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ABSTRACT

When McKibben artificial muscle actuators are applied to robotic joints, the joints are driven by pairs of actuators
located antagonistically to increase the joint stiffness. However, the force for shape fixity is not large. Therefore, the
objective of this study is to develop a McKibben artificial muscle using a shape-memory polymer (SMP). SMPs can be
deformed above their glass transition temperature (Tg) by applying a small load. They maintain their shape after they
have been cooled to below Tg. They then return to the predefined shape when heated above Tg. Exploiting these
characteristics, we coated the braided mesh shell of a commercial McKibben artificial muscle and made a prototype of
the actuator using the SMP. When this new actuator is warmed above Tg, the SMP deforms. Then, when the internal
bladder is pressurized, the actuator shortens and/or produces a load. After the actuator becomes the desirable length, the
actuator is cooled to below Tg and the SMP is fixed in a rigid state even without the air supply. Consequently, this
actuator can maintain its length more rigidly and accurately. The experimental results conducted on this prototype
confirm the feasibility of this new actuator.
Keywords: Shape-memory polymer, Shape fixity, McKibben artificial muscle, Shape recovery, Glass transition
temperature

1. INTRODUCTION
In aging societies, robot technologies are being applied as separate entities to assist people and even to become a
physical extension of the person needing assistance. For example, several power assist suits and power assist apparatus
have been proposed as wearable robots for caregivers and rehabilitation systems. In many of these applications, instead
of conventional actuators such as the electric motor, pneumatic actuators such as the McKibben artificial muscle1-6 are
selected because of their light weight, flexibility, and large output.
As shown in Fig. 1, the McKibben-type actuator has a simple structure consisting of an internal bladder wrapped in a
braided mesh shell with flexible yet non-extensible threads. The actuator has a fitting attached at either or both ends.
When the internal bladder is pressurized through the fitting, the highly pressurized air pushes against the inner bladder
surface and external shell, and causes the bladder to increase in volume. Like the Chinese finger puzzle, the braided
mesh shell shortens in a scissor-like action due to the non-extensibility of the threads, and the actuator shortens
according to its volume increase and/or produces a load if it is coupled to a mechanical load.
When these actuators are applied to robotic joints, the joints are driven by pairs of actuators located antagonistically to
increase the joint stiffness. However, the actuator is like a spring-like elastic element, or a “gas spring” whose stiffness is
proportional to the inner pressure1. Therefore, the force for shape fixity is not large. Moreover, because this actuator has
nonlinear characteristics and hysteresis, accurate control of the position and velocity is more difficult than that of a
conventional electric motor. Therefore, in this study, we developed a McKibben actuator using shape-memory polymers.
The developed actuator can maintain its length with more rigidity and accuracy.
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Figure 1. McKibben artificial muscle.

2. SHAPE-MEMORY POLYMERS
As shown in Fig. 2, shape-memory polymers (SMPs)7-16 are often described as two-phase structures comprised of a hard
(fixing) phase, and a soft (reversible) phase. The hard and soft phases represent two elastic moduli: one is in the lowertemperature higher-stiffness ‘‘glassy’’ plateau and the other is in the higher-temperature lower-stiffness ‘‘rubber’’
plateau. The reversible change in the elastic modulus between the glassy and rubbery states of SMPs can be as high as
500 times7. In other words, SMPs can be deformed above their glass transition temperature (Tg) by applying a small load.
They maintain their shape after they have been cooled below Tg. They return to the predefined shape when heated above
Tg. In many SMPs, the phase transition temperature is close to room temperature8.
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Figure 2. Relationship between the elastic modulus and temperature of the SMP. In many SMPs, the phase transition
temperature is close to room temperature.

Compared with shape-memory alloys (SMAs), SMPs have the following advantages9, 10:
1.

low cost (1/20 of SMAs)

2.

light weight (1/7 of SMAs)

3.

rigidity in the low-temperature range and flexibility in the high-temperature range

4.

higher deformation rate greater than 400% (7% maximum in SMAs)

5.

ease of creating complex shapes

6.

can be dyed (dyeable)
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With these features, SMPs are increasingly being investigated for use in smart materials such as in textiles, ergonomic
utensils, sun sails of spacecraft, self-disassembling mobile phones, morphing skins, intelligent medical devices, and
implants for minimally invasive surgery7-16.

3. CONCEPT OF THE ACTUATOR
The motion of a McKibben artificial muscle using a shape-memory polymer is illustrated in Fig. 3. For example, the
surface of the braided mesh or the internal bladder of the actuator is coated with the SMP. Moreover, the internal bladder
can be made of SMP. When this new actuator is warmed above Tg, the SMP can deform. When the internal bladder is
pressurized, the actuator shortens and/or produces a load if it is coupled to a mechanical load. After the actuator becomes
the desirable length, the actuator is cooled below Tg and the SMP is fixed in the rigid state. Consequently, this actuator
can maintain its length more rigidly and accurately even without the air supply. When the actuator is heated above Tg, the
SMP recovers its original shape.

Figure 3. Schematic of McKibben artificial muscle that uses SMP (PH: high pressure, PL: low pressure).

Compared with the conventional McKibben artificial muscle, the new actuator with SMP has the following advantages.
1． The actuators can be fixed more rigidly than conventional pneumatic actuators by using the phase change of the
SMP between the rubbery and glassy state.
2． Since the stiffness of the actuators changes according to the temperature, the actuator can move even if the inner
pressure is constant. For example, as shown in Fig. 4, even if the internal pressure is high, the actuator does not contract
because the SMP is in the rigid state. Then, when the actuator is heated, it shrinks. In other words, these can be actuated
thermally. It should be noted that this concept has been extended to other stimuli. For example, the actuation of the
shape-memory effect has been realized by indirect heating, such as illumination with infrared light11. That is, SMP can
change the state according to the stimulus of not only temperature but also light, electrical field, magnetic field and water
content11. Therefore, this new actuator can be activated by multiple forms of stimuli.
3． The actuators can have a continuous desirable length.
4． Only one pneumatic actuator is needed to fix the robotic arm (see Section 6 for more detail). Therefore, it is possible
to miniaturize the system.
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Figure 4. Manipulation of newly developed actuators using stimuli such as heat, light, magnetic field and water content.

4. METHODS
4.1 Specimen
Shape-memory properties have been reported for SMP materials made from polyurethane, polynorbornene, transpolyisoprene and poly(styrene-block-butadiene). The mechanical properties and Tg of the SMP vary according to its
structure14. In this study, we chose the polyurethane “diary” (DIAPLEX Co. Ltd.) because it is used in many practical
applications and Tg can be tailored within a wide range (-40 to 120 oC)7-10, 12, 15. Moreover, “diary” has many features: it
is light, clear, colorable, highly corrosion resistant, and workable10. In this study, we used the thermoset SMP MP4510,
for which. Tg is 45 oC. The other characteristics shown in the “diary” catalog are summarized in Table 1.
Table 1. Characteristics of SMP MP4510 used in our experiment.

Properties

MP4510

Tensile strength (T ＜ Tg) (MPa)

30

Elastic modulus (T ＜Tg) (MPa)

1350

100% tensile MD (T ＞Tg) (MPa)

4.5

Maximum elongation (T ＞Tg) (%)

＞ 400

4.2 Prototype of actuator
To make our prototype of the McKibben artificial muscle using SMP, we coated the braided mesh shell of a commercial
McKibben artificial muscle (Shadow Robot Company Ltd.2) with the SMP. A photograph of the prototype is shown in
Fig. 5. The braid diameter and stretched length of the commercial McKibben is 20 mm and 210 mm, respectively2. These
commercial actuators are normally operated by using compressed air in the 0-0.4 MPa range, and the pull at 0.35 MPa
and the maximum pull are 12 kg and 20 kg, respectively. The thermoset MP4510 SMPs were processed according to the
sample preparation guide provided by DiAPLEX. A and B components were prepared. They were vacuum dried for 1 h,
then mixed at the appropriate weight ratio. Next, the commercial McKibben artificial muscle was brushed with the
mixture and vacuum cured at 70 oC for 1 h. In this study, we conducted a preliminary proof-of-concept investigation on
this prototype by isometric and isotonic experiments related to the pneumatic behavior.

Proc. of SPIE Vol. 7644 76440H-4

Figure 5. Prototype of newly developed actuator with SMP.

5. RESULTS AND DISCUSSIONS
First, we checked the motion of the newly developed actuator under the concept shown in Fig. 3. The specimen was
heated by blowing with heated air and cooled by spraying with an air duster (HFC-152a). The motion of the prototype is
shown in Video 6. When the actuator was heated under a constant load (5 kgf), the actuator gradually became long
(Video 6 (a), left). Then, when the pressurized air (0.35 MPa) was supplied, the actuator shrank (Video 6 (a), right).
Finally, when the actuator was cooled, the actuator remained at the shrunken length even if the internal pressure was
decreased (Video 6 (b)). This experiment confirmed that this actuator could operate under the concept shown in Fig. 3.

Video 6. Motion of the prototype actuator when the internal pressure was changed with heating and cooling.
http://dx.doi.org/10.1117/12.847229.1

Second, we evaluated the deformation properties under a constant load or constant length (that is, by isometric and
isotonic experiments). For comparison, a McKibben actuator which was not coated with SMP was also evaluated. The
results are shown in the following sections. These experiments were performed in air at room temperature and RH=45%51%.
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5.1 Isotonic experiments
In the isotonic experiments, a constant weight was hung from the end of the actuators. Figure 7 shows the relationship
between the internal pressure and the displacement under a constant load (5 kgf). As shown in Fig. 7, the newly
developed actuator shows high hysteresis and the displacement is small. The openings of the braided mesh of the newly
developed actuator were filled with SMP, as shown in Fig. 8. In this figure, the coated SMP is shown as a white areas
between the black threads of the mesh. Therefore, large displacement of this actuator was prevented because the SMP
acted as spring and damper elements. Moreover, the disagreement of the initial and final displacement of the SMPcoated McKibben actuator can be attributed to the creep strain of the damper element.
As the McKibben actuator is shortened, the input energy is consumed by the rotational and bending resistances of the
thread, swelling resistance of the rubber, and frictional resistance between the thread and rubber3. Especially, the
interaction of the thread is important for the shortening mechanism of the McKibben actuator3, and the coating of SMP
affects this characteristic. For example, the coating glues the threads together and the effect is larger than the effect of
friction.
In this study, the SMP coating was generally too thick, as shown in Fig. 8. A close-up view of the other areas of the mesh
is shown in Fig. 9. In this figure, the part denoted by the arrow was not filled with SMP and yet the coating here may be
sufficient. That is, it would be unnecessary to fill the mesh with SMP. Moreover, the SMP coating was not uniform. For
example, the non-uniformity of the thickness of white SMP can be seen in Figs. 5 and 9. In the future, control of the
coating thickness will be necessary. Although we coated the SMP outside the mesh, it was difficult to coat the mesh
with a brush uniformly. Therefore, it may be more satisfactory to coat the outside of the inner tube before wrapping the
inner tube with the braided mesh.

Figure 7. Relationship between internal pressure and displacement of the prototype under a constant load (5 kgf).

Figure 8. Close-up view of the prototype.
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Figure 9. Close-up view of the prototype. The arrow points to an area not filled with SMP.

5.2 Isometric experiments
By twisting the valve on the air supply manually, we supplied and expelled compressed air to and from the pneumatic
actuators, whose length was constant and connected with a load cell (Kyowa Electronic Instruments Co. Ltd., LU-10KA).
Moreover, the internal pressure was measured with a pressure sensor (Keyence Co., AP-43, AP-C40). Figures 10 to 12
show the generated force of the McKibben actuator with or without SMP under a constant length when the internal
pressure was increased and decreased. Note that the zero value on the horizontal axis does not correspond to the time
when the air valve was turned. These experiments were performed with or without prior application of a pre-load to the
actuator. When the initial displacement was 0 mm, the generated force of the prototype actuator was smaller than that of
the McKibben actuator without SMP (Figs. 10 and 11). Conversely, the generated force of the actuator was large when
the initial displacement was 10 mm (Fig. 12). The increase of the generated force was due to the deformation resistance
of the coated SMP. Because the valve was twisted manually, the change of the inner pressure was not constant in all
experiments. But, under all conditions, the time delay was not large.

(b) McKibben actuator coated with SMP
Figure 10. Generated force of the prototype under a constant length (initial displacement = 0 mm; maximum internal
pressure = 0.1 MPa).
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(b) McKibben actuator coated with SMP
Figure 11. Generated force of the prototype under a constant length (initial displacement = 0 mm; maximum internal
pressure = 0.2 MPa).

(b) McKibben actuator coated with SMP
Figure 12. Generated force of the prototype under a constant length (initial displacement = 10 mm; maximum internal
pressure = 0.2 MPa).
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6. ROBOTIC ARM APPLICATION
In the future, as an example, we will apply the McKibben artificial muscle using the SMP in a robotic arm. The motion
principle of this new actuator for the robotic arm is illustrated in Fig. 13. The McKibben artificial muscle is a simple
device for providing a pulling force. Therefore, a spring in the other direction is necessary if only one actuator is used for
movement in both directions with considerable force. That is, one actuator pulls the arm in one direction, and a spring
returns it.

Figure 13. Motion principle of the McKibben artificial muscle that uses SMP in the robotic arm application.

Moreover, we will investigate the performance of SMPs applied to the robotic arm and other heating methods. For
example, a variety of heat sources such as light illumination, electric current, or a simple hot saline solution have been
proposed11, 12. A small transition temperature range for full transformation from the glassy to the rubbery state reduces
the heat consumption during deployment (shape restoration)7. However, a gradient temperature transition range may be
required for a gradient stiffness change of the robotic arm. The use of air power has advantages such as low heat
generation. Therefore, the combination of SMP with pneumatic actuators may be more effective than other actuators,
such as electric devices with Joule heat.

7. CONCLUSIONS
In this study, we proposed a McKibben artificial muscle using an SMP. We coated the braided mesh shell of a
commercial McKibben artificial muscle and made a prototype of this actuator with SMP. The experimental results of the
preliminary proof-of-concept investigation confirm the feasibility of the proposed actuator.
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