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Proposal and Prototyping

of Self-excited Pneumatic Actuator

Using Automatic-Flow-Path-Switching-Mechanism

Kosuke Tani1, Hiroyuki Nabae1, Gen Endo1, and Koichi Suzumori1

Abstract— Robots currently have a wide range of practical
applications. However, their widespread use is limited by long
design and manufacturing times as well as increasingly complex
drive system electronics and software, which have led to high
development costs. Therefore, simpler manufacturing, driving,
and control methods are required. In this study, we design a
pneumatic actuator drive system that combines the printing
technique and self-excited vibration. In the proposed actuator,
a mechanism for automatically switching the airflow path is
used to induce self-excited vibration. Moreover, the actuator
is integrally molded by a 3D printer; therefore, no assembly
process is required. This actuator can be used to easily build
robots in a short time, contributing to more widespread use
of robots. In this study, we also calculate the theoretical value
of the moving frequency by modeling the actuator and verify
the validity of this value through experiments using a prototype
actuator. Based on the results, we were able to freely design the
operating frequency of the actuator; by using this knowledge,
we designed a flapping robot. The robot is also integrally
molded by a 3D printer. Finally, we validate its motion through
experiments, in order to illustrate one of the many applications
of the proposed actuator.

Index Terms— Hydraulic/Pneumatic Actuators, Additive
Manufacturing, Mechanism Design

I. INTRODUCTION

Recently, robots have begun to play an active role in

various fields, such as inspecting disaster areas[1] and in

surgeries[2]. However, generally applicable robots are not

only time consuming to design and manufacture but the

electronic circuits and software comprising the drive systems

are highly complex. Such high development costs are one of

the factors limiting the more widespread use of robots; thus,

simpler manufacturing methods, drive systems, and control

methods are required.

The use of 3D printing technology has previously been

investigated to simplify the robot manufacturing method. By

easily molding even complex shapes in a short amount of

time, the production costs for robots can be significantly

reduced. Moreover, the formation of robot and actuator

structures by 3D printing can simplify the manufactur-

ing process; for example, by printing actuators on film-

like materials[3][4], ionic polymer-metal composites[5], and

printing resin[6][7][8]. However, all of these techniques

require assembly after molding and do not allow for a

single molding process. Although research on integrated 3D
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Fig. 1: Operation principle of the proposed actuator. A

reciprocating motion is generated by automatically switching

a freely rotating pipe arranged in the center of the actuator.

printing of robots have been conducted[9][10], the driving

system is complicated.

One way to simplify robot drive and control systems is to

use self-excited vibration, which produces large movements

with a simple structure and control method. It reduces

the size of the robots and improves the efficiency of the

control methods. More importantly, self-excited vibration can

induce vibration without any vibration inputs, leading to

simplification of the robot structure. Vibration drive methods

without self-excited vibration[11][12][13] require an external

device to generate vibration input and the drive system is

complicated. Previous examples of self-excited actuators in-

clude those that induce vibrations by electrostatic forces[14]

or metal deformation due to heat[15], and those using link

mechanism or unbalanced rotating mass with electromag-

netic motor[16][17][18] or with gravity[19][20][21]. How-

ever, the mechanism for inducing vibrations is complicated



and multiple parts and materials are required. Therefore, they

are not suitable for integral molding with 3D printers. Those

using chemical reactions[22] have a simple mechanism, but

they require the preparation of adequate environments. In

contrast, the mechanism of valves[23][24] and robots[25][26]

that induce self-excited vibrations by air pressure is rela-

tively simple. In addition, the application of air pressure

is characterized by safety to humans and the environment

and ensures excellent explosion-proof properties. Therefore,

it is expected to play an active role in various situations. In

addition, air compressors are generally widely used and are

characterized by easy access to energy sources. However they

also consist of multiple parts including magnetic materials

and are not suitable for integral molding with 3D printers. A

previous study realized the same function without the need

for elements such as magnets[27], but it still employs an

assembly process instead of integral molding. If the actuator

consists of a single material, it has been confirmed that

pneumatic actuator is more suitable for integrated molding

using a 3D printer[28].

Therefore, this study designs and develops an actuator

that combines integral molding by 3D printing and a drive

system based on self-excited vibration. First, we explain the

operating principle and design of the prototype actuator.

Then, we calculate the theoretical value of the operating

frequency by modeling the actuator and verify its validity

through experiments with prototype actuators. Finally, we

build a flapping robot as an example of the applications of the

actuator and confirm its performance through experiments.

II. OPERATING PRINCIPLE OF THE PROPOSED ACTUATOR

The mechanism that induces self-excited vibration by

air has been studied in the field of Fluidics[29][30][31].

However, producing a large motion with an actuator is

difficult because most of its mechanism is only for changing

the flow path[32]. Therefore, we have devised an operating

principle that generates movement when the flow path is

switched. The proposed actuator consists of two parts: a fixed

tube and a rotation tube. In this novel mechanism, when

air pressure is applied to the fixed tube, the rotating tube

attached to the center rotates and the flow path automatically

switches. This induces self-excited vibration and produces

actuator movement. This phenomenon can be treated as

self-excited vibration because the angle of the oscillating

tube is obtained as output when non-vibrating air input is

applied. A schematic diagram is shown in Fig. 1. The tip

of the rotary tube is bent at approximately 90◦ and torque

is generated in the rotating tube when the pipe receives the

change in momentum when the jet is bent. The rotating tube

then rotates due to the generated torque. We assumed that

the optimal angle meets the following condition; the angle

between the jet direction and the line connecting the center

of rotation and the tip of the bent tube is 90◦. However, this

angle depends on the length of the rotating tube l, so in order

to align experimental conditions other than l and I , the values

were set to 95◦, which is close to that. When the rotating

tube moves to the center, the generated torques in both tubes

(a) (b)

Gap

Fig. 2: Description of each value. (a) Situation where the

magnitude of the generated torque τ is maximum. (b) Situ-

ation where the torques generated in both pipes cancel each

other out and τ = 0.

Fig. 3: Model of one side of the rotating tube. The flow path

bent by the pipe is modeled as a jet that collides with the

curved surface.

cancel each other out and become zero; however, the tube

continues to rotate due to inertia. When it reaches the other

side, air flows into the other pipe, and torque is generated

in the opposite direction by the same principle. By repeating

this process, the rotating tube reciprocates. This operation

principle can be applied even if there are multiple pipes in

the rotating tube. Thus, multiple applications are expected.

III. THEORETICAL MODEL AND MOTION FREQUENCY

We construct a theoretical model of the actuator and derive

a theoretical value for its operating frequency.

First, we set the torque and rotation angle when air flows

into the actuator at a flow rate of Q[m3/s] and a flow velocity

of v [m/s] as Fig. 2. The air density is ρ [kg/m3]. Let the

moment of inertia of the rotating tube be I [kg ·m2] and the

rotation angle of the rotating tube be θ. The rotation range of

the rotation angle is then θmin ≤ θ ≤ θmax (|θmin| = |θmax|).
When air flows into the tube, torque is generated when it is

bent at the tip, and the air velocity that blows into one of the

tubes collides with a curved surface with an angle φ as shown

in Fig. 3 and a cross-sectional area A [m2], representing a



two-dimensional jet model. Let F = (Fx, Fy) be the force

generated by the impinging jet on the curved surface. There

is a gap between the fixed tube and the rotation tube, but

the two tubes have the same flow rate. Furthermore, it has

been experimentally shown that the operating frequency of

the actuator does not change with the gap distance, which

will be explained in the next section.

First, the equation of motion of the rotating tube is

expressed as shown in Equation(1).

Iθ̈ = τ (1)

Here, τ can be expressed by a linear function of the rotation

angle θ. The maximum size is realized when θ = θmin, θmax,

and the figure (b) of Fig. 2 describes the situation when

θ = 0. As shown in Fig. 2, the torque generated in both

pipes cancels out such that τ = 0. From this, Equation (2)

can be assumed using a certain value K. The equation of

motion is shown in Equation (3).

τ = −Kθ (2)

Iθ̈ = −Kθ (3)

Here, in order to obtain K, we consider the case of θ = θmax

when the size of τ is maximized. First, when considering air

blown into the tube of one pipe, the equation of momentum

in the x-direction and y-direction is given by the following

formula.

ρQ (v cosφ− v) = −Fx (4)

ρQv sinφ = −Fy (5)

Here, φ = π/2 is used to obtain the y direction of the force

involved in the torque of the rotary tube. Note that the x
direction also contributes to the generation of torque, but it

was ignored because it was small enough in the y direction.

Fy = −ρQv (6)

= −ρ(Av)v (7)

= −ρAv2 (8)

K can be obtained using the distance from the rotation axis

of the rotating tube to the spout l and equation(8).

K =
ρAl

θmax
v2 (9)

Thus, K can be expressed as a function of v. According to

Equation(3),(9), the frequency of motion of the actuator is

as follows.

f =
1

2π

√
ρAl

Iθmax
v [Hz] (10)

The frequency is expressed as a linear function of the flow

velocity v. The maximum torque of the actuator is described

by θ = θmax and in the following equation.

τmax = ρAlv2 (11)

Using Equation(10), the operating frequency of the actuator

can be designed according to its specific purpose by changing

the dimensions of the rotating tube. For example, when

the length l of the rotating tube is increased, the operating

frequency decreases because the effect of the inertia moment

I becomes large. The operating frequency can also be

increased by increasing the cross-sectional area A of the

rotating tube.

IV. PROTOTYPE OF THE ACTUATOR AND VALIDATION

EXPERIMENTS

This section describes the prototype actuator and the

experiments conducted to measure the operating frequency

of the two-pipe model, which is the basic structure of the

actuator and compare it with calculated theoretical values. It

shows the validity of the model constructed in the previous

section.

A. Prototype actuator
Fig. 4 shows the prototype actuator. This model is the

most basic structure of the proposed actuator. We made six

models with different gap between two tubes, distances from

the center of rotation to the tip l, and the moment of inertia

of the rotating tube I . The models were developed with fixed

parameters, except for the most important parameters I and

l, when designing. Therefore, the inner diameter of all the

pipes is 3 mm. This is because it is suitable for experimental

conditions including a flow meter. We also developed an

extension of the actuator in Fig. 4, as shown in Fig. 5,

where the number of pipes was changed to 4 and 10. This

extended model operates on the same principle as the two-

pipe model. It was shown that the movement of the actuator

can be changed by increasing the number of pipes, and the

motion trajectory can be mechanically designed. As a result,

it can be applied to walking and swimming robots with leg

trajectory designs. In addition, the 4-pipe and 10-pipe models

do not include a state in which air flow is even across all

the pipes during operation. This is the result of avoiding

stable points by mechanical trajectory design. As a result,

even if the operation of the rotation tube is disturbed, it can

continue to vibrate. There is a pneumatic tube connection

hole in the lower part (fixed tube) of the actuator, into which

air is injected to drive the actuator. This actuator is printed

integrally using a 3D printer (Objet260 Connex3, Stratasys);

thus, no assembly process is required for production. Because

it is necessary to remove the support material after printing,

the dimensions of each part must be designed appropriately.

It is better to make the movable part and the fixed tube /

rotation tube connecting part as narrow as possible to ensure

improved operational stability and efficiency; thus, tweezers

with a tip of 0.25 mm and a needle with a diameter of

0.5 mm were used for support removal. Therefore, the gap

between the rotating part and the switching part was set to

this size. The support material in the tube was first roughly

removed with a long wire and then completely removed with

a washing machine (LAC-RIM 3D, macoho) using a water

stream. A summary of each actuator is provided in Table I.

B. Experimental equipment
The experimental apparatus used in this study is shown in

Fig. 6 and the system configuration is shown in Fig. 7, which



Fig. 4: Two-pipe model of the prototype actuator, which is

the most basic actuator structure where self-excited vibration

is induced and reciprocated by inflowing air (This is the

model of l = 20 mm).

Fig. 5: 4-pipe and 10-pipe extensions of the actuator model

shown in Fig. 4. By increasing the number of pipes, the mo-

tion displacement is increased and the stability is improved.

TABLE I: Overview of each actuator

Model Mass [g] Operating angle [deg]
2 pipes 4.4 ±10 (Roll)

4 pipies 7.5 ±10 (Both roll and pitch)
10 pipes 21.2 ±25 (Both roll and pitch)

simultaneously measured the actuator displacement and flow

rate. This flow sensor can measure more than 40 m/s. In

the experiment, the two-pipe actuator shown in Fig. 4 was

used. An air compressor and an air tank were used as the

air pressure source to maintain a sufficient pressure of 0.7

MPa. The flow rate of the compressed air obtained from

the air pressure source was adjusted by the speed controller

and flowed into the actuator. At this time, the flow rate of

the air flowing through the actuator was measured using a

flow sensor and divided by the cross-sectional area of the

pipe to obtain the flow velocity value. In order to measure

the operating frequency of the actuator in operation, the

displacement was measured with a laser displacement meter

at one point of the rotating tube, and the operating frequency

was calculated from the data. Flow rate and displacement

data were recorded with a digital signal processor (DS1104,

Actuator

Laser Displacement Meter

Fig. 6: Experimental equipment. Only the configuration for

measuring the displacement of the actuator is shown. The

displacement of one point of the rotating tube is measured

by a laser displacement meter on the left side.

Air 
Compressor

Speed 
Controller

Flow
Sensor

ActuatorLaser Displacement Meter

Digital Signal
ProcessorSignal

Signal

Fig. 7: System configuration of the experimental equipment.

DSpace).

C. Results of motion experiments

The six models are shown in Table II with different gaps

between the two tubes, l, and I . Air was introduced into the

actuator and the operating frequency was measured. Fig. 9

shows the displacement of the actuator at the representative

time obtained during the experiments. In the obtained wave-

form, the time passing through the center point was recorded

and the frequency of each wave was obtained from the data.

At the same time, the flow rate of air flowing into the actuator

at each time was recorded. First, the gap between the fixed

tube and the rotation tube does not significantly affect the

operating frequency. Fig. 8 shows the operating frequency

when air is input to Model A, Model B, and Model C. As a

result, it was found that the gap does not affect the movement

in the range of this experiment. However, the operating

frequency of Model C is slightly higher under the high flow

velocity, and it is expected that the efficiency is higher due to

smaller air leakage. Fig. 10 shows the relationship between

the resulting flow velocity and operating frequency with



Fig. 8: Operating frequency when the gap is changed: It can

be confirmed that the gap between the fixed tube and the

rotation tube does not affect the operating frequency.

TABLE II: Actuator models with different gap between two

tubes, l, and I .

Gap [mm] l [mm] I [kg ·m2]
Model A 2.5 20 2.12× 10−7

Model B 1.5 20 2.12× 10−7

Model C 0.5 20 2.12× 10−7

Model D 0.5 30 4.05× 10−7

Model E 0.5 40 6.94× 10−7

Model F 0.5 40 10.2× 10−7

TABLE III: Parameters used to derive the theoretical values

A 7.07× 10−6 m2

ρ 1.296 kg/m3

various values of l. Fig. 11 compares the operating frequency

of different I with the same length of l to indicate the

effect of momentum of inertia. Here, the theoretical values of

the operating frequency were calculated by substituting the

parameters of the actuator shown in Table II and Table III

into Eq.(10) and are plotted in the same figure. The moment

of inertia I of the rotating tube was calculated from a 3D

CAD model. There is a difference between the experimental

and theoretical values. In the theoretical model, it was

assumed that τ can be expressed by a linear function of the

rotation angle θ. However, it is considered that the torque

was not linear exactly at −10◦ < θ < 10◦. In experiments of

some models, the operation stopped when the flow velocity

dropped. This is because the torque generated by the air was

sufficiently small with respect to the force due to friction

between the rotating tube and the wall surface etc., and the

vibration was attenuated. Comparing the Fig. 10 for changes

in l, the larger l is, the lower the frequency. The larger l is, the

smaller the variance of the data. This is because the moment

of inertia has increased and the stability of the movement

has improved. Comparing Fig. 11 for the change of I , as

the theory shows, the larger the moment of inertia I , the

Fig. 9: Displacement at typical times. The operating fre-

quency was calculated from the time passing through the

center. The data are filtered by moving average with 50

samples.

lower the frequency. However, the torque was insufficient

with respect to the moment of inertia, and operation stopped

at a small flow rate.

The relationship between the flow velocity and the operat-

ing frequency was almost linear. This is the same as the result

shown in Eq. (10), which was derived from the theoretical

model. Thus, the theoretical model constructed in this study

was valid.

V. FLAPPING ROBOT APPLICATION EXAMPLE

In this section, we design a flapping robot using the

theoretical model, and present the results of experiments

using the robot to reveal the applicability of the proposed

actuator to actual robots.

A. Robot design and development

In order to demonstrate the applicability of the proposed

actuator, we built a prototype robot that flutters using the

proposed actuator. The prototype robot is shown in Fig. 12.

This robot is molded integrally with the actuator and has

two wings on the arm extending from the rotating tube.

The typical flapping frequency of insects is approximately

30 Hz; therefore, the wings were designed such that the

operating frequency was the same. The wings were designed

using Eq.(10) derived from the modeling of the actuator.

The dimensions of the rotating tube were not changed from

those used in the previous experiment (l = 20 mm); only

the inertia moment I including the wing was adjusted. As

a design procedure, the target moment of inertia, I, was

determined from Eq.(10), and the calculated value on CAD

including the moment of inertia of the blade was close to this

value. At this time, the mass of the blade was assumed to be

sufficiently large, and the fluid resistance due to flapping

was ignored. The three parts of the robot (body, wings,

and wing bones) were molded from resins with different

Shore hardness values of 85 (Vero, Stratasys), 30 (Agilus 30,



(a) Model C (l = 20 mm)

(b) Model D (l = 30 mm)

(c) Model E (l = 40 mm)

Fig. 10: Relationship between flow velocity and frequency

(change l)

Stratasys), and 70 (mixing the two), respectively. The robot

dimensions and material hardness values are shown in Fig.

13. The base of the wing has a movable range of ±13◦ (Fig.

Fig. 11: Effect of moment of inertia on driving frequency.

Model E: I = 6.94× 10−7 [kg ·m2],
Model F: I = 10.2× 10−7 [kg ·m2]

Fig. 12: Flapping robot with arms and wings attached to a

two-pipe model actuator, which was integrally molded using

a 3D printer.

14) and can rotate passively. This robot was also printed

integrally using a 3D printer such that it can be operated

as a robot immediately after printing without any additional

assembly process.

The actuator is driven by air flowing in from the bottom

of the robot and the mounted wings are shaken in antiphase.

Propulsion is generated by vibration of the wings, which

moves the robot forward.

B. Robot motion experiments

The experimental device shown in Fig. 15 was constructed

for the robot motion experiment. The pneumatic tube was

connected to the robot through a basic rotary joint, and the

robot’s own weight was supported by the tube. Propulsion

was generated by the flapping motion of the robot so that

the robot flew around the rotary joint.

When air was applied to the robot, it fluttered at approx-



Fig. 13: Robot dimensions and material hardness values.

Actuators, wings, and bones are all manufactured using

materials with different hardness values.

PassiveActive

Fig. 14: Moving parts of the wing. A rotating joint was at-

tached to the base of the wing to allow the wing to passively

swing. The bottom figure shows the flapping motion, which

is passively rotated by the vibration of the actuator.

imately 25 Hz as designed and moved forward (Fig. 16). A

model with the same shape and no wings was also made for

comparison, revealing that the robot obtained thrust through

the flapping motion generated by the actuator.

Fig. 15: Robot experimental setup. The pneumatic tube can

be freely rotated by a rotary joint attached to the robot.

Fig. 16: Continuous photo of the flapping motion of the

robot, which generates thrust and rotates.

Thus, a pneumatic robot was easily and successfully

manufactured by 3D printing using the proposed actuator.

The actuator itself can be expanded as shown in Fig. 5;

therefore, it is expected to have applications to various

robots. Although there is a problem that the operation

of the actuator becomes unstable due to the ejected air, it is

believed that, in the future, its influence can be reduced by

attaching a wall to the outlet of the air. Also, applications

that use jets, such as a pipe cleaning robot, will be studied

in the future.

VI. CONCLUSIONS

In this study, we proposed and designed a pneumatic

actuator that uses a flow path switching mechanism to induce

self-excited vibration and that can be integrally molded with

a 3D printer. This novel design simplifies manufacturing,

driving, and control processes, thereby reducing the devel-

opment costs of robots. The relationship between the flow



velocity of the inflowing air and the operating frequency

was clarified using a theoretical model of the two-pipe

model , which forms the basic structure of the actuator,

and validated through experiments on a prototype actuator.

Experiments were also performed on a 4-pipe model and a

10-pipe model, which improved the stability of the prototype

and increased the displacement. Finally, as an example of

the application of actuators, we built a prototype robot that

fluttered. Experiments revealed that this actuator can be

successfully applied to a pneumatic robot that can be easily

manufactured by 3D printing. In the future, we will further

demonstrate the applications of the actuator by performing

independent operations using an air pressure source that

can be mounted on the robot[33] and various other robot

applications using an extended model of the actuator.
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