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Summary. Ensuring the necessary accuracy of positioning the objects of manipulation of Bernoulli's 

grippers in robotic cells is an urgent task and can be achieved by choosing rational parameters of the gripping 

process. The article conducts experimental studies of the process of handling by Bernoulli grippers of objects of 

manipulation at different operating parameters and their weight. For this purpose, an experimental setup was 

developed, which consists of an industrial robot IRB 4600, an IRC5 controller, a Raspberry Pi microcontroller 

and two clock-type micrometers. The method of determining the total positioning error of the "robot-gripper-

object" system is presented, which takes into account the positioning errors of the industrial robot, the errors of 

the gripping device and the errors of basing the object of manipulation relative to the axis of symmetry of the 

gripping device. The ABB IRB 1600 industrial robot was programmed in the ABB RobotStudio environment to 

cyclically simulate the handling operation and to determine the deviation of the position of the manipulation object 

after its gripping from different distances. The first cycle of automatic mode was used to calibrate the micrometer 

indicators, while gripping the object was carried out from a distance of 0.02 mm. For better reliability of research 

results, 20 measurement cycles were performed for each of the variable parameters. As a result, it was found that 

the maximum base error of objects does not exceed 0.4 mm. When capturing objects from a distance of 0.5…1 mm, 

the mean value of the base error will be 0.08…0.15 mm, with a standard deviation of 0.025…0.035 mm. The paper 

studies the effect of the displacement Δ of the center of mass of the gripped object relative to the axis of the 

Bernoulli gripper on the accuracy of the base of the objects. It is established that when the center of mass of the 

gripped objects is shifted relative to the Bernoulli gripper axis up to 20 mm, the maximum base error of the objects 

increases 2.2 times. 

Key words: industrial robot, transportation, manipulation, Bernoulli gripping device, accuracy, 
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Problem statement. According to the data of International Federation of Robotics 

(IFR) [1] which are published annually in World Robotics (Executive Summary WR 2020 

Industrial Robots) [2], the global sales of robotic products decreased by 12 – to 373 240 items 

to the amount of 13.8 billions of US dollars (without software and peripheral devices) in 2019. 

This happened after six years of growth and peak values. 

Global economic crisis caused by pandemic COVID-19 will certainly have 

impact also on the sales volumes of industrial robots in 2021–2023. In the long term 

this crisis will stimulate digitalization creating the possibilities for further development of 

robotic engineering all over the world and reconstruction of the industrial robots 

implementation rate.  

Under increasing rate of the industrial robots implementation conditions the 

tasks of providing the required accuracy of technological and handling operations 

performance have become very important. The way of objects manipulation gripping 

and fixing has greatly influenced the accuracy of their location and due to this the 
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further actions of an robotic system are determined. In particular, the gripped object 

manipulation location accuracy has influenced considerably on the finished products 

quality, its cost and the number of spoiled products. Thus, the matter of study of 

objects manipulation location accuracy by gripping devices of industrial robots is an urgent 

problem. 

Analysis of the well-known results of the research. The study of positional location 

accuracy, gripping force (lifting) and movements repetition in production had been initiated 

long before the appearance of completely robotic cells. In particular, the authors in the paper 

[3] have studied the accuracy and the force of gripping by an average worker in production. 

It was found that unlike the earlier published results all values of the accuracy and the force 

of gripping differred noticeably and were underestimated from those which had been 

determined objectively. The value of lifting capacity had a straight characteristic whereas the 

force of pressure and gripping possessed nonlinear value.  

The modern stage of development and implementation of robotic equipment has 

been characterized by the gripping devices of various types use [4–7], caused by some 

specific features of objects manipulation and technological process. In particular, we 

should pay attention, that most manufacturers of gripping devices (AFAG [8], Festo [9], 

IPR [10], PHD [11], Zimmer Group [12], Schunk [13], SMC [14] and others) do not 

specify the positioning accuracy (center adjustment) of the objects in technical charactersitics 

but only the gripping reproduction accuracy. According to their working load capacity 

and range of sizes, the gripping devices [8–14] provide the positioning accuracy within 

the range of 0.01–0.1 mm. Though these values of accuracy refer to the clamping grippers 

and do not refer to all attraction grippers. For the attraction gripping devices (vacuum [15–

17], swirl [18–21], magnetic [22–25], Bernoulli [26–31], cryo [32–33], electrostatic [34], 

frictional [35] and combined [36–41]) the gripping accuracy is not specified 

in the characteristics. This is because, during the gripping of the object of manipulation (OM), 

the gripper is at a distance or touches the stops to the object. In this way, the gripping 

accuracy can be determined not only by the parameters of the gripping device but 

by the positioning accuracy of the gripping device relative to the OM by the industrial robot 

as well.  

A number of directions have been taken into consideration dealing with the required 

positional location accuracy assurance of the gripped OM: the object center adjustment by 

means of a gripper [42–43], using the accurate positioning sensors [44] and objects 

positioning adjustment by means of artificial vision [45–49].  

The paper [42] shows a study about the theoretical centering precision for gripping 

devices. The deviation of the absolute axial centering is taken into account as a centering 

precision parameter and a general computing algorithm is developed for it. For previously 

developed gripping devices, using parallelogram and four-bar linkages with coupler driven 

jaws is computed the variation of the axial centering deviation. 

In the article [43] it is shown that under increase in industrial robots (IR) 

demand conditions the use of cheaper industrial robots with larger positioning error 

under other equal conditions is quite promising. The classification of adaptive 

gripping devices under discussion has allowed us to determine the directions of overcoming 

the effects of the phenomenon «force conflict» at IR technological maintenance of 

working positions of machine-assembling flexible production cells and to propose 

some calculating schemes for adaptation units design of industrial robots gripping 

devices. 

The paper [45] presents RF-Compass, an RFID-based system for robot navigation and 

object manipulation. Given an RFID-tagged object, RF-Compass accurately navigates a robot 

equipped with RFIDs toward the object. RF-Compass’s key innovation is an iterative 
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algorithm for-mulated as a convex optimization problem. The algorithm uses the RFID 

signals to partition the space and keeps refining the partitions based on the robot’s consecutive 

moves. 

To address these challenges, in paper [46] the ClearGrasp – a deep learning 

approach for estimating accurate 3D geometry of transparent objects from a single 

RGB-D image for robotic manipulation has been presented. Given a single RGB-D image 

of transparent objects, ClearGrasp uses deep convolutional networks to infer surface 

normals, masks of transparent surfaces, and occlusion boundaries. It then uses these 

outputs to refine the initial depth estimates for all transparent surfaces in the scene. 

The experiments have demonstrated that ClearGrasp is substantially better than monocular 

depth estimation baselines and is capable of generalizing to real-world images and novel 

objects. 

Though the above-mentioned decisions have not solved the problem of OM 

positioning accuracy assurance gripped over a distance [50–55] by Bernoulli gripping 

devices, swirl or magnetic. In these cases the problem of positioning accuracy assurance was 

caused by the fact that prior to the moment of fixing the object of manipulation is moving 

uncontrolled towards the gripping device under the action of attraction force caused by this 

or that effect. The novelty of the study under discussion dealing with the matter of objects 

manipulation positioning accuracy for the group of attraction gripping devices is undoubtful, 

Bernoulli gripping devices in particular. 

Paper purpose. To study objects manipulation positioning accuracy by Bernoulli 

gripping devices at the changing parameters of the gripping distance, mass center and gripped 

objects mass decentration.  

Problem statement. The task of the paper under discussion is to study by experiments 

objects manipulation positioning accuracy by Bernoulli gripping devices on the basis of two 

grippers with a ring conic nozzle (Fig. 1). The grippers under study are positioning the object 

and prevent its displacement in the end face plane due to the friction forces to the protruding 

three friction elements (Fig. 1, а) or to the protruding conic insert (Fig. 1, b). 

 

  

 

a 

 

b 

 

Figure 1. Bernoulli gripping devices: 

a – with three points of contact, b – with the plane of contact 

 

General view of the testing unit for the study of positional locating accuracy objects 

manipulation by Bernoulli gripping devices is shown on Fig. 2. 
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Figure 2. General view of the testing unit 

 

Bernoulli gripping device is fastened to the flange of the industrial robot ABB IRB 1600. 

It is gripping an experimenatal model of the object manipulation in the form of a squre plate of 

150х150 mm size. The object is locating in the angular position of the coordinate table on 

special supporting clamps with side chamfers for better positioning of the object to prevent its 

play and its touching the clamps during the gripping (Fig. 3).  

 

 

 

Figure 3. Initial positioning of the object manipulation on the clamps 

 

The object manipulation mass can be varied within the range of 0.333…1 kg due to the 

some additional metal plates fastening to it. Any deviations from the object manipulation 

positioning relative to the Bernoulli gripper axis have been determined by two digital 

micrometer indicators located at angle 90 against each other and installed on the coordinate 

table (Fig. 4). 
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Figure 4. Installation of micrometer indicators on the coordinate table 

 

The accuracy of micrometer indicators is ±0.005 mm. The micrometer indicators are 

connected to the controller Raspberry Pi to take the readings of deviations in the online mode. 

The object manipulation position deviations relative to the line of symmetry of the Bernoulli 

gripping device are measured by two coordinates x and y. Electrical schematic diagram of the 

components connection of the testing unit is given on Fig. 5. 

 

 

 

Figure 5. Electrical schematic diagram of the components connection of the testing unit 
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The basis of automated experimental unit is the single-board computer Raspberry Pi 3 

Model B+ (U2) built on the basis of a quad-core processor Cortex-A53 (ARM v8) operating 

with bit timing frequency 1,4 GHz and has 1GB random-access memory. The operating system 

and the user programs are stored on SD storage card included into the single-board computer.  

The system power supply has been provided by power-supply unit WY-04-40 (U4), of 

output voltage 5 V and output current 4 А. Power supply allowance is required for further 

development of the system. The system power supply has been provided through the adapter 

D5.5x2.1 – micro USB.  

The position is measured by digital micrometers U7, U8 HI40771A1 having their own 

specific two-wire interface of logical unit voltage equal to 1.2–1.5 V. This signal is boosted and 

formed due to the cards of the former amplifier (U5, U6) based on the comparator LM393N. 

Microelectronic circuits in adapters are switched on according to the Schmitt triggers circuit 

and they form signals with levels of logical 0 and 1, 0 and 3.3 V respectively. 

The formed signals from the correspondent transducers are sent to the interface adapter 

board U1 which relocates the signals from transudes, forms them, and sends them to 40 pin 

connector Raspberry Pi. Moreover, the adapter board protects the system against the 

misconnection of the elements. The basis of the adapter board is the microelectronic circuit 

74HC245N used for amplifying and forming of the signals received from the positioning 

transducers. The microelectronic circuit arrangement was conducted in the mode of 

unidirectional buffer transmitting the signals from transducers to the correspondent contacts 

Raspberry Pi.  

Industrial robot ABB IRB 1600 programming was taking place in the ABB RobotStudio 

environment [56] aimed at cyclic simulation of handling operation and determining the 

deviation in the object manipulation positioning after its gripping from different distance. The 

view of ABB RobotStudio window and the motion trajectory of the object manipulation are 

given on Fig. 5. The first cycle of automatic mode of operation was used for the micrometric 

indicators calibration, in this case the object was gripped from the distance equal to 0.02 mm. 

For better validity of the results n=20 measuring cycles were carried out for each of varied 

parameters. 
 

 

 

Figure 6. Visualization of the program of an industrial robot movement in the RobotStudio environment 
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Accuracy and reliability of technological and handling operations performance, apart 

from gripping device positioning error, depend also on the industrial robot positioning error and 

on the clamping device positioning error (the surface of the part where the object manipulation 

is installed). All these three constituents represent the system «robot-gripper-object». In case of 

the gripper, object manipulation and clamping device axes location in the same plane, errors 1, 

2 and 3 are added and comprise the maximum error. It is clear, that the above-mentioned 

distribution of errors is not always the same and has a random character. 

Under standard law of errors distribution conditions the distribution density is 
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where Рp(x) – probability for a random value to be in point x; p – standard deviation of the 

errors distribution of robot positioning, i.e. the point where the object manipulation must be. 

The distribution density of the object manipulation positioning deviations relative to the 

gripping device axis of symmetry 
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where 0 – standard deviation of the object positioning errors in the gripper. 

The total error caused by the action of three factors  
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where з – standard deviation of the gripping device assembling errors. 

It is clear, that 
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Thus, providing 

 

c 3321  , (5) 

 

the industrial robot is performing its task and the object will be inserted into the gripping device. 

But in case 

 

c 3  , (6) 

 

the operation specified in the program can not be carried out. In this case, the higher accuracy 

the object positioning in the gripping device should be achieved, or a robot with higher accuracy 

of repeated positioning should be applied. 
The object manipulation position deviation about the Bernoulli gripping device axis of 

symmetry has been found in the form: 
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     (7) 

 

where xi, yi – experimental values of the object manipulation position deviation about axis x 

and y respectively for the і experiment.  

Arithmetical average g
  and standard deviation sg have been found by formulae: 
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Results and discussion. The study of the impact of the gripped object mass center Δ 

displacement relative to the Bernoulli gripper axis on the objects positioning accuracy has been 

carried out in the paper under discussion. In particular, the results of the investigation of the 

gripping device shown on the Fig. 1, a are given in Table 1 when the air pressure in its chamber 

was equal to 300 kPa and the object manipulation weight was 0.5 kg. The distance to the object 

manipulation h varied within 0.5…2 mm.  
 

Table 1 
 

The results of the positioning accuracy of the OM for the gripper with three contacts 

 

h, mm 0.5 1.0 1.5 2.0 

g
  / sg, μm 

g
  sg g

  sg g
  sg g

  sg 

Δ=0 13.7 4.7 37.4 10.4 83.6 21 164.1 40.1 

Δ=10 mm 17.4 5.1 66.4 18.9 91.9 33 175.2 39.8 

Δ=20 mm 24.6 5.2 88.1 23.6 118.1 33.3 182.5 40 

 

The results of the investigation of the distance h impact from which the object 

manipulation gripping was taking place on the object displacement relative to the Bernoulli 

gripper axis are given on Fig. 6, 7 and 8 for the objects of weight 0.5, 0.667 and 0.834 kg 

respectively. 

 

 

 

Figure 7. Graphs of dependence of positioning error on the distance to the gripped 

object manipulation (m=0.5 kg) 
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Figure 8. Graphs of dependence of positioning error on the distance to 

the gripped object manipulation (m=0.667 kg) 

 

 

 

Figure 9. Graphs of dependence of positioning error on the distance to 

the gripped object manipulation (m=0.834 kg) 

 

The analysis of the above-mentioned graphs has proved the essential impact of both the 

distance from which these objects are being gripped and the value of the object mass center 

displacement relative to the Bernoulli gripper axis on the object manipulation positioning 

accuracy. The nature of the impact of the distance to the gripped object on the accuracy of its 

positioning is close to parabolical one. In case of the gripped objects mass center displacement 

relative to the Bernoulli gripper axis up to 20 mm the maximum error of the object positioning 

has 2.2 times increased. 

The results of the experimental studies of impact of the gripped object manipulation 

handling weight on their positioning accuracy on the end face of the Bernoulli gripping device 

are given on Fig. 9, 10 and 11. 
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Figure 10. Graphs of dependence of objects manipulation positioning error on their weight (Δ=0) 

 

 

 

Figure 11. Graphs of dependence of objects manipulation positioning error on their weight (Δ=10 mm) 

 

 

 

Figure 12. Graphs of dependence of objects manipulation positioning error on their weight (Δ=20 mm) 
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As we can see from the above-mentioned graphs, the 2 times increased weight of the 
error will be 0.08…0.15 mm at standard deviation 0.025…0.035 mm. gripped objects 
manipulation has resulted in the objects positioning error increase in approximately 2…4 times.  

During experimental study it was also found that the power supply pressure rise of 
Bernoulli grippers has caused the objects of manipulation positioning error reduction. For 
example, at pressure rise from 300 to 500 kPa the positioning error for the objects of different 
weight was 0.42…0.51% lower. 

In general, for the range of experimental parameters change, presented in the article 
under discussion, the objects positioning error did not exceed 0.4 mm. Moreover, a higher value 
of the error was observed at the object gripping from the distance more than 2 mm. 

In practice, the objects manipulation are being gripped by Bernoulli grippers from the 
distance 0.5…1 mm as at larger distances the loading capacity of Bernoulli gripper has reduced 
abruptly. In case of object gripping from such distance the average value of positioning 

Conclusions. The required accuracy assurance of the objects manipulation positioning 
by Bernoulli grippers has been an urgent problem and can be achieved due to the choice of the 
most suitable parameters of the gripping process. The experimental studies of the Bernoulli 
grippers at different operation parameters and various objects manipulation weight have 
proved, that the maximum error of the objects under discussion positioning does not exceed 
0.4 mm. The technique under discussion on finding the summed error of the system «robot-
gripper-object» positioning has allowed us to determine the reliability of handling or 
assembling operation. In case of grippping the objects from the distance 0.5…1 mm the average 
value of the positioning error was 0.08…0.15 mm, at standard deviation 0.025…0.035 mm. In 
case of mass decentration of the gripped objects relative to the Bernoulli gripper axis up to 
20 mm the maximum objects positioning error is 2.2 times increased.  
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Резюме. Забезпечення необхідної точності позиціонування об’єктів маніпулювання 

захоплювачами Бернуллі в робототехнічних комірках є актуальним завданням і може досягатися за 
рахунок вибору раціональних параметрів процесу захоплення. Проведено експериментальні дослідження 
процесу захоплення захоплювачами Бернуллі об’єктів маніпулювання при різних експлуатаційних 
параметрах та їх вазі. Для цього розроблена експериментальна установка, яка складається з 
промислового робота IRB 4600, контролера IRC5, мікроконтролера Raspberry Pi та двох мікрометрів 
годинникового типу. Представлено методику визначення сумарної похибки позиціонування системи 
«робот-захоплювач-об’єкт» що враховує похибки позиціювання промислового робота, похибки 
розміщення затискного пристрою та похибки базування об’єкта маніпулювання відносно осі симетрії 
захоплювального пристрою. Програмування промислового робота ABB IRB 1600 здіснювалось у 
середовищі ABB RobotStudio з метою циклічної імітації вантажно-розвантажувальної операції та 
визначення відхилення положення об’єкта маніпулювання після його захоплення з різної відстані. Перший 
цикл автоматичного режиму роботи використовувався для калібрування мікрометричних індикаторів. 
При цьому захоплення об’єкта здійснювалося з відстані, що дорівнювала 0.02 мм. Для кращої 
достовірності результатів досліджень проведено 20 циклів вимірювання для кожного зі змінюваних 
параметрів. У результаті встановлено, що максимальна похибка базування об’єктів не перевищує 0.4 мм. 
При захопленні об’єктів з відстані 0.5…1 мм середнє значення похибки базування становитиме 
0.08…0.15 мм, при середньому квадратичному відхиленні – 0.025…0.035 мм. Проведено дослідження 
впливу зміщення Δ центру мас захоплюваного об’єкта відносно осі захоплювача Бернуллі на точність 
базування об’єктів. Встановлено, що при зміщеннях центру мас захоплюваних об’єктів відносно осі 
захоплювача Бернуллі до 20 мм максимальна похибка базування об’єктів зростає в 2.2 раза. 

Ключові слова: промисловий робот, транспортування, маніпулювання, захоплювальний пристрій 
Бернуллі, точність, позиціонування. 
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