Composites Communications 44 (2023) 101752

FI. SEVIER

Contents lists available at ScienceDirect
Composites Communications

journal homepage: www.elsevier.com/locate/coco

Sequential multi-material embedded 3D printing of soft

composite actuators

Zhenhua Wang *", Jingze Wang ¢, Jizhe Wang %4 Boyu Zhang ©*¢, Yuan Yao “*¢,

c, d, e,**

Nanjia Zhou , Weicheng Cui ™"

& Zhejiang University, Hangzhou, Zhejiang, 310027, China

Y Key Laboratory of Coastal Environment and Resources of Zhejiang Province, School of Engineering, Westlake University, Hangzhou, Zhejiang, 310030, China
¢ Research Center for Industries of the Future, Westlake University, Hangzhou, Zhejiang, 310030, China
4 Key Laboratory of 3D Micro/nano Fabrication and Characterization of Zhejiang Province, School of Engineering, Westlake University, Hangzhou, Zhejiang, 310030,

China

€ Institute of Advanced Technology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang, 310024, China

ARTICLE INFO ABSTRACT

Keywords:

3D printing

Soft robot
Composite actuator
Soft sensor

Soft composite actuators are developed for a variety of applications, yet the fabrication of composite actuators
with complex external geometries and internal structures such as self-sensing actuators remains one of the
greatest impediments. Here, the limitation is addressed by a novel 3D printing technology, Sequential Multi-
material Embedded 3D Printing (SME3P). Different properties of printed inks are investigated to optimize the
fabrication of soft composite actuators. Various composite sensors and actuators are fabricated to verify the
feasibility of SME3P. This SME3P technique offers an unparalleled printing capability to fabricate the complex

composite actuators for real-life applications.

1. Introduction

Soft composite actuators have emerged as pivotal components in
diverse fields such as space and deep-sea exploration [1-4], wearable
technology [5], biomedical engineering [6], and others. The inherent
complexities in the geometries and functionalities of composite actua-
tors with mechanical and electrical properties make them particularly
challenging to fabricate. This difficulty, however, is being assuaged by
the advent of additive manufacturing (3D printing). 3D printing prom-
ises to revolutionize traditional manufacturing processes of composites
that are both time-consuming and labor-intensive [7]. Nevertheless, the
traditional layer-by-layer printing process results in limited printing
shape [8,9]. Recently, 4-axis printing has been applied in the fabrication
of soft composite actuators. This method is effective in the fabrication of
tubular based structures, while it is hard to fabricate actuators in other
shapes [10-12]. An emerging solution to these limitations is embedded
3D printing (E3P), an adaptation of the traditional 3D printing method.
E3P has seen a surge in popularity due to its potential for freeform
printing, enabled by the use of a suspension medium to uphold the

printed structures [13]. E3P has already been successfully employed in
the construction of various sensors and actuators [14-18], yet very few
instances of integrated sensors and actuators have been reported. Truby
et al. made headway in this field when they utilized sacrificial ink
(Pluronic F127) to develop air channels and conductive ink (ionic gel) to
fabricate sensors via a modified E3P method [19]. However, the reach of
this method is constrained by the acrylic mold that limits the actuator’s
external geometry, thereby precluding the production of complex
external shapes for soft actuators, such as those seen in
composite-reinforced actuators.

In this work, we report a method to integrate sensors into composite
actuators via sequential multi-materials embedded 3D printing
(SME3P). The rheological, mechanical, and electrical properties of
printed ink is investigated to optimize the fabrication and design of soft
actuators. The resistive and capacitive sensors are fabricated to verify
SME3P’s ability of integrating sensors into soft matric materials. At last,
the self-sensing soft actuators is printed to demonstrate SME3P’s po-
tential to be a versatile platform for the future fabrication of soft self-
sensing robots.
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2. Results and discussion
2.1. Sequential multi-materials embedded 3D printing (SME3P)

Take the printing of a self-sensing composite reinforced actuator as
an example, SME3P involves several separate printing stages (Fig. 1A).
First, the inflating body is printed in the matrix using elastomer ink.
Second, sensors are printed into the first printed inflating body via
conductive ink. In this stage, the first printed structure functions as the
matrix in E3P. Finally, the reinforced composite is conformally printed
on and/or into the inflating body to limit undesired deformation. The
structure of our printing system is shown in Fig. 1B.

2.2. Rheological and electrical properties of inks

First, the conductive ink was prepared by composing an uncured
silicone matrix Ecoflex 0030 (Eco30) and hydrophobic carbon black
(CB), which serves as both the rheological modifier and conductive
filler. The extrusion process of the SME3P requires the ink to have shear-
thinning property and proper yield stress [20]. As the carbon black
loading increases from 1 to 2.5 wt%, all inks exhibit shear-thinning
behavior (Fig. 2A). However, only inks with more than 1.5 wt% CB
exhibits yield stress fluid properties (Fig. 2B), making them suitable for
3D printing. The conductive inks show tradeoff between mechanical and
electrical properties. The conductivity of the conductive ink should be as
high as possible under the premise of curability. Dog-bone-shaped ten-
sile test samples were fabricated for mechanical testing (Figrue S1). As
concentrations of CB increases from 1 to 2.5 wt%, the elastic modulus (at
10 % strain) of the cured conductive ink decreases from 76 kPa to 15.5
kPa, and the tensile strength from 550 kPa to 97 kPa, respectively
(Fig. 2C). The addition of CB slows the curing velocity of conductive inks
[21]. More than 3 wt% of CB makes the conductive ink unable to cure
within the matrix. Similar phenomenon has been reported in other
works [22]. As the loading of CB increased to 2.5 wt%, the conductivity
of the cured ink rises to 0.344 S/cm, and the resistivity decreased to 2.9
Q cm, respectively (Fig. 2D). After a comprehensive consideration of the
tradeoff between rheological, electrical, and mechanical properties, 2.5
wt% was chosen as the final concentration of the CB. The added CBs are
dispersed in the conductive ink in the form of particles with diameters
ranging from several to 50 pm (Fig. S2).

As reported in previous work, the plateau storage moduli (G') of inks
utilized in embedded printing should be orders of magnitude higher
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than those of the matrix [23]. The rheological properties of the hard and
soft inks have been studied in our previous work [24]. The G’ of the
matrix and inks in our work are shown in Fig. 2E, satisfying the afore-
mentioned criterion. For better reinforcement performance, the elastic
modulus (E) of hard ink should be much higher than that of the soft ink.
Therefore, Ecoflex 0030 (E = 76 kPa) were chosen as the soft ink, and
carbon fiber reinforced Slygard 184 was chosen as the hard ink (E =
7000 kPa), ensuring desired pneumatic responses of our printed actua-
tors (Fig. 2F). The curing time of hard, conductive, and soft ink were 4,4,
and 3 h at 80 °C, respectively.

2.3. Characterization of single sensor performance

Upon the design of inks and matrix materials, a soft resistive strain
sensor was printed. An elastomer sheet was first printed using soft ink
within the matrix. Subsequently, a resistive sensor, with a linewidth of
600 pm was printed into the elastomer using conductive ink. The opti-
mization of printing parameters is shown in Supplementary Information
(Fig. S3), and final printing parameters are listed in Table S2. The
resistance of the cured sensor (Ry) is approximately 350 kQ. We evalu-
ated the electrical performance of the sensor under tensile strain (1 mm/
s). As the linear strain escalated to 300 %, the normalized R/Rg
increased to 7, before failing at a strain of ~320 % (Fig. 3A). At a strain
of 200 %, the sensor demonstrated linearity with a gauge factor of
around 2. The discrepancy between the loading and unloading curve
reveals the hysteresis of the strain sensor (Fig. 3B), primarily attributed
to the energy dissipation of the conductive particle networks [25]. Ef-
forts can be made to develop low hysteresis materials as the conductive
ink. A cycling loop test was conducted under a smaller strain (100 %).
R/Ry stabilized at approximately 2.7 in the final 50 cycles (Fig. S4),
indicating the sensor’s good reliability under small strain.

Another type of soft sensor, capacitive sensor was also fabricated via
SME3P (Supplementary video 1). Two plates were printed into the first
printed elastomer sheet, which serves as both package and dielectric
layer. The plates have a thickness of 600 ym. The distance between plate
was 250 pm (Fig. 3C). The capacitance of the cured capacitive sensor
was measured as 1.28 pF. A platform was established to characterize the
tactile sensing ability of the printed capacitive sensor (Fig. 3C). As the
loading displacement increased from 0 to 500 pm, the normalized C/Cyp
rose to approximately 1.4 (Fig. 3D). Compared to the strain sensor, the
capacitive sensor shows lower hysteresis. Cycle testing was conducted
(with a displacement of 400 pm) to assess the stability of the sensor. In
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Fig. 1. Sequential multi-materials embedded 3D printing (SME3P): (A) Adapted from embedded printing, SME3P involves three steps to integrate sensors into

soft reinforced actuators; (B) Set up of our SME3P platform.
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Fig. 2. Ink properties: (A) Viscosity of conductive inks as a function of shear rate with different carbon black loadings (B) Storage moduli (G') and loss moduli (G")
of conductive inks as a function of shear rate with different carbon black loadings; (C)Stress-strain curve of cured conductive ink with different carbon black loadings;
(D) Conductivity and resistivity of conductive ink with different carbon black loadings; (E) Comparison between the plateau storage of matrix and different inks; (F)

Stress-strain curve of three different cured inks.
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Fig. 3. Characterization of printed sensors: (A) Tensile testing of the printed resistive sensor; (B) The loading and unloading resistive change with the strain of
200 %; (C) Cross-section (Scale bar: 500 pm) and testing platform of capacitive sensor; (D) The loading and unloading curves of capacitive change with a loading
displacement of 500 pm; (F) Cycle testing of the capacitive sensor with a loading displacement of 400 pm; (E) Cross-section (Scale bar: 200 pm) and testing platform
of tubular sensor; (F) The resistive change as the tubular sensor inflated by 0.5, 0.75, and 1 ml air.

comparison to the resistive sensor, the soft capacitive sensor demon-
strated poor stability over 200 cycles (Fig. S5). This instability is mainly
due to the large initial resistance and the change in resistance of the
electrodes when the capacitive sensor is pressed. The stability can be
enhanced by using highly conductive ink to print the electrodes.

Since the external shape of the first printing via SME3P isn’t limited
by the mold, a tube-shaped resistive sensor was fabricated. A helical
resistive senor was printed into the tube wall (Fig. 3E). An injection
pump was used to inflate the tube sensor. Upon 0.5 ml, 0.75 ml, and 1 ml
of air were injected to the sensor, the respective R/R values increased to
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1.04, 1.08, and 1.31 (Fig. 3F). The tube sensor demonstrated stable
performance in a cycling test with an inflation volume of 1 ml (Fig. S6).

2.4. Characterization of printed actuators with embedded sensors

Encouraged by the successful printing of basic sensors, self-sensor
composite reinforced actuators were fabricated via SME3P by printing
constraining fibers on the surface of tubular shape sensors. A bender was
first printed as a demonstration in three steps. The actuator measures 30
mm in length, with a diameter and wall thickness of 10 mm and 2 mm,
respectively (Fig. 4A). A U-shape resistive sensor (Rp = 330 kQ) with
linewidth of 800 pm was printed into the wall. Different materials in the
printed actuator are bonded by Si-O-Si bonds (Fig. S7). The actuator
will bend rightwards upon inflating because of the structural asymmetry
(Fig. 4A). As the inflating pressure increasing from 0 to 13 kPa, the
bending angle reaches 53°, and R/Ry increases to 6.46 (Fig. 4B). Both the
bending angle and the normalized resistance exhibit hysteresis due to
the inherent hysteresis in the silicone rubbers used. In a cycling tensile
test run at an inflating pressure of 8 kPa, the normalized resistance (R/
Ry) of the sensors slightly decreased from 2 to 1.7 within the first 50
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cycles, but held steady thereafter (Fig. 4C).

A bidirectional bender with more complex inner channels was
printed for the last demonstration (Supplementary video 2). Two
inflating channels were arranged in the actuator, and two sensors were
embedded into the outer walls of inflating channels (Fig. 4D, left).
Inflating either channel of the bidirectional bender prompts it to bend in
the opposite direction, whereas simultaneous inflation of both channels
extends the actuator axially (Fig. 4D, right). Upon the left channel was
inflated by 20 kPa, the actuator bent rightwards in the angle of ~55°, R/
Ry values of left and right sensor were 5.1 and 1.74 (Fig. S8). When the
right channel was inflated, the bending angle reached 63° (Fig. S9), with
corresponding R/Rg value of 1.57 (left) and 3.50 (right). The asymmetry
may be caused by the relatively imprecise nature of E3P [13], an aspect
that warrants further refinement. When both channels were inflated, the
actuator extended by ~27 %. Unlike single-direction bending, R/Rg
values of both sensors surged to 4.5 and 3.77, respectively (Fig. S10).
When two channels were inflated and deflated sequentially (Fig. 4D,
bottom), the response of actuator can be recognized by analyzing the
changes in the R/Ry values of the two sensors (Fig. 4E, up).
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Fig. 4. Characterization of printed actuators: (A) Printed bender inflated by 13 kPa; (B) Bending angle () and normalized resistance (R/Ry) of the actuator
inflated by different pressures; (C) Cycling test of the bender in the inflating pressure of 8 kPa; (D) Structure of printed bidirectional bender and its pneumatic
responses in different inflating conditions; (E) Comparison of the R/R, values of two sensors when the channels were inflated and deflated sequentially.
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3. Conclusion

In this work, we have introduced a novel method (SME3P) to fabri-
cate self-sensing composite-reinforced actuators. Properties of ink and
matrix have been studied to ensure the successful printing. Different
sensors and actuators in planer and tubular shapes have been fabricated
to show the feasibility of SME3P to integrate sensors into soft robots. The
SME3P can be easily extended to fabricate other composite devices
rapidly (i.e., wearable electronics), in which functional composites need
to be embedded into matrix materials for practical applications.
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