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Abstract— In recent years, bio-syncretic robots actuated by
living materials have received widespread attention. Among the
common living materials, engineered skeletal muscle tissue
(eSKT) has been the focus of researchers due to its high
contraction force and good controllability. However, the current
performance of eSKT is far from that of natural skeletal muscle
tissue. In this paper, an optimized design method for eSKTs has
been proposed. By combining simulation analysis with
experiments, the eSKTs with multiple strips have been
developed. The results show that under a specific volume (250
pL), the optimized strip structures can enhance the stability of
eSKT and facilitate the penetration of nutrients and oxygen,
leading to improved fusion of myoblasts and the directional
arrangement of myotubes, thus improving the performance of
eSKT. The eSKT with multiple strips exhibits a significant
contraction force and has been successfully utilized in a
bio-syncretic robot to demonstrate its actuation capability. This
work may provide insights into the development of the field of
bio-syncretic robots and even tissue engineering.

I. INTRODUCTION

Since the emergence of robots in the mid-20th century,
with the vigorous development of science and technology, the
field of robots has been constantly innovating, and new robot
paradigms have emerged [1]. Today, robots have been
integrated into all aspects of people’s lives, and play an
important role in industry, medicine, services, and the military
[2]. However, the development of traditional robots still faces
many challenges. For example, traditional robots actuated by
motors have low energy efficiency [3]. Generally, rigid robots
lack flexibility and intrinsic safety when interacting with
human. Traditional robots have difficulty maintaining
effective driving force or time at the microscale. Nature
always brings inspiration. Nature has endowed organisms
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with various advantages over traditional robots based on
electromechanical systems. For example, organisms can
efficiently convert chemical energy into mechanical energy
output. Under the control of the nervous system, organisms
can perform flexible complex movements. Organisms have
good size scalability, allowing for actuation, perception and
intelligence at the micro- and nanoscale [4]. With the
advancement of technologies such as biofabrication and soft
material synthesis, researchers are attempting to apply living
materials to robotic research to overcome the challenges
facing robotics development today.

Recently, a new type of robot composed of living and
nonliving materials, the bio-syncretic robot (bio-hybrid robot),
has been proposed and received extensive attention from the
scientific community [5]. For example, Xi et al. integrated
cardiomyocytes with a miniature silicon skeleton and
pioneered the construction of a bio-syncretic robot that can
move spontaneously. Actuated by cardiomyocytes, the robot’s
movement speed can reach 38 um/s [6]. Subsequently,
researchers applied eSKT [7-11], insect dorsal vascular tissue
[12, 13], microorganisms [14-18] and blood cells [19-21] to
bio-syncretic robotics research and constructed many
impressive bio-syncretic robots. Among them, eSKT has been
widely used due to its high driving force and good
controllability. For example, Cvetkovic et al. combined eSKT
with an asymmetric hydrogel skeleton to construct a
bio-syncretic robot that can perform unidirectional motion.
Under electrical stimulation, the eSKT can drive the robot to
walk at a maximum speed of 156 pm/s [7]. Inspired by the
organisms, Morimoto et al. constructed a bio-syncretic robot
actuated by a pair of antagonistic eSKTs. The robot can
perform operations such as picking and releasing objects [22].
Guix et al. integrated eSKT with a PDMS serpentine spring
skeleton and constructed a bio-syncretic robot with high
motion speed. The inherent energy storage properties of the
spring shorten the contraction recovery time of the eSKT,
allowing the eSKT to actuate the robot at high frequency. The
robot can move at a maximum speed of 800 pm/s with 5 Hz
electrical stimulation [23].

Although many eSKT-based bio-syncretic robots have
been proposed, there are still some challenges that constrain
their development. Currently, as the actuating core of
bio-syncretic robots, the performance of eSKT is much
smaller than that of natural skeletal muscle tissue, which
hinders the improvement of bio-syncretic robot performance.
To address this problem, researchers have proposed many
optimized design methods. For example, Bian et al.
constructed a PDMS mold with a series of pillars that can
culture eSKT with large size, good repeatability and
controllability. The pillars can make eSKT porous, thereby
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efficiently promoting the diffusion of nutrients and oxygen
and improving the activity of the cells. The proposed mold
was able to culture eSKTs with a large thickness, large area
and high contraction force [24]. Morimoto et al. developed a
method for constructing eSKTs with a high cross-sectional
area and a multistrip structure. First, hydrogel sheets with
myoblasts were prepared by a PDMS mold. Then, multiple
hydrogel sheets were stacked on the structure with anchors.
This method ensured gaps between the different muscle strips,
thus promoting the diffusion of nutrients and oxygen. The
results showed that eSKT cultured with this method had
higher performance than eSKT without strip structure. Its
tetanic force can exceed 10 mN [22]. In addition, Ren et al.
proposed a method by which a multidegree-of-freedom eSKT
bioactuator can be constructed. In this study, a device that can
be expanded and curled was constructed. The device expanded
when the eSKTs were cultured and curled when the eSKTs
were mature, resulting in a bioactuator containing eight eSKTs
[25].

ESKTs with large volumes and high contraction forces can
be effectively constructed by the above methods. However,
the fabrication process of these methods tends to be
complicated. In addition, the structure of eSKT is highly
customized, so it is difficult to integrate flexibly with
nonliving materials. In this work, an eSKT optimization
design method was proposed. First, four specific culture
molds were constructed, using which modular eSKT with
multiple strips can be manufactured. Then, by innovatively
combining finite element simulation analysis with
experimentation, the stability of eSKTs was analyzed, which
is expected to improve the design efficiency of eSKTs and
reduce experimental costs. Subsequently, the fabricated
eSKTs were characterized by fluorescence staining and
contraction force measurements. The results showed that
under a specific volume (approximately 250 pL), eSKTs with
multiple strips have better stability, differentiation effects and
higher contraction forces than eSKTs without striped
structures. Finally, the fabricated eSKT was integrated with a
polydimethylsiloxane (PDMS) structure to construct a
bio-syncretic robot capable of unidirectional movement.
Under electrical stimulation, the eSKT contracts, thereby
driving the robot to move at a speed of 698.09 um/s. This work
can bring unique insights to fields such as bio-syncretic robots
and even tissue engineering.

The rest of the paper is organized as follows. Section II
introduces the optimization strategy presented in this study;
Section III provides the material and method; Section IV
analyzes the experimental results; In Section V this study is
discussed. The conclusion is finally presented in Section VI.

II. OPTIMIZATION STRATEGY

The shapes of commonly used eSKTs in the research of
bio-syncretic robots are mainly ring-shaped and strip-shaped.
In the ring-shaped eSKT, myotubes distribute circularly,
leading to contraction towards the center after electrical
stimulation. However, while the contraction force is effective,
the contraction displacement is small. The strip-shaped eSKT
is characterized by a myotube distribution that resembles that
of human spindle muscles, such as the biceps (Fig. 1),
consisting of myotubes organized in series along the long axis
and multiple parallel myotubes within the same cross-section.

This unique structure enables contraction along the long axis
when subjected to electrical stimulation, leading to larger
contraction displacements and forces. The magnitude of the
contraction force in strip-shaped eSKT is directly linked to the
number of myotubes present in the cross-section. Therefore,
theoretically, as long as the cross-sectional area of eSKT is
increased, its contraction force can be increased. However, in
contrast to human skeletal muscle, eSKT lacks a vascular
network, resulting in limitations in nutrient and oxygen
penetration depth. This constraint hampers the lateral growth
of eSKT and subsequently impacts the output of contraction
force.

Although some studies have successfully constructed
relatively large eSKTs with good contractility through
exquisite design [22, 24], these structures are highly
customized and not easily applicable to the research of
bio-syncretic robots. To address these limitations, a modular
eSKT with multiple strips was proposed, which not only
offered a large contraction displacement but also possessed a
larger cross-sectional area while ensuring the diffusion of
oxygen and nutrients, resulting in a higher contraction force.
Moreover, the modular eSKT can be easily assembled with
nonliving materials, facilitating the flexible construction of
bio-syncretic robots. The eSKT was fabricated using the mold
forming method (Fig. 3), in which the pillars at both ends
function as tendons to fix and prevent spontaneous shrinkage
of the eSKT while also providing topographic guidance for
cell alignment and myotube distribution along the long axis.
The protruding structure in the middle of the mold was used to
separate the wider eSKT and promote the penetration of
oxygen and nutrients. The narrower strip structure helped
align cells and ensured the distribution of myotubes along the
long axis.

The fabrication and culture period of eSKT often takes up
to half a month, so experiments aimed at optimizing the
configuration of eSKT require a longer time and higher costs.
To address this issue, this study proposed using finite element
simulation software to analyze the stress distribution of eSKT
before formal experiments, to accelerate the optimization
process. After the eSKTs matured, fluorescence staining
analysis and contractility characterization would be performed
to verify the effectiveness of the optimized design.
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Figure 1. Schematic diagram of skeletal muscle and its microstructures.

III. MATERIAL AND METHOD

A. Cell Preparation

Mouse myoblasts (C2C12) were purchased from
American Type Culture Collection, Manassas, VA. C2C12
cells (less than five passages in age) were maintained in
growth medium (GM) until they reached 80% confluency.
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B. Fabrication of Culture Molds

First, the culture mold models were designed by
computer-aided design software. According to the models, a
polymethyl methacrylate (PMMA) negative mold was
manufactured by a mini-type miller (Roland EGX-400;
Japan). Then, the uncured PDMS (elastomer: curing agent =
10: 1) was poured into the PMMA negative mold and cured at
80 °C for 4 h. After PDMS polymerization, it was carefully
separated from the PMMA negative mold to obtain the eSKT
culture molds. Before the PDMS culture molds were used for
eSKT culture, all molds needed to be sterilized by 75%
ethanol solution, ultraviolet light irradiation, and soaked in
phosphate buffered saline (PBS).

C. Fabrication and Culture of ESKT

Myoblasts were detached from culture dishes by 0.25%
trypsin-EDTA  (Gibco; America) when they reached
approximately 80% confluency. Then, they were centrifuged,
the supernatant was discarded, and the cells were washed into
suspension with a small amount of GM. The suspension with a
final cell density of 1x107 cells/mL was mixed with GM,
Matrigel, fibrinogen and thrombin. Then, the suspension was
poured into culture molds and transferred into an incubator.
After one hour, the mixed material polymerized, and the GM
was poured into culture dishes. After three days, the GM was
changed to differentiation medium (DM). The DM was
changed every two days to ensure that the myoblasts were well
differentiated. On approximately the 6th or 7th day of
differentiation, the spontaneous contraction of the eSKT was
obvious, and it could be used to drive bio-syncretic robots.

D. Measurement of the Young’s Modulus of ESKT by Atomic
Force Microscope (AFM)

The Young’s Modulus of eSKT was measured by a
commercial AFM system called JPK NanoWizard (Bruker,
Santa Barbara, CA, USA). The AFM probe used was
MLCT-E (Bruker, Santa Barbara, CA, USA), which is made
of silicon nitride, with an elastic coefficient of the probe’s
cantilever beam of 0.1 N/m. The measurement steps are as
follows: 1) the AFM probe was pressed into the surface of the
Petri dish in PBS to obtain force curves, thus the exact spring
constant of the probe cantilever beam can be determined; 2)
the Petri dish containing eSKT was transferred to the AFM
sample stage and the suitable position for measurement was
found with the help of an optical microscope; 3) the ramp
velocity of the AFM probe was set to 2 um/s, and the AFM
probe was moved to indent the eSKT. More than 20 force
curves were obtained on the eSKT to characterize its Young’s
modulus [26].

E. Immunofluorescence Staining

To analyze myoblast differentiation in different eSKTs,
the myosin heavy chain (MyHC) protein was labeled with the
reagents of Anti-Myosin Heavy Chain Alexa Fluor 488
(eBioscience). The specific steps are as follows [9]: 1) the
eSKT was washed 3 times with PBS, each for 5 min; 2) the
eSKT was fixed with immunostaining fixative (Beyotime) for
10 min; 3) the eSKT was then washed 3 times with
immunostaining washing solution (Beyotime), each for 5 min;
4) the Anti-Myosin Heavy Chain Alexa Fluor 488 was diluted
to 1% immunostaining solution with secondary antibody
dilution buffer (Beyotime), and then the eSKT was covered

with immunostaining solution for 1 h in dark environment; 5)
the staining solution was removed, and the eSKT was washed
three times with immunostaining washing solution, each for 5
min; and 6) the eSKT was covered with PBS and imaged using
a commercial fluorescence microscope (Ti-e; Nikon, Tokyo,
Japan).

F. Contraction Force Measurement of ESKTs by Force
Sensor

On the 6th/7th day of differentiation, eSKTs exhibited
obvious spontaneous contraction and regular contraction
under electrical stimulation. To measure the contraction force
of eSKTs, a system based on a high-precision force sensor
(LSB200, FUTEK) was constructed (Fig. 2a), which consists
of a force sensor, a data acquisition device, an electrical signal
generator, a laptop, two carbon electrodes and some resin
structures. When the eSKT matured, it was carefully peeled
off and transferred into this system (Fig. 2b). Under electrical
stimulation, eSKT contracts, and its isometric contraction
force will be acquired and analyzed.

Sensor

() (b)

Figure 2. System for eSKT contraction force measurement. (a) Schematic
diagram of force measuring system; (b) Physical diagram of force measuring
system.

IV. RESULT

A. Design and Fabrication of ESKT

The casting method is commonly used to construct eSKTs.
First, mixed biomaterials, including myoblasts, GM, Matrigel,
fibrinogen and thrombin, are injected into a culture mold.
Subsequently, the mixed biomaterials are polymerized and
compacted under the traction of myoblasts. Finally, an eSKT
with a specific configuration is obtained [7]. To construct
eSKTs with different configurations, corresponding culture
molds were designed by computer-aided design software (Fig.
3). These molds were fabricated through the PDMS casting
method, and their volumes were approximately the same
(248.82 pL, 249.00 pL, 251.05 pL and 249.29 pL,
respectively) to minimize experimental variables. The molds

Figure 3.

The eSKTs culture molds and culture process.
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consisted of two 3.5 mm diameter pillars at the ends, which
served to anchor the eSKT and prevent spontaneous
shrinkage. Additionally, a protrusion in the middle of the
molds was utilized to separate the eSKT into multiple strips.
Compared to eSKTs with a single strip, the contact area with
oxygen and nutrients was increased by 0.89, 4.85, and 8.53
mm? for eSKTs with double, triple, and quadruple strips,
respectively, which might contribute to eSKT maturation.

B. Stability Analysis of ESKT

The stability of eSKTs in the study of eSKT-based
bio-syncretic robots is a crucial consideration. Unstable
configurations can lead to eSKT rupture, which hinders
research progress. Therefore, the stability of eSKTs with
different configurations was analyzed using finite element
simulation and analysis software—COMSOL. The analysis
procedure involved the following steps: 1) 3D models of
eSKTs were constructed by computer-aided design software
and then imported into COMSOL; 2) the material of the 3D
models was designated as muscle, with Young’s modulus set
to the same value as that of eSKT, which was measured by
AFM (Fig. 4a); 3) the Solid Mechanics Module was selected,
and fixed constraints corresponding to eSKT in the culture
mold were applied to specific boundaries of the 3D model, and
4) the traction force of myoblasts was substituted with body
loads, and the stresses in each model were analyzed by a
steady-state study. The results indicated that eSKTs with a
single strip exhibited the highest stress, while those with
multiple strips demonstrated lower stress levels (Fig. 4b). In
fact, the single-strip eSKT was more prone to fracture during
culture. Additionally, although the quadruple-strip eSKT
displayed relatively low stress, its elongated strip structure
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Figure 4. Analysis of eSKTs stability. (a) Schematic diagram of AFM
measurement of Young’s modulus of eSKT and Young’s modulus curve; (b)
Simulated stress distribution diagram of four types of eSKT; (c) Observation
figures during the culture period, the left side is the first day after fabrication,
and the right side is the fourth day after fabrication.

made it susceptible to fracture as well (Fig. 4c). Similarly, this
situation could also occur with the triple-strip eSKT.
Consequently, the double-strip eSKT exhibited the highest
stability, with a manufacturing success rate of 95% based on
20 experiments.

C. Fluorescence Staining of ESKT

On the 6th or 7th day of culture in DM, all eSKTs could
contract under electrical stimulation. The MyHC of eSKT was
stained with Anti-Myosin Heavy Chain Alexa Fluor 488 at
this stage. Next, the eSKTs were imaged with a commercial
laser scanning confocal microscope (Fig. 5a). The myotube
alignment, width, and maturity of each eSKT were measured
by Image] software and were statistically analyzed. In
single-strip eSKT, the fusion of myoblasts was relatively
random, resulting in few myotubes distributed in the direction
of the extension axis (Fig. 5¢). Closer to the center of the
eSKT, the number of myotubes decreased, and the alignment
decreased. This may be because internal myoblasts lack
oxygen and nutrients [27, 28], thereby inhibiting the
differentiation process. Additionally, internal myoblasts lack
the traction constraints provided by anchoring pillars and
cannot align well [29]. The eSKTs with double, triple and
quadruple strips all exhibited a high degree of alignment (the
angle between most of the myotubes and the extension axis
was less than 5°), and there was no significant difference in the
degree of alignment among them, indicating that the
optimized molds can significantly improve the arrangement of
myotubes. In single-strip eSKT, there was a significant
difference in myotube width (Fig. 5d), which can be attributed
to the random fusion of myoblasts. However, on the whole,
the width of myotubes in single-strip eSKT was smaller. For
double-, triple- and quadruple-strip eSKTs, there was no
significant difference in myotube width among them.

Furthermore, the proportion of myotubes containing
cross-striations (myofilaments and myofibrils in a specific
order, as shown in Fig. 5b) was lowest in single-strip eSKT,
which may indicate a lower degree of maturity (Fig. 5e) [30].
For double-, triple- and quadruple-strip eSKTs, this proportion
was greater than that of single-strip eSKT. Among them, the
double-strip eSKT exhibited the highest proportion. It should
be noted that during the early stage of differentiation,
myoblasts in narrow striped eSKT may have a higher contact
probability [31], faster fusion rate, and earlier spontaneous
contraction. This phenomenon is especially obvious in eSKT
with triple or quadruple strips. However, during the mature
stage, the double-strip eSKT not only ensures the fusion of
myoblasts along the extension axis but also has more
myoblasts in the horizontal direction. This may lead to better
differentiation and higher maturity of double-strip eSKT. In
addition, the double-strip eSKT was subjected to greater
stress, which may provide appropriate mechanical stimulation
to the eSKT, thereby promoting myoblast differentiation.

D. Performance Characterization of ESKT

A force measurement system based on a high-precision
force sensor was designed to characterize the contraction force
of eSKTs. The contraction force of the eSKT was measured at
a frequency of 1 Hz under different electrical fields (Fig. 6a).
The results showed that the contraction force of the
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Figure 5. Characterization of eSKTs by fluorescence staining. (a) Fluorescence images of the four types of eSKT; (b) Fluorescence image with cross
striations; (¢) Comparison of myotube alignment between the four types of eSKT; (d) Comparison of myotube width between the four types of eSKT; (e)

Single Double Triple Quadruple

Comparison of the proportion of cross-striation structure among four types of eSKT.

eSKT first increases and then tends to be stable within a
certain voltage range. This increase in force may be attributed
to the activation of ion channels responsible for action
potentials on the muscle cell membrane with increasing
voltage. However, once the stimulation voltage reaches a
certain threshold and the ion channels are fully open, the
contraction force reaches its maximum and does not further
increase [9]. It is important to note that excessively high
voltages can lead to electrolysis of the culture medium and
potential damage to the eSKT [32]; therefore, an excessive
voltage is not desirable. Subsequently, the contraction force
of eSKT at different lengths was measured at 3 V/cm, 1 Hz
electrical field (Fig. 6b). As the length of the eSKT increased
from 95% to 125% of its original length, its contraction force
first increased and then decreased. At 110% of its original
length, it had the maximum contraction force. This result has
a guiding role in the construction of bio-syncretic robots.

Furthermore, under an appropriate electrical field of 3
V/cm, the contraction forces of four different types of eSKT
were measured, counted and analyzed under different
stimulation frequencies (Fig. 6¢). The results indicated that
the single-strip eSKT exhibited the lowest contraction force,
while the multiple strip structure significantly enhanced the
contraction force of the eSKTs. Among these structures, the
double-strip eSKT demonstrated the highest contraction
force. When subjected to electrical stimulation at a frequency
of 25 Hz, its maximum tetanic force exceeded 500 uN. This
result is consistent with the findings from the eSKT
fluorescence staining experiment. In addition, these modular
eSKTs can also be stacked and assembled to further improve
the performance of bio-syncretic robots. The possibility of
multiple modular eSKTs working together was further
explored. As shown in Fig. 6d, two eSKTs arranged in
parallel can produce greater contraction force than one eSKT,
which provides ideas for constructing bio-syncretic robots
with superior performance.
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Figure 6. ESKTs performance characterization. (a) The relationship
between the contraction force of the eSKT and electrical field; (b) The
relationship between the contraction force of the eSKT and its length; (c)
Comparison of the contraction force of the four types of eSKT under
different stimulation frequencies; (d) Comparison of the contraction force
between one eSKT and two eSKT under different stimulation frequencies.

E. Motion Demonstration of the Bio-syncretic Robot

The bio-syncretic robots were constructed using the
double-strip eSKT due to its high stability and contraction
force. A bio-syncretic robot composed of eSKT and PDMS
structures, inspired by wriggling organisms such as
caterpillars, was constructed (Fig. 7a). The PDMS structure
consisted of two pillars of different sizes and thin films with
grooves for connecting the pillars. The spacing between the
two pillars was set to 110% of the original length of the eSKT
to maximum its contraction force. The film was designed to
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prevent the spontaneous shrinkage of the eSKT and maintain
its effective contraction force. When electrically stimulated,
the eSKT contracted, causing the film to bend, and the
smaller pillar was lifted and titled down to the surface of the
petri dish. At the same time, the friction force difference
between the two pillars was generated, ultimately causing the
robot to move in a single direction. By applying electrical
pulse stimulation of 30 V and 3 Hz, the bio-syncretic robot
achieved a maximum unidirectional speed of 698.09 um/s
(Fig. 7b).

()

Figure 7. Bio-syncretic robot motion demonstration. (a) Schematic
diagrams of the bio-syncretic robot; (b) Position change of the bio-syncretic
robot between 0-6 s.

V. DISCUSSION

An optimized design method of eSKT for bio-syncretic
robot actuation was proposed in this study. The stress
analysis of the eSKT was conducted using finite element
simulation and analysis software. The experiments conducted
on the fabricated eSKT with multiple strips confirmed its
lower stress levels and higher culture stability. Furthermore,
it was observed that the multiple strip structures facilitated
the diffusion of oxygen and nutrients, improved the
alignment of myotubes, and enhanced myoblast
differentiation. However, it should be noted that the width of
the strip in the double-strip eSKT showed favorable
conditions for the fusion and differentiation of myoblasts
only in a specific volume condition (approximately 250 pL
before eSKT compaction), resulting in higher contraction
efficiency. Increasing the volume of the eSKT may lead to
better performance of an eSKT with a similar strip width and
a greater number of strips compared to the double-strip
eSKT. On the other hand, in the culture mode employed, the
strip-shaped parts of the triple- and quadruple-strip eSKTs
were affected by the protruding part, resulting in an
arc-shaped formation that may not be conducive to the output
of contraction force. Additionally, it was discovered that the
stability of the eSKT depended on the widths of the circular
parts at both ends and the striped parts in the middle, with the
thinner part being more vulnerable to breakage. In this study,
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the double-strip eSKT was designed to achieve a balance
between the two widths, resulting in its highest stability.

The main objective of this work is to fabricate an eSKT
with an optimized structure and higher contraction force by
combining simulation analysis and experimental verification,
thereby laying a foundation for enhancing the performance of
bio-syncretic robots. The introduction of finite element
simulation analysis-assisted design can effectively accelerate
the eSKT optimization process and reduce experimental
costs. It is worth noting that this method is not only applicable
to the eSKT shapes proposed in this study, but also useful in
design of eSKT in other shapes.

The development of high-performance eSKT heavily
relies on the ability to replicate the in vivo growth
environment of natural muscle tissue. One crucial aspect for
fabricating large and high-performance eSKT is the
establishment of a vascular network that facilitates oxygen
and nutrient supply, as well as waste transport. Although
constructing eSKT with multiple strips can enhance the
penetration of oxygen and nutrients, such a multi-strip
structure provides only limited improvement compared to the
dense vascular networks found in natural muscle tissue.
Currently, vascularized muscle tissue has received
widespread attention in the field of tissue engineering [33-35].
The introduction of vascular networks is expected to improve
the existing culture conditions and fabricate large-sized, high
performance eSKTs, thereby enhancing the performance of
bio-syncretic robots.

VI. CONCLUSION

In this study, a modular eSKT with multiple strips that had
been verified by simulation analysis and experiments was
proposed. The use of a multi-strip structure effectively
enhances the stability of the eSKT, facilitates the penetration
of oxygen and nutrients, and promotes the alignment and
differentiation of myoblasts into contractile myotubes.
Compared to single-strip eSKT, the eSKT with multiple
strips exhibits a greater contraction force, enabling it to drive
a bio-syncretic robot to move at a fast speed (698.09 um/s).
Furthermore, this modular eSKT is easy to assemble with
nonliving materials and can also be stacked to generate
greater driving force, providing a solution for the flexible
construction of high-performance bio-syncretic robots. This
study not only has guiding significance for the research of
bio-syncretic robots but can also provide insights into fields
such as tissue engineering.
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