
  

� 

Abstract² A multi degree-of-freedom system using live 

skeletal muscles as actuators is presented. Millimeter-scale, 

optically excitable 3D skeletal muscle strips are created by 

culturing genetically coded precursory muscle cells that are 

activated with light: optogenetics. These muscle bio-actuators 

are networked together to create a distributed actuator system. 

Unlike traditional mechanical systems where fixed axis joints 

are rotated with electric motors, the new networked muscle bio-

actuators can activate loads having no fixed joint. These types 

of loads include shoulders, the mouth, and the jaw. The 

optogenetic approach offers high spatiotemporal resolution for 

precise control of muscle activation, and opens up the possibility 

to activate hundreds of interconnected muscles in a 

spatiotemporally coordinated manner. In this work, we explore 

the design of robotic systems composed of multiple light-

activated live muscular actuator units. We describe and 

compare massively parallel and highly serial/networked 

distributions of these building-block actuator units. We have 

built functional fundamental prototypes and present 

experimental results to demonstrate the feasibility of the 

construction of larger scale muscle systems. 

I. INTRODUCTION 

Live cells and tissues cultured in microfabricated in vitro 

environments can be used as components for building robots 
[1-7]. Skeletal muscles, for example, can be actuators for 
powering a micro-URERW� RU� DQ� DUWLILFLDO� ³DQLPDO´�� 0XVFOH�
strips can be formed from their precursory cells, myoblasts, 
by guiding them through multi-stage myogenic process [8]. 
Muscle strips self-assembled within a mechanical structure 
have potential to activate a high degree of freedom micro-
mechanism, which is a feature that is difficult to attain using 
current actuator technology [9]. Such live biological 
materials have the potential to be a significant paradigm 
changing technology in designing mechanical systems and 
extending their applications to broader fields. 

Activation and control of skeletal muscles has been a 
challenging issue. Forming functional neuromuscular 
junctions remains a difficult task despite progress in recent 
years [11]. Electric stimuli using electrodes attached to 
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skeletal muscles has been a standard technique [12]. 
However, electric stimulation is limited in performance due 
to several drawbacks. First, it is hard to secure electrodes to 
muscles that are contracting and are thus not stationary.  
Second, the spatial resolution of electrical stimulation is 
coarse since in wet environment it is hard to insulate a single 
muscle strip from others and, third, electrical stimulation is 
invasive, leading to rapid degradation of contraction. 

Optogenetics is an emergent technology that genetically 
codes an excitable cell so that it becomes sensitive to an 
optical stimulus [13]. Recently, we have applied this 
optogenetic control technology to 3D engineered skeletal 
muscles microtissues [1]. Simply projecting a light beam on 
a muscle strip causes contraction of the muscle. No 
mechanical contact is involved; it allows for wireless control 
of each muscle strip. The temporal and spatial resolution of 
optical stimuli is significantly higher than electric 
stimulation, achieving millisecond-order temporal precision 

and 10 �m of spatial resolution. It is also less invasive than 

electric stimulation.  

 

Figure 1.  Optogenetic control of skeletal muscles [1]. 

Illumination of a skeletal muscle strip with blue light causes 

contraction of the muscle with high spatiotemporal resolution.  

 

This optogenetic control of skeletal muscles opens up the 
possibility to activate hundreds of individual muscles in a 
manner that is spatiotemporally coordinated. This paper aims 
to explore novel actuation technology using in vitro skeletal 
muscles and their optogenetic control. Particularly unique is 
that live skeletal muscle actuators can activate degrees of 
freedom having no fixed axis. Examples of such systems 
include shoulder joints, the jaw, and the mouth. Fixed-axis-
joints are conveniently activated by traditional actuators such 
as electromagnetic motors. However, those floating-axis-
joints or floating loads are particularly difficult to activate. 
Live skeletal muscle actuators can conform to those floating 
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