
ll
Preview

Aminiature humanoid biorobot on the run
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Biohybrid robots that combine rigid and bio-inspired soft materials offer advantages in self-healing, learning,
adaptation, and chemical to mechanical power conversion. In a recent report in Matter,1 Kinjo and co-
workers reported a bipedal humanoid robot integrating skeletal muscle tissue and elastomers, which enable
it to perform forward-stopping and turning motions.
The integration of biological tissues into

mechanical systems offers features that

are otherwise not easily achievable in syn-

thetic mechanical systems, such as self-

repair, high energy conversion efficiency,

and bending flexibility.2 These robotic

systems, known as biohybrid robots, by

using the contraction and relaxation

behaviors of cardiomyocytes or skeletal

muscle myotube tissues coupled with

rigid components, have demonstrated

basic functionalities like swimming,3–5

walking,6–8 and picking.9 In earlier de-

signs, themovements of thesemuscle tis-

sues depended on mechanical systems

that use electrical pulse stimulation for

activating voltage-gated ion channels.

More recently, researchers have used

the transduction of light-gated ion chan-

nels, e.g., channel rhodopsin in skeletal

muscles that would respond to optical

stimulation, enabling selective and rem-

ote actuation. On-board optoelectronics

on biohybrid robots have shown potential

for wireless control and multifunctional

bioelectronic applications in engineering,

biology, and medicine.7 While previous

biohybrid robots are mostly limited to

straight-line locomotion, large angle tur-

ning has been demonstrated in designs

using dual bi-pedal actuators that can

be stimulated and controlled asymmetri-

cally and individually.6 For prior walking

robots, the direction of muscle contrac-

tion is typically parallel to the surface of

locomotion where muscle strips or ring

tissues are anchored across a scaffold

with two frictional points at the surface
to act as the feet. By exploring two-legged

upright humanoid-like robot designs wh-

ere muscle tissue contraction is perpen-

dicular to the locomotion surface, one

may be able to endow these robots with

new degrees of freedom and expand their

potential applications.

In the March 2024 issue ofMatter, Kinjo

and co-workers reported a biohybrid

bipedal robot powered by skeletal muscle

tissue with a vertical tissue design.1 As

depicted in the Figure 1A, the bipedal

structure is more humanoid and is

composed of 3D-printed structures, po-

lydimethylsiloxane (PDMS) elastic sub-

strates, and anchored skeletal muscle tis-

sue. Their robot features a low-density

float structure at the upper part of the

robot to provide buoyancy at the air-liquid

interface, allowing the robot to align verti-

cally and stand. Below the float, skeletal

muscle tissues are anchored on the frame

with PDMS elastic substrates perpendic-

ular to the planar solid surface on which

the robot is walking. The contraction of

the muscle induces the deformatio-

nal bending of the elastomer. At the

bottom of the robot, the scaffold repre-

senting the feet is attached to the end

of each muscle tissue and acts as a

weight for gravitational landing and verti-

cal alignment.

The research team utilized primary

myoblasts with a hydrogel block to form

the skeletal muscle tissues (Figure 1B).

After detaching the tissue from the block,

they transferred the muscle tissue onto

the anchoring structures. This process is
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similar to the prior reports of formation

of muscle rings and strips6,7 and is scal-

able toward potential use of multi-actua-

tors and higher order structures. After

assembling muscle tissues into the bi-

pedal robot, the authors confirmed the

forward movement of the bipedal robot

with the application of electric fields to

actuate the muscle in an alternating

manner (Figure 1C). The demonstrated

forward motion speed of 5.4 mm/min is

similar to prior reports.6 Similarly, turning

was also possible by positioning the elec-

trodes on one side of the muscle to apply

the electric field of only half of the body,

leaving the other axial leg stationary.

This sequence of actions allows the robot

to turn in a desired direction with a high

turning index of 1.4�/s. Turning is a higher

order functionality that was also demon-

strated in one prior report where remote

wireless optical stimulation of a pair of op-

togenetic transfectedmuscles allowed for

turning.8

The use of the floats allows for the ver-

tical positioning of the robot and a human-

oid-like design, but also limits the height

of the robot to be the same as the dis-

tance between the floor to the liquid sur-

face. This could be circumvented by hav-

ing a flexible linker/tube that connects to

the top of the robot and goes up to the

surface. An alternative approach toward

a vertical humanoid-like design that

does not have a float could be to move

the center of gravity in the lower part of

the body of the robot by altering the

design to add more weight toward the
2024 Elsevier Inc. All rights reserved. 1
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Figure 1. Development of biohybrid bipedal robots reported in this paper1

(A) Illustration and picture of a biohybrid bipedal robot and its components.
(B) Preparation of skeletal muscle tissue and its visual characterization.
(C) Detailed forward movement mechanism in three steps: lifting, hanging, and landing.
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legs. This might also require making larger

muscles to allow for the movement of

heavier skeletons.

Many exciting directions are possible

for this design, all of which are also appli-

cable to other biohybrid robots designs.

For example, including electrical stimula-

tion from on-board power sources could

eliminate the wires currently used in the

reported design. The increase in weight

due to the added hardware has to be ac-

counted for when designing the muscle

actuator to achieve higher forces. Of

course, direct electrical stimulation could

result in electrolysis and generation of

gases that could degrade the muscles

over time. Long-term continuous stimula-

tion studies should be done to explore the

lifetime of such electrically driven actua-

tors. If the muscles were optogenetically

transfected and optically actuated, inte-

grated LEDs could eliminate the risks of

electrolysis or electrochemical reactions.

Tranfection of different color opsins could

also allow for differential excitation of ac-

tuators, allowing for selective stimulation

of different legs.
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A grand challenge for all biorobots

actuated by mammalian cells is whether

these can operate in air by adding a

‘‘skin’’ layer, such as collagen or living

skin tissue. This could be a very useful di-

rection to pursue,10 especially for applica-

tions other than implantable or medical.

This is a challenging but exciting direc-

tion, as this would require careful design

of the skin barrier system to control ex-

change of energy and evaporation of the

fluid inside, maintain the pH of the media

inside the closed system, and more.

Another very exciting direction would be

to form neuromuscular junctions for the

stimulation of the muscle by motor neu-

rons.4,8 The neuronal signaling can con-

trol muscle contractions, opening new en-

gineering applications in learning and

memory, and biomedical applications in

drug efficacy studies and pathophysio-

logical analysis. The reported work by

Kinjo and co-workers is an important

advance in the development of biohybrid

robots by providing a new humanoid-like

design and it opens up new locomotion

modalities for these miniature machines.
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