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To create life-like movements, living muscle actuator technologies have borrowed inspiration from

biomimetic concepts in developing bio-inspired robots. Here, we report the development of a bio-

t

P

inspired soft otics system, with integrated self-actuating cardiac muscles on a hierarchically
structured flexible gold microelectrodes. Inspired by the unique and natural movement

of Iiving-or nisms, we designed and fabricated a batoid fish-shaped substrate, which was composed

1

of two distinct micro-patterned hydrogel layers. The first layer was a polyethylene glycol hydrogel

£

substrate, i rovided a mechanically stable structure for the robot, followed by a layer of

gelatin meghaghylayl embedded with carbon nanotubes, which served as a cell culture substrate, to

S

create the n component for the soft body robot. In addition, flexible Au microelectrodes

U

were emb to the biomimetic scaffold, which not only enhanced the mechanical integrity of

the devicéy but also increased its electrical conductivity. After culturing and maturation of

q

cardiomyo the biomimetic scaffold, they showed excellent myofiber organization and

d

provided seff-a ting motions aligned with the direction of the contractile force of the cells. The
Au microe s placed below the cell layer further provided localized electrical stimulation and

control ing behavior of the bio-inspired soft robot.

1. Introddction

hor M

i

ing-synthetic systems with an ability to dynamically deform their shape

and sense biologital environments are of interest for various biomedical applications, such

U

as buildin bots, biosensors, and artificial muscles.’” In particular, to build these

A
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systems, a biological component is integrated on an artificial platform, and dynamically

controlled by devices at the interface. The biological component provides functional

capabilitie as sensing or pulsing movements while the artificial substrate is used to
ensure m ability of the construct. Furthermore, the artificial substrate improves
N

the functi@pality of the biological component, while ensuring good biocompatibility.”” In

3

addition, @gration of dynamic controls into the platform can potentially allow the
manipulatj he robot over its direction and speed. It can also provide activation of
certain patterns via stimulation to improve and control its efficiency during long-term
operation g various biological components, there are many advantages in using
living cellﬁas self-actuating cardiomyocytes, which can provide the autonomous

contractiomed from the living systems to move. Therefore, the self-actuating

cardiomyocyt ave inspired the development of biological cell-based machines, including
muscuEbased bio-hybrid actuators,'” cantilevers,?8! walking “biological bimorph”
bio-bofts, fish-inspired robot,* and self-propelled swimming robots.! Despite the
significangdvances in this field, many limitations still remain, such as creating life-like

movemen@oard control systems, autonomous control over direction, robust actuation,

and low-po timulation systems for the biorobots.

To &hese limitations, bioengineers have borrowed inspiration from nature and

concepts :terials/engineering community and have developed bio-inspired robots.

These bi actuators are able to mimic, and even overcome the performance

<
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limitations of living organisms in some cases, thus opening new venues in biorobotics

research. Moreover, natural mechanisms are generally self-sustaining, high-performance,

{

and effici ith low-energy requirements, which are important factors that should be
addresse he issues within the current technology.m Recently, Parker et al. have
N

developed§.a phototactic, guided soft-robotic ray using optogenetic control of the

cardiomyd@Cytes Qultured on an elastomeric material such as polydimethylsiloxane (PDMS)

C

that repli e overall batoid fish morphology and swimming behaviors (undulatory
locomotion) such as stingrays and skates.™ However, despite the successful demonstration

of the op cally controlled bio-inspired robots, optogenetic technigques have several

LS

limitation§{such as complicated development processes, long development times, potential

f

toxicity o netic tools at very high expression levels or long-term expression to

d

decrease light™powers and increase duty cycles and stability.[4] As an alternative to

optogenetic ique, flexible microelectrodes are promising candidates to be easily or

IV

simply to locally stimulate the cells/tissues and to provide control over the bio-

inspired ots.*" * These flexible microelectrodes have favorable biocompatibility, high

[

durability, rm stimulation ability, and simplicity of fabrication process compared to

0

the optoge echniques.

To o-inspired soft robot with flexible microelectrodes, batoid fish can be a

th

good mo ism with several advantages as suggested in previous studies.!*™ ® The

U

batoid fish, are cartilaginous fish with dorsoventrally flattened bodies and extended

A
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pectoral fins, can be easily mimicked by simplifying its structure and movements among
various living orianisms in the ocean. In addition, the flexible microelectrodes are amenable
for easy i jon into flattened bio-inspired robots. However, various batoid fish exhibit
different mtyles that largely depend on their skeletal architecture (e.g., cartilage
N
joint pattégns), along with their aligned muscle tissues on their pectoral fins.'®® To create a
natural m@e intended to mimic the alignment of skeletal and muscular architecture
of the batqid fiShy, in particular a stingray, which can modulate the movement of the robot in
a biomimetic manner. Especially, the cartilage structure and arrangement are key criteria to
consider iaxign of an effective bio-inspired soft robot as it will have a strong influence
on the kin@motion of the robot. Therefore, to mimic the features of a stingray, the use
of extrace trix (ECM)-based hydrogels could facilitate better organization of the cells

on the substrat®and allow for large deformation of robots with a greater degree of freedom

than micro- ned PDMS substrates. In contrast, the micro-patterned PDMS substrates

have b to affect the contractile behavior of cardiac tissue/cells due to its high
substrate!igidity.m Furthermore, creating anisotropically contractile cardiac muscle to
provide t ing patterns and pumping motion, is a key engineering and scientific
challenge w mense potential. As such, cells cultured on the substrate need to have the

desire n and elongation. These properties can be realized using micropatterning

h

{

method. , microengineering approaches combined with ECM-based hydrogels can be

J

used to create afisotropic tissue constructs to develop biomimetic robots in a convenient,

rapid, pr eliable, and inexpensive manner.®!

A
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To create this robot, an engineered scaffold was designed by drawing inspiration from

the biomechanical model of a stingray with multi-layered structure composed of two

different Is such as polyethylene glycol (PEG) and carbon nanotubes (CNTs)-gelatin
methacryl ) hydrogels. The non-degradable, non-toxic, mechanically robust PEG
N

hydrogel agts as the cartilage in the stingray body. In addition, the photocrosslinkable PEG

E

hydrogel ¢an be ®asily micro-patterned to mimic the cartilage joint patterns and modulate

C

the move the robot compared with a thin PEG hydrogel. Furthermore, the gold (Au)

S

microelectrode can be easily transferred and integrated to the PEG hydrogel layer without

U

ancillary s icigl layers, which was developed in our previous study.m In another previous

work of alirs, we reported a GelMA hydrogel scaffold with homogeneously incorporated

#

[2e]

CNTs, whi hown to improve tissue organization, and cell-to-cell electrical coupling.

d

Cardiomyocyt ultured on the CNT-GelMA hydrogels were found to spontaneously beat

faster than lIs cultured on pure GelMA, and maintained a stronger beating activity.[lol

\'L

Therefofe; T-GelMA micro-patterned hydrogel layer can act as a suitable substrate

for cell d@lture to induce rapid maturation of the cardiomyocytes. In addition, the

[

encapsula anomaterials, such as CNTs into the hydrogel was demonstrated to be a

O

suitable m to provide the desired mechanical properties required to efficiently

facilita

N

gration of Au microelectrodes.!* Challenges arise when developing a

{

controll robotics system, as electrical components are typically bulky, brittle and

e

fragile, whereas#bio-inspired robots have a high elasticity and low elastic modulus.

Therefor e Au microelectrodes were designed to deform in line with the bio-inspired

A
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soft robot without cracking or disrupting the polymeric layers and to generate pulses for

localized electrical stimulation. Consequently, the muscle-like bio-inspired soft robot with

the micrm Au stimulation electrodes have excellent mechanical integrity and

produce motion under an electrical field provided by the integrated flexible
N

microelec&des.pf’ 2 Accordingly, in this paper, we focused on developing an integration

system t@orate multiple biomaterials, electronic components and live cells while

mimickingmplex architecture of stingray itself by microfabrication techniques.
2. Results t’ssion

2.1 Design o jo-inspired soft robot

We designed and fabricated a bio-inspired soft robot, which combined the mechanical and

biological pr ies of a sting ray (Figure 1). The bio-inspired soft robot was composed of four
layers: cle tissue, micro-patterned CNT-GelMA hydrogel, a flexible Au microelectrode,
and a micrs-patterned PEG hydrogel layer. The first layer, which aimed to mimic the structure and

ray, was c of a PEG micro-patterned hydrogel (Figure 1b). In this case, the PEG micro-

function oi@ilage joint patterns (blue dot in Figure 1a) of the skeletal architecture in a sting

patterned garogel allowed for easy deformation of the construct under cell contraction and

relaxation ¥hile gintain the mechanical stability of the whole structure when compared with a thin
PEG hydro 2l For the second layer, a network of flexible Au microelectrodes was integrated

into the to stimulate the robot with precise control and efficient electrical signal

<
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propagation across the robot. The Au microelectrodes with nanometer thickness were designed with
a meander line pattern, which helped dissipate the physical stress of the metal electrode during
muscle Mhen embedded in the scaffold.™® The third layer was designed to mimic the
directionalmment against the cartilage joint patterns of the stingray. A CNT-GelMA micro-
patterne-d @, which acted at a biocompatible environment suitable for cardiomyocyte culture
and alignmegt, was generated with a pattern perpendicular to the orientation to the PEG hydrogel
pattern (Fi . Finally, the fourth layer consisted of neonatal rat cardiomyocytes seeded on top

of the CNm—xydrogel pattern to obtain a sting ray-shaped bio-inspired soft robot. After the

maturatio:ardiomyocytes, the CNT-GelMA hydrogel pattern ensured contractions in the
i

direction gnment while the PEG hydrogel pattern could release the membrane tension
following a!Etraction, thus allowing the scaffold to return to its original shape (Figure 1c and d). The

detailed f. process of the bio-inspired soft robot with the incorporated flexible Au

microelectrotde¥88Bresented and schematically illustrated in the Supporting Information, Figure S1.

The spaciibetween the microscale hydrogel patterns is an important factor affecting cell
alignment and cell-cell interactions, as reported in a previous study.™ Three different pattern

distances \Sre tested for both the PEG (200 um, 300 um, and 500 um) and the CNT-GelMA (50 um,

75 um, an ) hydrogels. To optimize these parameters, we fabricated a two-layer micro-
patterned s e, 50 um in width and thickness, with the CNT-GelMA hydrogel layer residing on
top of the§PEG hydrogel layer. The resulting scaffold is shown in Figure 2a and b, where the
uniformMj PEG and CNT-GelMA hydrogels perpendicular to the underlying patterns can be

clearly identTeE.jﬂ addition, the density of hydrogel patterns on the same size of the resulting

scaffold can be :ntrolled by changing the spacing in between hydrogel patterns. The specific

This article is protected by copyright. All rights reserved.
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concentrations of GelMA (5 wt%) and CNT (1 mg/ml) were selected to improve the maturation of

the cardiac muscle tissue and cell-cell electrical coupling based on our previous reports.[gb' 103l Ag

t

P

shown in the_scanning electron microscopy (SEM) image (Figure 2c), the CNT-GelMA-patterned
hydrogel | both fibrous networks, which could be attributed to the crosslinking of the

GeIMATH s via the acrylic groups, and porosity distribution on its surface. This network

[

structure is similar to the physical characteristic of collagen fibers in the native ECM as GelMA is
derived fr in, a degradation product of collagens."® The fibrous network promoted cell

retention, rafion, attachment, and myotube striation (Figure 2d).'% After cardiomyocyte

SC

seeding, i cted networks with partial alignment in the direction of the hydrogel pattern

U

were obse m the F-actin staining in the conditions of denser CNT-GelMA hydrogel patterns

(50 and 75%um). This small spacing allows the cells to adhere to and bridge the adjacent CNT-GelMA

[)

hydrogel p On the contrary, clear and precise cell alignment on the CNT-GelMA hydrogel

d

patterns was'o ved on scaffolds with 150-um spacing because of the increased spacing between

the hydrog rns (Figure 2e). Despite the inferior cell alignment, the spontaneous beating had

WY

higher s more stable on the patterns with 75-um spacing (frequency: 0.9 = 0.1 Hz) than

on the oneg with 50-um spacing (frequency: 0.5 £ 0.2 Hz) and 150-um spacing (frequency: 0.2 + 0.1

O

Hz) (Figure 2f g ). This could be related to the higher number of cell-cell interactions, which led
to the hig @ g synchronization and rates."™ The reported results are in agreement with our

previous s p hich the beating behavior was highly correlated to the cellular connections and

N

coupling."” 2 To pekform powerful actuation though the alignment alone is not enough, as the cells

{

need to b ed between each other to transmit the electric pulse and to actuate all at the

U

same time re, our choice was narrowed down to the 50- and 75-um spacing for the CNT-

A
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GelMA hydrogel pattern. The constructs with 50 um of spacing resulted in a strong actuation, but

the wings were not bending in the right direction resulting in an uncontrollable behavior. On the

t

P

other hand, the constructs with 75 um of spacing between CNT-GelMA patterns showed a powerful
actuation bending behavior. After identifying the 75-um spacing as the optimal CNT-
GelMA Hy ogel pattern to induce strong beating behavior (Video 1), the cytotoxicity of the scaffold

was further assessed, showing an increase in cell metabolic activity over a period of 7 days (Figure

cri

2h). These confirmed that the CNT-GelMA-patterned hydrogels were not cytotoxic to the

cardiaccell§ a re capable of inducing proliferation of cardiac fibroblasts.

S

To increase the stability of the structure and to allow the soft robot to properly recover to its

U

original sh r cardiomyocyte contraction, the concentration of the PEG hydrogel was

N

optimized 6. This choice represents a tradeoff between high-weight percent PEG hydrogels

(>30 wt%) ere too stiff to allow for scaffold bending upon cell contraction, and low-weight

€O

els (<10 wt%), which were unable to counteract the contractile cell traction

forces that ori te from actin polymerization and actomyosin interactions.'® Therefore, this

design was found to provide robust mechanical properties to increase the stability of the soft robot
construct, !hile the micro-pattern of the PEG hydrogel allows for easy deformation of the construct
under cell jon and relaxation when compared to a thin PEG hydrogel film. Furthermore, the
geometry o supporting PEG hydrogel pattern dramatically affects the function of the bio-
inspired ss robot in terms of both directional beating and overall structure folding. To prevent

irreverswe rolling of the soft robot during the dynamic beating of the cardiomyocytes, the

pattern spacing oShe PEG hydrogel support layer was varied between 200, 300, and 500 um (Figure

2i). As expected::e pattern density of the PEG hydrogel strongly influenced the kinematics of the

This article is protected by copyright. All rights reserved.
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bio-inspired actuator. The bio-inspired actuator without PEG hydrogel pattern spontaneously rolled

up and showed strong beating (Video 2). In the case of the 200-um spacing, no folding of the overall

t

D

structure was gbserved due to the high density of the PEG hydrogel pattern, which was too stiff to
allow for t f the soft robot upon cardiomyocyte contraction (Video 3). On the contrary, a

strong direversible rolling of the bio-inspired actuator was observed and showed weak beating

[1

behavior when the PEG hydrogel pattern had a spacing of 500 um, thus compromising the actuation

C

dynamics ft robot (Video 5). A middle ground for the PEG hydrogel pattern density was

found to bg aB800ium. With this dimension, the supporting PEG hydrogel layer was soft enough to

S

follow the ocyte-induced bending of the soft robot, while remaining sufficiently stable to

U

prevent ir e folding of the substrate. Therefore, we introduced a specific score index to

evaluate tRe optimal spacing of both the CNT-GelMA and PEG hydrogel layers to simultaneously

a

obtain a sty hronized beating behavior and prevent the irreversible rolling of the bio-inspired

d

actuator (Figtir . The index consisted of the sum of a “rolling score” (0 in the case of no rolling, -1

in the case ) and a “beating level” varying from 0, in the case of no beating, to 3, in the case

Vi

of very ing behavior (Figure 2j). The highest score index was obtained for PEG and CNT-

GelMA hydrogel patterns with spacing of 300 um and 75 um, respectively, which led to the optimal

f

beating and actuation dynamics of the soft robot (Video 4).

2.2 Bea r of the cells on the scaffold

tho

After neonatal rat cardiomyocytes on the optimized soft robot with CNT-GelMA and

u

PEG hydro erns with distances of 75 um and 300 um, respectively, the cells were stained for

A
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cardiac-specific biomarkers, including sarcomeric a-actinin and connexin-43 (Cx-43) 7 to observe

the tissue morphology and phenotypes. Notably, in the case of the 75-um spacing CNT-GelMA

{

D

hydrogel spac cardiomyocytes on the top layer were observed to show alignment along the CNT-
GelMA hy n, and were interconnected between the patterned lines (Figure 3a and b),

Ieading!o e rormation of a pseudo-3D cardiac tissue construct. The obtained pseudo-3D cardiac

tissue construct gonsisted of cardiomyocytes in layers, the (i-1 and -2) upper, (ii) middle, and bottom

Cli

parts, base ned and random cardiomyocyte morphology. Both cell bodies and elongations

were found t@f infrude the base and side CNT-GelMA hydrogel patterns (50 um in width and

S

thickness), herefore served as pseudo-3D scaffolds instead of 2D substrates. More

U

specifically; own in the schematic in Figure 3a, and confirmed by confocal fluorescent

microscopyp a homogeneous distribution of Cx-43, and well-organized sarcomeric a-actinin

[

structures erved on the topmost tissue (Figure 3b (i-1 and -2) and Figure S2). This tissue is

d

primarily r le for the synchronous beating of the whole construct. Alternatively, in the

middle an parts sarcomeric o-actinin expression resulted in partially aligned and organized

\'{

tissue a scle-like hydrogel structure (Figure 3b (ii)-(iii) and Figure S2), which was found to

not only ephance the synchronous contractile properties of the structure but also to guide the

I

actuation dynamics parallel to the direction of the CNT-GelMA hydrogel pattern (Figure 3a), inducing

the swim @ ovement of the bio-inspired soft robot.

The s robot showed spontaneous and synchronous beating behavior when neonatal rat

q

cardio e cultured on the biomimetic scaffold starting at day 3 (beating frequency 1.0

t

0.1 Hz) until day 9 (beating frequency 0.8 + 0.1 Hz), with no significant reduction in beating rates

ul

(Figure 3c). In tingly, because of the patterned design of the PEG hydrogel substrate, the

A
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cultured cardiomyocytes on the biomimetic multilayer scaffold showed a similar beating rate
compared to those on pristine CNT-GelMA hydrogels as shown in our previous work.!"%
Conseqt#eoptimized micro-patterns on the PEG hydrogel did not inhibit the cardiac muscle
actuation bstrate. Moreover, the strong spontaneous beating behavior of the
cardiom‘yogﬁurally induced the detachment of the scaffold from the supporting glass 4 or 5
days into thﬁcuI:re period, as shown in Figure 3d and Video 4. The rolling behavior of the edges on

the lateral ed fins was due to the cellular traction force along the CNT-GelMA hydrogel

pattern, i.wransverse direction.

Finally, the fsricated bio-inspired soft robot showed a unique self-actuating movement, but
not yet for pulsion. In Figure 3d and e, longitudinal (blue line, stretching) and transverse
(green line ing) axes on the soft robot showed actuation in opposite directions at the same

r contraction of the laterally patterned fins was observed in the transverse axes

§.
5]
>
3
>
<

e to the strong muscle contraction of the aligned cardiac tissue along the CNT-

GelMA hydro tterns (Figure 3b (ii) and (iii)). In addition, the micro-pattern of the stiff PEG
a spacing of 300 um may help to induce the easy deformation of the micro-patterned

soft CNT-G! MA hydrogel under cell contraction.

Tothe mechanical properties of two micro-patterned hydrogels, we performed a
nano-indentaii st.”® The Young’s modulus, derived from the force indentation data using a
Hertziaﬁhe micro-patterned PEG hydrogel, was 651 & 326 kPa, which was 30 times higher
than that of the CNT-GelMA hydrogel (37 £+ 16 kPa), as shown in Figure 3f. On the contrary, the soft

robot shovmdeformation in the longitudinal axes (blue dot line), i.e., in the direction of the

PEG hydr ern. The longitudinal displacement can be mainly attributed to the 60° angle of the

This article is protected by copyright. All rights reserved.
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CNT-GelMA pattern with respect to the main axes of the soft robot that induced a force component

in the vertical direction (Figure 3g). Furthermore, the contraction of the topmost of the cardiac

t

P

tissue (Figure (i-1 and -2)) produced a stress on the underlying PEG hydrogel layer, which was
relaxed by in the opposite direction. This movement was more evident in the tail section

due to the Bpsence of the central body, which dampened the displacement due to higher stiffness of

the PEG hydgogel. After one full contraction, the bio-inspired actuator returned to the original rest

Gl

position be the elastic response provided by the PEG hydrogel pattern. These assumptions
were confi byithe results of the actuation dynamics and the particle velocimetry analysis of the

soft robot 0.3 sec as shown in Figure 3d (ii).

Us

To he ability to drive the contractions of the soft robot by electrical stimulation

n

before int f the microelectrode, a biphasic electrical pulse was applied to the soft robot to

tune and (@rti y control the beating behavior through commercially available carbon rod

d

electro only reported in literature.™ As outlined in Figure 3h, the overall beating

frequency of ft robot was controlled at different frequencies (0.5, 1, and 2 Hz), by stimulation

through a biphasic pulse with a frequency equal to the target beating frequency, AC peak voltage
amplitude !etween 0.5 V and 6 V, DC offset value of 0V, a fixed pulse width of 50 ms, and duty
cycles of 2 and 10% in cases of 0.5, 1.0, and 2.0 Hz, respectively. In addition, we observed
decreased a n amplitudes of the soft robot when the frequencies were increased. For example,
when the Sft robot was stimulated at a frequency higher than 0.5 Hz, the robot contracted due to

the eIecMation before it completely relaxed since it did not have enough time to complete

the full contractl5cycle (contraction + relaxation) due to the inertia of the material. Furthermore,

the soft robot sfved a small delay in the actuation response when the applied frequency was

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

higher. The contraction and relaxation force of the soft robot needs to counteract the stiffness of the

scaffold. For this reason the actuation of the soft robot may not be able to precisely follow the

at

P

applied frequ ; however, still it was controllable for frequencies of up to 2 Hz.

[l

2.3 Incorp Au microelectrodes to the scaffold

C

The loca ol of the electrical stimulation of the soft robot was achieved through the

encapsulation/of afset of 200 nm-thick Au microelectrodes in the structure. The Au microelectrodes

S

(Figure 4a eposited on a glass substrate by e-beam evaporation (see the Experimental

U

Section for further details). Atomic force microscopy (AFM) characterization (Figure 4b) revealed a

F)

root mean Sguare (RMS) roughness of 2.0 £ 0.4 nm, therefore providing compelling evidence of the

high quali deposited electrode. The shape of the embedded Au microelectrodes was

d

designed to a the structure to maintain a high degree of flexibility necessary for the

microelectro not impede the beating of cardiomyocytes, and to generate a uniform electric

Vi

field di ross the scaffold, such that a wave-like displacement (arc segment angles: 120°),

originatingfrom the central region of the structure can be achieved.

[}

Direct sslinking of the PEG and CNT-GelMA hydrogels on the surface of the

O

microelectro ot only prevented electrode delamination, but also allowed the microelectrodes to

b

be directlyNncorporated between the two hydrogels. Successful transfer and encapsulation of the

{

microel the PEG hydrogels, was assessed using SEM (Figure 4c and 4d) to ensure that

there were no crdtks at the interface between the microelectrodes and the hydrogel or surface

Ul

damage of th roelectrodes. The Au electrode was then completely enclosed in the micro-

A

This article is protected by copyright. All rights reserved.

16



WILEY-VCH

patterned CNT-GelMA hydrogel, which was assessed using optical imaging, as shown in Figure 4e. It
was confirmed experimentally that the Young’s modulus of the micro-patterned CNT-GelMA
hydrogem electrode was similar to that of the micro-patterned CNT-GelMA hydrogel only.
Therefore,QlMA hydrogel was successfully deposited on top of the Au microelectrodes;
howeveF, the Au electrode may have partially prevented crosslinking of the CNT-GelMA prepolymer
under the microglectrodes since the opaque nature of the Au electrodes prevented the illumination
crosinnkinbaterial underneath them. Finally, we created a bio-inspired soft robot with
embeddedWelectrodes between the hydrogel layers as shown in Figure 4f. To further assess
the stabili electrodes in cell culture condition, its resistance was monitored for 5 days of

incubation culture media at 37 °C, (Figure 4g). Only a slight variation of resistance was

observed gring the 5 days of culture, thus confirming the stability and adhesiveness of the

electrode im%ical environment.

In modulus of the electrical impedance was measured for the transferred

microelectrod the PEG hydrogel layer, the encapsulated microelectrode within two hydrogel
layers, and the entire soft robot with cultured cardiomyocytes (Figure 4h). As expected, at
frequencie! higher than 0.1 kHz, the presence of the capacitive current strongly decreased the
modulus impedance on the PEG/microelectrodes (from 630 Q to 251 Q),
PEG/microe es/CNT-GelMA (from 280 Q to 61 ) and PEG/microelectrodes/CNT-
GeIMA/ca!’omyocytes (from 318 Q to 89 Q) samples between 0.1 and 82.5 kHz. Alternatively, at

lower fthat are more representative of physiological conditions, an impedance modulus

reduction could Yoe observed when the CNT-GelMA hydrogel layer was added on the

PEG/mi&s structure (from 2.3 kQ to 1.6 kQ at 0.1 Hz). This can be attributed to the
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presence of additional current paths through the CNTs incorporated in the GelMA hydrogel, and

would therefore contribute to an efficient electrical signal propagation through the cardiomyocytes.

t

P

When cardiomyocytes were seeded on the soft robot with the embedded Au microelectrodes, a
moderate i odulus increase was noticed, likely due to the intrinsic resistivity of the cells.

|| L . . . .
Moreover, t0 confirm the organization of cardiac tissue on the microelectrodes-incorporated soft

1

robot, immunostaining of sarcomeric a-actinin and F-actin was investigated. As shown in Figure 4i

C

and 4j, w ed the random network formation of cardiac tissue with well-interconnected

sarcomerigistglictufes on the central body due to the absence of a pattern on the CNT-GelMA

$

hydrogel. | n, well-interconnected sarcomeric structures of cardiac tissues located directly

U

above the ectrodes were observed (Figure S3a). On the contrary, the cardiomyocytes were

only partially aligned with the micro-patterned CNT-GelMA hydrogels on the laterally patterned fins,

)

as evident res 4k and 4l. In Figure S3 b and c, confocal fluorescence images showed well-

d

elongated car cells and well-developed F-actin cross-striations along with the CNT-GelMA

hydrogel pa

\Y

[

2.4 Electro ical analysis of the bio-inspired actuator

After ca ytes seeding, the bio-inspired construct with the embedded Au microelectrodes

O

was able t@fefficiently maintain its original shape and integrity during the culture period. Moreover,

§

to make use of thegembedded microelectrodes, two copper wires were connected to the outermost

{

end of th des to electrically stimulate the bio-inspired actuator. The copper to Au

U

attachmen sulated from the culture media by a thin layer of PDMS (Figure 4f). To investigate

A
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how an external voltage signal propagates and distributes via the embedded microelectrodes along
the construct, finite element model simulations were performed using commercially available
softwareMHboth in the case of the embedded microelectrodes and the external carbon rod
electrode. re wave signal (AC peak voltage amplitude 1V, DC offset value 0V, frequency
2.0 Hz, p-erW!ms, duty cycle 10%) was applied in the case of the microelectrode stimulation, the
maximum vgltage intensity was found to be 1 V in the central area of the structure (Figure 4m). The
observed aorm electric potential distribution suggested a non-spontaneous electrical
excitation mdiomyocytes. This non-uniform electric potential distribution could generate the
electrical n of the pulse conduction from one cell to another. Therefore, this can result in
a wave-Iiknment of the whole structure, in which the movement originates from the central
body, and !ropagates towards the outer fin regions, mimicking the physiological actuation of the

muscles tomdeﬁned contraction of the entire structure. On the contrary, the external carbon

rod electro lation results revealed an almost uniform voltage distribution along the entire
structure 4). This implies that the different areas of the scaffold would contract at the same
time pr i fined on/off displacement, which is dissimilar to the movement of a sting ray.

Moreover, during the simulation with the external carbon electrodes, the stimulation voltage peak
was increasea !rom 1V to 4V to take into account the signal attenuation in the cell culture media.
As a result @ Jal signal reaching the scaffold had peak amplitude of only 2 V, while, in the case

of the mi ode stimulation, the entire applied signal propagated through the core of the

structure. [his underlines how the local microelectrodes could offer improved stimulation efficiency.

To control t eating rates of the soft robot at a specific target frequency (0.5, 1.0, and 2.0 Hz),

a biphasic pulse eform at various frequencies (pulse width: 50 ms, duty cycle: from 2.5% to 10%,
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peak voltage amplitude: from 0.5 to 6 V, DC offset value: OV, frequency: 0.5, 1.0, and 2.0 Hz) was
applied to the microelectrodes. In the case of the external carbon rod electrodes, full
synchroMs obtained with relatively low excitation peak voltages, ranging from 0.8 to 1.5V
(Figure S5 excitation frequency was increased from 0.5 to 2.0 Hz, the excitation
threshold \QMISO increased. This trend may be attributed to the slower actuation dynamics at
the cellular levek, which is limited by the repolarization and diffusion of nutrients from the ionic
pumps. Thcmeasurements were repeated in the case of local stimulation. The obtained
excitation w voltage was slightly higher than the one obtained in the case of the external

carbon ro:ﬂe stimulation. Nevertheless, we successfully tuned the beating behavior of the

cardiomyo 0.5 and 1.0 Hz, as shown in Figure 4n. However, we were unable to achieve a

stimulatiorgrequency of 2.0 Hz, as the artificial tuning of the beating behavior could not be achieved

for peak a smaller than 3 V, which was the maximum waveform amplitude we could apply.
This indicates t uch higher voltage amplitudes should be applied to the system.
The incre the excitation threshold required for the embedded Au microelectrodes may be

attributed to the simultaneous action of the two antagonist electrical phenomena. The first is that

we expect Se overall system resistance to increase with the embedded microelectrodes as a result
of its smacensions in comparison to the carbon electrodes. Second, during the local
stimulation, ectrical signal was spatially closer, and almost coincident, with the cells rather
than at a gntimeter—scale distance away from the external electrodes. A smaller dielectric layer

could thMthesized in the case of embedded microelectrodes, i.e., a lower voltage drop

between tEe e!eSode surface and the cells in favor of the effective potential present at the

junction. AIthoufhe first effect should be predominant, the second could strongly contribute to
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mitigate it, maintaining the excitation threshold to relatively small values, of below 3 V, as
experimentally observed. The tradeoff between these two phenomena allowed the embedded
microelemﬂefﬁciently and locally stimulate the bio-inspired soft robot. Finally, to evaluate
the viabilit@tissues after local electrical stimulation, the spontaneous beating rates were
recorded E). As shown in Figure 4o, the soft robot showed slightly different beating
frequency wy 7 after the application of electrical stimulation with different parameters,

performed h compared with that of the soft robot without microelectrodes and electrical

stimuIatio%er, the overall beating frequency until day 7 was found to be around 1 Hz with

strong spo: beating, which was very similar to the beating frequency of the soft robot
r

without m odes (Figure 3c). These results revealed that the microelectrode incorporation

and the e!ctrical tests produced only a negligible wear on the cell integrity, i.e., the beating
behavior milar, and of the same order of magnitude to that observed when no electrode
was presem 3c). The obtained results strongly supported the concept that a bioinspired soft-
robot cou ssfully control the beating rate using embedded Au microelectrodes without

damagi iac tissues.

In the @@ioneering work recently published by Parker et al. on a PDMS-based soft-robotic

phototactiQded with optogentics'™®, they focused on the motion dynamics as opposed to

mimicking t cartilage-muscle structure, which is nevertheless, the main thrust of our work. In

addition, !r study has focused on developing an electrical stimulation system, instead of using
geneticMed cells with the optogenetic approach. Therefore, our method may eventually

lead to the Eeveiment of a wireless electrical stimulation system for production of bio-inspired

soft robotics. vaer, instead of PDMS, we selected a nanomaterial-incorporated hybrid hydrogel
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with the ability to simultaneously mimic the ECM components, while still having excellent

electromechanical properties. The CNT-GelMA hydrogel is more favorable for cell proliferation and

t

D

maturation, and allows for a more enhanced life-like actuation dynamics as a result of its softer
properties oth methods have their own merits, but the system we established with an

embeddedTexble microelectrode in the biomimetic hydrogel will offer an alternative strategy to

move forwagd with the development of bioinspired soft-robots.

SCIH

3. Conclusions

U

In summary, we have developed a bio-inspired soft robotics system, with integrated self-

actuating iac myofibers on a hierarchically structured scaffold with flexible Au microelectrodes.

1

The bio-in affold was sucessfully fabricated by mimicking the biomechanical model of a

a

batoid fish, that™s composed of two distinct micro-patterned hydrogel layers of PEG and CNTs-

GelMA hydr The cells were seeded on a CNT-GelMA hydrogel pattern overlying a PEG

\'

, with a Au microelectrode incorporated between the two materials. The bio-

pattern

inspired scaffold showed good mechanical stability and ideal conditions for cell organization and

I

maturation, result of the presence of ECM components in the CNT-GelMA hydrogel. High

viability d seeding was followed by spontaneous beating behavior along the CNT-GelMA

O

hydrogel ern until day 7 of culture. Staining on day 5 revealed partial uniaxial alignment of

§

sarcomeriggoi-actinin in the cells along the CNT-GelMA hydrogel pattern. The electrical stimulation of

{

the bio-ins uator was performed using both external carbon rod electrodes as well as local

U

embedded eter-size Au electrodes. Although local stimulation required higher excitation

A
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voltage thresholds with respect to external stimulation, in both cases it was possible to control the

beating rates up to a frequency of 1.0 Hz, regardless of the natural beating rates of cells on the

constructs,t lying peak voltages smaller than 3 V. Although our bio-inspired actuators do not
generate f ulsion, the results obtained in the present work not only encourage further

develop-nwegm\e field of bio-inspired actuators but also serve as an initial platform for new,
cutting-edge, studies on local electrical stimulation of cell-laden constructs with embedded
microelect r use as a wireless control system for the entire scaffold. Therefore,
microfabriw-based hybrid actuators have the potential to greatly enhance the performance
of biorobo otentially result in low-cost, fast, and easier-to-use analytical tools that are more
portable anle for point-of-care sample analysis and real-time diagnostics. Furthermore, this

proof of c@ncept study even in absence of propulsion has potential applications in regenerative

medicine g c or muscle patches integrated electrical stimulators for tissue regeneration.

4. Expeti section

Materials: ge following reagents were purchased from Sigma-Aldrich (USA): Gelatin (Type A, 300
bloom from ine skin), polyethylene glycol diacrylate (PEGDA) (My=1000), 3-(trimethoxysily)
propyl m e (TMSPMA), and methacrylic anhydride (MA). A carboxyl acid group

functionalisa mu!ti—walled CNT (30 £ 15 nm in diameter and 5-20 um length, 95% purity) was

purchased Fom N'\oLab Inc. The photo mask for the soft lithography and the shadow mask for the

physical v::sition (PVD) process of the electrode patterning was purchased from CAD/Art
. a

Services, | nd from MINI MICRO STENCIL INC. (USA).

<
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Preparati0| oi th’oio—inspired soft robot: The fabrication process is illustrated in Supporting Figure

S1. First, tmick Au microelectrode with the desired wavy shape was fabricated on a glass

substrate dow mask by e-beam evaporation. In this process we did not include a Ti or
I I

Pt adhesioRilayers to facilitate the transfer process of the Au electrodes from the glass substrate to

the hydrog@l laye® Both the shadow mask for the Au microelectrode and the photomask used to
fabricate ':heP%nd CNT-GelMA hydrogel patterns were designed using AutoCAD (Autodesk Inc.,
San Rafael, e Au microelectrodes were then transferred onto the PEG hydrogel pattern by
dispensing@f 20% PEG pre-polymer solution onto the Au microelectrode substrate, and
TMSPMA ¢ ss was placed on top. The first photomask was interposed between the hydrogel
and the U produce the micro-pattern, and a spacer of 50 um was placed between the
electrode mTMSPMA coated glass to produce a desired thickness of 50 um for the PEG
hydrogE pre-polymer solution was then cured by UV light (25.6 mW/cm?) for 120 sec. By
peeling the T A coated glass from the Au electrodes substrate, we successfully transferred the

Au microelectrodes onto the micro-patterned PEG hydrogel substrate. The Au microelectrodes

embeddeds the micro-patterned PEG hydrogel was then placed on top of 20 pL of CNT-GelMA pre-

polymer smith a 100 um spacer) and UV crosslinked (25.6 mW/cm?) for 240 sec with the

second pho CNT-GelMA (1.0 mg/ml CNT in 5% GelMA) and PEG hydrogels were prepared

based on og Ereviously published reports.* >
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Characterization of the bio-inspired soft robot: A scanning electron microscope (SEM, Hitachi Model
S4700, Japan) was used to assess the structure of the CNT-GelMA hydrogel. The samples were
frozen iMogen, then lyophilized, and finally coated with Pt/Pd using a sputter coater for
SEM imagi ure the mechanical propertiesy of micro-patterned hydrogels, we performed
AFM-asgstFinamo-indentation which was established in our published study.”*! The impedance
modulus of the Au microelectrode at different intermediate fabrication steps was measured using an
eIectrochemrkstation CHI660E (CH instrument, Inc.). We used an Ag/AgCl electrode as a
reference w and Pt sheet as counter electrode along with Au microelectrode as the working

electrode. ;Iectrochemical impedance spectroscopy technique, the initial potential was set
r

to 0.1 V a ange of frequencies were scanned from 0.1 Hz to 100 kHz at 5 mV of peak

amplitude fAll measurements were carried out in phosphate-buffered saline (PBS).

(O

Cardio es Isolation and culture: The cardiomyocytes were isolated from the heart ventricles of
neonat 2 days old Sprague-Dawley) following protocols approved by the Institute’s

Committee on Animal Care.

The cells were cultured in Dulbecco's modified eagle medium
(DMEM, Ther, USA) with 10% fetal bovine serum (FBS, ThermoFisher, USA), 1% L-glutamine,

and 100 u @ enicillin-streptomycin (ThermoFisher, USA).

no

Cell cha : To access the viability of cardiomyocytes on the scaffold, an Alamar Blue assay

[

(ThermoFisher, USA) was performed using the manufacturer’s suggested protocol. The samples were

Ul

analyzed on d 3, 5, and 7 after cell seeding and the considered wavelength of absorption was

A
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570 nm. For immunostaining, samples were fixed in 4% paraformaldehyde for 20 minutes and
washed with PBS at room temperature. The samples were then treated in 0.15% Triton X-100 in PBS
for 10 mm samples were incubated with a cardiac biomarker (sarcomeric a-actinin and Cx-
43 (Abcam presence of a blocking buffer for 45 minutes at room temperature following
the man-ufrurers suggested dilution. Then, the samples were counterstained with DAPI (Sigma,
USA) at a dilytiog.of 1:1000 in PBS for an additional 20 minutes. The sample were also treated with
Alexa FIuoulloidin (1:40 dilution in PBS) and DAPI for 40 minutes at room temperature. An

inverted flllor@scefice microscope (Nikon, Eclipse TE 2000U, Japan) and an Inverted laser scanning

confocal mj (Leica SP5X MP, Germany) were used to obtain the cellular fluorescent images.

C

Actuation assSiigint of the bio-inspired soft robot: From day 1 to day 5, the bio-inspired actuators

were incu 7 °C and imaged daily using an inverted optical microscope (Nikon, Eclipse TE

2000U, . Once the cardiomyocytes began to show a beating activity (normally at day 3), the
cell mo s were recorded using video capture software at 20 frames per second (20 fps). By

day 5, the bio-inspired actuator was detached from the TMSPMA coated glass. The sample was then

placed in-Lthe two carbon rod electrodes spaced 3 cm apart in the culture media. The

actuators stimulated by applying a square waveform with 50 ms pulses width, DC offset
value OV an voltage amplitude between 0.5-6 V. The frequency was varied between 0.5, 1.0,
and 2.0ﬁuty cycle between 2.5, 5 and 10%, respectively. The resulting beating activity was
recordeMmmercially available camera. A custom developed MATLAB’ code (MathWorks

Inc., Natick: MA; ;s written to measure the bio-inspired actuator displacement along the selected

directio%al electrical stimulation via the Au microelectrode was carried out both for
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samples adhering to the glass substrate and for the detached samples. To deliver the electric signal

directly on the internal Au electrode, two copper wires were attached to the Au electrode external

t

P

square po silver paste. The silver paste was covered with a thin layer of PDMS pre-cured in

the oven fi . The PDMS was cured completely by placing the sample on a hotplate set at

45 °C fOF apou ours. The bio-inspired actuator was then electrically stimulated and tested by

£

applying a sguane wave with an offset voltage, Vor, set to 1 V and the amplitude, Von, was varied

between 1.

C

5 V. For each of these conditions, stimulation frequencies of 0.5, 1.0, and 2.0 Hz

were tested. ulation of the propagation of the applied electrical signal through the structure

3

with both ternal and embedded Au microelectrodes was evaluated using COMSOL

U

Multiphysi rostatic module (COMSOL Inc.), see Supporting Information for further details.

all

Statistical Statistical significance was performed by measuring one-way ANOVA tests

(Graph sm 5.02, GraphPad Software). To analyze and assess significant differences between

selecte ments, Tukey's multiple comparison tests were utilized. Differences were

M

characterized as significant for p < 0.05.
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Figures and Figure captions
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Figure 1. Schematic of the device. (a) Schematic of the cartilage joints and muscle patterns of a

string ray.wmatic illustration of the layer-by-layer structure of the construct. The bottom

layer was ¢ @ d of a PEG hydrogel with vertical line patterns for alignment. The upper layer in

contact with the cells was made of patterned CNT-GelMA hydrogel with a pattern, which was

perpendi e PEG hydrogel patterns. The microelectrodes were embedded in between the

two Iathematic design of the sting ray movement in the macro and micro scale: relaxed

cardiomyocytes (ciand contracted cardiomyocytes (d).
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Figure 2. TWization of PEG- and CNT-GelMA hydrogel patterns. (a) Image of the bio-inspired
actuator fout tfme Au microelectrode. (b) SEM image of the pattern of the dense CNT-GelMA
hydrogel IiIes alig'ed perpendicular to the sparse PEG hydrogel lines. (c) SEM image of the fractal-

like surfacJNT—GelMA hydrogel pattern. (d) Schematic illustration of the CNTs embedded

into the G drogel. (e) Fluorescent images of cardiomyocytes on the CNT-GelMA hydrogel
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pattern with a 50-, 75-, and 150-um spacing. (f) Spontaneous beating rates of cardiac tissues seeded
on the multilayer bio-inspired actuator with different spacing between the CNT-GelMA hydrogel
patternsodH(*p< 0.05 and **p < 0.005) (h) Alamar blue assay of cardiomyocyte cultured on
the bio-co 7 days of incubation revealed high cell viability. (*p < 0.05) (i) The rolling
morpho’o iesorthe bio-inspired constructs with the PEG hydrogel pattern with a 200-, 300-, and
500-um spaginga(j) Table showing the index of the PEG hydrogel pattern and the CNT-GelMA
hydrogel p timization process: different spacings between the lines of PEG and CNT-GelMA

hydrogel pattéfnsphave been inspected. For each device made with a different combination of

$

patterns, t reading, alignment, and beating behavior was analyzed. (Beating level indicated:

U

0, Very we beating; 1, Weak beating; 2, Strong beating; 3, Very Strong beating. Rolling score

indicated: ¥, Rolling; 0, No Rolling).
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Figure 3. The characterization of the cardiomyocytes on the bio-inspired scaffold. (a) Schematic

illustration of the contraction behavior of the cultured cardiac muscle tissue on the bio-inspired

t

P

scaffold. e _cultured cardiac muscle tissue showed a pseudo-3D structure, which could be
separated ers, the (i-1 and -2) upper, (ii) middle, and (iii) bottom, based on aligned and

random ¢a iomyocyte morphology. (b) Confocal fluorescent images showed different morphology

1

inthe (i-1 a upper, (ii) middle, and (iii) bottom of cardiomyocytes cultured on the bio-inspired

scaffold fo

C

c) Spontaneous beating rates of the cardiomyocytes on the bio-inspired scaffold

from day 3fto . (d) (i) Photograph of a free-standing bio-inspired soft robot cultured for 5 days

S

at 0, 0.18, ec. The blue line represents the longitudinal axis displacement while the green

U

line repres transverse axis displacement. (ii) Particle Image Velocimetry measurement of the

bio-inspire@ soft robot spontaneously moved within 0.3 sec. All arrows indicated direction and

[F)

magnitude beating motion. (e) Displacement of the two major axes during stimulated

d

contractions¥ (XM Hz, 1 V/cm). The blue line represents the longitudinal axis displacement

(correspon the blue line in Figure 3d) while the green line (corresponding to the green line in

M

figure ts the transverse axis displacement. The frame taken in correspondence to the

lines marked with 1 and 2 are shown in Figure 3d. (f) Young’s modulus of the PEG hydrogel pattern,

r

O;

CNT-GelM rogel pattern, and the CNT-GelMA hydrogel pattern fabricated on the Au
microelect @ < 0.05) (g) Schematic of the mechanism of tail longitudinal displacement which
induces th ot displacement along the vertical direction, mainly on the tail part, when the

cells contract. eating response of the bio-inspired soft robot when stimulated with an AC

th

external el ield at 1V/cm and with various frequencies from 0.5 to 2.0 Hz.

AU
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Figure ization of the Au microelectrodes and their incorporation into the bio-inspired

soft robo!la’ !—Eeam—evaporated Au microelectrodes with a serpentine pattern. (b) AFM image of

the Au microelecSzdes. (c) and (d) SEM image of the Au microelectrode successfully transferred

onto th@rogel. (e) Optical microscope image of the Au microelectrodes successfully
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embedded in the CNT-GelMA hydrogel pattern. (f) Obtained bio-inspired soft robot with embedded
Au microelectrodes. Copper wires were connected to the structure using silver paste to make an
electricm” local electrical stimulation. (g) Variations in the Au microelectrodes resistance
embedded -inspired scaffold during 5 days of incubation in cell culture media at 37 °C. (h)
Measured q!Epeance modulus of Au microelectrodes transferred on the PEG hydrogel pattern
(green), embedded in between PEG and CNT-GelMA hydrogel patterns (blue), and PEG and CNT-
GelMA hy tterns with cardiomyocytes layer (red). (i) Confocal fluorescence image of the
cardiomyomdomly spread among the Au microelectrodes (red signal) on the unpatterned
central bo cardiomyocytes exhibited a random network organization on the unpatterned
central bod¥" ell-elongated and aligned cardiomyocytes were showed on the CNT-GelMA

hydrogel p@ttern which is indicated by the white dots. (I) Partial uniaxial sarcomere alignment and

interconnemomeric structure was observed on the patterned areas. (m) Top views of the

numerically ed electric potential contour plot volume distribution when a square wave signal
(Peak Amp . 1V, DC offset value: 0V, Frequency: 2.0 Hz, Pulse width: 50 ms, Duty Cycle: 10%)
was ap mbedded microelectrodes. (n) Excitation threshold voltage required at different

frequencies (0,5, 1.0 and 2.0 Hz) when electrical stimulation was applied via the embedded Au

microelectroaes. !o) Spontaneous beating behavior of the bio-inspired soft robot with embedded Au

microelectr electrical stimulation.

The table E\ts entry: The bio-inspired robot was designed and fabricated by mimicking the
biomechanical el of a batoid fish, which is composed of two distinct micro-patterned hydrogel
layers a e microelectrodes to assess the ability to drive the contractions of the soft robot by
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electrical stimulation. The bio-inspired robot showed self-actuating motion aligned with the
direction of the contractile force of the cells.

Copyright H Verlag GmbH & Co. KgaA, 69469 Weinheim, Germany, 2013.
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Figure S1. :u electrode was peeled from the glass slides thanks to the assistance of the PEG

hydrogel layer directly UV-crosslinked on its surface through a specific photolithographic mask. The

N

structure is ped, and a CNT-GelMA hydrogel pattern is crosslinked on the other electrode’s

o

surface. Cagi cytes were then seeded on the CNT-GelMA hydrogel top layer. The angle

betwee G and CNT-GelMA hydrogel pattern line was of 90°.

M

uthor

Figure S2. Confocalffluorescence images of cardiomyocytes on the upper layer.

A
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W w

Figure S3. Confocal Microscope Images of the bio-inspired soft robot with embedded electrodes.

(a) Confoc cence images of cardiomyocytes on top of the embedded microelectrodes. The

1

nuclei and ric a-actinin were observed as the pink and yellow color, ass their original color

was distorted ing color channel merging with the strong red signal expression from the Au

d

microel -c) Confocal fluorescence images showed well-elongated cardiac cells and well-

developed F- cross-striations along with the CNT-GelMA hydrogel pattern. F-actin and cell

V7|

nuclei were labeled fluorescent green and blue, respectively.
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Figure S4. Ext@rnaliStimulation. Carbon rod electrodes (a) were used to externally stimulate the bio-

inspired s In the case of external stimulation, the simulations reveal how the excitation

U

voltage was almost uniformly distributed along the structure which implied an on/off displacement

of the enti re at the same time.
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Figure S5. Excitation threshold voltage required at different frequencies (0.5, 1.0 and 2.0 Hz) when

WILEY-VCH

electrical stimulation was applied via the external carbon rod electrodes.

ript

Video Recokdin Actuators

G

File

Description

Video 1.m

Uus

Cardiomyocytes beating on the CNT-GelMA gel patterns (75 um
spacing)

Video 2.m

Beating behavior of bio-inspired construct with CNT-GelMA hydrogel
pattern (75 pum spacing) and without PEG hydrogel pattern.

Video 3.m

Beating behavior of bio-inspired construct with CNT-GelMA hydrogel
pattern (75 um spacing) and PEG hydrogel pattern (200 um spacing)

Video 4.

Man

Beating behavior of bio-inspired construct with CNT-GelMA hydrogel
pattern (75 um spacing) and PEG hydrogel pattern (300 um spacing).

Video 5.mpg

Beating behavior of bio-inspired construct with CNT-GelMA hydrogel
pattern (75 um spacing) and PEG hydrogel pattern (500 um spacing).

Video 6.mpg

Cardiomyocytes beating on the scaffold with Au microelectrode (75
KUm spacing)
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Local and external electrode simulations details

A two-dimFsion’model was used to simulate the microengineered hydrogel structure both with
embeddedglectrodes (Figure S6a) and without (Figure Séb). In the second case the
electrical s ed through two Pt wires immersed in the cell culture media.

H I

N

)

azensl
1 0 CNT- Gl (mat2) Material
W Gold [soiid] (2) (matd) ; cmmm
Pobyethylens I
1= MEDLA (matt) —
1 Polyethylene (2] (mat?)

Figure S6. Si ion Geometry. 2D model was used to simulate the bio-inspired soft robot (a) with

and (b) edded Au microelectrodes.

In Table S eported the conductivity and permittivity values considered for all the materials

or

involved in Y.

N

{

Table S1. Material§parameters.

H

A
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Conductivity (S/m) Permittivity (F/m)
Cell cuIW 0.005 80
Au electro 4x10° 1
CNT-GelM I with

0.2 20

0.01 16

The partlalwlal equations (PDE) system used in the study is reported in Equation S1.
s V-]=0;
J =0E +jwD +],

Equation S differential equations system.

Where J represents the current density, Q; the charges present in the system, D = go¢,E the electric

displacement external charge density, and V the voltage.

The excitation voltage used is a square wave with parameters chosen according to the literature®

and summ

1

Table S2. In particular, the time between subsequent voltage pulses is chosen

according an cardiac pace.

(3

Table S signal specifications.

Eh

AC Peak Amplitu 4V, external electrodes

tl

A
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2V, embedded microelectrodes

Frequency 2.0Hz
Pulses Intery 50 ms
Duty Cycle 10%

DC Offse ov

:

C

In the case o al electrical stimulation, the amplitude of the peak voltage signal was decreased

S

from4 Vvt asgbhe signal was directly applied to the microengineered hydrogel.

U

The re xternal and local stimulation are reported in Figure S5 and 4n, respectively. In

the case ofifthe external electrodes, there is almost no potential difference along the bioactuator

N

structure, thus implying that all the cardiomyocytes will contract at the same time, while, when the

d

in the cas dded microelectrodes, the signal propagated along the structure, leading to a

wave-li ehavior.

M
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