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ABSTRACT

This article presents an experimental studies of an innovative solution for a system of two pneumatic cylinders
with a synchronizing element, loaded with a force of different values. The aim of the research was to obtain the
speed characteristics of two piston rods of pneumatic cylinders with the use of a synchronizing element. A com-
parative analysis of received characteristics was conducted and the criterion of the possibility of applying the syn-
chronizing MZ SYNCH element was adopted. The element for synchronizing the movement of two piston rods of
pneumatic cylinders was called MZ _SYNCH for short. On the basis of the research results it was concluded that
the system of two pneumatic actuators with the synchronizing element MZ SYNCH can be used in rehabilitation
devices for passive exercise of lower limbs.

Keywords: pneumatic drives, double-acting pneumatic cylinders, rehabilitation devices, the speed of movement

of piston rods of pneumatic cylinders.

INTRODUCTION

During the analysis of the available medi-
cal equipment and literature [12, 14, 15, 21]
anumber of solutions to support the rehabilitation
process of human lower limbs were noted. The
power supply for these devices is usually electric
[18, 23, 24, 25, 27], less often hydraulic or pneu-
matic [13, 16, 17, 26]. There are no pneumatically
powered devices for the support of passive move-
ments of lower limbs. However, the use of fluid
drive elements seems to be more useful in the
rehabilitation process due to their characteristics
similar to those of human muscles [2].

This phenomenon can be applied to rehabili-
tation processes, especially for the human lower
limbs. Such a solution requires synchronization
of the movement of two pneumatic cylinders,
which is a difficult issue. During the movement
of the piston rods of two double-acting pneumatic
cylinders with different external load (¥, F), the
phenomenon of uneven displacement of these
piston rods occurs.
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Figure 1 shows a diagram of the movement of
the piston rods of two pneumatic cylinders with
different external loads. The reason why the same
displacements of two piston rods of pneumatic
cylinders are not achieved is primarily the com-
pressibility of the working medium — compressed
air — and differential self-resistance [7, 6, 9, 15].
The compressibility of the working medium
causes that the same amount of the medium sup-
plied to individual actuators has a different vol-
ume, and the corresponding displacements of the
pistons will have different values [7, 20].

In the rehabilitation devices of the human
lower limbs, a system implementing simultaneous
movement of two piston rods of pneumatic actua-
tors can be applied. The simultaneous movement of
both lower limbs, healthy and paralyzed, is impor-
tant because, as shown in works [3, 5], the move-
ments of the healthy limb contribute to the increase
of muscle strength in the unhealthy. Simultaneous
movement of the limbs could be realized by using
the MZ SYNCH element [23] in rehabilitation de-
vices for passive exercise of the lower limbs.
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Figure 1. Diagram of the movement of the piston
rods of two double-acting pneumatic cylinders
with different external loads, where: F,, F/, — loading
force 112 pneumatic cylinders /| > F; p_— supply
pressure; blue line, arrows — compressed air flow

ELEMENT FOR SYNCHRONIZING THE
MOVEMENT OF TWO PISTON RODS

A structural design of an element for syn-
chronizing the movement of two piston rods
MZ SYNCH [23], was formulated and presented
in Figure 2.

When one of the actuators (Figure 2) is load-
ed with a greater force than the other, e.g. actua-
tor SP1, then the pressure in pressure chamber 1a
increases, while in the other pressure chamber 1b
it decreases. Due to the resulting pressure differ-
ence between the pressure chambers la and 1b,
the slider 2 changes its position, moving towards
the pressure chamber 4b with lower air pressure.
The pressure equalization, counteracting the
blockage of the microslot 3 in the chamber 1b,
takes place in the equalizing chamber 4 by plac-
ing the channels in the side flanges of the slider 5.
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RESEARCH METHOD

In order to check whether the system of two
pneumatic actuators with the synchronizing ele-
ment MZ SYNCH can be used in rehabilitation
equipment, a number of experiments had to be
conducted. The purpose of the tests was to obtain
speed characteristics of two piston rods of pneu-
matic actuators. Two pneumatic actuators with
the same parameters were used in each cycle.

Extension of piston rods of cylinders
at different load values

The subject of the research were two double-
acting pneumatic cylinders having the same pa-
rameters: displacement of the piston rod up to
0.4 m and piston diameter of 0.04 m. The move-
ment time of the pneumatic actuator piston rod
was selected on the basis of the patient’s passive
lower limb exercises. They should be performed
smoothly and gently to avoid pain and harm to
the patient and performed at a slow pace [1, 8,
11, 19, 21]. Therefore, a threshold speed of lower
limb movement was assumed to be 0.025 m/s.
The pneumatic actuators SP1, SP2 (Figure 3) are
designed to support the rehabilitation process by
forcing the movement of the lower limbs. The
range of pressure values 1.01-10° — 3.97-10° Pa
loading the pneumatic actuators was developed
on the basis of the literature [5, 13] and accepted.

Based on the literature [18], up to 30% dif-
ference in the loading force of two piston rods
was assumed: a healthy limb (e.g. SP1) and a un-
healthy limb (e.g. SP2). On this basis, the loading
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Figure 2. Cross-section of an element for synchronisation of movement of two piston rods:

la — left pressure chamber, 1b —

right pressure chamber 2 — slider, 3 — microslot,

4 — equalizing chamber, 5 — channels in the side flanges of the slider
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pressures were selected. The measurements were
carried out on the test stand shown in Figure 3, with
the value of the supply pressure p, = 2,4-10° Pa.
During the experimental tests, displacements (ex-
tension) of piston rods T1, T2 of pneumatic ac-
tuators SP1 and SP2 with synchronizing element
MZ _SYNCH were measured at various load val-
ues (p, # p,), illustrating the situation when one
limb is healthy and the other is unhealthy:.

The displacement of the piston rods of the
two actuators was measured using a potentiome-
ter (6 in Figure 3), every 1 s, using the DASYLab
environment, with an accuracy of 0.2 s. The dis-
placement of the two piston rods of the actuators
was measured simultaneously. The speed of two
piston rods of pneumatic cylinders V1, V2 was
determined on the basis of the obtained results.
A 15% difference for the speed of two piston
rods of actuators was assumed as the value of
correct operation of the system. Two piston rods
of the pneumatic cylinders were mechanically
connected with piston rods O1, O2 of two actua-
tors SO1, SO2, realizing the load. The load was
the pressure, set by pressure reducing valves (4
in Figure 3). The piston rods of the pneumatic
cylinders were loaded with different pressures.
Three measurements were taken, and in all these
measurements the two piston rods of the actua-
tors were loaded with the following pressure:

e pistonrod T1 —p =1.01-10° Pa, piston rod T2
—p,= 1.32:10° Pa,
e pistonrod T1 —p = 1.83-10° Pa Pa, piston rod

T2 —p,=2.38:10° Pa,

e piston rod T1 —p =2.64-10° Pa Pa, piston rod

T2 —p,= 3.44-10° Pa.

Experimental tests

Experimental tests were carried out on the
measuring stand shown in Figure 3. The experi-
mental tests were conducted at The Faculty of
Mechanical Engineering and Aeronautics of Rz-
eszow University of Technology.

RESULTS

In the first measurement, piston rod
T1 (Figure 4) was loaded with pressure
p,= 1.01-10° Pa, while the T2 piston rod was loaded
with p,=1.32-10° Pa. The displacements (extension)
of piston rods T1, T2 of two actuators SP1 and SP2
were measured. On the basis of the obtained results,
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the speed of extension of these piston rods V1, V2
was determined. The divergence of speed values V1,
V2 of the two piston rods of the pneumatic cylinders
is shown in Figure 4. The average speed of piston
rod T1 was 0.017 m/s, while that of piston rod T2
was 0.016 m/s.

The speed measurement uncertainty is indi-
cated in Figure 4 showing the speed of the two
piston rods of the actuators. The time was mea-
sured with an accuracy of 0.2 s and the uncertain-
ty of displacement was taken from the equation
(1). The uncertainty of speed of the piston rods
was calculated as follows:

V = [m/s]
As s-At
lneaSlll'illE measurement
equipment E> program -
DASYLab

T1
SP1 601 SO1

SP3% 0 02 %503

1Lx\—‘l~ Il.}..d
ZVW, 4B, me7;

Figure 3. Diagram of the MZ 2 test stand system,
where: SP1 - the first tested double-acting pneumatic
cylinder, SP2 - the second tested double-acting pneu-
matic cylinder, T1 - piston rod of the first tested pneu-
matic cylinder, T2 - piston rod of the second tested
pneumatic cylinder, SO1 - the first cylinder loading the
limb, SO2 - the second cylinder loading the limb, O1
- the piston rod of the first cylinder loading the limb,
02 - the piston rod of the second cylinder loading the
limb, 1 - synchronizing element MZ SYNCH, 2 - re-
duction valve, 3 - manometer, 4 - pressure reducing
valves, 5 - pressure sensors, 6 - linear potentiometers,

p.— supply pressure
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Figure 4. Speed V1, V2 piston
rods T1, T2. Load p,= 1.01-10° Pa, p,= 1.32:10° Pa.

where: As — uncertainty of length measurement;
for a linear gauge, 0.5 of the minimum
plot is taken,
At — uncertainty of time measurement.

The method of measuring the speed of two
piston rods of pneumatic cylinders enables its
determination with an uncertainty of approx.
1.38:10* m/s. Due to the small value of the un-
certainty it was not determined in the other dia-
grams. Relative speed R of piston rods T1, T2 of
two pneumatic actuators SP1, SP2 was calculated
according to the formula:

R = L= V2 . 100 [%] )
Vi
where: R — relative speed,
V1, — average speed of piston rod T1 of
the actuator [m/s],
V2, — average speed of piston rod T2 of

the actuator [m/s].

The relative speed R of piston rods T1, T2 of
two pneumatic actuators, differently loaded with
pressure (p,= 1.01-10° Pa, p,= 1.32-10° Pa), cal-
culated according to the formula (2), has a value
of 7.3%.

In the second measurement, piston rod T1
was loaded with pressure p = 1.83-10° Pa, and the
piston rod T2 with pressure p,= 2.38:10° Pa. The
displacements of piston rods T1, T2 of SP1 and
SP2 actuators were measured. Based on the results
obtained, the speed of the two piston rods of the
pneumatic actuators (V1, V2) was determined.
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Figure 5. Speed V1, V2 piston rods T1, T2.
Load p=1.83-10°Pa, p,= 2.38-10°Pa

Figure 5 shows the divergence of speeds V1, V2
of the piston rods. The average speed of piston rod
T1 was 0.017 m/s, while that of piston rod T2 was
0.014 m/s. The relative speed R of piston rods T1,
T2 of the pneumatic cylinders, calculated accord-
ing to formula (2), at load p,= 1.83-10°Pa and p =
2.38:10°Pa, has a value of 15%.

When analysing the results of the mea-
surements in Figure 4 and Figure 5, a de-
crease in the speed V2 was noticed. At loads
p,= 1.01-10° Pa and p= 1.32:10° Pa, the av-
erage speed of the piston rod V1 was 0.017
m/s and V2 was 0.016 m/s. In contrast, at load
p,= 1.83:10° Pa and p,= 2.38-10° Pa the average
speed V1 was 0.017 m/s and V2 had a value of
0.014 m/s. No difference was noticed between the
V1 speed values, while the V2 speed difference
takes the value of 0.002 m/s. This is a slight dif-
ference in speed related to the increase in load on
the piston rods of the pneumatic cylinders.

In the third measurement, the pis-
ton rod T1 was loaded with pressure
p,= 2.64-10° Pa, while the piston rod T2 was load-
ed with pressure p,= 3.44:10° Pa. The displace-
ment of these piston rods was measured. Based
on the results obtained, their speeds V1 and V2
were determined.

The divergence of speed values V1, V2 of pis-
ton rods T1, T2 of pneumatic actuators SP1 and
SP2 is presented in Figure 6. The average speed
of piston rod T1 was 0,015 m/s, and of piston rod
T2 was 0,013 m/s. Relative speed R of piston rods
T1, T2 differently loaded p = 2.64-10° Pa and p,=
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Figure 6. Speed V1, V2 piston rods T1, T2.
Load p,;=2.64-10° Pa, p,= 3.44-10° Pa

3.44-10° Pa calculated according to formula (2),
has a value of 13.6%.

On the basis of the results of measurements
from Figures 5 and 6 concerning the average
speed of extension, a decrease in the average
speed of the piston rods of the actuators was
noted. At load Pa and Pa, the average speed of
the first piston rod 1 was 0.017 m/s, and that of
the second was 0,014 m/s. In contrast, at load Pa
and Pa, the average speed of the piston rods was:
V1 =0.015 m/s, 2 = 0.013 m/s. The difference
in average speed was: V1 = 0.003 m/s and 2 =
0.001 m/s.

CONCLUSIONS

Comparing the results of the measurements
(Figures 46), concerning the average speed of the
piston rods of the actuators, it can be noticed that
in the first measurement, with the piston rod T1
loaded with p = 1.01-10° Pa and the piston rod T2
loaded with p,= 1.32:10° Pa, the speed value of
V1 was 0.017 m/s and V2 was 0.016 m/s. In the
second measurement, with a load of p = 1.83-10°
Pa on piston rod T1 and a load of p,= 2.38:10° Pa
on piston rod T2, the speed value of V1 was 0.017
m/s and of V2 was 0.014 m/s. In the third measure-
ment, by loading the piston rod T1 with a pressure
of p= 2.64:10° Pa and the piston rod T2 with a
pressure of p,= 3.44-10° Pa, V1 0.015 m/s and V2
0.013 m/s were obtained.

Comparing the results obtained, it can be
concluded that the lower the load on the piston
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rods of the actuators, the higher their speed. As
the load increases, the speed of the piston rods of
the pneumatic actuators decreases, and thus, the
higher the load on the patient’s limb, the lower the
speed of its movement will be.

Some discrepancies between the displace-
ment speeds of the piston rods of the actuators
can be observed (Figure 46). The speed V2 of the
second piston rod of actuator T2 is lower than the
speed V1 of the first piston rod T1 of the actua-
tor. When analyzing the graphs, it was noted that
in three measurements, the assumed threshold
speed value (0.025 m/s) was not exceeded. The
differences between the relative speed values of
the two piston rods of pneumatic actuators range
from 7.3% to 15%. This difference is mainly re-
lated to overcoming the frictional resistance (dif-
ferentiated own resistance) of the piston rods of
the actuators. A great advantage during the reha-
bilitation of the lower limb is the slow increase of
speed during straightening of the patient’s limb.

Based on the analysis, a criterion for the ap-
plicability of the synchronizing element MZ
SYNCH was adopted. This element can be used
at the following load parameters:

e pistonrod TI —p=1.01-10° Pa, piston rod T2
—p,= 1.32:10° Pa,

e piston rod T1 —p = 1.83-10° Pa, piston rod T2
—p,=2.38:10° Pa,

e pistonrod T1 —p=2.64-10° Pa, piston rod T2
—p,= 3.44-10° Pa.

According to the presented Figures 4-6, at a
supply pressure of p,= 2.3-10° Pa and assumed
load of piston rods T1, T2 of actuators SP1, SP2,
the speed does not exceed the assumed threshold
speed of 0.025 m/s. Therefore, the synchronizing
element MZ SYNCH, taking into account the
presented parameters, can be applied in rehabili-
tation devices for passive exercise of lower limbs.

The results of the research confirmed the cor-
rectness and effectiveness of the application of the
system of two pneumatic cylinders synchronized
with the original element in rehabilitation equip-
ment and indicated possible load ranges related to
lower limb movement.
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