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Urgency of the research. The area covered by the article addresses both the technical and economic aspects of com-
pressed air management, which is the most expensive type of energy used in the manufacturing sector. It is extremely urgent
to save energy as it is, not excluding compressed air.

Target setting. The aim of the article is to give a comprehensive picture of the problems in solving one-sided gripping by
the action of vacuum. It gives instructions on how to proceed with their removal, with the focus on the procedures for saving
basic energy - compressed air.

Actual scientific researches and issues analysis. At present, great attention is paid to this area not only by users of
applications using compressed air and vacuum, but also by manufacturers of technology working on these principles. Practi-
cally all large manufacturers of pneumatic components are dedicated to it.

Uninvestigated parts of general matters defining. The article does not pay attention to the production and treatment of
compressed air, but only its consumption in the preparation of vacuum. Also, in the calculations, only the basic relationships
are indicated, by which the experienced user will find a solution to their problem.

The research objective. The aim of the article is to present the results of research in the field and to indicate the possibil-
ities of technical procedures for solving the application of vacuum gripping effectors using active vacuum suction cups.

The statement of basic materials. The material which became the article base consists of both general knowledge con-
tained in the technical literature, as well as own analyzes of partial data summarized in the conclusions.

Conclusions. The conclusions resulting from the article offer instructions for solving a set of problems in the design of
vacuum gripping effectors with suction cups.
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Introduction. Automated production is based on a number of handling tasks. Although
manipulation is considered an unproductive component of production, but without it we cannot
imagine production. Manipulated objects (semi-finished products, workpieces) are made of var-
ious materials and have many surface properties. These properties are often specific. Neverthe-
less, it is necessary to meet the basic condition of the handling task: the handling object (Om)
must be unambiguously grasped and fixed by the means of the gripping means and guaranteed
during the whole period of transport to the target position.

The means intended to fulfill the handling task is referred to as the gripping effector.

Gripping effector. The solution of its construction results from the application properties
of the manipulation task. It consists in a suitable arrangement of various kinematic chains,
which allow the transfer of forces from the used drive (pneumatic, hydraulic, electric) to the
Ow. This creates the required gripping force.

This force can be applied to Om in various ways [3]:

in the form of contact with Om at two or more points;

in the form of contact with Owm at one point relative to the fixed base (passive grip - without
the action of the drive);

in the form of contact with Om at one point without additional support (one-sided gripping).

One-sided gripping with an active suction cup. One-sided gripping excludes the possibility
of Owm support at some auxiliary point. The entire weight of the Owm is fixed only by the effect
of the effector. Therefore, the force effects of this weight during the handling task must be
thoroughly analyzed.

Each of the known methods of one-sided gripping [3] is based on a certain physical nature
of the gripping force. In the case of gripping with an active suction cup, it is a vacuum. How-
ever, the contact force of the effector with Om during handling is negatively affected by the
weight of the Ow itself (static gravitational force, or tilting moments), as well as the forces
resulting from the dynamic effects of the manipulator (manipulator, robot). The force balance
on a static (stationary) suction cup is shown in Fig. 1. This is an ideal situation where the center
of the suction cup (TCP) and the position of the center of gravity of the Om (Tom) are identical.
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Fig. 1. Force ratios when gripping with a suction cup
The theoretical force of the suction cup is expressed by the relationship
Fr =107+ S, - py [N] 6]
where S,ris the effective area of the suction cup [mm?], Fig. 2, p. is the pressure value, expressed
as the absolute value of the relative vacuum in [kPa]. Thus, as can be seen from Fig. 2, the
effective area of the suction cup will be calculated from the dimension Die.

However, this value is not easy to determine in technical practice, therefore it is necessary
to relate the gripping force of the suction cup to the effective area of the suction cup stated for
a specific type of suction cup by the manufacturer. The contour diameter of an unloaded suction
cup is usually considered to be the effective diameter and the difference from reality is ne-
glected. Therefore, in the following relations, we will state the effective diameter of the suction
cup only as the diameter of the suction cup d [mm)].

suction cup
without vacuum with vacuum
py
H, \
0y
D,
D1o

Fig. 2. Determination of the effective area of the suction cup
Then the relation for calculating the theoretical force of the suction cup will be

3 ﬂ'dz

Fr =10" Do [N] (2)
The effective (real) force of the Fgr suction cup is then determined by the relationship
1 107 3-;-d?-py,
Fop = Fp = ———2 [N] 3)

The coefficient ¢ is determined according to the real situation of the manipulation accelera-
tions acting from Table:
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Table
Dynamic conditions during suction cup handling [1]
n- FU = FD
1073 --d?-
Fu=Tpv Fp=m-(atyg)
a=a,+a,+a,
Fp = F +F, +F,
m-a m-a
E=Fy= #x Fy=Ft2= -

y
x///
ta, #0 ta, =+a, =0 e ta, #0 ta, = ta, =
u=1 t=4 u<l t=8
ta, #0 ta,and/or + a, # 0 @ ta, #0 ta,and/or + a, # 0
u<l1 t=8 u<l t=28

Creating sufficient gripping force on the suction cup means creating perfect contact of the
suction cup with the Owm surface and generating a sufficiently high-quality vacuum under the
suction cup. From relation (1) it is obvious that in addition to the quality of the vacuum under
the suction cup, the size of the gripping force will also be determined by the diameter of the
suction cup (its effective area).

It often happens that a vacuum generator is sought to increase the gripping force of the
suction cup, which ensures a high value of vacuum quality.

Increasing the active area of the suction cup(s) is a much more gradual way. This means
that, if circumstances allow, it is more advantageous to use more suction cups or a suction cup
with a larger diameter than to spend money to generate a "super-quality" vacuum.

It is necessary to realize that the vacuum in the handling tasks is generated by jet generators —
ejectors much more often than by a vacuum pump.

However, this means that compressed air must be used to create a vacuum. Its consumption
then determines the total cost of operating the device with suction cups.

If we look at the balance on the ejector, Fig. 3, we will realize a few basic rules for the use
of vacuum:

the quality of the vacuum and the volume of the intake air do not increase proportionally
and indefinitely with increasing pressure, Fig. 3a), 3c);

the air consumption per ejector increases in direct proportion to the increasing pressure,
Fig. 3b);

the volume of the intake air is stopped only after reaching the maximum vacuum which the
ejector is capable of, Fig. 3d).
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Fig. 3. Pressure and flow ratios on the ejector

Source: [4]; modified by the authors.

It is pointless to increase the pressure of the air entering the ejector above the level of 0.5-0.6
MPa, as in the nozzle-diffuser system of the ejector the flow rate rises above a critical value
(speed of sound in air), which causes the so-called "rupture" of the vacuum. The suction cup
stops acting on Owm.

Also from course d) in Fig. 3, it is clear that the imperfectly sealed volume under the suction
cup almost absolutely negates the value of the vacuum generated by the ejector. This must be
kept in mind if we cannot ensure guaranteed occupancy of all suction cups, Fig. 4.

In cases where the occupancy guarantee is not possible, either due to a missing object,
Fig. 4a) or displacement of the manipulation object, Fig. 4b), it is necessary to solve the sit-
uation in one of the ways shown in Fig. 5; variant a) represents the use of a non-return valve
which is "deactivated" in the presence of an object, variant b) considers the use of a vacuum
saving valve [4].
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Fig. 4. Reasons for "vacancy" of the suction cup[1],[5]

check valve

Fig. 5. Solution of "vacancy" of the suction cup [1; 4, 5]
Energy for vacuum production. As it was already mentioned, in order to create the gripping
force of the suction cup, a vacuum under the suction cup sleeve is required, which at the moment

of its generation must already have contact with the Owm surface by a suitable mechanism.
atmospheric

compressed vacuum
air <

312 valve

~tompressed
air

consumed energy

Distance between vacuum source
and suction cup

Fig. 6. Comparison of energy requirements for suction cup activation [5] modified
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We have also already stated that in manipulation tasks performed by robotic technology,
the method of generating vacuum by a jet generator, so an ejector, is much more frequently
used. This ensures a higher readiness and reaction time of the effector during the handling task,
as the developer can be placed close enough to the suction cup and thus the loss of vacuum
through the transmission system is eliminated (Fig. 6). Then only the compressed air distribu-
tion is needed (vacuum distribution does not have to be specially designed), it is even possible
to eliminate the losses of its distribution using the ejector-suction cup combination. This reduces
the energy requirements for operation, Fig. 6.

The volume of compressed air flowed directly depends on the pressure of the flowing air
and the quality of the developed vacuum, Fig. 3.

From the diagram in Fig. 3a) it follows that the quality of the vacuum increases almost
linearly only in the range of inlet pressures from 0.2 MPa to 0.5 MPa. The effective value of
the maximum inlet pressure is approximately at the level of 0.4 MPa. Even at this inlet air
pressure, the value of the developed vacuum is at the level of about -85 kPa, i.e. about 84% of
the maximum achievable vacuum (absolute zero in the pressure spectrum represents the value
of 100% vacuum; but this can only be considered in the theoretical level).

It is therefore clear that in order to achieve a high level of vacuum, the corresponding pres-
sure is required and increasing it brings two problems at the same time: the compressed air
consumption increases (if we increase the inlet pressure on the ejector from 0.2 MPa to 0.5
MPa, the air consumption will increase by about 25 In/min, which means that for one working
shift, i.e. 8 hours "unnecessarily" we consume compressed air worth about 400 EUR) and if we
exceed the magic pressure limit of 0.6 MPa stated by most manufacturers, the already men-
tioned "rupture" of the vacuum.

Therefore, it is more advantageous to solve the magnitude of the gripping force on the one-
sided gripping effector with active vacuum suction cups by the size of their total contact area
with Owm (suction cup size) than by disproportionately increasing the vacuum quality, Fig. 7.

a =

25kg 2,5kg

Vacuum value: p,= - 80 kPa Vacuum value: p,=- 20 kPa
Diameter of suction cup: o 20 mm Diameter of suction cup: 2 40 mm
Suction cup surface:  $=314,16 mm? Suction cup surface: S =1256,64 mm?
Fig. 7. Dependence of suction cup force ratios on vacuum quality and size
of suction cup contact area with Oy [5; 2]

Thus, saving a vacuum actually means saving compressed air. This is all the more urgent
when world statistics show that up to 75 % of the world's total compressed air is used to blow
surfaces and prepare vacuum in ejectors.

Methods of vacuum saving. The starting point is to determine the effective gripping force
required for safe handling of OM. It already takes into account the dynamics of the movement
of the manipulator (e.g. robot) [1]. In the calculations we use the value of the compressed air
pressure in the circuit of max. 0.5 MPa. The choice of a suitable ejector then directly depends
on the value of the required vacuum determined when calculating the size and number of suc-
tion cups [1]. Of course, the pressure level can be adjusted by optimization.

When choosing an ejector with the required vacuum quality, we often come across the fact
that the quality and the required suction volume (ejector flow) are in contradiction with each
other. If a high-quality vacuum is required, the ejector must have a small nozzle diameter, for
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volume we need this diameter as large as possible. As a result, it is not possible to achieve an
optimal setting with a single-stage ejector. Therefore, it is necessary to choose either a two- or
three-stage ejector, which will have a vacuum quality only slightly lower than a single-stage,
the suction volume will increase (depending on the number of stages) by 40 to 250 %.

This has a huge effect on the conditions on the effector, as in order to gain the grip strength
by increasing the diameter of the suction cup, the volume under its cuff will necessarily in-
crease. If we are to create a perfect force connection of the suction cup with the object, we must
"get rid" of the atmospheric air under the suction cup as quickly as possible. In addition, the
volumes of hoses, couplings and other components of the vacuum circuit must be included in
the total volume, fig. 8. All these volumes are taken into account in determining the required
suction power of the ejector.
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Fig. 8. Vacuum circuit volume balance [2]

Associated with this is the determination of the value of the so-called evacuation time T;
and its multiples, Fig. 9.

open

vacuum control valve
closed —
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Fig. 9. Evacuation times of ejector

The vacuum in the ejector, if the circumstances of the handling task allow it, should not be
developed throughout the handling task. To activate the vacuum under the suction cup, a short
pulse of the compressed air stream is enough to generate a vacuum (of the order of 1-1.5 s),
which will ensure that the suction cup adheres to the Owm surface, Fig. 10a).

Due to the non-return valve 1SVO01 installed in the circuit, the vacuum under the suction
cup is "locked" and its value is sufficient to keep the Om in contact for the entire duration of the
handling task, fig. 10b). To release the suction cup at the Owm storage location, it is sufficient to
supply suitably throttled (throttle valve 1R01) compressed air for a short time (approx. 0.5 s).
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Fig. 10. Saving compressed air by arranging the circuit correctly
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Conclusion. As shown in the article, the solution of air consumption as a large financial
cost item in the operation of automated production is a current issue in the operation of the
company. The basic premise of cost reduction is the rule: you save the most on what you don't
have to produce. A suitable arrangement of the vacuum circuit for solving handling tasks with
the use of gripping effectors with one-sided gripping (suction cups) is thus the most effective
way to reduce operating costs just to implement such solutions.
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3AJIAYA MAHIITYJISITT, PEAJII3OBAHA
3A JIOMOMOTI'OX0 BAKYYMHOI TPUCOCKHA

Axmyanvuicms memu 00¢nidxceHHA. Y yili cmammi po32nAHYmo AK MeXHiuHi, maK i eKOHOMIYHI acnekmu KepyeamHs
CMUCHEHUM NOGIMPsIM, sIKe € HAUDOIIbUL 00POSUM BUOOM eHep2il, WO GUKOPUCIOBYEMbCS Y UPOOHUMOMY cekmopi. [[yoice 6éa-
JHCTUBO EKOHOMUMU EHEP2IIO SIK MAKY, He BUKTIOYAIOYU | CIUCHEHE NOGImpSL.

Ilocmanoexa npoonemu. Mema cmammi — 0amu uuepnHe Ysi81eHHs NPO GUPIULEHHS 3A80aHHS 0OHOCIOPOHHbO20 3AX0N-
JIEHHS1 30 OONOMO2010 6aKyymy. ¥V pobomi HA0aHo peKomeHOayii wo0o ix GUPIUIEeHH S 3 AKYEHMOM HA WISAXU Ol eKOHOMIL Oc-
HOBHOI eHepeii — CMUCHEeH020 NOGIMPA.

Ananiz ocmannix 0ocnioxcens i nyonikayii. Huwni yiii cpepi npudinsgioms 6enuxy ysazy He milbKu KOPUCTYEAYL, W0 U-
KOPUCMOBYIOMb CIUCHEHE NOGIMPSL | 6aKYYM, d U BUPOOHUKYU MEXHIKU, WO npayioioms i3 HuMu. Lfum 3atimaiomscs npakmuyno
6CI 8eUKI BUPOOHUKIU NHEBMAMUYHUX KOMNOHEHMIE.
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Buoinenusa neoocniodcenux uacmun 3a2anvHoi npodnemu. Y cmammi ne npudiisicmoca yeaza eupoonuymsy i 06pobyi
CMUCHEH020 NOGIMPSL, A MINbKU 1020 8UMPAMI HA OMPUMAHHS 8aKyymy. TaxKodic y po3PAXyHKAX 6KA3YHOMbCS MINbKU OCHOBHI
83AEMO38 AI3KU, 34 AKUMU 00CIOYEHULl KOPUCMY8AY 3HALIOE PILUEHHA C80€T npodaemu.

Ilocmanoexa 3ae0anns. Mema cmammi — npedcmasumu pe3yiomamu 00CAi0xCeHs y yill 001acmi ma 6Ka3amu MOXCIU-
60Cmi MeXHIUHUX NPoyedyp 05l GUPIULEHHsl NPOOIeMU 3ACMOCYBAHHS 6AKYYMHUX 3aX6AMHUX e(DeKmOopig i3 6UKOPUCAHHAM
AKMUBHUX BAKYYMHUX NPUCOCOK.

Buknao ocnoenozo mamepiany. Mamepian, saxuti cmag 0cHO80I0 cmammi, CKAA0AEMbCA K i3 3a2aNbHUX 3HAHb, WO Mic-
MAMbCsL 6 MEeXHIUHI Timepamypi, max i 3 61ACHO20 AHANIZY YACMKOBUX OAHUX, Y3A2ANbHEHUX ) BUCHOBKAX.

Bucnoeku 6ionogiono 00 cmammi. Y 6ucroskax, 3p00neHux y cmammi, Ha0aHo pekomenoayii 01 GUPIULeHHs. KOMNIIEKCY
3a60aHb I3 NPOEKMYBAHHSL BAKYYMHUX 3AX6AMHUX eheKmOopis i3 NPUCOCKAMU.

Knrouoei cnosa: maninynsyis; maninynayiine 3a60aHHs1, CIMUCHEHE NOGIMP3L, 8AKYYM,; HPUCOCKA; NHEGMAMUYHUL TAHYIOZ.
Puc.: 10. Tabn.: 1. bion.: 5.
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