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Abstract

Handling and manipulating flexible porous objects is one of the main challenges in robotics for household and
industrial tasks. Improving the design of grippers for flexible objects of manipulation is an important stage in the
development of this topic. This article proposes a method of modeling a gripper for porous objects using the finite
element method. It identifies the main parameters of the model that will affect the grasping force and the permeabil-
ity of porous objects. The power characteristics of the obtained gripper model for different supply pressures, with
varying porosity of the manipulated objects, are determined. The obtained characteristics are then used to find the
correspondence of channel length for three textile materials with different permeable properties. An experimental
study of the lifting force is conducted, and a comparison is made with the obtained modeling data for the presented
samples. Additionally, using the obtained simulation data, an analysis of the pressure distribution on the surface of
the porous object of manipulation is performed. As a result, it is found that the gripping device must use a design
with elements to stabilize the distribution of pressure in its chamber, which will increase the stability of the gripping
process.

1. Introduction

Grasping and manipulating flexible objects is an important task within the scientific community, as such
tasks present numerous challenges. The most popular tasks in this field, tackled by researchers, include
modeling deformation of objects [1], developing adaptive gripping systems [2], substantiating manipula-
tion methods [3-6], developing gripping devices for specific types of flexible materials [7-11], studying
the dynamics of manipulating flexible objects [12], incorporating machine vision for manipulation of
flexible objects [13, 14], investigating material deformations using torque sensors [15], and many others.
These challenges are increasingly prevalent with the growing presence of robotics in human environ-
ments. Consequently, the utilization of collaborative robots equipped with artificial vision systems and
the ability to interact with flexible objects is becoming more common [16, 17]. Moreover, the automa-
tion of modern production and warehousing operations has long necessitated the handling of flexible
objects [18, 19].

By analyzing reviews of grippers and applications for manipulating flexible objects [19-25] in robotic
systems, it becomes apparent that many problems can be more easily solved by using specialized grippers
designed for specific types of flexible materials. One of the most challenging materials to grip and
manipulate is textiles and their products. This difficulty arises from the distinct properties exhibited
by textile materials, such as deformation and permeability, which vary depending on factors such as
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Figure 1. Gripper design for flexible and porous objects [28] (1 — housing, 2 — fitting, 3 — compressed
pressure supply hose, 4 — conical insert, 5 — holder, 6 — anti-vibration insert, and 7 — anti-vibration
mounting bolts).

manufacturing method, shape, and processing [15, 26]. Consequently, the development of grippers and
the modeling of gripping and manipulation processes for textile materials have emerged as promising
areas of research.

It has become a widespread practice to model and investigate the process of gripping flexible objects
using mechanical gripping devices [1, 8, 27]. However, an article [28] states that certain jet grippers,
such as the one described in the article, make it much easier to handle flexible objects, particularly
textiles. This ease is attributed to the ability of these grippers to grip objects from a distance and in
various orientations. This advantage is achieved through the design of the Bernoulli ejection gripping
device. Bernoulli gripping devices (BGDs), in general, possess unique properties that set them apart
from other grippers [29-31]. One notable application of BGDs is in food grasping and manipulation
[32-34]. The first person to study the deformation caused by BGD on flexible objects was Prof. Brun
and Melkote [35, 36], and further development in this area can be found in the paper [37]. Furthermore,
modifications of the BGD have been developed to grip leather products [38] and for organ gripping
during laparoscopy [39].

Numerous papers [40-50] have been dedicated to the modeling of Bernoulli gripper. The article
[43] provides a substantiation of the shape and parameters of the gripper’s friction elements to ensure
maximum lifting force. Additionally, it demonstrates the impact of gripping parameters on the posi-
tioning precision of objects during handling operations [44]. It is worth noting that BGDs exhibit
high dynamic characteristics, enabling contactless manipulation of objects [45, 46]. The process of
manufacturing and prototyping Bernoulli traps also has an important effect on their technical charac-
teristics, which is explored in paper [51]. Most of the scientific papers [47-50] are dedicated to the
optimization and substantiation of BGD design parameters using various modeling methods. However,
the modeling of grippers for flexible materials with pores, such as textiles, has not been addressed. The
authors of the article [28] proposed a gripping device for flexible and porous objects, based on the BGD
(Fig. 1).

One notable feature of this gripper is the inclusion of an anti-vibration insert (labeled as 6), which
effectively reduces the vibration of the manipulated flexible object. This gripper device enables the
grasping of objects from a significantly greater distance compared to the traditional ejection gripper.
Moreover, the orientation of the manipulated object in space is not critical during the grasping process,
thus making this technology suitable for uncertain conditions.

However, this gripper designed for flexible and porous objects is not optimal in terms of technical
characteristics. Therefore, in this article, the authors first propose a model that utilizes the finite element
method (FEM) to simulate the operation of the gripping device for flexible and porous materials. The
developed method’s adequacy is verified by comparing the obtained data with experimental studies.
Using this model, the authors identify the parameters that influence the gripping process. Based on the
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Figure 2. Experimental configuration for determining the grasping force for flexible and porous objects
of manipulation [28] (I — gripper body, 2 — fitting, 3 — housing, 8 — connector, 9 — textile material, 10
— bottom board attached to scales, 11 — the top plate fastening textiles to the bottom plate, 12 — the
chamber of the gripping device, 13 — an annular nozzle of the gripper, 14 — devacuumation openings,
and 15 — threaded connection of the holder and the case of the gripper).

analysis of the gripper’s design impact on its power characteristics, the authors suggest modifications
to the compressed air supply system for the gripper chamber. Modifying the gripper design enables the
prevention of object displacement during grasping.

2. Materials and methods

To check the adequacy and calibration of the developed model, experimental studies of the device for
grasping flexible and porous objects were conducted using the method proposed by the authors in the
article [28]. This method involves determining the grasping force for each type of material that will be
used as the manipulated object (Fig. 2).

The experimental configuration consists of an industrial robot with a gripping device for flexible
and porous objects fixed on the flange using connector label 8. The gripping device approaches the
textile material (labeled as 9). The material is secured to the bottom plate (labeled as 10), which is
then connected to a weight (with an accuracy of £1 g). When pressure is applied through the hose
(labeled as 3) to the gripper chamber (labeled as 12), air flows through the annular nozzle (labeled
as 13). The ejection effect under the conical insert creates a vacuum, resulting in air being suctioned
through the pores of the insert. This leads to the creation of a pressure difference in the area of
application of the gripper and beyond it. To measure the grasping force, the gripper moves vertically
upwards relative to the manipulated object, and the maximum lifting force value is recorded during the
movement.

Thanks to the design of the gripping device, it is possible to adjust the gap between the insert (labeled
as 6) and the gripping device from 0.3 mm to 4 mm. The pressure in the gripping chamber is adjusted
from 15 to 200 kPa using a pressure reducer. During the study, the following parameters of the gripper
were kept constant: the radius of the insert (4) is 15 mm, the radius of the gripper is 30 mm, the angle
of the insert (4) is 20°, and the height of the conical insert at the thinnest point is 0.1 mm.

A digital 3D scanning profilometer was utilized to analyze the parameters of the material. Two plain
weave fabrics were chosen, each exhibiting distinct characteristics [52]: Polyester 6 (Fig. 3(a)) — thread
width from 0.2 mm to 0.23 mm, pore width and height from 0.01 mm to 0.055 mm; Flannel 3 (Fig. 3(b))
—thread width from 0.2 mm to 0.4 mm, and visible pores are almost absent. The parameters of the surface
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Figure 3. Studied material [52] plain weave (x20 and x150): (a) Polyester 6; (b) Flannel 3.
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Figure 4. Textile surface profile Polyester 6: (a) 3D drawing of a textile surface profile; (b) Graph of
the obtained profile along three lines.

profile of the textile materials were determined using a 3D scanning microscope, Keyence VHX-70000
(Fig. 4).

From Fig. 4, the profile of the material is uneven due to weaving and has a depth of um in this
case. Itis challenging to accurately replicate the geometry of the textile material, including all the three-
dimensional pores. Therefore, to account for the porosity of the threads and significant deviations in the
profile of the textile material, a simplified model of porosity is proposed. In the simulation, a camera
(with height H) is utilized to represent the porous material. The camera is positioned beneath the anti-
vibration nozzle and has the same diameter as the gripping device (refer to Fig. 5).

A channel with a variable diameter D and length L is connected to the chamber, simulating a porous
object. By adjusting these parameters, the permeability of the manipulation object (textile) can be con-
trolled. The grasping force is measured at the average height of the chamber, which is H/2. This choice is
based on the fact that the pressure in the middle section area is the most stable and represents the average
value. An anti-vibration insert with 50% plastic filling for 3D printing was selected for the simulation.
The specific parameters of the grid insert, such as line width of 0.5 mm and hole size of 1 x 1 mm, were
determined using microscopy.

The mathematical model for the flow of air in the gap between the gripper and insert is defined on
the RANS equations [53, 54]. The modeling utilized the Shear Stress Transport (SST) turbulence model
[55] and the y-model of laminar-turbulent transition [56, 57].
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Figure 5. The schematic diagram for modeling a gripping device for flexible and porous objects.

The y-model of laminar-turbulent transition is described by a single differential equation governing
the interdependence coefficient y:

d(py) | 9(pvy) 9 t\ 9y
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where p is the air density; ¢ is the time; x is the coordinate; v is the vector of air velocity; P,, E, are,
respectively, generative and dissipation members of managing directors of laminar and turbulent tran-
sition; w is the molecular dynamic viscosity of gas; u, is the turbulent dynamic viscosity of gas; and
o0, = 1.0 is the model constant.

The transition model uses modified equations of the SST model:
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where k is the kinetic turbulent energy; w is the specific speed of dissipation of kinetic energy of tur-
bulence; P,, D, are the original generation and dissipation of the SST model; P}j'" is the additional part,
which provides the correct gain of turbulent viscosity in transitional area at very low level of turbu-
lent viscosity of the running stream; v, is the turbulent kinematic viscosity of gas; and oy, o, a, are the
empirical constants of model.

3. Results and discussion

Based on the gripper design, a model of the grasping process of flexible and porous objects was
developed, incorporating specific boundary conditions for the airflow (Fig. 6).

There are several types of solvers using SST turbulence models in Ansys-CFX. Therefore, was con-
ducted the study of the influence elements e, of the grid between adjacent planes on the grasping force
(Fig. 7). Changing this parameter in turn changes the number of e mesh grid elements. For this mod-
eling, the inlet pressure is py = 100 kPa, H =20 mm, D = 3 mm, and L = 50 mm, and the gap between
the insert and the gripper is #; = 0.6 mm.
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Figure 6. Boundary conditions for air flow model.
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Figure 7. Influence of the number of grid elements on the lifting force of the gripper (GT — gamma
theta, G — gamma, FT — fully turbulence, SI — special intermediately, and I — intermediately).
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Figure 8. Mesh grid of final elements of air flow.

Several types of solvers that utilize SST turbulence models in Ansys-CFX are available. Therefore, a
study was conducted to examine the influence of the number of grid elements e, between adjacent planes
on the grasping force (Fig. 7). By modifying this parameter, the number of mesh grid elements is altered
accordingly. In this modeling study, the following parameters were used: inlet pressure p, = 100 kPa,
H =20mm, D =3mm, and L =50 mm, and the gap between the anti-vibration insert and the gripper
is by = 0.6 mm.

As depicted in Fig. 7, the lifting force remains constant for all models up to e, = 3, while only the SI
model achieves the maximum value at e, = 4. The remaining models reach their maximum lifting force
at e, = 5; hence, the SI model at e, =4 will be utilized for future modeling. The number of mesh grid
elements will vary based on changes in parameters H, D, and L (Fig. 8). It has been determined that the
average number of volume elements in the mesh grid is 7.4 million, with a total of 1.4 million nodes in
the working area.

For further investigation, the modeling includes examining the impact of changing the height of the
chamber (H) on the grasping force and the airflow through the channel connected to the chamber (Fig. 9).

As observed in Fig. 9, the grasping force increases as the height of the chamber (H) is raised, with a
corresponding increase in pressure within the 5-20 mm range. In other cases, the model exhibits inap-
propriate behavior. Conversely, an increase in pressure should result in a proportional increase in airflow
rate. This behavior is characteristic of a chamber height exceeding 10 mm. These characteristics accu-
rately describe the operational model of the gripping device within the 10-20 mm range. Consequently,
a height of H = 15 mm, representing the midpoint of this range, was selected for further studies.
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Figure 9. The effect of the height of the model chamber on: (a) the lifting force of the gripper and (b)
air flow through the channel.
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Figure 10. The effect of the diameter of the model channel on: (a) the lifting force of the gripper and
(b) air flow through the channel.

By adjusting the parameters of the diameter (D) and length (L) of the channel connected to the cham-
ber, it becomes possible to modify the airflow through the textile material while maintaining a constant
supply pressure of p, = 100 kPa (Fig. 10).

From Fig. 10, the grasping force is not stable when the channel diameter is up to 8 mm. To ensure
adequacy, it is necessary for the lifting force to increase with increasing channel length while keeping
the diameter constant, resulting in reduced air consumption. This is because increasing the length of the
channel increases the energy consumption of air due to friction forces on the passage of a longer section
of the channel. This trend begins to manifest itself with a channel diameter of more than 8 mm. To verify
the linearity of the characteristic, a study of the influence of the channel length L at D = 12 mm on the
lifting force (Fig. 11(a)) was conducted with L ranging from 20 mm to 220 mm.

From Fig. 11(a), it is evident that the lifting force does not exhibit a linear characteristic and has an
underestimated value in the range L = 100 . . . 160 mm. The same characteristic is observed with smaller
channel diameters. Therefore, to study the linearity of the lifting force characteristic (Fig 11(b)), the
influence of the channel length L =40 . .. 240 mm was further examined at different diameters ranging
from D = 10 — 40 mm and a constant supply pressure of p, = 100 kPa.

The greatest linearity of the grasping force is observed (Fig 11(b)) within the range of channel length
L =40 — 200mm, with a channel diameter of D = 25 mm. Therefore, for further research, the proposed
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Figure 11. Influence of channel length on the lifting force of the gripper: (a) at various supply pressures
and (b) at various diameters of the channel.
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Figure 12. Power characteristics of the developed model of the gripping device for flexible and porous
objects at various parameters of inlet pressure.

model (SI model) will utilize the following parameters: H = 15 mm, D = 25 mm, and L = 40 — 200mm,
to determine its characteristics (Fig. 12).

As shown in Fig. 12, the grasping force for flexible and porous objects remains linear throughout the
entire range of channel length changes. This allows us to use the obtained modeling results (Fig. 12) for
comparison with experimental data.

Using the experimental data obtained for materials Polyester 6, Flannel 3, and Linen O [52], the
channel length of the model was determined, which correlates with the experimental materials (Table I).
Based on the average value of the channel length determined for each material, approximate values were
accepted: Polyester 6 — L = 100 mm, Flannel 3 — L = 160 mm, and Linen 0 — L = 140 mm.

To analyze the reliability of the results obtained from the developed model compared to experimental
data, graphical dependencies illustrating the influence of the grasping force on the inlet pressure are
presented (Fig. 13).
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Table I. The ratio of the experimental to the channel length of the model.

Materials
Polyester 6 Flannel 3 Linen 0
Exp. F Mod. L Exp. F Mod. L Exp. F Mod. L
Pressure p, [kPa] [N] [mm)] [N] [mm)] [N] [mm)]
50 0.68 75 2 170 1.15 130
100 1.3 95 3.14 170 1.91 130
200 2.6 110 4.84 155 3.64 140
Average value 94 165 133

—— exp (Flannel 3)

—— exp (Polyester 6)
3 —— exp (Linen 0)
-¢- L =160 mm

-o- L =100 mm
-o0- L =140 mm

Lifting Force [N]

25 50 75 100 125 150 175 200
Pressure [kPa]
Figure 13. Influence of the inlet pressure of the gripping device on the lifting force for textile materials
(experiment and modeling).

The relative error between the simulation results and the experimental results was found to be 13%.
It is acknowledged that in gas-dynamic modeling problems, an acceptable error can be up to 30%.
Additionally, the flexibility and partial deformation of the textile material and insert during grasping and
manipulation contribute to the increased error. Based on this, it can be concluded that the obtained mod-
eling results are adequate, and the proposed model can be utilized for further research and optimization
of grippers with similar designs.

The analysis of the obtained results of pressure and air velocity distribution is performed in a cham-
ber that simulates a porous material (SI model, H = 15mm, D =25mm, L = 140 mm, p, = 100 kPa)
(Fig. 14(a)). The pressure in the chamber is observed along three lines: 1 — upper position, 2 — middle
position, and 3 — lower position. The pressure distribution at different positions of the chamber in the
model of the gripping device is examined (Fig. 14(b)).

As shown in Fig. 14(b), the pressure distribution along line 2 exhibits the same profile as along line
1. Pressure jumps in line 1 are formed due to the interaction of air flows through the holes of the anti-
vibration insert, which is confirmed by the pressure distribution along line 1 in Fig. 15(a). However, the
pressure distribution along line 2 is more stable, with no pressure jumps at the periphery. This is why, in
the proposed methodology, the lifting force is determined based on the pressure distribution across the
cross-section of the chamber’s middle. Line 3 is not taken into account due to its lower vacuum caused
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Figure 14. Pressure distribution the cross-section of the model of the gripping device with marked
position along the lines that pass.
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Figure 15. Distribution of pressure on three sections of the chamber of the model of the gripping device:
(a) 1 plane; (b) 2 planes; and (c) 3 planes.

by its proximity to the channel. Furthermore, it can be observed that the pressure distribution is not
symmetrical about the axis of the gripping device. This trend is consistent with other pressure parameters
and changes in valve length. Therefore, the pressure distribution on the cross-sectional surfaces of the
model gripping device’s chamber is examined (Fig. 15).

From Fig. 15, it is evident that more vacuum is generated in the left part of the chamber. In particu-
lar, the experiment demonstrated that when manipulating the object, it tends to shift relative to the axis
of the gripping device. The displacement occurs in the direction from which the air is supplied. The
influence of the direction of the compressed air inlet is discussed in the paper [40]. For rigid objects,
a slight increase in a vacuum on one side of the gripper has minimal impact on its grasping stability.
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Figure 16. modernized gripping device: (a) geometry and (b) pressure distribution in section 2 of the
chamber.

However, when handling light, flexible, and porous materials, this effect can cause significant displace-
ment of the manipulated object relative to the grasping system. Therefore, this effect is undesirable for
gripping devices designed for flexible and porous objects. To achieve an even distribution of airflow in
the gripping device chamber, it is proposed to utilize a compressed air inlet through four radial holes
with a diameter of D1 in the mounting of the conical insert (Fig. 16(a)).

Using the modernized model shown in Fig. 16(a) (D1 =3 mm, SI model, H = 15 mm, D =25 mm,
L =140 mm, p, = 100 kPa), the pressure distribution in the chamber (Plane 2) is determined, simulating
the behavior of textile material (Fig. 16(b)).

The updated design of the gripper model is characterized by a uniform pressure distribution
(Fig. 16(b)). However, the lifting force of the gripping device for this design will be lower than that of the
previous design, as the pressure generated in the chamber is greater. Therefore, research was conducted
to investigate the effect of the inlet pressure on the grasping force for different models (Fig. 17).

As can be seen from Fig. 17, the gripper for flexible and porous objects with pressure stabilization in
the chamber has, on average, a 10% lower lifting force compared to the design with direct pressure supply
to the chamber. This is because, when the supply pressure is applied through the fitting, compressed air
does not directly enter the gripping chamber (Fig. 18).

Before the compressed air enters outlet chamber 13 of the gripping device, it passes through the small
chamber 16 and the radial holes 17 in it, which reduces the energy of the airflow. However, despite the
10% reduction in the grasping force, the new design allows for increased gripping stability and mini-
mizes object displacement during handling operations. It is still possible for the object of manipulation to
experience displacement during the gripping process, as there are factors that affect this process regard-
less of the gripper’s design. These factors include the positioning error of the gripping device relative
to the horizontal plane, the displacement of the manipulation object’s center of mass, the distance from
which the gripper engages, the mechanical characteristics of the manipulation object, and the material
from which it is made.

4. Conclusions

The article proposes a method for modeling gripping devices designed for flexible and porous objects
using the FEM. The main parameters of the model that affect the lifting force and permeability of porous
objects are identified. A special intermediately SST turbulence model is proposed to be used with a
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Figure 17. Influence of inlet pressure on the lifting force of the gripper at various pressure supply
designs.

Figure 18. Compressed air supply design with radial holes to stabilize the air pressure in the chamber
of the gripping device for porous and flexible objects.

minimum of 4 elements between adjacent planes of the model. Other model parameters for porous
objects are determined by analyzing experimental simulation results: chamber height of 15 mm and
channel diameter of 25 mm.

The power characteristics of the obtained model are determined for different supply pressures of the
gripper while varying the length of the object channel. This allows for the simulation of compressed air
flow changes through a porous object during manipulation. Using the obtained characteristics, the cor-
responding channel length is determined for three textile materials with different permeable properties.
An experimental study is conducted, and the lifting force is compared with the obtained modeling data
for three material samples. The relative error between the simulation results and the experimental results
is found to be 13%. This error, considering the nature of gas-dynamic problems and flexible materials,
indicates the adequacy of the results. One drawback of the proposed method is that when modifying
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the parameters of the anti-vibration insert or the gap of the circular nozzle, it becomes necessary to
reevaluate the appropriate parameters of the model for ensuring its adequacy.

Using the obtained modeling data, an analysis of the pressure distribution on the surface of the porous
object during manipulation is performed. It is determined that the lifting force is unevenly distributed
on the object’s surface, leading to object displacement relative to the gripper’s axis during gripping.
This displacement is influenced by the parameters of compressed air entry into the gripper chamber.
It is established that a system with radial holes for applying pressure to the gripper chamber should be
used in the design of grippers for porous and flexible objects. This allows for the stabilization of pressure
within the gripper chamber and achieves a symmetrical distribution of vacuum on the object’s surface.

In the future, the proposed method will be used to investigate the influence of gripping device param-
eters on the vibration characteristics of manipulated objects and to optimize the active surface of the
gripping device.
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