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Pneumatic Soft Actuator Using Self-excitation
Based on Automatic-Jet-Switching-Structure

Kosuke Tanil, Hiroyuki Nabae!, Gen Endo!, and Koichi Suzumori

Abstract—Pneumatic pressure is a widely used power source
in soft actuators as it has advantages such as simplicity of design,
structure, and driving principle. However, electromagnetic valves
are used for controlling pneumatic pressure, and these tend
to be large and heavy, thus reducing flexibility in the main
body. In this study, we devised a mechanism that generates self-
excited vibration via changes in the flow path by deforming the
flexible structure. Because self-excited vibration induces pressure
for a certain input, actuators can be driven without using a
valve in vibrating applications, which simplifies the structure
of the actuator. The proposed actuator operates based on this
mechanism; it has a simple structure, and thus, it can be
molded easily using a 3D printer. A theoretical model of the
proposed actuator was constructed, and its operating frequency
was obtained via simulation. Four types of prototypes were
produced, and their experimental values were compared with
the theoretical values. The results of the comparison confirmed
that an actuator can be designed based on the target operating
frequency.

Index Terms—Hydraulic/Pneumatic Actuators, Additive Man-
ufacturing, Mechanism Design, Soft Sensors and Actuators

I. INTRODUCTION

DVANTAGES such as simple design, structure, and

driving principles, have led to pneumatic actuators being
extensively used in soft actuators. Many soft actuators using
air pressure have been developed to generate deformation
by applying pressure to the airbag structure[1][2][3]. An
electromagnetic valve is used to control pneumatic actuators
and robots. Drive systems using electromagnetic valves are
common; however, they tend to be heavier and larger than
the pneumatic actuators and robot bodies, which impairs the
flexibility of the main body and significantly weakens the
advantages of soft robots in multi-degree-of-freedom systems.
Although tubes can be connected based on the degrees-of-
freedom without mounting a valve on the robot body, several
tubes take time to connect and hinder movement. In addition,
it should be noted that valve control is inevitable.

A method using self-excited vibration can be considered
to simplify the control and drive system. Self-excited vi-
bration is induced by a constant input, and it enables the
integration of the control mechanism such as the actuator
and the valve; further, it embeds the drive control into a
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Fig. 1. Principle of operation: The internal free wall moves because of the
deformation of the actuator and switching of the flow path. Because the
position of the free wall is determined by the elastic force of the structural
material and internal pressure, the channel does not switch at the center but
experiences hysteresis.
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physical phenomenon. Thus, the solenoid valve cannot be
completely replaced; however these features can be used
to construct a simple actuation system. This idea can be
understood from the fact that various principles are applied
to robots. The applications of self-excited vibration to robots
include vibration induced by electrostatic force [4], excitation
by link mechanism and electromagnetic motor [5][6], gravity
[71[8][9], chemical reaction[10], and using deformation of
bimetal with applied heat[11]. There are several examples
for application of air pressure. Tsukagoshi et al. developed a
valve[12] and a robot[13] that realize self-excited vibration by
switching the flow path using the attractive force of a magnet.
Takayama et al. developed a valve that induces self-excited
vibration using the motion of a piston[14]. There is also an
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Fig. 2. Model of the actuator: The body is a rigid rod of length [ and receives a restoring force caused by the forces of the spring, air, and damper.

example of a mobile robot that uses self-excited vibration [15].
However, because all these robots require functional materials
such as multiple members and magnets, it is difficult to
achieve a completely flexible structure. To completely utilize
the advantages of soft robots and actuators, it is necessary to
develop a fully flexible self-excited vibration-type pneumatic
actuator. A single flexible structure configuration can be used
to achieve this. Furthermore, if it can be configured with a sin-
gle structural member, it can be modeled by 3D printing. There
are cases where soft robots are molded by 3D printing, and it
confirms the superiority of using a single member[16]. This
would ensure the widespread use of this system because of
the simple manufacturing, which simplifies the manufacture of
multi-degree-of-freedom structures and significantly expands
the range of applications.

Therefore, in this study, we propose a pneumatic self-excited
vibration actuator composed of a single flexible structure
member that operates by switching the flow path and the thrust
generated by the jet. The features of the proposed actuator are
provided below.

o The proposed actuator uses the mechanism that induces
self-excited vibration to perform vibrating motion only
with a constant air input.

o The proposed actuator can be composed of a single
member and easily manufactured by 3D printing.

o Because it operates only by injecting air, the structure and
control system do not become complicated when multiple
actuators are driven simultaneously.

In addition, the proposed actuator is modeled and the effects
of the actuator design parameters on the operating character-
istics are verified experimentally based on observations. The
remainder of this this paper is organized as follows. Section
2 explains the operating principle of the proposed actuator.
Section 3 discusses the theoretical model of the actuator. In

Section 4, we detail an experiment conducted on the prototype
and confirm the validity of the theoretical model. Section 5
presents the conclusions of the study.

II. ACTUATOR PRINCIPLE

This section briefly explains the operating principle of this
actuator.

The mechanism of inducing self-excited vibration by air
has been studied in the field of fluidics[17][18]. However,
many of these studies propose structures that change the flow
direction [19], and it is difficult to produce a large motion as
an actuator[20]. As a basic principle of actuator operation, we
devised a structure wherein the air flow path is switched by
structural deformation. A schematic of the actuator operation is
shown in Fig. 1. The inside of the actuator is divided into two
chambers by a wall provided in the center; the tip of the wall
is structured to move freely. The free wall moves because of
the elastic force caused by the bending of the actuator and the
pressure difference between the air chambers, which changes
the air flow path. In state A, the air flows through the left
channel and the actuator bends to the right as it blows to the
left. The flow path does not change up to state B; however,
when it bends in state C, the elastic force becomes larger than
the force due to the pressure difference, and the free wall
moves to the opposite side. Consequently, air is ejected to the
right, but it transitions to state D because of inertia. Next, D
goes from E to F, A through the same process, and by repeating
this, the actuator continues to vibrate.

III. THEORETICAL MODEL

In this section, we discuss a theoretical model of the actuator
and consider its operating frequency.

We model the actuator as shown in Fig. 2. A continuum
model is often used for accurate modeling of soft actuators;
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however, in this study, it was considered as a rigid body model
with a rotary joint. This is because the discussion focused on
the primary mode of vibration and assumed that no external
force was applied. Further, in this study, we focused on only
the frequency in the motion measurement, and thus, such a
simple model is believed to be sufficient. The entire actuator
is considered as a rigid rod of length [ [m]. It has a spring
with an elastic coefficient k [N - m/rad] and a damper with a
viscosity coefficient ¢ [N - m - s/rad] at the center of rotation.
The inclination of the bar is represented by 6 [rad], and the
restoring force caused by the spring follows the red plot in
Fig. 2. It is assumed that air is ejected from the tip of the rod
and the force generated by the air is F'[N]. The rod receives a
restoring force from the spring and the air, but it has hysteresis,
as shown in Fig. 2 depending on the structural characteristics
of the actuator. Therefore, the direction of the restoring force
generated by the air changes at £W.

Here, let us consider that air flows into the actuator at a flow
rate of @ [m?3/s]. The force generated by the air is derived as
follows. The flow path inside the actuator is considered as a
two-dimensional jet model that collides with a curved surface,
as shown in Fig. 3. The force F = (F,, F,) generated by the
air on the curved surface is

2
D (eosp—1) = ~F, M)
2
%Siné = -F, @)

0
We set ¢ = — to obtain the force in the y direction, which
is related to the torque of the rotating tube.

2
P P9
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From this, the magnitude of the torque due to the air received
by the actuator is as shown in Fig. 2.

Using these values, an actuator operation simulation was
performed with MATLAB Simulink. A block diagram of the
simulator is shown in Fig. 4. Here, the measured values of the
prototype model described later were used for each variable;
the actuator was given an initial displacement of 1 [rad].
Consequently, a vibration waveform, as shown in Fig. 5 was
obtained, and it was confirmed that the vibration was sustained
by the inflow of constant air. In addition, it can be confirmed
that resilience is delayed for the displacement by the hysteresis
characteristic. Here, the time for one step of the simulation is
10 ms.

IV. PROTOTYPE AND OPERATION EXPERIMENT OF
ACTUATOR

This section first describes the prototype actuator. An oper-
ating experiment was performed on the prototype actuator to
measure the operating frequency. The validity of the model is
shown by comparing the measured values with the theoretical
model.

Fig. 3. Pipe model: Flow path inside the actuator is considered a two-
dimensional jet that collides with a curved surface.

Air injection

Damping

Fig. 4. Actuator operation simulation: A simulation was performed based on
the constructed model. The figure is a block diagram used for the simulation
and considers all restoring forces due to springs, dampers, and air.
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Fig. 5. Displacement and resilience of the simulated actuator: It was
confirmed by simulation that the vibration continued with a constant air flow.
The delay of resilience due to hysteresis can also be confirmed.

A. The prototype of actuator

The prototype actuator is shown in Fig. 6. The actuator
is modeled by a 3D printer (M3DS-SAS, MITS Electronics).
The main body consists of an integral part. The properties
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TABLE I
PROPERTIES OF MATERIALS USED FOR 3D PRINTING

Elastic modulus
Tensile strength 0.9 [MPa]
Elongation at break 290 [%]
Shore A hardness 25

T [MPa]

Fig. 6. Prototype actuators: 80, 100, 120, and 140 mm in length from the
left. All operate according to the same principle. Modeled using a 3D printer.

of the materials used for printing are listed in Table I. The
parameters of each actuator are listed in Table II. Because
modeling revealed that the actuator length [ affects the oper-
ating frequency, we designed models with a modified length.

Each parameter was measured from the actual model. [ is
the length of the actuator body and [ is calculated from the
mass and length of the body, assuming the actuator body is a
cuboid structure. k was calculated by measuring the amount of
deflection when deflected by its own weight. For ¢, the initial
displacement was provided to cause free vibration, which was
calculated from amplitude attenuation. V¥ is the value at which
the restoring force switches in Fig. 2. This helped measure
the angle at which the direction of air ejection switched
by deforming the actuator. The dimensions of each part of
the actuator are shown in Fig. 7; the air was introduced by
connecting an attachment, as shown in figure, to the actuator.
The actuator and the attachment are bonded by an ultraviolet
curing resin. This resin is strong enough to not be broken by
internal pressure, and there is no air leakage owing to its high
sealing performance. The dimensions of the internal structure
were all the same for this experiment. This experiment shows
the validity of the modeling, and changes in the characteristics
caused by changes in the internal structural dimensions will
be considered in a future research topic.

B. Experimental setup

An experiment was conducted in which air was introduced
into each actuator and the operating frequency was measured.
The system configuration of the experimental equipment used
is shown in Fig. 8. An air compressor was used as the air
pressure source and a sufficient pressure of 0.7 MPa was

A Cross section

'

Actuator

]
‘ Attachment h
A

Fig. 7. Structure and dimensions of the prototype actuator: The 9 mm tip of
the inner wall of the actuator is a free wall, which can move freely. With this
structure, the flow path is switched, and the actuator vibrates. Air is allowed
to flow into the actuator by attaching a dedicated attachment. The actuator
and the attachment were bonded using ultraviolet curing resin.

Laser displacement meter Actuator

= m
Speed |
. controller
Alr Flow
compressor sensor
I\ - ()
7~
Signal i
o Digital signal Signal

Pprocessor

Fig. 8. System configuration of the experimental equipment: An air com-
pressor was used as the air pressure source, and a pressure of 0.7 MPa was
maintained. The air flow rate was adjusted using a speed controller and flown
into the actuator. The flow rate and actuator displacement at that time were
recorded.

maintained. The air flow from the air compressor was adjusted
with a speed controller and it was flowed into the actuator. The
flow rate was changed manually during the experiment. A laser
displacement meter (LKG-500, Keyence) was employed for
displacing one point of the actuator. Simultaneously, the flow
rate of air flowing into the actuator was measured using a flow
sensor (FD-A600, Keyence). The flow rate and displacement
data were recorded using a digital signal processor (DS1104,
DSpace). The data sampling frequency is 10 kHz.

C. Experimental result

Air was introduced into the four models and the operating
frequency was measured. Fig. 9 shows movement when air
flows into Model D at 60 L/min, and it is evident that the
reciprocating motion is realized by constant air flow. The
displacement of one point of Model D at the representative
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TABLE II
PARAMETERS OF THE PROTOTYPE ACTUATOR
Model I [mm]* A [m?)? I[kg-m?)° Ek[N-m/rad]? c¢[N-m-s/rad] U [deg)
Model A 80 2.80 x 1075 2.58 x 105 0.0391 2.22 x 10~4 18 E‘; 8 - 28 E%E;
Model B 100 2.80 x 1075  4.03 x 1075 0.0206 1.96 x 1074 }g Egi 8 z 28 iﬁiﬁ;
Model C 120 2.80x10~% 5.80 x 1077 0.0173 1.92 x 10~4 ég gi 8 - 28 Iﬁ/ziii
Model D 140 2.80 x 1075 7.90 x 105 0.0163 2.57 x 10~4 gé 8: 8 - 28 i%iﬂ;

“Actuator length.
bCross-sectional area of actuator flow path.

“The actuator was assumed to be a rectangular parallelepiped and [ is calculated from the mass and length.

Tt was calculated from the amount of deflection when it was bent by its own weight.

“Free vibration was caused by applying the initial displacement, and the attenuation of the amplitude was measured.

/The size of the hysteresis. The actuator was deformed, and the angle at which the air ejection direction switched was measured.

Fig. 9. Actuator operation: Performs reciprocating motion with constant
air flow. The figure shows the operation when air flows into Model D at
60 L/min.

time obtained as a result of the experiment is shown in Fig.
10. The data are filtered by moving average with 400 samples.
In the obtained waveform, the time passing through the center
point was recorded and the frequency of each wave was

obtained from the data. In Fig. 10, — is the frequency of
the waveform. The flow rate of air flowing into the actuator
at each time was recorded simultaneously. The relationship
between the flow rate and operating frequency obtained as a
result, is shown in Fig. 11. The theoretical values derived from
the model obtained in the previous section are also plotted in
the same figure. These data are obtained from simulation by
applying the parameters in Table II to the theoretical model.

As a result of the experiment, the value obtained from the
operating frequency and the theoretical value obtained from
the experiment was found to be approximately the same value.
In the model with a long actuator length [, the difference
between the experimental and theoretical values is large. In the
theoretical model, it is assumed that the main body is a rigid
rod; however, if it is large, the overall deformation becomes
large, which is considered to be far from this assumption.

In the experiment, the actuator stopped operating in the re-
gion where the flow rate was approximately 40 ~ 50 [L/min)].
This is because the free wall is drawn by the force generated
on the wall as per Bernoulli’s theorem, as shown in Fig. 12,
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Fig. 10. Calculation of operating frequency: The figure shows the displace-
ment of one point of the actuator recorded by the laser displacement meter.
The time at which the displacement is zero is obtained, and the frequency is
obtained from the time per cycle.

and the air flows out from both channels. If the difference
in the amount of air flowing out from both channels is small,
the forces cancel each other, and the vibration stops. When the
flow rate is smaller than this region, the force is not affected by
Bernoulli’s theorem. In addition, when the flow rate is larger
than this region, the pressure due to the inflow of air is large;
thus, the difference in the amount of air flowing out from
both channels is large, and the restoring force is considered
to be generated. The region where this phenomenon occurs is
considered to be affected by the dimensions of the free wall,
and considerations and design methods including this region
will be discussed in the future.

These results indicate that the modeling method is valid.
Further, it was found that operating frequency can be changed
by adjusting the parameter based on the length, and the target
actuator can be designed using the observations based on
modeling.
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Fig. 11. Experimental result: operating frequency of the actuator obtained by
the experiment and the theoretical value derived from the theoretical model are
shown. It is evident that the experimental and theoretical values are almost the
same. The actuator operation stopped at a flow rate of about 40 ~ 50[L/min];
this is believed to be because the free wall was pulled by the force generated
on the wall by Bernoulli’s theorem.

’ Force based\on
Bernoulli's thsor

Fig. 12. Force generation by Bernoulli’s theorem: Flow rate at which the
actuator stopped operating was observed in the experimental results. This is
because the force is generated on the wall by Bernoulli’s theorem and the
free wall is pulled.

V. CONCLUSIONS

In this study, we proposed a pneumatic actuator that can
be molded by a 3D printer using a structure that induces
self-excited vibration by bending. This actuator can induce
self-excited vibration by constant air input. The operation
frequency was calculated theoretically by performing opera-
tion simulations by modeling the actuator. The validity of the
model was confirmed by comparing the obtained theoretical
values with the experimental values of the four prototypes. In
the experiment, it was confirmed that the operating frequency

IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED 03, 2020

- 150 mm .
L | ] | I
I N -
Ol B
Il I N
i m [ ] [ ]
\Seal

/ / 4\Actuator
Ti}/o+a -
A A

Fig. 13. Structure of multiple simultaneous driving test device: 12 actuators
are bonded to the base where the flow path is arranged. By injecting air into
the base, the internal structure splits the channel into 12 channels, and 12
actuators operate simultaneously.

changed with the length of the actuator, and the frequency
was almost independent of the input flow rate. Further, it was
also confirmed that the operation stopped within a certain flow
range. These results show that an actuator with an operating
frequency suited to the purpose can be designed using a
theoretical model.

Future work

In this study, we focused on the operating frequency of the
actuator and performed modeling and operation experiments.
However, changes in the characteristics caused by changes in
the internal dimensions as shown in Fig. 7 have not been
studied yet; this and the effect of the structural parameters
on operation will be investigated in the future.

In the experiment in this study, a stop region of 40 ~
50 [L/min] was confirmed as shown in Fig. 11. However, in
practical use, it is necessary to design an actuator such that its
operating frequency does not enter the stop region. Therefore,
in the future, modeling will be performed considering air
leakage. In addition, when considering contact with other
objects, we should examine the deformation when an external
force is applied using a continuum model. We believe that
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Fig. 14. Driving multiple actuators: We confirmed that multiple actuators can
be driven simultaneously with a single input.

this will help expand the range of design and enable more
applications.

As an application, we believe that a carrying device can be
designed using many actuators, and we are currently testing its
development. Fig. 13 and Fig. 14 show a structure and a photo
of the test model that operates multiple actuators using a single
pneumatic input and succeeds in driving multiple actuators
simultaneously. 12 actuators are bonded to the base where
the flow path is arranged. By injecting air into the base, the
internal structure splits the channel into 12 channels, and 12
actuators operate simultaneously. It is believed that such a
mechanism can be applied for moving soft objects. Further,
because this actuator can easily generate an oscillatory motion,
it can be applied to a leg mechanism, and we plan to consider
it as a moving mechanism for a soft robot. In the future, we
will study robotic applications of the actuator and discuss its
usefulness.
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