functional layers
of printed coils with a stack of paper; (2) sculpting five parts
of the cup; (3) connecting the coils by injecting conductive epoxy
into the cross-layer channels; (4) the applied thermochromic color
without heat; (5) color changes when the power is connected by
heat generation.

conductive epoxy. Once the cup holder was dried and cured, we
painted thermochromic pigments and connected power to see the
color changes. The coil resistance was 80 Ω and we connected to 12 V ,
therefore the power dissipation was just 1.8 W, enough to produce
color changes but not to make the surface too hot.

3.3.9 Limitations and Future Work

Our PEP techniques have unique limitations; this leads us to propose
a call for future work:

• The Mcor IRIS printer for 3D sculpting constrains the size, thick-
ness (weight), and texture (slipperiness) of material. We can
only load US letter (or A4) paper under 20lb weight; other-
wise the printer fails to transport sheets from the stack to the
build platform. If the material is too slippery (e.g., OHP film)
the printer fails to grab sheets or properly adhere layers; even
one poorly attached layer impacts the accuracy of cutting and
attaching successive sheets. Therefore, we glue electrolumines-
cent sheets to a ‘carrier’ sheet of paper. Future printers may
resolve these technical issues. To enhance the affordances of
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Figure 48: Designers must consider model orientation in the printer. Struc-
ture 1 is more fragile than 2: (1) horizontally attached sheets and
(2) vertically attached sheets

PEP techniques, these two constraints need to be addressed in
the next version of the printer development.

• Printed electronic papercrafts can be fragile depending on the
design and placement of the model on the build platform. The
printer creates 3D objects by gluing and cutting many flat sheets
of paper. Therefore, a product that includes thin and long verti-
cal parts (approximately less than 3 mm) is fragile. Likewise, we
cannot bend or fold printed parts if the attached paper sheets
are placed vertically.

• Our actuation primitives include only examples of heat and
sound actuation. In the future, we can obtain mechanical actua-
tion by adding thin film actuators such as actuated paper hinge
that can be inkjet printed as for example in Foldio [80].

• Regarding the density of conductive layers, currently we sup-
port only single-sided conductive layers, so paper thickness gov-
erns density. In the future, we can adopt the double-sided con-
ductive layer by via-hole techniques [115]. This can help to in-
crease the density of conductive layers stacked into the model;
two facing layers must be insulated by non-conductive coating.

• Although the PEP editor indicates where to embed functional
layers in the stack of paper, we must count the number of layers
to insert functional layers at the right position, which can be
tedious and inaccurate. A counting error results in misplacing
functional layers. We plan to address this by modifying the PEP
editor to connect it to a printer to count the number of paper in
forming the paper stack.
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3.3.10 Summary

We introduced printed electronic papercrafts by 3D sculpting. Lever-
aging electronically enhanced papercrafts with 3D sculpting can en-
able new creative possibilities and we presented a set of fabrication
techniques with a design editor to afford such prototyping using
today’s technology. By inserting functional layers into a stack of plain
paper, we can develop interactive 3D paper prototypes by cutting
and gluing sheets of paper. Our software supports designing the
integration process with a set of functionality (actuation, sensing,
display, and communication). We believe the unique affordances of
paper prototypes can be further extended, and in this section we ex-
plored and demonstrated what’s possible today by combining paper
with electronic components and leveraging such combination with
3D sculpting.
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3.4 conclusions

In this chapter, we addressed the challenge of scaling electronic circuit
printing from 2D to 3D. Double sided silver nano-particle ink printed
electronic circuits with via-holes help to route complex circuits which
cannot be routed in a single plane. Based on this technique, we pro-
posed PEP, a method to print/fabricate 3D objects with functional
layers embedded. These functional layers could be actuators, sensors,
communication, and display modules. An object printed by PEP is
not static anymore. It can be designed to actively interact with human
and surrounded environment.



4
P R I N TA B L E S E N S O R S A N D A C T U AT O R S F O R
S O F T- B O D I E D R O B O T S

Soft-bodied robots are getting attention from researchers as its poten-
tial in designing compliant and adaptive robots. However, soft-bodied
robots also pose many challenges not only in non-linear controlling
but also in design and fabrication. Especially, the non-compatibility
between soft materials and rigid sensors/actuators makes it more
difficult to design a fully compliant soft-bodied robot. In this chapter,
we propose an all-printed sensor and actuator for designing soft-
bodied robots by printing silver nano-particle ink on top of a flex-
ible plastic film. We can print bending sensors and thermal based
actuators instantly with home-commodity inkjet printers without any
pre/post-processing. We exemplify the application of this fabrication
method with an all-printed paper caterpillar robots which can inch
forward and sense its body bending angle.

97
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(a) Instant inkjet actuator and sen-
sor.

(b) The actuation is based on ther-
mal expansion.
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(c) An instant inkjet paper caterpillar which can inch forward and sense
its body bending angle.

Figure 49: Instant inkjet actuator and sensor consists of an electro-thermal
actuator and a resistance based bending sensor which are
instantly printed with silver nano-particle ink on a plastic film.
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4.1 introduction : printable soft-bodied robots

A printable, lightweight, and self-compact actuator is desirable for
the rapid prototyping of soft-bodied robots, self-folding structures,
or origami robots. A typical actuator for fabrication soft-bodied robot
is pneumatic actuator such as in [76], [81], and [66]. However, the
biggest drawbacks of pneumatic actuators are its large compressor
and the constraint of guiding tubes and valves. Another more elegant
approach is to use shape memory alloys such as in [118]. Again, this
option is not printable and requires tedious preparation of shape
memory alloys.

Standing out from these, thin film actuators demonstrate significant
potential in the fabrication of compliant body robots. They enable the
design of self-assembled structures which will be a key to high-level
environment adaptive robots. Besides, a self-compact and printable
thin film actuator is a crucial factor for mass production and self-
deployment task. Kirigami robot [105] proposed an electro-thermal
paper actuator to fabricate paper-based robots. However, its fabrica-
tion method requires the manual application of additional material
such as polyurethane to the surface of the substrate. Printed Paper
Actuator [125] use the reversible expansion of a conductive thermo-
plastic in the 3D printer to print paper-based actuators. Using 3D
printing will consume more time than just 2D printing. Moreover, the
conductive thermoplastic needs to be activated at high voltage to start
expanding and contracting.

In the field of making new materials, such as in [36] and [4], the
performance is promising. However, the fabrication process is neither
simple nor accessible to a typical user. The actuator in [7] and Hy-
grobot in [106] tried to make a passive humidity paper actuator. They
have the advantage of not requiring active energy from any artificial
sources but utilizing the humidity gradient of the environment to
actuate the actuator. This is its strong point but also its weakness.
The actuator heavily depends on the randomness of the surrounding
environment. In contrast, the tiny robot in [47] is controllable to move
in different locomotion gaits. Unfortunately, the robot needs to be
confined in a magnetic field which requires big and bulky equipment
to generate and control.

In this chapter, we propose an all-printed electro-thermal paper ac-
tuator and bending sensor which can be printed instantly with silver
nano-particle ink by a home-commodity inkjet printer without any
pre/post-processing. We take advantage of the difference in coeffi-
cient of thermal expansion (CTE) between layers in photo plastic film
to bend the plastic film with heat generated by the silver nano-particle



100 printable sensors and actuators for soft-bodied robots

ink printed heater. When the temperature of the film decreases, it will
return to the flat resting form. The bending of the film will change
the resistance of the printed conductive trace. By measuring these
changes, we can detect the bending angle of the actuation.

Our contributions include:

• Design of an instant inkjet paper actuator and sensor which
can be printed quickly with any home-commodity inkjet printer
and does not require any pre/post-processing.

• Characterization of the performance of the printed bending ac-
tuator and bending sensor with different types of substrate.
Especially, we observe that the resistance change of the bending
sensor is different from expectation. In other words, the silver
ink pattern is less conductive when bending inwardly.

• An application of the inkjet actuator and sensor in making an
all-printed inching worm which inches forward and senses its
body bending angle.
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Microporous Coating Layer 
(as Material B)

α

Core Layer
Paper or PET 

(as Material A)

Silver Ink

Flat Bend

Bending Angle

Figure 50: Structure of the instant inkjet actuator and sensor. The photo
paper or plastic film film is bent due to the effect of the Joule
heat generated by the silver nano-particle ink printed heater.

4.2 design and fabrication of instant inkjet actuator

and sensor

4.2.1 Design

4.2.1.1 Instant Inkjet Actuators

A thermal based uni-directional thin film actuator is a stack of at
least two different materials (Material A and Material B) which have
different CTE. When the whole structure is heated up, the difference
in expansion ratio is converted into the bending motion of the thin
film. This electro-thermal actuator is usually used in thermostat and
Material A and B are respectively steel and brass [127]. In our ap-
proach, we use Instant Inkjet Circuits [53] to print an electrically-
driven heater on the top of a resin coated photo paper, a transparent
Polyethylene Terephthalate (PET) photo film, and a white PET photo
film. The advantage of using a photo plastic film or photo paper is
that they have multilayer structure [71] which consists of a core layer
(wood free pulp or PET) as Material A and a porous coating layer as
Material B (Figure 50). These two layers have different CTE, thus it
will bend there is a change in its temperature. By printing a heater
on top of the substrate, we can control the change of the temperature
of the film. (Figure 50). The silver nano-particle ink printed heater
can be designed so that the heat is distributed evenly across the film
or concentrated on particular region of the film, thus enables us to
design different bending direction.

4.2.1.2 Instant Inkjet Bending Sensors

Among many types of bending sensors, the most common one is
resistance based bending sensors. It is a strip type resistor made from
a special material which will change its conductivity when the strip
is bent. Silver nano-particle ink also demonstrates resistance changes
when the printed pattern is mechanically deformed. Flexy [121] took
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Figure 51: Three patterns of actuators and sensors are printed with silver
nano-particle ink on the top of three substrates to evaluate the
performance of the actuation as well as the sensory reading.

advantage of this characteristic to make a printable bending sensor
from silver nano-particle ink print. We also adopt this design to make
our bending sensor. However, Flexy is only working when the sensor
temperature is kept at the room temperature. In our case where the
temperature of the sensor will be high due to the heat generated by
the actuator, the behavior of the silver ink pattern changes drastically.

At room temperature, the silver ink printed pattern will increase its
resistance when it is bent outward (printed pattern is in the outside
of the bending form), and vice versa. However, under a high temper-
ature, as mentioned in the designing of the instant inkjet actuator,
the heat will expand the substrate. Due to the difference in CTE,
this expansion will, at the same time, bends the substrate and also
breaks the links between silver nano-particles printed on the surface
of the substrate, thus increasing the resistance of the printed pattern
in total. We will base on this behavior to induce the bending angle
from the resistance change of the silver nano-particle. In other words,
our bending sensor is also the pattern which acts as a heater in the
part of instant inkjet actuator. By keeping reading the variation of the
resistance, we can detect the bending angle without any additional
components or wiring.

4.2.2 Fabrication

Heater pattern is designed with common vector design software’s
(such as Adobe Illustrator or Inkscape). We print silver nano-particle
ink heaters (as shown in Figure 51) onto a resin coated photo paper, a
transparent PET photo plastic film, and white PET photo plastic film
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H1

H2

H3

Figure 52: Bending actuation of the instant inkjet actuators with different
patterns of silver nano-particle ink printed heaters. Thermogra-
phy of each actuator show that the heater H1 gives the most
uniform heat distribution. For heater H2, there is an imbalance
between top and bottom edge. Heater H3 generates heat mostly
in the middle and edges of the actuator.

(as listed in Table 5) to make electro-thermal actuators.

By printing silver nano-particle ink with home-commodity inkjet print-
ers, each actuator can be made in just a few seconds. Except cutting
the actuator from the print, which can be automated using cutting
plotters or laser cutters, there is not any manual assembling.

Table 5: Fabrication equipment and material

Resin coated paper NB− RC− 3GR120 [71]

Transparent PET film NB− TP− 3GU100 [71]

White PET film NB−WF− 3GF100 [71]

Inkjet Printer EPSON PX− S160T [104]

Silver nano-particle ink NBSIJ−MU01 [72]
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25°C 120°C
Figure 53: Bending of the H1 pattern in series from flat to max bending.

Along with that are the changing of the temperature of the
actuator during the bending phase.

4.3 experiment

During conducting experiments, we observe that the pattern printed
on resin coated photo papers (NB − RC − 3GR120) and transparent
PET photo plastic films (NB − TP − 3GU100) show inferior perfor-
mances. The substrate is burnt and cannot bend effectively. Therefore,
in this part, we will focus on the actuators printed on white PET
photo plastic films (NB−WF− 3GF100).

4.3.1 Actuation

For each experiment, we fabricate actuators with a size of W × L =

1.5 cm× 5 cm. The actuators are actuated by heaters with different
patterns of silver nano-particle ink printed as shown in Figure 51.

All actuators are put in room temperature (25◦C) and driven by a
stable direct current (DC) power supply (AD − 8722D). An output
voltage is set to 9 V for all experiments (except actuator H3 which
is set to 2 V because the resistance of H3 is 4.4 Ω so it produces too
much heat under 9 V which burns itself immediately). This setup
accounts for the current flow through each heater H1, H3, and H3
is I1 = 0.39 A, I1 = 0.46 A, and I3 = 0.45 A. These are empiri-
cal numbers which will not burn the actuator instantly. Actuation
are recorded simultaneously by a normal camera (Sony Handycam
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FDR − AX551) and a thermal camera (U5855A TrueIR Thermal Im-
ager2). All recorded footage is analyzed with Kinovea3.

4.3.2 Displacement and Curvature

Displacement δ of each actuator is normalized by dividing the real
displacement ∆H by the length L of the actuators as δ = ∆H

L . In
measuring the bending curve, we assume that the curve is an arc
of a circular, which means for each pattern Hi, the curvature of the
bending actuation is κi = 1

Rt
along the length of the actuators, where

t is the instant time stamp. Based on this assumption, we calculate
the curvature of the actuator when it bends at maximum. Result of
the measurement is shown in Fig 54.

We attach each actuator to a fixed clamp and measure the displace-
ment and curvature of the actuator at the maximum bending state. As
shown in Figure 52, all three types of silver nano-particle ink printed
heaters can generate enough Joule heat to bend the instant inkjet
actuator. However, the H1 heater pattern gives the most uniform heat
distribution across the actuator surface and is the one which gives the
largest displacement. Figure 53 shows the bending movement of the
H1 pattern actuator.

4.3.3 Responsiveness

Time response of each type of the actuators is evaluated by measuring
the total time it takes for the actuator to bend from resting state to
the maximum bending state.

As shown in Figure 54a, the actuatorH1 responses quickly and achieve
maximum bending state in 7s. The slowest actuator is H3. The reason
is that the heat generated by heater H3 is only staying in the middle
and edge region of the film. Therefore, the actuator can only bend
slowly to a small displacement. H2 is the fastest among the three
actuators. However, its displacement is less than that of H1 due to
the imbalance in heat distribution on the H2 actuator.

4.3.4 Sensing

From the result of the actuation experiment, we choose pattern H1 as
the actuator heater. In order to determine the bending angle of the
active actuator, we measure the resistance of the pattern (KEYSIGHT

1 http://sony.jp

2 https://www.keysight.com/

3 https://www.kinovea.org/

http://sony.jp
https://www.keysight.com/
https://www.kinovea.org/


106 printable sensors and actuators for soft-bodied robots

34461A Digit Multimeter4) while applying a 9 V DC voltage to the
printed patterns. When activated, the actuator body curls to the print-
ing surface which makes it bend inwardly. Different from our expec-
tation, the resistance of the conductive trace does not decrease but
increases along with the increment of the bending angle (as shown
in Figure 55 and Figure 56). This can be explained based on the
cracking of the conductive pattern when the printing substrate un-
dergoes thermal expansion due to the heat from the heater. Even
though the inward bending will bring the silver nano-particles closer
together, the thermal expansion acts more actively in separating the
coalescence of the silver nano-particles. These two factors deduce
the conductivity of the pattern. The bending angle of the actuator is
calculated using Kinovea to find the relationship between the bending
angle and resistance as shown in Figure 56.

4.3.5 Robustness

We evaluate the robustness of the instant inkjet actuator and sensor
in terms of temperature robustness and resilience robustness.

4.3.5.1 Temperature

According to the specification document of the white PET photo plas-
tic film, the substrate and the silver ink printed pattern can sustain
a temperature of at most 120◦C. We evaluate the temperature ro-
bustness of the actuator by continuously let a current of 0.5 A flow
through the heater until the actuator burns itself. We find that, after
14s, the actuator is heated up to more than 180◦C and gets burnt. The
silver nano-particle ink printed heater is cracked and finally becomes
non-conductive after 44s. Snapshots of the experiment are shown in
Figure 57.

4.3.5.2 Resilience

In order to evaluate the resilience of the instant inkjet actuator and
sensor, we actuate it for 8 min which accounts for 24 cycles of bend-
ing/releasing with period T = 20s (12s actuating under current Ia =

0.5 A, 8s releasing under current Ir = 0.07 A). As shown in Figure 58,
the bending angle is changing stably through multiple times of bend-
ing. Along with the bending angle, the resistance of the heater also
changes accordingly. This result shows that the instant inkjet actuator
and sensor is durable both in terms of actuator and in terms of sensor.
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4.4 application - paper caterpillar

Caterpillars are getting more attention from soft-bodied robotics re-
searchers because of its simple yet flexible enough body structure to
generate and switch between locomotion gaits. In this chapter, as an
application of the all-printed actuator and sensor, we make a simple
version of a caterpillar which mimics its inching locomotion gait.

The paper caterpillar is designed as shown in Figure 59 and printed
with silver nano-particle ink on a white PET photo plastic film. Head
and tail of the robot are folded to form tiny hooks to realize frictional
anisotropy along the body of the robot. The fabrication time of one
robot includes less than a few second of printing and less than 5min
of attaching the robot to the controlling circuit.

We control the robot using an Arduino board to switch the voltage
connected to the robot between 9 V and 2 V . When only the 9 V line
is on, the robot will bend, when only the 2 V line is on, the robot
will release. The bend-release cycle will make the robot inch forward.
During the releasing phase, the robot can be connected to 0 V instead
of 2 V to make the releasing time shorter. However, because we use
a voltage divider to measure the resistance of the actuator in real
time, 2 V is just enough to not heat up the actuator too much yet
provides acceptable resolution of the resistance measurement reading
as shown in Figure 60. Snapshots of the locomotion of the robot are
shown in Figure 49c. The robot was inching forward under the speed
of about 10 m/s, which is equivalent to 1% body length per second.
This is a slow speed locomotion, but we can improve by better de-
signing of the frictional anisotropy between the gripping legs and the
ground. Optimization of the ratio between activating/deactivating
time of the actuator will also help to speed up the robot.

4 https://www.keysight.com/

https://www.keysight.com/


108 printable sensors and actuators for soft-bodied robots

0%
25%
50%
75%
100%

0

10

20

30

1 2 3 Di
sp

la
ce

m
en

t (
%

)

Ti
m

e 
Re

sp
on

se
 (s

)

Type of heater pattern

Time Response (s) Displacement
(a) Displacement and time response of each actuator

42.63

29.11
24.51

0.00

15.00

30.00

45.00

H1 H2 H3M
ax

 C
ur

va
tu

re
 κ 

(1
/m

)

Type of heater pattern
(b) Curvature at maximum bending state of each actuator

Figure 54: Time response of actuators are measured by the time it takes for
a actuator to go from resting to maximum bending state



4.4 application - paper caterpillar 109

Figure 55: By continuously reading the resistance of the conductive trace, we
can infer the bending angle of the actuator based on the change
of its resistance. The instant inkjet actuator and sensor is control
by an Arduino Mega board to actuate and to read the resistance
of the heater and to show it on a display behind. (Real actuation
and sensor reading are included in the supplemental video).
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Figure 57: The actuator starts to deform unpredictably when the tempera-
ture is more than 120◦C, and it burns itself when the temperature
is more than 180◦C at time t = 14s.

50

70

90

110

130

150

170

10

15

20

25

30

0 20 40 60 80 10
0

12
0

14
0

16
0

18
0

20
0

22
0

24
0

26
0

28
0

30
0

32
0

34
0

36
0

38
0

40
0

42
0

44
0

46
0

48
0

Be
nd

in
g 

An
gl

e 
(°

)

Re
sis

ta
nc

e 
(Ω

)

Time (s)
Resistance Bending Angle

Figure 58: The instant inkjet actuator and sensor performs stably through
multiple times of bending and releasing.



4.4 application - paper caterpillar 111

50 mm

17 mm
7 mm

(a) Paper caterpillar from dorsal side

7 mm

120°

Frictional Anisotropy
 Gripping Legs

Silver Nano-particle Ink 
Printed Patterns

(b) Paper caterpillar from ventral side

Figure 59: The printable paper caterpillar with actuator and sensor is
printed with silver nano-particle ink on white PET photo plastic
film substrate.
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of silver nano-particle ink printed actuator on the body of the
robot.
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4.5 discussion and future works

The instant inkjet actuator and sensor have shown the possibility of
rapidly printing a bending actuator that can be easily embedded into
soft-bodied robots. Besides, this same pattern of the actuator can
serve as a sensor for the bending angle of the body of the robot.
However, there is still room for improvement in the future:

• Power Consumption: An instant inkjet actuator currently consumes
about 3 W to 5 W which is quite large compared to other types
of the actuator (for example, Shape Memory Alloys). This can be
improved by overprinting to reduce the resistance of the heater.

• Durability: Our actuator and sensor show stable performance
through multiple times of the experiment. However, it is easy
to over-current the heater resulting in peeling off of the silver
ink or melting of the substrate. Therefore, each actuator should
be connected to a regulated circuit to assure that the heater will
not be over-heated.

• Sensitivity: Though the bending sensor can help to detect the
bending of the body, the amplitude of the of the resistance
change is small thus reduces the resolution of the sensor. Com-
putational designing of the printing pattern might help to im-
prove the sensitivity of the sensor.

• Bending Force: the bending force of the actuator is weak, but it
can be increased by using different types of substrate materials.

• Bending Line: Currently, we have not controlled the bending line
of the actuator yet. However, in the future, this can be done
by printing the heater pattern so that the actuator will bend at
desired bending lines.

• Bi-directional actuation: The instant inkjet actuator is only bend-
ing to the printing side of the substrate. A bi-directional bend-
ing actuator is desirable in order to make more complex actua-
tion and movements.

• Self-compact: The controlling and powering of the actuator is
now tethered from an external board. In the future, it is possible
to cut these wires by using an on-board thin battery or wireless
power transfer.
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4.6 conclusions

In this chapter, we proposed the instant inkjet actuator and sensor to
shorten the design and fabrication time of making soft-bodied robots.
With the availability of the printing materials and the precision of
home-commodity inkjet printers, one can print an inching worm in
just a few seconds and can start to actuate it in a few minutes. The
merging of actuator and sensor into a single pattern makes the wiring
much less bulky and free of frustration, thus, improves the compact-
ness of the robots.



5
P R I N TA B L E M E C H A N I C A L F U N C T I O N A L I T Y F O R
D E S I G N I N G S O F T- B O D I E D R O B O T S

Soft-bodied and continuum robots have shown great adaptability to
the environment thanks to its flexibility of the body. They have great
potential in environment exploring or rescuing mission. One of those
robots is snake-like soft-bodied robots. A snake robot is often made
by attaching passive wheels along a long body to achieve frictional
anisotropy. This anisotropic structure helps to propel the body with
serpentine locomotion and prevents it from sliding laterally. How-
ever, with a snake-like soft-bodied robot, attaching wheels is not
only clumsy but also adding weight to the robot. In this chapter,
being inspired by the scales on the skin of a snake, we propose a
designing scheme to achieve an all-printed wriggle soft-bodied robot
by patterning high and low friction material to the ventral side of
the robot. Compared to a totally flat ventral, we are able to speed-
up the serpentine locomotion 2.8 times. Besides, by changing the
configuration of high/low friction material, our wriggle soft-bodied
robot can easily move forward or backward just by switching the
controlling signal. The fabrication time is just less than 1 hour and
the robot can achieve the speed of 26 ms (equivalent of 17% body
length per second).

115
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(a) Specially designed directional friction of ventral surface to improve locomotion
speed

(b) Locomotion of a robot (F2, period T = 1s, on time t = 0.5s)

Figure 61: 2-segment soft-bodied wriggle robot is fabricated from elastic
material. It travels based on the undulation generated by two
motors which keep winding/unwinding four tendons. The
ventral of the robot is patterned with the directional friction
surface to support the lateral undulation locomotion.



5.1 introduction : snake-like soft-bodied robot 117

5.1 introduction : snake-like soft-bodied robot

In contrast to traditional rigid robots, soft-bodied robots are con-
structed from highly deformable materials which allow them to adapt
effectively to the environment. Soft-bodied robots are usually inspired
by soft and flexible structured body of animals such as worm [119],
snake [82], octopus [126], fish [65] and elephant trunk [12]. In order
to adapt to different habitual environments, many animals have de-
veloped special structures of the body which assist them in hunting,
hiding, and especially navigating through the environment. Mimick-
ing those structures could be the hints to develop high adaptive soft-
bodied robots. One of those structures that we want to address in
this chapter is the scale of snake which is suggested to be crucial in
assisting locomotion of the snake [46].

Inspired by the agility of a snake body, many research have tried
to investigate and mimic its locomotion gaits such as [40, 41, 60,
98]. However, all of these research focus on multi-link rigid robots
which not only require complicated controlling system but also have
a low degree of adaptability. There are several other research that
has tried to imitate snake locomotion in the soft-bodied robot. Zhu et
al. [132] have intensively investigated the behavior of a continuum
soft-bodied snake-like robot. However, this research assumes that the
friction between ventral of the robot with the ground is uniform in
every direction, which does not fit to the snake in real life. Onal et
al. [82] and Luo et al. [62] solve the concerning of non-uniform friction
beneath the snake-like robot by attaching passive wheel along its
body. This helped to achieve smooth serpentine locomotion but also
make the robot bulky and lengthen the fabrication process.

As mentioned above, scales play an important role in the locomotion
of snakes. These scales are arranged to form frictional anisotropy
along the body of the snake. By actively aligning the direction of each
scale, the snake can easily navigate through a variety of surfaces [46].
Directional friction (anisotropic friction) surface is a surface which
has high friction in several directions and low friction in the other
directions. This frictional anisotropy can be realized by mimicking
the tilted structure of hairs in butterfly [63] or by adding a tilted
nail to contacting surface [54]. However, these approaches are neither
strong enough to support locomotion of a wriggle soft-bodied robot
nor robust enough to be scalable.

In designing of a soft-bodied caterpillar-like robot [118], variable fric-
tion legs have been used to push the body of the caterpillar-like robot
forward. Although this is an elegant technique for off-plane loco-
motion, it is not applicable in in-plane locomotion as of serpentine
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locomotion.

In our research, we propose a printable directional friction layer which
supports the locomotion of a wriggle soft-bodied robot. We are able
to control the soft-bodied robot with only two motors to generate
the undulation movement along its body. The frictional anisotropy
is not only beneficial to wriggle robots but also to any soft-bodied
relatively-small robots. Our contributions include:

• Scheme to design directional friction surface to increase speed
of serpentine locomotion

• Fabrication and evaluation performance of a 2-segment wriggle
soft-bodied robot with above frictional designed properties
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(a) Ventral surface of the robot is divided into circular regions of radius r, the gap
between two consecutive circular regions is G. Shaded part is high friction material,
low friction material (white part) occupies a part of each region at angle α. From
side view, each circular region is a rounded cylinder of height h.

High Friction Low Friction

High Friction
Material

Low Friction
Material

Low
Friction

High
Friction

Lateral Medium
Friction

Lateral Medium
Friction

(b) Bending of the rounded cylinder will make the whole surface frictional anisotropy

(c) Low friction forward (d) High friction backward (e) High friction laterally

Figure 62: Patterning of high and low friction material to achieve frictional
anisotropy

5.2 soft-bodied robots design with 3d printer

Our robot is made from elastic material in the shape of a slender
beam which acts as the body of the robot. Two DC motors at two
ends of the beam will keep winding/unwinding the four tendons
which are attached to the center of the beam. Suitable timing between
two motors generates undulation movement which pushes the body
moving forward. Ventral side of the robot is specially designed to
achieve frictional anisotropy as described in the following part.

5.2.1 Directional Friction

In order to print a frictional anisotropy layer, we first divide the
ventral surface into equivalent circle circular regions of radius r with
a gap of G. Each region is then divided into two parts of two different
friction materials as in Figure 62a. Low friction material occupies a
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Figure 63: Configuration of the directional friction patterns with different α
and N. Dark areas have high friction whilst light color areas have
low friction to the ground surface.

part of each region at angle α. From the side view, each region is
raised up to become a rounded cylinder of height h. This structure,
when slides on a rigid surface, will bend inversely to the moving
direction of the beam, thus one direction will have low friction whilst
the other direction will have high friction (Figure 62b).

For printing the robot in this research, we use the Objet 260 Con-
nex3™ multi-material 3D printer with rigid VeroWhite™- polypropy-
lene plastic–like material - as low friction material, and soft TangoBlackPlus™-
rubber–like material - as high friction material1. TangoBlackPlus is
also used to print the elastic beam of our wriggle soft-bodied robot.
Figure 62a shows a 3D printed sample of a small beam with 9 circular
regions (α = 90°, r = 1 mm, h = 3.5 mm, G = 5 mm). Its frictional
anisotropy behaviors are shown in Figure 62c, 62d, and 62e.

5.2.2 Parameters of Directional Friction

In terms of morphology, the frictional anisotropy of a surface as de-
scribed above can be tuned by parameters α, r, h, and G. Besides, the
weight of the beam, friction coefficient, and elasticity of 3D printed
materials also affect the behavior of the beam. For the simplicity of
analysis, we keep all parameters fixed, except angle α which we can
design to meet our frictional requirements. Another parameter we
want to introduce into this analysis is the number N of separated low
friction parts in each circular region. In another word, in one circular
region there can be several separated pie regions of low friction ma-
terial as in Figure 63 in case N = 2 and α = 90°. Changing value N
enables us to achieve multi-directional friction.

1 http://www.stratasys.com

http://www.stratasys.com
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Figure 64: The wriggle soft-bodied robot is assembled from a
150 mm × 11 mm × 8.5 mm beam and a directional
friction surface at ventral side. Locomotive behavior of the robot
will change according to the patterning of high/low friction
material in the directional friction surface. Here we have 7 types
of combination: F0, F1, F2, F3, F4, F5, F6. In the Experiment
part, we will add one more type, F7, which has flat ventral for
comparison.

Theoretically, these two parameters α and N can be infinitely com-
bined to achieve different directional surface. However, due to the
limitation of the fabrication process such as the resolution of the
printer and the mechanical properties of the printing materials, it is
more practical to print with α = {0°, 90°, 180°, 270°} and N = {1, 2}.
This leaves us with configurations as shown in Figure 63. We later
find that these configurations are good enough to support serpentine
locomotion of a slender elastic wriggle soft-bodied robot.

5.2.3 Soft-bodied Robot Assembly

Our wriggle soft-bodied robot consists of a slender beam with length
L = 150 mm and rectangular cross-section d1 × d2 = 11 mm × 8.5 mm.
Ventral side of the beam is patterned with directional friction surface
as described above (r = 1 mm, h = 3.5 mm, G = 5 mm). Based on
this design, we change values of parameter α and N to get robots
with different locomotive behaviors (Figure 64).

5.2.4 Undulation Generation

The serpentine locomotion of our wriggle soft-bodied robot is sup-
ported by the undulation movement of its beam. We use two bidi-
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Figure 65: The wriggle soft-bodied robot is actuated by two motors put at
two ends of the beam. Four tendons are attached to the motor
and the center of the beam so that when motor M1 winds tendon
τ0, it will unwind tendon τ2. Same principle is applied for M2,
τ1, τ3.

rectional motor to generate this undulation movement. These two
motors are attached to two ends of the beam. Four nylon tendons
(diameter φ = 0.3 mm), which are attached to the two motors (two
tendons for each motor) by a pulley, run along the beam and are fixed
at the center of the beam as in Figure 65. When the motor rotates,
one tendon will be wound whilst the another will be unwound. This
enable us to freely bend the whole beam or just half length of it. By
timely control the winding/unwinding of the motors as well as its
winding/unwinding speed, we can generate an undulation as shown
in Figure 66.

Let T be the period of the undulation movement, on time t be the
time that a tendon is being wound, overlapping time ∆t, where −∞ 6
∆t 6 t, be the time that two consecutive tendons are being wound.
∆t < 0 means there is no overlapping on time between two tendons
and time span between ending of on state of a tendon and beginning
of on state of the next tendon is |∆t|. By controlling these t and ∆t,
we are able to bend the beam into 8 different states. Each state is
instantiated in a time slot as in Figure 66. It is worth to note that the
undulation generated by two motors in a 2-segment beam like this
is not sinusoidal wave as its wavelength is changing periodically. For
example, wavelength in time slot T2 is longer than wavelength in time
slot T4 or T8.

In this configuration, the ratio between overlapping time and on time
ξ = ∆t/t will affect the speed of the undulation.
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Figure 66: By timely winding and unwinding two motors, we are able
to sequentially bend parts of the beam to form an undulation
movement. T is period of the undulation, t is the time that
a tendon is being wound, ∆t is the time that two consecutive
tendons are being wound.

• ξ 6 0: there is not any overlapping time between on time of each
pair of tendons. This leads to a discrete undulation movement
which slows down the speed of the wriggle soft-bodied robot.

• 0 < ξ 6 0.5: the undulation wave will travel faster with larger
value of ξ, which means faster locomotion of the wriggle soft-
bodied robot.

• 0.5 < ξ 6 1: Due to the symmetry in arrangement of tendons,
there will be overlapping between on state of tendons τ0 and τ2,
τ1 and τ3. This is not acceptable as each pairs of these tendons
is controlled by only one motor.

• ξ cannot be greater than 1 as ∆t 6 t

Therefore, we choose ξ = 0.5 to maximize the traveling speed of the
undulation without overlapping on time of tendons.

In order to implement this control system, we built a open loop
control for the robot with an Arduino Nano board and a dual bidi-
rectional motor driver chip (TB6612FNG, Toshiba) to control two bidi-
rectional motors (Maxon 3477264 DC Motor 8 mm 0.5 W). The two
motors as well as Arduino Nano board are driven by an external
9 V DC power source. Rotating speed of the two motors are set
to maximum speed by setting the Pulse Width Modulation (PWM)
signal to 255.
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5.3 locomotion model

The lateral undulation locomotion of a natural snake or a snake-like
robot is usually modeled as the propagation of a sinusoidal wave
in a curvature κ(s,η) = A cos(kπ(s + η)) [46], where s and η, in
dimensionless unit, are position on the beam (normalized to body
length) and time (normalized to period T ). A is the amplitude of the
wave.

In our research, we employ the same wave-propagation model for
soft-bodied robots as in [82]. Different to the multi-link model of rigid
snake-like robots, our wriggle soft-bodied robot takes advantage of
the deformable and continuum body to achieve the lateral undula-
tion locomotion. For traditional rigid robots which move forward by
generating traveling wave, it is necessary to make the robot in at least
four segments with three joints so that a full single period of the
wave can trace along the body shape. However, in our approach, in
order to reduce the number of actuators, we make our robot in two
segments with two actuators at two end of the body. Along with the
continuum characteristic of the elastic beam, our controlling mecha-
nism (Figure 66) enables the wriggle soft-bodied robot to generate an
approximate sine wave along its body. Our directional friction design,
together with the wave-propagation, creates the propulsion force for
the robot.

Due to Poisson ratio of the elastic rubber-like material which our
soft-bodied robot is made of, the deformation of the body is not only
in 2D but there are deformations in the z axis also. In case of a uni-
form friction ventral, this effect of Poisson ratio creates a temporary
frictional anisotropy (subtle effect, though) at the length-wise edges
of the robot to push it moving forward [14]. In our soft-bodied robot,
we observed the same effect of Poisson ratio deformation on the body
of the robot, thus the rounded cylinder shaped directional friction
regions along two sides of the robot alternatively lift up and touch
down the ground surface (Figure 67). The directional friction ventral,
along with the Poisson ratio deformation, is the factor that assists the
locomotion of our wriggle soft-bodied robot.
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Figure 67: The robot moves forward based on the traveling wave along its
body. The traveling wave alternatively kicks the ground to push
the robot forward. Poisson ratio of the elastic beam makes edges
of the flat ventral beam lift up when bent. When the ventral side
is patterned with directional friction regions, these regions will
lift up and touch down the ground accordingly to the bending
and relaxing of the beam.



126 printable mechanical functionality for designing soft-bodied robots

Figure 68: 8 robots with 8 different ventral surfaces named from F0 to F7.
F0..4 have α and N as mentioned in Figure 63. F5 and F6 have
same value of α = 90° and N = 2 but are different in alignment
to the orientation of the beam. F7 is a flat ventral robot without
directional friction surface.

5.4 experiment on locomotion

To evaluate the influence of our designed directional friction, we
measure the locomotion speed of the wriggle soft-bodied robot with
different patterns of directional friction surface. Footage of the real
locomotion of the wriggle soft-bodied robots is included in the ac-
companying video.

5.4.1 Experiment Setup

5.4.1.1 Directional Friction

We have 6 combinations of the high/low friction material to realize
directional friction surface (Figure 63). From these combinations, we
make 8 samples of robots with different ventral surfaces as shown in
Figure 68. Figure 69 shows a really printed and actuated robot.

5.4.1.2 Controlling Parameter

As for controlling parameters, from empirical experiments with the
mechanical properties of the printing material as well as morphology
of the robot, we set controlling parameters as Table 6

5.4.1.3 Experiment Environment

We test the locomotion of our robot on three different surfaces includ-
ing a rigid glossy white board surface, a wrapping paper surface, and
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Table 6: Setup value of controlling parameters

Parameter Value

Tendon on time t 500 ms

Tendon overlapping time ∆t 0.5t = 250 ms

Motor Speed Maximum (PWM= 255)

Tendon length at rest 75 mm

Figure 69: Each robot is put onto a horizontal flat rigid glassy surface. We
run the robot for 20s then measure its traveled distance. Each
robot has markers so that we can analyze its locomotion using
Kinovea.

a non-woven fabric surface. All three surfaces are put horizontally
flat. The friction coefficient for each ventral pattern with each surface
are listed in Figure 70. Each robot will run for 20s then we measure
its traveled distance. The average speed of each robot is calculated
based on these time and distance values. Each test is recorded by a
camera (Sony Handycam FDR−AX552). We add markers to the robot
as Figure 69 and analyzed trajectory as well as the speed of the robots
using Kinovea3.

5.4.2 Experiment Result

5.4.2.1 Lateral Undulation

For all 8 types of robots, we are able to generate stable undulation
movement. A capture of the locomotion of robot F1 is shown in Fig-
ure 61b. Because all 8 types of the robots share the same beam design
as well as a controlling mechanism, they have same beam elasticity.
However, due to the difference in ventral friction, the degree of the

2 http://sony.jp

3 https://www.kinovea.org/

http://sony.jp
https://www.kinovea.org/
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µ f µ b µ t µ f µ b µ t µ f µ b µ t

F0  1.43 1.43 1.43 1.73 1.73 1.73 2.25 2.25 2.25
F1  0.93 1.19 1.19 1.48 1.80 1.80 0.70 1.28 1.28
F2  0.58 1.19 0.88 0.78 1.60 1.19 0.90 1.88 1.39
F3  0.31 0.53 0.31 0.45 0.67 0.45 0.42 0.58 0.42
F4  0.31 0.31 0.31 0.45 0.45 0.45 0.42 0.42 0.42
F5  0.60 0.60 0.67 0.67 0.67 0.93 0.70 0.70 0.75
F6  0.67 0.67 0.60 0.93 0.93 0.67 0.75 0.75 0.70
F7  1.28 1.28 1.28 1.54 1.54 1.54 2.75 2.75 2.75

Fabric Paper White Board
µfµb

µt

µt

Figure 70: Friction coefficient of ventral pattern on the experimental surfaces
in forward direction µf, backward direction µb, and transverse
direction µt. Reddish cells indicate high friction coefficient.
Greenish cells indicate low friction coefficient.

curvature in undulation formed in each robot is different. We analyze
this difference based on chord length (the distance between two ends
of an arc) of the curvature formed by a tendon in its maximum
wound state. Figure 71 shows the chord length of the curvature in
case of locomotion on White Board. Robots F2 and F5 have the shortest
chord length. The ventral directional friction enables F2 and F5 to
bend more, thus increase the locomotive propulsion force. F1 ventral
pattern, although is close to that of F2 and F5, have large transverse
friction coefficient which make it more difficult to bend. We later find
in the next part that the speed of F2 and F5 is at the top among 8
experimental robots.

5.4.2.2 Locomotion Speed

We use Kinovea to analyze the trajectory and speed of each robot.
Figure 73 shows the trajectory of each robot when run for 20s on
the experimental surfaces. Although all of robots manage to move
forward, the speed and trajectories vary.

Locomotion on White Board: Only F2 and F5 have stable locomotive
direction (Figure 73a). The others are steering away from the designed
route. One explanation is that the difference between directional fric-
tion coefficient (µf, µb, µt) in case of F2 is large compared to others.
F1 also have large difference in terms of directional friction coefficient.
However, its high transverse friction coefficient µt makes it more
difficult to bend. This is clearly shown in Figure 71. F1 has long chord
length compare to that of F2 and F5, hence inferior in locomotion.
Regarding locomotion speed, as evidently shown in Figure 72 and
Figure 73a, in 20s, robot F2 has the longest travel distance thus it is
the fastest design (α = 180°, N = 1). F2 is 2.8 times faster than F7 -
the flat ventral robot without directional friction design and 8 times
faster than the slowest design F0. F0 is slowest as its ventral is printed
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Figure 71: Chord length of the curvature formed by a tendon in its
maximum wound state and locomotion speed of robots on White
Board surface. All 8 robots have the same beam structure and
controlling mechanism so the chord length depend on the friction
between ventral of the robot and the experimental surfaces.
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Figure 72: Speed of each robots on different experimental surfaces. In case
of White Board surface, F2 and F5 showed the best locomotion
speed. In case of Fabric and Paper surface, F2, F3, and F5 have the
highest locomotion speed.
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with high friction material. Undulation has little effect in case of F0.
It is worth to mention that although trajectory of F5 is less stable
than that of F2, they have approximately the same locomotion speed.
This suggests that in terms of locomotion speed, the transverse high
friction is more important than the backward high friction.

Locomotion on Fabric and Paper: Although still moving forward stably,
F2 and F5 are out-performed by F3 (Figure 73b, 73c). As shown in
Figure 70, forward and transverse friction coefficient of F3 are the
same (µf = µt) regardless of the locomotion surfaces. However, the
difference in forward and backward friction coefficient (µf, µb) in
case of Fabric and Paper are larger than that of White Board case. This
makes F3 move better on Fabric and Paper.

5.4.2.3 Backward locomotion

Backward locomotion is not a common locomotive behavior in snakes
but can be found in other creatures which travel by lateral undulation
(such as C. Elegans [131]). In our experiment, we notice that robot
F5, although does not have the highest locomotion speed, has this
backward locomotion mode thanks to its symmetry in directional fric-
tion surface. F5 has bi-directionally low friction along the beam and
high friction transversely. Therefore, just by switching the direction
of the undulation wave propagation, we are able to make F5 moving
forward or backward.
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Figure 73: Trajectory of the robots when run for 20s on the experimental
surface. On the XY plane of the experimental surfaces, each
robot is placed along the X-axis so that one end of the robot is
positioned at point (0, 0). The robots are controlled to move on
the same direction as the positive X-axis.
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5.5 discussion

Directional friction surface as designed in our approach can support
the locomotion of a wriggle soft-bodied robot. In compare to other
wriggle rigid/soft robot, our wriggle soft-bodied robot stay in the
range of small size crawling robot as shown in Table 7. Nevertheless,

Table 7: Comparison to other wriggle robots

Robot Max
Speed

(mm/s)

Weight
(kg)

Length
(mm)

Rigid or
Soft

ACM III [44] 400 28 Rigid

AmphiBot II [44] 400 772 Rigid

Koryu II [44] 500 370 3300 Rigid

OmniTread
OT-8 [44]

100 13.6 1270 Rigid

CMU’s Modular
Snake Robot [44]

101.6 1.26 838 Rigid

Onal’s FEA Snake
Robot [82]

19 307 Soft

Our Wriggle
Robot

26 0.238 19.6 Soft

there are several challenges and questions we want to explore further:

• Theoretical model: in order to optimize the design of our fric-
tional anisotropy, we need to develop a thorough model which
find the relationship between high/low friction material as well
as the control mechanism with locomotion speed and gait.

• Miniaturization: the friction force between ventral of the robot
and the ground depends on the weight of the robot as well as
the contacting area. Exploring effects of directional friction in
miniaturized crawling soft-bodied robots will give better insight
in how to design with frictional anisotropy.

• Beam elasticity: elasticity of the beam has a large impact on the
curvature of the undulation. This raises a question about how
can we design and control the undulation to get the optimal
performance of the wriggle soft-bodied robot.

• Other parameters: in this research, we deliberately fix all param-
eter except α and N. A thorough investigation on how other
factors affect the locomotion of the wriggle soft-bodied robot is
necessary to design a highly adaptive robot.
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5.6 conclusions

We have proposed a wriggle soft-bodied robot with the adoption of
frictional anisotropy to support serpentine locomotion. By combining
the high and low friction material to print ventral of the robot, we
increased the forward serpentine locomotion. Besides, we can also in-
troduce switch back mode (backward serpentine locomotion) into the
robot behavioral set by making its ventral low friction length-wisely
and high friction transversely. Our model of the 2-segment wriggle
soft-bodied robot is effective yet simple enough to be fabricated using
rapid prototyping tool in very short time (less than one hour where
a large portion of the fabricating process is waiting for the 3D printer
to finish the printing job).





6
F U T U R E W O R K S

Future works of each project in this dissertation are discussed at the
end of each Chapter. In this Chapter 6, we consider the future of
digital fabrication in the context of a streamlined fabrication process
for printable electronic and mechanical devices.

Dynamic electronics for dynamic soft-material: Digital fabrication is shift-
ing from traditional rigid materials to soft and flexible materials. The
printed structure can be stretched, twisted, or pressed. In order to
add functionality to a soft structure, the electronics need to be made
flexible enough not to be broken under the dynamic transformation
of compliant materials. Exploration at the combination of deformable
conductive materials and deformable mechanical materials will shed
light to question of how to design soft devices which both flexible
and resilient.

Programmable stiffness: Selectively programmable stiffness is a desir-
able property for designing smart matter. The capability of changing
the stiffness of a region dynamically makes it easier for a structure
to adapt to the change of the environment. One of the approaches
to programmable stiffness is to use the computational and generative
design for iterating through a large number of different designs in
searching for the best pattern(s).

Fabrication of Bio-powered Robots: Beside printable electronics, printable
bio-structures are quickly developing and drastically transforming
they way biology-related researches are conducted. How will this
change the way we make things in the future? How can this help
to make more agile, more durable, and lighter robots? Several types
of bacteria have been used to make environment responsive actua-
tors[128]. How will these biology organisms cooperate to be an actu-
ator, then be a sensor for robots?
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7
C O N C L U S I O N S

In this dissertation, we have discussed the role of functional design
in digital fabrication of printable electronic circuits and mechanical
devices. For the printable electronic circuits fabrication, we focused
on the application of sintering-free silver nano-particle ink to rapidly
print conductive patterns on flexible substrates such as photopapers,
transparent PET films, and white PET films.

The competence of instantly printing electronic circuits has open a
whole new designing space for users such as researchers, makers,
designers to blend electronic components to almost anything. How-
ever, working with the complicated behaviors of electronic circuits
is not always easy, even for expert users. We noticed that one of
the most common applications, when a user tries to play with silver
nano-particle ink, is to light up a bunch of LEDs and fail when the
number of LEDs increases. The wiring is difficult to imagine, and
the brightness of all the LEDs is not uniform due to the intrinsic
resistance of silver nano-particle ink printed traces. We have proposed
in Chapter 2 an autorouter to generate the wiring pattern of multiple
different color LEDs so that all the LEDs is lit up with averagely
the same brightness. Our tool and algorithm enable novice user to
design complicated LEDs based application with a large number of
LEDs. Instead of having to deal with the tricky electrical behaviors
of the electronic circuits, a user can direct their focus to the creative
aesthetic designing of the application. This proposal improved the
performance and usability of the silver nano-particle in printed pat-
terns and adds more freedom to the design of such electronic circuits.

Maneuvering on the 2D planar printing, we found that the integration
of electronic circuits into 3D printing process will bring huge benefits
to users who want to 3D print fully functional objects at once. In
Chapter 3, we proposed PEP (3D Printed Electronic Papercrafts), a
fabrication method to streamline morphology and functional fabrica-
tion of 3D objects. Taking advantages from the thin-film technology,
our approach is to stack functional thin-films into the paper laminate
object manufacturing process to blend the active functionality into 3D
printed objects. In laminate object manufacturing, thin sheet materials
are cut and stacked, layer-by-layer, to form a physical 3D object. In
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our proposal, the material for forming the shape of the 3D objects
is cut-out normal office paper. The functional thin-film can be pre-
fabricated with silver nano-particle ink printing, silk-screening, or
using any commercially available thin-film electronic components.
We are able to embed functional primitives such as sensors, actua-
tors, displays, and communications into 3D printed papercraft objects.
The interconnections between functional layers are established using
via-hole techniques introduced in Section 3.2. We also developed an
editor based on Autodesk Fusion 360 to let users drag and drop
functionality into the designed 3D model and print it in a unified
process.

Chapter 4 is built on top of the idea that using silver nano-particle
ink to print robots will start a new paradigm shift in how soft-bodied
robots are prototyped and fabricated. For a long time, designing of
soft-bodied robots is heavily constrained by available sensors, actu-
ators, and other electronic parts. We argued here that it is possible
to fuse the processes of fabricating body and attaching active compo-
nents into a single process using silver nano-particle ink printing. We
exemplified the idea with an all printed paper caterpillar robot which
consists of a bending sensor and a bi-layer thermal based actuator
printed with silver nano-particle ink. The paper caterpillar robot is
flat at resting state. When an electrical current flows through the silver
nano-particle ink printed actuators, the whole body of the robot will
bend which push the robot to crawl. The bending and heating up of
the body make the resistance of the actuators change. And thus, we
have a measure to detect the bending angle of the robot and close the
loop of controlling the paper caterpillar robot.

Beside exploring functional design for electronic circuits, we set foot
to the territory of functional design for mechanical devices. Multi-
material 3D printers enable users to print with different material
simultaneously to form different mechanical characteristic in differ-
ent parts of the printed body. We used a combination of soft and
rigid materials for the structuring of a snake-like wriggle robot. The
robot is inspired from the scales on the skin of a snake. These scales
generate a frictional anisotropy surface along the body of the snake
which makes it much more difficult to slide backward or sideways. In
Chapter 5, we designed and tested a set of 8 types of the robot body
skin to search for the best pattern which helps the wriggle robot to
move fastest.
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In short, we have moved from a 2D printing world of electronic
circuits to the integration of electronic circuits and components into
a 3D printing process. We have tried to push the soft-robotics toward
the future of all-printed soft robots which will give designers more
freedom in robots design and fabrication. The printable soft-bodied
robots consist of printable sensors, printable actuators, and printable
mechanical functionality of the body structure. Our research as a
whole tried to answer the question of how to equip an average user
with tools, algorithms, and mindsets so that he/she can arbitrarily
breathe life into the surrounded digitally fabricated objects.





a
A P P E N D I X : G R A D U AT E P R O G R A M F O R S O C I A L
I C T G L O B A L C R E AT I V E L E A D E R S

Graduate Program for Social ICT Global Creative Leaders (GCL) is
The University of Tokyo program for leading graduate schools which
aims at enabling graduate school students to engage in socially inter-
disciplinary high impact research. I was a GCL student since my first
year of graduate school. Besides taking classes in different disciplines
such as law, management, and entrepreneurship, I also fulfilled in-
ternships and workshops under support from GCL.

a.1 interdisciplinary classes

The interdisciplinary classes aimed at providing students with differ-
ent perspectives on social problems and how to work with different
background researchers. These classes were also great places to meet
other people from other fields. We talked about our major, about our
point of view on how to create a better society. From these discus-
sions, time to time, a problem on one research field can be solved
by proposals from another field. I have collaborated with a student
from the Department of Social Psychology on a project of remotely
mental health counseling. I was also benefited from the advice of
other professors from other fields to brush-up my research.

a.2 internships

I took a 3-month internship in Microsoft Research Asia (MSRA) to
conduct my research on double-sided circuits with Instant Inkjet Cir-
cuits. The result of this research was published in the proceedings
of ACM UbiComp 2015. I also had another two internships in AgIC
Inc. (Elephantech Inc.) to work on an autorouter for circuits made
by silver ink, and a project on electrode-less plating for fabricating
flexible electronic circuit boards. These two internships were also
fruitful as we published a conference paper and a journal paper on
the autorouter, which are included in Chapter 2.
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Figure 74: A Paper Caterpillar robot with its gripping legs

a.3 workshops

A workshop is a great way for us to learn how to communicate
with general audiences about our research. I have attended Global
Design Workshop (GDWS) A (small, medium, large), Workshop B,
and organized my own Workshop C on making paper caterpillar with
silver ink.

In order to study how a non-expert user benefits from all-printable
soft-bodied robots, we organized a workshop where attendees are
divided into groups of 3 to 4members. Each group would try to make
a Paper Caterpillar with bending sensor built-in. For simplicity, we
asked each group to use Shape Memory Alloys (SMA) as an actuator
for actuating the Paper Caterpillar. After making Paper Caterpillar
robots, we would let them race to see which group has the fastest
robot. Figure 74 shows a Paper caterpillar robot with its gripping legs.
Figure 75 shows a race between three Paper Caterpillar robots. By
the end of the workshop, all the attendees can make a simple Paper
Caterpillar robot with a bending sensor. With a well-designed sensor,
printing the robot is just one click away. On the other hands, working
with SMA is messier as manipulation of a fragile element as SMA
is challenging for non-experience users. In the next workshop, we
will introduce the printable actuator as mentioned in Chapter 4. We
believe with both sensor and actuator being printable, the fabrication
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Figure 75: Three Paper Caterpillar robots in a race

of the Paper Caterpillar robot will even easier. And users can focus
on the design of the gripping leg to have faster-crawling robots.

a.4 gcl social innovation project

My social innovation project is to develop human and environment-
friendly technologies for learning and exploring. My research aim at
lowering the entry bar to electronic circuits fabrication. We integrated
electronic circuits into the 3D printing process with environment-
friendly material (paper). Finally, we developed printable sensors, ac-
tuators, and mechanical functionality for designing disposable robots.
In the future, these disposable robots could be used for exploring
the environment, and after finishing their mission, they can be self-
disposed back to the environment.
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