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Abstract: Pneumatic muscles have significant advantages over typical pneumatic cylinders, such
as smooth speed adjustment, higher power-to-weight ratio and longer operating life. Applying
a pneumatic artificial muscle is a way to considerably simplify manipulator mechanisms due to
its physical properties. This paper deals with the development of positioning control principles
of pneumatic artificial muscle drive and presents numerical and experimental investigations of
different operation modes such as lifting and lowering a load under normal working conditions,
operation in a case of a sudden load separation and position control by manual operator force. In this
work, the mathematical model elaborated earlier was numerically and experimentally investigated.
Experimental validation of static and dynamic characteristics confirmed the results of the theoretical
studies, so the elaborated model can be used to design a PAM-based manipulator with required
characteristics.

Keywords: pneumatic artificial muscle manipulator; position control; load separation

1. Introduction

In a general way, a pneumatic artificial muscle (PAM) is a linear single-acting actuator
that consists of a rubber tube (bladder), surrounded [1] or reinforced [2] by a braided mesh
shell with nonextensile threads and with two fittings on both sides. When a rubber tube is
pressurized, its volume is increased. At the same time, the nonextensile threads prevent
the volume increase, which leads to contraction of a rubber tube in the axial direction, and
pneumatic muscle produces force.

Nowadays, there are many types of pneumatic artificial muscles. Commercial pneu-
matic muscles include FESTO fluidic muscles, Shadow Air Muscles and Rubbertuators;
noncommercial pneumatic muscles include Yarlott and Kukolj [3]. Characteristics of com-
mercial pneumatic muscles are presented in Table 1.

Table 1. Characteristics of commercial PAMs.

PAM Force, Max, H Relative Contraction,
Max, %

Working Pressure,
Max, kPa

FESTO fluidic muscle 6000 25 800
Shadow Air Muscle 700 37 400

Rubbertuator 220 20 300

It can be seen from Table 1 that FESTO fluidic muscle has the best characteristics for
selection as an actuator of an industrial manipulator. FESTO fluidic muscle is a pneumatic
artificial muscle that consists of a rubber tube reinforced by a braided mesh shell that is
attached by fitting caps at the ends. If a FESTO fluidic muscle is used instead of a pneumatic
cylinder, it is possible to exclude jerkiness at slow speeds and reduce the weight of the
structure due to the high power-to-weight ratio (the mass of the FESTO fluidic muscle is
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lower than that of a pneumatic cylinder by 5–10 times with the same developed force). At
the same time, both the pneumatic cylinder and the FESTO fluidic muscle are low-cost; can
be used in dusty, humid, explosion-prone and radioactive environments; and have a wide
range of working regimes and a high operating resource (up to 5 million cycles) [4]. In
Table 2, a comparison between FESTO pneumatic cylinder DSBC and FESTO fluidic muscle
DMSP-40 is presented. As can be seen from Table 2, the pneumatic muscle would produce
5 times more force than the pneumatic cylinder while having 5 times less mass at the same
working pressure.

Table 2. Comparison between pneumatic cylinder DBSC and FESTO fluidic muscle.

Characteristics Pneumatic Cylinder DBSC FESTO Fluidic Muscle

Force, H 754 3500
Piston or bladder diameter, mm 40 40

Mass, g 3340 675
Working pressure, MPa 0.6 0.6

Length, mm 100 100

Due to the advantages of pneumatic muscle, many works deal with the design of the
PAM-based systems and their implementation in industrial equipment. The main part of
PAM-based system design is the elaboration of an exact mathematical model of pneumatic
muscle.

There are many works dedicated to the elaboration of the static force of PAM. There
are two main types of mathematical models of static force: the expressions obtained by
geometric parametrization and the empirical expressions consisting of adjusting factors.
The expressions obtained in the course of geometric parametrization [1,5–7] are discrepant
with the experimental curves presented in the FESTO catalog [4], in some cases by up to
50%. Such expressions are not suitable for modeling FESTO fluidic muscles. The empirical
expressions of the authors of [8–11] contain many correction factors (from 6 to 21) and
are not universal for any length of the bladder and the operating mode of FESTO fluidic
muscles. So, a new model of the static force of PAM was elaborated earlier in [12].

Developing a mathematical model of pneumatic muscle is a complex task due to the
nonlinear working behavior of the pneumatic artificial muscle. Nonlinearities are caused by
the properties of the bladder of pneumatic muscle and mesh shell and the compressibility
of air. Many works deal with the modeling of hysteresis of pneumatic artificial muscle to
eliminate its influence on the work of the system [13]. In order to obtain high positioning ac-
curacy, many authors elaborated control systems of PAM-based drive with different control
approaches [14–19]. For example, in [16], the authors developed a McKibben muscle manip-
ulator with a new position control method with a hybrid (PID+MRAC) adaptive controller.
In [17], the control system of agonist–antagonist pairs of pneumatic artificial muscles with
an iterative linear quadratic regulator (iLQR) was presented. In [18,19], a position-tracking
control system with nonlinear controllers was implemented in a pneumatic muscle system.

Experimental validation and numerical modeling confirm that the control methods
presented in these studies help to improve the performance of the pneumatic muscle drive
in industrial manipulators and robots. However, the realization of these methods can
lead to the application of difficult mathematical modeling and implementation of electro-
pneumatic equipment that would decrease the safety of the manipulator and make the
control system more complex. Such control systems are not always required for many
industrial tasks (for example, lifting or lowering a load). In the industry, manipulators with
manual control are widespread. An operator can realize position control of the loading
arm by the commands expressed by pressing relevant control buttons of the direct control
valve and by applying the manual force on the load [20,21]. In this paper, the possibility
of realization of positioning by operator manual force in PAM-based manipulators was
proven.
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In [22], the industrial manipulators based on FESTO fluidic muscles are analyzed
and their drawbacks are identified: using expensive electro-pneumatic equipment [14,15],
building a complex system for operation both in regular mode and in a mode with changing
the external load [14,15] and not providing automatic leading or balancing of the loading
arm at the set positioning point [23]. The kinematic and pneumatic schemes of PAM-based
manipulators with FESTO fluidic muscle that eliminate these shortcomings were presented
in [22].

Due to the actuator properties shown above, manipulators based on pneumatic artifi-
cial muscles have advantages such as lower weight and more safety for the operator and
environment than manipulators based on pneumatic cylinders. The force of pneumatic
muscle is decreased at the end of the stroke [4], so the loading arm of PAM-based manip-
ulators does not need damping devices under normal working conditions. However, an
emergency working mode such as a sudden load separation can lead to a high acceleration
of the output link. Some works deal with this problem [15,24], but presented solutions
make control systems more complex or lead to the application of hydraulic systems that are
more expensive than pneumatic systems. In this paper, we propose the implementation of a
hydraulic damper in PAM-based manipulators and show the effectiveness of this solution.

So, the main aims of this work are to investigate the position method using manual op-
erator force and braking method with the hydraulic damper in the case of a load separation,
to validate the mathematical model presented earlier [12,22] and to give recommendations
for its further application in PAM-based manipulator design.

Section 2 presents the analytical dependence of the static force of the pneumatic
artificial muscle elaborated earlier. It also describes the developed dynamic model of the
pneumatic artificial muscle given the change in the geometry of the mesh shell and the
diameter and rigidity of the shell in the process of contraction of the pneumatic artificial
muscle. In addition, the mathematical model of pneumatic artificial muscle-actuated drive
for an industrial manipulator that is based on the dynamic model of the pneumatic artificial
muscle is given. ln Section 3 the results of mathematical modeling are discussed. The
position control method by manual operator force and the braking method in the case of a
sudden load separation are proposed and investigated. In addition, Section 4 discusses the
experimental validation of the analytical model of static force and the dynamic model of
the pneumatic artificial muscle. Section 5 presents conclusions.

2. Methods
2.1. Model of the Static Force of the PAM

Figure 1a shows that after compressed air is supplied, the cell of the pneumatic muscle
mesh shell is affected by lateral force FLAT and longitudinal force FLONG. The action of these
forces deforms the cell in the cross direction, straining the cell height r0 by value ∆yLAT,
and in the longitudinal direction, reducing the cell length l0 by value ∆xLONG, and changes
the mesh angle α0. The cell height becomes equal to rinf, and the cell length becomes equal
to linf.

Differently from the existing models of the pneumatic muscle, in addition to the lateral
and longitudinal forces, elastic deformation force considering the rigidity of the material
of the bladder was taken into account. In order to consider the elastic deformation force,
the cell was represented in the form of two springs located perpendicularly to each other
(Figure 1b). The rigidities of the cell in the directions towards the perimeter and along the
length were expressed through specific rigidity c0. A detailed description of the static force
model is presented in [12].

When simulating the static force, the following assumptions were made: the pneumatic
muscle was considered as a bladder having an ideal cylinder shape with zero thickness of
the wall, and the threads of the mesh shell were defined as inextensible.
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Figure 1. The cell of the mesh shell of the pneumatic muscle: (a) changed geometrical dimensions
before (dashed line) and after pressure supply (solid line); (b) cell with springs.

For better convergence with the results of the experiment obtained by FESTO company,
the developed analytical dependence was adapted with some adjusting factors being
introduced to the equation that describes the rigidity of the bladder as a function of
pressure c(p). As a result, the following model for the static force of the pneumatic muscle
was obtained [12]:

T = πD0

(pS−pA)D
(

1− x
L0

)
2 − c(pS)

tanα0

[(
1− x

L0

)
tanα−tanα0

]
−c(pS)tanα0tanα x

L0
tanα0tanα − πD2

0(pS−pA)
4 ,

D =
D0

(
1− x

L0

)
tanα

tanα0
,

α = arccos
[(

1− x
L0

)
cosα0

]
,

c(pS) = rpS + q,

(1)

where T is the force exerted by the pneumatic muscle, x is the length contraction (load
displacement) of the bladder, D0 is the initial diameter of the bladder, D is the diameter
of the bladder after pressure is supplied, L0 is the initial length of the bladder, α0 is the
initial mesh angle, α is the mesh angle after pressure is supplied, c(pS) is the rigidity of
the bladder, r and q are the adjusting factors, pA is the atmospheric pressure and pS is the
supply line pressure.

The adjusting factors for all typical sizes of FESTO muscle are presented in Table 3.
The factors were adjusted according to the experimental curves presented in the FESTO
catalog [4].

Table 3. Values of adjusting factors.

Typical Size Initial Mesh Angle, α0, ◦ r, m q, H/m

DMSP-10 22.5 2.5 × 10−3 2.3 × 103

DMSP-20 25 6.1 × 10−3 1.8 × 103

DMSP-40 25 15 × 10−3 49.4

In order to verify model (1) for static force T, the curves showing the dependences of
the exerted force on the relative contraction of the bladder were obtained and compared to
the experimental curves presented in the catalog of FESTO company [4].

Figure 2a illustrates that the discrepancy between theoretical results obtained using
the Tondu and Lopez model [5] and experimental curves of the static force of FESTO fluidic
muscle is up to 50%. Figure 2b shows that the elaborated model (1) allows obtaining static
characteristics with up to 10% for working pressure p = 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 MPa.
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Figure 2. Dependence of the pneumatic muscle force on the relative contraction for DMSP-10: black
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yellow line at p = 0.5 MPa, green line at p = 0.6 MPa, blue line at p = 0.7 MPa, red line at p = 0.8 MPa;
(a) dashed curves represent the FESTO experiment, solid curves represent the calculation results for
model presented in [5]; (b) dashed curves represent the FESTO experiment, solid curves represent
the calculation results for elaborated model (1).

The obtained analytical expression of the pneumatic muscle force is different from
those developed by other authors because:

1. It considers the change in the mesh angle and diameter of the bladder after pressure
is supplied;

2. It considers the rigidity of the material of the bladder;
3. It shows the divergence of the predicted curves with the experimental data of FESTO

within 10%.

2.2. Dynamic Model of the PAM

The dynamic model of the pneumatic artificial muscle is based on the static model of
the PAM (1). It represents a system of differential equations, which consists of:

• The equation of movement of the pneumatic muscle;
• The equation of pressure change in the bladder;
• The equations describing the change in the force, volume, diameter, mesh angle and

rigidity of the bladder.

The equation of the pneumatic artificial muscle motion is as follows [12]:

mx′′ = T −mg− hx′, (2)

where m is a load mass, T is the force generated by the pneumatic muscle, g is the accelera-
tion of gravity (g = 9.8 m/s2) and h is the damping coefficient.

Modeling the dynamic behavior of the pneumatic actuators is a complex task [25–27],
so the following assumptions were accepted:

1. Gas dynamic processes in the bladder are quasi-stationary;
2. Temperature and pressure of the gas in the supple line are constant;
3. Gas leakage is neglected;
4. The process of gas flow is isothermal;
5. Heat transfer is neglected.

The dynamic behavior of the pneumatic muscle is based on the pressure change in
the bladder. The pressure change was derived with the help of the gas conservation law



Machines 2022, 10, 885 6 of 17

(first law of thermodynamics) and the equation for ideal gases (Clapeyron–Mendeleev’s
law) [25].

The equation of pressure change in the bladder when it is filled or emptied can be
written as:

p′ = a1

[
k f
√

RTS

V
√

ζ

√
p2

S − p
]
+ (a1 − 1)

[
k f
√

RTS

V
√

ζ

(
p
pS

) k−1
2k √

p2 − p2
A

]
− kp

V
V′, (3)

where pS is the air pressure in the supply line, p is the pressure in the bladder, k is the
adiabatic coefficient for air (k = 1.4), f is the area of the pneumatic line (f = πd2/4, where d
is the inlet port diameter), R is the gas constant (R = 287 J/(kg·K), TS is the air temperature
in the supply line, ζ is the resistance factor of the line, V is the volume of the pneumatic
muscle bladder after pressurization and a1 is the logical factor that determines the nature
of the dynamic pneumatic process in the pneumatic muscle. When a1 = 1, the pneumatic
muscle is filled; when a1 = 0, it is emptied.

The expression for the change in the volume V of the bladder is as follows:

V =
πD2

4
(L0 − x). (4)

The developed model (1)–(4) is used to investigate the mode of load positioning by
the operator force, which is described in Section 3. Table 4 presents the initial parameters
for numerical modeling. The resistance factor of the line is chosen from [25].

Table 4. The initial parameters for numerical modeling of the operator force static characteristics.

Parameter Unit Value

Atmospheric pressure, pA MPa 0.1
Initial diameter of the bladder, D0 m 0.04
Initial mesh angle, α0 deg 25
Resistance factor of the line, ζ - 30
Inlet port diameter, d m 10 × 10−3

2.3. Dynamic Model of the Pneumatic Artificial Muscle-Actuated Drive for an Industrial
Manipulator

Figure 3a shows the working principle of the PAM-based drive during lifting and
lowering a load. Initial parameters are D0, L0, α0 and V0; parameters after pressurization
are D, L, α and V; x is the required coordinate. The compressed air pS delivered to a bladder
and the PAM produces force T and overcomes FLOAD which consists of moving parts of the
manipulator and a load mass.

In [22], the kinematic scheme of the manipulator was chosen (Figure 3b). The following
designations are accepted in the scheme: 1—rigid support; 2—PAM actuator; 3, 4, 5, 6—
links of the loading arm, A, B, C, D; 7—joints; 8—vertical guide; 9—horizontal guide; N—a
load fixed on the point E; XM—required height. When pneumatic artificial muscle 2 is
pressurized with compressed air and contracts, joint 7 in guide 8 moves down. Links 5 and
6 rotate around joint D, and point E moves up with load N to the required height XM. Link
4 moves up and displaces joint D to the right in guide 9.
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Figure 3. The schemes of the PAM-based drive: (a) principle of operation of the PAM-based drive;
(b) the kinematic scheme of the PAM-based manipulator; (c) the calculation model for the mode of
load positioning by the operator force.

The mathematical model of a pneumatic muscle-actuated system for a balanced
manually operated PAM manipulator is based on the dynamical model (1)–(4) and is given
as follows:

(mM + m)Kx′′ = T − (mM + m)Kg− hx′,

T = πD0

(p−pA)D
(

1− x
L0

)
2 − c(p)

tanα0

[(
1− x

L0

)
tanα−tanα0

]
−c(p)tanα0tanα x
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]
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D =
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(
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)
tanα
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,

V = πD2

4 (L0 − x)
α = arccos

[(
1− x

L0

)
cosα0

]
,

c(p) = rp + q,
K = LCE

LBC
,

(5)

where mM is the mass of moving parts of the manipulator, m is a load mass, K is the
transmission force coefficient, LBC is the length of the BC link and LCE is the length of the
CE link.

The following expressions of the position coordinate XM of the manipulator arm and
the velocity X′M are obtained:

XM = xK, (6)

X′M = x′K. (7)

The dynamic model (5)–(7) was used to investigate the following operating modes:

1. The mode of lifting and lowering a load;
2. The emergency operating mode of the manipulator in the case of a sudden separation

of a load.

Numerical investigation of dynamic characteristics was performed in the MATLAB/
Simulink environment with the Dormand–Pride method (Ode45) with an adoptive inte-
gration step of 0.0001 s. Models of the PAM-based manipulator and the PAM-based drive
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in the MATLAB/Simulink environment are presented in [22]. Table 5 presents the initial
parameters for numerical modeling.

Table 5. Initial parameters for numerical modeling of dynamic characteristics of the manipulator.

Parameter Unit Value

Load mass, m kg 30
Mass of moving parts of the
manipulator, mM

kg 10

Transmission force coefficient, K - 5
Pressure in the supply line, pS MPa 0.7
Atmospheric pressure, pA MPa 0.1
Initial diameter of the bladder, D0 m 0.04
Initial length of the bladder, L0 m 1.4
Initial mesh angle, α deg 25
Resistance factor of the line, ζ - 30
Inlet port diameter, d m 10 × 10−3

Empirical coefficient, r - 15 × 10−3

Empirical coefficient, q - 49.4
Damping coefficient, h N·s2/m 1000

3. Results and Discussion
3.1. Numerical Investigation of the Dynamic Characteristics of the PAM-Based Manipulator

Figures 4 and 5 show the dynamic responses of the manipulator arm under normal
working conditions. The initial parameters are presented below in Table 5. The input times
for the lifting and lowering command values were 0 s and 4 s, respectively.
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Figure 5. Dynamic responses of the loading arm velocity during lifting and lowering a load.

From these diagrams, we can estimate the maximum displacement (1.25 m), maximum
velocity of the loading arm (2.5 m/s) and time of lifting and lowering a load (1.4 s and
1.26 s).
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3.2. Numerical Investigation of the PAM-Based Manipulator with Hydraulic Damper

As mentioned above, it is necessary to investigate the emergency work of a PAM-based
manipulator in the case of a sudden load separation. The initial parameters of numerical
modeling are presented in Section 2 in Table 5. The time of a sudden load separation is 3 s.

It can be seen from Figure 6 (red line) that a sudden load separation causes a high
velocity of the loading arm (X’M = 5.7 m/s for m = 30 kg) and can involve damage to the
operator and environment. So, the braking method of the manipulator arm was proposed
and investigated.
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Figure 6. Dynamic response of the PAM manipulator arm velocity for the case without a hydraulic
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Hydraulic dampers are widely used in pneumatic drives for reducing oscillation and
decreasing the velocity of the output link. As shown in Figure 7, the pneumatic artificial
muscle can be rigidly fixed with the rod of the hydraulic damper filled with a medium
of oil.
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Figure 7. The scheme of PAM-based drive with hydraulic damper.

When the pneumatic artificial muscle contracts, the rod of the hydraulic damper
moves down, presses oil in the reservoir and produces damping force PD.

The equation of the damping force PD is as follows:

PD = k1
(
x′
)2sign

(
x′
)
, (8)

where k1 is the damping coefficient, which depends on the hydraulic damper construction.
The value of the damping coefficient k1 was 1300 N·s2/m.

Equation (2) of the pneumatic artificial muscle motion according to Figure 7 is as
follows:

(mM + m)Kx′′ = T − (mM + m)Kg− hx′ − PD. (9)

The results of numerical modeling are also depicted in Figure 6 (blue line). As we can
see, the application of a hydraulic damper shows effectiveness in decreasing the velocity of
the loading arm of the PAM-based manipulator. The velocity is decreased from 5.7 m/s to
1.5 m/s.
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3.3. The Mode of Load Positioning by Manual Operator’s Force

Aside from control by directional valves with manual or mechanical actuation, the
position error, ∆x, of the loading arm can be corrected by operator manual force as shown
in Figure 3c. This type of position control is often applied in industrial pneumatic manipu-
lators [20,21].

However, the realization of this control method in PAM-based manipulators can be
difficult due to the relationship between the load position of the manipulator arm and the
pressure in the pneumatic artificial muscle. The static characteristics of operator force were
investigated for typical size DMSP-40, different working regimes (pressure in the bladder
p), lengths of the bladder and load masses. The initial parameters are presented below in
Table 4.

According to calculation model in Figure 3c, the operator applies manual force Q to
the actuator, so the equation of pneumatic artificial muscle motion (2) can be written as
follows:

mx′′ = T − hx′ −mg±Q. (10)

Initial conditions for numerical modeling were presented earlier in Section 2. The
maximum value of operator force according to the standard [28] is QMAX = 50 N. The results
of modeling are presented in Figures 8–10. Positive values of the position error correspond
to the positive direction of the operator force (operator lifts the load up). Negative values
of the position errors correspond to the negative direction of the operator force (operator
lowers the load down).
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Figure 8 shows the diagrams of the correlation between the operator force and position
error for different lengths of the bladder for load position coordinate 0.2 m. The values of
position error, ∆x, were−10, −5, −1, 1, 5 and 10. As can be seen from Figure 8, the operator
can correct position error in a wide range for the initial length of the bladder L0 = 3.0 m
(from −20 mm to 20 mm) and for the initial length L0 = 2.0 m (from −12.0 mm to 12.0 mm).

It can be concluded that the value of operator force depends on the initial length of
the PAM bladder. So, the dimensionless relative position error ∆xrel is incorporated:

∆xrel = ∆x/L0.

Figures 9 and 10 illustrate the results of numerical modeling of the correlation of
operator force and relative position error for different working pressures and different
load masses. Figure 9 shows that the lowest pressure working regimes provide the highest
positioning range. The maximum position range was obtained for p = 0.2 MPa (from −0.7%
to 0.8%). Figure 10 shows that operator can correct position error for large load masses
(from −0.5% to 0.5% for m = 100 kg, from −0.45% to 0.45% for m = 150 kg, from −0.3% to
0.3% for m = 200 kg). The numerical results are universal for any length of PAM bladder.
So, the model helps estimate the length of a bladder for the required position error range
that the operator can correct.

Similar results can be obtained for other typical sizes of FESTO fluidic muscle and
parameters (lengths, working pressures and load masses). It can be concluded that the
operator can correct the position error in a wide range with an operator manual force of up
to 50 N.

4. Experimental Validation

Experiments were carried out to investigate the static and dynamic characteristics of
the pneumatic artificial muscle and validate results obtained by the mathematical model
(1)–(4) discussed above. Figure 11 shows the image of the experimental setup.

The main part of the experimental setup is the pneumatic artificial muscle FESTO
DMSP-10-400NPM-CM. The pneumatic artificial muscle has an initial diameter of 10 mm
and an initial length of 400 mm. The range of working pressure is 0–0.9 MPa and the
maximum relative contraction is 25%; the maximum force output is 1500 N. The pneumatic
artificial muscle was oriented vertically with a load attached to the moving end. Com-
pressed air was supplied to the system by a power unit JUN-AIR compressor, model 625.
The level of pressure was adjusted by the air preparation unit FESTO LFR QS45M-MICRO.
Pneumatic on/off valve with pushbutton FESTO D:S-PSV-3/2-S-3+S controlled the flow
in the bladder of the pneumatic muscle. It has a maximum flow rate of 65 L/min. The
experimental data of contraction of the pneumatic muscle were collected by the linear
displacement transducer TWK D-40041 RP 12/300 with a measuring stroke of 300 mm and
operating speed of 1.5 m/s. The lower end of the pneumatic artificial muscle was rigidly
fixed with the rod of the linear displacement transducer. The pressure sensor FESTO SDE1-
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D10-G2-H18-C-PU-M8 measured the pressure in the bladder of the pneumatic artificial
muscle. The measuring pressure range in the bladder was 0–0.7 MPa and corresponded
to the analog output of 0–10 V. The data from the sensors were sent to the analog–digital
converter HIOKI LRB431-20 that provided 10 ms sampling and a 10-channel logger, with
operating environment Windows 10/8/7 (32 bit/64 bit), Vista (32 bit/64 bit), XP (with SP2
or later) (32 bit). The analog–digital converter was connected to a PC by USB cable. The
PC communicated with the converter using a special HIOKI program as an interface. The
initial parameters of pneumatic muscle were as follows: pressure inside the bladder was
0 MPa, contraction of the bladder was 0% and produced force was 0 N. The measurements
were performed at a temperature of 23 ◦C. Figure 12 illustrates the crucial scheme of the
experimental setup.
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Figure 11. Experimental setup for studying the static and dynamic characteristics of the pneumatic
muscle: (1) pneumatic artificial muscle; (2) motion sensor; (3) load; (4) pneumatic control valve;
(5) pressure sensor; (6) air preparation unit; (7) analog–digital converter; (8) PC.
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4.1. Experimental Validation of the Analytical Model of Static Force

These experimental studies were performed for the working pressures in the range of
0–0.7 MPa and for the load masses 2.5, 5.0 and 7.5 kg. Eight constant levels of pressure were
set by the air preparation unit, so the experimental curves were sampled in eight points.
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One of the constant loads was attached at the lower end of the pneumatic artificial muscle.
After the operator pushed the command button of a pneumatic valve, the PAM inflated
and the bladder contracted and lifted the constant load. Then, after the operator released
the button, the PAM deflated and lowered the load. The bladder contraction was measured
by the linear displacement transducer. Data were sampled by the analog–digital converter.

Figures 13–15 also show the comparison between experimental and predicted (theoret-
ical) curves (dashed line).
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The experimental data and theoretical results of the length contraction–pressure rela-
tionship for three load masses are given in Table 6. In Table 6, the following designations
are assumed: x—theoretical length contraction; xi—length contraction during inflation
process; xd—length contraction during deflation process.

Table 6. Experimental data and theoretical results of length contraction–pressure relationship.

p, MPa 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Load mass m = 2.5 kg

xi 0 4.1 12.2 26.5 45.3 59.8 71.2 73.9
xd 0 7.2 20.7 39.2 56.2 68.1 74.1 73.9

x (theory) 0 8.1 22.3 38.1 52.4 66.5 77.3 85.2

Load mass m = 5.0 kg

xi 0 3.9 10.1 24.2 41.1 56.1 64.3 70.1
xd 0 6.7 17.6 36.3 52.2 64.3 68.3 70.1

x (theory) 0 7.2 18.2 32.3 46.2 60.3 71.8 82.2

Load mass m = 7.5 kg

xi 0 3.3 8.3 18.7 33.7 48.7 61.1 66.4
xd 0 5.3 12.1 26.3 41.3 54.6 63.6 66.4

x (theory) 0 3.9 12.3 25.1 38.3 52.5 64.5 75.6

Figures 13–15 illustrate the hysteresis loop of the length contraction–pressure relation-
ship. The blue line corresponds to the process of lifting a load (inflation of the bladder) and
the red line corresponds to lowering a load (deflation of the bladder). The experimental
results show that the hysteresis loop maximum height is about 12.7 mm and width is about
0.07 MPa for load mass 2.5 kg, maximum height is about 12.1 mm and width is about
0.07 MPa for load mass 5.0 kg, and maximum height is about 7.6 mm and width is about
0.04 MPa for load mass 7.5 kg.

From Figure 13 it can be seen that the theoretical results have satisfactory convergence
at the working pressures 0.4, 0.5, 0.6 and 0.7 MPa for the inflation and deflation process
(maximum discrepancy is 13.54% for the inflation process at the working pressure 0.4 MPa).
The model has bad convergence for the inflation process at the low working pressures of
0.1, 0.2 and 0.3 MPa.

Similar to the previous results, the model has bad convergence for the inflation process
at the low pressures of 0.1, 0.2 and 0.3 MPa for a load mass of 5.0 kg, as depicted in
Figure 14. Results obtained from numerical modeling have satisfactory convergence with
experimental results at the high working pressures of 0.4, 0.5, 0.6 and 0.7 MPa (maximum
discrepancy is 14.72% at the working pressure of 0.7 MPa).

As shown in Figure 15, the theoretical results for the load mass of 7.5 kg have satis-
factory convergence with experimental results for working pressures of 0.4, 0.5, 0.6 and
0.7 MPa (maximum convergence is 13.64% for the inflation process at the working pressure
of 0.4 MPa) and bad convergence for inflation process at the low working pressures of 0.1,
0.2 and 0.3 MPa.

4.2. Experimental Validation of the Dynamic Model of Pneumatic Artificial Muscle

Experimental studies of dynamic characteristics were accomplished at the working
pressure of 0.7 MPa and at load masses of 2.5, 5.0 and 7.5 kg. Load mass was attached at the
lower end of the PAM. The desired level of pressure was adjusted by the air preparation
unit. Dynamic responses for the contraction of the bladder were measured from the linear
displacement transducer. The results are shown in Figures 16–18.
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Figures 16–18 show that discrepancies between predicted and experimental curves
obtained by model (1)–(4) are 15.43% for the load mass of 2.5 kg, 14.47% for the load mass
of 5.0 kg and 12.95% for the load mass of 7.5 kg.

Despite the discrepancy, the elaborated model shows the correct representation of
the nature of the processes of length contraction of the bladder. The experimental curves
of the dynamic response of a load displacement have the same slope as the calculated
characteristic, which indicates that the model correctly takes into account both the processes
in the pneumatic system and the processes occurring in the bladder.

The discrepancy with the experimental data of both static and dynamic characteristics
is up to 14%. However, earlier the task was to simplify the mathematical model of the
pneumatic muscle for its application in the design of industrial manipulators for operations
that do not require high accuracy [23]. The model has a minimum number of correction
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coefficients and does not take into account such phenomena in the shell as hysteresis,
which also affected its accuracy. However, in this work, the mode of positioning by the
manual effort of the operator was studied, and it was found that the operator will be able
to correct the load position error by applying a small force (within 50 N with correctly
selected parameters of the PAM-based drive).

5. Conclusions

1. The application of the elaborated pneumatic schemes and chosen kinematic scheme
in a balanced PAM-type manipulator allows the operations of lifting, lowering, posi-
tioning, fixation and balancing of a load in vertical and horizontal planes at any point
in the work zone.

2. Mathematical investigations have shown that position control of the loading arm with
manual operator force can be applied to the PAM-based industrial manipulator. The
operator can correct the position of a loading arm without the implementation of a
complex control system and expensive electro-pneumatic equipment;

3. In addition, modeling of the proposed braking method shows that the implemented
hydraulic damper would decrease the velocity of the loading arm in case of a sudden
load separation.

4. The elaborated model shows satisfactory convergence with experimental data (less
than 14.0% for static curves of lifting and lowering a load at working pressures of 0.4,
0.5, 0.6 and 0.7 MPa, less than 16.0% for dynamic response of the load displacement).
As discussed above, the discrepancy of measures appears due to the features of the
bladder material. In future works, we will investigate the dependence of the damping
coefficient and rigidity of the bladder material on various factors: load mass and
working pressure. Despite the discrepancy, this model can be applied for designing
industrial manipulators for operations that do not require high accuracy;

5. The presented mathematical model allows estimating parameters of the actuator
(length, diameter, working pressure) to design a PAM-based industrial manipulator
with the required characteristics (displacement and velocity of the loading arm, load
mass, positioning range).
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