2024 IEEE/RS]J International Conference on Intelligent Robots and Systems (IROS) | 979-8-3503-7770-5/24/$31.00 ©2024 IEEE | DOI: 10.1109/IROS58592.2024.10802422

2024 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)

October 14-18, 2024. Abu Dhabi, UAE

Integrated Electronic Circuitry for Soft Robots
using Multi-Material FDM Printing

Cem Aygiil," Ritwik Pandey,? Krishram Kothimbakam,?
Ceren Yilmaz Akkaya,® Pratap M. Rao,?** and Markus P. Nemitz'

Abstract— The integration of electronics into compliant ma-
terials is typically complex, cumbersome, and jeopardizes
system-level compliance. Using multi-material fused deposition
modeling, we introduce a framework in which components of
a soft robot and conductive traces are deposited in a single
print. Our novel procedure for attaching discrete electronic
components to printed conductive traces using toluene solvent
ensures reliable electrical connections by significantly reducing
contact resistance by over an order of magnitude compared
to existing methods. This fabrication pipeline is an additional
key component that contributes to the broader objective of
establishing a fully automated fabrication process for soft
robots with integrated electronics. We demonstrate a complete
assembly of a terrestrial soft robot and showcase its resilience
against physical impacts.

I. INTRODUCTION

Soft robots are compliant, adaptable, and impact resistant
due to the low Shore hardness of their constituting materials.
Soft robots find applications in scenarios that require or
benefit from physical interactions, standing in stark contrast
to their rigid counterparts.

The majority of soft robots are pneumatically actuated,
embedding fluidic actuators in single-material systems [1]—
[3], with their control circuits and power sources external
to the robot [1], [2], [4]-[6]. As the field advances towards
untethered soft robots, incorporating all robot components
within soft bodies has become a critical focus [1], [3], [7].
Strategies to achieve highly integrated or fully self-sufficient
soft robots include using CO5 cartridges instead of pumps
[8], power by combustion [9], [10], or electric actuation
schemes such as shape memory alloys or dielectric elastomer
actuators [11]-[13]. We introduced the term self-sufficiency
as a measure for evaluating soft robots by their levels of
integration [14].

We believe the emergence of fully autonomous, untethered
soft robots requires some degree of silicon-based sensing and
control. Researchers have been seeking strategies to integrate
electronics into soft robots while maintaining system-level
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(a) (b)

Fig. 1. Printed robot body with integrated circuitry. (a) Top and (b)
bottom layers of our soft robot. We use a xenon source to highlight the
embedded traces within our FDM printed soft robot.

compliance. The inclusion of electronics into soft robots is
typically perceived as paradoxical, as rigid electronics seems
to challenge the very concept of compliance [2].

Our previous work demonstrated compromises between
elastomeric and rigid components, resulting in soft robots
that are increasingly referred to as hybrid systems. Wormbot
integrates rigid electronics into elastomeric hulls, preserving
system compliance while incorporating silicon-based intelli-
gence [14]. In another study, our quadruped robot combined
soft structural elements with conventional electronic compo-
nents [5]. The electronic components did not obstruct the
soft undulation of the robot body; however, integrating soft
elastomers with rigid electronics was time-consuming due to
many manual fabrication steps.

As an alternative that offers automation, Fused Deposition
Modeling (FDM) and conductive filaments can be used
for printing components such as antennas [15], inductors
[16], RF filters [16], [17], or capacitors [16]. Few examples
exist of conductive thermoplastics being used in mobile soft
robots. There are examples of printed sensing elements for
soft robots [18], [19], but an entire circuitry example is
missing. Lazarus et al. used printed conductive traces as a
base for selective electroplating improving conductivity and
interface characteristics for attaching packaged components
[20]. Nassar et al. printed a basic circuit from PLA and a
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Fig. 2. A soft wheeled-robot with integrated electronic circuitry. (a) Isometric view showing the top side of the robot. (b) Cross-sectional side isometric
view of vias connecting the top and bottom layers of the printed conductive traces. (c) Top view of the robot, with exposed conductive traces for packaged
component attachment. (d) Bottom view of the robot, with the silhouette of bottom layer conductive traces embedded in the TPU matrix. We fabricated
the robot using multi-material FDM printing (Figure 5) and demonstrated its soft robotic characteristics: resilience to physical impact including bending

and flexing (Figure 9).
conductive thermoplastic but have not applied their strategy
to mobile soft robots [21].
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Fig. 3. The design, fabrication, and operation pipeline for a robot with
embedded electronic circuitry. The flowchart starts with the PCB design,
which is moved into a CAD environment for robot integration, followed
by 3D printing, post-processing for component attachment, and ultimately
robot operation.

In this work, we introduce a methodology for integrating
conductive materials into soft robots using Multi-Material
Fused Deposition Modeling (MM-FDM) (Figure 1). We
deposit copper-filled conductive polymers and flexible ther-
moplastic polyurethanes together in a singular print to inte-
grate electronics into soft robotic structures (Figure 2). We
introduce an attachment methodology that guarantees well-
established electrical connections between printed circuitry
and electronic components. The methodology does not only
eliminate the cumbersome assembly steps for the integration
of electronics into the robot body but also helps retain the
compliant characteristics of soft robots. We multi-material
3D print a soft car chassis in which we embed the circuitry
during a single print job. We showcase the integration of

electronic components on the print bed; with minimal manual
interventions, we are able to create an operational soft robot
with integrated electronics (Figure 2).

The contributions of this paper include:

1) The multi-material fused deposition modeling of a soft
robot with integrated electronics.

2) The introduction of an attachment methodology that
establishes reliable electrical connections between
printed circuitry and packaged components.

3) The demonstration of a multi-material, soft car chassis
with minimal assembly and fabricated in a single print,
surviving physical impacts.

II. DESIGN, FABRICATION, AND OPERATION PIPELINE

A. Integrated PCB and robot design

To integrate traces into the robot, we start with design-
ing the circuitry in Autodesk EAGLE. In comparison to
conventional PCB fabrication, we make alterations to the
design rules. We widened the trace widths, increased the
clearances between features, and smoothed the curve paths.
In our design, we use 1mm trace widths and 2mm trace
thicknesses (i.e., depth). We export the traces as Gerber files;
using a converter (FAB3000 by Numerical Innovations), we
create two-dimensional STEP files from the Gerber files.
Next, we import the STEP files to our CAD environment
(Figure 3).

In the CAD domain, we are able to extrude the 2D traces
into 3D, creating solid bodies. We set the distance between
3D printed layers in accordance with our planned robot
dimensions, and extrude vias to connect them at designated
points. In our demonstration, we use a two-layered board
with a separation layer of 4mm thickness.
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TABLE I
PRINT PARAMETERS FOR THE DIFFERENT THERMOPLASTICS USED IN
FABRICATING THE ROBOT BODY WITH INTEGRATED CIRCUITRY.

Filament Temperature (°C) | Speed (mm/s) | Tension
NinjaTek Ninjaflex 245 20 Low
NinjaTek Cheetah 235 20 Medium
NinjaTek Armadillo 225 25 High
Multi3D Electrifi 145 10 Medium

Our robot body is printed using NinjaTek NinjaFlex ther-
moplastic polyurethane (TPU), which has a Shore hardness
of 85A at an extrusion temperature of 245°C. The traces
are printed from Multi3D Electrifi filament and are printed
at a much lower temperature (145°C) than NinjaFlex. We
used an E3D tool-changer and a Prusa XL for the prints;
four independent print heads with direct drive allow for
multi-material prints of multiple filaments with different
print parameters (Table I). As the conductive traces are
embedded into the TPU matrix during the print, the print
head extruding NinjaFlex comes in contact with the de-
posited Electrifi traces. In our fabrication trials, this led to
the local melting of deposited Electrifi traces, which later
adhered to the NinjaFlex nozzle and were spread along its
movement path. We hypothesized that this result could lead
to short circuits; we introduced gaps between the Electrifi and
NinjaFlex regions, effectively mitigating potential printing
defects (Figure 4).

(a)

(b)

Fig. 4. Comparison of Electrifi-NinjaFlex interfaces between design
iterations. (a) New design featuring gaps between Electrifi and NinjaFlex
sections. (b) Previous design with coincident Electrifi and NinjaFlex sec-
tions.

B. Multi-material FDM printing

There are different methodologies to additively manu-
facture soft materials: Fused Deposition Modeling (FDM),
Stereolithography (SLA), and Polyjet printing are among the
most commonly used ones. TPUs are commercially available
as filament spools usable for FDM, currently featuring Shore
hardnesses as low as 60A. The softest materials are available
for vat polymerization methods in resin form. These mate-
rials can be as soft as 35A, nearing the range of additive

curing elastomers. However, due to the printer architecture
of SLA, only one resin can reside in the resin tank at
a time. Multi-material printing using PolyJet printing can
achieve Shore hardnesses as low as O0OA [22]; however,
despite its promise, PolyJet printing remains prohibitively
expensive, with lower-tier, single-material printers starting
at approximately $35,000 [23].

Fig. 5. The soft wheeled-robot with integrated printed circuitry.
The robot body is made from multiple materials: a TPU structure and
copper-filled polymer traces. Separately printed wheels and electronics are
assembled to the body to create an operational robot.

FDM printers can be modified for multi-material printing.
Modifications include hot-end arrays, selector mechanisms,
and splicers. Nonetheless, most of these methods are meant
for multi-color printing of rigid materials such as PLA;
they typically fail to print TPUs. Elastomeric filaments
require constrained filament paths and specific idler tensions,
print temperatures, and cooling adjustments depending on
their Shore hardness. Therefore, we use a tool-changer,
a specialized 3D printer with multiple, independent tool
heads. We assign different materials to different tool heads,
and a selector mechanism picks up the corresponding tool
according to the slicer output. This enables us to print
different materials on every layer, and embed copper-filled
conductive traces into soft TPUs (Figures 1 and 5).

We use four extruders on our tool-changer for the fabrica-
tion of the soft chassis with integrated traces (Figure 6). Two
of the extruders deposit the flexible and stretchable filaments
NinjaTek Ninjaflex (85A) and NinjaTek Cheetah (95A). The
third extruder deposits rigid yet ductile NinjaTek Armadillo
(75D), and the fourth extruder deposits Multi3D Electrifi, a
composite filament that contains copper particles embedded
in a polymer matrix.

C. Electronic component attachment

The attachment of packaged components such as inte-
grated circuits to a printed polymer-conductor matrix poses
significant challenges primarily stemming from substantial
contact resistances at connector interfaces. In prior studies,
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Fig. 6. Picture of the E3D Toolchanger print bed after the robot

is printed. The robot body with embedded copper-filled traces, two drive
wheels, a caster wheel, and an axle are printed in a single job.

researchers have employed the following attachment methods
to establish similar connections:

1) Heat and Plunge: In this method, the polymer-
conductor matrix (comprising a conductive FDM
printed trace) or the pads/legs of the electronic compo-
nent are subjected to heating, followed by the insertion
of the component [24].

2) Silver Paste / Conductive Epoxy: This approach
involves the application of silver paste or conductive
epoxy to the contact points, after which the electronic
component is positioned. The epoxy is allowed to cure
before using the circuit [16], [17], [20], [21], [25], [26].

3) Hole Insertion: In this method, the legs of through-
hole components are inserted into either pre-printed or
drilled holes in the polymer-conductor matrix (conduc-
tive FDM printed trace) [16], [20].

4) Melted Conductive Filament Interface: A small
piece of conductive filament is melted and used as an
intermediary between the electronic component and the
polymer-conductor matrix (conductive FDM printed
trace) [16], [20].

We investigated each of these attachment methods by

printing 100mm x 2mm x 2mm Electrifi specimens and at-
taching breakaway headers at intervals of 30mm (Figure 7).
We quantified the resistance of the conductor-polymer matrix
using a 4-terminal probe (Hioki RM3545), ~0.832/cm with
a 4mm? cross-sectional area. We used the resistance per
unit length to calculate the contact resistance, subtracting
the resistance of the polymer-conductor matrix from the 2-
terminal resistance measurement.

We observed high contact resistances for the heat and
plunge as well as melted filament attachment methods. Table
II shows the results (contact resistances) of our attach-
ment tests. In contrast, the use of conductive silver epoxy
(Chemtronics CircuitWorks CW2460) yielded consistent at-
tachments with lower contact resistances. However, the con-
tact resistances, ranging from 402 to 130(2, still presented
a significant concern due to power dissipation. We hypothe-
sized that the elevated contact resistances may be attributed
to the polymer coating of the copper micro/nanoparticles
within the printed polymer-conductor matrix.

Through-hole connection

Electrifi specimen

30 mm

Surface-mount connection

Fig. 7. Contact resistance test specimen with through-hole and
surface-mount attachments. The attachment points are 30 mm apart and
measurements are taken for different attachment methodologies.

We developed a novel attachment method, involving ma-
terial removal through drilling and the use of a solvent
to partially dissolve the polymer matrix and expose the
copper infill. The polymer used in Electrifi is a biodegrad-
able polyester. We exposed printed specimens of Electrifi
to different solvents, including acetone, 2-methoxyethanol,
hexane, dimethylsulfoxide (DMSO), dimethylformamide
(DMF), tetrahydrofuran (THF), and toluene, with the objec-
tive of assessing the meltability of the polyester. We observed
that both THF and toluene were successful in dissolving the
polyester. We selected toluene as the preferred solvent due
to its comparatively reduced neurotoxic effects in cases of
accidental inhalation, lower permeation rate through standard

TABLE 11
COMPARISON OF CONTACT RESISTANCES FOR DIFFERENT PACKAGED-COMPONENT ATTACHMENT METHODS.

Attachment Methods
Measurement | Heat & Plunge | Melted & Smashed Filament Silver Epoxy Drilling Toulene + Silver Epoxy
No. Inserted (2) Surface (£2) Surface (€2) | Drilled (€2) | Inserted (€2) | Surface (€2) | Drilled (2)
1 2259997.51 239999997.51 62.51 48.51 3397.51 11.03 10.26
2 2779997.51 153999997.51 84.51 131.51 2667.51 11.78 3.22
3 4749997.51 632.51 70.51 114.49 4557.51 10.08 3.82
4 3099992.53 409.53 40.53 117.53 33992.53 8.21 7.60
5 7.73 3.13
6 |~~~ -~ ~"1-"-~""F"7"">""""""""~"~">">"">"">"”~"""”""q7°~"°~"“~""”7/"”7 8.29 2.74
A e e e 7.07 3.61
s (-~~~ -~ ~"1"-~"~"""">""""">""~""""~"~“"~">""~""*“""~"~""”/"""7°""~"“~"”7"”/”7 8.18 5.05
Average 3222496.27 98500259.27 64.52 103.01 11153.77 9.05 4.93
SD (o) 1075558.18 119033319.90 18.39 37.08 15245.72 1.70 2.66
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Fig. 8. Visualization of the packaged component attachment procedure.
Following the printing of copper-filled traces (Multi3D Electrifi), the solvent
toluene is used to remove the polymerizing agent, thereby exposing the
copper. We remove material at the designated contact point by drilling. We
then attach the packaged component to the contact location using conductive
€poxYy.

Packaged

nitrile gloves, higher flash point reducing its flammability,
and diminished propensity to form explosive peroxides.
We formulated the following attachment process (Figure
8):
o FDM print conductive Electrifi traces.
e Add a drop of toluene solvent at the connection point.
Excess toluene evaporates into ambient air.
« Dirill into or scrape off material at the connection point.
e Add a conductive epoxy (Chemtronics CircuitWorks
CW2460) to the contact pad, hole, or the leg/pad of
the electronic component.
o Either place the electronic component onto the pad or
insert it into the holes.

We evaluated the effectiveness of this attachment method
compared to previous attachment test methods, using headers
attached 30 mm apart on a 100mm x 2mm x 2mm printed
Electrifi specimen (Figure 7). The average contact resistance
for headers inserted into drilled holes was 4.93(), nearly half
the resistance of surface-mounted headers, which measured
9.05(2 (Table II). Both results demonstrate a reliable reduc-
tion in contact resistance by over an order of magnitude
compared to other existing attachment processes.

80 mm

III. DEMONSTRATION

To demonstrate our fabrication methodology, we 3D-
printed a multi-material soft robot with integrated traces. The
circuit includes a SparkFun Pro microcontroller, a switch,
an IR receiver for remote control, and pads for motor
connections (N20 gearmotors). Our design features two
layers with vias for interconnections between layers. Upon
completion of the fabrication procedure, we programmed
the microcontroller in C++; it awaits commands sent via an
IR remote, and depending on user input, the robot moves
forward, left, or right. To achieve motion, we employ an
open-loop controller powering two DC motors. The circuitry
does not require power electronics such as MOSFETs or H-
bridges; the microcontroller directly applies a control voltage
to the motors, and the entire circuit is powered by a USB
cable only (Figure 9 (a), (b), (¢)). Our robot achieved
velocities of 0.55 body-lengths per second. Furthermore,
we demonstrated the resilience and impact resistance of
our robot through deliberate physical interactions including
striking, bending, and manipulation (Figure 9 (d), (e), (f)).

IV. CONCLUSION AND FUTURE WORK

In this work, we present an integrated design and fabrica-
tion strategy for printing both the structure and circuitry of
soft mobile robots that use electro-mechanical actuation. Our
methodology utilizes easily accessible, off-the-shelf equip-
ment and materials to incorporate soft structural materials
and conductive traces into a unified geometry in a single
print job, offering new opportunities for the integration of
electronics into soft robotic bodies. Using a toolchanger,
we deposit multiple materials on the print bed and embed
a polymer matrix containing copper particles into a soft,
flexible TPU structure. To address the challenges of contact
resistance, we introduce a novel post-processing method for
attaching packaged components to the printed circuitry. This
method involves drilling holes into 3D-printed pads and
using a solvent to remove the polymer matrix at the point

Fig. 9. Soft wheeled robot demonstrations. Wheeled soft robot translating uni-axially, powered by a USB cable only. Timestamps at (a) Os, (b) 1.6s,
and (c) 3.6s. (d) Printed robot body with embedded circuitry being impacted by a wrench. (e) Printed robot body with embedded circuitry being bent. (f)

Assembled robot body undergoing flexure.
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of contact, thereby exposing the copper to establish low-
resistance electrical connections. We connect a microcon-
troller board, an IR receiver, a switch, and two DC motors
to control a soft wheeled robot.

For future work, we plan to automate the entire fabrica-
tion process by developing unique tool heads for our tool-
changer and integrating attachment procedures into the print
job. This will involve using different-sized print nozzles to
incorporate smaller trace widths, enabling the use of surface
mount (SMD) components. We will design new tool heads
for drilling, picking-and-placing components, and dispensing
solvents and conductive adhesives. We will develop custom
G-code scripts to pause the print at specific intervals to
insert electronic components and then resume the print to
encapsulate the electronics with shock-absorbing TPU.
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