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Abstract: A conventional curved type pneumatic rubber artificial muscle is composed of an internal bladder covered
with a bellows sleeve extending axially. By inhibiting the extension of one side with a fiber reinforcement, bending
motion occurs when air is supplied to the bladder. In this study, we developed a new actuator by replacing the fiber
reinforcement with a shape-memory polymer (SMP). The SMP can be deformed above its glass transition temperature
(Tg) and maintains a rigid shape after it is cooled below Tg. When next heated above Tg, it returns to its initial shape.
When only part of our actuator is warmed above Tg, only that portion of the SMP is soft and can actuate. Therefore, the
direction of the motion can be controlled by heating. Moreover, our actuator can be deformed by an external force
above Tg and fixed when its initial shape is below Tg.
Keywords: Pneumatic rubber muscle, Shape-memory polymer, Shape fixity, Shape recovery, Glass transition
temperature

1. INTRODUCTION

two-phase structures comprising a lower-temperature
“glassy” hard phase and a higher-temperature “rubbery”
soft phase. The reversible change in the elastic modulus
between the glassy and rubbery states of SMPs can be
as high as 500 times. 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 and are considered rigid in this state.
When next heated above Tg, they return to the initial
shape and hence exhibit shape recovery.

In aging societies, several power-assist suits and
power-assist apparatus have been proposed as wearable
robots for caregivers and rehabilitation systems. In
many of these applications, pneumatic actuators [1–4]
are favored over electric motors because of their light
weight, flexibility, large output and back-drivability.
A linear type pneumatic rubber artificial muscle is
composed of an internal bladder (e.g., rubber tube)
covered with a bellows sleeve extending only in the
axial direction [1]. When compressed air is introduced
into the bladder, the actuator extends or contracts only
axially. To assist the rotational motion of a human joint
with a linear artificial muscle, a mechanism for securing
a sufficient motion range and converting a generated
force to a joint torque is required. Such a mechanism
diminishes the small-size and lightweight advantages of
the device. Therefore, a conventional curved type
artificial rubber muscle, which is reinforced with fibers,
was proposed [1, 2]. By inhibiting the extension of one
side using a fiber reinforcement, bending motion toward
the reinforcement direction occurs by supplying
compressed air into the bladder. However, once the
fibers are glued to the actuator, it is difficult to change
the bending position, the direction, and the curvature of
the actuator, in addition to its axial extension.
In this study, we propose a curved type artificial
rubber muscle that can change the direction and the
curvature of the motion by using a shape-memory
polymer (SMP) [5–12]. We made two types of
prototypes and evaluated the versatility of the proposed
actuator.

Fig. 1 Relationship between the elastic modulus and the
temperature of the SMP. The actual values of Tg and
elastic modulus are shown in Section 4.1.
Compared with shape-memory alloys (SMAs), SMPs
have the following advantages [5]:
(1) light weight (1/10 of SMAs),
(2) ease of creating complex 3D shapes,
(3) rigidity in the low-temperature range and flexibility
in the high-temperature range, and
(4) higher strains greater than 400% (7% maximum in
SMAs).
With these features, SMPs are increasingly being

2. SHAPE-MEMORY POLYMERS
As shown in Fig. 1, SMPs are often described as

- 1691 -

PR0001/11/0000-1691 ¥400 © 2011 SICE

investigated for use in smart materials such as those
found in textiles, ergonomic utensils, spacecraft solar
sails, morphing skins, intelligent medical devices, and
implants for minimally invasive surgery [5–12].
Previously, we proposed a position-keeping module [6]
and a McKibben actuator [7] which use SMPs.

3. CONCEPT OF THE ACTUATOR
As shown in Fig. 2, the integration of SMPs into a
curved type pneumatic actuator can be achieved as
follows:
i) sandwiching a linear type rubber muscle
between two SMP sheets (Two sheets are not always
necessary. One and more than two sheets can be
used, though the bending motion changes.);
ii) impregnating the external bellows sleeve with
SMP resin.

Fig. 3 Schematic of the curved type artificial rubber
muscle that uses SMP (PH: high pressure, PL: low
pressure).

Fig. 2 Structure of curved type artificial rubber muscle
that uses SMP.

Polynorbornene powder was pressed at 150°C for 10
min into the sheet.
Second, we coated the bellows sleeve of a linear type
pneumatic artificial rubber muscle (outer diameter: 1.5
cm) with an SMP resin (polyurethane, Tg = 45°C) as
prototype 2 (length of drive part: 15 cm, total length: 17
cm, Fig. 4(b)). In this study, we chose the polyurethane
Diary shape memory polymer (DiAPLEX Co., Ltd.).
The SMP was processed according to the sample
preparation guide provided by DiAPLEX. Two liquid
components were prepared. They were vacuum dried for
1 h, then mixed at the appropriate weight ratio.
Subsequently, the bellows sleeve was brushed with the
mixture and vacuum cured at 70°C for 1 h. The coated
SMP is shown as white on the black bellows sleeve, as
shown in Fig. 4(b).
The main characteristics of these SMPs are
summarized in Table 1 [8, 9]. Tg used in this study is
close to the body temperature. But, as Tg can be tailored
within a wide range (−40 °C to 120 °C), the effect will
be diminished by changing the Tg even if this actuator is
used in a wearable robot.

Typical operation of the SMP curved type pneumatic
actuator is shown in Fig. 3. When one side of this new
actuator is warmed above Tg, it can be used as a
conventional curved type actuator (S1 to S2-1, S2-3).
When whole sides are heated, linear extension in the
axial direction results because the amounts of extension
are the same (S1 to S2-2). Note that if we impregnate
the whole external bellows sleeve with SMP resin, the
bending direction can be changed to 360 degrees with
heating. Therefore, many kinds of operations can be
achieved by the different kinds of extension due to the
differences in the elasticity of the SMPs.
When the actuator attains the desirable shape, it can
be cooled to below Tg and the SMP fixes the structure in
a rigid, actuated state (S3). Even if the internal pressure
within the bladder is released, the actuator maintains its
length indefinitely without the need for an air supply or
a control system (S4). When the actuator is next heated
above Tg, it returns to its initial shape and thus exhibits
shape recovery (S5).

4. METHODS

4.2 Experimental methods
First, when T < Tg, we checked whether prototype 1
could be operated similarly to a conventional curved
type pneumatic artificial rubber muscle. We measured
the trajectory of the tip and the generated force when
compressed air was supplied. In the measurement of the
generated force, the actuator was fixed in the straight
shape by inhibiting the displacement of the actuator tip

4.1 Actuator prototypes
We made two kinds of prototypes in this study. First,
we replaced the fiber reinforcement of the curved type
pneumatic artificial rubber muscle (outer diameter: 1.4
cm) with an SMP sheet (polynorbornene, 2 cm × 15 cm
× 0.75 mm, Tg = 35°C) as prototype 1 (length of drive
part: 11 cm, total length: 15 cm, Fig. 4(a)).
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A conventional pneumatic actuator can be
considered to be a “gas spring,” and the shape
fixity of the actuator is low. Moreover, even with
active control, the ability of the curved type
pneumatic artificial rubber muscle to maintain a
fixed state under varying external forces is
non-trivial because of its nonlinear characteristics
and hysteresis.
4. According to the required stiffness of the object,
the actuator can also change its own stiffness. For
example, the heated soft actuator is suitable for
manipulation of a soft delicate object.
5. The relationship between the bending angle and the
generated torque can be changed by utilizing the
shape fixity of the SMP. For example, it is possible
to change the initial bending angle and the
temperature when the actuator is operated.
In this study, we verified 1 and 2 above as the basic
characteristics of the new actuator.
The experiments were performed in air at room
temperature and relative humidity from 25% to 37%. By
twisting the valve on the air supply manually, we
supplied and expelled compressed air to and from the
pneumatic actuators. The prototypes were heated by
blowing with heated air. In future studies, we will
investigate heat sources such as electric current and
thermometers to apply a feedback control to the
proposed actuators.

Fig. 4 Prototypes of the newly developed actuator with
SMP.
Table 1 Characteristics of SMP [8, 9]
Properties
Prototype 1 Prototype 2
Tensile strength (MPa)
>34
30
a
955
Elastic modulus
1350b
(T < Tg) (MPa)
2.8a
Elastic modulus
4.5c
(T > Tg) (MPa)
Elongation (%)
>200
300
a
Tensile modulus,
b
Bending modulus
c
100% tensile in the machine direction

5. RESULTS AND DISCUSSIONS

by using a load cell. For comparison, a conventional
curved type artificial rubber muscle that was not coated
with SMP was also evaluated (outer diameter: 1.5 cm,
length of drive part: 13 cm, total length: 16 cm). The
fiber reinforcement of this actuator is fabric (2 cm × 17
cm × 1 mm).
Second, we verified the advantages of the new
actuator using prototypes 1 and 2. Compared with the
conventional curved type pneumatic artificial rubber
muscle, the new actuator with SMP properties has the
following advantages.
1. If only part of the actuator is heated, only that
portion of the SMP transitions to the rubbery state
and hence, when the internal air pressure is
increased, only that portion of the structure can
actuate. Namely, the bending position, the
direction, the number, and the curvature can be
changed by adjusting the heating area without a
change of the glued sheet.
2. The initial shape, such as the curvature and the
bending position, can be changed.
3. The actuator can be fixed more rigidly than
conventional pneumatic actuators by taking
advantage of the phase change of the SMP material.

- 1693 -

5.1 Prototype 1
The trajectory of the tip and the generated force when
the prototype 1 actuator is bent at T < Tg are shown in
Figs. 5 and 6, respectively. In Fig. 5, the origin
represents the position when the internal pressure of the
actuators was equal to the atmospheric pressure.
Without heating, the new actuator can be operated
similarly to the conventional curved type pneumatic
artificial rubber muscle.

Fig. 5 Trajectory of the tip of the prototype 1 actuator
when the internal pressure is changed (T < Tg, P = 0
→ 0.25 MPa)

Fig. 6 Generated force of the prototype 1 actuator (T <
Tg)
As shown in Fig. 5, the deformation was small when
using the SMP sheet instead of the fabric. The fabric has
an orthotropic property. Namely, the fabric is
deformable in the lateral direction by a small load
although the deformation resistance along the fiber axial
direction is large [13]. This advantage was diminished
in the proposed actuator. In future studies, it may be
necessary to use a more complex fabric instead of the
simple uniform sheet used in this study.
The motion of prototype 1 using the SMP sheet is
shown in Fig. 7 when 0.3 MPa compressed air is
supplied at T < Tg and T > Tg. According to the heating,
the bending shapes changed. With heating (Fig. 7(b)),
the bending displacement became larger than that of Fig.
7(a) because the extension of the actuator was inhibited
by the glue used to attach the SMP sheet. In contrast, the
displacement of prototype 1 using the SMP sheet was
small, as shown in Fig. 7 (a) and similarly to Fig. 5.
When only glue was used as the inhibition material (Fig.
7 (b)), the movement resembled that reinforced by fiber.
In this study, we used one SMP sheet and attached only
one side. By attaching both sides to be axially

symmetric, the actuator could extend axially. It is
necessary to further investigate the thickness and the
stiffness of the glue.
Creep and stress relaxation are large in the SMP.
Therefore, the initial position may change by the slack
caused by the creep of the SMP. However, this nonlinear
deformation property is not a disadvantage from the
viewpoint of its shape fixity because the actuator can be
fixed at an arbitrary position by cooling.
Utilizing the shape fixity of the SMP, we can change
the initial position of the actuator, as shown in Fig. 8.
Before these experiments, the actuator was deformed by
an external force above Tg and fixed as the different
initial shape. Therefore, by utilizing the shape fixity and
the shape recoverability of the SMP, the new actuator
with the SMP can be applied to power-assist suits that
can be fitted to the user, as with a spoon or fork handle
for a physically disabled person. The proposed actuator
can be deformed by fitting the shape for each person at
high temperature and then the shape is fixed at low
temperature. In this application, it is not necessary to
add a large dedicated heat source. Consequently, this
method does not diminish the advantage of pneumatic
rubber artificial muscles in low heat generation.

Fig. 8 Motion of the prototype 1 actuator when the
internal pressure is changed from a different initial
position (T < Tg, P = 0 → 0.3 MPa).
5.2 Prototype 2
We evaluated whether the bending direction could be
changed by adjusting the heating area of the prototype 2
coated SMP. The motion of prototype 2 is shown in Fig.
9. After heating and softening one part, we supplied 0.3
MPa compressed air. As shown, by changing the heating
area, the bending direction can be changed.
Even if the SMP is heated and becomes soft, the
deformation resistance of the SMP does not become 0.

Fig. 7 Motion of the prototype 1 actuator when the
internal pressure is changed with or without heating
(P = 0 → 0.3 MPa)
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experiments conducted on two kinds of prototypes. The
results are as follows.
z Without heating, the new actuator can be operated
similarly to the conventional curved type
pneumatic artificial rubber muscle.
z Utilizing the shape fixity of the SMP, we can
change the initial position of the proposed
actuator.
z By changing the heating area of the proposed
actuator, the bending direction can be changed.

Therefore, the displacement of the actuator was small,
although the bending direction could be changed. In our
previous study using a McKibben actuator [7], the SMP
coating was generally thicker than desired, but this
newly developed actuator shows a smaller displacement
in the isotonic experiments. Moreover, if the SMP is
thick, the heating time becomes long and it would be
difficult to apply a feedback control. In future studies,
finer control of the coating thickness will be necessary.
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Fig. 9 Motion of the prototype 2 actuator when the
internal pressure is changed with heating and
cooling.
The specific gravity of the SMPs used in this study is
1 [8, 9], which is 0.15 times larger than that of steel.
This ratio (0.15) is smaller than that of Young’s modulus
(glassy SMP to steel (210 GPa), i.e., 0.006). As a result,
the weight necessary to hold the same load may not be
small when using the SMP. Therefore, it may be useful
to use a composite material. This naturally will lead to
future
work
on
further
specifications
and
characterization of the proposed actuator.

6. CONCLUSION
In this study, we propose a curved type artificial
rubber muscle using an SMP. The enhanced versatility
of this new actuator is shown through a series of
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