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Abstract

Current additive manufacturing, including three-dimensional (3D) and so-called four-dimensional printing, of soft
robotic devices is limited to millimeter sizes. In this study, we present additive manufacturing of soft microactuators and
microrobots to fabricate even smaller structures in the micrometer domain. Using a custom-built extrusion 3D printer,
microactuators are scaled down to a size of 300 x 1000 um?, with minimum thickness of 20 um. Microactuators
combined with printed body and electroactive polymers to drive the actuators are fabricated from computer-aided
design model of the device structure. To demonstrate the ease and versatility of 3D printing process, microactuators
with varying lengths ranging from 1000 to 5000 um are fabricated and operated. Likewise, microrobotic devices
consisting of a rigid body and individually controlled free-moving arms or legs are 3D printed to explore the micro-

fabrication of soft grippers, manipulators, or microrobots through simple additive manufacturing technique.
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Introduction

WITH THE ADVENT OF ELECTROACTIVE POLYMER (EAP)
technology and the potential to impact various fields
of science, the need to develop or improve fabrication meth-
odologies for EAP devices is of utmost importance. A par-
ticularly difficult challenge occurs when scaling down EAP
actuators for use in miniaturized robotic devices. Compli-
cated processing of EAP actuator devices based on micro-
fabrication techniques such as photolithography makes
it difficult for its integration with the current market or tech-
nologies. Additive manufacturing offers numerous advan-
tages over the conventional technologies, including easier
modification during product development due to simpler de-
sign to product process, saving on energy costs, and reducing
waste production. Three-dimensional (3D) printing could
certainly simplify the manufacturing of polymer actuators,
making these devices potentially cheaper and available for a
larger range of applications.

Soft actuators or robots have been 3D printed using a range
of different materials and approaches."* For example, soft
dielectric elastomers were 3D printed using hybrid dielec-

tric materials to fabricate a unimorph,’ electrically driven
actuator.* Although easy to fabricate using the additive
manufacturing techniques, these actuators were 3D printed in
the centimeter scale with minimum thickness of 200 um,
which means that they require very high actuation potentials
(4-5kV) for the movement. Using 3D printing, soft robotic
actuators based on so-called McKibben muscles, integrated
with bioinspired architectures, were fabricated to achieve
programmable motions with a printing accuracy until 300 ym.’
Somatosensitive soft actuators, fabricated using embedded
3D printing, have been demonstrated to be used as robotic
grippers that can provide proprioceptive and haptic feed-
back.® Shape memory polymers have also been 3D printed to
fabricate fast-responsive soft actuators with tunable me-
chanical properties allowing for flexibility and adaptability.’
These soft actuators were fabricated using hybrid multi-
material 3D printing down to 800 um. Ionic polymer—metal
composites have also been printed to fabricate soft actuators
through fused-filament additive manufacturing. Using the
technique, soft robotic devices with variety of shapes and
sizes in the millimeter scale were 3D printed, with a thick-
ness of at least 1000 um.*® The field of soft robotics is
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approaching the submillimeter domain, and there is a need
to develop the additive manufacturing methods to micro-
fabricate soft actuators at micrometer scales.

In recent years, the technique of additive manufacturing
in 3D has been extended to transformable materials, which
change their shape or dimension with time through some
external stimulus, sometimes addressed as four-dimensional
(4D) printing.'®!" The technique has also been implemented
to fabricate polymer based soft actuators; for example, ac-
tuators based on stimuli responsive elastomers for soft-
robotic applications and magnetic soft actuators showcasing
biomimicry were fabricated through 4D printing techni-
que.'*'? Similarly, hydrogel based, shape morphing struc-
tures were 4D printed to produce reversible deformations
for soft actuation applications.'*'> However, these 3D/4D
printing techniques were limited to millimeter sizes only, and
to extend the scalability of this process, we are demonstrating
the use of 3D printing process to fabricate even smaller
structures in the micrometer domain.

Scaling down soft actuators based on conducting poly-
mers (CPs; EAPs) or using them in miniaturized robotic
devices is favorable considering their low actuation poten-
tial and high power-to-weight ratio.'®'® CP microactuators
are conventionally manufactured through a combination
of chemical polymer fabrication methods and physical pat-
terning techniques to define the device structures.'®? Pro-
cessing microactuators using microfabrication techniques
such as photolithography is complicated, time consuming,
and makes it difficult to integrate the actuators with current
technologies. Polymer fabrication includes a broad range
of crosslinking or polymerization methods such as photo-
crosslinking (ultraviolet [UV] curing), vapor phase polymeri-
zation, or electropolymerization. These techniques, although
offering precise definition and patterning, allow fabrication by
patterning a planar geometry in two dimensions (x and y) and
allow only a limited fabrication in the third dimension (z) by
stacking and patterning consecutive layers, so called 2.5D
fabrication. Additive manufacturing techniques such as 3D
printing solve this problem by allowing full 3D control over the
pattern definition. It is also a very promising technique owing
to its ability to print or define the structures without using any
harsh physical conditions or aggressive chemical agents.
Polymers being sensitive to extreme physical conditions and
reactive chemical agents will especially benefit from the rap-
idly growing field of additive manufacturing. The method of-
fers the potential to reduce costs and increase the speed of
prototyping for rapid product evaluation.

The current extrusion 3D printing of soft robotic devices
is limited to the millimeter scale only, with the minimum
dimension of the printed actuating structures reported over
200 um. In this work we explore the possibilities of 3D
printing to fabricate microactuators and explore the dimen-
sional limits possible with extrusion-based 3D printing.
Using a custom-built 3D printer, we fabricated microrobots
comprising soft actuators in the sub-100 pm range. To extend
the capabilities of extrusion 3D printing, we develop the
printing process to pattern the electrical layer to fabricate
microrobots with multiple microactuators that can be indi-
vidually controlled. The successful 3D printing of soft mi-
croactuators provides the foundation to exclusively print
microactuators with different device designs to exploit the
ease and versatility of 3D printing process.
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Materials and Methods
Materials

UV curable Ebecryl 4491, an aliphatic urethane acrylate
gel, was purchased from Allnex Belgium. Pyrrole was pur-
chased from Sigma-Aldrich and was distilled and stored
at —20°C before use. Sodium dodecylbenzenesulfonate
(NaDBS) was acquired from Sigma-Aldrich and used as
received. As the substrate for 3D printing, standard micro-
scopic glass slides were used. For electropolymerization
and electrochemical characterizations in an electrochemical
cell, a titanium mesh was used as the counter electrode. The
silver/silver chloride (Ag/AgCl) reference electrode used
(model RE-5B) was purchased from BASIi, and all the electric
potentials measured were versus Ag/AgCl.

3D printer

For 3D printing microactuators we used a custom-built
extrusion 3D printer.”® The basis of the 3D printer is a three-
axis (x-y-z axis) programmable CNC milling stage (Sherline
8020) complemented with a high-precision fluid dispensing
system (Ultimus; Nordson EFD) (Fig. 1). A Luer lock syringe
(S5mL), actuated by the dispensing system and fitted with
tapered tip (Gauge 27, ID 0.20 mm; Nordson EFD), was used
to dispense gel. The rate of extrusion (printing) was con-
trolled by the lateral motion of the stage (~ 2.5 mm/s) along
with the dispensing air pressure (50—60 psi).

Device design

The process of 3D printing starts with a computer-aided
design model or software design of the structure or device
that needs to be printed. We programmed the design directly
in g-code using LinuxCNC/AXIS software (version 2.5.0) to
design the structure of microactuators. The g-code directly
instructed the 3D printer to move along the three directions
(x-y-z axis) with intended position and speed.

3D printing soft microactuator structure

The starting substrate was a thin layer of gold (40 nm)
sputtered (Dynavac Magnetron) over a cleaned glass slide to

Dispense syringe

ﬁui dienser
B 5 Dispenser control
FIG. 1. Photograph of the custom-built extrusion 3D

printer. 3D, three-dimensional. Color images are available
online.
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form a conductive layer. A single layer of UV curable gel was
printed using a custom extrusion 3D printer to form the body
and arms of the microactuator. Subsequently, additional
layers were printed over the body to control rigidity of dif-
ferent parts of the actuator, allowing for the controlled motion
of the more flexible arms. Afterward, the printed structure
was cured under a UV source of intensity 19 W/cm? for 60 s
(Dymax BlueWave 75).

Preparing polymer microactuators

The printed and cured gel along with the attached gold was
peeled off from the glass slide exgloiting the weak adhesion
between gold and glass surface.”* Finally, a layer of CP
polypyrrole was deposited on the gold layer through elec-
tropolymerization in an aqueous ionic solution of 0.1 M
NaDBS containing 0.1 M pyrrole monomer. The thickness of
the polymer layer, which acts as the active layer, could be
controlled by manipulating the electropolymerization con-
ditions (mainly time). Electropolymerization was carried
out in a three-electrode (working, counter, and reference)
electrochemical cell using a potentiostat (Model 363; Prin-
ceton Applied Research) to apply an oxidizing potential of
0.65V for different durations at room temperature. Figure 2
shows the flow of the fabrication steps involved in the
manufacturing of microactuators using 3D printing.
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Electrical actuation

To characterize the bending motion, the microactuators
were actuated in an aqueous ionic solution of 0.1 M NaDBS
under a low cyclic redox potential of 0.0 to —1.0 V. We used
an electrochemical cell with three electrodes (working,
counter, and reference) along with a potentiostat (Model 363;
Princeton Applied Research) and a portable USB microscope
(ToupTek, Optek) to record the movement of actuators. To
match the monofocal lens of the microscope, the distance
between the microscope and actuator was carefully adjusted
to try to keep the entire actuator in focus during motion. To
ensure enough exposure for brighter images, an external lamp
was used as well.

Results and Discussion
Fabrication of 3D printed microactuator

Initially, the feasibility of our process was investigated
to see if 3D printed PPy-microactuators could be made and
if they function similarly as normally fabricated PPy-
microactuators. The first 3D printed microactuator was
300 um wide, 4000 um long, and 20 um thick, whereas the
rigid body was 3000 um wide, 5000 um long, and 345 ym
thick. Thereafter, the microactuator was actuated under a
redox potential of 0 to —1 V in aqueous ionic solution of 0.1 M

— | — | FIG. 2. (A) Schematic diagram il-

— lustrating the fabrication steps: (1)
evaporate Au on glass substrate; (2)
extrusion print first structural layer; (3)
print consecutive layers to form rigid
body; (4) remove the printed structure
by lift-up; and (5) deposit polypyrrole
through electropolymerization. (B)
Electropolymerization of the printed
structure in an electrochemical cell
with WE, RE, and CE. (C) (1) 3D
sketch of the final microactuator; and
(2) photograph of the fabricated mi-
croactuator. CE, counter electrode;
RE, reference electrode; WE, working
electrode. Color images are available
online.
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NaDBS. As depicted in Figure 3, the microactuator moves
normally as a unimorph bending PPy-microactuator, with
fast switching between the two states25’26; and the corre-
sponding cyclic voltammogram shows the PPy redox peaks at
their usual potentials (approximately —0.5 and —0.2 V for the
reduction and oxidation, respectively). To compare the ac-
tuation motion of different microactuators, we calculated the
displacement for the tip of the microactuator. Upon electro-
chemical reduction the PPy layer expanded leading toward the
bending of microactuator and the tip moved 3500 um in 30s.
This is comparable to the performance of the soft microactuators
fabricated with conventional microfabrication techniques.?’ Soft
microactuators of the dimension 200x 50 x 48 yum® fabricated
with electrodeposition and laser ablation technique reported a tip
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FIG. 4. Frequency versus
displacement variation for the
microactuators with different
electropolymerization time.
Color images are available
online.

Displacement (um)

FIG. 3. Electrical actuation of the microactuator undergoing a redox state change. (A) Sketch to illustrate the orientation
of the microactuator with different layers. (B) Motion of the 3D printed microactuator under an applied potential. (C) CV of
the 3D printed polymer microactuator. CV, cyclic voltammogram. Color images are available online.
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displacement of 95 ym at 0.6 V, 0.005 Hz.?® Fabricated with
similar classical methods, EAP microactuators of the dimension
580 % 220 x 160 m? and 5000 x 1000 x 48 um* were reported to
produce a tip displacement of 125 ym at £1 V and 2100 ym at
+0.5V, respectively.>'* Electronic CP actuators of the size
900x300x 17 um~, fabricated with spin coating and dry
etching methods, produced displacement of 950 um at
+2V, 0.05Hz.*° Using a bottom-up fabrication approach,
CP actuators of the size 20x5x0.07mm’ were manu-
factured, reporting a displacement of 170 um at 1V,
0.1Hz.*' On the contrary fabricated with top-down mi-
crofabrication approach, EAP microactuators of the size
650 % 100 % 10 um? reported 127 um displacement at +4 V,
0.2Hz.»
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TABLE 1. TABLE LISTING THE DURATION
OF ELECTROPOLYMERIZATION USED FOR DEPOSITING
THE CORRESPONDING THICKNESSES OF POLYPYRROLE

Electropolymerization 5 10 15 20 25 30
time (minutes)

Thickness of
polypyrrole (um)

0.85 1.60 2.21 2.84 3.32 3.76

Effect of polypyrrole thickness on actuation motion

After the successful actuation of the 3D printed micro-
actuator, we wanted to study the effect of the polypyrrole
thickness, which is controlled by the electropolymerization
time, on the bending motion of the microactuators. To ana-
lyze this, we fabricated microactuators with varying poly-
pyrrole thickness and operated them at different frequencies
to observe the displacement during actuation (Fig. 4). The
microactuators 3D printed for this study were 300 um wide,
4000 pum long, and 25 um thick, whereas the rigid body was
3000 um wide, 5000 um long, and 350 um thick. Figure 4
shows the variation of displacement of the microactuators
with the frequency of operation, for microactuators with
varying polypyrrole thicknesses fabricated with different
electropolymerization times (Table 1). As observed for each
sample, the displacement of the microactuators increased
with the lower frequency of operation (or increased time
of actuation). This behavior is typical of CP actuators and
is attributed to the time the cations take to move into, or out
of, the polypyrrole matrix, which causes the swelling of
the polymer resulting in a bending motion.**-** The lower the
frequency of actuation, the longer time available for the
microactuator to reduce or oxidize, resulting in more ingress
or egress of ions from the polypyrrole matrix. The increased
number of ions in and out of the polymer matrix thus pro-
duced larger displacement, and the trend was consistent for
all the 3D printed microactuators independent of the thick-
ness of polypyrrole (Fig. 4).
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Furthermore, the thickness of polypyrrole not only impacts
the displacement of an actuator positively due to the force
generated by the volume change but also impacts the actuation
negatively due to the fact that the layer has a bending stiff-
ness.”? As noticed in Figure 4, the microactuators with thinner
polypyrrole displaced (bent) more than the thicker ones at
higher frequency of operation. This behavior can be under-
stood from the fact that the displacement of a bending beam,
with moment of inertia / and Young’s modulus E, is inversely
proportional to the bending stiffness / - E of the beam which
scales with the thickness cubed.””*> A thicker polypyrrole
would, therefore, not only generate more force but also oppose
the bending motion due to the increased stiffness. At higher
frequency, the duration of actuation is not long enough for the
ions to diffuse completely into the polymer matrix. In such
scenario when the maximum insertion of ions is not reached,
the negative obstructive effect due to the thickness of poly-
pyrrole dominates the positive driving force. This interplay
between the opposing parameters associated with the thick-
ness of the microactuator determines the extent of bendin
motion it experiences at a given frequency of actuation.*®
To validate this effect and estimate the optimum thickness of
polypyrrole, we analyzed the displacement of microactuator
against the thickness of polypyrrole at a selected frequency of
actuation (0.025Hz) (Fig. 5). Evidently, the microactuator
with PPy thickness of 2.21 um displaced most at this actuation
frequency. This is the case for all actuation frequencies; for
example, in Figure 4, the microactuator with PPy thickness of
1.60 um displaced most at actuation frequency of 0.5 Hz.

Scalability of the 3D printing process

Next, we wanted to explore the limits of the 3D printing
process to manufacture miniaturized soft actuators. We were
interested in analyzing how small the microactuators can be
printed using the custom-built 3D printer and still be actuated
by normal manual handling. For this purpose, we fabricated
microactuators with arm lengths ranging from 1000 up to

FIG. 5. Polypyrrole thickness
versus displacement variation for
the microactuators electrically ac-
tuated at 0.025 Hz frequency. Color
images are available online.
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FIG. 6. (A) 3D printed microactuators with different lengths. (B) Electrical actuation of the smallest microactuator (1000 ym).
(C) Frequency versus displacement variation for the microactuators with different lengths. Color images are available online.

5000 um, with similar width and thickness (300 and 20 pum,
respectively), and the rigid body of 3000 yum wide, 5000 um
long, and 350 um thick (Fig. 6A). We then actuated these
actuators at different frequencies to examine the bending
motion in terms of the displacement of the tip; Figure 6B
shows the actuation of the smallest 3D printed microactuator.
As expected, the microactuators with longer lengths dis-
placed more, with a consistent trend throughout the fre-
quency of actuation (Fig. 6C). This is expected from bending
beam actuators where the displacement of the tip is propor-
tional to the length of the microactuator.®>

A

1

FIG. 7. (A) Schematic dia-
gram showing the process flow
to fabricate individually con-
trolled microactuators: (1) evap-
orate Au on glass slide; (2) print
the pattern layer; (3) remove 2
pattern layer with lift-up to leave
patterned Au-coated substrate; (4)
print the complete structural lay-
er; (5a) remove the structure with
lift-up; (5b) the structure after
removal from top side; (5c) the
structure from bottom side; and
(6) electropolymerize to deposit 3
polypyrrole forming the micro-
actuator device. (B) 3D sketch of
the individually controlled mi-
croactuator. (C) Individually
controlled microactuator fabri-
cated using patterning by print-

ing. Color images are available
online. 4 H

The smallest of these microactuators was fabricated using
a double pass (two lines) of the 3D printer to form the actu-
ator arm (Fig. 6B). In this process the printer deposited the
passive gel in a continuous U-shaped manner instead of just
terminating at the tip of the arm. The width of the line printed
with an extrusion tip depends on several factors such as
viscosity of gel, air pressure, feed rate, tip diameter, and the
distance between the nozzle and printing platform.>® With
our extrusion 3D printer (Fig. 1), we obtained a line width of
200 um comparable to the tip diameter, while the second
adjacent (parallel) line was printed at half line width from the

5a

5b

Individually controlled
microactuator

5¢c I

Actuators 400x3000x25 um?
Body 6000x5000x350 pym?
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A front view before actuation

Actuators 400x3000x25 um?
Body 6000x5000x350 pm?

FIG. 8.

B obligue view during actuation

(A) Front view of the individually controlled microactuator before electrical actuation in aqueous ionic solution.

(B) (1) Independent electrical actuation of the individual microactuators attached with the same body; and (2) schematic
illustration of the individually controlled microactuators showing the independent movement during selective actuation.

Color images are available online.

first line to achieve a reasonable uniform thickness of the
resulting structure. Although we could have scaled down even
further by 3D printing microactuators with just one pass of the
printer (one line), we determined that better quality prints were
achieved by continuous printing. It was observed that termi-
nating the printing process (gel extrusion) at the microactuator
arm tip would often result in deposition of unwanted drop of
passive gel, which would then require additional treatment
(cutting) afterward to finalize the desired shape. Furthermore,
the minimum thickness of the first gel layer was 20 um be-
cause we observed bending (and occasional breakage) of the
fragile microactuator while lifting off from the substrate for
actuators thinner than 20 um. To avoid back-processing after
the printing process and 3D print the complete structure as

much as possible, we decided to print the microactuator arms
with two continuous lines of gel extrusion.

Patterning by printing

3D printing provides the flexibility to print a variety of
designs, so we developed a simple process of patterning
the printed structures to manufacture more complicated de-
vices involving multiple actuating parts. Complex devices
comprising of multiple actuators are typically fabricated
through conventional microfabrication techniques (such as
photolithography) to pattern the electrically conductive
(gold) layer, allowing for individual actuator control.** To
achieve such patterning with 3D printing, we modified our 3D

FIG. 9. Microrobotic devices with
varied dimensions depicting the
scale of fabrication. (A, B) Electrical
actuation of a microrobotic structure
with four flexible moving arms/legs
and a rigid body. The fingers are
300 um wide and 2000 ym long. The
body is 2000 x 5000 zm? and is mul-
tiple layers thick. (C) Three micro-
robotic actuators placed in oxidized
state along a millimeter scale. (D)
The smallest (in insef) and the larg-
est microrobot placed in reduced
state along with a LEGO minifigure.
Color images are available online.
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printing process to pattern the electrically conducting layer to
create electrically isolated electrodes, thereby allowing the
fabrication of individually controlled microactuators for in-
dependent control and actuation. Since we wanted to avoid
any etching steps and use 3D printing as much as possible, we
developed a simple and effective method of patterning the
gold layer through 3D printing (Fig. 7A). We first printed a
pattern layer over the Au-coated glass substrate and then
physically removed this printed layer. This “lift-up” pat-
terning process removed Au from the glass and left behind the
desired patterned Au coated substrate.*® This extra printing
step allows for patterning of the electrically conducting layer,
thereby enhancing the versatility of the process to fabricate
intricate complex structures without the need of any addi-
tional etching techniques. This novel patterning process not
only simplified the process of device design but also helps
avoid the use of harsh chemical and physical methods that
could be harmful to device materials such as CPs.

Figure 7A illustrates the process flow for patterning the con-
ductive layer using 3D printing. In this example, we patterned
and fabricated two individually controlled microactuators on a
monolithic body for independent actuation (Fig. 7B), demon-
strating the printing of complicated design structures. Figure 7C
shows the finished device having two individually controlled
microactuator arms of width 400 ym, length 3000 um, and
thickness 25 um. The two arms were attached to a single body of
width 6000 pum, length 5000 um, and thickness 350 um. To
demonstrate these independently controlled microactuators, we
individually actuated the microactuator arms as illustrated in
Figure 8. As observed, the two microactuator arms attached to
the single body moved (bent) individually corresponding with
the electrical actuation applied (Fig. 8B).

3D printing microrobots

To demonstrate the scalability and explore the applications
of our developed 3D printing process, we fabricated micro-
robotic structures with multiple arms/legs and of varying
dimensions. We 3D printed microrobots with four micro-
actuator arms that actuate at a low operating potential of 0 to
—1 V. Figure 9C shows some of these 3D printed microrobots
6x4.5 mmz, 7%9.5 mmz, and 14 x12 mmz) compared to a
common ruler and Figure 9D compared to a LEGO mini-
figure to showcase their relative dimensions. Figure 9A and B
shows the activation of such a microrobot. The four flexible
actuating arms/legs were 300 um wide, 2000 um long, and
25 um thick, whereas the rigid body they were connected to
was 2000 um wide, 5000 um long, and 350 um thick. The
microrobot arms/legs show the typical bending of the PPy
microactuators. These microrobots can potentially be used to
grasp and release objects or as microwalkers. To enable in air
operation, the microactuators have to be combined with io-
nogels,*"*? or other solid-state ion sources into a so called
trilayer actuator,>'*"*® which is ongoing work.

Conclusions

Manufacturing microactuators using 3D printing provides
a smooth design-to-product process, allowing for the fabri-
cation of microrobots with ease. We have developed a 3D
printing process that enables fabrication of microactuators
and microrobots with varied structures and dimensions down
to the micrometer domain. Using a custom-built extrusion 3D
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printer, we successfully scaled down the actuators to dimension
of 300 1000 um? and thickness of 20 um. The smallest 3D
printed actuator/robot showed improved actuation motion
(bending) at low operating potentials (0 to —1 V). The 3D
printed microactuators were operated in the frequency range of
0.005 to 1.0 Hz, achieving displacements from 100 to 3000 pm.
The resulting performance of the 3D printed microactuators
was similar to those fabricated using conventional methods
such as photolithography and laser ablation.?'*’2

To extend the adaptability of the 3D printing process, we
developed a new patterning process to define the conductive
layer using just one extra step of printing to transfer the
design. The new method of ‘“‘patterning by printing’’ using
lift-up is a simple and promising solution for patterning the
structures, which would be favorable for polymers that
are sensitive to extreme processing conditions. Using this
new patterning method, we demonstrated individual control
of microactuators by independently actuating different flex-
ible arms attached to the same microrobot body.

To demonstrate the scalability and versatility of our 3D
printing process, we fabricated microrobots with multiple
actuating arms (2—4) and dimensions ranging from 6x4.5
to 14x 12mm?, providing an understanding of the limits to
microfabricate microactuators and microrobots using 3D
printing. The presented new processes have pushed the limits
of 3D printing into the micrometer domain enabling the design
and fabrication of a plethora of (micro-) devices with inde-
pendently controlled microactuators, to potentially achieve
complex capabilities. This will broaden the purview of soft
robotics with new generations of 3D printed microrobots.
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