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1 Introduction

The animals are driven by the Muscle-Tendon Complex
(MTC). Soft, internal-filling muscles protect the skeleton,
nerves, and internal organs, and tendons are deformed in
various ways to exert elasticity. Muscles are also known
to have complex nonlinearities between force, velocity, and
length [1]. In the case of robots, it is considered that the
complex properties of the drive system may contribute to
increase the variety of motion. There have been some stud-
ies that focus on this issue, such as the application of non-
linear spring units to a biped robot [2] and the application
of nonlinear control to a robot arm using pneumatic artifi-
cial muscles [3]. However, the properties resulting from the
shape and deformation of MTC have not been adequately
studied. We investigated a wire-driven structure with an ex-
terior that mimics muscles and tendons. For simplicity, we
consider only two-dimensional planar deformations. Com-
pared to the wire-only case, these exteriors protect the bone
and joint components, the internal circuit boards, and the
wires themselves (Figure 1(a)). In this study, we discuss the
properties of this structure in terms of its behavior against
wire winding.

2 Muscle-Tendon Complex-inspired
deformable exteriors applicable to wire drive

An exterior that imitates bulging muscles is attached to
the outside of the wire, which deforms following the con-
traction of the wire. This structure is combined with a rub-
ber tendon to form a structure similar to a muscle-tendon
complex (Figure 1).

2.1 Muscle Exteriors

In this study, the wire is wound by a muscle module [4].
The wire drive has so far only substituted the contraction
function of the muscle. On the other hand, the structure
used in this study has a muscle exterior attached to the wire
so that it expands in the radial direction in response to con-
traction when driven. The polytetrafluoroethylene (PTFE)
plates used as the material have self-lubricating properties
that prevent the generation of unexpected forces due to envi-
ronmental contact or muscle-to-muscle contact, which may
be advantageous in the coordination of multiple muscles.
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Figure 1: (a) Extensions of wir)e—drive based on MTC have inter-
nal protection functions. (b) The muscle-like exterior
and contraction experiments. (c) Rubber tendons with
various shapes store elastic energy in various deforma-
tions.

2.2 Rubber Tendons

As an elastic element combined with the contraction
mechanism, a rubber tendon with a Shore hardness of 50
is fabricated by a stereolithography printer. Although there
are some examples of research on mechanisms that combine
wire drives with nonlinear elastic elements [5, 6], these are
fixed at a point at the end and work only for extension in one
direction. Rubber fabricated by stereolithography can be
easily formed into various shapes, and by constraining the
posture of the ends, it generates a restorative force against
various deformations (Figure 1(c)). Furthermore, it can re-
flect the differences in properties caused by the differences
in size and attachment traits found in tendons of animals.

3 Experiments and Discussions
In the following experiments, each element is loaded
vertically upward by the muscle module [4], and the contrac-
tion length, contraction velocity, and tension can be mea-
sured. We consider that the deformation of the wire itself is
negligible compared to the deformation of the exteriors.

3.1 Experiments on the Muscle Exterior

The width of the muscle exterior depends only on the
contraction length (Figure 2(a)). When the current of the
motor that winds the wire is increased or decreased, the mus-
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Figure 2: (a) Muscle exterior expands in response to contraction. (b) The relationship between tension, contraction length and contrac-
tion velocity in the contraction experiment (Figure 1(b)). (c) The relationship between tension and strain when increasing and
decreasing the load applied to the linear tendon and curved tendon. (d) The relationship between tension, contraction length and
contraction velocity in the experiment combining the muscle exterior and the curved tendon.

cle exterior shows a stable shape change after the restoring
force increases or decreases during contraction from the ini-
tial posture (Figure 2(b)). As for the relationship with ve-
locity, the muscle exterior generates a larger restoring force
during contraction. Since this is the force against the wire,
the force that can be exerted in combination with the wire
drive becomes smaller during contraction, which is consis-
tent with the tendency of muscles in animals [1].

3.2 Experiments on Tendons

Experiments were conducted on a linear tendon and a
curved tendon by increasing and decreasing the load in steps
(Figure 2(c)). It can be said that the nonlinear relationship
between contraction length and tension can be obtained by
changing the shape of the rubber. The hysteresis, which is
considered to originate from the friction in the winding sec-
tion, is a property that is not found in biological tendons and
its treatment is a future issue.

3.3 Experiments Combining Muscle and Tendon

The properties of a structure combining muscle exterior
and curved tendon were also investigated (Figure 2(d)). The
combination with the tendon restores the shape of the mus-
cle. The combination of the two properties leads to complex
nonlinearity. On the other hand, there is no change in the
properties depending on the contraction velocity.

4 Conclusions

In this study, we investigate the deformation and load-
ing properties of a wire-driven structure that combines a

muscle-like exterior and rubber tendons of various shapes.
The parts of the muscle and tendon protect the wire and ex-
hibit non-linearity. In the future, we will establish control
methods to utilize the complex properties and design meth-
ods to achieve the desired properties. We will also use this
structure to create a bio-mimetic robot that can perform a
variety of motions.
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