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ABSTRACT

This paper describes a new three-dimensional (3D) additive
manufacturing (AM) technique in which electroactive polymer
filament material is used to build soft active 3D structures, layer
by layer. The proposed manufacturing process is well-suited
for creating electroactive soft complex structures and devices,
whereby the entire system can be manufactured from an elec-
troactive polymer material. For the first time, the unique actu-
ation and sensing properties of ionic polymer-metal composite
(IPMC) is exploited and directly incorporated into the structural
designto create sub-millimeter scalecilia-like actuatorsand sen-
sors to macro-scal e soft robotic systems. Becauseionic polymers
such as Nafion are not melt-processable, in the first step a pre-
cursor material (non-acid Nafion precursor resin) is extruded
into a thermoplastic filament for 3D printing. The filament is
then used by a custom-designed 3D printer to manufacture the
desired soft polymer structures, layer by layer. Snce, at this
stage the 3D-printed samples are not yet electroactive, a chem-
ical functionalization process follows, consisting in hydrolyzing
the precursor resin in an aqueous solution of sodium hydrox-
ide (NaOH) and dimethyl sulfoxide (DMSO, C,HgOS). Upon
functionalization, metal electrodes are applied on the samples
through an electroless plating process, which enables selected
areas of the 3D-printed electroactive structures to be controlled
by voltage signals for actuation, while other parts can function
assensors. Thisinnovative AM processis described in detail and
experimental results are presented to demonstrate the potential
and feasibility of creating 3D-printed IPMC actuator samples.

1 Introduction

Fused filament additive manufacturing (AM), such as three-
dimensiona (3D) printing, is a manufacturing technique in
which materials such as plastic or metal are depositedin layersto
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producea 3D structure, often times with complex shapes and fea-
tures [1]. Non-€electroactive plastics such as acrylonitrile butadi-
enestyrene (ABS) and polylacticacid (PLA) aretypically used to
create componentsin applications ranging from medical devices
to robotics [2]. In contrast, presented here is a novel fused fila-
ment AM technique using electroactive ionomeric polymer ma-
terial to create 3D soft ionic polymer-metal composite (IPMC)
electroactive structures for applications such as soft robotics and
novel biomedical devices.

The proposed novel manufacturing paradigmisillustrated in
Fig. 1. First, a solid model of a soft active structure, for exam-
ple the body of a soft robotic system, is created in a computer
aided design (CAD) software package asillustrated in Fig. 1(a).
Ideally, the body would be a monalithic structure designed with
certain sections having actuation capabilities and others with
sensing capabilities. Next, the solid model is sent to a custom-
designed 3D printer that utilizes anionomeric precursor filament
material to manufacture the fused filament soft polymer struc-
ture, layer by layer, as shown in Fig. 1(b). The manufactured
component is then chemically “activated” and plated with elec-
trodes as shown in Fig. 1(c), to create afully electroactive body.
Finally, electronics and a power source can be added to the man-
ufactured structure to create the complete robotic system with
built-in actuation and sensing capabilities, as shown in Fig. 1(d).

lonic polymer-metal composites consist of an ion exchange
membrane (such as the perfluorosulfonic polymer, Nafion) sand-
wiched between two noble metal (typicaly platinum) elec-
trodes [3-5]. When the IPMC is hydrated with a solvent, such
as water, application of an electric potential causes the cations
to move toward the cathode, dragging along with them water
molecules. Water accumulation at the cathode side causes dif-
ferential “swelling” in the ionomeric material and, therefore,
macroscopic bending. As a result, the electromechanical re-
sponse of the IPMC material allows it to function as an actu-
ator. Conversely, if the IPMC is deformed, the cations redis-
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Figure 1. lonomeric filament 3D printing to create IPMC-based soft ac-
tive structure: (a) Device designed using computer aided design (CAD)
software. (b) Model is sent to a 3D printer that uses ionomeric filament
material for 3D printing. (c) The body is “activated” and electrodes are ap-
plied using an electroless plating procedure. (d) Finally, electronics and a
power source are added to create a monolithic soft robotic system.

tribute and create a voltage signal across the electrodes [3, 5].
Thus, IPMCs can aso be used as sensors. Some of the ad-
vantages of IPMCs include low actuation voltage (<5 V), flex-
ibility, softness, and that they are easy to shape. Therefore,
IPMCs are attractive for use in awide variety of soft active sys-
tems, including active catheters [6, 7], physical sensors [8], mi-
cro pumps [9-12], and propulsion mechanisms for underwater
robotics [13-15]. Currently, the most popular approach to cre-
ate IPMC actuators and sensors is by using commercially avail-
able Nafion sheets or tubes. Fabrication techniques such as hot
pressing or solution casting are also employed to create custom-
shaped IPMCs[16,17]. Herein, the AM techniqueis exploited to
quickly and efficiently create custom 3D IPMC soft active struc-
tures for applications such as soft robotics.

Soft active structures and robots are attractive in general, be-
cause soft structures are less likely to cause damage to sensitive
systems [18], they can be used to create novel dexterous grip-
pers [19] as well as durable and versatile sensors [20] and can
easily achieve complex modes of actuation with only asingle ac-
tuated degree of freedom [21]. Soft active structures and robots
have been manufactured via nano-imprint methods, laser imag-
ing, laser ablation, micro injection molding, embedded molding
and, recently soft material deposition processes like 3D print-
ing [22, 23]. However, subsequent to these processes separately
manufactured actuators such as thermally activated joints [24],
shape memory aloys [25] or piezoelectric fibers [26] have had
to be embedded in the soft structure [23]. Thus, the manufac-
turing of such soft complex devices involves fabricating a soft
passive structure and then attaching and/or embedding actuators
(such as DC motors or pneumatics) and sensors (such as strain
gages) for motion control and sensing [23].

Instead, the proposed additive manufacturing technique that
utilizes precursor polymer enables rapid manufacturing of soft
electroactive structures with integrated actuators and sensors.
Thus, the manufacturing process is smplified and actuators and
sensors are more easily incorporated into the 3D structure. The
contributions of this paper are a detailed description of the IPMC
3D printing technique and a demonstration of a working 3D
printed |PM C actuator sample.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses the 3D printing process, beginning with an
overview of conventional |PM C fabrication techniques and their
limitations. Afterwards, experimental resultsfor 3D printed sam-
ples are discussed in Section 3. Finally, concluding remarks and
adiscussion of future work are presented in Section 4.

2 IPMC 3D Printing Process

This section focuses on the details of the AM (3D printing)
technique for IPMC materials. The section begins with a sum-
mary of state-of-the-art manufacturing processes for IPMCs and
their limitations. Then, the extrusion of the precursor filament
for usein the 3D printing processis discussed. Finaly, this sec-
tion describes the 3D printer design and the 3D printing process
tuning.

2.1 IPMC Manufacturing: State-of-the-Art

Conventional means of fabricating IPMCs consist of shap-
ing and plating commercially available sheets or tubular struc-
tures from Nafion or other ion exchange membranes. Thus, ex-
isting IPMC actuators and sensors come in limited shapes, pri-
marily thin sheet-like structures. To overcome this limitation,
researchers have created other shapes either by fusing multiple
membranes together via a hot pressing method [16] to create
thicker structures or by dispensing dispersions of Nafion into a
cast [17]. But these methods only produce predefined shapes
and are time-consuming. Free-form layer-by-layer manufactur-
ing of IPMCs is described in [27] and [28], where that initial
work was based on dispensing layers of Nafion dispersions into
silicone casts and allowing the solvent in the dispersion to evap-
orate away. This dispersion based method allowed for creation
of the electrode layer as well as the ionomeric substrate by dis-
pensing first layers of dispersion with electrode particlesin them
and then printing these same layers at the end. However, there
were several challenges encountered implementing this fabrica-
tion technique, namely, requiring a plasticizer, requiring exten-
sive drying time and the resulting IPM Cs were observed to have
significantly lower blocking force than conventionally manufac-
tured IPMCs[27]. By exploiting the fused filament additive man-
ufacturing (3D printing) technique it is possible to manufacture
IPMCs of almost any shape, at afaster rate, with a more accessi-
ble technology.

The fabrication technique described here beginswith extrud-
ing Nafion filament from commercially obtained Nafion R1100
precursor polymer using a custom designed filament extruder.
Then, the filament is used in a custom-designed 3D printer to
create 3D-printed IPMC samples. The samples are then hy-
drolyzed to “activate” them and subsequently electrodes are
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applied through an electroless plating process. In the future,
the overall processing time can potentialy be significantly im-
proved by developing “activation” and plating processes inte-
grated within the printing process. This is especially pertinent
to the hydrolysis process, the duration of which depends on the
thickness of the precursor material it is being applied to. By inte-
grating the hydrolysis process into the printing process, individ-
ual layers of precursor material could be hydrolyzedimmediately
after they are printed.

2.2 Filament Extruder Design

Nafion isthe most commonly used material in IPMCs|[3,5].
Nafion consists of a hydrophobic tetrafluoroethylene (Teflon)
backbone and hydrophilic perfluorovinyl ether side chains, with
sulfonate end groups [29]. When hydrated, a network of hy-
drophilic regions is formed and the sulfonate end groups of the
side chains disassociate from their cations. Those cations then
constitute free charges which are able to migrate through the
hydrophilic network, giving Nafion its characteristic conductiv-
ity [29]. Unfortunately, the ionic end groups that are responsible
for this characteristic functionality of “active” Nafion, also pre-
ventsit from being melt processable [30]. Therefore, in order to
extrude, print or otherwise melt-process Nafion, it is necessary
to obtain Nafion in its sulfony! fluoride precursor form which, in
contrast, ismelt processable. Thus, after the precursor polymer is
formed into its desired geometry it hasto be “ activated” viaa hy-
drolysis process that convertsthe sulfonyl end groupsto sulfonic
acid or salt. The “active” Nafion can then be plated using any ef-
fective plating procedure to create functional IPMCs [5, 31-33].

An extruder was designed and built to produce Nafion pre-
cursor filament for the custom-designed 3D printer. The extruder
isshownin Fig. 2 and it consists of a hopper loaded with pellets
of the Nafion precursor polymer, and a single screw drive auger
(5/8-inch diameter, 0.66 threads per inch, single fluted) coupled
to a24 volt DC motor (with a1:144 gear ratio) that feeds the raw
polymer through a conduit to a heated nozzle. The nozzle tapers
down to the nominal desired filament diameter, 1.75 mm. Down
stream of the extruder, the filament is drawn by a pair of rollers
driven by another DC motor.

The extrusion of the filament occurs at a temperature be-
tween 280°C and 300°C. Extrusion speed varies from 25-125
mm/s depending on temperature, motor voltage (between 10 and
24 volts), and the amount of material in the auger.

2.3 3D Printer Design and Tuning

A custom designed 3D printer was fabricated based on the
commercially available Mendel RepRap 3D printer. Asshownin
Fig. 3(a), the printer consists of atwo degree-of-freedom printing
head, and a one degree-of -freedom heated build stage. The print-
ing head system is custom designed to accommodate the high
melting temperature of the Nafion precursor and the flexible na-
ture of the precursor filament. This system, shown in Fig. 3(b)
and (c), is comprised of a heated nozzle, afilament drive mecha
nism, and athermal barrier. The heated nozzle uses a high power
flame-proof resistor to reach temperaturesin excess of 300°C. A
thermistor is attached to the heated nozzle to relay the temper-
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Figure 2. Nafion precursor filament extruder: (a) diagram of main com-
ponents such as an auger, a hopper, a heated nozzle, and rollers. (b)
Photograph of custom-designed extruder.

ature measurement back to the printer electronics and computer
for displaying the temperature. An external thermocouple tem-
perature sensor was al so attached to the heated nozzle to monitor
and verify the temperature.

Thefilament drive mechanism s responsible for pushing the
filament through the heated nozzle onto the build platform. This
is accomplished via a bearing that pushes the filament into a
toothed feed gear that is directly driven by a high torque step-
per motor. The flexible nature of the precursor material requires
the path of the filament between the filament driver and the noz-
Zle to be highly constrained to prevent buckling of the filament.
In addition, the transition region between the solid and melted
precursor material is designed to be very small. This keeps the
frictional forces of the filament against the inside of the barrel to
a minimum and is accomplished by a custom designed thermal
barrier between the filament drive and the heated nozzle. The
back-pressure on the filament is highly sensitive to the diameter
of the nozzle opening.

The heated build stage can sustain temperatures above
200°C. The Nafion precursor material is“printed” onto the build
stage by controlling the motion of the printing head and the build
stage as the precursor material is extruded. Pronterface software
isused to control the printer. That software uses gcode generated
from Slic3r software, which dlices stI-CAD models that are pro-
duced in Solidworks CAD program. The effective settings for
printing Nafion precursor material were found to be a bed tem-
perature of approximately 180°C, anozzletemperature of 290°C.
The feedrate of the printer islimited by filament buckling depen-
dent on the available torque of the feed motor and size of the
nozzle opening. Faster speeds are possible with higher torque
and a larger nozzle diameter with aloss in print resolution. In
this application prints were made with a 0.5mm nozzle at arate
of 15mm/s.
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Figure 3. Custom-designed Nafion fused filament three dimensional
printer: (a) Photo of the custom Nafion printer assembly, (b) Photo of
the printer head and (c) lllustration of the printer head showing the main
components.
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2.4 Activation Process

As illustrated in Fig. 4(a), the activation process involves
hydrolyzing the Nafion precursor in a solution of 15 wt% KOH /
35 wt% DM SO / 50 wt% deionized water at 75°C as prescribed
by the manufacturer [34]. The materia is then cleaned by soak-
ing it in three successive baths of deionized water at 75°C for
30 minutes each. Figure 4(b) shows how fluorine atoms on the
sulfonyl end groups are exchanged with hydroxidefrom the solu-
tion and how the hydrogenion from this hydroxide group is then
exchanged with the potassium ion resulting in the potassium salt
form, in the hydrolysis process[35]. This process proceeds from
the surface of the polymer inward, as the hydrolysis of exterior
layers allows the swelling of the membrane. Assuming a hydrol-
ysis rate of approximately 1.3 um per minute, a 0.5-mm thick
sample would soak for 4 hours to complete the hydrolysis and
then for another 4 hoursto allow for the formation of ionic clus-
ters throughout the material [35]. The complete hydrolysis of
the sample can be confirmed after approximately 4 hours by the
complete staining of a cross-section of the sample using methy-
lene blue, which will only die the “ activated” material [35].

2.5 Electrode Plating Process

The electroless plating process used here is similar to that
reported in [31] and [33]. The electroless plating of the Nafion
membranes with platinum electrodes is divided into four distinct
processes. (1) the surface preparation, cleaning and initial ion
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Figure 4. Activation of Nafion precursor material: (a) End groups of the
precursor side chains in their sulfonyl fluoride form. (b) Fluorine atoms on
the sulfonyl end groups are electrophilicly exchanged with hydroxyl ions.
(c) The hydrogen ions in the hydroxyl group is nucleophilicly exchanged
with the potassium ions. (d) A hydration sphere forms around the potas-
sium ion, swelling the hydrolyzed material [35].

exchange process, (2) the primary plating process, (3) the sec-
ondary plating process, and (4) a final ion exchange process.
Some processes are repeated multiple times. For instance, the
secondary plating process is repeated until the resistance across
the electrode surfaces is less than 5 Q/cm. There are cleaning
steps at the end of the two plating processes to prevent contam-
ination of subsequent processes. All processes are conducted in
a fume hood due to the toxicity of the chemicalsinvolved. The
details of each process areillustrated in Fig. 5 and listed below.

1. Surface preparation, cleaning, and initial ion exchange pro-
cess. With conventional Nafion membranes, the first step is
to roughen the membrane with 200 grit sandpaper (where
roughening is done in the direction of the intended bending
axis), to increase the surface area of the interface between
the Nafion and the electrode material. This was not done
to the printed samples to avoid damaging them and because
it was presumed that the printed surface would not be as
smooth as a conventional ion-exchange membrane. Next,
the samples are soaked in deionized (DI) water at 65°C for
15 minutesto swell them, if they are dry. Then, the samples
are soaked in 3wt% H,0; at 65°C for 45 minutes. Next, the
samples are soaked in deionized (DI) water at 65°C for 15
minutes. Then the samples are soaked in 15 wt%. H,SO, at
65°C for 45 minutesto clean the membrane and convert it to
itsacid form. In this step, the potassium ion from hydrolysis
isreplaced by a hydrogenion. Thisis doneto facilitate sub-
seguent ion exchanges. The samples are then soaked in two
more successive baths of (DI) water at 65°C for 45 minutes.

2. Primary plating process. The samples of active Nafion are
soaked in a0.02 molar solution of Tetraammineplatinum(ll)
chloride hydrate (Pt(NH3)4Cl>) for 3to 4 hoursat room tem-
perature. This accomplishes an ion exchange in the surface
layers of the membrane in which the Pt™ ion replaces the
H* ion. The membraneis then immersed in deionized wa-
ter at 50°C, to which a reducing agent (NaBH4) is added
every 30 minutes for three hours while slowly raising the
temperature to 65°C. This visibly metalizes the surface lay-
ers of the membrane. Afterwards, the sample is soaked in
0.5 M H2S0, at 65°C for 45 minutes, followed by soaking
the samples in two successive baths of DI water at 65°C for
45 minutesto clean it. This processis repeated once.
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Figure 5. The electroless plating process: Arrows with the word “clean” over them indicate an intermediate process of soaking the sample in 0.5 M H2SO4
at 65°C for 45 minutes, followed by soaking the sample in two successive baths of DI water at 65°C for 45 minutes.

3. Secondary plating process. The samples of active Nafion
are again immersed in Tetraammineplatinum(ll) chloride
hydrate (Pt(NH3)4Cl,) at 50°C. However, reducing agents
(5 wt% hydroxylamine hydrochloride and 20 wt% hy-
drazine) are this time added directly to the platinum salt
solution, every 30 minutes, while slowly raising the tem-
perature to 65°C over the coarse of 3 hours. This causes
platinum to be deposited on the surface of the existing met-
alized layers, improving the electrical conductivity of these
layers. Then the resistance of the electrodes are measured
and if they are above 10 Q the process is repeated. After-
wards, the sampleis soaked in 0.5 M H2S04 at 65°C for 45
minutes, followed by soaking the samples in two successive
baths of DI water at 65°C for 45 minutesto cleanit.

4. lon exchange process. The ion exchange process is done
by soaking the membrane in a 1 molar LiCl solution at
room temperature for 24 hours. This converts the fabricated
IPMCsintotheir lithium salt form, improving their actuation
characteristics[32].

3 Experimental Results and Discussion

This section describes the experimental results, including
the extruded filament, the 3D printed samples, and experimen-
tal verification of the functionality of 3D printed IPMC samples.

3.1 Extruded Nafion Filament
The extrusion of the Nafion filament was conducted between
280°C and 300°C. It was found that it was effective to draw the

material at a slightly lower speed than it was being extruded,
to prevent significant necking. The extrusion was conducted in
a fume hood due to the potential for the production of hydro-
gen fluoride (HF) and other toxic gases when Nafion precursor is
heated.

Examples of the Nafion filament obtained are shown in
Fig. 6. The discoloration in the filament on the right is attributed
to contamination possibly caused by accel erated oxidation of the
extruder components. This would be the result of the release
of trace amounts of HF during the extrusion process. This dis-
coloration dissipated during the printing process and subsequent
chemical treatments. The filament obtained was soft and flexible
and had a Teflon-like texture. The resulting diameter of the ex-
truded Nafion filament was 1.75 mm 0.1 mm. The 3D printer
nozzle and filament feed mechanism were designed to accommo-
date this filament diameter.

3.2 Printed Samples

Membranes of the Nafion precursor material printed by the
3D printer are shown in Fig. 7(al). The samples are approxi-
mately 5 mm x 10 mm with a thickness of 0.5-mm. As shown
in Fig. 7(b1), these membranes were then made into IPMCs by
using the electroless plating process described previously. For
the sake of comparison, |PM Cs made from membranes cut from
commercially obtained 0.5 mm thick Nafion sheet, plated using
the same electroless plating process are aso shown. The com-
mercially obtained membranes are shown in Fig. 7(a2) and the
resulting IPMCs are shown in Fig. 7(b2). The printed Nafion
membranes are more textured than the membranes cut from com-
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Figure 6. Samples of Nafion precursor filament obtained from extruding
it as described. Discoloration in the filament to the right is from some
slight contamination.

Figure 8. Scanning electron microscope (SEM) micrographs of a printed
and conventional IPMC:(al) Printed IPMC at x40 mag. (a2) Conventional
IPMC at x40 mag. (bl) Printed IPMC at x200 mag. (b2) Conventional
IPMC at x200 mag.

Figure 7. Printed and conventional samples: (al) Printed membranes of
Nafion precursor. (b1) IPMCs made from the printed membranes via the
electroless plating process. (a2) Membranes of Nafion cut from commer-
cially obtained 0.5 mm thick stock. (b2) IPMCs made from the commer-
cially obtained Nafion membranes via the electroless plating process.

mercially obtained sheets and a grain direction is visible in the
printed membranes.

Scanning electron microscope (SEM) micrographs of a
printed IPMC sample compared to a conventional IPMC sample
are shownin Fig. 8. Images of the electrode surfaces of the same
printed and conventional IPMCsarealso comparedinFig. 9. The
composition of the printed and conventional |PMCs appear sim-
ilar from the cross-sections of the IPMCs shown in Fig. 8. No-
table differences are that the printed IPMC is more uneven on
one side (the side not against the build stage during the print-
ing process) and porosity is present in the printed IPMC. The

Figure 9. Scanning electron microscope (SEM) micrographs of the elec-
trode surfaces of printed and conventional IPMCs: (al) Printed IPMC
electrode surface at x40 mag. (a2) Conventional IPMC electrode sur-
face at x40 mag. (b1) Printed IPMC electrode surface at x200 mag. (b2)
Conventional IPMC electrode surface at x200 mag.

porosity could be a result of how multiple traces fuse together
to form alayer in the 3D printing process, producing an uneven
surface. The porosity could also be caused by gas pockets from
the filament extrusion and printing processes. These issues can
be mitigated with better tuning of the extrusion process as well
as tuning and optimization of the 3D printing step.

Likewise, the electrode surface of the printed and conven-
tional IPMCs are displayed in Fig. 9, where the resulting im-
ages show similarities. For instance, both electrode surfaces ex-
hibit a“mud-cracked” texture caused by drying the IPMCs [36].
However, one notable differenceis that the texture of the printed
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Figure 10. Actuation results: (al) Time response of a 3D printed IPMC to 500 mHz and 1 Hz sine wave inputs. (a2) Time response of a conventional
IPMC to 500 mHz and 1 Hz sine wave inputs. (b1) Time response of a 3D printed IPMC to 100 mHz and 500 mHz square wave inputs. (b2) Time response
of a conventional IPMC to 100 mHz and 500 mHz square wave inputs. (c1) Range of response of a 3D printed IPMC to different sinusoidal inputs. Error bar
range is six standard deviations. (c2) Range of response of a conventional IPMC to different sinusoidal inputs. Error bar range is six standard deviations.

electrode surface exhibits circular features that the texture of the
conventional electrode surface does not exhibit. These features
could a'so be aresult of gasinside the printed membrane during
the 3D printing process. Thus it is believed that tuning and op-
timization of the 3D printing step is highly critical. Future work
will consider processing tuning.

3.3 Actuation Performance

To test the actuation performance of the 3D printed IPMCs
and to compare them to those of conventional IPMCs, the same
IPMCs shown in Fig. 8 were driven with periodic signals while
their tip displacements was being recorded. The measured time
responses and photographs of the actuation performance are
shown in Fig. 10 and 11, respectively. The IPMCs were driven
in distilled water. Gold plated neodymium magnets were used to
fixture the IPMCs (as shown in Fig. 11) and to make electrical
contact with the fixtured regions of the electrodes. A Keyence
LK-031 laser displacement sensor was used to measure the de-
flection of the tip of the IPMC actuator. A National Instruments
Lab-PC+ data acquisition system was used to log the input and

(on
~—

)

Figure 11. Actuation results: (a) The deflection of the printed IPMC to a
-3 volt input. (b) The equilibrium position of the printed IPMC given zero
input. (c) The deflection of the printed IPMC to a 3 volt input.

sensor signals. A custom built voltage/current amplifier was used
to drive the IPMC sample. The response was obtained for both
printed and conventional IPMCs to sinusoidal and square wave
input signals at frequencies of 50 mHz, 100 mHz, 500 mHz,
1 Hz, and 5 Hz and voltage amplitude varied between 0.5 to 3
volts in 0.5-volt increments for each of these frequencies. Fig-
ure 11(a) shows the deflection of the printed IPMC to a -3 volt
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input, Fig. 11(b) shows the equilibrium position of the printed
IPMC given zero input, and Fig. 11(c) shows the deflection of
the printed IPMC to a+3 volt input. Figure 10(al) and (a2) show
thetime response of the printed and conventional |PMCs, respec-
tively, to 500 mHz and 1 Hz sinusoidal inputs. Figure 10(b1)
and (b2) show the time response of the printed and conventional
IPMCs respectively to 100 mHz and 500 mHz square wave in-
puts. Figure 10(c1) and (c2) show the max range of the response
of the printed and conventional IPM Cs respectively, over the fre-
quency range for each tested voltage. The error bars shown in
Fig. 10(cl) and (c2) are based on a six-sigma confidence interval
for ease of viewing. Overall, these results show that the perfor-
mance of the 3D printed IPMCs are very comparable to that of
conventionally manufactured IPMCs. The printed IPMC shows
a somewhat slower response and less dramatic back relaxation
compared to the conventional IPMC. This leads to a superior
response at lower frequencies and a more diminished response
at higher frequencies, for a sinusoidal input. However, this is
well within the range of behavior of conventionally manufac-
tured IPMCsin general.

4 Conclusions and Future Work

This paper has presented a fused filament additive manu-
facturing (3D printing) technique for IPMC materials to creste
soft active 3D structures. A custom-designed 3D printer was de-
scribed that utilizes custom-extruded IPMC filament made from
raw precursor material. For the first time, the unique actua-
tion and sensing properties of ionic polymer-metal composites
(IPMCs) was exploited and directly incorporated into the struc-
tural design and experimental results were presented to demon-
strate afunctioning |PM C actuator fabricated viathe 3D printing
process. The proposed 3D manufacturing technique can be used
to create sub-millimeter scale cilia-like actuators and sensors to
macro-scal e soft robotic systems. Future work will consider the
possibility of eliminating the step of fabricating precursor fila-
ment, before printing and incorporating post printing processes
such as the activation process and plating processinto the printer
design. Additionally, the tuning and optimization of the 3D print-
ing process will also be explored.
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