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Abstract. The purpose of this article is to present relevant concepts about the study of electro-
pneumatic circuits using fluidic muscle actuators. The fluidic muscle is a type of pneumatic
actuator having an extensive history of technical applications in the biomechanical field since
the 1955. After Introduction, the authors study two pneumatic circuits. In fact, the first pneumatic
circuit in this paper has only one actuator (fluidic muscle 1-1), but the second pneumatic circuit
has two actuators (fluidic muscles 2-1 and 2-2. Further on, the authors present two electro-
pneumatic schematics, a simple electro-pneumatic circuit and another electro-pneumatic circuit
with PLC (Programmable Logic Controller). This type of actuator is used in robotics, material
handling, motion control, industrial field and other applications. The pneumatic and electro-
pneumatic circuits given in this paper are made using FluidSim software from Festo. In this case,
the fluidic muscles are only non-conventional actuators. However, in pneumatic installations as
well as in electro-pneumatic installations, the non-conventional actuators have the following
advantages: strength, compactness, reliability, low price, ease of assembly or disassembly from
their circuits, etc. Of course, in practice are many types of fluidic muscles, which are used in
electro-pneumatic installations.
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1. Introduction
A fluidic muscle is a tensile actuator which mimics the natural movement of a muscle. This type of
actuator consist of a contractible tubing fitted with appropriate connectors.

The inventor, Richard Gaylord, discovered the fluidic muscle in 1955. He described this type of
actuator as ,,an elongated expansible tubular means surrounded by a woven sheath forming an expansible
chamber which contracts in length when expanded circumferentially”, [1].

The applications of fluidic muscles are:

e pneumatic springs;

e single-acting pneumatic actuators.

The contractible tubing is formed by a pressure-tight rubber hose, sheathed in high-strength fibers
creating a rhomboidal pattern having a three-dimensional grid structure. The tubing stretches in
circumferential direction when an internal pressure is applied, generating a tensile force and a
contraction movement in the longitudinal direction of the muscle.

In fact, the tubing stretches in circumferential direction when an internal pressure is applied,
generating a contraction movement and a tensile force in the longitudinal direction of the muscle.

However, the usable tensile force has its maximum value at the start of the contraction process, after
that it decreases to zero in an almost linear manner as a function of stroke.

The fluidic muscles can be connected in the pneumatic installations by using:

e press-fitted connections;

e screwed connections.
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When the fluidic muscle is supplied with compressed air, it will contract in length, expanding
radially, resulting a linear motion, as shown in figure 1, [2].

Figure 1. Fluidic muscle from Festo.
In practice, there are used various types of fluidic muscles, as shown in table 1. The most commonly
used constructive types of fluidic muscles are: Kukolj muscle, McKibben muscle, Yarlott muscle,
”rubbertuator” and pneumatic artificial muscle (PAM) from Festo, [3].

Table 1. Various types of fluidic muscles.

Constructive type name View of the fluidic muscle

Kukolj

McKibben

Yarlott

“Rubbertuator”

Pneumatic artificial muscle

A new type of pneumatic actuator is the bionic muscle. It consists of a contractile tube formed of a
rubber diaphragm filled with strong, heat resistant fibers called aramid yarns, [4]. Considering the case
when a fluidic muscle is filled with compressed air, it will increase in diameter and contract in length,
providing sequences that closely approximate animal movements, as can be seen in figure 2.
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Figure 2. Rendition of the similarity between an actual human muscles and a fluidic muscle.
A mathematical equation for the length of an inflated fluidic muscle can be written as:

2 . . 2
L:\/Pb 4z-F-n O

3P

In equation (1) there are given:

P, absolute pressure of the fluid,;

b, braided length of the fluidic muscle;
F, force;

n, number of turns of the thread.

The formula of the contraction ratio (relative contraction) of the fluidic muscle is given by:

L -L

E= -100 % )

n
In equation (2) are given:
e L., nominal length of the fluidic muscle;
e L, actual length of the fluidic muscle.

However, when calculating the force along the longitudinal axis, it can be neglected the deformation
of membrane material and the low inertial muscle properties, [5]. In this case, the generated force F can
be written as:

dv
F=-p dl ®)
where:
e p —the gauge pressure inside the muscle;
e dV —enclosed muscle volume changes;

e dl —actuator length changes.
2. Pneumatic circuits using fluidic muscles
The following pneumatic circuits presented in the paper are operating only when the 3/2 - way air
directional valve will be given a manual command, using S1, [6].

Table 2. Devices in the first pneumatic circuit.

Description Number of components
Compressed air supply 1
Start-up valve 1
3/2 - way directional valve 1
Throttle check valve 1
Fluidic muscle 1
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The first pneumatic circuit that the authors have studied has one fluidic muscle 1-1, as shown in
figure 3.

Fluidic muscle (1-1)

—
2

2 3/2-way valve

i3

Throttle check valve

Start-up valve

Compressed air supply
Figure 3. First pneumatic circuit using one fluidic muscle.

The first pneumatic circuit operates if the operator presses S/ button of the 3/2 way directional valve,

as shown in figure 4.
Fluidic muscle (1-1)

Iy

Throttle check valve )

< ;[ 3/2-way valve
1 3
I
Start-up valve !
L]
— A
.
T ]
|

l

Compressed air supply
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Figure 4. Simulation of the first pneumatic circuit.

The diagrams given in figure 5 show variation of the following functional parameters of the fluidic
muscle:
contraction — h [%];
position — x [mm];
velocity — v [m/s];
acceleration —a [m/s?].
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Identification Quantity value 1 2 3 4 5 6 7 8 E) 10
20
15
Fluidic muscie1-1 | h [36] 10
5
252
239
Fluidic muscie1-1 | x [mm] 226
212

8
0.3
Fluidic muscle1-1 | v [mis] 0
0.3
5%
39
= - 0
Fluidic muscie1-1 | a [m/s2]
-39
-8

Figure 5. Diagrams of functional parameters variations of the fluidic muscle (1-1).

In the table below there are given the component pneumatic devices used in the second circuit.

Table 3. Devices in the second pneumatic circuit.

Description Number of components
Compressed air supply 1
Air filter 1
4/2 - way directional valve 1
Throttle check valve 1 & 2 2
Fluidic muscles (2-1) & (2-2) 2

The second pneumatic circuits that the authors have studied uses two fluidic muscles, (2-1) and (2-
2), as can be seen in figure 6.

Fluidic muscle (2-1) Fluidic muscle (2-2)
Throttle check valve 1 . Throttle check valve 2

2 2

4

2
52 4/2 way Valve
1 é 3

Air filter

Compressed air supply

A
Figure 6. Second pneumatic circuit using two fluidic muscles.

In figure 7a and 7b the authors show two functional states of the circuit given above in figure 6,
during the simulation in FluidSim. In the initial state, at circuit power-on, it can be seen that the fluidic
muscle 2-2 will begin to gradually expand in its peripheral direction, using the air flow through the
throttle check valve 2. In the case the operator presses and holds button S2, the fluidic muscle 2-1 will
begin to expand while 2-1 will deflate.
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Fluidic muscle (2-1)

1
;}

Throttle check valve 1

Air filter

Fluidic muscle (2-2)
2

Throttle check valve 2

2

Compressed air supply

4/2 way Valve

a. initial state of the circuit (power-on);
Figure 7. Simulation of the second pneumatic circuit.
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Fluidic muscle (2-1)
Throttle check valve 1 N
2

2

Air filter

Compressed air supply

Fluidic muscle (2-2)

1

Throttle check valve 2

]
3

2
4/2 way Valve
bih

b. state of the circuit with S2 pressed;

3. Electro-pneumatic circuits using fluidic muscles

Electro-pneumatic circuits containing fluidic muscles are more complex than the pneumatic ones using
as an actuator the same fluidic muscle, [7].

When comparing with pneumatic circuits, the electro-pneumatic circuits essentially demonstrate the

following advantages:
[ ]

Throttle check valve

3/2-way solenoid valve

“’_/:\:_]”

Fluidic muscle (3-1)

Alr service unit

Compressed air supply

0Veo

_ Safety switch
Q7
2

simple and rapid modification of open and closed control strategies using programmable logic
controllers (PLCs);

easy exchange of information between several control systems;
less effort and expense for planning and commissioning;
less time required for installation, [8].
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Figure 8. First electro-pneumatic circuit.

The first electro-pneumatic circuit, as shown in figure 8, comprises a few basic electrical and
pneumatic devices, given in the table below. It must be noted that the authors used a latched 3/2-way
solenoid valve, having a “memory” effect on the commands issued by the operator.
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Table 4. Devices in the first electro-pneumatic circuit.

Description Number of components
Fluidic muscle (3-1) 1
Throttle check valve 1
3/2 - way solenoid valve 1
Valve solenoids, Y1 & Y2 2
Air service unit 1
Command relays, K1 & K2 2
Signal lamps, H1 & H2 2
NO push-buttons S3 & S4 2
NC safety switch, SO 1

In order to operate the electro-pneumatic circuit shown in figure 8, having one fluidic muscle (3-1),
the operator has to press the S3 button. Then, the fluidic muscle will begin to gradually expand in its
peripheral direction, as shown in figure 9.

Fluidic muscle (3-1)

R
i 1
Throttle check valve R 240
= _ Safety switch
e } © q@L
! 3 4 6
i
3/2-way solenoid valve 1 3 12 "d 3 22
53 BN K1 S4Bl K2
4 4

Relay 1

N

Yalve solenoid 1
n

valve solenoid 2

o Relay 2
| F:D = !

T

.
4

<

(%]

= 7 )
K Eﬁ H3 iy K
Compressed air supply 0 . - -

Figure 9. Contraction process simulation of fluidic muscle (3-1).
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For deflating the fluidic muscle (3-1), in order to return to its initial state, the operator has to press
button S4, after the button S3 has been released. Now, the fluidic muscle (3-1) will start to deflate, as
can be seen in figure 10.

Here, also, the authors used a latched 3/2-way solenoid valve, in order to benefit from the memory”
effect of this device on the commands issued by the operator. Another solution is using a non-latching
valve and a simple electric circuit that stores the commands issued by the S3 or S4 buttons. In this case
the circuit must be provided with a supplementary function that disables the operator’s possibility to
press S3 and S4 at the same time. This alternative electric circuit can use K1 and K2 relays to obtain the
latching effect and disabling function, [9].

As can be seen in figure 9, K1 and K2 relays have changeover contacts, but it can be used another
constructive type of electromechanical relays having normally-open (NO) and normally-closed (NC)
pairs of contacts. Eventually, it can be used a supplementary lamp to indicate circuit’s power-0n state.
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Figure 10. Deflating process simulation of fluidic muscle (3-1).

Another further improvement for the circuits presented above is the use of a programmable logic
controller (PLC), providing much more flexibility in controlling the fluidic muscle, as can be seen in

figure 11.
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Figure 11. Second electro-pneumatic circuit using a programmable logic controller.

The programmable logic controller, used in the circuit given above, uses one 8-bit digital input port
for interfacing S5 and S6 command buttons and one 8-bit digital output port for issuing commands to
electric circuits Y3/H5 and Y4/H6. The internal programmable logic can be configured in such way that
it can provide latching and conditional enable or disable functions, substituting external hardware
circuits. The digital output port of the controller, in the configuration that the authors used, have relays
for each single output that replace K1 and K2 electromechanical relays from figure 8. The authors used
13 and 16 input bits and Q2 and Q8 for output bits, all using 24V DC voltage level, but having different
current ratings per port type.

In the table below, there are given some important devices used in the second electro-pneumatic
circuit, [10].



=\ TECHNIUM TechniumVol. 3, Issue 10 pp.1-10 (2021)
L I | SSN: 2668-778X

www.techni umscience.com

Table 5. Devices in the first electro-pneumatic circuit.

Description Number of components
Fluidic muscle (4-1) 1
Throttle check valve 1
3/2 - way solenoid valve 1
Valve solenoids, Y3 & Y4 2
Air service unit 1
Signal lamp, HO, H5 & H6 3
NO push-buttons S5 & S6 2
NC safety switch, SO 1
Programmable logic controller 1

In the next two figures there are shown simulations for the contraction and deflating proceses of the
fluidic muscle (4-1), based on the circuit given in figure 11.
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Figure 12. Contraction process simulation of fluidic muscle (4-1).
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As can be seen in both figures 12 and 13, the programmable logic controller has the role of issuing
commands to the 3/2-way valve, having the possibility to be reprogrammed in case of working algorithm
changes, circuit updates or using another fluidic muscle with new parameters.
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Figure 13. Deflating process simulation of fluidic muscle (4-1).
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4. Conclusions

Taking into consideration the presented above electro-pneumatic circuits using a fluidic muscle, it can
be seen that these can offer several advantages over traditional electro-pneumatic systems using another
type of actuators, such as semi-rotary, air motor, etc. Some important advantages to be noted are: lower
cost, higher power to weight ratio, less weight, no restriction regarding working in dusty environments,
etc.

Therefore, given the superior strength, it may seem that fluidic muscles may replace, in particular
applications, pneumatic cylinders from electro-pneumatic installations.

However, this unconventional type of actuator offer some unique features that must be explored by
users in a wide variety of fields such as robotics, production equipment, artificial muscles, biomechanics
based algorithms, material handling, etc.

The users and researchers should be encouraged to take into account the fluidic muscle when
searching for a suitable fluid actuator that can be easily integrated in the electro-pneumatic installations
using programmable logic controller (PLC).

The non-conventional actuators are often used in areas of extreme temperatures due to the safety of
using than hazardous electricity or chemicals.

In conclusion, these non-conventional actuators are very simple devices providing a low-cost
alternative.
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