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Abstract: A McKibben artificial muscle is a typical soft actuator, and it has features of flexibility,
lightweight, and low cost. It consists of a rubber tube and a sleeve which is woven with spiral fibers,
and contracts axially by applying pneumatic pressure to the rubber tube. We have developed the
combination structure of the McKibben artificial muscle and the optical fiber which works as a con-
tractile displacement sensor. The optical fiber can be braided into the sleeve which is the necessary
component of the artificial muscle, which means that the optical fiber works as not only the sensor
element but also the actuator element. In the previous sensor system, the light-receiving part (photo
IC diode) and the light-emitting part (LED) were located at the base and tip sides of the artificial
muscle, respectively. This configuration has a limitation in the applications and possibility of elec-
trical line troubles. In this report, the LED and the photo IC diode are arranged at the base end of
the artificial muscle by improving fabrication process. Through the process, the optical fiber from
the base can be returned to the base again via the tip, and the LED and photo IC diode can be located
at the base side of the artificial muscle. Experimentally the relation between the sensor output and
contractile displacement of the artificial muscle was confirmed.

Keywords: displacement sensing; McKibben artificial muscle; optical fiber sensor; soft actuator-sen-
sor system

1. Introduction

The McKibben artificial muscle is known as a soft actuator that is flexible, light-
weight, and has a high power-to-weight ratio and has been actively studied as the actua-
tor for medical devices and support equipment due to its high safe property for humans.
The McKibben artificial muscle consists of a rubber tube around which sleeve fibers are
wound in a spiral shape. By sealing one end and applying air pressure from the other end
to the rubber tube, the sleeve fibers act as a pantograph mechanism, resulting the artificial
muscle contracts axially.

For controlling the artificial muscle, an external sensor to measure the contractile dis-
placement is required, and general sensors are rigid, heavy, and large. In addition, they
must be assembled to the artificial muscle after fabricating the artificial muscle. Therefore,
they detract from the advantages of the McKibben artificial muscle itself, and fabrication
process become complex. To solve these problems, the smart structures in which the fiber
sensors are used as the sleeve fibers of the artificial muscle have been developed [1-6].
We have used an optical fiber for sensing the displacement of the artificial muscle, and
indicated the possibility [4,5]. One of the advantages of using the optical fiber is fewer
external electric-magnetic noise factors.

In the previous report [4,5], the light emitting element (LED) was located on the tip
of the artificial muscle and light receiving element (photo IC diode) was on the base side
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of the artificial muscle, respectively and separately as shown in Figure 1. In addition, wir-
ing to apply the voltage to the LED was needed from the base side to the tip. When con-
sidering a practical application, this configuration may make the application system more
complicated structurally. Therefore, in this study, we redesign the arrangement of the
LED to be on the base side. As this improvement, the optical fiber which is wrapped
around a rubber tube from the base must be turned back to the base via the tip. For making
this configuration, we modified the braiding process. Experimentally the relation between
the displacement of the artificial muscle and the output of the optical fiber sensor was
confirmed.

Base side

- —
—— = — — ),

Tip side

Emitter : LED Sleeve with optical fibers Receiver : Photo IC diode

Figure 1. Smart artificial muscle with optical fiber sensor [4]: The LED is on tip end and the photo
IC diode is on the base.

2. Materials and Methods
2.1. Improved Structure of the Artificial Muscle with the Optical Fiber

Figure 2 shows the image of the artificial muscle with optical fiber having the LED
and the photo IC diode on one side (base side). The silicone rubber tube has sleeve fibers
spirally woven around it to form a sleeve. An optical fiber is woven with normal fibers
together forming helix. By returning the optical fiber at the tip, both ends of the optical
fiber are located at the base side. Then the LED and the photo IC diode can be placed on
the base side. The curvature of the optical fiber changes as contraction of the artificial
muscle. By this curvature change, the amount of light leaking from the optical fiber
changes. Therefore, the displacement of the artificial muscle can be estimated by measur-
ing the change in the amount of light. In this study, the photo IC diode was connected in
series to a resistor, and the voltage output of the resistor was used as the sensor output.
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Figure 2. Structure of the artificial muscle with the optical fiber: The LED and the photo IC diode
are located on the base side.

2.2. Production Method

The artificial muscle was fabricated using a braiding machine shown in Figure 3. The
braiding machine has 32 bobbins, 16 of which rotate clockwise and the other 16 rotate
counterclockwise. By this rotation, a sleeve with the fibers in a spiral pattern around the
silicone tube was formed.

For making the structure shown in Figure 2. Two bobbins, one is from bobbins rotat-
ing clockwise, and the other is from bobbins rotating counterclockwise, are selected and
colored fibers are set to distinguish to other fibers. Then the sleeve is braided about 10 mm
around the rubber tube as shown in Figure 4a. After that, two colored fibers are replaced
by one optical fiber with forming loop shape, as shown in Figure 4b. Then the braiding
process restart and the process is continued by any length of the artificial muscle, and the
unnecessary fibers around the tip are cut off as shown in Figure 4c. Finally, the whole
structure was coated silicone rubber for avoiding the shifting the fibers during actuation,
and the LED and the photo IC diode are attached on the base side.

Figure 3. Braiding machine with 32 bobbins.
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Figure 4. Fabrication process; (a) The colored fibers are woven with other normal fibers. (b) One
optical fiber is replaced colored fibers. (c) Unnecessary fibers are cut off.

3. Results and Discussion

Figure 5 shows the fabricated artificial muscle with the optical fiber. The length of
actual driving part is 100 mm and the outer diameter is 6.5 mm including the rubber coat-
ing. The LED and the photo IC diode, which are incorporated into the resin boxes for
preventing leakage and incidence of light, are arranged on the base side together.

The basic characteristics of the artificial muscle were measured. In order to keep the
artificial muscle in a straight line and to drive it stably, a weight of 1.8 N was added to
pull it. The length of the artificial muscle changes from 100 mm to 85 mm when the pneu-
matic pressure of 300 kPa is applied. Figure 6 shows the relation between the length of the
artificial muscle and the sensor output. The linear relation between the length of the arti-
ficial muscle and the sensor output can be found. The results of the Linear approximation
performed on this data show that the value of the coefficient of determination is 0.990,
indicating that the approximate straight line agrees very well with the data. In Figure 6,
R? represents the coefficient of determination of the Linear approximate line.
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Figure 5. The fabricated artificial muscle with the optical fiber.
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Figure 6. Relationship between the length of driving part and the sensor output.

4. Conclusions

In this study, for improving the practical usability of the artificial muscle with the
optical fiber, the light emitting part (LED) and the light receiving part (photo IC diode)
are located on the base side of the artificial muscle. To realize this configuration, the fab-
rication process using the braiding machine was changed partially. Experimentally, we
confirmed that the linear relation between the length of the artificial muscle and the sensor
output.
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