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Cultured muscle tissue serves as a power source in biohybrid robots that demonstrate diverse motions. However,
current designs typically only drive simple substrates on a small scale, limiting flexibility and controllability. To
address this, we proposed a biohybrid hand with multijointed fingers powered by multiple muscle tissue actua-
tors (MuMuTAs), bundles of thin muscle tissues. The MuMuTA can provide linear actuation with high contractile
force (~8 millinewtons) and high contractile length (~4 millimeters), which can be converted into the flexion of
multijointed fingers by a cable-driven mechanism. We successfully powered the biohybrid hand achieving indi-
vidual control of fingers and a variety of motions using different signaling controls. This study showcases the
potential of MuMuTAs as a driving source for advanced biohybrid robotics.

INTRODUCTION

Skeletal muscles act as natural actuators to enable the fine and flexible
actions of animal bodies (1). To mimic muscle-driven movements, bio-
hybrid robots composed of muscles and artificial materials have been
developed. Advances in bioengineering technology allow the creation of
cultured muscle tissue (2-6) with a longer life span than that of excised
muscle (7) because cultured tissue can obtain nutrients from the culture
medium. This cultured muscle tissue can be used as a power source in a
biohybrid robot incorporating a rigid skeleton with joints (8), a flexible
rubber substrate (9-16), a paper substrate (17), and a combination of
rigid skeletons and soft parts (18-21). Muscle contractions enable bio-
hybrid robots to perform motions, such as moving in a dish (11, 12),
swimming (9, 17), bipedal walking (18), manipulating objects (8, 10, 19),
and multi-degree-of-freedom actuation (20). However, previous bio-
hybrid robots have generally been only a few centimeters in size and
featured simple structures with a single joint or hinge (22), making it
impossible to move larger structures. Moving larger structures, such as a
human hand with multiple joints, requires muscle tissue actuators with
greater force and displacement capabilities. High contractile length can
be achieved using longer muscle tissue because contractile length is
dependent on muscle length (23). Although conventional studies have
shown that muscle contractile force is proportional to the cross-sectional
area (24), excessively thick muscle tissue suffers from necrosis because of
insufficient nutrient and oxygen delivery (25). In addition, thinner
muscle tissues have better muscle fiber orientation (26), improving
contractile performance. Therefore, the accumulation of multiple
thin and long muscle tissues can provide biohybrid actuators with high
contractile force and high contractile length.

In this study, inspired by the living muscle structure, an aggregate of
muscle fascicles that are bundles of myofibers (27), we proposed
bundling several thin strands of muscle tissues to form a multiple
muscle tissue actuator (MuMuTA). The MuMuTA contraction gener-
ates high contractile force, and the high orientation of myotubes in thin
muscle tissues increases overall contractile length. These features make
MuMuTAs a suitable power source for a larger-scale (>10 cm) artificial
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robot hand. Using a cable-driven mechanism, the linear actuation of a
MuMuTA can be converted into the rotation of multiple joints in the
fingers, thus achieving a biohybrid hand driven by muscle contractions.
It is important to note that previous biohybrid robots have generally
been around a few centimeters in size, making it impossible to move
larger structures. The high output performance of the MuMuTA
allowed us to create larger biohybrid robots. Here, we developed an
18-cm biohybrid hand powered by MuMuTAs and demonstrated
that the biohybrid hand can selectively move each finger and manipu-
late objects.

RESULTS
Construction of a biohybrid hand powered by MuMuTAs
The biohybrid hand with five biohybrid fingers operated in the culture
medium (Fig. 1A and fig. S1). Each biohybrid finger had a multijointed
finger skeleton and a MuMuTA connected by a tendon-like structure.
MuMuTAs were mounted on the forearm part of a hand substrate, with
a pair of gold electrodes diagonally inserted on both sides of each
MuMuTA. Glass slides placed outside the electrodes acted as walls to
limit the electric field’s diffusion. The MuMuTA comprised multiple
thin human skeletal muscle tissues and a pair of anchor holders (Fig.
1B). The anchor holder was formed by connecting 3D-printed parts
with a flexible ribbon (fig. S2), and the anchors at the ends of muscle
tissues were immobilized on the pair of anchor holders to form a mul-
tiple muscle tissue sheet (MuMuSheet). Therefore, by rolling up the
MuMusSheet like a sushi roll and inserting two rods to maintain the
shape, we succeeded in the construction of the MuMuTA (Fig. 1C).
One end of the MuMuTA was fixed, and a float was attached to the
other end, keeping the contraction direction parallel to the liquid sur-
face. When electrically stimulated, the MuMuTA contracted, pulling
the tendon-like structure attached to the fingertip and bending the
finger (Fig. 1D). Despite slight variations in size, each biohybrid finger
shared the above configuration and driving principle, mimicking a
simplified human tendon-driven structure (28). As a result of mount-
ing five biohybrid fingers on the hand substrate, the preparation of the
biohybrid hand was achieved (Fig. 1E).

Characteristics of human skeletal muscle tissue
We constructed muscle tissues in polydimethylsiloxane (PDMS) molds
and cultured them on a flat culture platform called the MuMuTA

10of 11

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq


mailto:takeuchi@​hybrid.​t.​u-tokyo.​ac.​jp
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscirobotics.adr5512&domain=pdf&date_stamp=2025-02-12

SCIENCE ROBOTICS | RESEARCH ARTICLE

A
Glass wall
Tendon-like structure
Multi-jointed
finger skeleton
B D

Anchor holder sheet

Skeletal muscle tissue

MuMuSheet

Culture

MuMuTA culture
platform

g "\ Culture
\ = )base Roll

Anchor holder

Anchor

Float

MuMuTA

AN

Electrode Hand substrate
Guide for Float
) oa
tendon-like Tendon-like / MuMUTA
structure structure
9 o o
s00 oo®
Fixed on l o o
the finger i
1
' Contract
e -—
H I ) o
— @00 o0®
; l o o]
I
1

Flexion (

Fig. 1. Construction of a biohybrid hand powered by MuMuTAs. (A) Conceptual illustration of the biohybrid hand. (B) Construction of a MuMuTA composed of a pair of
anchor holders arranged in parallel with eight muscle tissues from a MuMuSheet. Rolling the MuMuSheet up formed a MuMuTA. (C) Image of a MuMUTA. Rolled anchor holders
are fixed. Eight muscle tissues stay parallel with each other between the anchor holders. Scale bar, 5 mm. (D) Conceptual diagram of the MuMuTA driving finger bending
through a cable-driven mechanism. (E) Image of the biohybrid hand. Each electrode links to a waterproof cable to receive electrical stimulation. Scale bar, 1 cm.

culture platform. To investigate the characteristics of the muscle tissues
in the MuMuTA, we evaluated their morphology and contractile per-
formance. During the culture process, tissue diameter decreased (Fig.
2A), indicating the increase in cell density by the fusion of myoblasts
and the successful formation of muscle tissue in our culture process. In
addition, immunostaining of the muscle tissues after 8 days of culture
revealed striped patterns of a-actinin and actin in the myotubes (Fig.
2B), confirming the formation of sarcomeres, contractile elements of
myotubes (29). Furthermore, standardized brightness values were cal-
culated with a high-speed Fourier transform for actin-stained images
to estimate the distribution of myotubes (26, 30, 31), showing that the
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myotubes were oriented roughly in the same direction (Fig. 2C). These
results indicate that muscle tissues with mature and aligned myotubes
can be formed with our methods.

As the evaluation for the contractile performance of muscle tissue,
we investigated how contractile force changes with culture period, tis-
sue length, and electrical stimulation conditions. As a result, the con-
tractile force was greater in the 8-day culture compared with the
12-day and 16-day cultures, and it became even greater by the 20-day
culture (Fig. 2D). We speculate that the muscle tissues reached a cer-
tain degree of maturity by day 8, with progressive maturation continu-
ing until day 20. Given the lack of a significant difference in contractile
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Fig. 2. Evaluation of muscle tissues constructed and cultured on our devices. (A) Microscopic images of human skeletal muscle tissue. At day 0, the tissue was inside the PDMS
mold. At day 8, the tissue was on the MuMUTA culture platform. Scale bars, 1 mm. (B) Immunostaining images of muscle tissues. Red, a-actinin; green, F-actin; blue, cell nuclei. Scale
bars, 20 pm. (C) Directional distribution of brightness of muscle fibers in the muscle tissue shown in the immunostaining image [(B), ii] calculated by fast Fourier transform.
(D) Contractile force characteristics of different muscle tissues (n > 3) at different culture days. Significance was determined with the Tukey’s post hoc test (**P < 0.01; ***P < 0.001).
(E) Force-length relationship of different muscle tissues (n = 3). (F) Changes in contractile force of different muscle tissues (n = 3) under different stimulation durations.
(G) Changes in contractile force of different muscle tissues (n = 3) under different voltages of electrical pulses. (H) Schematic representation of the dimensions of five kinds of
muscle tissues. (I) Contractile lengths of different muscle tissues (n = 3) with different dimensions. (J) Values of the contractile force per unit cross-sectional area of different tissues
(n = 3) with different dimensions. (K) Cross-sectional images of muscle tissues stained with H&E. Scale bars, 100 pm. Data represent means + SD.

force between the 8-day and 20-day cultures, we chose the 8-day cul-  exhibited a length-force relationship similar to that of living muscle
ture for its shorter production time. Moreover, the maximum contrac-  (32). In addition, the contractile force increased with the duration and
tile force was generated when the muscle tissues were stretched to  voltage of electrical stimulation, saturating at 600 ms and 1.5 V/mm,
5% of their length, with the elastic force gradually increasing with  respectively (Fig. 2, F and G), similar to the changes in contractile
further stretching (Fig. 2E). This suggests that our muscle tissues  force relative to electrical pulses seen in conventional muscle tissues
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(33, 34). These results also suggest that the contractile force can be
modulated by adjusting the parameters of electrical stimulation.

To investigate whether high-voltage stimulation would damage
the muscle tissues and decrease contractile performance, we con-
tinuously applied 2-ms electrical pulses at 1.5 V/mm for 600 ms ev-
ery 3 s to the muscle tissues. Initially, the contractile force increased
slightly within the first minute, followed by a gradual decline. After
10 min, the contractile force became ~90% of the initial value (fig.
S3A). However, after resting the muscle tissues for 1 hour and then
reapplying electrical stimulation, the contractile force recovered to
the initial value (fig. S3B). In living muscles, the reversible decline in
performance during activity with recovery that mostly happens in
the first hour is usually defined as muscle fatigue (35). Therefore, the
results above indicate that continuous high-voltage stimulation only
leads to muscle fatigue without substantial tissue damage. In addi-
tion, from periodic measurements of the contractile distance under
electrical stimulation of the long-term cultured muscle tissues, we
confirmed that, although the muscle tissue can contract up to day
178 of culture, the contractility gradually decreased (fig. S4). This
result indicates that the incubation period of 1 to 3 weeks is appro-
priate for the muscle tissue. Moreover, although the contractile force
of muscle tissue decreased by about half at a lower temperature
(4°C), the muscle still maintained contractile force in room tem-
perature (26°C) medium as it did in 37°C medium (fig. S5), suggest-
ing that muscle tissue is available in the laboratory for short periods.

We hypothesized that a MuMuTA would outperform a single
thicker muscle tissue of equivalent total cross-sectional area. To
validate this, we created five types of muscle tissues with widths of
1.5,2, 3,4, and 5 mm, all of the same length and thickness (Fig. 2H).
Their contractile lengths during the electrical stimulation were
compared, revealing that thinner muscle tissue exhibited a greater
contractile length (Fig. 2I). Furthermore, we measured the contrac-
tile forces of these tissues and calculated the contractile force per
unit cross-sectional area using the measured cross-sectional area
from optical coherence tomography (OCT) imaging (fig. S6). The
contractile force per unit cross-sectional area increased as the muscle
tissue became thinner (Fig. 2]). The results suggest that a muscle
bundle composed of thinner muscle tissues will exhibit greater con-
tractile force and contractile length compared with a single thicker
muscle tissue. In addition, we observed the cross-sectional view
of these five types of tissues after hematoxylin and eosin (H&E)
staining and did not find any notable necrosis or changes in cell den-
sity (Fig. 2K).

Driving properties of MuMuTAs

We varied culture methods, the number of muscle tissues, and elec-
trical stimulation conditions to investigate the contractile perfor-
mance of MuMuTAs. Given that MuMuTAs were formed by rolling
a MuMusSheet into a three-dimensional (3D) structure, it was trans-
formable between a sheet-like configuration and a rolled 3D form.
To assess the benefits of this structural transformation, we com-
pared two culture methods: “in-sheet” culture, where the MuMuSheet
was rolled before being used as a MuMuTA after culturing on the
MuMuTA culture platform, and “in-bundle” culture, where the
MuMuSheet was rolled and cultured in the rolled form. Measure-
ment of contractile forces showed that MuMuTAs from the in-sheet
culture exhibited stronger contractile force than those from the
in-bundle culture (Fig. 3A). This result suggests that the in-sheet
culture supports better muscle tissue growth with sufficient oxygen
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and nutrient supply because all muscle tissues have the same short
distance from the liquid surface. In the case of the in-bundle culture,
the liquid level was higher than that of the in-sheet culture to cover
all muscle tissues. Because the concentration of oxygen decreases as
the depth of the culture liquid deepens (36, 37), the muscle tissues
on the lower side did not get the same sufficient oxygen, leading to a
larger individual difference in muscle tissues and a decrease in the
overall contractile force of the MuMuTA.

The design of the MuMuTA allowed an adjustable incorporation
of up to eight muscle tissues. We measured the overall contractile
force according to the tissue number in the MuMuTA. Increasing the
tissue number enhanced the contractile force of the MuMuTA
(Fig. 3B), demonstrating the possibility of controlling the overall
output force of the MuMuTA by adjusting the tissue number. In
addition, variations in electrical stimulations also affected the con-
tractile performance of the MuMuTA. The contractile force of the
MuMuTA increased with the increase in the duration and voltage
of electrical pulses, reaching ~8 mN as the near saturation value at
600-ms duration and 1.5-V/mm electric field (Fig. 3, C and D), and
maintained its maximum contractile force for ~30 min of continuous
operation (fig. S7). Moreover, to investigate the relationship between
contractile length and electrical stimulations, we placed electrodes
diagonally on the sides of the vertically suspended MuMuTA to
stimulate it (fig. S8) and measured the distance traveled at the bottom
of the MuMuTA (Fig. 3E). The contractile length of the MuMuTA
increased with the voltage, reaching ~4 mm at 1.5 V/mm (Fig. 3F).
These results demonstrate that the MuMuTA can control the con-
tractile force within a relatively larger range than single muscle tissue.
Unlike a single tissue whose contraction can be regulated only by
electrical stimulation conditions, the overall output force of the
MuMuTA can be regulated by varying the number of muscles, thus
providing control with more gradients.

Moreover, the MuMuTA achieved partial contraction through
selective stimulation, providing three-degrees-of-freedom (3-DOF)
actuation. We selectively stimulated the muscle tissues within the
vertically suspended MuMuTA by controlling the position of the
electrodes. The MuMuTA succeeded in rotations of its bottom part
in the roll and pitch directions, as well as vertical movements (fig. S9
and movie S1). Given that only vertical movements were required to
actuate biohybrid fingers, the electrodes were aligned to the long
axis of the muscle tissues to ensure uniform stimulation of each
muscle tissue in the MuMuTA.

Performance of a biohybrid finger powered by a MuMuTA
Before assembling the biohybrid hand, we tested the performance of
single biohybrid fingers. The contraction of a MuMuTA aroused by
the electrical stimulation pulled the tendon-like structure and caused
finger flexion (Fig. 4A). By tracking the angle changes at each joint, we
confirmed that the first, second, and third joints of the finger sequen-
tially rotated and reached angles ranging from 20° to 60° (Fig. 4B and
fig. S10A). The total rotation angle sum of the three joints reached
~130°, and the angular velocity was up to nearly 500°/s for a single
joint (fig. S10B). This result demonstrates that the MuMuTA has
sufficient contractile force and length to overcome friction and enable
effective cable-driven actuation.

Furthermore, we investigated the changes in the total angle (sum
of the angles of the three joints) of biohybrid fingers at different
voltages (Fig. 4C). The peak total angle during the actuation
increased with higher voltage, showing the controllability of
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Fig. 4. Performance evaluation of a biohybrid finger driven by a MuMuTA. (A) Image of a biohybrid finger before and after applying electrical stimulation. Scale bars,
5 mm. (B) Angular changes in joints over time. The rotation angle represents the change in joint angles, and “total” indicates the sum of the three joints. The rotation angles
are zero in the initial state before the actuation of the MuMUTA. (C) Variation in the peak total angle (Btal = 01 + 0, + 053) of different biohybrid fingers (n = 3) during elec-
trical stimulation under different voltages. (D) Changes in the peak total angle of different fingers (n = 3) relative to having only one muscle tissue when the number of
muscle tissues within the MuMUTA was altered. Data represent means + SD.

biohybrid finger motions via muscle contractions. In addition, the MuMuTA with only three muscle tissues can already provide
when the MuMuTA had only one muscle tissue, the finger hardly sufficient contractile force to overcome joint friction and allow the
rotated (Fig. 4D). With two muscle tissues, the finger could reach  finger to reach an angle close to the maximum angle. The revers-
only 40% of the maximum angle when driven by the MuMuTA with  ibility and repeatability of the finger rotation depended on the peak
eight muscle tissues. On the other hand, when the MuMuTA had total angle reached during the actuation (fig. S10, C and D). When
three or more muscle tissues, its contractions achieved the rotation  the finger rotated back slightly because of buoyancy after one stim-
of the finger with a nearly maximum angle. The result suggests that  ulation, the finger could still reach a similar angle as the first
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stimulation during subsequent stimulations (fig. S10E). These re-
sults indicate that the MuMuTAs have suitable drive characteristics
for continuous finger movements.

Performance of the biohybrid hand with five fingers

Applying electrical pulses to all MuMuTAs induced all fingers to flex
simultaneously (Fig. 5, A to C, and movie S2). Stimulating only a
specific MuMuTA caused the corresponding finger to bend indi-
vidually with minimal influence on other fingers (Fig. 5D and
movie S3). Using these driving characteristics, we applied electrical
stimulation sequentially at 500-ms intervals from the little finger to
the thumb, resulting in sequential finger flexion (Fig. 5E and movie
S4). These results demonstrate the ability to individually operate the
fingers of the biohybrid hand, enabling complex movements. Simu-
lating the electric field distribution with and without glass walls at

the forearm part confirmed that the glass walls effectively con-
tributed to individual finger operation (figs. S11 and S12). To demon-
strate the capabilities of the biohybrid hand, we simultaneously
activated the little finger, ring finger, and thumb, causing the biohy-
brid hand to form a scissors gesture (Fig. 5F and movie S5). More-
over, the biohybrid hand not only could perform complex postures
but also could manipulate objects. We placed a pipette tip under the
fingers in the initial position of the biohybrid hand and applied the
electrical stimulation to all MuMuTAs. The flexion of the fingers
caused the tip to move, demonstrating that the biohybrid hand has
an object-manipulating ability (Fig. 5G and movie S6). These abili-
ties to flex multijointed fingers, control each finger separately, and
manipulate objects make it possible for our biohybrid hand to real-
ize many complex movements, thus contributing to the mimicry
of a living hand.
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Fig. 5. Performance evaluation of the biohybrid hand driven by MuMuTAs. (A and B) (A) Top view images and (B) side view images of the biohybrid hand before and
after simultaneously stimulating five MuMuTAs. Scale bars, 1 cm. (€) Changes in fingertip displacement and total rotation angles of the five fingers when simultaneously
stimulating five MuMuTAs. (D) State of the biohybrid hand after individually stimulating each MuMuTA. From left to right, each MuMUTA corresponding to the thumb to
the little finger was individually stimulated. Scale bars, 1 cm. (E) Changes in fingertip displacement and total rotation angle of the five fingers when sequentially activating
the corresponding MuMuTA from the little finger to the thumb. (F) Top view and side view images of the biohybrid hand performing a scissors gesture when simultane-
ously stimulating the thumb, ring finger, and little finger. Scale bars, 1 cm. (G) Manipulation of the tip with the biohybrid hand when simultaneously stimulating all

MuMuTAs. The tip moves under the influence of finger flexion. Scale bars, 1 cm.
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DISCUSSION

This study proposed the MuMuTA composed of multiple skeletal
muscle tissues. Using the MuMuTA, we successfully implemented a
cable-driven mechanism to bend a multijointed finger through muscle
contraction. We finely controlled the rotation of the finger by adjusting
the output force of the MuMuTA. In addition, we demonstrated the
drive of a biohybrid hand with five fingers, enabling the individual
control of fingers and the manipulation of objects. These results show
that the MuMuTA has sufficient contractile force and length to drive
a multilink mechanism and can control the output within a relatively
large range.

The sushi roll-like method for MuMuTA allowed multiple muscle
tissues to be cultured in a sheet form, generating better contractility than
that of muscle tissue cultured in a bundle form. This method allowed the
MuMuTA to be formed from the MuMuSheet just before use and to be
returned to the MuMuSheet after use, avoiding the culture in the bundle
form that causes the degradation of contractility. In addition, fur-
ther improvements in the contractility of the MuMuTA can be
expected. The current MuMuTA can contain eight skeletal muscle
tissues; however, by increasing the density of the tissue arrange-
ment, more muscle tissues could be included in the same space, allow-
ing larger contractile force to be generated from the same size
MuMuTA. Furthermore, by increasing the number and length of
muscle tissues, along with corresponding upgrades to the design of the
anchor holder, a larger and more powerful MuMuTA could potentially
be realized. However, certain practical factors, such as the number
of cells required and the size of the culture space, may limit the further
scaling up of MuMuTAs.

There is room for improvement in the construction of the biohybrid
hand. Now, the float keeps the MuMuTA’s contractile movements paral-
lel to the liquid surface without friction but only in the horizontal direc-
tion. Once guides are mounted to the anchor holders and MuMuTAs
can exert enough contractile force to ignore the friction of the guides,
the biohybrid hand facing in any direction can be usable in the future.
In addition, the current fingers are difficult to return to their initial po-
sition after being stimulated once because the restoring force is only
provided by buoyancy. To achieve continuous movements of the biohy-
brid hand, it is essential to enable the fingers to return to their initial
positions after electrical stimulation automatically. To solve this issue,
an elastic material opposing the motion controlled by the MuMuTA
needs to be introduced. Ideally, this elastic material should provide
minimal resistance during MuMuTA contraction and sufficient re-
storing force for returning the finger to its original position during
MuMuTA relaxation. However, finding a suitable elastic material and
designing such a system may pose challenges. Another approach in-
volves introducing five additional MuMuTAs that act in opposition to
the existing ones, like the finger extensor apparatus in human hands
(38). Connecting these opposing MuMuTAs to the back of the fingers
makes it possible to straighten the fingers by contracting the opposing
MuMuTAs. Moreover, improving the contractility of the muscle tissues
in the MuMuTA is crucial. Although the contractile force per unit area
of our cultured muscle (0.7 mN/mm?) is still lower than that of living
muscle, such as the 6 mN/mm? observed in 12- to 15-week-old fetal
muscle (39), it is expected that the contractility can be enhanced
through physical training (40) and the addition of growth-promoting
chemical factors (41). In addition, to make our biohybrid hand more
similar to a human hand, lateral movement of the fingers also needs to
be achieved. By replacing the third joint of the finger with a ball joint
and introducing some mechanical design for using the 3-DOF motion
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of the MuMuTA, the finger could rotate laterally. These future modifi-
cations will allow actions like pinching a pencil between two fingers.

Together, these findings show that the MuMuTA serves as an
effective driving source for biohybrid robots and holds notable
potential in biohybrid robotics, providing substantial contractile
force and length and serving as an in vitro dynamic model for muscle
contractions. This successful development marks a milestone for
advancing large-scale biohybrid robots. Until now, muscle-driven
robots have been limited to small sizes with simple structures. One
major goal of biohybrid robots is to mimic biological systems, which
necessitates scaling up their size and achieving high power output and
major actuation. The key achievement lies in creating actuators from
bundled thin muscle tissues that can survive long term without necro-
sis while producing substantial power and displacement. This design
principle will enable the construction of larger and more complex
robots in the future. In addition, the use of human myoblasts in the
MuMuTA suggests its potential as a drug-testing model using con-
tractility as an evaluation index (42-44) and a dynamically exercis-
able model coculturing with motor neurons (45-47). Therefore, we
believe the MuMuTA and the biohybrid hand will be valuable tools
across various applications, from engineering to medicine.

MATERIALS AND METHODS

Cell preparation

The cells used were prescreened human skeletal muscle cells (Cell
Applications Inc.) with fewer than three passages. We cultured the myo-
blasts in skeletal muscle cell growth medium-2 (SkGM-2, Lonza) at
37°Cin a 5% CO, atmosphere. After cell proliferation, we peeled off the
cells in the following process for single-cell suspensions (2 x 10° to
~4 X 10” cells/ml). After removing the growth medium from the petri
dishes, we washed the adherent cells twice with phosphate-buffered
saline (-) [PBS (-)]. Each petri dish was filled with 1 ml of trypsin-EDTA
and placed in the incubator for 3 min. After the cells were detached, we
added 9 ml of growth medium to each petri dish. The cell suspension
was homogenized by pipetting and transferred to a centrifuge tube.

Fabrication of the anchor holder

The parts of the anchor holder were fabricated with a stereolithog-
raphy machine (DigitalWax 028], Sea Force Co. Ltd.). We deposited
a 2-pm-thick layer of parylene C on the surface of the parts to improve
their biocompatibility and a 5-pm-thick layer on a glass plate to make
the parylene sheet using a chemical vapor deposition machine (SCS
PDS 2010 Labcoter, Specialty Coating Systems Inc.). For the parylene
sheet to wrap around and hold the parts of the anchor holder without
breaking, a distance between the parts of the anchor holder was needed
according to their thickness (fig. S2B). On the basis of microscope
photographs (fig. S2C), we set up a 450-pm distance between the parts
(fig. S2D). We applied a liquid photopolymer (Norland Optical
Adhesive 63) between the parts and a parylene sheet cut from the glass
plate and cured the liquid photopolymer with a laser machine (UV-400,
Keyence Corp.). Two micrometers of parylene C was deposited
again on the surface of the connected part to prevent the photopolymer
from making direct contact with the culture medium and to make
the connections stronger.

Formation and culture of multiple muscle tissues
As the culture device for human skeletal muscle tissues, we fabricated
the anchors with a 3D printer (microArch S140, BMF) and deposited
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2 pm of parylene C and fibronectin (0.1 mg/ml in PBS) on the sur-
face of the anchors. In addition, we shaped PDMS molds in resin
casts fabricated with a 3D printer (Agilista, Keyence Corp.). To pre-
vent the cells and the hydrogel from adhering to the PDMS molds,
we coated the PDMS molds using 2-methacryloyloxyethyl phos-
phorylcholine polymer solution (0.5 wt % Lipidure-CM5206 in 99%
ethanol) and bovine serum albumin (BSA) solution (1% BSA in
PBS). All devices were ultraviolet and ozone sterilized and washed
three times with PBS before the experiments.

We embedded the anchors inside the PDMS molds (fig. S13A) and
poured hydrogel solution into the molds (fig. S13B). The hydrogel
solution was composed of Matrigel, the growth medium, fibrinogen,
thrombin, and myoblasts (1.5 x 10’ cells/ml). We put the samples into
the incubator for 30 min to gel the hydrogel (fig. S13C) and cultured
striped structures of myoblast-laden hydrogel in the growth medium
with 1% amino caproic acid (ACA) for 2 days (fig. S13D).

The MuMuTA culture platform was composed of a PDMS base
(fabricated with the same method as the PDMS mold), a pair of
anchor holders, and a 3D-printed stopper (formed with Agilista
printer) to fix the anchor holders. We assembled the devices in the
petri dish and put differentiation medium composed of Dulbecco’s
modified Eagle’s medium (DMEM) (low glucose) with 1% ACA,
2% horse serum, penicillin (100 U/ml), streptomycin (100 pg/ml),
recombinant human IGF-1 (insulin-like growth factor 1) (10 ng/ml;
PeproTech), and 5 pM SB431542 (Cayman Chemical) in the dish.
Then, we moved the striped structures of myoblast-laden hydrogel
from the PDMS molds to the MuMuTA culture platform (fig. S13E)
and cultured them in the incubator to form the muscle tissues
(fig. S13F).

Immunostaining

To examine the maturity and orientation of muscle fibers, we fixed the
muscle tissues and stained a-actinin, cytoskeleton (F-actin), and cell
nuclei. In the immunostaining a-actinin, the reagents used were a pri-
mary antibody (monoclonal anti-a-actinin antibody, Sigma-Aldrich)
and a secondary antibody (goat anti-mouse immunoglobulin Alexa
Fluor 568, Thermo Fisher Scientific). F-actin was stained with phal-
loidin (Alexa Fluor 488, Thermo Fisher Scientific). Cell nuclei were
stained with DAPI (4,6-diamidino-2-phenylindole, Invitrogen).

For the staining, muscle tissues were washed three times with PBS
to remove the serum component. Then, they were fixed by adding
4% paraformaldehyde (PFA) and left at room temperature for 20 min.
After the tissues were washed three times with PBS, 0.3% Triton
X-100 was added for 20 min at room temperature to facilitate cell
permeabilization. They were then washed three times with PBS. Next,
the tissues were blocked by adding 2.5% BSA and left overnight at
4°C. The tissues were cultured with the primary antibody and phal-
loidin overnight at 4°C (primary antibody was used at a 1/1000 dilu-
tion, and phalloidin was used at a 1/500 dilution). After washing the
samples three times with PBS, we added the secondary antibody and
left them at room temperature for 105 min. Then, DAPI (1 pg/ml)
was added, and the samples were left for 15 min, followed by washing
three times with PBS.

Cross-sectional image of muscle tissues

To observe the cross section of muscle tissues and assess the extent
of necrosis, we prepared tissue sections and visualized them by an H&E
staining method. After fixing the muscle tissues using the same method
mentioned above, we sequentially immersed the tissues overnight
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subsequentially in 30, 50, and 70% sucrose solutions at 4°C. Next, the
tissues were frozen using liquid nitrogen after being soaked in an
optional cutting temperature compound (OCT compound, Sakura
Finetek Japan Co. Ltd.) overnight. Tissue sections with a thickness
of 8 pm were obtained using a cryostat (NX50, Thermo Fisher Scien-
tific) and attached to glass slides (MAS coated glass slide, Matsunami
Glass Ind. Ltd.). The sections were then subjected to H&E staining.
First, the glass slides were immersed in water for 5 min twice to remove
the OCT compound. Then, they were immersed in hematoxylin for
5 min, followed by a 5-min rinse in water to remove excess hema-
toxylin. Afterward, the sections were immersed in eosin for 5 min,
followed by three rinses in ethanol for washing and three 5-min rinses
in xylene. Mounting medium [Organo (Limonene) Mount, Immuno-
BioScience Corp.] was applied to each glass slide, and a cover glass
was placed on top. The mounting medium was allowed to diffuse
naturally. The stained tissue sections were observed under a micro-
scope (THUNDER Imaging Systems, Leica Microsystems). In the case
of imaging the cross section of the muscle tissues without their
fixation using PFA, we used an OCT machine (IVS-2000-HR-6, Santec
OIS Corporation).

Construction of the MuMuTA

During the rolling process of constructing the MuMuTA (fig. S13G),
to roll the pair of anchor holders together, we stuck rectangular glass
sticks simultaneously in the U-shaped part of each anchor holder. Then,
we mounted a pair of disks with a square hole in the center on the sides
of the rectangular glass stick so that we could turn the disks to roll the
rectangular glass stick, allowing the MuMuSheet to be rolled. These
auxiliary tools helped us roll the pair of anchor holders simultaneously
and avoid direct contact with anchor holders or muscle tissues to reduce
the risk of contamination. After the rolling process, we pulled out
the rectangular glass stick from the side of the anchor holder and fixed the
rolled-up MuMuSheet by thrusting two 3D-printed rods (fabricated
by DigitalWax printer) into the side holes of the rolled-up anchor
holders. Last, the MuMuTA was constructed.

Muscle tissue type and electrical stimulation condition

The muscle tissues constructed with a cross section of 4 mm by
1.5 mm (“tissue d” shown in Fig. 2H) were primarily used in this
study, except in the experiments for the comparison of the MuMuTA
culture methods, the 3-DOF actuation, and the long-term culture
of the muscle tissue. In these experiments, tissues constructed
with a cross section of 1.5 mm by 1.5 mm (“tissue a” shown in Fig.
2H) were used.

In all experiments, gold wires with a diameter of 1 mm were used as
electrodes, but the condition of the electrodes varied depending on
the experiment. In the force-sensing experiment and the experiment of
powering the biohybrid finger, the gold electrodes were put directly into
the culture medium. In the experiment of powering the biohybrid hand,
we connected 10-mm gold electrodes to red conductive wires with a
conductive adhesive (Dotite D-723S, FUJIKURA KASEI Co. Ltd.)
and then waterproofed the wires by covering them with silicon
tubes. In the experiment for contractile length measurement and the
3-DOF actuation, we wrapped the gold wires with parafilm to create
insulating parts, allowing only 3 and 10 mm for each experiment,
respectively, at the end of the gold wires to be exposed to the culture
medium as an electrode.

We used alternating positive and negative electrical pulses as a
basic signal to stimulate the muscle tissues. The muscle tissue
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condition and the parameters of electrical stimulation are shown in
table S1.

Force sensing of the single muscle tissue and the MuMuTA
We assembled a force-sensing system (fig. S14A) for both single muscle
tissues (fig. S14B) and MuMuTAs (fig. S14C). The devices used for
electrical stimulation included a function generator (Agilent Tech-
nologies) to generate the electrical pulses, a high-speed bipolar amplifier
(HAS4101, NF Corporation) to amplify the signal, and gold electrodes
to stimulate the target sample. The devices used for measurement
included a force sensor (T131, TECH ALPHA), a capacitive gauge
(P210, TECH ALPHA), a data logger (NR-600, Keyence), and a
computer. In addition, we also prepared a 3D-printed reservoir and
an L-shaped arm (fabricated by Agilista printer).

The force sensor was turned on for 1 hour before the experiment
for preheating, and DMEM high glucose (Fujifilm) with 1% penicil-
lin/streptomycin was warmed and put into the reservoir. When the
target sample was electrically stimulated, it contracted and pulled
the L-shaped arm, thus pulling the sensing part of the force sensor
and causing a change in the internal electrical capacitance of the
force sensor. The contractile force of the sample was determined
from the variation in the output voltage waveform from the capaci-
tive gauge connected to the force sensor. To reduce error, we took
the average of the peak-to-peak values of the waveforms of five
cycles of stimulation as the final result. The elastic force was calcu-
lated by subtracting the measured output voltage without applying
electrical stimulation to the tissue from the initial value of the out-
put voltage taken by inserting an anchor without muscle tissue into
the L-shaped arm fixed on the force sensor.

In the experiment testing the contractile force depending on
temperature, we placed the medium in 37° and 30°C water baths,
a 26°C room temperature environment, and a 4°C refrigerated
environment for sufficient time to allow the medium to reach the
same temperature as its surroundings. After placing the medium
and the muscle tissue in the reservoir, we immediately measured
its contractile force.

For the MuMuTA durability test, we paused stimulation every
10 min, replaced the medium in the reservoir with fresh prewarmed
medium, and then continued stimulation. We took the average of
five peak-to-peak contractions at the start of stimulation as the con-
tractile force at 0 min. For the contractile forces at 10 to 90 min, we
averaged the five peak-to-peak values measured at the end of each
respective time interval.

Contractile length of the single muscle tissue and
the MuMuTA
To measure the contractile length, we hung the single muscle tis-
sue and the MuMuTA separately in a transparent culture medi-
um [DMEM (high glucose) with L-glutamine and Hepes, Fujifilm]
using 3D-printed shelves (fabricated by Agilista printer). We
hung one end of the samples on devices for fixing and allowed the
other end to hang freely under the influence of gravity. When the
electrical pulses were applied to the samples, the locomotion of
their free ends was recorded with a digital camera (Canon EOS
Kiss X10i). We tracked the motion of the free ends using analysis
software (VW-9000 MotionAnalyzer, Keyence) to obtain the mo-
tion trajectory and the contractile length.

In the long-term culture of the muscle tissues, their contractions
were recorded when electrical stimulations were applied. The above

Ren et al., Sci. Robot. 10, eadr5512 (2025) 12 February 2025

software was used to track the movement of reference points on the
muscle tissues, and the difference in distance from the initial posi-
tion was defined as the contractile distance.

Fabrication of the cable-driven robot fingers

The cable-driven robot finger consisted of a multijointed finger skel-
eton, a tendon-like structure, and a 3D-printed hanger (fabricated
with an Agilista printer). The finger skeletons were fabricated using
the BMF photolithography machine mentioned earlier (fig. S15A).
The finger skeletons had a hollow structure and a removable cap at
the tip of the finger, and guide rails for the tendon-like structure were
on the inner wall.

For the tendon-like structure of the finger, a 5-um-thick, 1-mm-wide
parylene sheet (the same fabrication methods of the parylene sheet
used in the anchor holder mentioned earlier) was used. One side
of the parylene sheet was attached to a glass capillary with an outer
diameter of 0.3 mm, and the other side was attached to the finger
cap (fig. S15B, i). The glass capillary was inserted into the finger
from the hole on the fingertip, thus allowing the parylene sheet
to pass through the hollow finger skeleton (fig. S15B, ii). Then,
we closed the cap to let the parylene sheet be positioned on the in-
ner side of the finger’s flexion. The parylene sheet was then removed
from the glass tube and attached to the hanger (fig. S15B, iii). Last,
we obtained the cable-driven robot finger (fig. S15C).

Assembly of the biohybrid finger and biohybrid hand

A biohybrid finger consisted of a cable-driven robot finger, a
MuMuTA, and a float (fig. S15D). We attached a styrene board to a
3D-printed part (fabricated by Agilista printer) that could be fixed
on the rolled anchor holder to make a float. We fixed one side of the
MuMuTA on a ring-shaped holder (3D-printed with an Agilista
printer) and hung the hanger of the robot finger onto the other side
of the MuMuTA. After setting the float on the anchor holder linked
to the robot finger, we adjusted the position of the ring-shaped hold-
er and the amount of the transparent culture medium to align the
MuMuTA and tendon-like structure to form a straight line, thereby
increasing the efficiency of using the actuation of the MuMuTA. A
pair of gold electrodes was placed diagonally on the sides of the
MuMuTA to apply the electrical stimulation.

A biohybrid hand consisted of five biohybrid fingers and a hand sub-
strate with a shape mimicking a human hand (fig. S15E, i). Each biohy-
brid finger was designed with a different position in the transparent
culture medium; thus, the length of the tendon-like structure and the
size of the float were different from each other (fig. S15E, ii). We assem-
bled the biohybrid hand in the same way as the biohybrid finger (fig.
S15F) and mounted the back of the hand after the fingers were fixed. We
placed glass walls on both sides of each MuMuTA to suppress the diftu-
sion of the electrical stimulation in the transparent culture medium.

For driving each finger in the biohybrid hand selectively, we made a
system to supply the electrical pulses to the respective target MuMuTA.
A circuit for transmitting the electrical signals to the MuMuTA was
composed of an Arduino Uno, 10 relays (SRD-05VDC-SL-C) for the
positive and negative electrodes of five fingers, respectively. A laptop was
connected to the Arduino, which transmitted on/off signals to the
relays, which, in turn, caused the relay to control the on/off switch
of the amplified electrical signals used to stimulate the MuMuTA.
Unless otherwise mentioned, when the signal to turn on was sent to
the Arduino, alternating positive and negative electrical pulses (2-ms dura-
tion) were delivered to the MuMuTAs for 1500 ms. In the experiment of
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powering the biohybrid finger and hand, each time before the
MuMuTA actuation, we straightened the finger to a near-horizontal
initial position with tweezers.

Motion analysis of the biohybrid finger and the

biohybrid hand

The camera and tracking software for the motion analysis of the bio-
hybrid finger and hand were the same as those used in the measure-
ment of the contractile length, except that we used two cameras to
record the motion of the biohybrid hand both from the top and from
the side. The fingertip displacement of the index to the little finger
and the total rotation angle of the thumb were tracked using the
video from the top, whereas the total rotation angle of the index to
the little fingers and the fingertip displacement of the thumb were
tracked using the video from the side. In the analysis of the side view,
two tracking points were set on each link of the finger, and the rela-
tive angles of straight lines formed by the two tracking points of each
link were used to determine the angles of each joint of the finger. In
the analysis of the top view, we tracked the movements of the finger-
tips to determine the locomotion.

Simulation for the distribution of an applied electric field

We used a simulation software (COMSOL Multiphysics) to estimate
the electric field around the MuMuTAs in the biohybrid hand-
driving experiment and force-sensing experiment. We set up a
block of material defined as the transparent culture medium for the
respective models, and the size of these blocks (200 mm by 100 mm
by 40 mm in the model for the biohybrid hand-driving experiment
and 83 mm by 56 mm by 13 mm in the model for the force-sensing
experiment) was determined on the basis of the size of the con-
tainers and the amount of the transparent culture medium in
the actual experiments. In the model for the biohybrid-driving ex-
periment, we made an approximation of the forearm part of the
actual design of the hand skeleton and mounted five MuMuTAs
on it, and the anchor holders of the MuMuTAs and the eight
muscles were each approximated as similarly sized blocks as well
(7.7 mm by 8.5 mm by 8.5 mm for the anchor holder and 30 mm
by 1.5 mm by 1.5 mm for the muscle tissue). A pair of gold elec-
trodes and glass walls (only in the model with glass walls) were
mounted on both sides of the MuMuTAs, and one of the elec-
trodes was assigned the desired voltage whereas the other elec-
trode was set to 0 V (fig. S11). The electrodes were set up in the same
way in the model for the force-sensing experiment. The conductiv-
ity and the relative permittivity of the material used in the simu-
lation are listed in table S2. We calculated the volume integration
of the electric field intensity within all muscle tissues in the MuMuTA
(VIg) (48) to investigate how much the muscle tissues would be
stimulated with different voltages and configurations of the ex-
perimental setup.

Statistical analysis

All error bars represent SDs. In the significance test of comparison
of the contractile forces of MuMuTAs using different culture meth-
ods, we first used an F test to determine whether the variances of the
two populations were equal, and on the basis of the result, we
then used Student’s two-sample ¢ test assuming equal variances to
calculate the significant difference. Other significance tests used
Tukey’s post hoc test.
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