AAAS
Cyborg and Bionic Systems
Volume 2021, Article ID 9820505, 12 pages
https://doi.org/10.34133/2021/9820505

Research Article
An Electrical Stimulation Culture System for Daily
Maintenance-Free Muscle Tissue Production
Yoshitake Akiyama ,1,2 Akemi Nakayama,1 Shota Nakano,2 Ryuichiro Amiya,3
and Jun Hirose3
1

Faculty of Textile Science and Engineering, Shinshu University, 3-15-1 Tokida, Ueda, Nagano, Japan
Department of Biomedical Engineering, Shinshu University, 3-15-1 Tokida, Ueda, Nagano, Japan
3
Tech Alpha, 649-1 Ohtsuka, Hachioji, Tokyo, Japan
2

Correspondence should be addressed to Yoshitake Akiyama; aki@shinshu-u.ac.jp
Received 15 October 2020; Accepted 12 March 2021; Published 8 April 2021
Copyright © 2021 Yoshitake Akiyama et al. Exclusive Licensee Beijing Institute of Technology Press. Distributed under a Creative
Commons Attribution License (CC BY 4.0).
Low-labor production of tissue-engineered muscles (TEMs) is one of the key technologies to realize the practical use of muscleactuated devices. This study developed and then demonstrated the daily maintenance-free culture system equipped with both
electrical stimulation and medium replacement functions. To avoid ethical issues, immortal myoblast cells C2C12 were used.
The system consisting of gel culture molds, a medium replacement unit, and an electrical stimulation unit could produce 12
TEMs at one time. The contractile forces of the TEMs were measured with a newly developed microforce measurement system.
Even the TEMs cultured without electrical stimulation generated forces of almost 2 mN and were shortened by 10% in tetanic
contractions. Regarding the contractile forces, electrical stimulation by a single pulse at 1 Hz was most eﬀective, and the
contractile forces in tetanus were over 2.5 mN. On the other hand, continuous pulses decreased the contractile forces of TEMs.
HE-stained cross-sections showed that myoblast cells proliferated and fused into myotubes mainly in the peripheral regions, and
fewer cells existed in the internal region. This must be due to insuﬃcient supplies of oxygen and nutrients inside the TEMs. By
increasing the supplies, one TEM might be able to generate a force up to around 10 mN. The tetanic forces of the TEMs
produced by the system were strong enough to actuate microstructures like previously reported crawling robots. This daily
maintenance-free culture system which could stably produce TEMs strong enough to be utilized for microrobots should
contribute to the advancement of biohybrid devices.

1. Introduction
Biohybrid robotics that integrates living components with
synthetic structures is currently one of the most challenging
ﬁelds of robotics [1]. Among biohybrid robotics, muscleactuated biohybrid devices have attracted much attention of
researchers in not only mechanical engineering but also in
bioengineering and material chemistry [2]. Toward practical
use of muscle-actuated devices, low-labor production of
tissue-engineered muscles (TEMs) is one of the key technologies. This study develops and demonstrates daily
maintenance-free production of TEMs from immortal
myoblast cells using an electrical stimulation function.
Animal muscular systems have evolved by natural selection over several billion years. Compared to state-of-the-art
artiﬁcial actuators, natural muscle has several distinguishing

and desirable advantages, such as its high-energy conversion
eﬃciency, its independency from electrical or fossil fuel
energy supplies, its softness and ﬂexibility, and its capability
for self-repair [3]. Many muscle-actuated devices have been
reported in the past decade such as pumping devices [4, 5],
manipulators [6, 7], crawling robots [8–10], and swimming
robots [11–14]. Studies on biohybrid devices have been summarized in several recently published review articles [15–18].
Most studies on biohybrid devices have utilized mammalian muscle cells as actuators. Among the three major categories of mammalian muscles, heart, skeletal, and smooth
muscles, heart-derived muscle cells, also called cardiomyocytes, are utilized most frequently as actuators. Cardiomyocytes enable the fabrication of autonomously working
devices without any external control owing to their autonomy. On the other hand, it is diﬃcult to control, in particular,
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to suspend, autonomous contractions of cardiomyocytes.
With skeletal muscle, users have to stimulate them constantly, but the contractile state and force can be controlled
precisely by adjusting the external stimuli [19]. That makes
skeletal muscle-actuated devices advantageous for usercontrolled manipulation [7, 20]. Therefore, skeletal muscle
should be the most versatile substitute for mechanical motors
and actuators.
A long-term culture from 1 to 3 weeks is necessary to
obtain contractile TEMs [21]. Skeletal muscle tissues consist
of large amounts of myoﬁbers that are formed by diﬀerentiation and maturation after the fusion of undiﬀerentiated
immature cells known as myoblasts [22]. The fusion process
starts after myoblasts suﬃciently proliferate to nearly a conﬂuent state. And fused myoblasts, called myotubes, mature
to myoﬁbers. During the culturing period of several weeks,
the medium must be replaced every one or two days. In
contrast, popular actuators like electromagnetic motors
are mass-produced at low-labor cost by an automated production line [23]. Therefore, daily maintenance-free production of TEMs which enables low-labor cost should be
an important step toward the practical use of TEMactuated devices.
To obtain a contractile force at the milli-Newton level for
biohybrid devices, muscle cells have been reconstructed and
utilized as TEMs [7, 20, 24]. Single muscle cells can generate
only around 10 μN [25], which is not suﬃcient to move
structures of submillimeter size. In general, TEMs are
obtained by culturing muscle cells in hydrogel scaﬀolds such
as collagen and ﬁbrin gel supplemented with Matrigel. To
enhance the contractile force of TEMs, electrical pulse stimulation is frequently used as a surrogate for electrical pulses
from nerves. Denervated muscle, owing to injury or disease,
is known to cause myoatrophy and will degrade rapidly
[26]. As well as denervation in vivo, TEMs cannot develop
suﬃciently under static culture conditions without any stimulation. The same as for two-dimensional (2D) muscle cell
culture, the production system of TEMs should be equipped
with an electrical stimulation function. Many groups have
used commercially available electrical stimulators [27–29],
and others have developed original ones [30–33].
A common problem of electrical stimulation is the need
to replace medium every day or every other day to remove
harmful byproducts of electrolysis that can damage the
TEMs being grown. The present study oﬀers a way to eliminate daily maintenance in constructing TEMs by introducing
an automatic medium replacement function. We develop the
daily maintenance-free culture system equipped with both
electrical stimulation and medium replacement functions.
In addition, the TEM transfer process from the gelation
chamber to the electrical stimulation chamber depends on
delicate manual operations, and TEMs may be easily damaged. The developed system can conduct gelation of TEMs
and electrical stimulation to TEMs in the same chamber just
by removing the insert for gelation. To avoid ethical issues,
C2C12 cells [34] as immortal myoblast cells are cultured in
collagen gel using the culture system. The contractile force
of TEMs is evaluated with a newly developed microforce
measurement system. Using these two systems, we also
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examine electrical stimulation conditions to improve TEMs
based on the contractile force.

2. Materials and Methods
2.1. Experimental and Technical Design. Our research with
the goal of developing the daily maintenance-free culture system equipped with both electrical stimulation and medium
replacement functions was performed in the order according
to Figure 1(a). First, the electrical stimulation culture function was implemented. To measure the contractile force of
TEMs, the microforce measurement system was also developed. Then, TEMs were produced without electrical stimulation by the culture system. The contractile ability of the
TEMs was conﬁrmed by measuring the contractile force
and the shrinking distance. Finally, various electrical stimulations were applied to TEMs, and the conditions of the most
appropriate stimulation were explored based on the obtained
contractile force.
2.2. Gel Culture of Muscle Cells to Produce TEMs. Mouse
myoblast cells C2C12 obtained from the American Type Culture Collection (ATCC) were cultured in growth medium
(GM) for proliferation and in fusion medium (FM) for diﬀerentiation. Dulbecco’s Modiﬁed Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% antibiotics (06168-34, Nacalai Tesque) was used as GM and
DMEM containing 50 ng/mL insulin-like growth factor
1(IGF-1) (100-11, Pepro Tech) and supplemented with 7%
horse serum and 1% antibiotics was used as FM. TEMs were
formed by culturing C2C12 cells in collagen gel in a similar
manner to our previous study [35]. In brief, 2520 μL of type
I collagen solution, 315 μL of ×10 concentrated DMEM,
and 315 μL of buﬀer solution for reconstitution were stirred
on ice. These reagents were obtained from Nitta Gelatin.
Then, 430 μL of Matrigel (354234, Corning) was added and
this mixture was also stirred on ice. Finally, 1928 μL of
C2C12 cell suspension was added at 5 × 106 cells/mL as the
ﬁnal concentration and stirred well. The cell-gel mixture
obtained by the described process was immediately poured
into a gel culture mold.
2.3. Gel Culture Molds for TEMs. Figure 1(b) shows the gel
culture mold consisting of an outer chamber and an insert.
To provide high productivity, the outer size of the mold
was designed to ﬁt into a 6-well plate, and culturing could
be done in six gel culture molds simultaneously by placing
them into the 6-well plate. The gel culture molds were fabricated by milling polytetraﬂuoroethylene (PTFE) sheet with a
numerical control machine (PRODIA-M45, Modia Systems).
Each mold had two indentations (volume, ~370 μL) in which
a TEM could be formed. In order to maintain the TEMs
against spontaneous shrinkage of the gel, PTFE pillars
~2 mm in diameter and ~15 mm in length were ﬁxed into
place by inserting them into holes at the bottom of the
indentations.
The steps to produce TEMs were as follows. First, the
cell-gel mixture was poured into the indentations and incubated for 1.5 h at 37°C in a humidiﬁed atmosphere of 5%
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Figure 1: Schematic showing perspective views of the gel culture procedures in the developed system. (a) The research design ﬂow. (b) The
outer chamber and the gelation insert with their main dimensions. (c) The mold was ﬁlled with cell-gel mixture. Before ﬁlling, four PTFE
pillars were attached to the mold. (d) Setup for gel culture. After gelation, the cell-gel mixture was overlaid with medium. (e) Setup for
culture with electrical stimulation. The insert was removed and a pair of Pt electrodes were placed along the walls of the outer chamber. (f)
Schematic illustration of the whole system. The medium replacement unit was a commercially available one. In the electrical stimulation
unit, bipolar pulses generated by the DAQ device were ampliﬁed and applied to TEMs in the gel culture molds. (g) Photo of the six gel
molds in the 6-well plate connected via silicone tubes with the pumps of the medium replacement unit. Pt electrodes were ﬁxed in place
with the lid of the 6-well plate and connected via metal wires with the electrical stimulation unit (not shown).

CO2 (Figure 1(c)). Then, the cell-gel mixture was overlaid
with GM and the TEMs were cultured for 3 days
(Figure 1(d)). After the insert was gently removed using
tweezers, GM was replaced by FM. Then electrical stimulation was started and continued for 10 days (Figure 1(e)).
FM was replaced every day during the stimulation.
2.4. Numerical Analysis of Electrical Field Generated by
Electrical Stimulation. The electrical ﬁeld generated by the
electrical stimulation was analyzed with ﬁnite element
method software (COMSOL Multiphysics ver 5.5). We
assumed that the regions for the medium and TEM were a
homogenous conductive material the same as the saline with
16 mS/cm. This is because the electrical conductivity of TEM
depends on the frequency and the measurement method and
varies from 0.05 to 7 mS/cm [36]. In addition, the TEM electrical conductivity should be nearly as high as that of the
saline initially and be decreasing over time since the TEM
was just a cell-gel mixture initially and it gradually diﬀerentiated into the muscle tissue with lower conductivity than the
saline. The electrical ﬁeld was calculated based on Ohm’s
equation: J = s E, where J is electrical current density vector,
s is electrical conductivity, and E is electrical ﬁeld density vector. The simulation was performed with a 2D model at the
plane 1 mm from the bottom of the culturing area for TEMs.
2.5. Electrical Stimulation Culture Function. Figure 1(f) is a
schematic illustration showing how we implemented the
automatic electrical stimulation function using six gel culture
molds, a medium replacement unit, and an electrical stimula-

tion unit. Six gel culture molds were individually placed in
the wells of a 6-well plate (3810-006, Iwaki). As each mold
produced two TEMs, 12 TEMs in total were formed. As the
medium replacement unit, a commercial automatic medium
replacement device (CEME-0102, Takasago Electric) was
used. The device removed almost all the GM or FM and then
added about 3.5 mL of medium. The electrical stimulation
unit applied electrical stimulation to TEMs in the gel culture
mold. The bipolar pulses were generated by a data acquisition
(DAQ) device (USB-6001, NI) with homemade software
written in a graphical programing software (LabVIEW, NI).
The pulses were ampliﬁed with bipolar ampliﬁers (BWA251, Takasago) and were applied to TEMs through a pair of
Pt electrodes 5 × 10 mm2 , which were manually placed along
the walls in parallel to the TEMs as shown in Figure 1(g).
Through the study, bipolar pulses ±4 V and 4 ms in width
were applied to TEMs in order to inhibit the electrolysis as
much as possible. Furthermore, FM was replaced every day
during electrical stimulation to inhibit the electrolysis.
2.6. Contractile Force Measurement. Figure 2(a) shows the
microforce measurement system, which was newly developed for this study. The system was composed of a force
sensor, an ampliﬁer, a temperature control unit, two microscopes, 3-axis manual stages, a DAQ device, and a personal
computer (PC). A capacitance-type microforce sensor with
a strain-inducing body (T130, Tech Alpha) was used with
an ampliﬁer (P210-N-130 Hz). The force range and the sensitivity were ±50 mN and about 10 μN/mV, respectively.
The output of the sensor was recorded via the DAQ device
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Figure 2: Force measurement of TEMs. (a) Photo showing the center of the force measurement system. (b) The ﬁrst assembly tool. The
magenta parts were not connected to the yellow part so that former parts moved freely inside the space. (c) The second assembly tool was
fabricated by drilling two holes to hold the PTFE pillars. (d) Photo images for the steps to position the TEM.

to the PC simultaneously with the signal for electrical stimulation. According to the sensor manufacturer, force and
temporal resolutions are approximately 10 μN (=1 mV) and
100 Hz, respectively. The noise level is less than 30 μN
(=3 mV), and hysteresis is negligible. The sensor was calibrated using gravity by hooking a bent thin metal wire of
known weight on the sensor. During a measurement, a
TEM was placed in the measurement chamber ﬁlled with
Dulbecco’s phosphate-buﬀered saline with calcium and
magnesium (DPBS(+)), and the temperature of which was
controlled by a custom-made temperature control unit using
a Peltier element. The noise spectral density of the output
was obtained by processing with Igor Pro (Ver. 7.0,
WaveMetrics).
To avoid damage to the TEM, the TEM length should be
kept as long as the initial state. Two assembly tools were
made and used for the measurement. The ﬁrst one was fabricated by a 3D printer (Aglista, Keyence), and it was able to
hold the PTFE pillars by pinching two square holes with
reverse action tweezers (Figure 2(b)). When the tweezers
were open, the yellow and magenta part holes were overlapped perfectly and the PTFE pillars were released. When
the tweezers were closed, the holes were partly overlapped
and the PTFE pillars were locked into them. The reverse
action tweezers which were closed in a free state were able

to hold the TEM without any external force. Figure 2(c)
shows the second tool which consisted of a PTFE sheet
(2 mm thick) with two holes. These holes were tapered and
PTFE pillars ﬁt tightly in them so that the PTFE pillars were
vertical and held the TEM stably.
The steps to position a TEM in the force measurement
system are shown in Figure 2(d). First, a TEM was taken from
the gel culture mold with the ﬁrst assembly tool. Then, the
TEM was transferred to the second assembly tool, and the
tool was placed in the measurement chamber ﬁlled with
DPBS(+). Finally, the TEM was removed from the assembly
tool and placed on an attachment fabricated by the 3D
printer. The TEM was ﬁxed with M1.6 screws while observing it with two microscopes horizontally and vertically at
the same time. Before the measurement, the length of the
TEM was adjusted to the initial length (10 mm) using the
manual stages.
Contractions of TEMs were evoked by ﬁeld electrical
stimulation. The signals generated from the function generator (FGX-2220, TEXIO) were ampliﬁed by the bipolar power
supply. The contractile forces of twitch and tetanus were
measured by applying mono polar pulses at 0.83 V/mm
through the Pt electrodes. The electrical stimulation parameters for measurement were obtained from the literature [27].
The voltage was 24.9 V as the distance between the Pt
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Figure 3: Evaluation of the force sensor. (a) Least squares ﬁt of the calibration line. (b) Noise spectral density of the output.

electrodes was about 30 mm. For twitch contraction, a single
monopolar pulse of 10 ms in width was applied. For tetanus
contraction, monopolar pulses 10 ms in width at intervals
of 10 ms were continuously applied for 2 s.
2.7. Histological Staining. After overnight ﬁxation with 4%
paraformaldehyde (163-20145, Wako Pure Chemical), TEMs
were embedded in paraﬃn and sliced into a 4 μm section.
Then, the sections were stained with hematoxylin and eosin
(H&E) and observed with a microscope (Ti-E, Nikon). The
obtained images were combined by imaging software (NISelements, Nikon).
2.8. Statistical Analysis. Results were represented as mean
values ± standard deviation. A comparison for all data was
conducted with a Mann–Whitney U test, whereby P < 0:05
was considered as statistically signiﬁcant.

3. Results
3.1. Microforce Measurement System for TEMs. We developed the microforce measurement system in order to
measure the contractile force of TEMs under the isometric
condition. The maximum contractile force of TEMs constructed by the present system could be assumed as 1 mN
or more. The linearity of the system was examined in the
range of about 1 mN. Figure 3(a) shows a least-squares ﬁt
for the calibration line through the origin. The conversion
factor was 11.15 μN/mV and obtained as the reciprocal of
the inclination. The output voltage when a TEM was attached
to the force sensor ﬂuctuated slightly due to electrical and
mechanical noises. As shown in Figure 3(b), the noise spectral density analysis showed that the noise ﬂoor was around
10-10 V2/Hz. Several peaks over 10-9 V2/Hz were found
around 4, 8, 30, 40, 50, and 200 Hz, which should be derived
from the natural frequency of the mechanical system. These
values indicated that the developed system was sensitive
enough to measure the contractile force of TEMs.
3.2. Electrical Field Distribution in Gel Culture Chamber. It
was necessary to conﬁrm if the electrical ﬁeld around the
TEM was as strong as the simple calculation (applied voltage/distance between the electrodes) predicted since the shape
of the culture chamber is complex compared to normal cul-

ture apparatuses and vessels. The electrical ﬁeld distribution
when 4 V was applied between the electrodes is shown in
Figure 4. For most areas of the TEM, the electrical ﬁeld
ranged from 0.2 to 0.22 V/mm, which was consistent with
0.2 V/mm by a simple calculation (applied voltage divided
by actual distance between the electrodes). Therefore, the
electrical ﬁeld applied to the TEM was considered to be the
same as for the simple calculation. We noted that there were
some high and low electrical ﬁeld spots, over 0.25 V/mm and
less than 0.15 V/mm, respectively, around the PTFE pillars
due to PTFE being an insulator material. The center area
where there was no TEM had a ﬁeld of less than
0.18 V/mm and would not have any inﬂuence on TEM
culturing.
3.3. Formation of Contractile TEMs without Electrical
Stimulation. First, we conﬁrmed that the system was able to
produce TEMs without electrical stimulation for control.
Although electrical stimulation was not used, the system cultured contractile TEMs. The TEMs were attached to the
microforce measurement system using the assembly tools as
shown in Figure 5(a). The TEM thickness could be compacted to less than 1/4 of the gel culture mold thickness.
The average cross-section area of TEMs was calculated as
0.69 mm2 by assuming an ellipsoidal cross-sectional of
TEM. Twitch and tetanic forces of contractions of TEMs
under the stimulation conditions shown in Section 2.6 were
measured for about 50 s (Figure 5(b)). The peak forces of
twitch and tetanus (n = 5) had average values of 1:36 ±
0:21 mN and 1:93 ± 0:12 mN, respectively. The average
speciﬁc forces for twitch and tetanus were calculated as
2.81 kPa and 3.66 kPa, respectively. The forces were comparable to TEM of C2C12 in some reports [37, 38].
As shown in Figure 5(b), the microforce sensor detected
not only contractions responding to electrical stimulation
but also spontaneous contractions of TEMs of about
0.5 mN. In particular, numerous peaks by the spontaneous
contractions were found between twitch contractions.
Intrinsically, skeletal muscles do not contract autonomously, while spontaneous and irregular weak contractions that occur without any stimulation are often found
in well-diﬀerentiated myotubes [32, 34]. Spontaneous and
repetitive ﬁring in C2C12 myotubes has been reported to
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Figure 5: TEM cultured for 10 days without electrical stimulation. (a) Top and side views of the TEM are attached to the microforce
measurement system. Silicone rubber rings were attached to the PTFE pillars so that the TEM would not be dropped. Due to cellmediated gel compaction, the width and thickness of the TEM were reduced from 4 mm to 0.99 mm and 5 mm to 1.00 mm, respectively.
(b) Representative twitch and tetanus contraction traces evoked by electrical pulses. (c) Declination of contractile force by repeated
electrical stimulation. The force for each stimulation was shown as a ratio to the force for the ﬁrst stimulation.

occur [39, 40], and it would be able to cause spontaneous
contractions. The spontaneous contractions were at about
2 Hz before the ﬁrst twitch. The frequency obviously
increased after the ﬁrst twitch contraction and decreased
with increasing numbers of the twitch contractions evoked
by electrical stimulation. On the other hand, the force of

the spontaneous contractions decreased steadily. In addition,
the spontaneous contractions drastically decreased after the
ﬁrst tetanus contraction. After the third tetanic contraction,
hardly any spontaneous contractions were detected.
As shown in Figure 5(c), the peak contractile forces of the
second and later contractions were smaller than that of the
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Figure 7: Contractile forces of TEMs cultured without and with electrical stimulation. (a) The patterns of the electrical pulses are applied to
TEMs. The inset shows in detail single and continuous pulses. (b) Contractile forces of TEMs cultured under various conditions. For the case
shown by the ﬁrst bar from the left, the TEM was cultured without electrical stimulation but with the addition of IGF-1. For the case shown by
the second bar, the TEM was cultured without electrical stimulation or addition of IGF-1. All other bars were for culturing cases with both
electrical stimulation and IGF-1 addition. On the bottom axis, the frequency of the stimulation (Hz) is shown with “p,” which means the
numbers of electrical pulses applied at one stimulus. The addition of IGF-1 increased the contractile force signiﬁcantly, while the
eﬀects of electrical stimulation depended on the conditions. The ∗ indicates a statistically signiﬁcant diﬀerence against “No p” in
each group (n = 4 to 6).

ﬁrst one. The force of twitch contractions from the second
stimulation was almost constant at around 80% of the ﬁrst
one. On the other hand, the forces in tetanic contractions
gradually decreased from 85% to 75% of the ﬁrst one as the
stimulation was repeated. The results showed that repeated
electrical stimulations lowered contractile forces of TEMs in
spite of each one being a short-term stimulation.
The shrinking ability of the TEM was also conﬁrmed by
electrically stimulating the TEM in a free state for which
the TEM length was not kept constant. Figure 6(a) shows
the experimental setup; the electrical pulses applied for the
TEM were the same as for the force measurement of tetanic
contractions. The TEM shrinking can be viewed in Movie
S1. Figure 6(b) shows the length obtained by image analysis

using software (Dipp-Motion V, Ditect). The length was calibrated based on the length of the left pillar, which was
14.6 mm. The shrinkage distances of three contractions were
nearly 1 mm, which was 10% of the initial length. It should be
noted that the TEM was ﬁxed at 10 mm during culturing and
observations showed that shrinking began gradually as soon
as the TEM was released, and the length was already less than
8.6 mm when the electrical stimulation started.
3.4. Eﬀect of Electrical Stimulation on Contractile Force. To
enhance the contractile force of TEMs, the eﬀects of electrical
stimulation on them were evaluated based on the contractile
force. All the data for twitch and tetanus forces are summarized in Figure 7. Before the experiments with electrical
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stimulation, TEMs were produced without IGF-1 to evaluate
the applicability of the culture system excluding the electrical
stimulation function. IGF-1 is known to induce skeletal myotube hypertrophy [41], and it is often used to culture TEMs.
Additionally, IGF-1 is known to increase the static tension
and the contractile force of TEMs [24, 42]. As expected, the
twitch and tetanic forces signiﬁcantly decreased to 35% and
37% of the respective forces with IGF-1. The signiﬁcant difference between TEMs with and without IGF-1 shows that
the culture system including medium replacement function
was able to consistently produce TEMs with high enough
reproducibility to evaluate the eﬀect of electrical stimulation.
Single electrical pulses were applied to TEMs at various
frequencies. The electrical pulses 4 ms in width and
0.2 V/mm during culturing were chosen based on the previous study [27]. The detailed pattern of the single pulses is
illustrated in Figure 7(a), and the contractile forces are shown
by the 3rd to the 6th bars from the left in Figure 7(b). Both
twitch and tetanic forces drastically decreased only at 4 Hz
and signiﬁcantly increased only at 1 Hz. The other pulses
had no signiﬁcant eﬀect on the forces except for the tetanic
force at 0.1 Hz. The results showed that suitable applied
numbers of electrical pulses enhanced the contractile forces
of TEMs while too many applications of the electrical pulses
decreased the contractile force. The adverse eﬀect on the
TEMs should be due to electrochemical damage.
Next, electrical pulses were continuously applied to
TEMs with the same total pulse numbers as for 1 Hz 1 p as
follows: 10 continuous pulses every 10 s (0.1 Hz 10 p), 100
continuous pulses every 100 s (0.01 Hz 100 p), and 1000 continuous pulses every 1000 s (0.001 Hz 1000 p). As well as the
single pulse pattern, these patterns are illustrated in
Figure 7(a). These stimulations mimicked the stimulation
to evoke the tetanus contractions. No signiﬁcant increase
was detected (7th to 9th bars from the left in Figure 7(b)),
but continuous pulses > 100 drastically decreased the forces
in spite of low frequency. As well as single electrical pulses
at 4 Hz, continuous pulses also would cause electrochemical
damage.
3.5. Morphological Comparison of TEMs. The eﬀect of electrical stimulation on TEMs was also evaluated based on HEstained cross-sections (Figure 8(a)). In all the cross-sections,
muscle cells proliferated mainly in the peripheral regions,
and fewer cells were present in the internal region. Clearly,
TEMs of No p, 1 Hz 1 p, and 0.1 Hz 10 p had a thicker peripheral region than the others. The cell-rich regions within the
whole TEM were manually recognized, and their ratios to
the whole were calculated and plotted in Figure 8(b). No proportional relationship between the ratio of the peripheral
region and the contractile force was detected, but the electrical stimulation seemed to decrease the ratio, namely, to
inhibit cell proliferation. In spite of that, the TEM of
1 Hz 1 p demonstrated the strongest contractile forces, and
its ratio was smaller than No p. Although Figure 7 showed
that the appropriate electrical stimulation enhanced the contractile forces of TEMs, the result of Figure 8(b) suggests that
electrical stimulation inhibits cell division.
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4. Discussion
Low-labor production is one of the key technologies for practical use of biohybrid devices as well as traditional electric
motors. We developed the daily maintenance-free culture
system with the electrical stimulation and medium replacement functions, which could stably produce 12 contractile
TEMs at the same time. To avoid ethical issues like using primary cells obtained by animal sacriﬁce, immortal myoblast
cells were used. The system replaces GM or FM at the designated interval and also applies electrical pulses under the designated parameters. In particular, electrical stimulation can
be applied to the TEMs in the same chamber where the
cell-gel mixture is gelated.
Enhancing the contractile force of TEMs is also important for muscle-actuated devices. The TEMs produced without electrical stimulation generated tetanic contractions of
almost 2.0 mN and were shortened by 1 mm. The most
eﬀective electrical stimulation (single pulses at 1 Hz) further
increased the tetanic force over 2.5 mN. For instance, the
actuator requirements for the reported TEM-actuated
crawling robot [24] were estimated as contractile force of
1.5 mN and shortened distance of 0.15 mm, and the TEMs
produced by our developed system are suﬃciently able to
satisfy those requirements. It should be noted that only
tetanic contractions were focused on in the above discussion for the following reason. As tetanic contractions of
skeletal muscles realize general motions in animals [43],
tetanic contractions should be appropriate for utilization
as an actuator.
The spontaneous contractions are not desirable for use
as actuators since these contractions are not controllable.
As shown in Figure 5(b), uncontrollable spontaneous contractions of TEMs were detected during the stimulation
for twitch, but they were hardly ever detected for tetanus.
Therefore, the spontaneous contraction should disappear
with electrical stimulation to evoke tetanic contractions
before using the TEMs. The spontaneous contractions of
skeletal muscle cells and tissues cultured in vitro were
reported by many groups [34, 44, 45], however, we could
not ﬁnd any study focused on spontaneous contractions.
We think it likely that the continuous electrical pulses to
evoke tetanic contractions caused electroporation of the
cells slightly [45], which should temporarily lower their
excitability.
In this study, the electrical stimulation was delivered to
TEMs without a rest period, and single pulses 4 ms in width
at 1 Hz were the most eﬀective, which is basically consistent
with previous studies [27, 45, 46]. In [27], the stimulation
at 0.5 to 2 Hz increased the contractile force, and the stimulation at 1 Hz was most eﬀective. In [46], more frequent stimulation even at 10 Hz did not cause damage to TEMs,
however, the stimulation at 4 Hz in the present study seriously decreased the contractile forces. This should be because
a rest period after the stimulation period was lacking (for
example, 1 h stimulation, and 7 h rest periods); or the period
for applying the stimulation (10 days in this study) was too
long. Even a one-day stimulation period improved the contractile force of TEMs [45]. The continuous stimulation
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Figure 8: Comparison of cross-sections of TEMs. Culture conditions are labeled in the same manner as on the bottom axis of Figure 7.
(a) Micrographs of HE-stained cross-sections. Deep purple dots show nuclei and areas in deep and light pink show cytoplasm and
collagen gel, respectively. (b) Ratios of peripheral cell-rich regions to the whole. No electrical stimulation with IGF-1 had the highest
ratio, almost 25%. The ∗ indicates a statistically signiﬁcant diﬀerence against “No p” in each group (n = 4 to 6).

seemed to be harmful to TEMs in some cases, and the intermittent stimulation with a rest period would eﬃciently
increase the contractile force of TEMs.

When the same total numbers of the pulses were applied
as continuous pulses, the contractile forces were below those
of the single pulses at 1 Hz. Even 10 continuous pulses at
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0.1 Hz gave the same results as no electrical stimulation. On
the contrary, continuous application of more than 100 pulses
decreased the contractile forces below the case of no stimulation without IGF-1, which strongly suggests that the continuous pulses caused damage to TEMs. The cause of this damage
should be direct electrical damage on the cell membrane like
electroporation or damage caused by harmful byproducts of
electrolysis like chlorine gas or hypochlorous acid. Further
studies are necessary to clarify how continuous pulses have a
bad inﬂuence on TEMs. The results on the contractile forces
indicate that single pulses are appropriate at this time.
The HE-stained cross-sections revealed that the cells
inside the TEMs did not grow under all the culture conditions that led to speciﬁc forces much lower than those of
native tissues. This must be due to a lack of oxygen and nutrients supplies. Only Juhas and Bursac [47] achieved over
40 kPa of tetanic force by increasing the supplies using rocking culture, and this tetanic force was comparable with that of
native neonatal muscles. Since TEMs are lacking for the circulation system inside like blood vessels and they are depending on supplies received only by diﬀusion, reduction of the
size of the TEMs is the easiest way to distribute the cells
densely and homogeneously. As well as rocking culture,
medium agitation can deliver oxygen and nutrients to be
consumed by TEMs [48]. Not only traditional techniques
but also emerging one like microﬂuidics would be promising
approaches to improve the forces of the TEMs. Taking into
account the ratio of cell-rich regions as being around 20%,
the contractile force will increase to around 10 mN if the
myoﬁbers are formed densely and homogeneously by resolving the issues of oxygen and nutrient supplies.
Other stimulations also might contribute to improved
TEM production in the near future. It was reported that thermal stimulation at the stage of muscle bundle formation
could increase contractile force at 39°C [38, 49]. On the other
hand, mechanical stimulation has been used alone or with
electrical stimulation to improve TEMs in studies that
reported hypertrophy and increased protein and DNA contents and myotubes orientation in C2C12 muscle bundles
[31, 50]. To the best of our knowledge, no study has been
made to quantify the eﬀect of mechanical stimulation on
the contractile force of TEMs. As well as our developed daily
maintenance-free culture system, the combination of static
tension and electrical stimulation seems to work eﬀectively
to improve TEM production at the current stage.
This paper presented our daily maintenance-free culture
system with electrical stimulation and medium replacement
functions, by which we are working toward the long-term
goal of practical use of muscle-actuated devices. This culture
system could stably produce TEMs strong enough to be utilized for microrobots. The contractile forces of the TEMs
were measured with our newly developed microforce measurement system. Even the TEMs cultured without electrical
stimulation generated tetanic contractions of almost 2 mN
and shortened lengths of 10%. Comparing the contractile
forces, we saw that electrical stimulation by a single pulse at
1 Hz was most eﬀective, and the contractile force in tetanus
was over 2.5 mN. On the other hand, continuous pulses
decreased the contractile forces. HE-stained cross-sections
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showed that oxygen and nutrients were not supplied to the
interior of the TEMs suﬃciently. By increasing the supplies,
the TEMs would be able to generate a force up to around
10 mN. The daily maintenance-free culture system can surely
contribute to the advancement of biohybrid devices by providing contractile TEMs at low-labor cost.

Data Availability
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.

Conflicts of Interest
RA is an employee and JH is the chief executive oﬃcer with
Tech Alpha.

Authors’ Contributions
YA designed the study and performed numerical simulation.
YA, AN, and SN implemented the electrical stimulation
function. RA and JH developed the microforce measurement
system. AN cultured TEMs with the daily maintenance-free
system and measured their contractile forces. YA and AN
analyzed the data including image analysis. YA wrote the
paper and all the authors approved the ﬁnal version.

Acknowledgments
We would like to thank Ms. K. Suzuki (Research Center
for Supports to Advanced Science, Shinshu University,
Matsumoto, Japan) for her technical assistance in the HE
staining of TEMs. This work was supported by JSPS
KAKENHI Grant Number 16KK0147 and JKA foundation
(Japan Keirin Autorace).

Supplementary Materials
Movies S1: contracting TEM in a free state. Continuing
monopolar pulses 10 ms in width at intervals of 10 ms for
2 s were applied to TEM through the Pt electrodes every
10 s. Figure 6(b) was obtained by tracing the length of the
TEM in this movie using image analysis. (Supplementary
Materials)

References
[1] G. Z. Yang, J. Bellingham, P. E. Dupont et al., “The grand challenges of science robotics,” Science Robotics, vol. 3, article
eaar7650, 2018.
[2] G. M. Whitesides, “Soft robotics,” Angewandte Chemie International Edition, vol. 57, no. 16, pp. 4258–4273, 2018.
[3] Y. Akiyama, S.-J. Park, and S. Takayama, “Design considerations for muscle-actuated biohybrid devices,” in Nanotechnology and Microﬂuidics, pp. 347–381, John Wiley & Sons,
Ltd, 2019.
[4] Y. Tanaka, K. Morishima, T. Shimizu et al., “An actuated
pump on-chip powered by cultured cardiomyocytes,” Lab on
a Chip, vol. 6, no. 3, pp. 362–368, 2006.

Cyborg and Bionic Systems
[5] Y. Tanaka, K. Sato, T. Shimizu, M. Yamato, T. Okano, and
T. Kitamori, “A micro-spherical heart pump powered by cultured cardiomyocytes,” Lab on a Chip, vol. 7, no. 2, pp. 207–
212, 2007.
[6] Y. Akiyama, T. Sakuma, K. Funakoshi, T. Hoshino,
K. Iwabuchi, and K. Morishima, “Atmospheric-operable
bioactuator powered by insect muscle packaged with
medium,” Lab on a Chip, vol. 13, no. 24, pp. 4870–4880, 2013.
[7] Y. Morimoto, H. Onoe, and S. Takeuchi, “Biohybrid robot
powered by an antagonistic pair of skeletal muscle tissues,” Science robotics, vol. 3, no. 18, article eaat4440, 2018.
[8] J. Xi, J. J. Schmidt, and C. D. Montemagno, “Self-assembled
microdevices driven by muscle,” Nature Materials, vol. 4,
no. 2, pp. 180–184, 2005.
[9] Y. Akiyama, K. Odaira, K. Sakiyama, T. Hoshino, K. Iwabuchi,
and K. Morishima, “Rapidly-moving insect muscle-powered
microrobot and its chemical acceleration,” Biomedical Microdevices, vol. 14, no. 6, pp. 979–986, 2012.
[10] A. W. Feinberg, A. Feigel, S. S. Shevkoplyas, S. Sheehy, G. M.
Whitesides, and K. K. Parker, “Muscular thin ﬁlms for building actuators and powering devices,” Science, vol. 317,
no. 5843, pp. 1366–1370, 2007.
[11] H. Herr and R. G. Dennis, “A swimming robot actuated by living muscle tissue,” Journal of Neuroengineering and Rehabilitation, vol. 1, no. 1, p. 6, 2004.
[12] J. C. Nawroth, H. Lee, A. W. Feinberg et al., “A tissueengineered jellyﬁsh with biomimetic propulsion,” Nature Biotechnology, vol. 30, no. 8, pp. 792–797, 2012.
[13] S.-J. Park, M. Gazzola, K. S. Park et al., “Phototactic guidance
of a tissue-engineered soft-robotic ray,” Science, vol. 353,
no. 6295, pp. 158–162, 2016.
[14] Y. Yalikun, K. Uesugi, M. Hiroki et al., “Insect muscular tissuepowered swimming robot,” Actuators, vol. 8, no. 2, p. 30, 2019.
[15] A. W. Feinberg, “Biological soft robotics,” Annual Review of
Biomedical Engineering, vol. 17, no. 1, pp. 243–265, 2015.
[16] L. Ricotti, B. Trimmer, A. W. Feinberg et al., “Biohybrid actuators for robotics: a review of devices actuated by living cells,”
Science robotics, vol. 2, article eaaq0495, 2017.
[17] R. Raman and R. Bashir, “Biomimicry, biofabrication, and
biohybrid systems: the emergence and evolution of biological design,” Advanced Healthcare Materials, vol. 6, no. 20,
p. 1700496, 2017.
[18] R. D. Kamm, R. Bashir, N. Arora et al., “Perspective: the promise of multi-cellular engineered living systems,” APL Bioengineering, vol. 2, no. 4, article 040901, 2018.
[19] Z. Li, Y. Seo, O. Aydin et al., “Biohybrid valveless pump-bot
powered by engineered skeletal muscle,” Proceedings of the
National Academy of Sciences, vol. 116, no. 5, pp. 1543–1548,
2019.
[20] K. Kabumoto, T. Hoshino, Y. Akiyama, and K. Morishima,
“Voluntary movement controlled by the surface EMG signal
for tissue-engineered skeletal muscle on a gripping tool,” Tissue Engineering Part A, vol. 19, no. 15-16, pp. 1695–1703,
2013.
[21] C. Snyman, K. P. Goetsch, K. H. Myburgh, and C. U. Niesler,
“Simple silicone chamber system for in vitro three-dimensional
skeletal muscle tissue formation,” Frontiers in Physiology, vol. 4,
2013.
[22] A. Khodabukus, N. Prabhu, J. Wang, and N. Bursac, “In vitro
tissue-engineered skeletal muscle models for studying muscle

11

[23]
[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

physiology and disease,” Advanced Healthcare Materials,
vol. 7, no. 15, p. 1701498, 2018.
W. Tong, Mechanical Design of Electric Motors, CRC Press,
2014.
C. Cvetkovic, R. Raman, V. Chan et al., “Three-dimensionally
printed biological machines powered by skeletal muscle,” Proceedings of the National Academy of Sciences, vol. 111, no. 28,
pp. 10125–10130, 2014.
F. S. Korte and K. S. McDonald, “Sarcomere length dependence of rat skinned cardiac myocyte mechanical properties:
dependence on myosin heavy chain,” The Journal of Physiology, vol. 581, no. 2, pp. 725–739, 2007.
L. V. Schottlaender, A. Sailer, Z. Ahmed, D. W. Dickson,
H. Houlden, and O. A. Ross, “Multiple system atrophy: clinical, genetics, and neuropathology,” in Neurodegeneration,
pp. 58–71, John Wiley & Sons Ltd, 2017.
D. W. J. van der Schaft, A. C. C. van Spreeuwel, K. J. M. Boonen, M. L. P. Langelaan, C. V. C. Bouten, and F. P. T. Baaijens,
“Engineering skeletal muscle tissues from murine myoblast
progenitor cells and application of electrical stimulation,”
JoVE (Journal of Visualized Experiments), no. 73, article
e4267, 2013.
A. Ito, Y. Yamamoto, M. Sato et al., “Induction of functional
tissue-engineered skeletal muscle constructs by deﬁned electrical stimulation,” Scientiﬁc Reports, vol. 4, p. 4781, 2015.
N. Nikolić and V. Aas, Myogenesis: Methods and Protocols, S.
B. Rønning, Ed., (Springer, New York, NY, 2019.
R. G. Dennis and P. E. Kosnik, “Excitability and isometric contractile properties of mammalian skeletal muscle constructs
engineered in vitro,” In Vitro Cellular & Developmental Biology. Animal, vol. 36, no. 5, pp. 327–335, 2000.
I.-C. Liao, J. Liu, N. Bursac, and K. Leong, “Eﬀect of electromechanical stimulation on the maturation of myotubes on
aligned electrospun ﬁbers,” Cellular and Molecular Bioengineering, vol. 1, no. 2-3, pp. 133–145, 2008.
H. Park, R. Bhalla, R. Saigal et al., “Eﬀects of electrical stimulation in C2C12 muscle constructs,” Journal of Tissue Engineering and Regenerative Medicine, vol. 2, no. 5, pp. 279–287, 2008.
K. Donnelly, A. Khodabukus, A. Philp, L. Deldicque, R. G.
Dennis, and K. Baar, “A novel bioreactor for stimulating skeletal muscle in vitro,” Tissue Engineering Part C: Methods,
vol. 16, no. 4, pp. 711–718, 2010.
D. Yaﬀe and O. Saxel, “Serial passaging and diﬀerentiation of
myogenic cells isolated from dystrophic mouse muscle,”
Nature, vol. 270, no. 5639, pp. 725–727, 1977.
Y. Akiyama, R. Terada, M. Hashimoto, T. Hoshino,
Y. Furukawa, and K. Morishima, “Rod-shaped tissue engineered skeletal muscle with artiﬁcial anchors to utilize as a
bio-actuator,” Journal of Biomechanical Science and Engineering, vol. 5, no. 3, pp. 236–244, 2010.
J. Bronzino, Ed., The Biomedical Engineering Handbook 2,
vol. 2CRC Press, Second edition, 1999.
C. Rhim, C. S. Cheng, W. E. Kraus, and G. A. Truskey, “Eﬀect of
microRNA modulation on bioartiﬁcial muscle function,” Tissue Engineering. Part A, vol. 16, no. 12, pp. 3589–3597, 2010.
S. Takagi, T. Nakamura, and T. Fujisato, “Eﬀect of heat stress
on contractility of tissue-engineered artiﬁcial skeletal muscle,”
Journal of Artiﬁcial Organs, vol. 21, no. 2, pp. 207–214, 2018.
P. Lorenzon, A. Giovannelli, D. Ragozzino, F. Eusebi, and
F. Ruzzier, “Spontaneous and repetitive calcium transients in

12

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

Cyborg and Bionic Systems
C2C12 mouse myotubes during in vitro myogenesis,” European Journal of Neuroscience, vol. 9, no. 4, pp. 800–808, 1997.
M. Sciancalepore, R. Afzalov, V. Buzzin, M. Jurdana,
P. Lorenzon, and F. Ruzzier, “Intrinsic ionic conductances
mediate the spontaneous electrical activity of cultured mouse
myotubes,” Biochimica et Biophysica Acta (BBA) - Biomembranes, vol. 1720, pp. 117–124, 2005.
C. Rommel, S. C. Bodine, B. A. Clarke et al., “Mediation of
IGF-1-induced skeletal myotube hypertrophy by PI (3)
K/Akt/mTOR and PI (3) K/Akt/GSK3 pathways,” Nature Cell
Biology, vol. 3, no. 11, pp. 1009–1013, 2001.
M. Sato, A. Ito, Y. Kawabe, E. Nagamori, and M. Kamihira,
“Enhanced contractile force generation by artiﬁcial skeletal
muscle tissues using IGF-I gene-engineered myoblast cells,”
Journal of Bioscience and Bioengineering, vol. 112, no. 3,
pp. 273–278, 2011.
S. Mader and M. Windelspecht, Human Biology, McGraw-Hill
Education, New York, NY, 12th edition, 2011.
Y. Manabe, S. Miyatake, M. Takagi et al., “Characterization of
an acute muscle contraction model using cultured C2C12
myotubes,” PLoS One, vol. 7, no. 12, article e52592, 2012.
A. Khodabukus and K. Baar, “Deﬁned electrical stimulation
emphasizing excitability for the development and testing of
engineered skeletal muscle,” Tissue Engineering Part C:
Methods, vol. 18, pp. 349–357, 2012.
A. Khodabukus, L. Madden, N. K. Prabhu et al., “Electrical
stimulation increases hypertrophy and metabolic ﬂux in
tissue-engineered human skeletal muscle,” Biomaterials,
vol. 198, pp. 259–269, 2019.
M. Juhas and N. Bursac, “Roles of adherent myogenic cells and
dynamic culture in engineered muscle function and maintenance of satellite cells,” Biomaterials, vol. 35, no. 35,
pp. 9438–9446, 2014.
T. L. Place, F. E. Domann, and A. J. Case, “Limitations of oxygen delivery to cells in culture: an underappreciated problem
in basic and translational research,” Free Radical Biology and
Medicine, vol. 113, pp. 311–322, 2017.
K. Ikeda, A. Ito, M. Sato, S. Kanno, Y. Kawabe, and
M. Kamihira, “Eﬀects of heat stimulation and l-ascorbic acid
2-phosphate supplementation on myogenic diﬀerentiation of
artiﬁcial skeletal muscle tissue constructs,” Journal of Tissue
Engineering and Regenerative Medicine, vol. 11, no. 5,
pp. 1322–1331, 2017.
G. Candiani, S. A. Riboldi, N. Sadr et al., “Cyclic mechanical
stimulation favors myosin heavy chain accumulation in engineered skeletal muscle constructs,” Journal of Applied Biomaterials & Biomechanics, vol. 8, pp. 68–75, 2010.

