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Abstract

A new compressed air engine is presented where the conversion from the thermodynamic level to
mechanical motion is realized with pneumatic artificial muscles (PAMs). The engine architecture
uses an original concept for the coupling of the PAM’s to the engine axle based on freewheeling
clutch bearings driven by short lever arms. The operation of the motor is described with a kinematic
model which is further used for a numerical simulation. Forces, torque-contributions and mechanical
power and work are represented related to the angular displacement of the motor shaft. The motor
energetic efficiency is also evaluated. Finally, a physical experimental set-up has been realized for the
verification of the concept.
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1. Introduction

Compressed air engines have been proposed in many contexts of use and in many different
technologies. Their main advantages are in the simplicity and reliability of the technology,
and in the acquisition costs of the equipments. Near standard industry applications in
production of goods, handling or moving of objects, another application field in the energy
sector concerns compressed air energy storage where conversion engines are used.
Compressors are filling the storage reservoirs while in the recovery path expansion turbines
or motors are placed between the storage vessel itself and the electrical generation machine
[1]. The classical compressed air machines go from rotary vane type to piston/crankshaft
types, through gear type or turbine type motors. In general, these motors have a low energetic
efficiency due to their principle of conversion where only displacement work is produced in
the machine [2-4]. Recent developments in the field of pneumatic to mechanical conversion
allow to strongly increase the energetic performances of such machines. These benefits are
realised through the addition to the conversion principle of a second torque component
resulting from a real thermodynamic expansion inside of the active volume or in an added
supplementary chamber of larger dimensions [5-8]. A new approach for the realization of
compressed air engines has newly been presented where the pneumatic actuators are realized
using so-called pneumatic artificial muscles (PAM) [9]. Pneumatic artificial muscles offer
several advantages over conventional pneumatic cylinders: a high force-to-weight ratio, a
flexible structure, minimal compressed air consumption, availability in various sizes, low
cost, and high reliability. The low compressed air consumption is due to the small size of the
pneumatic artificial muscle; thus, thanks to its high force-to-weight ratio, it can generate
significant traction forces with minimal compressed air consumption [10-14]. The
architecture of the engine described in [9] is a classical assembly using a crankshaft on which
the artificial muscles are acting as connecting rods with variable length. Such a system has
further been investigated in [15], where the operating principle and the intern variables as the
forces developed by the muscles, the tangential force components acting on the crankpins,
the developed torque and power have been described more in detail. Additionally, the
energetic properties of such a system have been evaluated in terms of energy efficiency.

One of the typical properties of the artificial muscles is that their contraction length depends
on the pressure of the injected air. Due to this specific behavior, the direct coupling of such
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an actuator to the crankshaft with crankpins having a
constant radius of gyration is not possible. In the original
study of Reference 15 a solution using a so-called sliding
anchor has been proposed, which solves the problem but
makes the system more complex. In the present
contribution an alternative solution to the classical
crankshaft is proposed. In this solution the artificial
muscles are driving the shaft of the engine with lever-arms
which impose their sectorial rotation through freewheel
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clutch bearings [16]. The contraction motion of the muscles
is driving the shaft while their relaxing movement is
possible without any torque contribution, due to the
freewheel effect of the clutch bearings. Figure 1 shows the
specific engine architecture with the two coupled artificial
muscles operating with 180° phase shift. On the lower left
side of the figure the oscillating lever-arms can be seen.
Their motion drives the outer rings of the clutch bearings
while the inner rings are rigid against the engine shaft.
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Fig. 1: Assembly of the proposed engine architecture.

2. Kinematic model of the engine

Figure 2 shows the geometric assembly of the motor with
the main parameters. I represents the length of the active
rod. For a relaxed state of the muscle, the length of the
active rod takes the value of Imo. Imo is given by the nominal
length of the active part of the muscle 1, completed by the
length of the connecting elements (Relation 1). The
distance between the anchor point of the active rod and the
centre of the axis of the engine I, is chosen according to

Relation (2). In this relation the term I -COS ¢, corresponds
to half of the contraction length of the muscle (Relation 3)

so that the oscillation of the lever arms is distributed
symmetrically over the axis of the engine. And because the
connection of the active rod to the lever arm needs
sufficient space, the radius r (or the length of the lever
arms) must be chosen accordingly. Depending on the value
of Al and the chosen radius r, the largest angle o is
defined.

The length of the active rod I, follows the rotation of the
lever arm (Relation 4) and imposes the active length les of
the muscle (Relation 5).
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Fig. 2: Geometry and parameters of the engine.
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From the active length of the muscle the exerted force is defined (Relation 6).

F.=Tf(s)

The value of the force is depending on the effective length
of the muscle and of the pressure of the injected air. The

Operating range P-10-100N-...

(6)

characteristic curves for the exerted forces are represented
in Figure 3

0 bar
1 bar
2 bar
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Fig. 3: Force developed by the artificial muscle.

Then, the tangential force F; is calculated
F=F,-sing

which determines the developed torque
M=F-r

The mechanical power of the engine becomes

P.=M-o

mech
and its time integral gives the produced mechanical work

t
Wout = J. IDmech (t)dt
0

3. Parameters of the engine

A real physical system is considered as well for the
simulation given in the next section as for the realized
experimental set-up which will be described in section 6.
Two artificial muscles of the type DMSP-10-100N are used
from which the force-displacement characteristics have
already been given through Figure 3. For an operating
pressure of 5 bar, the contraction length is equal to 20% of
the nominal length of the active part. Then the parameters
of the engine are summarized in Table 1.

4. Simulation of the system
The engine described through the kinematic model of the
previous section can be simulated in order to evaluate the

U]

®)

)

(10)

waveforms and the quantitative values of the different
variables. First the effective length of the PAM’s is
determined in function of the rotational angle ¢ of the
engaged clutch bearings. The engagement occurs when the
intake valve of the PAM is opened and the force acts on the
lever. The value of the action angle corresponds to the
angle jo. Figure 4 shows the effective lengths of the active
part of the PAMSs, for the first and the second half-period of
the motor cycle, corresponding to the action of the PAM
Nr. 1 and 2 respectively.

Table 1: Parameters of the engine.
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Muscle type DMSP-10-100N
Nominal length I, 0.1m
Diameter of the muscle Dg 0.01m
Mounting end /> 0.036m
Anchoring rotule fot 0.036m
Contraction length DI (5bar) 0.020m
Radius of gyration (lever arms) r 0.018m
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Fig. 4: Effective lengths of the active part of the PAMs Blue: PAM Nr. 1, red: PAM Nr. 2.

From the effective lengths the produced forces of the the relative length of the PAM [p.u.]. Figure 6 shows the
muscles is calculated. The relation between the effective forces acting in parallel to the PAM’s longitudinal axis, Fm
length and the force corresponds to the curve given in and Fmp, and also the projection of these forces on a
Figure 5. The value of the forces is given as a function of tangential axis to the rotating lever arms, Fy and Fr.
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Fig. 5: Approximated form of the function for the force exerted by the muscle.
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Fig. 6: Longitudinal and tangential forces of the PAM’s.
Then the developed torque is calculated (Relation 8). The torque curve is given in Figure 7. From the torque, the
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produced power is given through Relation 9. The power
curve is given in Figure 8. The strong intermittency of the
torque curve already indicates that an inertial element will

12

need to be coupled to the motor shaft to obtain a relatively
smooth rotational speed. In the simulation task, a constant
rotational speed is considered.
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Fig. 7: Torque developed by the engine.
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Fig. 8: Mechanical power produced by the motor.

In the next section the energetic efficiency is evaluated.
The efficiency must consider the produced mechanical
work by the motor. This amount is obtained by a time-

9

integration of the power curve (Relation 10). The
corresponding curve is given in Figure 9.
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Fig. 9: Produced mechanical work by the motor.

5. Efficiency of the engine

As mentioned in the introduction to this article,
manufacturers of pneumatic artificial muscles (PAMs)
claim that their devices generate significant tractive forces
with minimal compressed air consumption. Therefore, the
energy efficiency of PAM based engines is expected to be
high. In reality, the actual efficiency is considerably lower,
as demonstrated in this section. To evaluate the energy
efficiency of an air engine, the ratio of the mechanical work

~14~

produced, Wou, to the enthalpy, Hi,, of the injected air is
calculated (Relation 11).

W W,

— out __ out

H, U+P, -

in

ﬂconv
(1)

The value of the produced mechanical work Wy is
obtained from the integration of the instantaneous power
Pmech OVer one period of the motor cycle
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t
Wout = J. I:)mech (t)dt
0 (12)
where Pmecn IS the product of the torque multiplied by the

numerical value of Weu =899 js ghtained.

For the evaluation of the enthalpy injected into the PAM’s,
their volume in the pressurized state must be evaluated.
Figure 10 gives the dimensions of the PAM under relaxed

angular velocity and contracted conditions.

Pmech =M-w (13)

From the simulation results given in Figures 9 the
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Fig. 10: Dimensions of the PAM.
a) Relaxed state

b) Contracted state

The volume of the pressurized PAM is given by

7D?

V= L

(12)
where L and D are the length and the diameter of the PAM
in its pressurized state
The diameter D is calculated with the assumption that the
fiber-length of the mesh are of constant length (parameter b
in Figure 10).

From the drawing of the relaxed state (Figure 10a), and if
there are 4 “half-turns” of the twine braids over the length
of the muscle, b is calculated as

— 2 2 _ 2 2
b= 12+ DZ =/(Ly/4)* + D} 13
and the diameter D of the contracted (pressurized) PAM is

D =+b?—I? = \Jb? — (L/4)?

(14)

P P

U= EComp =P, -Vl(lni—1+ﬂj
atm in (15)

Numerically, and considering the complete cycle (j

=0...2[1) during which two fillings of the PAM’s occur

with air at 4 bar, U becomes

U=E,, =4-10°N /m’ -40.7-106m3(ln dbar _,  bar J ~10.36

1bar 4bar (16)
and
P, A =4.10°N/m?-40.7-10°m® =16.28J an

Finally, the energetic efficiency becomes
w 8.99J _0.338

out

. 10.36J +16.28J

n

nconv =

6. Experimental set-up

An experimental set-up has been realized on the base of the
parameters given in Table 1. The set-up is shown in Figure
11. The two artificial muscles can be seen in the centre of
the figure together with the control valves. On the left side
the fixed anchors of the muscles and on the right side the
connection to the motor shaft through the freewheel lever
arms. At the front of the motor shaft the flywheel disk can
be seen. A dedicated video shows the real-time operation of
the engine [17].

~ 15~

Fig. 11: Experimental set-up.
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Conclusion
The concept of a new compressed air engine driven by

pneumatic artificial

muscles has been verified. The

originality of the studied motor is the coupling concept of
the PAM’s to the motor axle through short lever arms and
freewheeling clutch bearings. The coupling concept could
be verified, and the energetic efficiency has been evaluated.
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