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ABSTRACT

Experimental studies of a pneumatic drive system were carried out with the applied element for the concurrent
movement of two pneumatic drives. The main aim of these experiments was to obtain the results of specific
measurements of displacements of two piston rods of pneumatic drives in relation to different values of loads
in the whole range of the travel length. On the basis of these results, the speed of piston rods of two drives was
determined. The results achieved during the experiment, showed the possibility of simultaneous insertion of two
pneumatic drives with the use of an element for concurrent motion. This article is a continuation of the first article
which was the study of the stroke speed of pneumatic cylinders with a synchronizing element.

Keywords: bench tests, double-acting pneumatic actuators, speed of insertion of pneumatic drives, rehabilitation

devices for passive exercises.

INTRODUCTION

Currently, modern rehabilitation equipment
appears on the market [1, 2]. In this group we can
mention such elements as apparatuses or devices
for conducting passive movements and active
lower and upper limbs [3, 4]. These devices are
usually powered by electricity [5, 6]. An example
of a device with an electric actuator can be found
in an ankle rehabilitation device [7]. Only a small
part of it is powered hydraulically [8]. There are
also devices with pneumatic drive [9, 10]. In ad-
dition, there are also flexible pneumatic actuators
in rehabilitation devices [11].

In the device for the rehabilitation of human
lower limbs, it is possible to use a system that
implements the simultaneous movement of two
pneumatic actuators. The use of pneumatic drives
is justified due to characteristics similar to those
of human muscles [12].

However, during the displacement of pneu-
matic drive with different external load, un-
even displacement of their piston-rings can be

observed. Compressed air is compressible, which
means that it is difficult to achieve the same dis-
placement of the air drive with varying loads [13,
14]. Additionally, it is also influenced by differen-
tiated own resistance of cylinder pistons [15, 16].

The problem of non-concurrent movement of
drives under different external loads can be solved,
for example, by using throttle valves, proportional
valves or an electropneumatic servo drive. The
throttle valves [17, 18] are installed in each conduit
of supply to the actuator chamber and the air flow
is adjusted appropriately with a knob. It is a labori-
ous process. Another option is to use electronically
controlled proportional valves [19]. They use a
system to measure the position of the piston rods of
the drives. However, they are expensive and their
construction is complex.

To obtain the same speed of the two drives,
it is possible to use systems that are less com-
plicated than those mentioned and are imple-
mented by a pneumatic technique without elec-
tronic components.
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Fig. 1. Diagram of two pneumatic drives with an element for concurrent motion (cross-section), where:
1 — left pressure chamber; 2 — chamber pressurized right; 3 — slider; 4 — microslot; 5 — area in equalize pressure;
6 — channel in the slider; P1, P2 — actuator 1 and 2; Fy, F, — load forces 1st and 2nd actuator; p, — supply pressure;

V1, V, — actuator speed 1 and 2

PNEUMATIC ELEMENT IN THE
REHABILITATION DEVICE

A utility model of the element was designed
and made (Fig. 1) for the synchronization of dis-
placement of two pneumatic actuators [20].

During the action of displacement of the pis-
ton rods (Fig. 1), when the P1 and P2 actuators
are loaded with the same force, the spool 3 is in
the middle position. When the pneumatic cylinder
(P1) is loaded with a greater force Fq, the pres-
sure in the chamber 1 is increased, and the pres-
sure in the chamber 2 is reduced. Consequently,
a pressure difference is created in pressure cham-
ber 1 and pressure chamber 2. Consequently, the
slider 3 is moved in the direction of right pressure
chamber 2 with a smaller pressure.

By placing the channel in the slider 6, the pres-
sure in the area into equalize pressure 5 is equalized.

The arrangement shown in Figure 1 can be used
with exercise equipment. The synchronization of
the movement of both piston rods is performed by
an original synchronizing valve [20]. The need to
ensure such synchronization results of clinical ob-
servations showing that the most effective rehabili-
tation results are obtained during simultaneous ex-
ercises of both healthy and paralyzed limbs [21, 22].

Performing the movement of two lower extrem-
ities occurs in passive and active exercises, contrib-
utes to developing and maintaining a full range of
movements in the joints [23, 24, 25], and prevents
the formation of muscle contractures [26, 27].
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The idea of developing a rehabilitation de-
vice for passive exercises of the human lower
extremities [28] is to reduce the waiting time for
rehabilitation, improve the quality of life of the
patient and the physiotherapist, and increase the
access to rehabilitation also for the elderly. After
consultation with relevant experts in the field of
rehabilitation, indications have been developed
and include: neurological and orthopedic-surgical
patients, including: fractures in the lower limb,
stroke, multiple sclerosis, cerebral palsy, pro-
longed immobilization, etc.

The structure of the rehabilitation device [28]
is simple and can be adapted to the dimensions
of the patient. The entire structure of the device
is portable and enables rehabilitation on the pa-
tient’s bed. Figure 2 shows a pneumatic rehabili-
tation device for passive exercises, designed in
Autodesk Inventor 2017.

Fig. 2. Pneumatic rehabilitation
device for passive exercises
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The presented rehabilitation device (Fig. 2)
is designed to: help a physiotherapist in every-
day hard work, reduce rehabilitation costs, in-
crease accessibility and shorten the waiting time
for rehabilitation. A rehabilitation device was
designed for the target group with a height of
1.5 m to 1.65 m [29, 30]. The device is intended
for the rehabilitation of the knee joint and the hip
joint bending and straightening. In the rehabili-
tation device (Fig. 2), you can use a system that
realizes the simultaneous operation of two pneu-
matic actuators. The pneumatic element present-
ed in Figure 1 can be applied to the rehabilitation
device presented in Figure 2.

THE REHABILITATION DEVICE
WITH THE PNEUMATIC SYSTEM

The purpose of the research was to see and
prepare graphs of the insertion of pneumatic
actuators at different values of the load on these
elements (p7 # p2), which shows the situation
when one limb is in a good health condition
and the other is struggling with some illness.

The subjects of these researches were two
pneumatic actuators, with the parameters: pis-
ton rod movement range 0.4 m with the piston
diameter volume 0.04 m.

a)

b)

The NDI1, ND2 pneumatic actuators (Fig.
3) are to replace the physiotherapist. The pis-
ton rods of PRI, PR2 drives force the move-
ment of the K1 and K2 legs (healthy and dis-
eased limbs). Based on the literature [29, 31],
a range of values was adopted for the loading
pressure of the PRL1, PRL2 pneumatic cylin-
ders amounts to 1.01 - 10° Pa - 3.97 - 10° Pa.
Also, as the literature mentions [32], the pres-
sures on the actuators selected amount to 30% of
the difference in load force: ND1 the limb with
a good healthy condition and ND2 the limb strug-
gling with some illness.

Figure 3 shows the operation diagram of the
rehabilitation device with the pneumatic system:
extension and bend of the bottom limbs with the
healthy limb K1 and the sick limb K2 marked,
SO1, SO2 pneumatic actuators and PR1, PR2
piston rods PR1, PR2 pneumatic actuators ND1,
ND2, forcing the movement of the bottom limbs.

Measurements of displacements were made
with the use of a parametric displacement
transducer. On the basis of the obtained motion
measurements of the two pneumatic drives, the
speed of their piston rods was determined.

Based on the literature [33, 34], the dis-
placement time of the pneumatic drives was
assumed. The passive exercises of the reha-
bilitated person are exercises that the therapist

PRL1

PRL2

PRL1

PRIZ

Fig. 3. Diagram of a system with two pneumatic drives applied to a rehabilitation equipment: a) movement limb
extension, b) limb flexion movement, where: K1 — healthy limb; K2 — sick limb; PRL1 — loading cylinder in
healthy limb; PRL2 — loading cylinder in affected limb; ND1 — pneumatic actuator forcing the limb movement
lower K1; ND2 — pneumatic forcing actuator lower limb movement K2; PR1 — piston rod of the actuator forcing
the movement of the limb K1; PR2 — piston rod of the actuator forcing the movement of the limb K2
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performs without his/her participation. Move-
ments of the limbs should move harmoniously
and gently so that the patient does not cause
pain. Therefore, the threshold speed was as-
sumed to be 0.025 m/s.

TEST METHOD

To confirm that the system of two pneumatic
cylinders with an element for concurrent motion
can be used in rehabilitation devices, an experi-
ment test was carried out. The purpose of the ex-
perimental research was to obtain measurements
of the displacement of the piston rods of two
pneumatic drives. Based on the measurements
obtained, the piston rod insertion speed of the two
piston rods of pneumatic drives was determined.

RESEARCH POSITION

It has been assumed that the maximum work-
ing pressure will not exceed 2.4 - 10° Pa. At the
same time, the displacement values of the PR1 and
PR2 piston rods of the ND1, ND2 pneumatic drives
were read. The synchronizing element was placed
at the outlet of the chambers of the pneumatic actu-
ators that were tested. The article [35] presents the
speed test of extension of two pneumatic drives
with the element for simultaneous movement.

The reading of the measurement results was
made in the designed measurement system using
the DASYLab program.

Three measurements were carried out, in
which (Fig. 4) the piston rods PR1, PR2 of the
tested objects ND1, ND2 - were integrated with
the piston rods L1, L2 of pneumatic drives that

3
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Fig. 4. Scheme of the research position: ND1, ND2 — tested object (double-acting pneumatic cylinders), PR1,
PR2 — piston rods of the tested object, PRL1- loading cylinder in the healthy limb; PRL2 — loading cylinder in
the affected limb; L1 — the piston rod of the pneumatic drive loading the healthy limb, L2 — the piston rod of the
pneumatic drive loading the affected limb, 1 — supply pressure, 2 — air preparation unit, 3 — synchronizing element,
4 — actuator displacement transducers, 5 — valves reduction, 6 — pressure sensor
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fulfill the load function PR1, PR2. The appropri-
ate pressure was set with the reduction pneumatic
valves. The measurements were made pneumatic
drives piston rods were loaded with the following
pressure: the first study — piston rod PR1 — p; =
1.01 - 10° Pa, piston rod PR2 — pp = 1.32 - 10°
Pa; second study — piston rod PR1 — p1 = 1.83 -
10° Pa, piston rod PR2 — po =2.38 - 10° Pa; third
study — piston rod PR1 — p1 =2.64 - 10° Pa, pis-
ton rod PR2 — pp =3.44 - 10° Pa.

MEASUREMENTS RESULTS

The PR1 piston rods (Fig. 4) of the tested ob-
jects ND1 were loaded with the pressure amount-
ed to p1 = 1.01 - 10° Pa, piston rod PR2 of the
tested objects ND2 with the pressure pp = 1.32
- 10° Pa. The stroke of the piston rods PR1 and
PR2 of two actuators (ND1, ND2) was measured
by means of actuator displacement transducers 4.

On the basis of the measurement results, the
displacement of the PR1, PR2 insertion of the
piston rods PR1, PR2 of the tested objects NDI1,
ND2 was appointed. The discrepancy in the ve-
locity values of the insertion of the piston rods
PR1, PR2 is shown in Figure 5 below.

The average velocity V14 of piston rods PR1
was at the level 0.020 m/s. The average velocity V24
of piston rod PR2 was 0.019 m/s. The relative veloc-
ity RV of the pneumatic drive piston rods PR1, PR2
was determined according to the relation (1).

Vi, — V2,
RV = - 100 [%] (1)
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Fig. 5. The course of the velocity V1,
V2 of pneumatic drives piston rods

where: V1 4 is the average velocity of piston rods
PR1 of the tested object ND1 [m/s] and
V24 — the average velocity of piston rod
PR2 of the tested object ND2 [m/s].

Relative velocity RV of piston rods PR1 and
PR2 of the tested objects ND1, ND2 unequally
loaded — p1 = 1.01 - 10° Pa and pp = 1.32 - 10°
Pa, designated according to the relation (1) has
value 2.6%.

The first analysis of the study shows (Fig.
5) that at the supply pressure p, = 2.4 - 10° Pa,
as well as the loading of the piston rods with the
pressure p1 = 1.01 - 10° Pa and pp = 1.32 - 10°
Pa, the speed exceeds the adopted threshold value
by 0.008 m/s (0.025 m/s). Due to the fact that the
threshold value is only slightly exceeded, the syn-
chronizing element can be used in rehabilitation
equipment for exercises of the lower extremities.

The next study, (Fig. 4) the piston rods PR1 of
the tested objects ND1 were loaded with the pres-
sure amounted to p1 = 1.83 - 10° Pa, piston rod
PR2 of the tested objects ND2 with the pressure
p2 =2.38 - 10° Pa. The discrepancy in the veloc-
ity values of the piston rods PRI, PR2 is shown
in Figure 6.

V1 4 and V2 4 of both piston rods PR1 and PR2
is 0.02 m/s. The relative velocity RS of the pneu-
matic cylinders, differently loaded (pq = 1.83 -
10° Pa and pp =2.38 - 10° Pa), calculated accord-
ing to the formula (1), has a value of 1.5%.

On the other hand, when analyzing the mea-
surement results from Figs. 5 and 6, it was found
that the speed variation of the pneumatic drives
piston rods. With the load p; = 1.01 - 10° Pa and
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Fig. 6. The course of the velocity V1,
V2 of pneumatic drives piston rods
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p2 =1.32 - 10° Pa— RS the average velocity of the
tested object ND1 was 0.020 m/s, naughty the av-
erage velocity of the tested object ND2 was 0.019
m/s. However, with the load p1 = 1.83 - 10° Pa,
p2 = 2.38 - 10° Pa, the average velocity of both
V14, V24 was with the value of 0.020 m/s. This is
a slight difference in velocity, which is 0.001 m/s,
and results from an increase in the load on the
tested object ND1, ND2.

According to Figure 6, at the supply pressure
pz = 2.4 - 10° Pa and the assumed load on the
pneumatic drive piston rods PR1, PR2 of the test-
ed objects ND1, ND2, the velocity exceeds the
adopted threshold value by 0.003 m/s (0.025 m/s).
Due to the fact that the adopted threshold speed
is only slightly exceeded, the synchronizing ele-
ment can be applied in rehabilitation equipment
for exercises of the bottom limbs.

In a recent study, (Fig. 4) piston rods PR1 of
the tested objects ND1 was loaded with the pres-
sure amounted to p1 = 2.64 - 10° Pa, piston rod
PR2 of the tested objects ND2 with the pressure
p2 = 3.44 - 10° Pa. The discrepancy in the veloc-
ity values of the piston rods PR1, PR2 is shown
in Figure 7.

For the PR1 the average velocity (V1) is
0.018 m/s. The value of the average velocity
(V24) the PR2 is 0.016 m/s. According to the
dependence (1), the relative speed RS of the
two tested objects ND1, ND2, with unequally
loads (p1 = 2.64 - 10° Pa and py = 3.44 - 10°
Pa), has a value of 11.6%. This difference is
mainly related to the differentiated resistance
of the cylinder pistons.
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Fig. 7. The course of the velocity V1,
V2 of pneumatic drives piston rods
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When analysing the results of the measure-
ments presented in Figures 6 and 7, we can no-
tice a decrease in the velocity of the pneumatic
actuators. With the load p1 = 1.83 - 10° Pa and p>
= 2.38 - 10° Pa — the average velocity V14 was
0.020 m/s, whereas V24 was 0.019 m/s. However,
with the load p1 = 2.64 - 10° Pa, p, = 3.44 - 10°
Pa, the average velocity V14 is 0.018 m/s, how-
ever V24 1s 0.016 m/s. For the first load, the dif-
ference V1 41s 0.002 m/s, while for V24 it is 0.004
m/s. It is caused by an increase in the load on the
tested object (pneumatic drive).

According to the data (Fig. 7), at the supply
pressure p, = 2.4 - 10° Pa and the assumed load
on the piston rods, the speed at least exceeds the
adopted threshold value by 0.003 m/s. Consider-
ing that the value is only slightly exceeded, the
synchronizing element, with the parameters pre-
sented, can be applied to the rehabilitation equip-
ment for passive exercises of the bottom legs.

CONCLUSIONS

The presented element for the concurrent
movement of pneumatic drives can be used for
rehabilitation equipment. Effective rehabilitation
results are obtained during simultaneous exercise
of both limbs (healthy and dysfunctional). The
concurrent movement of two drives with different
external load can be realized by using different
types of valves and an electro-pneumatic servo
drive system. Some of them are relatively expen-
sive and complicated solutions.

Three measurements were carried out with
the following parameters: piston rod movement
range 0.4 m with piston diameter volume 0.04 m.

They were performed on a measuring stand
(Fig. 4), the maximum working pressure will not
exceed 2.4 - 10° Pa. Research on the movement
(retraction) of the piston rods PR1, PR2 of the
tested object was carried out. ND1, ND2 with the
synchronizing element were measured at different
load values, which shows the situation when one
limb is sick and the other limbs are healthy.

Based on the results of measurements of dis-
placement of actuator piston rods, the displace-
ment values of their retraction velocity were
determined.

When analysing the results of the measure-
ments of the average speed of the piston rods, it
can be seen that in the first measurement, con-
cerning the load p; = 1.01 - 10° Pa of the piston
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rod PR1 and the load pp = 1.32 - 10° Pa piston rod
PR2, the velocity value V1 4is 0.020 m/s, but V2 4
is 0.019 m/s. In a subsequent study, with the pres-
sure of the piston rod PR1 p; = 1.83 - 10° Pa and
the piston rod PR2 py = 2.38 - 10° Pa, the velocity
value V14 however V24 is 0.020 m/s. Last study,
on the load of the piston rod PR1 with the value
p1 = 2.64 - 10° Pa and the pressure of the piston
rod PR2 with the pressure py = 3.44 - 10° Pa, the
velocity V141s 0.018 m/s, V24 1s 0.016 m/s.

The measurement results obtained showed that
the lower the load on the pneumatic cylinders was,
the higher the velocity of the pneumatic drives.

Comparing the graphs (Figs. 5-7), one can
notice a certain discrepancy between the velocity
V2 4 of the tested object of PR2 and the velocity
V14 of the test object of the PR1. The speed V24
of the tested object of PR2 is slower than the ve-
locity V14 of the tested object of PR1.

According to the aim of the investigation, the
criterion of using the synchronizing element was
adopted for the analysis. It can be applied with the
load parameters: first when the PR1 — p; =1.01 -
10° Pa, and piston rod PR2 — pp = 1.32 - 10° Pa;
the second when the piston rod PR1 — p; = 1.83
- 10° Pa, and piston rod PR2 — pp =2.38 - 10° Pa;
third when the piston rod PR1 — p1 = 2.64 - 10°
Pa, and piston rod PR2 — py = 3.44 - 10° Pa.

Comparing the graphs (Figs. 5-7), it can be
seen that the speeds of movement of the piston
rods move smoothly and softly to the end of the
range of motion. Such speeds of movement in
passive lower limb exercises are beneficial for
the patient. Too fast or sudden movement of the
exercised limb can damage the structure of the
knee or hip joint.

The research results confirmed the correct-
ness and effectiveness of the innovative system of
a pair of pneumatic actuators controlled by a spe-
cially designed element that synchronizes their
movement in the rehabilitation device for passive
exercises in the lower extremities.

The rehabilitation device presented in the ar-
ticle with a system of two drives and an element
for their concurrent movement has some limita-
tions. The first limitation is related to the height of
the patient. A rehabilitation device was designed
for the target group with a height of 1.5 to 1.65 m.
Patients above or below the assumed height com-
partment will not be able to use the rehabilitation
device presented in the article. The second limita-
tion concerns the weight of the patients (they are
people in the range of 40 to 110 kg). To select the

appropriate diameters of the drive pistons, it was
necessary to calculate the force that the actuator
must use to move the human lower limb.

The two pneumatic actuator control system
presented in the article can be used in rehabilita-
tion equipment for passive leg exercises. It can
be the basis for the development of a number of
innovative solutions used in rehabilitation engi-
neering, such as: rehabilitation manipulators, ac-
tive standing frame devices, exoskeletons, ortho-
pedic equipment, etc.
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